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Preface

Acetylsalicylic acid, best known by its first trade name aspirin, belongs to the small and steadily
decreasing number of therapeutic agents that are well known to both the health professional and the
layman and enjoy a good reputation with both. Aspirin is not only one of themost intensively studied but
also one of the most frequently used and cheapest drugs in the world, with an immense annual
production rate. Ironically, the first clinical investigator to study the drug more than 100 years ago did
so with ‘‘not little distress.’’

What are the reasons behind this exciting development? Certainly in the beginning, there was an
urgent need for an effective and well-tolerated antipyretic analgesic that became invaluable during the
large flue pandemia in 1918. In the following decades, aspirin soon became very popular as a household
remedy for almost any condition associated with flu, feverish discomfort, or any kind of malaise – ‘‘take
an aspirin.’’ Another breakthrough was the discovery of its novel mode of action – inhibition of
injury-induced prostaglandin biosynthesis. This offered a plausible mechanistic explanation for its
multitude of pharmacological activities. Later, the antiplatelet/antithrombotic properties of aspirin
came in focus and opened a new and broad therapeutic field for the prevention of atherothrombotic
events. Aspirin is still a treatment of first choice in many of these indications, most notably the
prevention of myocardial infarction and stroke. Experimental and clinical research on aspirin is still
ongoing with current issues including investigation of transcriptional effects of aspirin on gene regula-
tion, specifically in inflammation and malignancies, as well as possible new clinical indications, such as
colorectal carcinoma.

This book provides an overview of all aspects of therapeutically relevant aspirin actions and the
underlying mechanisms with specific focus on the unique structural property of the compound
consisting of two bioactive molecules, that is, a reactive acetyl group and the salicylate moiety, each
with different pharmacokinetic and pharmacodynamic properties that synergize inmany cases. This and
the resulting possible benefits and risks in clinical use are discussed in four main chapters, each divided
into several subsections. A list of selected references is provided in each section and includes reports that
have been published up to 2007.

The preparation of this manuscript would not have been possible without the continuous help and
assistance of a number of individuals. The first person to mention is my wife Elke. I thank her for her
patience and continuous support during the last 4 years while this manuscript was prepared. I also like to
thank all of my friends and colleagues in Australia, Germany, and the rest of Europe, Taiwan, and the
United States for critical reading of parts of the manuscript and providing many valuable suggestions.
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Many thanks also to Erika Lohmann and Petra Kuger in Düsseldorf for typing and carefully reading the
manuscript as well as preparing figures and tables.

As a young research scientist in the mid-1970s, I had the privilege to work for some time in the
laboratory of Sir John Vane in Beckenham (England). This was an exciting period, when several
important discoveries were made in this laboratory: detection of prostacyclin and the demonstration
that aspirin inhibits injury-induced prostaglandin biosynthesis. The significance of these findings was
acknowledged when Sir John Vane was awarded the Nobel Prize in Medicine in 1982. When this book
project was still in progress, I asked Sir John whether he would be willing to write a preface and he kindly
agreed to do so. Unfortunately, he passed away before the project was finished. He would have celebrated
his 80th birthday in March 2007. This book is dedicated to him.

Düsseldorf, October 2008 Karsten Schrör
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1

General Aspects

1.1
History

1.1.1
Willow Bark and Leaves as Antipyretic, Anti-
Inflammatory Analgesics

Medical Effects of Willow Bark Treatment of dis-
eases by plants or extracts thereof is as old as the
history of mankind. This is also true for fever and
pain, two particularly frequent and inconvenient
symptoms of acute illnesses, as well as arthritis and
rheumatism, two examples for chronic painful dis-
eases. Rheumatism already existed in old Egypt, as
seen from cartilage alterations in Egyptian mum-
mies. The Egyptians were aware of the pain-reliev-
ing effects of potionsmade frommyrtle andwillow
leaves. Clay tablets from the Sumerian period also
described the use of willow leaves for medical pur-
poses.Hippocrates recommended leaves of the wil-
low tree for medical purposes about 400 BC. Pliny
(compilations)andDioscurides (MateriaMedica) also
recommended decocts of willow leaves or ash from
the willow bark to treat sciatica (lumbago) and gout
in about 100 AD. Outside Europe, it was the Nama
(Hottentots) in SouthernAfrica who had �for a long
time�usedthebarkofwillowtreestotreatrheumatic
diseases (cited after Ref. [1]). This comment was
madebyDrEnsor atCapeofGoodHope inhis reply
to a publication ofDrMacLagan in 1876, describing
the use of salicylates for treating rheumatism [2].

The first known communication on the medi-
cal use of willow bark extracts in modern times
came from Reverend Edward Stone from Chip-
ping Norton (Oxfordshire, England). In 1763, he
treated some 50 cases of �aigues, fever, and inter-
mitting disorders� with a powdered dry bark
preparation of willow tree [3]. The doses were
about �20 gr(ains) [1.3 g] to a dram of water every
4 h.� On June 2, 1763, he wrote a letter entitled
�An account of the success of the bark of the
willow in the cure of aigues� to the Earl of Mac-
clesfield, the then president of theRoyal Society of
London. In this letter, he summarized his opinion
about this treatment as follows:

�. . . As this tree delights in moist or wet soil where
agues chiefly abound, the generalmaxim, that many
natural maladies carry their cure along with them or
that their remedies lie not far from their causes, was
soveryapposite to thisparticularcase, that Icouldnot
help applying it; and this might be the intention of
providence here, I must own had some little weight
with me . . ..�

After claiming to have obtained good results he
concluded:

�. . . I have no other motives for publishing this
valuable specific than that it may have a fair and full
trial in all its variety of circumstances and situations,
and that the world may reap the benefits accruing
from it.�
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1.1.2
Salicylates as the Active Ingredient of Willow Bark
and Other Natural Sources

Plants as Natural Sources of Salicylates In 1828,
German pharmacist Buchner was the first to pre-
pare a yellowish mash of bitter taste from boiled
willow bark, which he named salicin, after the
Latin word for willow (salix). He considered sali-
cin as the antipyretic component of willow bark
and recommended its use for treatment of fever.
A similar conclusion had earlier been reached by
the Italians Brugnatelli and Fontana in 1826 using
a less purified preparation of willow bark. They
also considered salicin as the active principal
component of willow bark (cited after Ref. [4]).
In 1830, Frenchman Leroux was the first to obtain
salicin in crystalline form. Only 3 years later,
in 1833, the pharmacist Merck in Darmstadt
(Germany) announced highly purified salicin
from willow bark as an antipyretic for half of the
price of quinine (cited after Ref. [5]) – at the time a
really attractive offer.
Salicin is not only the antipyretic ingredient of

willow bark but also the reason for its bitter taste
and irritation of stomach mucosa. Salicin hydro-
lyzes in aqueous media to glucose and salicylic
alcohol (saligenin). Saligenin has no bitter taste
and can be easily oxidized to salicylic acid.Raffaele
Piria, an Italian, was the first to successfully
synthesize salicylic acid (acide salicylique ou sal-
icylique) in 1839 from salicin and correctly deter-
mined the empirical formula C7H6O3. This in-
creased the possibility of replacing the poorly
palatable salicin with salicylic acid, for example,
as a good water-soluble sodium salt. This became
practically significant after the new rich natural
sources for salicylates were detected. This includ-
ed wintergreen oil obtained from the American
evergreen (Gaultheria procumbens) and spireic
acid (acidum salicylicum) from the American
teaberry (Spirea ulmaria). Gaultheria oil (winter-
green oil) contains large amounts of methylsali-
cylate from which free salicylic acid can easily be
obtained.

Chemical Synthesis of Salicylic Acid The modern
pharmaceutical history of salicylate and its deriva-
tives begins with the synthetic production of the
compound. In 1859, Hermann Kolbe, a German
from Marburg, produced the first fully synthetic
salicylic acid from the already known decomposi-
tion products phenol and carbonic acid. Kolbe later
improved the technology by using sodium pheno-
late and carbon dioxide under high-pressure con-
ditions at 140 �C; hewas the first to receive a patent
for this procedure. Kolbe stimulated his student
Friedrich von Heyden to further improve the tech-
nique tomake thecompoundonan industrial scale.
Von Heyden did this in the kitchen of his villa in
Dresden (Saxony). The development of a technolo-
gy to synthesize large amounts of salicylate, inde-
pendent of the limited availability of natural
sources with varying contents and seasonal varia-
tionsof theactive ingredient,openedthedoor for its
broader clinical use and caused a massive drop in
price: the price of 100 g of salicylic acid prepared
from salicin (gaultheria oil) dropped from 10 to 1
Taler/100 g (Dollar¼American for Taler) for the
chemical product made through Kolbe�s synthesis
(cited afterRef. [6]). In 1874, vonHeyden founded a
factory Salizyls€aurefabrik Dr. vonHeyden in Rade-
beul, todaypart ofDresden (Germany).This factory
was extremely successful: after making 4000 kg of
salicylic acid in thefirst year, the annual production
was increased to 25 tons only 4 years later. Thus,
salicylate became available and known to all civi-
lized countries (cited after Ref. [7]). Interestingly,
after solving some legal issues, von Heyden also
produced the salicylic acid that was later used by
Bayer to make aspirin [8].

Practical Use of Salicylates After salicylate as a
cheap chemical became available in essentially
unlimited amounts, it was tested for several practi-
cal applications. For example, salicylic acid was
soon found to have antiseptic properties that could
be useful to preserve milk and meat. The com-
pound was also recommended as an alternative to
carbolic acid, which was the antiseptic of choice
in surgery those days. The antipyretic action of
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salicylate in infectious diseases was for a time
attributed to its antiseptic activity, until it was
shown that the sodium salt with little antiseptic
propertieswasanequallyeffectiveantipyretic (cited
after Ref. [1]). Importantly, salicylic acid was also
studied as a potential drug in a large variety of
diseases. In 1875, Ebstein and M€uller detected the
blood sugar-lowering action of the compound [9].
Shortly thereafter, the uricosuric action of sali-
cylate was described. Thus, salicylates appeared to
be useful for treatment of diabetes and gout.

Salicylic Acid as an Antirheumatic Agent Of the
several discoveries regarding practical applications
of salicylates, the most significant was the finding
that synthetic salicylates were potent anti-
inflammatory analgesics and useful for treating
rheumatic diseases. Franz Stricker was the first to
publish that sodium salicylate was not only an
antipyretic remedy but also an effective drug for
treatment of rheumatic fever. He introduced salic-
ylate in 1876 as an analgesic antirheumatic drug at
the Charit�e in Berlin [10]. Two months later, Scot-
tish physician T.J. MacLagan published the first of
a series of articles showing that administration of
salicylate to patients with rheumatic fever resulted
in the disappearance of pain and fever. Similar
results were reported by Frenchman Germain S�ee
1 year later [11]. These three studies marked the
beginning of the widespread therapeutic use of
salicylates, here sodium salicylate, as analgesic
anti-inflammatory drugs in clinical practice.

1.1.3
Synthesis of Acetylsalicylic Acid and First Clinical
Studies

The Invention of Acetylsalicylic Acid Despite the
undoubted benefits of sodium salicylate in the
treatment of pain, fever, and inflammatory disor-
ders, therewere several problemswith thepractical
handling of the compound. These included an
unpleasant sweetish taste and, in particular, irrita-
tion of the stomach, often associated with nausea
and vomiting. Another side effect was hearing

disorders (tinnitus). These side effects were fre-
quent at the high doses of 4–6 g per day, which had
to be taken regularly by patients suffering from
chronic (rheumatic) pain. Thus, after having an
effective technology to generate large amounts of
synthetic salicylate, several efforts were made to
improve the efficacy of the compound by appropri-
ate chemical modifications, eventually resulting in
reduced dosage and improved tolerance. Several
groups of researchers addressed this issue with
different results [12, 13] (discussed subsequently)
until scientists at the Bayer Company in Elberfeld,
today in Wuppertal (Germany), succeeded in syn-
thesizing acetylsalicylic acid (ASA) in a chemically
pure and stable form. The compound was soon
found to be at least as effective as sodium salicylate
as an antipyretic analgesic, but was considerably
better tolerated.

The History of Bayer Aspirin Several individuals
at Bayer Company had markedly influenced the
development of aspirin. The first was Arthur
Eichengr€un (Figure 1.1). He joined the Bayer Com-
panyin1895andbecameheadof thenewly founded
Pharmaceutical Research Department [14]. Accor-
ding to a report published 50 years later [15], it was
he who had the idea to acetylate salicylate to im-
prove its efficacy and tolerance. This concept of
acetylation of drugs to improve their efficacy was
not new at the time and had already been success-
fully used to synthesize phenacetin from p-amino-
phenol, a considerably more powerful analgesic.

Figure 1.1 Arthur Eichengr€un and Felix Hoffmann.
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Felix Hoffmann (Figure 1.1) was the chemist work-
ing on this issue in Eichengr€un�s group, and it was
he who originally worked out a new technology of
the acetylation reaction of salicylate (and other
natural products such as guaiacole, cinchonine,
andmorphine). He was the first to produce chemi-
cally pure and stable ASA on August 10, 1897,
according tohishandwrittennotes in the laboratory
diary (Figure 1.2).
Two other individuals have to be mentioned in

this context: Heinrich Dreser, head of the Depart-
ment of Pharmacology at Bayer, and Carl Duisberg,
the then head of the research and later president of
the Bayer Company. Dreser was not interested in
this kind of research. Initially, he was also not
informed by the pharmacists about the successful
clinical testing of the new compound, although
according to his contract with Bayer, the pharma-
cists should have had reported this finding to him.
He was probably not amused to hear about these
results. According to Eichengr€un [15] and other
sources, he did everything to block the further
development of the compound. Duisberg, the key
manager in charge, emphatically supported the
activities of Eichengr€un and Hoffmann. The fur-
ther development and clinical introduction of
aspirin as an antipyretic analgesic, eventually
resulting in the worldwide spread of the com-
pound, is his merit. The new drug received the
trade name �aspirin,� which is composed from
�acetic� and �spireic acid,� a former name of
o-hydroxybenzoic acid (salicylic acid), originally
prepared from S. ulmaria, the richest natural
source of salicylates.
The first description of the pharmacology of

aspirin was published in 1899 by Dreser [16]. The
names of the inventorsHoffmann andEichengr€un
were not mentioned in this paper. Dreser consid-
ered aspirin as a better tolerable prodrug of the
active principal salicylic acid. This was basically
correct even from today�s viewpoint for the symp-
toms the substance was supposed to be used at the
time. According to Eichengr€un [15], Dreser had
nothing to do with the invention. Interestingly, it
was neither Eichengr€un norHoffmann but Dreser

who had the financial benefits from the discovery.
According to a contract with Bayer, the products
invented under the direction of Eichengr€un had to
be patented in Germany to get a royalty for the
inventor fromthecompany [15].Acetylsalicylic acid
was registered on February 1, 1899 under the trade
name �Aspirin� by the Imperial Patent Bureau
(Kaiserliches Patentamt) in Berlin and a few weeks
later introduced as a tablet (1 tablet¼ 5 gr(ain)
325mg) in Germany.However, the compound did
not receive recognition as a substance to be patent-
ed in Germany. Aspirin was patented in 1900
exclusively in the United States (Figure 1.3). This
patent expired in1917. In1918, after theWorldWar
I ended, Bayer�s assets were considered enemy
property, confiscated by the US government, and
auctioned in theUnited States the same year [17]. It
took Bayer about 80 years to buy back the rights of
the trade name �Aspirin.�

A recent article raised doubts about Hoffmann as the
inventor of aspirin and ascribed this merit to
Eichengr€un [18]. Eichengr€un was Jewish and lost the
fruits of his scientific research, including the invention
of several other products in addition to aspirin, such as
acetate silk, because of political reasons during the
Nazi regime after 1933. Eichengr€un was interned in
1944 in a concentration camp and remained there until
the end of World War II. In 1949, the year of his death,
Eichengr€un stated in an article, published in the German
scientific journal Die Pharmazie, that it was he and Felix
Hoffmann who should be considered as the inventors of
aspirin. Though Hoffmann was probably the person who
designed and did the experiments eventually resulting
in pure and chemically stable ASA – additionally
evidenced by the (obviously undisputed) sole mention
of his name on the patent application in 1900
(Figure 1.3) – one should also ascribe a significant
contribution to Eichengr€un.

Further Attempts to Make Acetylsalicylic Acid At
this point, it should be noted that Hoffmann
was not the first person who tried to chemically
synthesize ASA. In 1853, Frenchman Charles
Fr�ed�eric Gerhardt from Straßburg (Alsace) de-
scribed the synthesis of a new compound from
acetyl chloride and sodium salicylate, which he
named Salicylate ac�etique (see Ref. [19]).
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Figure 1.2 Laboratory record of Dr Felix Hoffmann for August 10, 1897.
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This publication of Gerhardt was used by several
authors to ascribe the invention of ASA to him (e.g.,
[1, 20]). This appears not to be correct for several
reasons. His preparation of ASA was impure, due to
the insufficient technical procedure used by him [12],
and rather a labile, intermediate raw product of the
reaction between acetyl chloride (prepared by him by a
suboptimal procedure) and sodium salicylate. The
chemical structure was not determined. Because of
inappropriate processing of the raw product, Gerhardt
only obtained salicylic acid as a stable end product. He
concluded that acetylated salicylic acid is unstable and
in water immediately breaks down to salicylic acid and
acetate. Both statements are wrong and do not qualify
Gerhardt for the claim to have invented the synthesis of
ASA [7].

In 1859,H. vonGilm, a pharmacist fromInnsbruck
(Austria), reported the synthesis of ASA as did
Karl Kraut 10 years later in 1869. Again, these
preparations were impure – see also comments in
the patent application of Hoffmann (Figure 1.3).
During the following 20 years, there were appar-
ently no further attempts to improve the synthetic
procedure to obtain ASA as a pure, chemically
stable compound.
Thus, theoriginofASA, in contrast to thenatural

product salicylic acid, was exclusively in organic
chemistry. From the point of view of an organic
chemist, the substance had no obvious practical
benefit, and there were definitely no ideas or even
concepts about its possible use as a therapeutic
agent. Thus,ASAprobablywouldhave suffered the
fate of several hundreds of chemicals before and
many thousands thereafter– a product of chemical
synthesis, principally easy to make but more diffi-
cult to generate in pure and chemically stable form
and without any practical significance. On the
contrary, Hoffmann and Eichengr€un, combined
their knowledge about the chemistry of a natural
productwithsynthetic chemistrywith the intention
to make a new drug out of it with improved phar-
macological properties. These studies would prob-
ably not have been done without the support of the
Bayer Company. Therefore, the company had good
reason to celebrate the 100th anniversary of the
compound, which in the meantime became the
most popular drug in the world [18].

In this context, an interesting comparison with the
discovery of prostacyclin can be made. Its chemical
structure and a suggested (later confirmed) enzymatic
synthetic pathway were originally described in 1971 by
Pace-Asciak and Wolfe. These authors considered this
(labile) product as just another prostaglandin, in
addition to dozens of already known compounds, which
was possibly overlooked by earlier investigators because
of its low biological activity. This was tested at that time
in bioassay experiments using the rat stomach strip. It
also remained uncertain whether the compound was
synthesized at all in the intact stomach wall and, if so,
was released in biologically active amounts [21].
A completely different approach was followed by the

group around Sir John Vane. The group�s work on
prostacyclin started with the discovery of a biological
effect – inhibition of platelet aggregation – of an
enzymatic product made from prostaglandin endoper-
oxides on artery walls. This prostaglandin, originally
named PGX, differed in its biological behavior from all
other known prostaglandins [22]. PGX was later
identified as the already known enzymatic product of
prostaglandin endoperoxides, described by Pace-Asciak
and Wolfe, and was renamed as prostacyclin (PGI2).
Despite the originality and merits of Pace-Asciak and
Wolfe regarding the detection of biosynthetic pathways
of natural prostacyclin and its chemical structure, the
medical history of prostacyclin starts with the work of
Vane�s group, which was the first to discover the
biological significance of prostacyclin for control of
hemostasis.

The Introduction of Acetylsalicylic Acid into the
Clinics Kurt Witthauer, a specialist in internal
medicine in a city hospital (Diakonie Krankenhaus
– still existent!) in Halle/Saale (Germany), and
Julius Wolgemuth [23] from Berlin published the
first clinical investigations on aspirin in 1899.
Witthauer began his report as follows:

�. . . Nowadays, certain courage is necessary to
recommend a new drug. Almost every day those are
thrown on the market and one has to have an
excellent memory to keep all the new names and
brands inmind.Many drugs appear, are praised and
recommendedbycompanies andcertainauthorsbut
after a short time have disappeared without any
further comments [24].�

Theauthoralsodidnot forget to instructhis readers
that he did this study with �not little distrust.�
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UNITED STATES PATENT OFFICE.
FELIX HOFFMANN OF ELBERFELD GERMANY ASSIGNOR TO THE FARBEN-

FABRIKEN OF ELBERFELD COMPANY OF NEW YORK.

ACETYL SALICYLIC ACID.

SPECIFICATION forming part of Letters Patent No. 644,077, dated February 27, 1900.
Application filed August 1, 1898 Serial No. 087,385 (Specimens.)

To all whom it may concern:
Be it known that I, FELIX HOFFMANN, doc-

the to (assignor chemist, philosophy, of tor 
COMPANYELBERFELD OF FARBENFABRIKEN , 

at Elberfeld, Germany, York) residing of New 
have invented a new and useful Improvement in 

Acetyl of Production or Manufacture the 
the declare hereby I and Acid; Salicylic 

following to be a clear and exact description of
my invention.

In the Pharmacie, Chemie und der Annalen 
Vol. 150, pages 11 and 12, Kraut has described 
that he obtained by the action of acetyl chlorid 

tothought he which body a acid salicylic on 
be acetyl salicylic acid. I have now found that on 

a anhydride acetic with acid salicylic heating 
are which of properties the obtained is body 

body the of those from different perfectly 
myto According Kraut. by described 

means of my by researches the body obtained 
acetyl real the undoubtedly is process new 

salicylic acid

Krautby described compound the Therefore 
butacid salicylic acetyl real the be cannot 

following I pointthe compound. In is another 
be-differences principal the specifically out 
de-body the and compound new my tween 

scribed by Kraut.
afor even boiled is product Kraut the If 

Kraut'sto (according water, with while long 
whileproduced, not is acid acetic statement,) 

my new body when boiled with water is read-
beingacid salicylic and acetic up, split ily 
Krautthe of solution watery The produced. 
addi-the on behavior same the shows body 

aas chlorid ferric of quantity small a tion of 
mixedwhen acid salicylic of solution watery 

chlorid—thatferric of quantity small a with 
theOn color. violet a assumes it say, to is 

bodynew my of solution watery a contrary, 
as-not does chlorid ferric with mixed when 

portiontest melted a If color. violet a sume 
is allowed to cool it beginsof the Kraut body 

statement)Kraut's to (according solidify to 
awhile centigrade 118.5º to 118º from at 

my product solidifies atmelted test portion of 
ofmelting-points The centigrade. 70º about 

be-compared be cannot compounds two the 

cause Kraut does not give the melting-point of 
his compound. It follows from those details that 

different.absolutely are compounds two the 
can I compound new my producing In 

proceed as follows, (without limiting myself to 
the particulars given:) A mixture prepared from 
fifty parts of salicylic acid and seventy-five parts 
of acetic anhydride is heated for about two hours 

provided vessel a in centigrade 150º about at 
is with a reflex condenser. Thus a clear liquid 

crystalline a cooling on which from obtained, 
mass is separated, which is the acetyl salicylic 

by anhydride acetic from the is freed It acid. 
dry from recrystallized then and pressing 
the in obtained thus is acid The chloroform. 

at melting needles white glittering of shape 
about 135ºcentigrade, which are easily soluble in 

and acid, acetic glacial alcohol, benzene, 
chloroform, but difficultly soluble in cold water. 
It has the formula

and exhibits therapeutical properties.
Having now described my invention and in what 

I what performed, be to is same the manner 
Letters by secure to desire new, and claim as 

Patent, is—
acetyl the manufacture of article new a As 

salicylic acid having the formula: 

being when crystallized from dry chloroform in 
easily needles, glittering white of shape the 
acetic glacial and alcohol benzene, in soluble 

acid, difficultly soluble in cold water being split 
by hot water into acetic acid and salicylic acid, 
melting at about 135º centigrade substantially as 
herein before described.

In testimony whereof I have signed my name 
witnesses.subscribing two of presence the in 

FELIX HOFFMANN.

Witnesses:
R. E. JAHN,

OTTO KÖNIG.
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Figure 1.3 The acetyl salicylic acid patent.
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However, his impressions about the results were
obviously quite positive and he came to the
conclusion:

�. . .According tomy positive results, the company is
now prepared – after waiting for a long while – to
introduce the new compound on the market. I
sincerely hope that the difficult technology tomake it
will not cause a too high price, to allow the broad
general use of this valuable new drug.�

Aspirin as a Household Remedy Against Fever,
Inflammation, and Pain Soon after the introduc-
tionofASA intomedical useunder thebrandname
�aspirin,� the new drug became a very popular
remedy against fever, inflammation, and pain. A
localGermannewspaper,K€olnerStadtanzeiger,pub-
lished the following recommendation for treat-
ment of flu on March 6, 1924:

�. . . As soon as you feel yourself ill, you should go
to bed and have a hot-water bottle at your feet. You
should drink hot chamomilae tea or grog in order to
sweat and should take 3 tablets of aspirin a day. If you
followthese instructionsyouwill recoverwithinafew
days, in most cases . . ..�

This extract is remarkable for several reasons:
during the past 25 years of practical use, aspirin
had become a drug whose name was not only well
known to health professionals but also to the
general public. Certainly, the flu pandemia with
millions of victims alone in Europe at the begin-
ning of the last century as well as the limited
availability of antipyretic analgesics other than
aspirin contributed to this. However, the com-
pound was generally recommended – and accept-
ed – by the lay man and doctors – as a �household
remedy� for treating pain, fever, inflammation,
and many other kinds of �feeling bad,� although
essentially nothingwas known about themechan-
isms of action behind these multiple activities of
the drug. It was only in the 1950s, when the first
report was published, that salicylates including
aspirin at anti-inflammatory doses uncouple oxi-
dative phosphorylation in a number of organs and
tissues [25]. However, this at the time was con-

sidered to be mainly of toxicological interest.
Whether this contributes to the clinical efficacy
of aspirin as anti-inflammatory agent is still
unknown.

1.1.4
Mode of Aspirin Action

Aspirin and Prostaglandins In 1971, the journal
Naturepublished three articles of the group of John
Vane at the Royal College of Surgeons of England.
These articles demonstrated for the first time a
mechanism of action of aspirin that explained the
multiple biological activities of the compound by
one single pharmacological effect: inhibition of
prostaglandin biosynthesis [26]. In his pioneering
paper, the later Sir John Vane showed by elegant
bioassay experiments that aspirin – and salicylate –
inhibited prostaglandin formation in cell-free
systems after tissue injury (Figure 1.4). This find-
ing and his later discovery of prostacyclin were
honoredwith theNobel Prize forMedicine in 1982.

Prostaglandins, thromboxane A2, and leukotrienes are
members of a group of natural lipid mediators that are
generated by oxidation from arachidonic acid. Because
of this origin, they all have a 20-carbon backbone and

Inhibition of Prostaglandin Synthesis as a
Mechanism of Action for Aspirin-like Drugs
J. R. VANE
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Figure 1.4 First description of inhibition of prostaglandin
biosynthesis by aspirin and salicylate and the reference
compound indomethacin by John Vane. Note the dose
dependency of this reaction by all compounds including
aspirin (modified after [26]).
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are summarized as �eicosanoids� (Greek: eikos¼ twen-
ty). Today, more than 150 eicosanoids are known and
have been structurally identified. Arachidonic acid, the
precursor fatty acid, is a constituent of the cell
membrane phospholipids and is released from them
by phospholipases. Eicosanoid synthesis starts with the
availability of free arachidonic acid.
The first oxidation step of arachidonic acid to generate

prostaglandins is catalyzed by cyclooxygenases (COXs).
These enzymes are widely distributed throughout the
body. The primary products – the prostaglandin
endoperoxides – are then converted to the terminal
products of this pathway, that is, prostaglandins and
thromboxane A2, in a more cell-specific manner. The
active products are not stored but released, act on their
cellular target, and are afterward degraded enzymatically.
Prostaglandins exert their multiple actions via speci-

fic G-protein-coupled receptors at the cell surface. The
direction and intensity of these actions is determined
by the kind and the number of available prostaglandin
receptors from which today about 10 are known. Pros-
taglandins act as local mediators that dispatch signals
between cells. Thus, prostaglandin generating cells,
and these are probably all cells of the body, do not
require prostaglandin biosynthesis for survival. Conse-
quently, prostaglandins are not essential for vital
functions, such as energy metabolism or maintenance
of the cell cytoskeleton.
The cellular prostaglandin synthesis can be markedly

increased in response to disturbed homoeostasis
(injury) to adapt cellular functions to changes in the
environmental conditions. An increased prostaglandin
synthesis �on demand,� therefore, reflects a tissue-
specific response to increased needs. Examples for
physiological stimuli are hemostasis and pregnancy,
whereas the increased prostaglandin production in
inflammation, atherosclerosis, and tumorigenesis rath-
er reflects the response to pathological stimuli.
Thus, any change in generation of prostaglandins or

the related thromboxanes per se is neither good nor bad
but rather reflects a functioning cell-based adaptation or
defense mechanism. Functional disorders may arise,
when prostaglandins become limiting factors for control
of cell and organ function, respectively. Thus, any
pharmacological interference with these processes may
be either positive or negative but in most cases is not
associated with any measurable functional change at the
organ level as long as other mediator systems can
compensate for it.

Aspirin and Cyclooxygenases Aspirin blocks the
biosynthesis of prostaglandins and thromboxane
A2 at the level of prostaglandin endoperoxides or

cyclooxygenase(s) by irreversible acetylation of a
critical serine in the substrate channel of the COX
enzyme (Section 2.2.1). This limits the access of
substrate (arachidonic acid) to the catalytic active
site of the enzyme [27] and explains the antiplatelet
action of the substance,first describedby the group
of Philip Majerus [28]. The group ofWilliam Smith
andDavidDeWittdetected this uniquemechanism
ofactionandhasmademajorothercontributions to
this issue. The contributions of William Smith in
elucidating themolecular reaction kinetics of aspi-
rin were acknowledged with the Aspirin Senior
Award in 1997.
Two genes have been identified that encode

for cyclooxygenases: COX-1 and COX-2. In ad-
dition, there is a steadily increasing number of
splice variants of these two genes. They are also
transcriptionally regulated and might cause
synthesis of gene products. Both COX isoforms
are molecular targets for aspirin. However, the
inhibition of COX-1 appears to dominate at
lower concentrations of the compound, whereas
aspirin and its primary metabolite salicylate are
about equipotent inhibitors of COX-2 (Section
2.2.1). Thus, aspirin contains two pharmacolog-
ically relevant groups: the reactive acetyl moiety
and salicylate. Both components are biologically
active and act independently of each other at
different sites. The molecular interaction of
aspirin with COX-1 was further elucidated after
the crystal structure of the enzyme became
clarified by Michael Garavito and his group.
The contribution of Patrick Loll to this work
was acknowledged with the Aspirin Junior
Award [29].
The detection of inhibition of prostaglandin

synthesis was the first plausible explanation for
the multiple pharmacological actions of aspirin
via an ubiquitary class of endogenous mediators,
prostaglandins and thromboxanes. With increas-
ing knowledge of the complex nature of these
reactions, specifically the multiple interactions of
prostaglandins with other mediator systems,
some details of thesefindings are now interpreted
in a different way. This is particularly valid for
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the anti-inflammatory activities of aspirin, which
aremainly due to the formation of themore stable
metabolite salicylate [30] and, possibly, the
generation of aspirin-triggered lipoxin (ATL), re-
sulting from the interaction of aspirin-treated
(acetylated) COX-2 and the 5-lipoxygenase from
white cells (Sections 2.2.1 and 2.3.2). This even-
tually resulted in the detection of resolvins, a new
class of anti-inflammatory mediators, also in-
volved in aspirin action by Charles Serhan and
his group. The contributions of Jose Claria to this
work [31] were acknowledged with the Aspirin
Junior Award in 1996.

AspirinandGeneTranscription After thediscovery
of the inducible isoform of COX-2, it became rap-
idly clear that aspirin was rather ineffective on this
enzyme at low antiplatelet concentrations, and
higher doses were required to suppress COX-2-
dependent prostaglandin formation. This finding
also confirmed the clinical experience that the
analgesic andanti-inflammatoryeffects of the com-
pound require substantially higher doses than
those necessary for inhibition of platelet function.
Kenneth Wu and colleagues were the first to show
that aspirin and salicylate interact with the binding
of transcription factors to the promoter region of
the COX-2 gene [32]. These factors regulate the
gene expression level after stimulation by inflam-
matorymediators. Later work of Xiao-Ming Xu and
others of this group eventually identified the bind-
ing of CCAAT/enhancer-binding protein-b (C/
EBP-b or NF/IL-6) as one critical control mecha-
nism [33, 34]. It becomes now increasingly evident
that the anti-inflammatory and antineoplastic
actions of salicylates and aspirin, respectively,
involve inhibition of COX-2 gene transcription
because COX-2 overexpression is an important
permissive factor in these disorders and alsomight
generate compounds other than prostaglandins
(Section 4.3.1). Themolecularmechanisms of con-
trol of inducibleCOXactivity are still under intense
research. However, it is interesting to note that the
upregulation of salicylate biosynthesis by plants –
the natural sources of salicylates – represents a

most effective, transcriptionally regulated defense
system that becomes activated in response to about
all kinds of noxious stimuli and exhibits a number
of similarities to the prostaglandin pathway in
animals and men (Section 2.2.2).

1.1.5
Anti-Inflammatory/Analgesic Actions of Aspirin

The disclosure of a causal relationship between
inhibition of prostaglandin synthesis and anti-in-
flammatory/analgesic actions of aspirin was not
only a satisfactory explanation for itsmodeof action
but also a stimulus for the mechanism-based drug
research. These new compounds should be able to
block prostaglandin biosynthesis via COX inhibi-
tion and should also bemore potent than aspirin to
allow lower dosing at increased efficacy and re-
duced side effects. Indomethacin was the first of
these so-called aspirin-like drugs [35] and was al-
readyusedas a reference compound in thepioneer-
ing experiments of John Vane (Figure 1.4). Many
others followed too. In 2005, there weremore than
20 chemically defined substances on the German
market, designed and developed as inhibitors of
prostaglandin biosynthesis and approved for clini-
cal use as antipyretic/anti-inflammatory analge-
sics. Thereweremore than40 (!) brands containing
ibuprofen, 35 containing diclofenac, and 12 con-
taining indomethacin, most of them available in
several different galenic preparations. However,
there were less than 20 preparations containing
aspirin as the only active ingredient. Thus, the
invention of aspirin did significantly stimulate
basic research for new anti-inflammatory analge-
sics and still does soas is evident from thedetection
of ATLs and resolvins. Nevertheless, the use of
aspirin has also remarkably increased after the
discovery of its prostaglandin-related mode of
action (Figure 1.5). Today, ASA in its different
commercial preparations is still among the most
frequently used antipyretic analgesics for self-
medication of headache, flu, and other acute
inflammatory/painful states. According to a recent
survey in Germany (MONICA registry), salicylates
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still keep the key position (70–80%) in OTC drugs
for these symptoms [36].

1.1.6
Aspirin in the Cardiovascular System

BleedingTimeandPlateletFunction Aspirinwas in
clinical use for about half a century, when the first
reports about disturbed hemostasis were pub-
lished. In 1945, Singer, an ETN specialist, re-
ported late bleedings after tonsillectomies [38].
He attributed this to his prescription of aspirin for
analgesic purposes. Withdrawal of aspirin or its
replacement by metamizol (dipyrone) resulted in
disappearance of bleeding. A relationship be-
tween aspirin intake and bleeding was also con-
sidered for tooth extractions and epistaxis [39, 40].
Beaumont and Willie [41] reported that aspirin
prolonged bleeding time in patients with cardiac
diseases. Quick and Clesceri [42] suggested that
this effect of high-dose (6 g) aspirin might be
caused by the reduction of a stable procoagulatory
factor in plasma, probably prothrombin. In 1967,
Quick demonstrated that a prolonged bleeding
time was specific for aspirin and was not seen
after salicylate was administered [43]. Similar
results were obtained by the group of Mustard
[44]. These authors confirmed the results of
Quick and extended them also to several animal

species. In addition, they showed that the anti-
platelet effect of aspirin depends on the kind of
platelet stimulus. Specifically, aspirin did not
inhibit ADP-induced primary platelet aggregation,
a finding that was largely ignored later in many
platelet function assays in vitro (Section 2.3.1).
During 1967–1968, Weiss and colleagues, Zucker
and Peterson, and O�Brien published the first more
systematic studies on the action of aspirin on
platelet function in healthy men [45–48]. O�Brien
found a significant inhibition of platelet function at
the �subclinical� dose of 150mg and strongly re-
commended a clinical trial on the compound in
patients at elevated thrombotic risk.

Mechanisms of Antiplatelet Action of Aspirin The
elucidationof themechanismofactionof aspirinas
an antiplatelet drug starts with a study by Bryan
Smith and Al Willis [49], both working at the time
in the laboratory of John Vane. These authors were
the first to show that inhibition of platelet function
by aspirin was associated with the inhibition of
prostaglandin biosynthesis and concluded that this
explains the antiplatelet effects of the compound.
At this time, thromboxane was still unknown. A
few years later, Roth and Majerus [28] showed that
aspirin causes irreversible acetylation and inhibi-
tion of platelet cyclooxygenase. The group ofGarret
FitzGerald [50] confirmed this finding as well as
serine 529 (530) in the COX substrate channel as
acetylation site for the cloned enzyme fromhuman
platelets. These studies provided the rationale for
the use of aspirin as an antiplatelet drug in the
secondary andprimary prevention of atherothrom-
botic vessel occlusion, specifically myocardial in-
farction and ischemic stroke (Sections 4.1.1 and
4.1.2). Preeclampsia is another indication for pro-
phylactic aspirin administration after the descrip-
tion of a positive effect of aspirin in high-risk
patients by Crandon and Isherwood [51] and its
confirmation in a randomized trial by Beaufils and
colleagues 6 years later [52] (Section 4.1.5).

Aspirin and Prevention of Myocardial Infarction and
Stroke In1949,PaulC.Gibsonreportedfor thefirst
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time the successful use of aspirin for prevention of
anginal pain and coronary thrombosis [53]. This
report was based on a questionnaire sent by him to
20 doctors: fifteen of them had already successfully
used the compound for this condition and all of
them considered aspirin as �valuable� or �very
valuable,� specifically with respect to its analgesic
properties.Gibsonexplainedthesebeneficialeffects
by a combination of anticoagulatory and analgesic
properties of the compound. The recommended
doses were 1300mg (20 grain) or 650mg (10 grain)
aspirin.
The first larger and more systematic investiga-

tion of the significance of antithrombotic effects of
aspirin for thepreventionofmyocardial infarctions
was published in 1950 by Lawrence Craven [54]
(Figure 1.6), a suburban general practitioner from
Glendale (California) [55].

His finding reads in the original contribution as
follows:

�. . .during thepast twoyears, I have advised all ofmy
male patients between the ages of 40 and 65 to take
from 10–30 grains [650–1950mg] of acetylsalicylic
acid daily as a possible preventive of coronary
thrombosis. More than 400 have done so, and of
these none has suffered a coronary thrombosis.
Frompast experience, I should have expected at least
a few thrombotic episodes among this group. There
would appear to be enough evidence of the
antithrombotic action of acetylsalicylic acid to
warrant further study under more carefully
controlled conditions . . ..�

In the following years, Craven increased the num-
ber of his patients to about 8000 – still without
having seen any myocardial infarction – and re-
commended the agent also for prevention of
stroke [56, 57]. Unfortunately, he died in 1957, 1
year after publication of his last study, at the age of
74 from a heart attack – despite regularly using
aspirin [58].
Craven�s study was a stroke of luck in several

aspects: first, he treated exclusively males at an age
of increased risk for myocardial infarction who,
according to the current knowledge, benefit most
fromaspirin prophylaxis.He used a dose of aspirin
that was high, but in comparison to anti-inflamma-
tory doses at the time for treatment of chronic
inflammatory diseases, was rather low. Thus, not
too many side effects were to be expected, which
wasgood for the complianceofhis patients. Finally,
he had no problems with statistics because there
were no infarctions in the patient group.
Unfortunately, these data did not find the nec-

essary attention during the following 20 years –
possibly due to the low impact factor of the
journals where they were published and the fact
that Craven himself died of heart attack despite
regularly taking aspirin. Until the 1970s of the last
century, the significance of thrombosis against
spasm for the genesis of myocardial infarction
was also in question. Until 1988, more than
15 000 patients were studied in seven placebo-

Figure 1.6 Photograph of Dr Lawrence L. Craven in 1914, at
the age of 31, when he graduated from the University of
Minnesota College of Medicine and Surgery (with
permission of the University of Minnesota).
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controlled trials for the secondary prevention of
myocardial infarction at the cost ofmanymillions
of dollars. None of these studies was significant
on its own, possibly because, from today�s view-
point, of poor study design, the highly variable
aspirin doses (300–1500mg/day), the apparently
absent systematic control of patient compliance,
and a highly variable time point when aspirin
treatmentwas started, in one study (AMIS) up to 5
years (!) after the acute event [59].
These data finished the discussion on the possi-

ble use of aspirin for the prevention of myocardial
infarctions. In addition, infrequent though severe
side effects such as GI or cerebral bleeding and a
suggested though never established relationship
with Reye�s syndrome (Section 3.3.3) have tainted
its reputation and resulted in its removal from the
list of essential drugs by the WHO in 1988. Ironi-
cally, at about the same time, that is, 1988/1989, the
first prospective randomized placebo-controlled
trial – the US American Physicians� Health Study
(Section 4.1.1) – and the subsequentmeta-analyses
by the Antiplatelet Trialists� Collaboration were
published and showed a significant reduction of
the incidence of myocardial infarction or other
atherothrombotic events inbothhealthy volunteers
andpatientsatelevatedcardiovascular risk [60].The
ISIS-2studyof1989convincinglydemonstrated for
the first time a significant reduction in infarct
mortality by aspirin and resulted in the first official
guideline recommendation of aspirin use in these
patients [61]. The prevention of atherothrombotic
vessel occlusions by aspirin in patients at increased
vascular risk is now a therapeutic standard. The
medical decision to use aspirin in the individual
patient is determinedby the individual benefit/risk
ratio. This issue is particularly relevant in the
primary prevention in patients with a low risk
profile (Section 4.1.1).

1.1.7
Current Research Topics

Clinical Applications In 1988, Gabriel Kune from
Melbourne (Australia) published the first report on

reduced incidenceof colorectal carcinomaby about
40% in regular (daily) aspirin users as compared to
thosewhodidnotregularly take thedrug [62].These
data were generated in a retrospective, exploratory
case–control study, which also noted a significant
risk reduction in patients using nonsteroidal anti-
inflammatory drugs (NSAIDs) other than aspirin.
These data were later confirmed in a large epide-
miological trial [63]. However, there are still not
sufficient prospective randomized trials to calcu-
late the individual benefit/risk ratio, considering
the long treatment period of at least 10 years before
significant improvements can be expected. Fur-
thermore, all of the three available randomized
trials have determined the (re)occurrence of colo-
rectal adenomas as surrogate parameters for colo-
rectalmalignancies (Section 4.3.1). Anothermutu-
ally interesting therapeutic option is Alzheimer�s
disease [64] (Section 4.3.2).

Basic Research One of the issues of interest in
basic research with a considerable clinical concern
is the so-called aspirin resistance, that is, a reduced
antiplatelet activity of aspirin at antithrombotic
doses. Any reduced pharmacological activity will
also limit its clinical efficacy in thrombosis prophy-
laxis. Recent evidence, however, suggests that the
clinical significance of this phenomenonmight be
much less than originally anticipated and, in con-
trast to �resistance� to clopidogrel, will not require
systematic screening (Section 4.1.6).
Aparticular pharmacological property of aspirin

that is not shared with either natural salicylate or
coxibs is the acetylation of COX-2 and the subse-
quent generation of �aspirin-triggered lipoxin�
ATL,ananti-inflammatorymediator.Thismayhelp
better understand and explain clinically well-
known phenomena, such as adaptation of
stomach mucosa to long-term (high-dose) aspirin
use (Section 3.2.1) [65] and the inhibition of neu-
trophil recruitment to an inflamedsite [31] (Section
2.3.2). These activities might be relevant to all
clinical situations with an upregulated COX-2, in-
cluding acute and chronic inflammation, tumori-
genesis, and advanced atherosclerosis.
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Finally, the newly discovered actions of aspirin
on gene regulation are of considerable interest.
Control of gene expression by preventing binding
of transcription factors to selected areas in the
promoter region of genes is not limited to COX-
2, but may also occur with other genes that are
regulatedby the same transcription factors, such as
inducible NO synthase or other �immediate early
genes� that are involved in rapid adaptation of cell
function to changes in the environment. Targeted

control of gene expression and function appears to
be pharmacologically much more attractive – and
efficient – than just the inhibition of activity of
selected enzymes. Salicylates in plants are tran-
scriptionally regulated �resistancegenes� and form
an essential part of cellular defense mechanisms.
Research on these pleiotropic actions of aspirin in
man is also a pharmacological challenge [66] and,
eventually, might result in the design and develop-
ment of new class(es) of �aspirin-like� drugs.

Summary

Extracts or other preparations fromwillow bark
or leaves have been used since ancient times for
the treatment of fever, inflammation, and pain.
These ancient uses have been rediscovered in
modern times. The identification of salicylates
as the active fraction eventually resulted in its
chemical synthesis, allowing broad-spectrum
practical use.

The availability of synthetic salicylatewas also
the precondition for chemical modification of
its structure to increase theactivityand to reduce
side effects. In this respect, the first successful
synthesis of chemically pure and stable ASA by
FelixHoffmann,working in thegroupofArthur
Eichengr€un at Bayer in 1897, was the key event.
The new compound was introduced into the
market in 1899 under the trade name �Aspirin�
and soon became a well-known and widely
accepted household remedy for the treatment
of pain, fever, inflammation, and almost every
kind of �feeling bad.�

The first pharmacological explanation for
these multiple actions was provided by the
discovery of Sir John Vane in 1971 that aspirin
blocked prostaglandin biosynthesis. This
explained the analgesic/anti-inflammatory
properties of aspirin and other salicylates,
which according to the current knowledge,
are probably due to the inhibition of COX-2.
Interestingly, acetylation of salicylates added a

new property to the compound, which is not
shared by any natural salicylate – transacety-
lation of target proteins, most notably COX-1
in platelets – with subsequent inhibition of
platelet function. Inhibition of platelet func-
tion is the rationale for the widespread use of
aspirin in the prevention of thromboembolic
events. Acetylation of COX-2 might result in
the generation of ATL, an inhibitor of leuko-
cyte recruitment that facilitates resolution of
inflammation.

Current areas of interest in basic and clinical
researchonaspirin include�aspirinresistance,�
its definition, measurement, and significance
and the possible clinical benefit of aspirin in the
prevention ofmalignant disorders such as colo-
rectal carcinomas andAlzheimer�s disease. The
mode of action of aspirin appears here to be
more complex and involves, in addition to inhi-
bition of enzyme activity, actions on gene regu-
lation. Targeted modulation of cytokine- and
tumor promoter-induced upregulation of �early
response� genes, such as COX-2 or iNOS and
probably others, by aspirin and salicylates ap-
pears to bemuchmore attractive andpromising
than just inhibition of enzyme activity. In this
way,salicylateacts inplantsasa transcriptionally
regulated �resistance gene.� Transfer of this
principle to the animal kingdom and men,
eventually,might result in the design and devel-
opmentofnewandevenmoreeffective class(es)
of �aspirin-like� drugs.
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Table 1.1 The history of salicylates and acetylsalicylic acid.

Date Event

400 BC–100 AD Hippocrates recommends bark and leaves of the willow tree (Salix alba) for medical use. This
recommendation is laterencyclopedizedbyPlinyandDioscuridesaspopularmedicalknowledgeof the
time.

1763 Rev. Edward Stone recommends the use of willow bark extracts for treatment of �Aigues and
intermitting disorders.�

1826–1830 Brugnatelli and Fontana as well as Buchner identifiy salicin as the active antipyretic ingredient of the
willow bark. Leroux in 1830 is the first to isolate salicin in crystalline form. The compound, prepared
from willow barks, is later sold by Ernst Merck as an antipyretic drug for half the price of quinine.

1839 Piria prepares salicylic acid from salicin and correctly determines the brutto formula C7H6O3.

1835–1843 New rich sources of natural salicylates are detected,most notably wintergreen oil from theAmerican
evergreen (G. procumbens), containing about 99%methylsalicylate. This findingmarkedly improves
the availability of salicylates for practical use.

1859–1874 Kolbe synthesizes for the first time pure salicylate from the already known decomposition products
phenol and carbonic acid. His student vonHeyden improves the technology of synthesis and founds
the first salicylic acid producing factory in Radebeul (Dresden) in 1874. The plant rapidly produces
tons of salicylic acid. This provides unlimited amounts of the compound independent of natural
sources for medical use.

1875 Ebstein and M€uller detect the blood sugar-lowering action of salicylates.

1876 Stricker introduces salicylate as an analgesic/antirheumatic drug at the Charit�e in Berlin. Shortly
thereafter, Scottish physicianMacLagan and FrenchmanGermain S�ee from Strassburg (Alsace) also
describe an antipyretic/analgesic activity of the compound.

1897 Felix Hoffmann, working in the pharmaceutical research group at Bayer laboratories in Elberfeld
under direction ofArthur Eichengr€un, synthesizes for thefirst time acetylsalicylic acid as a chemically
pure and stable compound.

1899 HeinrichDreser, head of the pharmacological research laboratories at Bayer, publishes the first report
on the pharmacology of acetylsalicylic acid. He considers the compound as a prodrug of the active
metabolite salicylic acid.Thefirst clinical studiesbyWitthauerandWolgemutharepublished the same
year.

1899 Introductionof acetylsalicylic acid for the treatmentof feverandpainunder the tradename�Aspirin.�

Since 1899 Worldwide use of aspirin as a household remedy for treatment of fever, pain, and inflammation.

1945–1952 Singer describes a bleeding tendency after surgical interventions if aspirin was used for analgesic
purposes. This observation is confirmed in other case reports. Singer explains this by a reduction of
prothrombin levels.

1949–1950 Gibson reports of the positive results with aspirin for the treatment of anginal pain, according to a
survey by 20 physicians.Craven, a general practitioner fromGlendale (California), publishes shortly
thereafter hisfirst study on antithrombotic effects of aspirin. According to his data, daily administra-
tionof 650–1950mgaspirin completely preventedmyocardial infarctions in400male,medium-aged
patients during an observation period of 2 years.

(Continued)
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Table 1.1 (Continued)

Date Event

1967–1968 O�Brien,Zucker,Weiss, and coworkers publish thefirstmechanistic studies on the antiplatelet activity
of aspirin.Dailydosesof 75mgcause an inhibitionofplatelet functionover severaldays.According to
his data, O�Brien recommends a clinical trial with aspirin for thrombosis prevention in patients at
elevated vascular risk.

1971 SirJohnVanedetects the inhibitionofprostaglandinsynthesisbyaspirin(andsalicylate)andconsiders
this as the mechanism of the anti-inflammatory action. This work and the later detection of
prostacyclin are acknowledged with the Nobel Prize for medicine in 1982.

1971 Brian Smith and Al Willis, both working in John Vane�s laboratory, detect the inhibition of
prostaglandin synthesis by aspirin in platelets and explain its antiplatelet action by this property.

Since 1971 Systematic search for and development of cyclooxygenase inhibitors with prospective use as
symptomatic anti-inflammatory analgesics.

1975 The group of PhilipMajerus detects the acetylation of platelet cyclooxygenase by aspirin and explains
by this mechanism the inhibition of thromboxane formation and platelet function.

1979 Crandon and Isherwood report that regular intake of aspirin in pregnancy reduces the risk of
preeclampsia. Beaufils confirms this finding in high-risk patients in1985 in a randomized study.

1983 Publication of the first placebo-controlled randomized double-blind trial (Veterans Administration
Study) on prophylactic use of aspirin (324mg/day) in men with acute coronary syndromes by Lewis
andcolleagues.Thestudyshowsa50%reductionof the incidenceofmyocardial infarctionsanddeath
within an observation period of 3 months.

1988 Publication of the first clinical findings of a relationship between aspirin intake and prevention of
colon cancer by Gabriel Kune and colleagues from Melbourne. In this retrospective, exploratory
case–control study, regular (daily) use of aspirin reduced the risk of (incident) colon cancer by 40%.
These findings were later confirmed and extended byMichael Thun and colleagues (1991) in a large
prospective epidemiological trial (CPS-II Study) in the United States.

1988–1989 Publication of the first two prospective, placebo-controlled long-term trials on primary prevention of
myocardial infarctions in apparently healthy men in the United States (USPHS) and the United
Kingdom (BMDS), respectively. The results are controversial. The American study suggests a
beneficial effect of aspirin on the prevention of a first myocardial infarction. Charles Hennekens
(USPHS) receives the Aspirin Senior Award in 1999 for his significant contributions to the use of
aspirin for prevention of atherothrombotic events.

1989 The ISIS-2 trial, a prospective, placebo-controlled randomized trial in patientswith acutemyocardial
infarction,demonstratesa remarkableprotectiveactionofaspirin (162mg/day), aloneandadoubling
of theeffect incombinationwithstreptokinase,onpreventionofrecurrentmyocardial infarctionsand
deathforanobservationperiodof5weeks.Thisstudy leadstoguidelinerecommendationofaspirin in
secondary prevention.

1988–1990 William Smith,David DeWitt, and colleagues demonstrate that themolecularmechanism of aspirin
action is due to steric hindering of access of the substrate (arachidonic acid) to the enzyme
(cyclooxygenase) and does not involve direct binding of the agent to the active center.William Smith
receives the Aspirin Senior Award in 1997 for this and other major contributions to the better
understanding of the molecular mechanism of aspirin action.
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Date Event

1991 Publicationof theprospective,randomized,placebo-controlledstudy(SALTtrial)on low-dose(75mg/
day) aspirin in patients with transient ischemic attacks (TIA). The number of strokes, TIA, and
myocardial infarctions are markedly reduced by aspirin, whereas the number of hemorrhagic
infarctions is increased. The benefit–risk ratio is clearly in favor of prevention.

1991 KennethWu and colleagues show inhibition of cytokine-induced expression of cyclooxygenase (-2) in
human endothelial cells by aspirin and salicylate but not by indomethacin. This suggests salicylate-
mediatedinhibitionofgenetranscription.Laterworkof thisgroup[33] identifiesinhibitionofbinding
of the C/EBP-b transcription factor as (one) molecular mechanism of action.

1995 Patrick Loll,Daniel Picot, andR.MichaelGaravito describe the crystal structure of COX-1 inactivated
by an aspirin analogue. Patrick Loll receives the Aspirin Junior Award in 2000 for his significant
contributions to this research.

1995 JoseClaria andCharlesSerhandetect thegenerationofATLby the interactionofacetylatedCOX-2with
the 5-lipoxygenase of white cells. The contributions of Claria, working in Serhan�s group, to this
research are acknowledged with the Young Researchers� Aspirin Award in 1996.

Since 1998 Search for new fields of clinical use of aspirin and aspirin-�like� drugs, including the prevention of
progression of Alzheimer�s disease.

2000 The Oxford group around Sir Richard Peto, Rory Collins, and Peter Sleight receives the Aspirin Senior
Award for their outstanding contributions to developing and conducting meta-analyses in studies
with antiplatelet drugs. The latest edition dates to 2002.

2005 Publication of the prospective, randomized, placebo-controlledWomen�s Health Study (WHS). The
study demonstrates the usefulness of aspirin (100mg each second day) for the prevention of
atherothrombotic events in apparently healthy women during a 10-year observation period. There
is significant protection from ischemic cerebral infarctions but not frommyocardial infarctions. The
protective action of aspirin increases with increasing vascular risk.

2006 The CHARISMA study compares low-dose aspirin (75–162mg) alone and in combination with
clopidogrel (75mg) in primary prevention of vascular events in high-risk populations. Although the
combination is useful in secondary prevention, similar to CAPRIE, the comedication of clopidogrel
with aspirin did not reduce the vascular risk but increased bleeding in patients with risk factors but
without preexisting event.

2010 ?
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1.2
Chemistry

This chapter on chemistry and measurement of
salicylates is focused on pharmaceutical aspects of
aspirin and other salicylates. It includes a descrip-
tion of the physicochemical behavior of this class of
compoundsandmethods for theirmeasurement in
biological media. This chapter is not written with
the intention to provide a complete overview of all
chemical and analytical aspects of salicylates but
rather to informabout those issues that are relevant
to the understanding of their pharmacology and
toxicology in biological systems.
The first part of this chapter describes chemical

structures and physicochemical properties of aspi-
rin and other salicylates (Section 1.2.1). The physi-
cochemical properties of salicylates are unique to
this class of compounds, specifically the meso-
meric structures of salicylate, eventually resulting
in chelating properties and allowing incorporation
of salicylate into the cellmembrane phospholipids.
This physicochemical property is of outstanding
importance to understand the actions of salicylates
on cellular energy metabolism, specifically the un-
coupling of oxidative phosphorylation. Another
aspect is the (poor) water solubility of aspirin and
salicylic acid (in contrast to sodium salicylate),
eventually resulting in local irritations of stomach
mucosa after oral administration (Section 3.2.1).
Finally, the particular crystal structure of aspirin
and the recentdiscoveryof twopolymorphic forms,
coexisting in one and the same aspirin crystal, is an
issue of considerable pharmacological interest.
The secondpart of this chapter describes analyti-

cal methods of salicylate determination in biologi-
cal media (Section 1.2.2). Several techniques are
available for simultaneousmeasurement of aspirin
and its major metabolites.

1.2.1
Structures and Chemical Properties of Salicylates

The glucoside salicinwas the first active ingredient
of the willow bark, which was isolated as a crystal-

line agent by Leroux in 1830 (Section 1.1.2). Leroux
obtained 1 ounce (about 28.3 g) salicin from 3
pounds of willow bark (Salix helix) (cited after
Ref. [67]). Salicin was later used by Piria as starting
material for the preparation of salicylic acid (Sec-
tion 1.1.2). Salicylic acid (o-hydroxybenzoic acid) is
a relatively strong acid, having a pKa of 2.9 and is
poorly water soluble (0.2%). Its solubility can be
considerably improved by converting the com-
pound into the sodiumsalt,which is approximately
50% water soluble. Salicylates for systemic use are
either esters with substitutions in the carboxyl
group, suchasmethylsalicylate, or esters of organic
acids with substitutions in the phenolic o-hydroxyl
group, such as aspirin. Aspirin is the acetate ester
of salicylic acid (Figure 1.7). The crystalline and
molecular structure of aspirin has been elucidated
[68, 69].

Computer calculations, however, have provided evi-
dence for another even more stable crystalline form of
aspirin with a close relationship with the already known
form I [70]. Most recent experimental studies were able
to confirm the real existence of form II and, in addition,
showed that a polymorphism exists between these two
forms. Importantly, the two different polymorphs can
coexist within one and the same crystal [71, 72]. This
new and unexpected finding with aspirin as the first
compound to show this unique property raises a
number of principal questions regarding the definition
of crystal polymorphism, which is outside the further
discussion about pharmacological and toxicological
properties of the compound. There are also the legal
issues that are important in this context–eachpolymorph
of each compound can be patented separately.

1.2.1.1 Salicylates in Clinical Use

Salicylic Acid Salicylic acid (molecular weight
138.1) in the formof sodiumsalt (molecularweight
160.1) was the first purely synthetic salicylate in
clinical use (Section 1.1.3). It is no more used for
systemic internal administration because of its
unpleasant, sweetish taste and irritation of the
stomach mucosa. Not only as an antipyretic anal-
gesic but also as an anti-inflammatory drug, it has
been replaced by better tolerable agents, such as
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aspirin or the structurally different, more potent
anti-inflammatory compounds, NSAID (Section
4.2.2) and acetaminophen (paracetamol). Never-
theless, salicylate is still being used as an external
medication, for example, in ointments because of
its antiseptic and keratolytic properties.
Despite its disappearance from internal medi-

cine, the pharmaceutical and biological properties
of salicylate are of considerable pharmacological
interest because this compound is the primary
metabolite of aspirin and responsible for many of
its biological actions including salicylate poisoning
(Section 3.1.1). Salicylate shows a peculiar physico-
chemical behavior because of the formation of a
ring structure by hydrogen bridging. This requires
a hydroxy group in a close neighborhood of the
carboxyl group and is only seen with the o-hydro-
xybenzoic acid salicylic acid (Figure 1.8) but not
with its m- and p-analogues. The o-position of the
hydroxyl group facilitates the release of a proton
with decreasing pHby increasing themesomery of
the resulting anion. These properties are biologi-
cally relevant for the protonophoric actions of sal-
icylates in the uncoupling of oxidative phosphory-
lation by eliminating the impermeability of cell

membranes to protons (Section 2.2.3). In addition,
they help understand the local irritation of the
stomachmucosa subsequent to direct contact with
the compound and its incorporation into mucosal
cells (Section 3.2.1). The m- and p-hydroxy analo-
gues of benzoic acid do not share these properties
with salicylate and are biologically largely inactive.

Structure–activity studies of 80 salicylate-type com-
pounds for uncoupling oxidative phosphorylation in
isolated mitochondria showed that the essential phar-
macophore for this activity is a compound with a
negatively charged (carboxyl) group at the o-position,
that is, acetylsalicylate. The m- and p-hydroxybenzoate
analogues of salicylic acid failed to do so. This suggested
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the o-position of the hydroxyl group as an essential steric
requirement for this activity. Mechanistically, this was
explained by the unique proton bridging between the
oxygen of the carboxyl group and the proton in the
hydroxy group, allowing for a mesomeric state that
promotes a nondissociated configuration and facilitates
tissue penetration [73].

Acetylsalicylic Acid Acetylsalicylic acid (molecular
weight 180.2) or aspirin is the acetate ester of
salicylic acid. The pharmacological properties are
similar to those of salicylate. However, aspirin also
has activities of its own, which are added by the
reactive acetate group – the (nonselective) acetyla-
tion of cellular targets, including proteins and
DNA. This results in biological effects that are not
shared by salicylate. Examples are the inhibition of
platelet functionby irreversible acetylationofCOX-
1 and the acetylation of COX-2 with subsequent
formation of 15-(R)-HETE and generation of ATL
by white-cell 5-lipoxygenases (Section 2.2.1).
Aspirin is a white powder with a pleasant acidic

taste. The compound is poorly soluble in water
(0.3%) and somewhat better soluble in ethanol
(20%). The solubility in aqueous media depends
on pH. It amounts to only 60mg/ml at pH 2,
but increases dramatically with increasing pH
(Figure 1.9). The solubility in aqueous media is
also markedly improved after its conversion into
the sodiumsalt, specifically at acidic pH (Table 1.2).

This pH-dependency of solubility of aspirin is one
of the reasons for its irritation of stomach mucosa
in the acidic gastric juice (Section 3.2.1) as well as
the increasing absorption in the upper intestine
because of markedly improved solubility that also
dominates the increased dissociation rate.

Methylsalicylate Methylsalicylate is the active in-
gredient of wintergreen oil from the American
teaberry (G. procumbens). This oil was used as a
natural source of salicylates since the early nine-
teenth century because it contained 98% methyl-
salicylate, the active constituent of numerous drug
combinations for external use in rheumatic dis-
eases. It isalsoof toxicological interestbecauseof its
much higher toxicity in comparison to other sali-
cylates. Particularly dangerous is the erroneous
ingestion (by children) ofmethylsalicylate-contain-
ing ointments and other products for external use
(Section 3.1.1).

1.2.1.2 Aspirin Formulations
Several galenic preparations of aspirin have been
developed for practical use with the intention to
improve the solubility and stability of the com-
pound and to reduce or even avoid gastric irrita-
tions. The first property is particularly relevant if
short-term or immediate action of aspirin is de-
sired, for example, in the treatment of migraine or
tension-related headache. Alternatively, aspirin
can be administered intravenously or orally as the
well water-soluble lysine salt. This is of particular
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Figure 1.9 pH-dependent hydrolysis of aspirin (1.5mM) in
aqueous solution at 42 �C. Note the high stability (poor
solubility) of aspirin at acidic pHand the significant increase
in solubility (rapid degradation) at alkaline pH [74].

Table 1.2 Dissolution rates of various salicylates in 0.1N
hydrochloric acid (modified after Levy and Leonards, 1966).

Dissolution rate (units at
current stirring and37 �C)

Compound Absorption Release

Salicylic acid 38 1.0
Acetylsalicylic acid (aspirin) 49 1.3
Sodium acetylsalicylate 4900 130.0
Sodium salicylate 5200 140.0
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interest ifhighlevelsofunmetabolizedaspirinhave
to be obtained in the systemic circulation, for
example, to immediately block platelet function in
the acute coronary syndromes (Section 4.1.1). An-
other approach is an enteric-coated formulation,
predominantly for long-term use. A detailed dis-
cussion of these and other formulations in clinical
use is found elsewhere (Section 2.1.1).

Generics A frequently discussed issue in clinical
pharmacology is whether all formulations of all
manufacturers containing the same active ingredi-
ent at the same dose are bioequivalent – with the
consequence of preferential use of the cheapest
formulation. In the case of salicylates, this hasbeen
refused alreadymany years ago [74]. Amore recent
study additionally suggested that even aspirin ana-
logues that passed pharmaceutical in vitro dissolu-
tion specificationsmay not be bioequivalent in vivo

[75]. Moreover, a comparative study of selected
aspirin formulations in Germany has found large
differences regarding thepharmaceuticalqualityof
aspirin-containing monopreparations with sug-
gested use as antipyretic analgesics.

In 1986, a comparison of all pharmaceutical OTC
formulations of aspirin was performed. Included were
all products containing aspirin as active ingredient,
which were on the German market for suggested use
as antipyretic analgesics. Only tablets and no other
galenic preparations or tablets for other symptoms
were included.
All 11 tablets fulfilled general requirements regard-

ing, for example, the content of the active ingredient.
However, according to the authors, marked and un-
acceptable differences existed with respect to the in-
dividual in vitro release kinetics. These criteria were
determined according to an US Standard and were
not met by 5 out of the 11 preparations tested
(Table 1.3) [76].

Table 1.3 In vitro release kinetics of ASA under standard conditions from commercially available ASA preparations in
Germany [76].

ASA preparation
Declared ASA
content (mg)

Percentage of
declaration found

ASA release kinetics
(% in 30min� SD)

Acetylin 500 98.9 89.6� 2.8
Aspirin 500 99.4 100.7� 1.0
Aspirin junior 100 102.9 103.5� 2.7
Aspro 320 98.1 96.4� 4.7
Ass 500 Dolormin 500 98.0 77.2� 9.2

ASS-Dura
Ch.-B. 18613 500 98.2 65.4� 16.5
Ch.-B. 074035 500 102.9 72.4� 9.5

ASS-Fridetten
Ch.-B. 019026 500 98.3 68.8� 10.0
Ch.-B. 020047 500 100.1 75.9� 5.7

ASS-ratiopharm 500 96.6 89.3� 9.3
ASS-Woelm 500 100.9 77.9� 8.8

Temagin ASS 600
Ch.-B. 212142 600 100.9 50.2� 11.4
Ch.-B. 212143 600 100.4 44.0� 9.9

Trineral 600 99.2 90.8� 3.9

According topredefinedquality standards, the content of the active ingredient shouldbe95–105%ofdeclarationandat least
80% of the compound should be released within 30min under the conditions chosen.
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The authors repeated this study 2 years later on
62 different aspirin preparations. They found that
of the tested formulations, 20 (!) still did not meet
the quality standards mentioned above [77]. Thus,

despite containing ASA as the active ingredient at
identical amounts, not all aspirin preparations
might be the same in terms of bioavailability of the
compound.
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Summary

Aspirinand itsmainmetabolite salicylic acidare
poorly water soluble at acidic and neutral pH.
Thesolubility increasesmarkedly inalkalinepH
and ismore than100-foldhigher for the sodium
salts as compared to the free acids. This is also
valid for strong acidic pH.

Salicylates, in contrast to aspirin, have un-
ique physicochemical properties. These are
caused by the close steric neighborhood of the
acetate hydroxyl group to the carboxyl group.
This allows the formation of a chelate ring
structure and facilitates the release of protons.

The major functional consequence is the ac-
tion of salicylate as protonophore, for example,
in mitochondrial membranes, to uncouple
oxidative phosphorylation because of the abo-
lition of the membrane impermeability to
protons (Section 2.2.3). Neither aspirin nor
other salicylates exhibit comparable physico-
chemical properties.

Aspirin is commercially available in many
different galenic formulations. In vitro studies
on bioequivalence provided different results for
different formulations.However, the functional
consequences for clinical use have not been
studied sufficiently.
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1.2.2
Determination of Salicylates

Measurementof salicylates inbiologicalfluids, that
is,mainlyplasmaandurine, isof interest forseveral
purposes. The purpose also determines the selec-
tion of the method. Most frequent is the control of
plasma levels to verify that the plasma concentra-
tions are within the therapeutic range. Determina-
tion of plasma levels is also necessary in the case of
intoxication and for controlling the efficacy of de-
toxification procedures. Plasma or urinary levels of
salicylates allow checking patients� compliance, an
important issue for long-term aspirin use in car-
diovascular prophylaxis and a frequent explanation
of the so-called aspirin resistance (Section 4.1.6).
Finally, measurements are of interest to study the
pharmacokinetics of salicylates in research, in par-
ticular, drug metabolism and interactions.
The therapeutic plasma levels of salicylate differ,

depending on the indication. They are in the range
of 100–200mg/ml at anti-inflammatory doses and
50–100mg/ml for analgetic purposes (see Figure
2.23). The plasma levels of unmetabolized ASA are
approximatelyoneorderofmagnitude lower.Thus,
assaymethods shouldbe sensitive enough todetect
amounts above 1mg/ml [78]. In most cases, no
separate determination of aspirin and salicylate is
necessary because there is a rapid and complete
conversion of aspirin into salicylate in vivo.

1.2.2.1 Gas–Liquid Chromatography
Gas–liquid chromatography (GLC) is the reference
standard. The technique allows separate determi-
nation of ASA, salicylic acid, and theirmetabolites.
The detection limit is 1mg/ml.

1.2.2.2 High-Performance Liquid Chromatography
High-performance liquidchromatography (HPLC)
is an alternative to GLC but more complex and
time consuming. Reverse-phaseHPLC techniques
with photometric detection are the methods of
choice [79]. This has the advantage that the com-
plete spectrumof aspirin and itsmetabolites canbe
measured simultaneously. However, one major
problem is associated with this type of assay. This

is thespontaneoushydrolysisof aspirin tosalicylate
in protic solvents, including water, methanol, and
plasma (Section 2.1.1). Thus, some degradation of
aspirin may occur ex vivo. A modification of this
technique for human plasma, including extraction
of salicylates in organic solvents, allows simulta-
neous determination of aspirin and itsmetabolites
down to the levels of 100 ng/ml with an interassay
variation of less than 10% (Figure 1.10). This tech-
nique combines simplicity in sample treatment
with stability of aspirin over several days (!) without
significant decomposition [80].

1.2.2.3 Spectrophotometry
Spectrophotometry is the earliest and most widely
usedmethod formeasuring serum salicylate levels.
The classical assays are colorimetric assays, taking
advantage from the intense red color of salicylate/
Fe3þ complexes. The technology is simple and
particularly suitable forcompliancemeasurements.

Trinder Method The Trinder method [81] is a
colorimetric test where salicylic acid is determined
by measuring the absorbance of the ferric ion–sa-
licylate complex after total serum protein is precip-
itated by mercuric chloride and allowed to react
with ferric iron supplied by ferric nitrate. This
method involves the generation of a complex be-
tween salicylate and ferric ion. Amax of the ferric
complex is 540 nm. Quantification is done bymea-
suring light absorbance at this wavelength by a
spectrophotometer.
TheTrindermethodissimple,inexpensive,rapid,

and very reliable. Spectrophotometry lowers the
detection limit toabout100mg/ml.This is sufficient
for therapeutic and toxic purposes. However, the
Trinder method measures salicylate rather than
ASA. (False) Positive results may be obtained with
salicylamide or methylsalicylate. Conversely, the
method can also be used to measure these com-
pounds, for example, in the case of poisoning. The
Trindertest isalsorathernonspecificandsensitiveto
a large number of other acids and amines [82]. This
also includes compounds and their metabolites,
whichare increasedinpatientswithReye-likesymp-
toms because of hepatic (metabolic) failure [83]
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(Section 3.3.3).More recently,Morris et al. [84] have
describeda two-stepcolorimetricmethod that,how-
ever, so far has only been used in the research.

Second-Derivative Synchronous Fluorescence Spec-
trometry Another method that allows simulta-
neous determination of ASA and its major meta-
bolites in one assay is second-derivative synchro-

nousfluorescence spectrometry (SDSFS) [85]. This
methodappears tobe thefirstnonchromatographic
technology for the simultaneous determination of
aspirin and its major metabolites in one single-
serum sample. The technique is not sensitive to
several other drugs, found frequently in the sera of
healthy subjects (antipyrine, ibuprofen, indometh-
acin, theophylline, and others).
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Summary

Several methods are available to determine
aspirin and its major metabolites in biological
fluids, including plasma (serum), liquor, syno-
vial fluid, and urine. Most of them have the
necessary sensitivity (detection limit 1mg/ml or
less).

HPLC separation and subsequent identifica-
tion of the spots by appropriate standards is the
mostfrequentlyusedtechnology.Advantagesare
the simplicity and reproducibility of themethod,
a high sensitivity (detection limit about 100ng/
ml), and the possibility of simultaneous deter-

mination of several aspirinmetabolites together
with aspirin itself in one sample. Disadvantages
of this and some other technologies include the
spontaneous (pH-dependent) andenzymatichy-
drolysisof aspirin.However, thisproblemcanbe
solved by appropriate sample processing.

The Trinder method, a colorimetric assay,
determines salicylate and is also useful and
simple, though less sensitive. It exhibits a num-
ber of cross-reactions with other compounds,
which might become relevant, for example, in
hepatic failure. GC/MS is clearly the most reli-
able technology. However, it needs expensive
equipment and experienced investigators.
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2

Pharmacology

The pharmacology of aspirin is unique and charac-
terized by the action of two compounds as parts of
the same molecule: reactive acetate and salicylic
acid (salicylate). Inaddition,unmetabolizedaspirin
itself has biological activities similar to salicylate on
many cellular targets. Reactive acetate and salicy-
late asprimarymetabolitesof aspirinare releasedat
an equimolar ratio by enzymatic or spontaneous
hydrolytic cleavage.Hydrolysis starts already in the
stomach lumen, within minutes after intake of
the drug, but reaches its maximum only after the
passage of the intestinal epithelium within the
blood of the presystemic and systemic circulations,
respectively. This reaction is catalyzed by �aspirin�
esterases that are ubiquitously present throughout
the body. The resulting reactive acetate moiety can
be transferred to any acceptor structure in the
neighborhood, which has themost important ami-
no acids in several proteins, such as serine530 in the
cyclooxygenase (COX) of blood platelets. The other
primary metabolite, salicylate, has also a broad
spectrum of cellular targets. Because of the much
longer half-life and an anti-inflammatory and anal-
gesic potential comparable to aspirin, it is probably
salicylate that causesmost if not all of the analgesic,
antipyretic, anti-inflammatory, and antiprolifera-
tive actions of aspirin.An exception is the antiplate-
let effect that is specific for aspirin.
This chapter describes first the pharmacokinet-

ics of aspirin and salicylate, focusing on the bio-
availability of the active drug(s), plasma and tissue
distribution, and clearance from blood and other

body fluids (Section 2.1). This is followed by a
discussion of the multiple modes of action of aspi-
rin and salicylate at the cellular and subcellular
levels (Section 2.2). This involves the description
of pharmacological properties of the compounds
onmediator systems, cellularsignaling, andenergy
metabolism. This discussion of the pharmacologi-
cal properties of aspirin is entirely mechanism
based without paying too much attention to the
salicylate concentrationsand thequestion,whether
they can be achieved in vivo and, therefore, is of
potential value for the use of aspirin as a drug.
Another issue is the functional consequences of

these pharmacological mechanisms at the tissue
and organ levels (Section 2.3). Here, only those
concentrations of the compounds are interesting
that can also be obtained with therapeutic doses in
vivo or, at least, do not cause severe tissue injuries.
These pharmacological actions in �real life� should
help to understand the clinical actions of aspirin as
discussed indetail inChapter 4. Safety aspectswith
respect to toxicology are discussed separately in
Chapter 3.

2.1
Pharmacokinetics

The pharmacokinetics of aspirin, like the pharma-
cokinetics of all drugs, involves all processes
between uptake and excretion including tissue
penetration, storage, and metabolic transforma-
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tions. The following steps can be separated: absorp-
tion, in most cases from the gastrointestinal (GI)
tract, passage into the blood compartment and the
liver, and subsequent distribution throughout the
body. The distribution then allows the active com-
pound to reach the cellular targets inside the organs
andtissuesandtointeractwithspecificbindingsites
on macromolecules. This interaction is the prere-
quisite for anybiological response and, according to
thenonspecificnatureof transacetylation,willcause
numerous biological actions in different cells and
tissues, respectively, which are discussed in
Section 2.2.
The drug interaction with biological targets is

terminated by the dissolution of the compound
from its binding site and the release into the extra-
cellular space. This allows several types of biotrans-
formations, eventually resulting in thegenerationof
phase I and phase II metabolites, mainly by the
liver. These metabolites as well as unmetabolized
salicylates are then cleared by excretion, in the case
of salicylates almost entirely by the kidney.
For formal purposes, the pharmacokinetic rea-

sons for the generation of a biological signal, that
is, all processes that culminate in the binding of
salicylates to the cellular target after absorption
and distribution, can be distinguished from the
pharmacokinetic reasons for the disappearance
of the signal, that is, all processes involved in
inactivation and excretion of the compound,
mainly in the form of inactivemetabolites. There-
fore, absorption and distribution (Section 2.1.1)
are discussed separately from biotransformation
and excretion (Section 2.1.2).

2.1.1
Absorption and Distribution

2.1.1.1 Absorption
In daily practice, it is the oral ingestion that is the
predominant form of application and is, therefore,
discussed in more detail here. Several factors de-
termine in sequence the speed and extent of ab-
sorption, and systemic bioavailability of aspirin
after oral administration. The first is the solubility

of the compound in aqueous media that is mainly
determined by physicochemical properties of aspi-
rin (Section 1.2.2), the kind of formulation, and the
pH of the solvent. The second is the speed of
passage through the stomach. This determines the
contact timewith the stomachmucosa andcan vary
considerably depending on the stomach filling
state. The retention time in the stomach lumen is
also important for side effects, that is, GI intoler-
ance, and determines the passage time to reach the
most significant absorption area – the mucosa of
the small intestine.

Solubility of Aspirin in Aqueous Media The classi-
cal and first variable for action of any drug is its
solubility in the (aqueous) medium of interest:
corpora non agunt nisi soluta. Dissolution of a con-
ventional aspirin tablet by 50% in 0.1N HCl in a
stirred sample in vitrounder standard conditions is
quite long and requires 30–60min. This suggests a
poorsolubility of thedrugat theacidic conditionsof
stomach juice. The stability of the compound is
inversely related to pH and has a maximum at pH
2.5 ([1]; Section 1.2.1). Thus, the acidic pH in the
stomach favors the stability of aspirin and prevents
hydrolysis. However, it also largely prevents disso-
lution. Both factors contribute to the poor gastric
toleranceofplain aspirin (Section3.2.1). In the case
of ingestion of high (toxic) doses of aspirin, absorp-
tioncanbeadditionally retardedandreducedby the
formation of concretions (insoluble aggregates),
facilitated by the poor solubility of the drug under
these conditions. Standard doses of 300mg aspirin
will result inmillimolar concentrations of the com-
pound in 50–100ml gastric juice (Section 3.2.1).

Absorption in the Stomach The data about the
extent of absorption of aspirin within the stomach
are variable. According to Cooke and Hunt [2],
about 10%of a predissolved 250mgdose of aspirin
is absorbed from an acid solution in the stomach
though themain absorption site is the upper intes-
tine. This is partially because of not only the already
mentioned poor solubility of the compound at
strong acidic pH but also the comparably small
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absorption surface of the stomach mucosa:
0.2–0.3m2 as opposed to the 100–200m2 surface
of the small intestine. The use of buffered aspirin
preparations further reduces the small absorption
in the stomach because of an increased proportion
of the ionized form [2]. Thus, buffer capacity of the
aspirin formulation and itsmaintenance over time
are important variables forgastric tolerance.On the
contrary, use of predissolved preparations orwater-
soluble sodium salts will improve absorption and
increase systemic bioavailability [3], though theuse
of buffered preparations has little effect on these
parameters [4] (Figure 2.1).

Though the absorption of aspirin in the stomach is small,
it can, nevertheless, have important functional conse-
quences, most important a potentiation of bleeding in
connection with alcohol (Section 3.2.1).
Human gastric mucosal epithelial cells have a

significant alcohol dehydrogenase activity that oxidizes
alcohol and is inhibited by aspirin in a noncompetitive
way [5]. Intake of 1 g oral aspirin results in a significant
increase, by about 15%, of systemic bioavailability of
alcohol in blood. No such effect is obtained after i.v.
administration of alcohol, suggesting that it is not due to
an inhibition – by aspirin – of alcohol metabolism by the
liver. Interestingly, this effect is seen only in men but not
in women, possibly due to the low or even absence of
first pass metabolism of alcohol in the female stomach.

Similar findings were obtained in rats. Though not all
investigators could confirm this finding [6], social
drinkers should be made aware of the possibility that
aspirin may potentiate the effects of alcohol consumed
postprandial [7].

The extent and velocity of absorption of aspirin
from the stomach are also influenced by the speed
of stomach emptying. Addition of antacids or buff-
eringof stomach juice stimulates gastric emptying.
This increases initially the plasma levels of aspirin
and salicylate. Delayed gastric emptying, for exam-
ple, by proton-pump inhibitors or atropine, has the
opposite effect. In this respect, it is interesting to
note that plasma salicylate levels in patients, who
underwent total gastrectomy (Billroth II), were not
significantlydifferent fromthose inhealthycontrols
after oral aspirin intake. All important pharmacoki-
netic variables (absorption kinetics, plasma half-
life, elimination kinetics) were also unchanged [8].
Only the nondissociated, lipophilic aspirin can

penetrate into the epithelial cells of the stomach
mucosa [9]. According to a pKa of 3.5 for aspirin,
95%of thesubstancearenotdissociatedat apHof2
in the stomach lumen and, therefore, might exert
direct erosive actions on themucosa epithelial cells
[2, 9, 10] (Section 3.2.1).

The pKa for aspirin is 3.5. This means that 50% of the
compound is ionized at this pH and almost all of it at
pH 6, that is, it is negatively charged within the stomach
lumen. In this ionized form, the molecules are lipid
insoluble and can (theoretically) penetrate cell mem-
branes only via special channels. At pH levels below 3.5,
themajority of aspirinmolecules are nondissociated, that
is, lipid soluble and can penetrate cell membranes
independent of specialized channels.
Orally taken aspirin exists in the acid stomach lumen

primarily in the nonionized form. However, the totally
dissolved amount is very small because of the poor
solubility of the compound. After diffusion into the
superficial stomachmucosal cells, there is a dissociation
of aspirin within these cells: pH 7 versus pH 2, equivalent
to an ionic gradient of 105 (!). This prevents rediffusion of
salicylates into the stomach lumen (�ionic trap�) and
results in an intracellular (intramucosal) accumulation of
aspirin and subsequent cytotoxic effects onmucosal cells.
Similar considerations apply to salicylate with a pKa value
of 3.0 (Figure 2.2).
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Figure 2.1 Plasma total salicylate concentrations in healthy
volunteers after oral intake of aspirin in various galenic
formulations on an empty stomach. All preparations
contained 640mg of acetylsalicylic acid (modified after [4]).
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A pH-dependent kinetics of absorption and distribu-
tion is relevant not only for the stomach but also for
local accumulation of salicylates at sites of inflamma-
tion with acidic pH. Similar considerations apply to the
acceleration of urinary salicylate excretion after aspirin
overdosing by alkalinization of urine (Section 3.1.1).

Taken together – not only because of pharmaco-
dynamic actions of aspirin (Section 3.2.1) but also
for pharmacokinetic reasons – the stomach is not
required for aspirin absorption and is entirely a site
of salicylate-related side effects.

Absorption in the Intestine Likemost other drugs,
aspirin ismainly absorbed in theupper intestineby
passive diffusion of the nonionized form. The pH
in the upper duodenum is about 2–4 and then
increases gradually to about 7–8 in the distal small
intestine and colon. Themuch larger surface of the
(small) intestine, amounting to100–200m2,aswell
as the improved solubility of aspirin with increas-
ing pH result in an increase of the totally absorbed
amountasanet response,despite thehigherdegree
of dissociation.

Absorption from Other Application Sites Cutane-
ous administration of salicylates in the form of
ointments as an externalmedication iswell known.
This stimulated the idea of percutaneous adminis-
tration of aspirin for systemic application after a
significant absorption of salicylates had been

shown [11]. Percutaneous application will improve
gastric tolerance by avoiding the gastrointestinal
passage. This might be useful in patients at an
elevated risk for gastrointestinal bleeding or toxici-
ty. In addition, the antiplatelet effects of aspirin
might be enhanced by using skin patches as a drug
reservoir from which the compound is slowly re-
leased. Avoiding high peak levels might addition-
ally result in less inhibition of vascular prostacyclin
production.

Cutaneous aspirin (750mg/day) was reported to inhibit
serum thromboxane formation by 95� 3% in a small
group (6) of healthy volunteers without inhibition of
basal or bradykinin-stimulated vascular prostacyclin
production [12]. However, a more systematic follow-up
study in a larger group of volunteers [10] indicated that
this approach may not always work as suggested. In this
study, aspirin at the same cutaneous dose (750mg/day
to 29 volunteers for 10 days) had a systemic bioavail-
ability of only 4–8% and did reduce serum thromboxane
by only <90%, which is probably of borderline clinical
significance.

It was also shown that aspirin applied by skin
patches undergoes rapid hydrolysis to salicy-
late [13], thus eliminating the antiplatelet activity.
However, cutaneous aspirin also reduced the pros-
taglandin content of the gastroduodenal mucosal
and caused mucosal injury. Thus, cutaneous aspi-
rin has no advantages in comparison with other
forms of application for systemic use.

Bioavailability Aspirin, applied as a (predissolved)
standard oral single dose (600mg), is essentially
completely absorbed in the GI tract. There is an
appreciable �first-pass� metabolism of aspirin to
salicylateduring intestinaluptakeand liver passage.
Thus, thedurationofpassage through the intestine,
that is, the duration of exposition of aspirin to
esterases of the intestinal wall and the presystemic
circulation (Section 2.1.2), are critical for systemic
bioavailability of the uncleaved compound. These
factors do not play any role for the bioavailability of
the primarymetabolite salicylic acid. The deacetyla-
tionfollowsadose-independent,zero-orderkinetics
and reduces the systemic bioavailability of standard
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Figure 2.2 Local accumulation of salicylate (pKa¼ 3.0) in
the stomach mucosa: ion trapping hypothesis (for further
explanation, see the text).
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plainaspirintoabout50%atclinicallyrelevantdoses
between 40 and 1300mg [14–17]. The esterases
that catalyze this reaction are nonspecific and
are located in the intestinal mucosa, blood of the
portal vein (red cells, platelets, plasma), and liver
parenchyma.
The first-pass effect is less relevant for the anti-

inflammatory actions of salicylates because in this
indication aspirin and salicylate are about equipo-
tent. For acetylation reactions, such as inhibition of
platelet function and, perhaps, generation of 15-
hydroxy-eicosatetraenoic acid (15-(R)-HETE) by
acetylation of COX-2, it is highly relevant. During
presystemic circulation, platelets will be exposed to
the total absorbed amount of aspirin in portal vein
blood whereas the organs in the systemic circula-
tion, including vessel walls and gut will be exposed
to only about 50% of total administered aspirin
(Figure 2.3). Theoretically, even complete inhibi-
tion of the platelet cyclooxygenase will not require
any circulating aspirin in the systemic circula-
tion [18]. This will reduce systemic side effects and

improve compliance, specifically during long-term
prophylactic use.

These data are valid for standard preparations of plain
aspirin but not for formulations with delayed release.
The high potency and abundance of aspirin esterases in
the intestinal mucosa and presystemic circulation allow
for sustained hydrolysis of slow-release aspirin formula-
tions during the prolonged GI passage time. Conse-
quently, the systemic bioavailability of unchanged aspirin
is markedly reduced [18, 19] whereas the bioavailability
of salicylic acid remains unchanged [20, 21].
A 75mg �slow-release� aspirin formulation was

designed to take advantage from this particular pharma-
cokinetics for cardiocoronary prophylaxis. The intention
was to obtain selective inhibition of platelet COX-1 in
the presystemic circulation but not the inhibition of
prostacyclin in the systemic circulation because the levels
of unmetabolized aspirin were too low in the systemic
circulation to block vascular prostaglandin production.
With this particular preparation, the Cmax of aspirin was
15-fold lower than that for a standard formulation with
the same dose [22]. This hypothesis worked in a proof
of concept study [23] but was never introduced
clinically.

Stomach

100%

Intestine
> 80% < 80%

Liver

Presystemic
circulation

Systemic
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Heart

Other Organs

CNS

45 –50%

Figure 2.3 Systemic bioavailability of aspirin after oral administration. After oral administration (100%), themajority (>80%)
of aspirin enters unchanged the upper intestine. Aspirin passes the intestinal wall and enters the portal vein blood. In
this presystemic circulation, about 50% of standard aspirin are deacetylated to salicylic acid. The remaining 45–50% of
aspirin enter the systemic circulation via the liver and act on organs and the vessel wall. These conversion rates of aspirin
refer to standard plain, uncoated preparations, and standard doses. Slow-release formulations will undergo a
significantly greater presystemic deacetylation because of the prolonged passage time through the intestine. In all cases
the deacetylated aspirin is converted 1 : 1 to salicylic acid, that is, the bioavailability of salicylate is not affected by the
deacetylation procedure.
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2.1.1.2 Particular Aspirin Formulations
Several galenic preparations have been developed
to improve the pharmacokinetics of the compound
and to reduce gastric side effects. These include
buffered (i.e., easily soluble or predissolved) for-
mulations and enteric-coated forms. Another op-
tion is i.v. administrationof aspirin aswater-soluble
lysine salt or administration as sodium salt. Intra-
venous administration is preferentially used to
obtain rapidly effectiveplasma levels ofundegraded
aspirin, for example, as a first measure in the
treatment of acute coronary syndromes. Alterna-
tively, effervescent formulations have been devel-
oped for rapid absorption and early start of action.
These formulations are valuable galenic improve-
ments above the poorly soluble plain standard
preparation (Figure 2.1).

Buccal Theadministrationofaspirinasachewing
tablet allows for buccal absorption, that is, a direct,
rapid access of the active compound to the systemic
circulation, avoiding first-step metabolism by the
liver. This approach is thought to be particularly
useful in the treatment of headache.

Intravenous Animal experiments suggested that
i.v. aspirin did not cause gastric injury despite of
nearly complete inhibition of serum thromboxane
formation [24]. In clinical use, no overt signs of
mucosal injury (microbleedings, gastric potential
differences) did occur after i.v. application of aspi-
rin, possibly because of avoidance ofdirect contacts
of the (undissolved) substance with the stomach
mucosa (Section 3.2.1). Intravenous aspirin
(250–500mg) is a widely used first-line measure
to obtain fast inhibition of platelet function in acute
coronary syndromes.

Buffered In one of the first systematic studies on
the influence of galenics on aspirin plasma levels
and GI blood loss, Stubb�e et al. [25] found an
apparently complete disappearance of occult blood
from stool with an appropriately buffered aspirin
preparation (Alka-Seltzer). In addition, peak plas-
ma levels of salicylate were obtained earlier and

were higher than after plain preparations [25].
This was assumed to be due to faster emptying of
thedrug into the intestine, and improved solubility.
Erosions of the stomach mucosa, occasionally

seen with buffered plain aspirin, are probably due
to a disturbed passage (�concretions�) of large
tablets and not due to direct mucosal injury [26].
On the contrary, bufferingmay shorten thehalf-life
of action because of a more rapid renal excretion
due to the alkaline pH [3, 26].

Enteric Coated Historically the first and most
promising approach to improve gastric tolerance
of aspirin was the introduction of enteric-coated
formulations. The theoretical considerations to
introduce this formulation were the insignificant
(10%) absorption of aspirin in the stomach and the
large body of evidence that gastric injury by aspirin
requires direct contact of the active compoundwith
the stomach mucosa. Enteric-coated formulations
are resistant against stomach juice. This will avoid
any physical interaction of the drug with the stom-
ach mucosa, allowing for the release of the active
drugonly into theupper intestine.This is themajor
site of salicylate absorption at amarkedly improved
solubility because of the more alkaline pH.

2.1.1.3 Distribution
Similar to absorption, distribution of salicylates
withinbodyfluidsandtissues isdeterminedmainly
bypH-dependent passive diffusion of theunbound
fraction.Asalreadyseenwiththestomach, there isa
balance between the free, nondissociated acid at
both sites of the cell membrane. Any decrease in
pH, for example, during acute salicylate intoxica-
tion, enhances the accumulation of the substance
in the tissue and increases the symptoms of poi-
soning (Section 3.1.1).

Dose Dependency of the Distribution Volume The
apparent distribution volume of salicylates is dose
dependent. At low therapeutic doses it amounts to
about 0.2 l/kg. This is equivalent to a predominant
distribution in the extracellular space because of
high (80–95%) binding to plasma albumin [27].
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Protein binding of aspirin and salicylate occurs via
the phenolic hydroxyl group of the substances
[28,29].Athigh(anti-inflammatory)dosesorsalicy-
late poisoning, the apparent distribution volume
increases to about 0.5 l/kg. This is because of a
saturation of salicylate binding to plasma proteins,
subsequent diffusion into the intracellular space,
and binding to tissue proteins. In addition, some
metabolizing enzymes also become saturated
(Section 2.1.2). An increase of the volume of distri-
butionandreducedbinding toplasmaproteinsalso
probably explain the prolonged bleeding time after
aspirin in uremic patients [30] and the overpropor-
tional high levels of free salicylate afterhigh-dosage
aspirin treatment, for example, in children with
Kawasaki�s disease (Section 4.3.2). It is possible
that the intracellular accumulation of (free)
salicylic acid that has to be expected at high anti-
inflammatory doses is a precondition for its phar-
macological efficacy. High tissue levels of salicy-
lates might be a requirement for not only the
inhibition of cytokine or tumor promoter-induced
gene expression, including transcriptional COX-2
regulation (Section 2.2.2) but also non-COX-related
effects, for example, on cell energy metabolism
(Section 2.2.3).

Salicylate Levels in Plasma The plasma salicylate
levels differ markedly, depending on the dose and
the distribution equilibrium, including the protein
(albumin) content. At low antiplatelet doses essen-
tially all salicylate is albumin bound.However, this

is not relevant for the antiplatelet effects of the
compound since these effects are entirely due to
the acetylation potential and independent of salicy-
late. At analgesic single doses of 0.6–1 g, mean
salicylate plasma levels of about 30mg/ml and
aspirin levels of 3mg/ml are obtained. The protein
binding (ultrafiltration) of a 600mgsingleoral dose
amounts to 82 and 58% for salicylate and aspirin,
respectively [31]. The level of analgesia appears to
correlate well with the salicylate plasma level [32].
Thus, at these concentrations, 10% of total salicy-
late is free, that is, able tomoveout fromplasmainto
cells and tissues. This percentage of free salicylate
at inflammatory daily doses of about 5 g, equivalent
to total plasma levels of 300mg/ml and more
(1–3mM) amounts to about 10% and to 30% at
toxicdoses (Table2.1).Thus,higherdosesofaspirin
result not only in higher levels of total plasma
salicylate but additionally also in amarked increase
of the unbound fraction [33, 34].

Salicylate Levels in Selected Tissues and Body Fluids
The maximum tissue levels of salicylates in the
synovial fluid amount to about 50% of plasma
level [35]. Salicylate concentrations in the cerebro-
spinal fluid are about 10–25% of the plasma level,
and there is no tight correlation to the plasma
level [36]. Similar low percentages of plasma level,
about 30%, are found in theperilymph. In contrast,
salicylate levels in the fetal circulation are only
slightly lower than in thematernal circulation [37].
This is particularly relevant for newborn prior to

Table 2.1 Plasma salicylate levels and percentage of free salicylate in dependency on dosing (modified after [33]).

Max. plasma salicylate (mM)

Clinical use ASA dose
mg/kg
(70 kg BW) Total Free

Free
salicylate

Antiplatelet 100mg/day (maintenance dose) <2 <0.1 a

Analgesic 1 g single dose 15 0.5 0.005 1%
Anti-inflammatory 6–8 g/day 100 1.5–2.5 0.15–0.60 10%
Toxic 30 g single dose and more �400 3.0–10.0 1.0–5.0 30%

aIrrelevant since clinical efficacy depends on acetylation and is independent of salicylate.
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deliverywhose renal andhepatic clearance systems
are not yet fully developed (see Section 3.1.2).

2.1.1.4 Modifying Factors

Food Intake The compliance for regular intake of
drugs is improved if this is coupled with food
intake. This is particularly valid for patients at older
age and the intake of drugs that might irritate the
stomach, such as aspirin. However, simultaneous
eatingmight prolong the passage time through the
stomach, allow for adsorption of the drug to food
particles and allow a reduced velocity of absorption
in the small intestine [38].
Aspirin is not recommended to be taken on an

emptystomach.Thereasonis that thesubstance isa
stronger irritant for the mucosa in the empty state
andwill alsostay there fora longerperiodof time. In
addition, absorption occurs predominantly in the
upper small intestine and is independent of the
stomach filling state. However, the absorption of
aspirin is quantitatively optimal if the drug is in-
gested in a relatively large volume of water on an
empty stomach [39].

Ferner and colleagues compared the plasma levels of
aspirin and salicylate after oral intake of 1200mg
standard aspirin in healthy volunteers either starved for
37h or after having a standard breakfast. The maximum
plasma levels of aspirin were 17� 3mg/ml at 22min in
starved and 24� 4mg/ml in nonstarved persons. The
maximum salicylate plasma levels were 57� 7mg/ml in
starved and 65� 8mg/ml in nonstarved subjects. None
of these differences were significant. There were also no
differences in the pharmacodynamics of aspirin as
measured in terms of metabolic parameters. The
conclusion was that eating, that is, the filling state of
the stomach, does affect neither the bioavailability nor
the efficacy of standard aspirin and salicylic acid [40].

It has, however, to be considered that delayed
gastric emptying or prolonged passage through the
intestine will also prolong the exposure time of
aspirin against hydrolyzing enzymes. This, even-
tually results inareducedsystemicbioavailabilityof
aspirin (Section2.1.2)whereas thebioavailabilityof
salicylic acid remains unchanged. Similar data

were published with controlled-release formula-
tions [22]. However, marked delays in the absorp-
tion of aspirin from enteric-coated tablets may be
observed when they are consumed with food. This
effect appears to be particularly pronounced in
women [41]. Finally, the delayed and prolonged
absorption of aspirin from enteric-coated formula-
tions has to be considered in the treatment of
salicylate poisoning (Section 3.1.1).

Vegetables as a Natural Source of Salicylates Many
fruits and vegetables contain different forms of
salicylates, in particular, the salicylic acid ester
salicin. These salicylates or metabolites thereof
might circulate in plasma. Their level might be
increased by an appropriate (vegetarian) diet and,
eventually, add to the therapeutic benefit of exoge-
nous aspirin. There ismixed information, whether
clinically relevant amounts of salicylates can be
obtained in plasma after intake of salicylate-
rich diets [42, 43]. One recent study has, however,
shown that the low circulating salicylate levels
in plasma [43] can be significantly, though not
impressively, increased by a vegetarian diet [44]
(Figure 2.4). This has been taken as evidence to
explain beneficial effects of certain vegetables in
chemoprevention of colorectal carcinoma and is
discussed in detail elsewhere (Section 4.3.1). Al-
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Figure 2.4 Serum concentrations of salicylic acid (mM) in
nonvegetarians, vegetarians (Buddhist monks of European
origin), and patients taking low-dose aspirin (75mg daily)
(modified after Blacklock et al., [44]).
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though this possibility certainly exists, the alterna-
tive explanation, namely the abdication of (red)
meat, the most important natural source not only
of cholesterol but also of arachidonic acid (for
thromboxane formation), by vegetarians, appears
at least as likely.

Gender The possible influence of gender on the
pharmacokinetics of aspirin was studied after
single (1000mg) oral, intramuscular or intrave-
nous administration of the (water soluble) lysine
salt of aspirin to healthy volunteers. No differ-
ences were detected with respect to half-life and
distribution volume. The bioavailability after oral
and intramuscular administration of standard
aspirin was not different between genders,
amounting to 54 and 89% in both groups, respec-
tively [45]. The results for low-dose (100mg) [19]
and high-(antirheumatic) dose [46] aspirin were
similar though two other small studies found a

reduced metabolic capacity for aspirin in women
[47, 48]. Taken together, there might be some
reduced plasma aspirin hydrolysis rate inwomen.
However, whether these differences in aspirin
pharmacokinetics are clinically relevant is ques-
tionable. A separate issue is gender-dependent
variations in blood alcohol levels after aspirin
intake (see above).

Age Bioavailability andmetabolism of aspirin are
similar in healthy men at the age of 21–40 as
compared to those at the age of 55–75. However,
in the elderly, therewere reduced serumpeak levels
and a prolonged half-life as opposed to young
individuals. This is probably due to the larger
volume of distribution for aspirin in elderly per-
sons [49]. However, these age-dependent differ-
ences in aspirin bioavailability and metabolism
were not considered to play a major role for its
therapeutic use [50].

Summary

Standardplainaspirinispoorlysoluble inaqueous
media at acidic pH. The galenic formulation, the
speed of tablet dispersion, the local pH, and velo-
city of gastric emptying determine the passage
time through the stomach and, therefore, sto-
mach (in)tolerance (Section 3.2.1). Absorption of
aspirin occurs predominantly in the upper small
intestine and is nearly complete there. The sys-
temic bioavailability of standard plain aspirin is
about 50% and is reduced to 25–15% or even
less after administration as �controlled-release�
formulations.

During and after absorption, aspirin under-
goes hydrolytic cleavage by esterases in the intes-
tine, portal vein blood, and liver. This results in an
equimolar generation of salicylic acid, the prima-
rymetabolite. Salicylic acid has a larger volumeof
distribution, in particular, at acidic pH, and ac-
counts formanyof thepharmacological actionsof

aspirin – except inhibition of platelet function.
The percentage of free salicylate is dose depen-
dent and increases from about 1% at analgesic
doses (1 g) to 30% and more at toxic doses.
Several galenic formulations have been devel-

oped to improvegastric toleranceand tomodulate
the systemic bioavailability of aspirin. For oral
use, these are buffered (i.e., easily soluble or
predissolved) formulations or (i.v.) administra-
tion of aspirin as water-soluble lysine salt. For
long-term use, enteric-coated formulations ap-
pear to have some advantages.
The bioavailability of aspirin is independent of

gender and age. Food intake can reduce the bio-
availability of aspirin if this is associated with
adsorption to food constituents or a prolonged
exposure against esterases in the intestinal mu-
cosa. Otherwise, there are no relevant pharmaco-
kinetic interactions between aspirin and other
compounds with respect to drug absorption and
distribution.
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2.1.2
Biotransformation and Excretion

Thebiotransformationof aspirin involves twoprin-
cipallydistinctprocesses that occur insequencebut
independent of each other and at different reaction
kinetics. They are independently controlled by dif-
ferent enzymes and have a different biological
significance: (i) generation of salicylic acid after
hydrolytic removal of theacetylmoietyby �Aspirin�
esterases and transferof theacetylmoiety tomacro-
molecules; (ii) biotransformation(s) of salicylic acid
and its metabolites.
Deacetylation of aspirin with subsequent gener-

ation of salicylic acid occurs within minutes and,
because of the ubiquitous presence of carboxyes-
terases, is independent of the aspirin dosage
(Section 2.1.1). In contrast, the pharmacokinetics
of salicylate, including half-life, volumeof distribu-
tion, the composition of salicylate metabolites and
their fractional excretion are largely determined by
the aspirin dosage. The pharmacokinetic para-
meters of salicylic acid are of particular clinical
interest because many of the therapeutic and toxic
effects of aspirin, including analgesic, antipyretic
effects,andanti-inflammatoryactions(Section2.3.2)
as well as actions on cell metabolism (Section 2.2.3)
and organ toxicity, for example, stomach (Section
3.2.1) and ototoxicity (Section 3.2.4) are caused by
salicylic acid. However, the transacetylation of
macromolecules by aspirin becomes now increas-
ingly important after the detection of new acetyla-
tion targets. Themost prominent example isCOX-2
that, unlikeCOX-1, generates a newproduct 15-(R)-
HETE, a precursor of several lipoxins, after acetyla-
tion by aspirin. This may be relevant for tissue-
protective, anti-inflammatory actions of aspirin as
well as nitric oxide (NO) generation via the endo-
thelial NO synthase (eNOS) in the cardiovascular
system (Section 2.3.2). The elimination of salicy-
lates occurs via the kidney, at therapeutic doses
predominantly in the form of the glycine conjuga-
tion product salicyluric acid [51–54]. Major meta-
bolic pathways of aspirin and salicylic acid, respec-
tively, are summarized in Figure 2.5.

2.1.2.1 Biotransformation of Aspirin

�Aspirin� Esterases Enzymatic hydrolysis of aspi-
rin to the primary metabolite salicylic acid starts
already in the gastrointestinal mucosa [55]. It con-
tinues in the portal vein blood and liver [56] and
eventually reduces the bioavailability of aspirin to
about 50% after oral administration of standard
preparations. Deacetylation occurs at zero-order
kinetics, that is, is independent of the dosage
(Section 2.1.1). The plasma half-life of aspirin in
men after i.v. administration is about 15–20min
[57].
Aspirin hydrolysis in the systemic circulation is

catalyzed by different �aspirin esterases,� most
notably those in red cells (cytosol) [58, 59] and
plasma [46]. This enzyme is located intracellularly
in the erythrocyte cytosol, is independent of Ca2þ

and other bivalent cations, and unrelated to acetyl-
choline esterase [58]. Inmen, red-cell aspirin ester-
ase accounts for about half of the aspirin hydrolysis
activity in vitro [59]. This activity also explains the
more than twofold faster aspirin hydrolysis in
whole blood in vitro as opposed to plasma [59],
�0.5 h versus –1.9 h (Table 2.2).
Theothermajor enzymeactivity isplasmatic and

associated with the plasma (pseudo)-choline ester-
ase. The aspirin esterase activity and pseudo cho-
linesterase activities in plasma (serum) are posi-
tively correlated in men but exhibits a skewed
distribution [60]. It hydrolyzes aspirin in amanner,
different fromcholine esters [61], requiresCa2þ for
optimal activity, and accounts for about 80% of
aspirin esterase activity in plasma. The remaining
esteraseactivity inplasmacanbeattributed to (aryl)-
albumin esterase that is acetylated by aspirin [46].
Aspirin esterase activity has also been detected in
liver microsomes and other organs, and there it
could be separated from cholinesterases and other
nonspecific carboxyesterases [62]. Thus, a specific
�aspirin� esterase is likelynot tobe theonly enzyme
that cleaves aspirin but additional esterases for
circulating carboxyesterswith broad spectrumsub-
strate specificity might be involved. Studies with
radioactive labeledaspirinhaveshownthat avariety
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of proteins, glycoproteins, and lipids can be acety-
lated by the compound in vivo [63].
As a result, biotransformation of aspirin gener-

ates two activemetabolites: a reactive acetyl moiety
that transacetylates macromolecules and modifies
their activity, most notably COX-1 in platelets and
COX-2 elsewhere, and salicylate. Transacetylation
is rather nonspecific and is also seen with various
other macromolecules, for example, albumin [64],

hemoglobin, and red-cell membrane peptides [65]
as well as hormones and DNA.

InfluenceofGender,Age,andDiseases Theplasma
aspirin esterase activity is independent of age and
gender [50] and is not induced by regular aspirin
intake [56, 66–68]. It is also unchanged in patients
with rheumatoid arthritis but depressed inpatients
with alcoholic liver cirrhosis, probably because of
thereducedplasmaalbuminlevels [46]. Inaddition,
gene polymorphisms in plasma cholinesterase
with subsequently reduced enzymatic activity [61]
might result in increased aspirin relative to salicy-
late levels. However, there are only anecdotal re-
ports regarding possible changes in plasmatic as-
pirin esterase activity in patients with a heterozy-
gous defect in plasma cholinesterase [69] and no
data on patients with homozygous defects in this
enzyme. Interestingly, aspirin-sensitive asthma
(Section 3.3.1) and aspirin-sensitive urticaria
(Section 3.3.2) appear to be associated with a re-

Table 2.2 Hydrolysis half-life of aspirin at 37 �C in different
body fluids compared to a physiological buffer solution
(pH 7.4) (modified after [15]).

Medium
Aspirin concentration
(lg/ml)

Aspirin
half-life (h)

Krebs buffer 10 15.5
Gastric juice 10 16.0
Duodenal juice 10 17.0
Blood 13 0.5
Plasma 13 1.9

COOH

O CHC 3

O

C

OH

O
O

OH

HO
OH

COOH

SAG GAGUSUSASPG

COOH

OH

SA

COOH

O
O

OH

HO
OH

COOH
Metabolites

OH

C

O
O

OH

HO
OH

COOH

C NH CH2 COOH

SUPG

OH

COOH

OH

C

HO

HO

Renal
excretion

CHNH 2 COOH

CHNH 2 COOH

ASA

O

O O

O (Glycine)

Figure 2.5 Metabolic pathways of acetylsalicylic acid (ASA) at a therapeutic single dose (500mg) in men. ASA is initially
hydrolyzed to salicylic acid (SA) as the primary metabolite and the reactive acetyl group (not shown). SA is excreted in urine
eitherunchanged(10%)orasSAphenolglucuronide(SPG)andSAacylglucuronide(SAG)(5–10%).Thedominantmetabolic
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duced plasmatic aspirin esterase and cholinester-
ase activity, respectively, in a small clinical trial [69]
(Figure 2.6).
Plasma aspirin esterase activity is transiently

reduced, by about 20–25%, in patients shortly, 2
days, after surgery and returns to normal within 2
weeks. These changes are paralleled by changes in
plasma cholinesterase activity [70]. Transient de-
creases followed by an increase in aspirin esterase
activity were also seen in patients subjected to coro-
nary artery bypass surgery but appear not to be
related to aspirin �resistance� in these patients [71]
(Section 4.1.6).
Changes in aspirin esterase activity appear not to

have major consequences for the analgesic/anti-
inflammatory actions of aspirin. In this indication,
aspirin and salicylate are nearly equipotent. This is
not surprising because both compounds are almost
equipotent inhibitors of COX-2 (Section 2.2.1).
Whether changes in aspirin esterase activitymodify
the antiplatelet effect of aspirin has not been stud-
ied systematically, some anecdotic reports do not
exclude this possibility, especially at low doses [72].

Pharmacokinetic Modification by Drugs Drugs
that induce the cytochrome P450 (CYP) system in
the liverwill stimulate aspirinesterase activity. This
has been shown for phenobarbitone, phenytoin,
carbamazepine, and valproic acid.

Aspirin esterase activity in serum of healthy controls
amounted to 181� 34 mg/ml/h and was approximately
doubled to 332� 93 mg/ml/h in epileptics, treated with
phenobarbitone, phenytoin, carbamazepine, or val-
proic acid. This suggests a drug-induced induction of
esterase activity, possibly via the P450 system. Further
support for this rather nonspecific effect came from
the increase in serum-cholinesterase activity that was
stimulated in epileptic patients for about the same
amount [73].

Changes in aspirin esterase activity might be-
come clinically relevant in situations when drugs,
affecting the activity of the enzyme, are employed
concomitantly with aspirin. For example, cholines-
terase inhibitors and succinylcholine might be
expected to increase the proportion of aspirin rela-
tive to salicylate in the circulation [46].

2.1.2.2 Biotransformations of Salicylic Acid
The biotransformations of salicylic acid are dose
dependent as is the excretion rate. A schematic
overview is shown in Table 2.2.

Plasma Half-Life The plasma half-life of salicylic
acid at analgesic doses (0.6–1.2 g) amounts to about
3 h [57]. At these doses, excretion of salicylic acid
occurs mainly – 70–75% – via conjugation with
glycine as salicyluric acid.A smaller part is excreted
as unchanged salicylic acid or conjugated with
glucuronic acid to form acyl and phenolic glucur-
onides. Another small fraction of salicylic acid is
hydroxylated to gentisic acid and further converted
to gentisuric acid. In addition, there are some
minor metabolites, amounting to <10% of total
salicylic acid (Figure 2.5).
The plasma half-life of salicylic acid becomes

markedly prolonged at doses above 500mg, in
particular, if thedrugisgivenrepeatedly(Figure2.7)
andmay increase up to 20 h andmore in the case of
salicylatepoisoning (Section3.1.1).Thereasonsare
saturation of metabolizing enzymatic pathways,
such as glycine conjugation to salicyluric acid, and
an increased free percentage of free salicylic acid
(Table 2.3) that can easily penetrate into tissues, in
particular, at the acidic pH during intoxication.
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2.1.2.3 Excretion of Salicylates
The elimination of aspirin occurs completely
(>98%) as salicylic acid and salicylic acid metabo-
lites inurine.Asmentionedabove, thecomposition
of the spectrum ofmetabolites is dependent on the
aspirin dose. The absorption/secretion balance
within the kidney tubules depends on the pH of
tubulusfluid: alkalinization of the urine stimulates
the dissociation of the acid(s) and increases the
excretion of salicylate (metabolites) 5–10-fold. This
effect can be used therapeutically in the treatment
of salicylate poisoning (Section 3.1.1).
At an analgesic dose of 1.5 g aspirin, the approxi-

mate recovery rates of salicylates in urine are as

follows: 70–75% salicyluric acid, including glucur-
on-conjugated products, 10% salicylic acid, 1–2%
gentisic acid, <1% gentisuric acid [75–77]. Several
of the metabolic pathways of salicylic acid are pH-
dependent and have a limited capacity [78]. This, in
quantitative terms, is particularly relevant to the
conversion of salicylic acid to salicyluric acid that
becomesmarkedly reduced at high and toxic doses
of aspirinwhereas the excretionofnonmetabolized
salicylate is increased (Table 2.4). The enzymatic
generation of salicyluric acid is saturated after a
single aspirin dose of >300mg [79], possibly be-
cause of exhaustion of the glycine pool [80].
Consequently, there is also a large interindividu-

al variability in urinary excretion of salicylate me-
tabolites. In two studies, the urinary excretion of
salicyluric acid after oral administration of 900mg
aspirin varied between 6 and 72 and 1–31%of dose
within 12 h [82, 83]. It is interesting that despite
these large interindividual variations, the intrain-
dividual reproducibility was quite well, that is,
þ12%, suggesting that the metabolic pattern of
salicylate is a genetically fixed individual feature
[82]. This hypothesis is supported by studies on
salicylate metabolism in twins [84]. A genetically
fixed expression pattern of CYP2E1 [85] or other
cytochromes that are involved in salicylatemetabo-
lism is an option [86]. Possible consequences of
a variable pharmacokinetic of salicylates for the
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Figure 2.7 Accumulation of salicylate in healthy adults
within 1 week after oral intake of 0.5 or 1 g aspirin in 8 h
intervals (modified after [1]).

Table 2.3 Pharmacokinetic parameters of aspirin and salicylate (adapted from [74]).

Parameter Aspirin Salicylate

Bioavailability (%) 68 100
Urinary excretion (%) �1 2–30a

Protein binding (%) 50–60 80–95b

Clearance (ml/min/kg) 9.3 �0.2c

Volume of distribution (ml/kg) �150 150
Half-life (h) 0.25 Dose dependentd

Effective concentrations (mg/ml or mM) See salicylate 50 to �200 (0.5 to �1.0mM)
Toxic concentrations (mg/ml or mM) See salicylate >200 (>1mM)

aDependent on dose and pH of urine.
b95% at 14 g/ml, further decrease at higher doses.
c�0.2 h at 300 g/ml.
d�2 h at 300mg to 20 h and more in intoxication.
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analgesic and anti-inflammatory effect of the com-
pounds have not been studied systematically.

2.1.2.4 Modification of Biotransformations and
Excretion of Salicylates

Dose Metabolism, biotransformations, and ex-
cretion of salicylates are largely dose dependent.
After saturation of the major metabolic routes,
generation of salicyluric acid by conjugation with
glycine, levels of unchanged salicylate increase in
circulating blood and the compound also becomes
the main metabolite in urine (Table 2.4). This
results in a prolongation of the plasma half-life of
salicylate from 2–3 to 20–30 h.
Changes in urinary pH have also significant

effects on salicylate excretion. The renal clearance
is about four times as great at pH 8.0 as at pH 6.0,
mainly because of the inhibition of tubular reab-
sorption. Again, this can be used for the treatment
of salicylate poisoning by alkalinization of urine
(Section 3.1.1).

Drug Interactions Salicylates compete with a vari-
ety of drugs for plasma protein binding. This
includes bilirubin, uric acid, phenytoin, sulfinpy-
razone, and thyroxin among others. Possible con-
sequences are changes in the pharmacokinetics of
the free, active fraction of the compound. Salicy-

lates may also interfere with high protein bound
anticoagulants.
High doses of aspirin to rat induce the CYP2E1

isoform of cytochrome enzymes, eventually re-
sulting in increased salicylate degradation. This
could also be relevant for interactions with acet-
aminophen, especially in mixed type intoxica-
tions, because acetaminophen is alsometabolized
by this enzyme (Section 3.2.3). However, in men,
aspirin at low antiplatelet (50mg/day for 2 weeks)
or analgesic/anti-inflammatory doses (1 g tid for 6
days) [87] did not induce this cytochrome though
there was induction of other cytochrome P450
enzymes, for example, CYP2C19 [88]. Thus,
CYP2E1 induction might be mainly of toxico-
logical interest though the consequences of phar-
macokinetic interactions with drugs – that are
substrate for CYP2C19, such as warfarin – are
unknown.

Age Typical alterations in pharmacokinetics with
increasing age are a reduced protein binding with
an increased apparent volume of distribution as
well as a reduced clearance. This is also valid for
aspirin, salicylate, and their metabolites. The plas-
ma levelsof salicyluricacidareslightlyhigher in the
elderly (age: >75 years) than in younger per-
sons [47]. In general, the variations are small and
probably clinically not relevant [89].

Table 2.4 Metabolites of aspirin (salicylic acid) recovered in the urine after intake of therapeutic or toxic doses.

Metabolite

Therapeutic
(aspirin 600mg)
(n¼ 45)

Overdose (plasma
SA 240–600lg/ml)
(n¼ 24 )

Overdose (plasma
SA 715–870lg/ml)
(n¼ 13)

Salicylic acid 9� 1 32� 4 65� 4
Salicyluric acid 75� 1 47� 3 22� 4
Salicylic acid phenol glucuronide 11� 1 23� 2 15� 4
Gentisic acid 5� 1 10� 2 7� 2

Total salicylate
recovered (mg, as SA equivalents)

246� 8 2999� 374 8092� 1470

Metabolites are given as percent of the amount of total salicylate (SA) (adapted from [81]).
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Summary

The biotransformation of aspirin to salicylic acid
is completewithinminutes and is independent of
the aspirin dose over a wide range of therapeutic
doses. In contrast, biotransformation and excre-
tion of salicylic acid are largely dose dependent
and involve capacity-limited pathways that be-
come saturated already at therapeutic doses, such
as a single analgesic dose of 0.5–1 g aspirin.

Excretion of aspirin at low-dose (<500mg)
occurs mainly (70–75%) as glycine conjugate
(salicyluric acid). Further metabolites are sal-
icylic acid glucuronides (5–10%), salicylic acid
(10%) and gentisic acid (10%). The transforma-
tion of salicylic acid to salicyluric acid is capacity
limited and cannot be further increased at doses

�500mg, probably because the available gly-
cine pool in the liver becomes exhausted. This
enzymatic conversion of salicylic acid is geneti-
cally controlled and exhibits a large interindi-
vidual variability despite of good intraindividual
reproducibility.
At toxic doses, the limited salicylate metabo-

lism results in accumulation of salicylic acid and
an increase in itsplasmahalf-life from2–3 toup to
20–30 h. This results in an enhanced volume of
distribution and increased tissue levels, associat-
ed with metabolic acidosis and uncoupling of
oxidativephosphorylation (Section2.2.3).ThepH
dependency of renal salicylate excretion can be
used for enhanced elimination by alkalinization
of the urine in the case of salicylate overdosing
(Section 3.1.1).
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2.2
Cellular Modes of Action

The pharmacological actions of aspirin are deter-
mined by two compounds: the reactive acetate
moiety and the primary metabolite salicylic acid
(salicylate). Both are complex and involve different
mechanisms of action that, for the most part, are
independentof eachother.This includes inhibition
of cyclooxygenases by transcriptional regulation of
protein expression and inhibition of enzyme activi-
ty (Section 2.2.1). Other actions of salicylates are
prostaglandin independent. This involves interac-
tions with cellular signaling cascades that control
inflammation, pain, and tumorigenesis, and also
apoptosis and itsmediators as central events for cell
injury (Section 2.2.2). In addition, there are direct
but nonspecific actions of salicylates on cell mem-
branes, most notably the action of salicylate as a
protonophore in mitochondrial membranes. This
eventually results in uncoupling of oxidative phos-
phorylation (Section 2.2.3) withmultiple follow-up
effects, for example, in salicylate poisoning (Sec-
tion 3.3.1).
The description of pharmacological properties

of aspirin covers all biochemical and molecular
changes that are induced by aspirin and its me-
tabolites at the cellular and subcellular level at
doses that are compatible with cell survival. The
pharmacological properties are described inde-
pendent of their possible usefulness for medical
treatment.

In this context, the fundamental differences regarding a
drug as a chemical/pharmaceutical product as opposed
to its use as a medicine for the treatment of diseases
have to be considered. A pharmaceutical is a chemical
entity, exerting pharmacological actions in biological
systems, independent of their kind and consequences
for this particular system, for example, the human
organism or a diseased organ. In contrast to this, a
medicinal drug is a compound (pharmaceutical) that is
used with the intention to prevent or to treat a disease
and to obtain a therapeutic benefit for the patient.
Thus, a chemical is qualified as a medicinal drug not by
certain pharmacological properties but by its clinical
efficacy and the benefit/risk ratio in controlled,

randomized trials. In other words, not all pharmaceu-
ticals are medicinal drugs. With regard to the global
broad-spectrum biological activities of aspirin, it is
evident that aspirin has many more pharmacological
actions than those that are currently used for prevention
or treatment of diseases.

Biologically relevant consequences of these
multiple molecular modes of action of aspirin at
the cellular and subcellular level are transcrip-
tional and posttranscriptional modifications of
protein expression, inhibition of enzyme activity,
particularly the well-known inhibition of cycloox-
ygenases, and translational and posttranslational
modifications, for example, the generation of
�aspirin-triggered lipoxin� (ATL) from the inter-
action of (acetylated) COX-2 with the 5-lipoxygen-
ase of neutrophils. A selection of these multiple
actions of aspirin on cell function is shown
in Table 2.5 and graphically demonstrated in
Figure 2.8. The consequences of these (sub)cel-
lular actions for tissue and organ function in vivo
are discussed in Section 2.3.

Table 2.5 Cellular targets of aspirin action.

Two bioactive components in one molecule

!Reactive acetate
Nonselective, nonenzymatic transacetylation of target
proteins with subsequent inhibition of enzyme activity
(COX-1) or (additional) generation of new products
(15-(R)-HETE) as a substrate for new biologically active
mediators – ATL (COX-2)
Acetylation of eNOS
Acetylation of other cellular targets

!Salicylate
Modulation of gene transcription (COX-2, iNOS) via
inhibition of binding of transcription factors to the
gene promoter
Nonselective inhibition of (phospho)kinases bydifferent
mechanisms: substrate binding, ATP binding, ATPase
activity
Protonophoric actions on cell membranes with
subsequent uncoupling of oxidative phosphorylation
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2.2.1
Inhibition of Cyclooxygenases

COX-1 and COX-2 There are two genes encoding
for proteins with cyclooxygenase activity: COX-1,
which is constitutively expressed and present ubiq-
uitously in the organism and COX-2, which is also
constitutively expressed in some tissues, including
vascular endothelium, kidney, and CNS, but be-
comesmarkedly upregulated by inflammatory and
mitogenic stimuli. Immunocompetent white cells,
such as monocytes/macrophages, are rich sources
for COX-2 [90] upon stimulation by inflammatory
cytokines or tumor promoters. COX-1 is the domi-
nating isoform in blood platelets, and its constant
constitutive expression in platelets is an important
prerequisite for the irreversibility of the antiplatelet
actionof aspirin.Thegene forCOX-2belongs to the
group of �early response genes� and encodes for a
protein with high turnover rate and short half-life
that synthesizes prostaglandins �on demand.�
COX-2-derived prostaglandins are, therefore, in-
volved not only in pathologic situations, such as
inflammation, pain, and immune reactions, but

also in physiological functions, such as renal per-
fusion and sodium excretion, pregnancy (from
fertility to labor), andneuronal signal transmission
in the CNS. A significant proportion of endothelial
prostacyclin andPGE2 is also generated via COX-2.
Prostacyclin contributes to the antithrombotic ef-
fects of endothelium, PGE2 to the regulation of
vessel tone. Both functions become relevant in
advanced atherosclerosis, an inflammatory dis-
ease, where COX-2 is (constitutively) upregulated
(Section 2.3.1).
The three-dimensional structures of COX en-

zymesarewellknown.Theyare integralmembrane
enzymes that catalyze the first step in the conver-
sion of arachidonic acid to prostaglandins and
thromboxanes. The entrance to the catalytic site
lies at the apex of a long, narrow hydrophobic
channel that runs from themembrane surface into
the protein interior, providing an access for arachi-
donic acid to diffuse directly from the membrane
inferior to theenzymeactive sitewithout traversing
the aqueous department [91, 92]; Loll, personal
communication, 2006). The generation of eicosa-
noids from arachidonic acid through the prosta-
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Figure 2.8 The multiple pharmacological actions of aspirin.
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glandin H2 synthase (PGHS) proceeds via several
steps. The first is the introduction of two oxygen
functions into arachidonic acid with subsequent
cyclization and the formation of the prostaglandin
hydroendoperoxide PGG2 (cyclooxygenase reac-
tion). This is followed by the reduction of the
hydroperoxide atC15 to the correspondinghydroxy
fatty acid, PGH2 (peroxidase reaction). PGH2 is
then further converted to prostaglandins, prostacy-
clin and thromboxane A2 by specific synthases and
isomerases, respectively (Figure 2.9).

Aspirin and COX Isoforms Aspirin interacts with
prostaglandin and thromboxane formation at sev-
eral levels: most intensively studied is the interfer-
ence with product formation via acetylation of the
COXenzyme(s) [93].However, sodiumsalicylate at
therapeutic doses (3 g orally) also reduces PGE2
excretion in urine to a comparable extent [94],
which cannot be explained by target enzyme acety-
lation.Aninterferenceofbothaspirinandsalicylate
with COX-2 gene regulationwas detected, suggest-
ing transcriptional effects of the compounds prior
to expression of COX enzyme activity. Importantly,
inhibition of binding of transcription factors to
regulatory units (promoter region) of genes by
salicylatesmightalsochangetheregulationofother
genes and gene products that are controlled by
the same transcription factors. This is discussed
in detail separately (Section 2.2.2) because this

effect is not restricted to or even specific for
cyclooxygenases.

2.2.1.1 Acetylation of Cyclooxygenases and
Traditional NSAIDs
Aspirin modifies the activity of both COX-1 and
COX-2 by acetylation. In addition, COX splice
variants (COX-1b (COX-3), COX-2a and others)
have been detected with yet poorly defined biologi-
cal relevance and susceptibility to acetylation by
aspirin. Aspirin inhibits the recombinant human
COX-1b, an effect not seen with acetamino-
phen [95]. COX-2 is the molecular target of aspirin
for inhibition of inflammatory and immune re-
sponses. COX-2 is also involved in aspirin-related
actions on cell proliferation and apoptosis (Sec-
tion2.3.3).Prostaglandins, generatedviabothCOX
isoforms, contribute to inflammation and pain and
both are inhibited by aspirin. However, inhibition
of COX-2-dependent prostaglandin formation in
vivo requires higher concentrations of aspirin and,
in contrast to inhibition (acetylation) of platelet
COX-1, is also sensitive to salicylates at about equal
concentrations. An interesting suggestion by John
Oates� groupwas that the inhibitory action of salicy-
late onCOX-1 andCOX-2 in vitro is controlledby the
extent to which hydroperoxides are metabolized
(reduced) by theperoxidase functionof theenzyme.
Thus, lipid hydroperoxides might also control the
catalytic activity of the enzyme in vivo [96]. Most
traditional nonsteroidal anti-inflammatory drugs
(NSAIDs) inhibit both COX-1 and COX-2 at thera-
peutic concentrations [97–100], whereas acetamin-
ophen fails to do so (Table 2.6).

The so-called �selectivity� of traditional NSAIDs for
COX-1 and COX-2 isoenzymes and the different results
found in dependency on the experimental setup to
determine this �selectivity� have raised some uncertain-
ties regarding their functional significance with respect
to clinical use. These different results are in many cases
due to a different methodology for measurement rather
than a drug-related specificity.
The expression level of COX-1 protein is usually

constant and determines the constitutive activity of the
enzyme. In contrast, the expression of COX-2 protein
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Prostaglandins

Cyclooxygenase
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PGH-
synthase

Prostacyclin AThromboxane 2
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Figure 2.9 Generation of prostaglandins, prostacyclin and
thromboxane A2 via the cyclooxygenase pathway of
arachidonic acid. Inhibition of cyclooxygenase activity by
aspirin.

2.2 Cellular Modes of Action j55



has to be first induced by appropriate stimuli before
inhibition of this activity can be studied at all. These
stimuli (mostly tumor promoters, inflammatory inter-
leukins, or endotoxin) have many biological effects in
addition to upregulating COX-2. Thus, upregulation
depends upon the duration and intensity of the stimulus.
It is, therefore, not surprising that the sensitivity of COX-
2 to inhibitors is much different and usually greater in
purified enzymes or COX-2-transfected cells than to
inhibitors in intact cells after upregulation by any of the
stimuli mentioned above. In this context, the frequently
used approach to upregulate COX-2 by 24h in vitro
incubation with higher concentrations of endotoxin
appears not to be very physiological. However, it is
closer to real life than the constitutive activity in any cell-
free system. In other words, the potency and selectivity
of COX-2 versus COX-1 inhibition in vivomay not always
be identical with those determined in vitro in sophisti-
cated assay systems.

Acetylation of COX-1 by Aspirin The first system-
atic studies on the molecular mechanism of inhi-
bition of prostaglandin biosynthesis by aspirin
were published in the 1970s by the group led by
Philip Majerus, using the platelet enzyme. At the
time, it was already known that aspirin transacety-
lates numerous proteins and DNA [64, 101, 102].
Roth and Majerus [103] detected the acetylation of
platelet COX by aspirin. These authors and others
additionally showed that the acetylation site was
a serine close to the N-terminus of the enzyme
[104–106]. The half-life of inactivation of the en-

zyme in vitro amounted to 10–20min at 100mM
aspirin and was in the same time frame as the
inhibition of platelet function. The acetylation re-
action after oral aspirin was dose dependent after
single doses of 20–650mg (Table 2.7), lasted for
several days [107], and was pH independent [106].
This led to the conclusion that the serine530 side
chain, lining the substrate binding site of the
COX protein, is the target of acetylation by aspirin
(Figure 2.10). It was also suggested that the acetyla-
tion of this serine side chain by aspirin, which is
readily reversible under different conditions, be-
comes stabilized in the highly hydrophobic envi-
ronment of the COX-active site. This probably
explains why one single aspirin dose can irrevers-
ibly inhibit prostanoid synthesis in the platelet
(Loll, personal communication, 2006). Aspirin
does not modify the peroxidase activity of the
synthase, pointing to a specific action of aspirin on
the cyclooxygenase step.
This hypothesis of serine530 as the molecular

target of aspirin was further substantiated after
elucidation of the amino acid sequence of COX
protein. The primary structure of the gene that
encoded for the enzyme was also clarified. It was
shown that the enzyme from sheep seminal vesi-
cle [108] andhumanplatelets [109]was acetylated at
the same serine529 (sheep) or serine530 (human),
respectively. Acetylation resulted in a complete loss
of enzyme activity, confirming the original obser-
vationsofRoth et al. [104].Replacementof serineby
alanine, another bulky amino acid without an acet-

Table 2.6 Inhibition of COX-1 (bovine aortic endothelial
cells) and COX-2 (endotoxin-stimulated mouse
macrophages)-dependent prostaglandin formation by
aspirin, sodium salicylate, other nonsteroidal anti-
inflammatory drugs, and acetaminophen (paracetamol).

Substance COX-1 COX-2 COX-2/COX-1

Aspirin 0.3 50 166
Salicylate 35.0 100 2.8
Indomethacin 0.01 0.6 60
Ibuprofen 1.0 15 15
Diclofenac 0.5 0.4 0.7
Naproxen 2.2 1.3 0.6
Acetaminophen 2.7 >20 >7

The data are IC50 values (g/ml) of three to five independent
experiments (modified after [97]).

Table 2.7 Dose-dependent acetylation of platelet
cyclooxygenase by aspirin in healthy volunteers after
single oral administration (modified after [107]).

Aspirin
dose (mg)

Number
of subjects

COX acetylation
after aspirin (free
cpm/mg protein)

Inactivation
(%)

20 7 1.061 34
80 4 318 73
160 4 204 82
325 16 184 89
650 3 78 >95
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ylation site, by site-directed mutagenesis, pre-
vented the inhibitory action of aspirin on enzyme
activity [110]. However, this procedure did not
reduce the catalytic activity of the enzyme, suggest-
ing that serine530 was not essential for catalysis or
binding to the active site. Replacement of serine530
with asparagine resulted in a complete loss of
cyclooxygenase activity whereas the peroxidase ac-
tivity was increased, indicating that these two prop-
erties of PGH2 synthase could be changed inde-
pendently (Table 2.8) [108]. Removal of Tyr385 also

was associated with a complete loss of enzymatic
activity. These and other data clearly indicated that
this amino acid is essential for the cyclooxygenase
activity of the enzyme [111–113]. After the crystal
structure of COX-1 was elucidated [114, 91], it also
became morphologically apparent that aspirin
blocked the access of the arachidonic acid substrate
to the tyrosine385 inside the protein, located at the
end of a hydrophobic channel that arachidonic acid
has to pass through to reach the catalytic site.
Aspirin introduces a bulky compound into the

Figure 2.10 The substrate channel and active site of COX-1 (a) and binding of arachidonic acid (b). Salicylic acid and
traditional NSAIDs prevent binding of arachidonic acid by mechanical channel blockade (c) whereas aspirin (d) blocks
the access of arachidonic acid through acetylation of serine 530. Thismodification of serine side chain by aspirin is stabilized
against hydrolysis by the hydrophobic environment of the channel (Loll, personal communication).
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channel that causessterichindranceof theaccessof
arachidonic acid to the catalytic site. Salicylic acid
and traditional NSAIDs prevent binding of arachi-
donic acid by a mechanical channel blockade as a
result of their lipophilic properties. Arg120 fixes the
salicylate group by hydrogen bounds in the correct
steric position [115, 116]. Figure 2.10demonstrates
the current view on the COX-1 substrate channel
and active site ofCOX-1, aswell as themodification
by aspirin.

Another recently discovered effect of acetylation
of COX-1 in platelets is the inhibition of the release
of sphingosine-1-phosphate fromhumanplatelets.
The inhibitionparallels the inhibitionof thrombox-
ane formation and persists for 3 days in healthy
men after ingestion of one single dose (1 g) of
aspirin. Sphingosine phosphate does apparently
not modify the platelet function but might change
the function of sphingosine-derived lipid signal-
ing [117] (Figure 2.11).

Table 2.8 Cyclooxygenase and hydroperoxidase activities of virally transformed mutants of PGG/PGH synthase from
membrane preparations of sheep.

Mutated amino acids
COX Activity
(nmol/min· g)

km-AA
(lM)

Enzyme-half-life
in the presence
of aspirin (min)

Peroxidase activity
(nmol/min · g)

None (wt) 450 7 30 70
Serine530 acetylated 0 — — 70
Serine530$ alanine530 388 8 Stable 79
Serine530$ asparagine530 0 — — 222

Effects of aspirin: Acetylation of Ser530 in the COX protein (wt) results in complete loss of COX activity without inhibition of
peroxidase activity of the complex. Replacement of Ser530 by alanine does not change the COX or peroxidase activity of the
complex butmakes the enzyme resistant against aspirin, suggesting that Ser530 is the acetylation target of aspirin.Replacement
ofSer530by asparagine inhibits the cyclooxygenase activity completely but increases theperoxidase activity, suggesting that both
activities can be regulated independently (after DeWitt et al. [108] and Smith WL [personal communication]).

Figure 2.11 Inhibition of thrombin-induced release of sphingosine-1-phosphate (S1P) from human platelets by oral aspirin
(ASA) (500mg) and aspirin in vitro. The numbers in the columns indicate the remaining thromboxane (TX) formation. No
inhibition is seen with salicylate (not shown) (modified after [117]).
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Acetylation of COX-2 by ASA Transfer of the acetyl
moiety toward one critical location in the COX
enzyme(s) – the serine530 in COX-1 and COX-2
(Note: the COX-1 numbering system is used by
convention that is also for COX-2: Ser516 in COX-
2 is structurally identical with serine530 in human
COX-1) has chemically the same reaction but has
differentconsequencesforCOX-1andCOX-2.Acet-
ylation of COX-2 modifies the steric structure of
COX-2protein inaway togenerate15-(R)-HETE.As
alreadyseenwithCOX-1, replacementofSer530with
alanine not only prevented the aspirin acetylation
reaction but also reduced the enzymatic activity to
only 50%whereas replacement of Tyr385 by phenyl-
alanine completely prevented any COX activity. All
of these procedures left the peroxidase activity un-
changed [113]. This is presumably due to the cyclo-
oxygenase side pocket of COX-2 that allows fatty
acids and inhibitors tobindmore tightly at theCOX-
2 active site [116]. In contrast toCOX-1, Arg120 plays
only anaccessory role for thebindingof arachidonic
acidandinhibitorsinCOX-2–adeletionmutantwas
still active though at markedly reduced affinity.
Thus, in addition to the inhibition of prostaglan-

din formation, acetylation of COX-2 by aspirin
results in the generation of a new product, 15-
(R)-HETE [118–120]. 15-(R)-HETE is made by
COX-2 inmuch higher proportions than the cyclo-
oxygenaseproductPGE2. Interestingly, theproduc-
tion of 15-(R)-HETE by aspirin-acetylated COX-2
was inhibitedbymost traditionalNSAIDs [112] and
selective COX-2 inhibitors [121]. The significance
of this finding for the anti-inflammatory action of
these compounds remains to be determined.
This particular property of aspirin led to the

hypothesis that the generation of 15-(R)-HETE by
acetylated COX-2 may not just be a removal of
metabolic �waste� but might serve specific pur-
poses. Charles Serhan was the first to show that
15-(R)-HETE was the precursor of a class of new
products the �aspirin-triggered lipoxins� by syner-
gistic interaction of acetylated COX-2 with 5-lipox-
ygenase from white cells [122] (Figure 2.12). ATL
not only contributes to the anti-inflammatory
actions of aspirin (Section 2.3.2) but might also be

involved in endothelial protection (Section 2.3.1)
and, possibly represents a new class of anti-inflam-
matory and proresolving lipidmediators [123]. The
most recent finding that ATL contributes to the
control of innate immunity by inducing proteaso-
mal degradation of a tumor necrosis factor recep-
tor-associated factor-6 (TRAF-6) requires particular
attention [124]. In addition, ATL appears also to be
gastroprotective during repeated or long-term as-
pirin use, possibly associated with enhanced COX-
2expression in thestomachmucosa (Section3.2.1).
However, most of the available evidence so far
comes from in vitro or animal studies, and clinical
data are still missing.

The generation of (R)-precursors of biologically active
eicosanoids by aspirin is not limited to arachidonic acid
but was also seen with docosahexaenoic acid and
eicosapentaenoic acid, two precursors of series �3�
prostaglandins. Interaction with aspirin-treated COX-2
in human endothelial cells resulted in the generation of
17-(R)-hydroxydocosahexaenoic acid, 17-(R)-HDHA.
Human neutrophils transform COX-2-aspirin-derived
17-(R)-HDHA into two sets of novel di- and trihydroxy
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Figure 2.12 Generation of 15-(R)-HETE in endothelial
cells by acetylated COX-2 (COX-2-Ac) and its transcellular
conversion to 15-epi-lipoxin A4 (15-epi-LXA4) or aspirin-
triggered lipoxin by 5-lipoxygenase (5-LO) of
polymorphonuclear cells (modified after [122]).
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products – the resolvins. Analogous pathways exist for
eicosapentaenoic acid. The name resolvins was given
because these products of transcellular biosynthesis,
similar to ATL, dampen inflammatory events. They are
generated within the inflammatory resolution phase
and downregulate leukocytic exudate cell numbers to
prepare for orderly and timely resolution [125, 123].

Generation of New �Aspirin-Like Drugs� After elu-
cidation of the molecular mechanism of aspirin
action, many drugs were developed with the inten-
tion to inhibit COX-dependent prostaglandin for-
mation – the so-called �aspirin-like drugs� or non-
steroidal anti-inflammatory drugs, including indo-
methacin, diclofenac, ibuprofen, andmany others.
In contrast to aspirin, indomethacin-type com-
pounds are reversible inhibitors of the enzyme and
compete with the substrate arachidonic acid for
binding at the catalytic site [108, 126].

COX-2 differs from COX-1 by the presence of a side
pocket in the substrate channel. Compounds that fit into
this side pocket, such as coxibs, are COX-2 selective.
Attempts have beenmade to create �aspirin-like,� that is,
irreversibly acting compounds, with a higher COX-2
selectivity by modifying the side chain in a way that in-
creases affinity for the COX-2 protein. These compounds
bind covalent to the enzyme and act irreversibly, like
aspirin, but have a certain COX-2 selectivity in vitro and in
animal models [127]. However, their efficacy is lower
than that of the specific coxibs, and no data about
clinical testing have been published so far.

Inhibition of ASA-Induced COX-1 Inhibition by
ReversiblyActingNSAIDs ThebindingofNSAIDs
and aspirin to similar sites in the lining of theCOX-
active site may result in drug interactions with
particular relevance to the antiplatelet effects of
aspirin. This interaction,first shown for indometh-
acin [104, 128], was later confirmed for other
NSAIDs (Section 2.3.1) and, most recently, pyra-
zoles, such as dipyrone (metamizol) [129]. If these
compounds are given shortly before aspirin, they
may occupy salicylate binding sites inside the COX
protein and prevent the access of aspirin to its
acetylation site (Figure 2.13). Since NSAIDs act
reversibly, the duration of this interaction is deter-
mined by the half-life of the particular compounds,
inmost cases only a few hours. However, this time
is sufficient fordeacetylationof aspirinby esterases
thatoccurswithin30min.Thus,aspirinmighthave
lost itsantiplatelet activitybecause theactive formis
no longer present when the acetylation site at the
enzymebecomes available again. Functionally, this
results in a prevention of antiplatelet effects of
aspirin (Section 2.3.1) or aspirin �resistance� (Sec-
tion 4.1.6). Interestingly, the inhibitory effect of
dipyrone on aspirin-induced inhibition of platelet
aggregation is seen also during continuous aspirin
intake, probably as result of a higher affinity of
dipyrone than salicylic acid to the (nonspecific)
hydrophobic binding sites in the COX-1 channel

Figure 2.13 The inhibition by ibuprofen of aspirin-induced inhibition of platelet COX-1. Evidence for inhibition of
aspirin binding by ibuprofen (IBU) (for further explanation, see the text) (modified after [130, 131]).
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(cf. Figure 4.24). No such interactions exist for
selective COX-2 inhibitors [130].

2.2.1.2 Modulation of COX-2 Gene Expression
Protein acetylation explains the inhibition of
COX activity by aspirin. In the platelet without
significant protein synthesis, this inhibition of
COX-1 is only seen with aspirin whereas salicylic
acidhasno effect.On the contrary, both aspirin and
salicylate are about equipotent inhibitors of COX-2
(Table 2.6). This corresponds to their efficacy in the
treatment of fever, pain, and inflammation (Sec-
tion 2.3.2) as well as the clinical experience that
higher doses are needed for these effects as com-
pared with those that inhibit platelet function.
Overall, this suggests additional mechanism(s) of
action beyond the acetylation of cyclooxygenases.
In1991,KennethWuandcolleagueswere thefirst

to show that both aspirin and salicylate inhibit
expression of a COX protein, later identified as
COX-2 [132] at the level of gene transcription, an
effect not shared with other �aspirin-like� drug.

Prostaglandin formation was stimulated in human
vascular endothelial cells in vitro with interleukin-1 or
phorbol ester. This resulted in enhanced COX mRNA
expression and protein biosynthesis. Pretreatment of
the cells with aspirin at low concentrations (0.1–10mg/ml)
reduced the increase in mass of enzyme protein by more
than 60%. Similar effects were seen with salicylate but not

with indomethacin. This inhibition of protein synthesis was
preceded by a reduced cytokine-induced increase in COX
mRNA, suggesting an action of salicylates but not of
nonsteroidal anti-inflammatory drugs at the level of COX
gene transcription [133, 134] (Figure 2.14).

Actions of Salicylates on Transcription Factors At
the time, it was not known that human vascular
endothelial cells express the inducible COX-2 iso-
form after stimulation by cytokines. Later work
suggested that salicylate, after entering the cell,
interacts with the CCAT/enhancer-binding pro-
tein-b (C/EBP-b) in the nucleus, prevents the bind-
ing of this transcription factor, and downregulates
COX-2 gene expression. This effect is seen at thera-
peutic analgesic/anti-inflammatory concentrations
(0.01–�1mM) of the compounds. At higher con-
centrations (>1mM) salicylates additionally inhibit
the binding of additional transcription factors, such
as nuclear factor kB (NFkB) [135]. These effects of
salicylates arenot limited toCOX-2but are also seen
with inducible NO synthase (iNOS) and probably
many other genes that are regulated by the same
transcription factors in their promoter region. This
issue is discussed in more detail in Section 2.2.2.
Similar to salicylates, naproxen was also found to
transcriptionally downregulate COX-2 (andCOX-1)
protein expression [136]. Whether this also applies
to other traditional NSAIDs is unknown.

Figure 2.14 Equipotent inhibition of phorbol ester (PMA)-induced COX-2 gene expression in human umbilical vein
endothelial cells (a) and fibroblasts (b) by aspirin and sodium salicylate in anti-inflammatory concentrations (GAPDH:
internal standard) (modified after [134]).
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2.2.1.3 Further Actions of Salicylates on Arachido-
nate Metabolism
Inaddition tomodifyingCOX-1andCOX-2activity,
salicylates can also influence othermetabolic path-
ways of arachidonic acid. In general, these actions
are seen only at high concentrations of the com-
pounds. Their significance for the clinical efficacy
of aspirin is uncertain.

Arachidonic Acid Release Daily intake of aspirin at
oral doses of�3 g reduces incorporation of arachi-
donic acid into isolatedmononuclear cells by about
50%. Similar effects are seen after incubation of
whitecellswith0.3mg/mlaspirin invitro [137].This
suggests that aspirin at anti-inflammatory concen-
trationsmightmodify thegenerationofarachidonic
acid metabolites via alteration of the fatty acid
composition ofmembrane phospholipids. An inhi-
bition of arachidonic acid release by higher con-

centrations of aspirin (0.56mM)was also shown for
humanplatelets [138] and cytokine-induced expres-
sion of soluble phospholipase A2 [139].

Generation of 12-H(P)ETE 12-Hydroxyeicosate-
traenoic acid (12-HETE) is another major arachi-
donic acid metabolite in platelets, formed from
the 12-hydroperoxy precursor (12-HPETE) via the
12-lipoxygenase pathway. 12-HPETE inhibits
platelet function and thromboxane biosynthesis
[140, 141]. Therefore, enhanced availability of 12-
HPETE after inhibition of COX-1 in platelets
could contribute to the antiplatelet actions of
aspirin. However, because of the high concentra-
tions and short half-life of 12-HPETE, this mode
of action is not likely to be important in vivo.
Another action of HPETE could be the control
of COX activity by modulation of the hydroperox-
ide tone (see above).

Summary

Aspirin inhibits prostaglandin and thrombox-
ane formation at different levels. Most inten-
sively studied is the acetylation of COX-1 and
COX-2 proteins. In addition both aspirin and
salicylate might also interfere with COX-2 gene
transcription by inhibition of binding of tran-
scription factors to the promoter region of the
gene.

The mechanism of COX inhibition by aspirin
has been elucidated. Aspirin binds covalently to a
serine (serine530) in the substrate channel of
COX-1 and COX-2. This inhibits the access of
substrate (arachidonic acid) to the catalytic site
of the enzyme at tyrosine385. The peroxidase
reaction of the enzyme is not affected but might
be involved inthecontrolofenzymeactivityunder
certain conditions.

Acetylation of COX-1 is the mechanism of
antiplatelet actions of aspirin. Acetylation of

COX-2 not only inhibits prostaglandin formation
but in addition also generates a new compound,
15-(R)-HETE. This hydroxy fatty acid is substrate
for 5-lipoxygenases in white cells that generates
15-epi-lipoxin A4 or ATL, an anti-inflammatory
compound.
Competitive-type NSAIDs as well as pyrazoles

(dipyrone) interact with aspirin by preventing its
binding in theCOXsubstrate channel.Becauseof
the short half-life of aspirin (15–20min) this may
result in a complete deacetylation of the com-
pound by plasma esterases and disappearance of
the antiplatelet effects. Traditional NSAIDs and
COX-2-selective inhibitors also antagonize the
activity of acetylated COX-2 to synthesize 15-
(R)-HETE and subsequent generation of ATL.
This could explain the increase in GI toxicity of
coxibs in the presence of aspirin (Section 3.2.1).
Whether this mechanism is also relevant to the
anti-inflammatoryeffects of aspirin remains tobe
determined.
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2.2.2
COX-Independent Actions on Cell Function

The most convincing evidence for prostaglandin-
independent thoughbiologically significant actions
of salicylates is their biosynthesis by plants. Salicy-
lates are natural plant constituents and part of a
defense system that protects them from injury by
exogenous noxes such as bacteria or viruses. Sali-
cylate generation increases plant resistance and can
be substantially upregulated at the transcriptional
level in response to injury. The failure to do so, for
example, after genetic manipulation, results in se-
veredamageorcelldeath.Plantsonlycansynthesize
(polyunsaturated) fatty acids up to an 18 hydrocar-
bon (C18) backbone.Thus,neither arachidonic acid
(C20)norprostaglandinsorothermediatorsderived
from arachidonic acid peroxidation can be generat-
ed. However, plants can synthesize jasmonic acid
via a lipid peroxidation pathway that has many
structural and functional similarities to prostaglan-
dins. Thus, generation of salicylates in plants repre-
sents a prostaglandin-independent protective
mechanism that increases plant resistance and has
provided several innovative approaches for the de-
velopment of insecticides and pest management.
Aspirinandsalicylateexhibit abroadspectrumof

pharmacological actions on cell function [142] that
is probably not completely elucidated yet. The
transacetylation and nontransacetylation-related
actions of aspirin are nonselective and nonspecific.
Transacetylations may occur at any appropriate
molecular site in anymacromolecule,most notably
plasma albumin and hemoglobin [102] as well as
DNA [143], whereas salicylic acid will accumulate
inside cell membranes, including those of mito-
chondria, with subsequent alterations in cell sig-
naling and energy metabolism.

One of the earliest studies demonstrating COX-inde-
pendent actions of aspirin on inflammatory cells came
from Gerald Weissmann�s group. They showed that
aspirin and salicylate were about equipotent inhibitors
of neutrophil aggregation and Ca2þ entry (signaling)
whereas only aspirin but not salicylate inhibited platelet

aggregation and thromboxane formation (signaling)
(Figure 2.15). Since neutrophils do not synthesize
prostaglandins, this finding suggested that aspirin and
salicylate inhibit neutrophil reactions through mechan-
isms independent of the prostaglandin system. Later
works showed a disturbed assembly of heterotrimeric G
proteins within the lipid bilayer of cell membranes by
salicylates. This suggests that membrane effects of
salicylate, possibly related to its particular physicochem-
ical properties (Section 2.2.3), might interfere with
transmembrane signal transduction. These actions of
salicylates require higher concentrations than the
transacetylation reaction. However, the concentrations
of 1–3mM – used in this particular study – were still
within the therapeutic range obtained with anti-inflam-
matory doses of aspirin [144, 145].

The modulation of enzymes of the cell energy
metabolism and, most interestingly, heat-shock
proteins and chaperones [146–148], probably, is

Figure 2.15 Different actions of aspirin and sodium
salicylate on human platelets and granulocytes in vitro.
Stimulation of platelet aggregation by arachidonic acid was
blocked after pretreatment with aspirin but remained
unchanged after pretreatment with an equimolar
concentration of Na salicylate. In contrast, stimulation of
neutrophil aggregation by the chemoattractant of MLP was
inhibited toa similar extent bybothaspirin andNasalicylate.
Arrows mark the addition of the agonists (modified
after [144]).

66j 2 Pharmacology



involved in regulatory actions of aspirin on enzy-
matic processes in inflammation, immune re-
sponses, and tumor defense. All of these actions
are salicylate mediated.
Salicylate concentrations, necessary to exert

analgesic/anti-inflammatory effects, are substan-
tially higher (about 150–450 mg/ml or 1–3mM)
than those necessary to inhibit prostaglandin
biosynthesis. This either suggests additional sites
of action or indicates that enhanced prostaglan-
din production is rather an epiphenomenon than
a causal factor of these disorders. After cell stim-
ulation by inflammatory cytokines or tumor pro-
moters, salicylates interact with cellular signal
generation and signal transduction at both the
transcriptional and posttranscriptional levels.
Transcription factors and kinases appear to be
the central cellular target and cytokines a major
class of mediators involved [149, 150]. The func-
tional consequences of thesemultiple activities of
salicylates for inflammation, pain, and fever are
discussed in more detail in Section 2.3.2, the
consequences for cell proliferation with particu-
lar relevance to malignancy in Section 2.3.3. This
section deals with the mechanistic aspect of these
activities.

2.2.2.1 Kinases
Phosphorylation of proteins by kinases is a central
biochemical mechanism to regulate enzyme activ-
ity. To become active, kinases have to be first phos-
phorylated. This process starts bybindingofATP to
an ATP (substrate) binding site of the enzyme.
Subsequently, the active site of the enzyme be-
comes phosphorylated by transfer of energy-rich
phosphate.Finally, theactivatedphosphategroupis
transferred by the kinase reaction to a target sub-
strate, such as another enzyme or transcription
factor, respectively, eventually resulting in a biolog-
ical response (Figure 2.16).

Principally, salicylates can interact with these events
at several levels: one is the inhibition of substrate
(ATP) binding because of chemical analogies between
the ring structures of adenine and salicylic acid. This

reaction is competitive, that is, reversible, stochiometric
at a 1 : 1 relationship and requires higher concentrations
of salicylates (>1mM). The other is an interference with
kinase activity by steric interaction with the transfer of
the energy-rich phosphate from the ATP-binding site to
the active site of the kinase, for example, after binding to
another binding site, such as an arginine (by analogy
with the arginine120 in COX-1). This reaction is
noncompetitive and nonstochiometric and probably
requires lower concentrations of salicylates (<1mM).

Inhibition of kinases by salicylates is both a
simple and comprehensive explanation for the
diversity of salicylate actions on cell function at
higherconcentrations.Theconsequencesofkinase
inhibition for cell function are then determined by
the functionof theparticular phosphorylated target
protein or transcription factor, respectively. Kinase
activity might be differentially modified by salicy-
lates in intact cells as opposed to cell homoge-
nates [151], perhaps because of the highmillimolar
concentrations, which can be used in cell homo-
genates but not in intact cells or even tissues in vivo.
Myriads of kinases can be inhibited by salicylates
and the biological significance of this action is
difficult to predict [152].
Nonselective inhibition of kinases as a mode of

actionofsalicylateswasfirsthypothesizedbyFrantz
and O�Neill [153]. These authors showed that sodi-
um salicylate caused a concentration-dependent,
nonselective inhibition of a variety of different
transcription factors at millimolar concentrations.
This effect was probably due to nonselective inhi-
bition of cellular kinases since an apparently iden-
tical response at the same concentrations was also
seen in a cellular kinase preparation (Figure 2.17).
The hypothesis was that activation of these tran-
scription factors required phosphorylation by ki-
nases that were prevented by salicylates.

Inhibition of ATP Binding to Kinases Yin et al. [154]
suggested another more specific mechanism,
namely a competitive and specific inhibition by
salicylates of ATP-binding to the inhibitory ki-
nase-b (IKK-b). This effectwas reversible and could
be antagonized by increasing the ATP concentra-
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Figure 2.16 Hypothetic cellular mechanism of kinase activation and action (a) and possible sites of interaction of
salicylates (b) via inhibition of ATP binding (top) or interaction with the active site (bottom) (for further explanation, see
the text).
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tion. As mentioned above, phosphorylation is es-
sential for enzymatic activity, that is, phosphate
transfer. However, IKK-b is definitely not the only
kinase that is inhibited by aspirin and salicylate,
respectively [155].

Inhibition of Kinase Activity In search for a more
detailed understanding of the cellular actions of
aspirin with a possible relationship with kinase
activity, the group of Kenneth Wu [156] made the
interesting observation that salicylates not only
interact with substrate (ATP) binding to kinases
but also with kinase activity.

Specific cellular binding sites of salicylates were identi-
fied by incubation of homogenates of human foreskin
fibroblasts with 14C-sodium salicylate. The binding
protein fraction was isolated and sequenced. This
fraction contained a 15-amino acid sequence that was
identical with a sequence in the heavy chain of human
immunoglobulin binding protein (BiP). The kD values of
salicylate binding to the crude extract and to recombi-
nant BiP were apparently identical: 45 and 55mM,
respectively, suggesting that salicylates may specifically
interact with this sequence. Binding occurred via the o-
hydroxy group of salicylate, leaving the carboxy function
free for chemical reactions.

BiP (also known as GRP78) belongs to the heat-shock
protein 70 (HSP70) family with important chaperone
functions. These include binding of newly synthesized
polypeptides, allowing for appropriate protein folding
and transport across the membrane after binding to
a polypeptide binding site. A synthetic heptapeptide
containing this particular sequence displaced salicylate
from its binding in a concentration-dependent manner,
binding of the peptide-induced ATPase activity that was
blocked by both aspirin and salicylate at micromolar
concentrations. Neither aspirin nor salicylate did block
ATP binding or modify BiP protein expression.
It was concluded that salicylates bind specifically to

the polypeptide binding site of BiP in human cells,
resulting in perturbation of a protein-involved inactiva-
tion of a specific kinase, such as ribosomal S6 kinase. In
this way, salicylates may interfere with the chaperone
function of BiP, that is, the processing of proteins
important in inflammation [156] (Figure 2.18).

2.2.2.2 Transcription Factors
An enhanced expression of inducible genes is a
regular component not only of inflammatory and
ischemic diseases but also of malignant tumors.
Geneexpressionis initiatedbybindingof transcrip-
tion factors to specific positions in the promoter
region of these genes. This results in gene activa-
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Figure 2.17 Effectsof salicylateson transcriptional activationof threedifferently regulated transcription factors (NFkB,AP-1,
and CRE) in transfected JURKAT cells. Note the apparently identical concentration response on three functionally
different transcription factors after stimulation by phorbolester/ionomycin (PMA/iono) or cAMP (CRE) and the same
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tion and transcription of the genetic code into
messenger RNA. This message is then translated
into a protein in the ribosomes within the cytosol.
The genes for not onlyCOX-2 but also iNOSbelong
to this group and are upregulated in response to
tissue injury, eventually resulting in enhanced
product formation, including not only prostaglan-
dins and NO but also peroxynitrite and other pro-
ducts of (lipid)peroxidation.
Salicylates canmodify the binding of a variety of

transcription factors to the promoter region of
genes. In many cases, modifications of gene regu-
lation occur via inhibition of kinases that are nec-
essary for activationof transcriptions factors, allow-
ing for their subsequent binding to the promoter
region. Alternatively, there might be a direct inter-
action with the binding of transcription factors,
such as NFkB or nuclear factor of activated T cells
(NFAT) to the promoter region, which is kinase
independent [149, 157, 158]. In both cases, the

result is essentially the same – prevention of gene
activation and subsequent product formation.
The understanding of the biological significance

ofmodulation of particular transcription factors by
salicylates is often hampered by the fact that these
changes are mainly found in vitro and, in many
cases, require extremely high concentrations of
salicylates,upto100mM(!), tobecome(statistically)
significant. Thus, although from a pharmacolo-
gical point of view it is interesting to know which
genes canbemodulated by salicylates, these studies
do not necessarily suggest that these changes are
biologically significant in vivo. It is also less likely
that cell lines in vitro, expressing constitutively
active (otherwise inducible) genes after gene
transfer or stimulation by tumor promoters that
can be directly compared with �normal� somatic
nontransfected cells, being the subject of rather
transient stimulation by cytokines or related med-
iators of inflammation, ischemia, or immune re-
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sponses. Thus, transcription factors that are sensi-
tive to salicylates at concentrations above 2mM are
of pharmacological interest but may have limited
therapeutic value in vivo. This problem will be
discussed in terms of two well known salicylate-
sensitive transcription factors: NFkB and C/EBP-b.

Nuclear Factor (NF) NFkB The nuclear factor kB/
RelA family of transcription factors (NFkB/RelA)
regulates the expression of numerous genes in-
volved in the control of immune and inflammatory
responses, most notably tumor necrosis factor a
(TNFa) and interleukin (IL)-1b.NFkBalso controls
cell survival either as a regulator of the apoptotic
program for induction of apoptosis or, more com-
monly, as its inhibitor. Therefore, NFkB not only
controls immediate inflammatory and immune
responses [159] but also acts as a central regulator
of longer lasting changes, including stress re-
sponses [160].

Intracellular NFkB resides inactive and bound to the
inhibitory protein IkB in the cytosol of immunocompe-
tent white cells, endothelial cells, and vascular smooth
muscle cells as a heterotrimeric complex with IkB.
Stimulation of IkB by IKK kinases results in phosphory-
lation, cleavage of the inhibitor, and translocation of the
active NFkB heterodimer into the nucleus. IKK kinase
activity is stimulated by cytokines, reactive oxygen
species, and numerous other stimuli. The activation is
mediated by increased activity of an IkB kinase (IKK)
complex. The liberated heterodimer p50/p65 activates
the genes of IL-1, IL-6, TNFa, ICAM-1, VCAM-1, and
others, participating in the regulation of inflammation,
immune responses, and cell survival. The net reaction is
determined by signaling pathways, distal to NFkB.

Aspirin and salicylate inhibit NFkB activation
via inhibition of IKK-b kinase activity in numer-
ous cells and tissues in vitro, predominantly at
millimolar concentrations [161, 162]. Therefore,
these actions may not always be detected in intact
cells in vivo [151]. The effects of aspirin on
NFkB [161] are specific for salicylates and are not
seen with indomethacin or other NSAIDs. Direct
inhibition of IKK-b by salicylates [154, 163] prob-
ably explains the hypoglycemic actions of salicy-

lates [164] and the inhibition of transcriptional
activation of �tissue factor�(TF) [165, 166]. Anoth-
ermost interesting recent finding is the inhibition
of influenza virus replication in vitro and in vivo by
aspirin (not indomethacin) via inhibition of
NFkB [167].

NFkB and Apoptosis Sodium salicylate (20mM)
produces a strong activation of p38 MAP kinases
and cell death by apoptosis, suggesting that this
kinase serves as amediator of induced apoptosis in
human fibroblasts and several cell lines including
humancolonadenocarcinomacells.Thisactivation
of p38-MAPK and the subsequent induction of
apoptosismightbe important for theantineoplastic
effect of the compound [168, 169] and is discussed
in more detail in Section 2.2.3.

Other Transcription Factors Asmentioned above,
NFkB is not the only transcription factor that is
modifiedbysalicylates.C/EBP-b is anotherone that
can be phosphorylated by several kinases, in partic-
ular, ribosomal p90 S6 kinase [170]. C/EBP-b con-
trols transcriptional activationofCOX-2, iNOS,and
probably other genes that are involved in inflam-
matory and immune reactions [135, 171] (Sec-
tion2.2.1).The inhibitionof the transcriptionfactor
C/EBP-b by salicylates – in contrast to inhibition of
NFkB – is already seen at submillimolar concen-
trations and, therefore, probably significant also in
vivo (Figure 2.19).
Further transcription factors that are potential

targets of salicylates are activator protein-1 (AP-1)
[153], STAT-6 [172] and NFAT. NFAT shares some
homologieswithNFkBandbecomesactivatedafter
dephosphorylationby thephosphatasecalcineurin.
Salicylates inhibit DNA-binding and activation of
this transcription factorwithout affecting the phos-
phorylation status or intracellular localization of
NFAT [158]. Interestingly, a new pentafluoropro-
poxy derivative of salicylic acid (UR-1505) has
recently been shown to block T-cell activation via
inhibition of NFAT, eventually resulting in de-
creased T-cell proliferation and cytokine produc-
tion [173]. An overview of selected transcription
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factors and affected genes that are modified by
salicylates is summarized in Table 2.9.

NFkB and Neuroprotection Grilli et al. [177]
showedthataspirinat lowmillimolar(IC50:1.7mM)
concentrations protected rat primary neuronal cul-
tures and hippocampal slices from neurotoxicity
elicited by the excitatory amino acid glutamate.
Similar albeit less pronounced effects were seen
with salicylate but not with indomethacin. The site

of actionwas downstream to the glutamate receptor
and involved salicylate-specific inhibition of NFkB
activation via blocking phosphorylation of IkB
[154, 178]. Another transcription factor, AP-1 re-
mained unaffected [177]. This study was the first to
show NFkB-mediated neuroprotective effects of
salicylates. This action was not correlated with the
anti-inflammatory activity or COX inhibition.More
recent studies additionally indicated that glutamate-
induced neuronal death involved inhibition of the

Figure 2.19 Different control of COX-2- and iNOS-promotor activity by salicylates via C/EBPb and NFkB (for further
explanation, see the text) (modified after [135, 170, 171]).

Table 2.9 Interactions of salicylates (aspirin and/or salicylate) with activation (act) or inhibition (inh) of transcription factors
via kinase modulation.

Kinase inh/act TF Salicylate (mM) Affected genes References

PKC, others inh C/EBP-b 0.01–1.0 iNOS, COX-2 Saunders et al. [135]
p79/p85S6 inh C/EBP-b 0.01–0.5 COX-2, iNOS Saunders et al. [135];

Cieslik et al. [171]
JNK act AP-1 0.1–1.0 Oncogenes Ma et al. [174]
? inh Els family member 0.3–1.0 IL-4 Cianferoni et al. [175]
1src inh STAT 6 5–20 Many Perez-G et al. [172]
IKK-b, others inh NFkB 1–10 Many Kopp and Ghosh [161]
ERK 1/2 inh AP-1 1–3 Many Vartiainen et al. [176]
p38 MAPK act NFkB 2–20 Many Schwenger et al. [168]
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protein kinase PKCz, an enzyme that controls apo-
ptosis in neuronal cells. Aspirin directly inhibited
thekinase activity of the purified enzyme, an action,
whichexplained thepreventionofneuronaldeath in
these conditions [179]. Thus, inhibition of selected
kinases by salicylates, possibly related to activation
of transcription factors,may affordneuroprotection
against excitatory, potentially toxic stimuli. A rela-
tionship to the analgesic action of salicylates (Sec-
tion 2.3.2) is obvious.
In clinical reality, there are multiple reasons for

neuronal injury and death, including vascular (ce-
rebral infarction) and nonvascular (Alzheimer�s
disease) factors. These different etiologies of neu-
ronal injury can only incompletely bemimicked in
experimental setups. Consequently, in vitro data,
obtained in isolatedneurons, arenot transferable to
all types of neuronal injury in vivo. In a hypoxia-
reoxygenationmodel of focal brain ischemia in the
rat, inhibition of the sustained activation of cellular
signaling pathways (p42/p44 MAP kinases) by
salicylates (1–3mM) was described independent
of blockade of glutamate receptors or inhibition
of NFkB activation [176, 180]. In vivo, iNOS and
iNOS-derived products, such as peroxynitrite,
appear to be important salicylate-sensitive proin-
flammatory and tissue-destructive mechanisms
for brain injury. Salicylates inhibit iNOS-gene
expression in submillimolar concentrations
[171] and might afford neuroprotection via this
mechanism. In vivo, iNOS expression is restricted
to infiltrating leukocytes in focal brain ischemia.
These cells are not present in neuronal cultures
in vitro.

NFkBandEndOrganDamage InVivo Considering
these limitations regarding the interpretation of in
vitrodata on themodulationof transcription factors
by salicylates for in vivo conditions of tissue and
organ injury, the question ariseswhether they have
any consequences at all for tissue and organ surviv-
al in vivo. This issue was addressed in rats with
severe genetically fixed arterial hypertension. The
questionwas,whether treatmentwithaspirincould
protect these animals from end organ damage and

death and whether signaling pathways, operating
via NFkB and AP-1, were involved.

Genetically modified rats, harboring both the human
renin and angiotensinogen gene, generate large amounts
of angiotensin II, develop hypertension, and die from
heart and/or renal failure at about 7 weeks of age. These
animals were treated with high (600mg/kg/day) or low
(25mg/kg/day) dose aspirin intraperitoneally from week
4 to week 7. These (on a weight basis) high doses of
aspirin – in comparison to those given to man – were
necessary because of the high aspirin clearance rate
in this species. The ED50 for analgesic effects ranges
between 150 and 350mg/kg, and the LD50 (strain-
dependent) between 600 and 800mg/kg.
High-dose aspirin significantly reduced mortality,

cardiac hypertrophy, fibrosis, and albuminuria in these
animals. These beneficial effects were independent of
blood pressure changes and were not seen with low-
dose aspirin, although both doses reduced COX activity
to a comparable extent. High-dose aspirin inhibited
NFkB and AP-1 activation and inflammatory reactions
in heart and kidney.
The conclusion was that aspirin treatment leads to

organ protection in vivo and that this effect is mediated
via inhibition of NFkB- and AP-1-controlled signaling
cascades in end organs, here predominantly the heart
and kidney [181].

2.2.2.3 Oxidative Stress and Nitric Oxide
There are three isoforms of NO synthases (NOS)
fromwhich at least two are regulatedby aspirin: the
iNOS in macrophages, other inflammatory cells,
fibroblasts andsmoothmuscle cells, and theeNOS,
which, by definition, is mainly located in endothe-
lial cells. iNOS generates large amounts of NO and
oxygen-centered free radicals that amplify the in-
flammatory process whereas eNOS synthesizes
small amounts of NO that regulate vessel tone
via endothelium-dependent relaxation of vascular
smooth muscle cells. Both enzymes are regulated
by aspirin, though in opposite direction. Function-
ally, this corresponds to a synergistic action on
endothelial cells by endothelial protection from
oxidative stress, an effect also verified in other
tissues by proteome analysis [148]. Neither iNOS-
nor eNOS-dependentNO formation ismodified by
indomethacin and other NSAIDs. This suggests
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salicylate-specific actions onNO formation that are
unrelated to prostaglandins.

Aspirin, iNOS, and Inflammation Aspirin and sa-
licylate inhibit the cytokine-induced expression of
iNOS gene via inhibition of transcription factors,
such as NFkB and STAT-1 (see above). This is
associatedwith an anti-inflammatory effect as seen
from reduced release of TNFa [182–184]. Cieslik
et al. [171] were the first to show that inhibition of
iNOS (and COX-2) gene expression in macro-
phages is obtained at submillimolar, that is, thera-
peutic anti-inflammatory concentrations of salicy-
lates and is mediated by inhibition of activation
and binding of the transcription factor C/EBP-b
(Figure 2.19). Other studies have shown that iNOS
protein expression and activity in LPS-stimulated
macrophages and cytokine-stimulated vascular
smoothmuscle cells can also be obtained at compa-
rable aspirin concentrations (1mM) at unchanged
iNOSmRNAexpression. This suggests translation-
al/posttranslational effects of aspirin on iNOS-
dependent NO formation that are independent of
gene transcription [185] or interactions with COX-2
[186]. Overall, these findings agree well with the
general concept of synergistic functions of iNOS
andCOX-2 in inflammation (Section 2.3.2) and the
potent anti-inflammatory effect of salicylates.

Aspirin, eNOS, and Endothelial Protection In con-
trast to these anti-inflammatory effects of aspirin
that are mediated via iNOS inhibition andmodula-
tion of COX-2 and, consequently, require anti-in-
flammatorydosesof thecompound, themodulation
of eNOS-derived NO by aspirin in vascular cells is
seen at lower concentrations (3–30mM). The simi-
larities to the different dosing of aspirin for inhibi-
tion of COX-1 and COX-2 are obvious. The en-
hanced NO generation by aspirin is considered
endothelial protective [187, 188]. The expression of
eNOS-protein remains unchanged [189]. Acetyla-
tion seems to be a crucial (posttranslational) mech-
anism because acetylating aspirin analogues have
the same effect as aspirin itself whereas NSAIDs
and nonacetylated salicylate are ineffective [188].

More recent works suggested that aspirin-
induced upregulation of endothelial NO formation
will not only improve local perfusionbut in addition
also increase the expression of two endothelial-pro-
tective proteins: heme oxygenase-1 (HO-1) and
ferritin.

Heme oxygenases are rate-limiting enzymes of heme
degradation. HO-1 is the inducible isoform. The enzyme
catalyzes the formation of bilirubin, free iron ions, and
carbon monoxide (CO). Bilirubin exerts strong antioxi-
dant effects at physiological plasma concentrations.
High-normal plasma levels of bilirubin were reported to
be inversely related to atherogenic risk and to provide
protection from endothelial damage.

The group of Henning Schr€oder was the first to
show HO-1 induction by aspirin. HO-1 induction
was followed by increased formation of bilirubin,
CO, and ferritin, an another antioxidant protein.
This was considered a novel, prostaglandin-inde-
pendent vasoprotective action of aspirin [190, 189]
(Figure 2.20). Generation of HO-1 by aspirin can
also occur via ATL (Section 2.2.1) [191], another
evidence for an endothelium-mediated anti-in-
flammatory effect of aspirin.
The cellular iron-binding protein ferritin pro-

tects from oxidative stress. It is also upregulated
by aspirin in endothelial cells, probably at the
translational and/or posttranslational level [192].
Again, this effect requires submillimolar con-

Antioxidant effectAntioxidant effect

Endothelial protection

HO-1Ferritin

BilirubinFree iron

NO 

Aspirin

Inflammation / thrombosis

Figure 2.20 Aspirin-induced endothelial-protective
pathways (modified after [190]).
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centrations (0.03–0.3mM) of aspirin and will
functionally synergize with HO-1. It will be in-
teresting to see whether similar actions of aspirin
occur in vivo, in particular, in patients suffering
from cardiovascular diseases. There is some
evidence for an improvement of the (reduced)
endothelium-dependent relaxation by aspirin in
patients at advanced stages of atherosclerosis
(Section 2.3.1).

2.2.2.4 Immune Responses
Anti-inflammatory and antimitogenic actions of
aspirin and salicylate also involve modulations
of immune reactions. Mechanistically these are
often caused by inhibition of expression of in-

flammatory/immunogenic cytokines with subse-
quent modification of cytokine-induced signal
generation, transduction, and perception. Aspi-
rin was found to significantly reduce IL-4 mRNA
expression and secretion in mitogen-primed
human CD4þ lymphocytes. This effect was not
seenwith traditional NSAIDs. It has been hypoth-
esized that it was because of inhibition of binding
of a yet unidentified inducible transcription factor
in the IL-4 promoter region [172]. By this mecha-
nism salicylates could selectively influence the
nature of adaptive immune responses [175]. This
kind of action might be involved in anti-inflam-
matory actions of aspirin in certain forms of
asthma (Section 3.3.2).

Summary

The concept of a single mode of action of aspirin
via inhibition of cyclooxygenase(s) is being in-
creasingly challenged with improved knowledge
of transcriptional and translational regulation of
cell function. Aspirin and salicylates interact with
these processes at several levels. These effects
often require higher concentrations of the com-
pounds than those that are necessary for inhibi-
tion of prostaglandin biosynthesis. These actions
of aspirin are shared in many cases by salicylates
but not by NSAID-type compounds that inhibit
only prostaglandin synthesis via inhibition of
COX enzyme activity.

At anti-inflammatory concentrations of about
200–300mg/ml, aspirin has numerous effects on
cellular signal generation and transmission, es-
pecially in consequence to cell stimulation by
inflammatory cytokines, growth factors, or im-
munostimulants. Transcriptional, translational,
and posttranslational levels of regulation might
beaffected thatmakes thenet responsedifficult to
predict. For example, there are different conse-
quences of NFkB inhibition for cell functionality

and survival in neuronal tissue as opposed to
tumor cells. Inhibition of kinases is another gen-
eral mode of action of high-dose salicylates. Al-
though this effect is rather nonspecific, the sen-
sitivity of different kinases to salicylates may not
be the same, for example, ribosomal S6 kinase
that phosphorylates (activates) the transcription
factor C/EBP-b and subsequent gene expression
of iNOS and COX-2. More work is necessary to
establish the biological significance of these
important new findings in vivo.
More recently, translational and posttransla-

tional actions of salicylates have been found that
protect the vascular endothelium from oxidative
stress. Protection from generation of oxygen-
centered radicals by enhanced HO-1 and eNOS
activities has been described at medium concen-
trations of aspirin (30–300mM) but not by salicy-
late. This suggests a differentmode of action that
requires target structureacetylationand,perhaps,
generation of ATL (Section 2.3.1). It is unknown
whether this mechanism operates in vivo and
whether it is involved in antiatherosclerotic
actions of aspirin, that is, improvement of endo-
thelial dysfunction.
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2.2.3
Energy Metabolism

Changes in protein expression and enzyme activity
aswell as interactionswith cellular signal transduc-
tion pathways are examples for aspirin-induced
biological responses at the cellular level. In most
cases, these actions are energy dependent and will
proceed only if sufficient free energy, usually pro-
vided by ATP, is available. Although interactions of
drugs with cellular energy metabolism are less
specific than interactions with cellular signaling
pathways, they are very effective since sufficient
energy supply is essential for generation, receipt,
processing, and dispatch of biological signals. Ex-
amples are the generation, release, and actions of
cytokines or the expression of adhesion molecules
in inflammatory or ischemic conditions. Thus,
compounds that interact with cellular energy sup-
ply or utilization might also significantly interfere
with cell signaling.
Mitochondria are the cellular power plants. Sal-

icylates interact with the mitochondrial energy
metabolism at two different levels: inhibition of
b-oxidation of long-chain (LC) fatty acids and un-
coupling of oxidative phosphorylation, that is, the
generation of ATP from the energy-providing elec-
tron transport systemof the respiratory chain. Both
actions are dose dependent and typical for higher
concentrations of the compounds. Clinically, they
present as hyperventilation, that is, increased oxy-
gen uptake, and increased heat production (hyper-
pyrexia) (Section 3.1.1) in acute and chronic salicy-
late overdosing [193]. Functionally, this indicates a
�waste� of energy generated via the respiratory
chain as heat instead of the generation of ATP.
The metabolic effects of aspirin and salicylate

and their consequences for cell function become
most apparent in the liver, themainorganof energy
metabolism. The actual concentration of free salic-
ylate as well as its maintenance over time also
determine the metabolic actions and may differ
markedly between in vitro and in vivo conditions.
Another variable is the protein content, that is, the
binding to albumin.At total salicylate plasma levels

of 0.1–1.0mM, which are obtained at therapeutic
single doses of about 1 g of aspirin to adults, the
percent free plasma salicylate varies between 1 and
10%and increases further to 20–30%at toxic doses
of the compound (Table 2.1).

Salicylates are phenols and, like other phenolic
compounds, such as the classical metabolic inhibitor
2,4-dinitrophenol, they interact with mitochondrial
proteins that are involved in oxidative phosphorylation.
This interaction is due to an allosteric effect that results
in changes in mitochondrial protein configuration after
salicylate binding and, eventually, results in uncoupling
of oxidative phosphorylation. Albumin binds phenols via
the phenolic hydroxy group and restores the capacity for
oxidative phosphorylation in isolated mitochondria by
removing it from mitochondrial proteins [194]. Conse-
quently, hepatic metabolic failure by salicylate is
particularly prominent in vitro in protein-free media
and can be antagonized by supplementation with serum
albumin [195].

Accordingto thesefindings, invitrodataobtained
at constant levels of salicylates over hours at low or
absentprotein in the incubationmediumcannotbe
directly transferred to the in vivo situationwithhigh
albumin levels and a continuous metabolic degra-
dation and transformation of salicylates into inac-
tive metabolites (Section 2.1.2). It should also be
noted that salicylate actions on energymetabolism
are usually strictly competitive and reversible and
not associated with any permanent mitochondrial
injury [33].
Another kind of actions of salicylate on the liver,

independent of energymetabolism, is themodula-
tion of hepatic cytochrome P450 enzymes, specifi-
cally, an increased expression of CYP2E1 [85, 86].
Thus, long-term actions of aspirin on the liver in
vivomust not only be caused by the substance itself
but might be additionally modified by changes in
selectedhepaticP450enzymeactivities.Thismight
also change the catabolism of the numerous other
chemicals and xenobiotics that are substrate to
CYP2E1-catabolism, most notably acetaminophen
(Section 2.1.2). A combination with high-dose as-
pirin, for example, in intoxication, may markedly
influence the susceptibility of certain individuals to
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acetaminophen promoted liver damage [196]
(Section 3.2.3). Interestingly, aspirin might also
induce a microsomal constitutive isoform of
hepatic cytochrome P450 that catalyzes the ome-
ga-hydroxylation of fatty acids [197].

2.2.3.1 Fatty Acid b-Oxidation

Basic Mechanisms Mitochondrial b-oxidation of
fatty acids is a principal source of generation of
ATP, the conserved form of energy, in liver, heart,
and kidney. Because of their amphiphilic nature,
fatty acids becomeeasily associatedwithmitochon-
drial membranes. In order to enter the mitochon-
drialb-oxidationprocess, theyhave topass theouter
and innermitochondrialmembranebefore further
processing in the mitochondrial matrix. Short and
medium-chain fatty acids can cross the mitochon-
drial membranes without prior activation. Long-
chain fatty acids (C14–C18)first requireconversion
intoacyl-carnitinefor translocationacross the inner
mitochondrialmembrane (�carnitine shuttle�), be-
fore further processing after carnitine removal
occurs. The resulting acyl-CoA then undergoes b-
oxidation, resulting in the generation of reducing
NADH equivalents that are subsequently oxidized
by themitochondrial respiratory chain. The energy
thus produced is stored in the form of ATP by the
oxidative phosphorylation system, coupled with
the transfer of electrons along the respiratory
chain [198]. A severe and long-lasting impairment
ofhepaticb-oxidation isa fundamentalmechanism
of metabolic organ failure. Morphologically, this
results in microvesicular steatosis as the result of
accumulation of nonmetabolized fatty acids and
their re-esterification into triglycerides.

Actions of Salicylates Inhibition of hepatic mito-
chondrial b-oxidation of fatty acids, predominantly
long-chain, is obtained at millimolar concentra-
tions of aspirin or salicylate in vitro [199] and a
typical feature of high-dose aspirin treatment or
overdosing, These impairments may result from
deficiency in cofactors such as coenzyme A (CoA)
or carnitine that are essential for fatty acid transport

and metabolism and become exhausted as a result
of formation of acyl derivatives, such as salicylyl-
CoA [200] (Figure 2.21). This will impair the activa-
tion of long-chain fatty acids by preventing their
passage through the mitochondrial membranes,
eventually resulting in intracellular but extramito-
chondrial accumulation and a number of second-
aryeffects, includingre-esterification into triglycer-
ides and formation of dicarboxylic acids. Marked
changes in liver fatty acid metabolism were found
in liver biopsy specimens of patients with rheuma-
toid arthritis after long-term treatment with high-
dose aspirin [201].

The hepatic lipid distribution pattern was studied in liver
specimens obtained at autopsy from seven patients with
rheumatoid arthritis. All patients had taken 3–6 g aspirin
daily for many years. They were compared with seven
age-matched controls who had not taken aspirin. All
patients of both groups died from myocardial infarction,
and there was no known functional liver abnormality at
the time of death.
The total lipid content was significantly, >20%, higher

in liver biopsy specimens of aspirin-treated patients as
opposed to age-matched controls without aspirin intake.
Most striking differences were seen in free fatty acids,
which were more than doubled in aspirin-treated
patients, whereas total hepatic phospholipids were
reduced by >30%. The phospholipid depletion was due
to a considerable, about 40–50%, decrease in phospha-
tidylethanolamine, phosphatidylcholine, and cardiolipin
though other phospholipid classes remained un-
changed.
It was concluded that major metabolic impairments

of fatty acid oxidation occur in patients at long-term
(years) high-dose aspirin treatment (Table 2.10). The
increase in neutral lipids and free fatty acids in these
patients suggest reduced oxidative capacity, indicating
a relationship between abnormalities in fatty acid
oxidation and aspirin intake [201].

Unfortunately, this study did not analyze the
composition of the free fatty acid fraction, specifi-
cally the percentage of long-chain fatty acids or the
occurrence of dicarboxylic acids. Norwas there any
morphological data of the liver specimens. Thus,
there was no information about microvesicular
steatosis. It is also interesting that despite the
markedly elevated free fatty acids, there was no
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increased esterification in triglycerides. These data
differ from animal studies with high-dose short-
term aspirin treatment where increased triglycer-
ides are a regular finding [199]. Of interest are also
the marked reductions in phospholipids, possibly
indicating an altered lipid signaling related to
changes in membrane conductance. Unfortunate-
ly, apparently no further studies on this issue were
conducted inmen and probably will not be done in
the future because high-dose long-term aspirin
treatment is no longer the treatment of choice for
these patients. Thus, it will probably never become
elucidated whether aspirin-induced long-term
changes in hepatic lipid metabolism are a general
finding or superimposed to the altered immuno-
logic status of rheumatic patients (Section 3.2.3).

Disturbed �Carnitine Shuttle� Like other fatty
acids, salicylate is activated to salicylyl-CoA in mi-
tochondria by a medium-chain fatty acid – CoA
ligase [202]. This activation is a prerequisite for
conjugationwithglycinetoformsalicyluricacid[81]
(Section 2.1.2). Generation of large amounts of

salicylyl-CoA in the presence of high salicylate
levels will deplete the cellular stores of coenzyme
A and possibly carnitine (Figure 2.21). As a conse-
quence, less carnitine and CoA are available for
transport of long-chain fatty acids to themitochon-
drialmatrix and subsequent b-oxidation. In experi-
mental studies, the reduced b-oxidation of long-
chain fatty acids could be prevented by addition of
carnitine and CoA to avoid exhaustion of these
compounds [199]. Secondary events of disturbed
b-oxidation are inhibition of gluconeogenesis and
ureagenesis, though there is in vitro evidence that
disturbed ureagenesis by salicylates can also be
shown independent of its action on uncoupling of
oxidative phosphorylation [203].

Appearance of Dicarboxylic Fatty Acids Another
feature of impaired mitochondrial b-oxidation of
long-chain fatty acids and their local accumulation
is the appearance of long-chain dicarboxylic fatty
acids as products of their omega-oxidation [204].
These acids are natural uncouplers of oxidative
phosphorylation. Their physicochemical proper-

Figure 2.21 Mitochondrial b-oxidation of short (SC), medium (MC), and long-chain fatty acids and their modification by
salicylate (for further explanation, see the text).
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ties [205] allow them to act as protonophores,
whereas short and medium-chain fatty acids fail
to do so [206] (see below). These abnormal fatty
acids are not found in plasma innormal conditions
but can be generated after high oral doses
(600–700mg/kg) or 1% of diet (for several days or
weeks) of aspirin in animal experiments [197, 207].
Although the significance of this finding for the
human is uncertain, it has been shown that the
appearance of dicarboxylic acids in plasma may be
associated with Reye-like symptoms [208–210].

2.2.3.2 Uncoupling of Oxidative Phosphorylation

Basic Mechanisms Energy coupling in the respi-
ratory chain results in the generation of ATP from
ADP and inorganic phosphate at the expense of

energy. This energy is provided by the electron
transport chain. The oxidative phosphorylation
system is localized in the inner mitochondrial
membrane. Uncoupling agents allow electron
transport to oxygen to continue but prevent the
phosphorylation of ADP to ATP, that is, they un-
couple the energy-yielding from the energy-saving
process. This results in increased mitochondrial
oxygen uptake and reduced ATP levels despite an
increased ATP-synthase activity.
The energy-yielding and energy-requiring pro-

cesses are coupled by a high-energy intermediate
state. An electrochemical gradient of Hþ ions
across the mitochondrial inner membrane serves
asmeans of coupling the energyflow fromelectron
transport to the formation of ATP. An intact mito-
chondrial membrane that is impermeable to Hþ

ions is essential for maintaining the proton gradi-
ent, necessary for oxidative phosphorylation. The
electron transport chain pumps Hþ ions outward,
and ATP formation is accompanied by an inward
Hþ movement. Uncoupling agents, such as salicy-
late, allow protons to cross the otherwise imperme-
able membrane, thus destroying the proton gradi-
ent (Figure 2.22).
The system is devised as not to waste energy

when it is not needed.When the utilization of ATP
is low, there is little ADP in the mitochondrial
matrix, little re-entry of protons through ATP
synthase, and the high proton gradient slows down
the activity of the respiratory chain by inhibition of
ATP release from the ATP synthase. If ATP is
consumed, the concentration of ADP increases,
protons re-enter the matrix through ATP synthase
and regenerate ATP. The electron transport
through the respiratory chain causes Hþ to be
pumped outward across the inner membrane of
the mitochondrion, resulting in a gradient of Hþ.
This gradient is the energy-rich state to which
electron transport energy is transformed and is the
immediate driving force for the phosphorylation of
ADP. Themaintenance of this gradient, that is, the
impermeability of the inner mitochondrial mem-
brane forHþ, is essential for the functioningof this
coupling process (Figure 2.22).

Table 2.10 Liver lipid composition in seven patients treated
for years with 3.25–5.85 g aspirin daily as compared to
seven age-matched controls.

CON Aspirin

Neutral lipids
Total neutral lipids 49.5� 1.0 65.6� 0.7
Free fatty acids 12.6� 1.5 27.4� 2.4
Mono- and diacylglycerols 2.3� 0.1 6.4� 1.0
Triacylglycerols 11.9� 0.6 12.0� 3.2
Fatty acid esters 3.3� 0.2 4.8� 0.4
Cholesterol 8.0� 0.4 5.9� 0.7
Cholesteryl esters 6.8� 0.6 5.9� 0.6
Undetermined 5.3� 0.4 3.2� 0.4

Phospolipids
Total phospholipids 50.5� 1.0 34.1� 0.6
Phosphatidylinositols 3.0� 0.1 2.3� 0.2
Phosphatidylethanolamines 13.5� 0.4 6.0� 1.5
Phosphatidyserines 4.6� 0.4 3.3� 0.3
Phosphatidylcholines 14.4� 1.1 6.0� 0.4
Lysophosphatidylcholines 1.0� 0.1 1.1� 0.1
Cardiolipins 0.6� 0.1 0.3� 0.0
Phosphatidic acids 9.2� 0.8 11.8� 1.2
Sphingomyelins 2.8� 0.3 2.3� 0.7
Undetermined 1.3� 0.4 1.1� 0.3

aAll patients died from myocardial infarction and had no
clinical liver pathology. All data are percentage of total
lipids (modified after [201]).
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Salicylates as Protonophores Uncoupling agents,
such as 2,4-dinitrophenol or salicylate, increase the
mitochondrial membrane proton conductance
(Figure2.22).This abolishes theenergy-conserving
proton gradient [211, 212] and results in bypass-
ing the ATP synthase and release of protons into
the matrix. In isolated mitochondria, the mito-
chondrial membrane proton conductance is in-
creased more than fourfold at 1mM salicy-
late [213]. Complete uncoupling occurs in model
systems at 2–4mMsalicylate. The increasingHþ/
Naþ exchange causes swelling of mitochondria
[214, 215]. Swelling of mitochondria and reduced
urea generation were also found in �primarily

living� intact rat hepatocytes [216]. This protono-
phoric effect reduces the mitochondrial mem-
brane potential that normally will activate the
respiratory chain. The energy is now wasted in
the form of heat, instead of generating ATP.
Interestingly, there aremarked differences in this
activity between different salicylate-related hydro-
xybenzoic acids [217].

At least two factors determine the activity of salicylate
in uncoupling oxidative phosphorylation: the partition
from an aqueous phase into a lipid-rich phase, allowing
for penetration through the cell wall and access to the
mitochondrion – the ultimate site of action. The second
is a specific structural requirement to act as proto-

Figure 2.22 Oxidative phosphorylation in the absence (a) and presence (b) of salicylates. An electrochemical gradient of Hþ

ions across the mitochondrial inner membrane couples the energy flow from electron transport to the generation of
ATP. An intact mitochondrial membrane that is impermeable to Hþ ions is essential for maintaining the proton gradient.
The electron transport chain pumps Hþ ions outward ffi whereas ATP formation is accompanied by an inward Hþ

movementffl. (a)Salicylateworksasaprotonophoreand increases thenumberofprotonchannels.This results inamore than
fourfold increase inmembraneconductanceat1mM�, due totheweakanioncurrentatneutralpHatwhichthecompoundis
present as a lipid-soluble anion (the internal hydrogen bond delocalizes the negative charge). As a consequence, the
proton gradient and membrane potential decrease and increased oxygen and substrate consumption will be
required to maintain the protonmotive force. The increased proton accumulation inside the mitochondrion stimulates
Hþ/Naþ exchange, resulting in mitochondrial swelling Ð (b).

2.2 Cellular Modes of Action j83



nophore. Structure–activity comparisons for uncoupling
oxidative phosphorylation in isolated mitochondria of 80
salicylate analogues showed that the essential pharma-
cophore for uncoupling activity is a salicylate with a
negatively charged (carboxyl)group at the o-position,
that is, o-hydroxybenzoate (salicylate) [218]. The m- and
p-hydroxybenzoate analogues were inactive. This sug-
gests that the o-position of the hydroxyl group is an
essential steric requirement for this protonophoric
action [219].

Consequences of Uncoupling of Oxidative
Phosphorylation by Salicylates Administration of
high-dose aspirin to man causes a marked and
progressive increase in oxygen consumption [220]
because of uncoupling of oxidative phosphoryla-
tion and becomes clinically evident as hyperventi-
lation. This effect is dose dependent and typically
occurs in initial stages of salicylate overdosing
(Section 3.1.1) [221–224]. The uncoupling is not
restricted to the liver but has also been found in
isolated mitochondria of kidney, brain, and heart
at higher salicylate concentrations (2–5mM)
[221, 225]. For thermodynamic reasons, glycogen-
olysis and glycolysis are enhanced to provide the
necessary ATP for cell functions. Uncoupling is a
generally reversible process that can be terminated
by removal of the agent and is then followed by
complete recovery [212].

In rats, orally treated for up to 1 week with sodium
salicylate at doses causing toxic side effects (hyperventi-
lation, body wastage), there was no disturbed oxidative
phosphorylation by isolated mitochondria ex vivo. In
contrast, complete inhibition of mitochondrial oxidative
phosphorylation was seen after in vitro treatment of
isolated mitochondria with 5mM salicylate. The intracel-
lular concentrations of salicylate in the liver of these rats
after oral treatment were 0.8–4.0mM, that is, close to
the plasma levels of salicylate. Salicylate was taken up
and washed out from liver mitochondria within minutes,
even at 0 �C. The uncoupling, both in vitro and ex vivo,
was reversible after washout of salicylate and did not
cause irreversible tissue injury [212, 219].

2.2.3.3 Toxic Actions of Salicylates on the Liver
Reye�s syndrome is a hepathoencephalopathy that
has been brought into connection with aspirin-

induced alterations in fatty acid metabolism, glu-
coneogenesis, and urea metabolism in the liver
(Section 3.3.3). Serum of patients with clinical
Reye-like symptoms stimulated oxygen consump-
tion in isolated liver mitochondria, indicating un-
coupling of oxidative phosphorylation [209]. In
addition, there was the generation of dicarboxylic
acids that corresponded directly to the reduction
in ATP formation by Reye patients� serum, dem-
onstrating that they are central to the general
disturbance of mitochondrial function [209].
These findings were taken as evidence by some
authors for a causal relationship between salicy-
late (overdosing) andReye�s syndrome. There are,
however, serious doubts in this hypothesis
(Section 3.3.3). This chapter compares metabolic
alterations in liver metabolism by salicylate
intoxication with symptoms of Reye-associated
hepatic failure.

Impaired b-Oxidation In both situations, the free
fatty acid content in liver and plasma is markedly
increased, in one study up to about 10-fold above
normal [209]. However, similar to in vitro experi-
ments with high-concentration salicylate expo-
sure, the mitochondrial lesions in general were
transient and fully reversible [226]. Morphologi-
cally, severe salicylate intoxication causes micro-
vesicular steatosis of the liver that is also seen in
Reye�s syndrome. However, histopathology and
ultrastructural pathology of liver biopsy speci-
mens in Reye patients were different from those
in salicylate intoxication [227, 228]. Acute high-
dose aspirin treatment in mice causes only mild
microvesicular steatosis [199]. Moreover, micro-
vesicular steatosis of the liver is not a unique
etiologic entity and is seen in different forms
of mitochondrial injury [229]. Inborn errors of
ureagenesis may present with Reye-like micro-
vesicular steatosis but with a morphology that
is different from that observed in Reye�s
syndrome [230].
Medium-chain acyl coenzyme A dehydrogenase

deficiency, an inherited defect of mitochondrial b-
oxidation of fatty acids, was found to be associated
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with Reye-like symptoms [231] as was an inborn
defect in the carnitine shuttle [232]. There is also
fatty infiltrationof the liver in these impairments of
mitochondrial b-oxidation [198]. However, im-
paired b-oxidation of short or medium-chain fatty
acids is not a typical feature of salicylate-induced
liver toxicity [199]. Thus, salicylates will impair
oxidative phosphorylation in the liver at high toxic
concentrations [233, 234] (Section 3.2.3). These
changes, however, are different from those ob-
tained in patients with Reye�s symptoms.

Dicarboxylic Acids A considerable percentage, at
least 55% of total serum free fatty acids in Reye�s
syndrome, are dicarboxylic acids, the vast majority
of them, 85–90%, being long chain [208–210].
Generation of these abnormal fatty acids is also
seen at high salicylate levels.However, dicarboxylic
acids are also found in inborn errors ofmetabolism
inmitochondriaorperoxisomes, suchasZellweger
syndrome or neonatal adrenodystrophy [235]. In
general, long-chain dicarboxylic acids may be
formed as a secondary event in all forms of severely
disturbed b-oxidation and are by no means Reye
specific.

Plasma Salicylate Levels Exhaustion of the carni-
tine shuttle with subsequent generation and accu-
mulation of dicarboxylic acid require high toxic
concentrations of salicylate. Inmost reported cases
of Reye�s syndrome, serum salicylate levels, if
measured at all, were not in the toxic range, and
there are considerable doubts regarding the reli-
ability of measurement of circulating salicylates in
the clinical conditionsofReye-likediseasebymeth-
ods like the Trinder assay (Section 3.3.3).
Thus, there are not only some similarities be-

tween symptoms of Reye-like diseases and aspirin-
related liver toxicity but also significantdifferences.
In particular, there is definitely more than one
reason for �Reye�s syndrome� in the clinics – the
diagnosis being one of exclusion – and the finding
that salicylates at selected experimental conditions
may cause liver injury, specifically at high toxic in
vitro concentrations maintained formany hours in
largely protein-free media. This does not provide
sufficient evidence or even causality between aspi-
rin and Reye. Finally, there is no animal model for
Reye�s disease allowing studying the unique two-
step process of this hepatic injury, initiated by
certain virus infections.

Summary

Salicylates exert a number of effects on energy
metabolism that become most prominent in the
liver. There is impaired b-oxidation, in particular,
of long-chain fatty acids, generation of dicarbox-
ylic acids, and uncoupling of oxidative phos-
phorylation. These effects are concentration-
dependent and most prominent at high toxic
concentrations of salicylates maintained in vitro
over longer periods of time.

Mechanistically, salicylate becomes activated
by CoA to be able to penetrate the mitochon-
drial membranes. This might result in exhaus-
tion of carnitine that is necessary for this

carnitine �shuttle� of long-chain fatty acids. In
addition, salicylates act as a proton carrier, thus
bypassing the �normal� way of energy genera-
tion and preventing the buildup of an Hþ

gradient across the mitochondrial membrane,
which is essential for energy storage in the
form of ATP.
These actions of salicylates share some simi-

larities with the liver pathology in Reye�s syn-
drome. However, there are many differences too
and several inherited disorders of fatty acid me-
tabolismin the liver exhibit similar laboratoryand
clinical features. Until now, no causality between
Reye�s syndrome and salicylate-induced liver
pathology has been shown.
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2.3
Actions on Organs and Tissues

Section 2.2 has described the cellular and subcellu-
lar targets of aspirin with the intention to cover the
spectrum of its pharmacological activities as com-
plete as possible. In this context, the experimental
conditions, including the selection of doses (con-
centrations) and duration of action (incubation),
wereofsecondary interest.Thisviewchangesas the
consequences of these cellular activities come into
the focus of pharmacological actions on multicel-
lular integrated functions at the tissue and organ
levels, respectively. Here, different cell types with
mutually different sensitivities to aspirin and sal-
icylates and different cellular responses are incor-
porated in one and the same functional unit. The
local concentration of the active compound, that
is, aspirin or salicylate, depends on blood supply
and (hepatic) metabolism. Finally, the dosing – a
nonissue in conventional cell culture studies –

becomes an important variable because of possible
side effects to not only the organ or tissue of
pharmacological interest but also other tissues
without direct relation to the primary target.
Three major areas of pharmacological aspirin

actions at the tissue and organ level are of thera-

peutic interest, but differ by the different dosing
that is necessary to elicit the desired pharmaco-
logical effect: 0.1–0.3 g/day for antiplatelet
actions, the principal mechanism for antithrom-
botic activities of aspirin (Section 2.3.1) and
1–2 g, mostly single-dose or short-term treat-
ment, for analgesic/antipyretic effects (Sec-
tion 2.3.2). Higher anti-inflammatory doses, that
is, 3–4 g/day and more, were previously used for
long-term treatment of rheumatic diseases but
are now restricted to initial anti-inflammatory
treatment of children with Kawasaki�s disease
(30–60mg/kg) to prevent late complications such
as coronary aneurysms (Section 4.2.3). An over-
view on therapeutic and toxic actions of aspirin in
relation to the total plasma level of salicylate is
shown in Figure 2.23.
An interesting new issue of clinical aspirin re-

search is its use for cancerprevention, inparticular,
prevention of colorectal carcinoma. This probably
involves both prostaglandin-dependent and inde-
pendentmechanisms (Section 2.3.3). According to
available clinical data, the required (minimum)
dosing is in a medium range, about 0.3 g/day, in
the antiplatelet rather than in the anti-inflammato-
ry range. However, the required duration of treat-
ment is at least 10 years (Section 4.3.1).

Plasma salicylate level
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Figure 2.23 Therapeutic and toxic actions of aspirin in relation to the total plasma level of salicylate. The shaded area
represents the plasma salicylate level at analgesic/anti-inflammatory doses. Note that the free salicylate is only about 1% at
analgesicdosesandincreasesto10–30%atanti-inflammatoryandtoxicdoses, respectively.Theplasmalevelofsalicylatedoes
not affect the antiplatelet actions of aspirin because they are entirely due to acetylation (Ac) of target proteins (COX-1,
prothrombin?).

88j 2 Pharmacology



2.3.1
Hemostasis and Thrombosis

Hemostasis The rapid cessation of bleeding after
vessel injury is a vital function of the organism. To
reach this goal, a variety of chemical factors have
been developed that form together the functional
unit of the clotting cascade. This system becomes
activatedwithin seconds after tissue injury to avoid
life-threatening blood loss. In physiological condi-
tions, hemostasis is well controlled and carefully
balanced by a variety of procoagulant and anticoag-
ulant factors. In arteries, clotting starts with the
targeted adhesion of platelets to the subendothe-
lium in an area of endothelial injury. There is
activation of the arachidonic acid cascade with
subsequent thromboxane formation, platelet ag-
gregation, and secretion of vasoconstrictor, inflam-
matory, andmitogenic factors. The activation of the
coagulation cascade, culminating in thrombin for-
mation, occurs at the surface of activated platelets
that not onlyprovide clotting factors but also act as a

matrix to localize thrombin formation to the side
where it is needed. The result is an occluding
thrombus that stops bleeding mechanically by
�plugging� the site of vessel injury while local
vasoconstriction prevents the thrombus washout.
Generation of thromboxane A2 by activated plate-
letsactsasamplifyingfactor forplateletaggregation
and vessel constriction (Figure 2.24).
At about the same time, platelet inhibitory, an-

tithrombotic mechanisms (prostacyclin, NO, and
endothelial nucleotidases) become activated in the
noninjured endothelium in the vicinity of the
thrombus. These anticoagulatory factors are also
activated by thrombus formation and limit throm-
bus growth to the site of vessel injury. Activation of
the fibrinolytic system (tissue plasminogen activa-
tor (tPA)) and subsequent clot lysis allow recanali-
zationof the thrombusandrestitutionofbloodflow
and initiate the healing phase of vessel wall injury.
Aspirin can principally modify all three compo-

nents of the hemostatic system, that is, platelet
function, plasmatic coagulation, and fibrinolysis,

Figure 2.24 Platelet adhesion, activation, aggregation, and formation of a platelet-fibrin thrombus. Thrombin generation
occurs at the surface of activated platelets that also synthesize thromboxane A2 (TXA2). Both compounds are released
from the thrombus and stimulate thrombus growth and stability. Aspirin not only inhibits thromboxane formation but may
also reduce thrombin generation.
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though inhibition of platelet function is clearly the
most significant – and most intensively studied –

component.Platelet activation isalsoa triggerevent
with at least two components sensitive to aspirin:
thromboxane biosynthesis and thrombin genera-
tion. The actions of aspirin on platelets, plasmatic
coagulation, and fibrinolysis are discussed sepa-
rately for formal reasons. However, in vivo they
form a functional unit and a separate alteration of
only one component without changing the others
does not usually occur.

Thrombosis This well-balanced dynamic equilib-
rium between hemostatic factors derived from the
vessel wall, circulating in plasma or generated by
bloodcells, isdisturbed inatherosclerosis, themost
frequent cause of atherothrombosis. Atherosclero-
sis is a chronic inflammatory disease that is associ-
ated with �endothelial dysfunction,� that is, loss of
the antithrombotic properties of the endothelium
anditsconversion intoaprothromboticsurface that
expresses adhesion molecules and becomes a tar-
get for inflammatory cytokines and growth fac-
tors [236]. Platelet adhesion and activation, the
initial processes of arterial thrombosis, occur and
are facilitated by platelet hyperreactivity. Acute
thrombotic events in atherosclerotic vessels, clini-
cally appearing as acute coronary syndromes, tran-
sient ischemic attacks, or atherothrombotic stroke
are initiated by erosions or rupture of an athero-
sclerotic plaque [237]. This exposes thrombogenic
material from inside the plaque to the flowing
blood. Plaque material contains procoagulant tis-
sue factor, generated by macrophages and smooth
muscle cells [238]. The availability of TF starts the
extrinsic pathway of coagulation, eventually result-
ing in thrombin formation at the surface of activat-
ed platelets. Inhibition of platelet function by aspi-
rin will, therefore, block not only thromboxane
formation but also thrombin generation at the
platelet surface [239, 240].

Arteries Versus Veins The mechanisms causing
thrombus formation in the arterial and venous
circulations are basically the same, that is, local

disturbances of hemostasis caused by a pathologi-
cal interaction between blood constituents and the
vessel wall. However, the pathomechanisms of
thrombus formation differ: in arterial thrombosis,
the platelets and their adhesion to the vessel wall
under high shear stress conditions initiate throm-
bus formation in endothelium-denuded or dys-
functioning areas. In the low-pressure venous sys-
tem, it is stasis and fibrin formation facilitated by
theaccumulationofnondegradedactivatedclotting
factors that cause thrombosis. This is the reason for
different pharmacological approaches in the treat-
ment of arterial and venous thrombosis and the
different efficacy of aspirin in the prevention of
arterial (Sections 4.1.1, 4.1.2 and 4.1.3) but much
less if any in venous (Section 4.1.4) thrombotic
events.

2.3.1.1 Platelets

Inhibition of Platelet Functions by Aspirin Aspirin
selectively inhibits prostaglandin production in
human platelets [241]. This effect is now more
precisely referred to as the inhibition of thrombox-
ane A2 formation and the generally acceptedmode
of antiplatelet action of aspirin (Section 2.2.1). As-
pirin does not modify ADP-induced platelet aggre-
gation, that is, the contraction of the platelet
cytoskeleton, granule secretion, and thromboxane
formation, in native blood [242].Nor does it change
the number of thromboxane receptors [243]. Inhi-
bition of (stimulated) thromboxane formation, for
example, in Ca2þ-depleted media, such as citrated
plasma,will providemore substrates for biosynthe-
sis of 12-hydro(pero)xyarachidonic acid (12-H(P)
ETE) that can also modify platelet function by
interaction with cyclooxygenases (Section 2.2.1).
In addition to thromboxane inhibition, aspirin in-
hibits thrombin generation at least at analgesic
doses (0.5–1 g) [239, 240, 244]. However, since thie-
nopyridines also inhibit platelet-dependent throm-
bin formation [245, 246], it is likely that antiplatelet
effects of these compounds aremore important for
their antithrombotic efficacy than their specific ac-
tions on clotting factors (Section 3.1.2). Aspirin
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might increase platelet-dependent NO production
at high intravenous doses (800mg) [247]. Whether
this effect is clinically significant, considering also
the activation of endothelial NO formation by aspi-
rin (Section 2.2.2), is unknown.

Time-Dependent Inhibition of Platelet Function by
Aspirin The antiplatelet action of aspirin is maxi-
mum in vitro after about 15min [248] and irrevers-
iblebecauseof theabsenceofsufficient synthesisof
new enzyme proteins in platelets. In vivo, signifi-
cant inhibition of thromboxane formation and
platelet aggregation in the absence of an aspirin
loading-dose requires about 1 h of continuous i.v.
infusion of aspirin at effective plasma levels of 2 or
4mM [249]. After oral administration, at least two
daily doses (e.g., 75mg) of standard aspirin are
necessary to obtain sufficient inhibition of serum
thromboxane. Oral single doses of 325, 162 (plain),
and 75mg (slow-release) aspirin result in peak
plasma aspirin levels of 10.7, 6.8, and 0.3mM [23].
Intravenous low-dose aspirin (50mg) requires
about 1 h formaximum inhibition of thromboxane

formation [250] whereas nearly complete inhibi-
tion of thromboxane formation and arachidonic
acid-induced platelet aggregation was seen within
5min after 250 and 500mg i.v. soluble aspirin
(Figure 2.25). For oral dosing of 500mg, 20min
were required for a maximum effect [251]. This is
the reason for a �loading� dose if immediate inhi-
bition of platelet function is required, for example,
as an emergency first-line treatment in acute coro-
nary syndromes (Section 4.1.1). Once sufficient
acetylation is obtained, only a maintenance dose
of aspirin per day is necessary.
Pretreatment with (nonselective) reversible

COX-1 inhibitors, such as ibuprofen or indometh-
acin, will antagonize the antiplatelet effects of
aspirin because of interference with aspirin (salic-
ylate) bindingwithin the substrate channel ofCOX-
1 (Section 2.2.1). Theoretically and under certain
experimental conditions with a high salicylate/as-
pirin ratio (�20 : 1), this type of interaction can also
be shown for salicylate [252, 253].However, there is
no evidence for a clinically relevant antagonistic
antiplatelet interaction of aspirin and salicylate at
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conventional antiplatelet doses in vivo. Even pre-
treatmentwith1200mg/day sodiumsalicylate for3
days did not antagonize the inhibition of platelet
function and thromboxane formation after 350mg
i.v. single-dose aspirin [254].
The inhibition of platelet COX-1 and platelet

function by aspirin is functionally antagonized by
the10–15%freshplatelets that enter the circulation
every day from the bone marrow. Thus, some
reduction of the antiplatelet activity after cessation
of aspirin is seen at 1–2 days, but 4–5 days are
required to fully restore normal platelet function in
healthy volunteers [255].

Dose-Dependent Inhibition of Platelet Function by
Aspirin No other issue in aspirin research has
been discussedmore intensively than the question
of the optimal antithrombotic dose – frequently
though not necessarily correctly put on a level with
the antiplatelet dose. There is general agreement
that daily doses of 75–100mg aspirin are sufficient
to inhibit platelet-dependent thromboxane forma-
tion. Somewhat higher doses may be required if
enteric-coated preparations are used, possibly
because of a lower bioavailability of aspirin [256].
In terms of platelet-dependent thromboxane for-
mation in serum – a surrogate estimate for the
platelets� thromboxane-forming capacity – more
than 95% have to be eliminated for a clinically
relevant inhibition of platelet function [257–259].
However, this thromboxane-synthesizing capacity
is an in vitro artifact useful to determine the phar-
macological potency of aspirin to inhibit thrombox-
ane formation but without any physiological corre-
late to circulating thromboxane levels in vivo, which
are significantly lower (Section 3.1.2).
A direct comparison between single-dose and

repeated-dose administration of aspirin to men
shows two parallel dose–response curves differing
in IC50 valuesbya factor of 8 that is equivalent to the
platelet turnover rate and suggests that a daily
maintenance dose that compensates for the entry
of new platelets into the circulation is sufficient
[255, 260] (Figure 2.26). However, this is also a
pharmacological assay and most if not all doses of

aspirin used here inhibit thromboxane formation
by less than 95%, that is, they do not inhibit platelet
function and are, therefore, clinically ineffective.
The subcellular targets of thromboxane in plate-

lets and their interactions are still not completely
understood. At least theoretically, it is likely that
thromboxane per se rather acts as a platelet-derived
amplification factor for furtherplatelet recruitment
and activation than being a direct stimulus for
platelet secretion [261]. There is also evidence for
thromboxane-dependent thrombin activation that
then might connect platelet activation with the
clotting process.

Platelet stimulation by thromboxane results in Gq-G12/13

coupled phospholipase C (PLC) activation and subse-
quent activation of protein kinase C (PKC). Similar
activation pathways are used by thrombin. Since the
receptor–G-protein–effector systems are complex net-
works, synergistic signaling between TXA2 and other
platelet-activating agents, acting via the common G
proteins (Gq), such as thrombin and thromboxane A2,
occurs [262]. In addition, thrombin transcriptionally
upregulates thromboxane receptors in acute myocardial
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infarction [263–265]. Interruption of this positive feed-
back loop by aspirin prevents thromboxane formation
and its synergismwith thrombin. This synergism is highly
desirable and effective, for example, in treatment of
myocardial infarction. Similar considerations may apply
to other situations with an overproduction of thrombox-
ane or enhanced thromboxane receptor numbers, such
as preeclampsia (Section 4.1.5), erythromelalgia, exposi-
tion to testosterone, or cigarette smoking [266].

The high sensitivity of platelet COX-1 against
aspirin, the fact that platelet-dependent thrombox-
ane formation occurs largely (�99%) via COX-1,
and the functional irreversibility of this effect for
theplateletwere themainpharmacological reasons
tosearch for the lowestdoseofaspirin, inparticular,
for long-term use in cardiovascular prevention.
However, prophylactic treatment of arterial throm-
bosis is frequently performed in patients at en-
hanced vascular risk, that is, patients at more or
less advanced stages of atherosclerosis. In these
(inflammatory) conditions, nonplatelet sources of
prostaglandin endoperoxides, the immediate pre-
cursors of thromboxane A2, become increasingly
important, for example, an upregulated COX-2 in
endothelial cells or in monocytes/macrophages.
This allows for transcellular precursor exchange
and for platelet COX-1-independent thrombox-
ane formation that is less sensitive to aspirin [267].
Alternatively, endothelial cells may use platelet-
derived prostaglandin endoperoxides to increase
prostacyclin production [268]. Moreover, studies
in knockout mice have shown that prostacyclin
inhibits thromboxane formation and intimal
thickening via the prostacyclin receptor [269],
pointing to the significance of (COX-2)-derived
prostacyclin production for control of thrombox-
ane formation. Thus, aspirin dosage recommen-
dations, which are based solely on clotting blood
assays or platelet-rich plasma of healthy volun-
teers ex vivo, may not apply directly to patients
with atherosclerotic diseases and hyperreactive
platelets in vivo.

Red Cells and Platelet �Recruitment� Red cells can
markedly enhance platelet reactivity in vivo and in

vitro. This becomes evident by increased platelet
thromboxane formation, release of intracellular
platelet granule components, and recruitment of
additional platelets from the microenvironment
into the developing thrombus [270]. In conse-
quence, antiplatelet effects of aspirin may also be
modulated by red cells, in particular, at low aspirin
doses. In one study, collagen-induced platelet acti-
vation in the presence of red cells was only partially
inhibited by 50mg aspirin/day in healthy volun-
teersand200or300mgaspirin/day inpatientswith
ischemic heart disease, despite a nearly complete
(>94%) inhibition of serum thromboxane forma-
tion. It was concluded that inhibition of platelet
function in vitro in platelet-rich plasma might not
reflect sufficiently the therapeutic efficacy of aspi-
rin in vivo because of the absence of red cells [271].
Interestingly, a loading dose of 500mg aspirin was
found to be sufficient to inhibit the proaggregatory
activity of red cells on platelets [272]. This agrees
with the clinical experience on aspirin �loading�
doses mentioned above.

Aspirin Versus Other Antiplatelet Drugs Aspirin is
theonly antiplatelet agent in clinical use that acts by
blocking thromboxane formation. Therefore, aspi-
rin will act synergistically with other antiplatelet
compounds, such as ADP-receptor antagonists or
antithrombins, that separately interact with other
pathways of platelet activation. All currently used
platelet antagonists eventually inhibit clustering
and activation of the platelet GPIIb/IIIa receptor,
that is, prevent binding of fibrinogen and vonWill-
ebrand factor and aggregation by interplatelet
bridging (Table 2.11). The clinical potency of aspi-
rin as an antiplatelet drug depends entirely on the
significance of the thromboxane pathway for plate-
let activation and secretion. This explains why
aspirin ismore effective in some clinical situations
of platelet hyperreactivity than in others. An over-
view on themode of antiplatelet action of aspirin as
comparedwithotherantiplatelet agents is shownin
Figure 2.27.
Aspirin also differs from other antiplatelet

agents with respect to target selectivity. Aspirin
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exhibits a broad spectrum of biological activities
that are not restricted to or even specific for the
platelet, whereas both thienopyridines and GPIIb/
IIIa antagonists are largely platelet specific. This is
because of the fact that their molecular targets, the
P2Y12 and GPIIb/IIIa receptors, are specifically
expressed on platelets. This does not exclude pleio-
tropic actionsof aspirin and thienopyridines via the
modification of generation and release of platelet-
derived mediators and their action on nonplatelet
targets, for example, P-selectin receptors (PSGL) or
CD40L.

Thromboxane-Independent Pathways of Platelet Ac-
tivation The antiplatelet potency of aspirin de-
pendsonthestimulus.Atantiplateletdoses,aspirin
will not inhibit platelet stimulation by thrombin,
the most potent platelet-activating agent. Aspirin
will alsonotantagonizeplatelet aggregation [273]or
secretion [274] induced by ADP, shear stress
[273, 275, 276], or high-dose collagen. Aspirin does
only partially [277], if at all [278], antagonize the
platelet activation by norepinephrine. Aspirin will
also not antagonize the platelet stimulatory actions
of isoprostanesandnonenzymaticproductsof lipid

Table 2.11 Some pharmacological properties of antiplatelet drugs.

Parameter Aspirin Clopidogrel Eptifibatie/Tirofiban

Mechanism of
antiplatelet action

Inhibition of TX
generation

Blockade of P2Y12-ADP
receptor

Blockade of GPIIb/IIIa
receptors

Action platelet specific No (Yes) Yes
Action reversible No No Yes
Oral administration possible Yes Yes No

Additional effects within
the circulation

(Yes)b (Yes)a No

aClopidogrel might indirectly modify cell function via inhibition of release of platelet-derived products (CD40, PDGF, and
serotonin, etc.).

bAspirin at doses �300mg not only has additional endothelial protective and anti-inflammatory properties but also largely
prevents vascular prostacyclin production.

R

Activation
secretion

AA TXA2ADP

Granules
TXR

GPIIb/IIIa

Fibrinogen binding
aggregate formation

Platelet stimulation

(Collagen, thrombin, adrenaline, shear stress)

Thienopyridines
(clopidogrel)

Fibanes
(eptifibatide)

Isoprostanes
P2Y1

P2Y12

Aspirin

Figure 2.27 Sites of action of antiplatelet drugs.
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peroxidation that bind to the platelet thromboxane
receptor [279] and might act synergistically with
enzymatically generated TXA2 (Figure 2.27). Iso-
prostane formation is, therefore, considered as one
explanation for aspirin �resistance� (Section 4.1.6).
Finally, aspirin will also not inhibit platelet activa-
tion induced by psychical stress [280, 281].
These variable actions of aspirin on platelet

function in dependency of the activation mode
explain its variable antiplatelet activity in clinical
use. In vivo, not onebut several different stimuli act
together simultaneously and determine platelet
reactivity and aggregation. This offers a simple
explanation for the variable treatment efficacy or
even treatment failure with the drug in vivo. Thus,
treatment failures are not necessarily related to a
pharmacological inability of aspirin towork, that is,
to prevent platelet-/COX-1-derived thromboxane
biosynthesis.

2.3.1.2 Endothelial Cells

Healthy Endothelium Neither spontaneous plate-
let aggregation nor clot formation occurs in the
intact circulation because of the antithrombotic
properties of healthy endothelium. Consequently,
endothelial injury results ina lossof its antiplatelet/
antithromboticpropertiesandallowsfor localplate-
let adherence and thrombus formation that is sen-
sitive to aspirin [282]. Aspirin also reduces prosta-
cyclin (PGI2) production in vascular endothelial
cells. In contrast to platelets, this is functionally
antagonized by de novo protein synthesis. In cell
culture, this requires about 36 h for full recovery
[283, 284].
The inhibitory effect of aspirin on (bradykinin)-

stimulated endothelial prostacyclin production in
vivo disappears faster, within 6 h in healthy sub-
jects [285]. Repeated administration of 500mg
aspirin twice daily reduced the excretion of prosta-
cyclin for only about 3 h [286]. In any case, inhibi-
tion of vascular prostacyclin generation is long
lasting but incomplete [287, 257]. One explanation
for this phenomenon is that vascular (endothelial)
cells of healthy volunteers not only have a signifi-

cant protein turnover rate (in contrast to the plate-
let) but also generate significant amounts of PGI2
(more than 50%) via COX-2 [288] that has a rather
short half-life [289] and is less sensitive to aspirin at
antiplatelet doses (Section 2.2.1). Thus, antiplatelet
doses of aspirin will cause only a minor and tran-
sient inhibition of endothelium-dependent PGI2,
the most important natural inhibitor of platelet
activation.

Endothelium in Atherosclerosis A different situa-
tion exists in atherosclerotic vessels. Because of the
inflammatory nature of the disease [236], there are
marked alterations of endothelial function, includ-
ing the generation and release of antithrombotic/
vasodilatory/fibrinolytic agents. It is known for a
long time that vascular prostacyclin production is
enhanced in atherosclerosis [290, 291] whereas the
generation of other anticoagulants and profibrino-
lytics is reduced. Overall, this results in a disturbed
hemostatic balance between the vessel wall and
platelets and subsequent platelet hyperreactivity
toward about every kind of platelet stimulus. An-
other consequence is upregulation of endothelial
COX-2, providingmore PGI2 and PGE2 for regula-
tion of hemostasis and vessel tone (Figure 2.28).
Furthermore, there is anenhanced releaseofproin-
flammatory cytokines in advanced atherosclerosis
that isreducedbyaspirin [292].Aspirinalsoreduces
the number of macrophages in atherosclerotic le-
sions and increases the number of smoothmuscle
cells and interstitial collagen in an animalmodel of
atherosclerosis [293]. These plaque-stabilizing and
endothelial-protective actions of aspirin [294]
might result in reduced progression of atheroscle-
rosis and reduced likelihood of plaque rupture, the
starting event of arterial thrombus formation. Co-
treatment with selective COX-2 inhibitors appears
not to have any significant effect on endothelial
dysfunction or vascular inflammation in athero-
sclerotic patients concomitantly treated with
low-dose aspirin [295], whereas selective COX-2
inhibitors may increase the risk of myocardial
infarctions in patients at advanced stages of athero-
sclerosis. However, nonselective NSAIDs might
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have a similar effect (Section 4.1.1). The clinical
significance of an interaction between aspirin and
reversible COX inhibitors is not proven. However,
the possible interaction of aspirin with vascular
PGI2 and platelet TXA2 is of considerable interest.

Weksler and colleagues have studied the inhibition of
vascular PGI2 in vessel segments ex vivo and platelet
TXA2 formation in serum in patients with angiograph-
ically documented coronary artery disease, undergoing
elective aortocoronary bypass surgery.
Aspirin caused a dose-dependent inhibition of

thromboxane formation in serum and PGI2 generation
in specimens of the aorta and saphenous vein. A single
dose of 325mg completely prevented thromboxane
generation but reduced PGI2 formation for significantly
less amounts. No significant reduction of prostacyclin
generation was seen at lower doses. There was no
difference in perioperative blood loss at 325mg aspirin
as compared to untreated controls.
The conclusion was that low-dose aspirin can largely

inhibit platelet aggregation and thromboxane forma-
tion but is much less effective on vascular prostacyclin
production in arterial and venous endothelium in these
patients (Figure 2.29) [296, 297].

At this point, it should benoted that inhibition of
PGI2 generation is not necessarily equivalent to

inhibition of PGI2 function. PGI2 acts via specific
G-protein-coupled receptors at the cell membrane
that are subject to agonist-induced (down)regula-
tion in number and affinity. Unfortunately, there
are only very few studies addressing the issue in
prostacyclin receptors. Bioassay data suggest that
inhibition of tissue-derived prostaglandin synthe-
sis is generally associated with an enhanced sensi-
tivity of the target tissue. This has also been shown
for inhibition of platelet aggregation by prostacy-
clin after aspirin treatment [298]. The opposite is
seen in situations of extensive endogenous prosta-
cyclin production, for example, ischemia-induced
prostacyclin formation in acute myocardial infarc-
tion. This is associated with a marked reduction
in prostacyclin receptor number and sensitivity
[299, 300].

Aspirin and Other Endothelium-Derived Antiplatelet
Factors Prostacyclin is not the only endothelium-
derived product that inhibits platelet function. Two
others are the endothelial cell ADPase (CD39) [301]
and nitric oxide. Although the cleavage of ADP by
the ADPase activity of the 50-nucleotidase is not
changed or only modestly reduced [302], the

Arachidonic acid

COX-2

Platelets Vascular cells

Inflammatory cytokines
Growth factors
Shear stress
Oxidative stress

PG- endoperoxides PG- endoperoxides

TXA2
Platelet function (thrombus formation)

Stimulation

PGI2 PGE2

Inhibition

Rofecoxib

Vessel tone (blood pressure)

COX-1

Ibuprofen

Monocytes / 
macrophages

(Precursor exchange)

Aspirin

Figure 2.28 Arachidonic acid metabolism via COX-1 and COX-2 in the cardiovascular system. Note the possible
exchange of PG-endoperoxide precursors between platelets, vessel wall, and inflammatory cells (for further explanation,
see the text).
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endothelial generation and action of NO might
be significantly enhanced by aspirin. Taubert
et al. [188] have shown that aspirin acetylates eNOS
protein, aneffect independentofCOXinhibitionor
inhibitionof superoxide-mediatedNOdegradation
(Section 2.2.2). Aspirin treatment of patients at
advanced stages of atherosclerosis or hypercholes-
terolemia improves the reduced endothelium-

dependent relaxation. No such effect was seen in
healthy subjects [303, 304] (Figure 2.30).

Interactions Between Aspirin and COX Inhibitors
The thrombotic side effects of coxibs, eventually
resulting in myocardial infarction and stroke, are
currently of considerable concern [305–308] (Sec-
tion 4.1.1). Interestingly, patients on coxibs (pare-
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coxib/valdecoxib) subjected to coronary artery by-
pass surgery exhibited a significant increase in
cardiovascular events within a few days – though
being on aspirin treatment [309]. The reason for
this therapeutic failure of aspirin is unknown.
Possibly, the hemostatic equilibrium in these pa-
tients depends on the continuous formation of
antiplatelet, vasodilatory prostaglandins via an up-
regulatedCOX-2 in the vessel wall. Amore detailed
discussion of the clinical aspects of these drug
interactions is found in Section 4.1.1.

2.3.1.3 Plasmatic Coagulation
Aspirin does not directly alter the plasmatic coagu-
lationatantithromboticdoses (�300mg) inhealthy
individuals [310, 311]. However, there is evidence
that aspirin might indirectly interfere with the
plasmatic clotting system via inhibition of throm-
bin formation [239].Whether this activity isprimar-
ily a thromboxane-related or a thromboxane-inde-
pendent event, for example, due to acetylation of
prothrombin [239] and/or fibrinogen [312, 313]
remains to be determined. It is also unknown to
what extent inhibition of thrombin formation con-
tributes to the antithrombotic action of aspirin in
vivo [239]. Interestingly, the inhibition of thrombin
formation by aspirin is abolished in patients after
acute myocardial infarction and thus might be
clinically relevant [314].
Inhibition of plasmatic coagulation by aspirin at

higher doses (�3–4 g) is known for a long time and
is caused by inhibition of hepatic synthesis of
vitamin K-dependent zymogens of clotting factors.
This includes prothrombin (factor II) as well as
factors VII, IX, and X. The subcellular mode of
action is unknown.

Link and colleagues originally detected the anticoagula-
tory action of coumarins in the 1940s and also described
a fall in plasmatic prothrombin levels by aspirin and
sodium salicylate. Salicylic acid is formed quantitatively
from these compounds during metabolism by the liver.
These findings, a bleeding tendency after intake of about
10g of salicylates and the fact that coumarins had no
direct anticoagulant effect in vitro, prompted him to
speculate that the antithrombotic action of coumarins

was due to intermediate generation of salicylate as the
active metabolite. He also thought that this was the
reason for the slow onset of the anticoagulatory action of
coumarins after oral intake.
It is now known that this is not true. However, it is

interesting from a medical–historical point of view that
sometimes even formally absolutely logical concepts,
apparently verified by well-done experiments, providing
the correct, expected result, may lead to wrong con-
clusions [315].

According to current knowledge, the marked
prolongation of bleeding time at high doses of
aspirin results from the combined inhibition of
platelet function and reduced generation of the
zymogens of plasmatic clotting factors, in particu-
lar, prothrombin (Section 3.1.2).

2.3.1.4 Fibrinolysis
Fibrinolysis, that is, reopening of an occluded
vessel by dissolution of the thrombus, marks the
beginning of repair mechanisms, eventually re-
storing the original perfusion conditions. Aspirin
affects fibrinolysis, both directly and indirectly, at
different levels and acts via different mechani-
sms. The twomost important components are the
platelets, facilitating the generation of procoagu-
lant and antifibrinolytic factors and vascular
endothelium, generating anticoagulant and profi-
brinolytic factors. The net effect depends on the
actual conditions.

Fibrinolysis and Endothelium Aspirin does not
change plasma levels of endothelium-derived tPA
or plasminogen activator inhibitor-1 (PAI-1) [316].
Aspirin also does not affect enhanced fibrinolysis
after vessel injury [317] or physical exercise [318] or
does so only at toxic doses in animal experi-
ments [319]. However, several studies in healthy
volunteers have demonstrated an inhibition of
ischemia-induced fibrinolysis by aspirin. The sug-
gested mechanism of action was inhibition of
endothelial tPA release at unchangedPAI-1 activity
[318, 320, 321]. Consequently, inhibition of fibri-
nolysis by aspirin was prevented by prostacyclin
[322, 319]. Thesedata suggest that ischemia-related
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stimulationoffibrinolysis is at least partially caused
by prostacyclin release that is aspirin sensitive
(Table 2.12). At high doses (650mg bid), aspirin
might additionally enhance fibrinolysis by acetyla-
tion of fibrinogen, independent of tPA levels [310].
The fibrinolytic response to urokinase is enhanced
by aspirin pretreatment [323].

Fibrinolysis and Platelets Lysis of an arterial
thrombus releases a variety of platelet-activating
agents, including active thrombin and thrombox-
ane A2 from still functioning (over hours) platelet
cyclooxygenases and other serine proteases, such
as factor Xa. Streptokinase and fibrin degradation
products enhance platelet reactivity. Coronary
thrombolysis with streptokinase in patients with
acute myocardial infarction markedly stimulates
platelet functionand thromboxaneformation [324].

Plasmin and tPA show the opposite effect and
inhibit platelet function [325]. Thus, streptokinase
appears to directly stimulate platelet function
whereas other fibrinolytics, such as tPA or uroki-
nase do not. Aspirin does not directly affect gener-
ation of antiplasmin by platelets [320] nor does it
stimulate plasmin activity at antithrombotic con-
centrations [326].
As a net effect for the clinics, there is a tendency

toward synergistic actions between aspirin and
fibrinolytics [327] (Section 4.1.3). Thus, antiplatelet
treatment should be performed prior to any fibri-
nolytic treatment in order to antagonize the release
of platelet activating product after lysis of an oc-
cluding thrombus. The synergistic effect of throm-
bolysis by streptokinase plus aspirin treatment has
been convincingly demonstrated in the ISIS-II trial
(Section 4.1.1).

Table 2.12 Inhibition of ischemia-induced stimulation of fibrinolysis by aspirin ex vivo and antagonism of this effect by
iloprost.

Euglobulin lysis (mm2)

Treatment Before ischemia After ischemia Before/after p

Placebo 67� 13 232� 56 4.4 <0.01
Aspirin 92� 15 197� 42 2.2 n.s.
Iloprost 79� 19 255� 93 4.5 <0.01
Aspirinþiloprost 76� 12 285� 37 4.3 <0.01

aHealthy volunteers received 2� 650mg aspirin and/or 1 ng/kg/min i.v. iloprost for 1 h prior to 10min of upper arm ischemia
by venous stasis, mean� SEM. (after [322]).

Summary

The main effect of aspirin on hemostasis and
thrombosis is the inhibition of platelet function
via inhibition of thromboxane formation. At least
in experimental settings, aspirin also antagonizes
generation of thrombin, the most potent procoa-
gulatory factor, andmodulates fibrinolysis. Thus,
aspirin affects all three components of the hemo-
static system in a direction toward prevention of
thrombotic events and facilitation of fibrinolysis.

The potency of aspirin as inhibitor of platelet
function is dose dependent and also determined
by the stimulating factor. Aspirin does not di-
rectly inhibit platelet function ex vivo after stim-
ulation by ADP, high-dose thrombin or colla-
gen, and shear stress at physiological Ca2þ

levels. �Loading� doses of 250–500mg soluble
aspirin will result in a rapid and complete inhi-
bition of platelet-dependent thromboxane for-
mation whereas regular intake of lower doses,
that is, about 100mg/day, is sufficient for
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2.3.2
Inflammation, Pain, and Fever

Inflammation as a response to injury is an expres-
sion of the effective activation of cellular and hu-
moral defense mechanisms. The local inflamma-
tory syndrome is characterized by its five classical
features: heat (calor), redness (rubor), pain (dolor),
swelling (tumor), and tissue injury (functio laesa).
These multiple symptoms of acute inflammation
are caused by a complex interaction between in-
flammatory white cells, cell- and tissue-derived
mediators, and the vessel wall endothelium [328].
Leukocyte-derived cytokines additionally cause
an increase in core temperature (fever) that accel-
erates all of the numerous biochemical reactions
designed to speed up the acute inflammatory
response whereas (inflammatory) pain will act as
an overall alarming signal, indicating tissue inju-
ry and its location. In pharmacological terms, this
means that any effective anti-inflammatory treat-
ment in turn will also inhibit the accompanying
events fever and pain. Nevertheless, targeted re-
moval of one of the mediator systems involved
will never stop the whole process but rather
ameliorate it. The inflammatory reaction as a
whole is an essential life-preserving process, and
in this aspect similar to the maintenance of
hemostasis, which enables the organism to resist
and to survive the exposure against a variety of
noxious external stimuli [328].
The discovery by Sir John Vane that aspirin

inhibits prostaglandin biosynthesis provided for
the first time a unifying and simple explanation
for the well-known anti-inflammatory, analgesic,
andantipyretic actionsof salicylates.Thisdiscovery
was followed by the development of dozens of
NSAIDs. These compounds were designed to re-
duce local prostaglandin levels via inhibition of
injury-induced biosynthesis with prospective use
as anti-inflammatory analgesics (Section 2.2.1).
Second generation NSAIDs, the selective inhibi-
tors of COX-2-derived prostanoids (coxibs), were
even more specifically targeted to injury-induced
upregulation of prostaglandin biosynthesis. Al-

though the future of coxibs is still uncertain, not
because of lack of potency but because of unwanted
adverse effects (see below), traditional NSAIDs
have meanwhile largely displaced aspirin from its
use in long-term treatment of inflammatory dis-
eases (Section 4.2.2). However, with increasing
knowledge about the complexity of the inflamma-
tory response, specifically the key role of cytokines,
the elucidation of major immune regulatory me-
chanisms, and the identification of a plethora of
chemicals that mediate these multiple responses
and in addition interact with each other in a very
complex manner, it became also clear that prosta-
glandins are neither the only nor the most impor-
tant biomolecules that control the inflammatory
process and its accompanying phenomen-pain and
fever.
Inhibition of prostaglandin formation in an

area of tissue injury is still the most widely
accepted explanation for the analgesic/anti-in-
flammatory action of aspirin. However, the effi-
cacy of aspirin as an anti-inflammatory analgesic
can probably not solely be explained by inhibition
of prostaglandin biosynthesis. For example, anti-
inflammatory actions of aspirin are stronger at
doses higher than those that cause maximum
inhibition of prostaglandin formation. There are
also no clear correlations between inhibition of
prostaglandin biosynthesis and the analgesic ef-
ficacy of aspirin. Stimulation of the lipoxin path-
way via 15-lipoxygenase of neutrophils might
be one explanation, especially in inflammatory
pain [329]. There might be a relation to the (endo)
cannabinoid system [330] but clearly an interac-
tionwith pain transmissionwithin the spinal cord
and other parts of the central nervous system
(Figure 2.31). Nevertheless, it is obvious that pain
can result from many more reasons than just
inflammation and the same is true for fever, for
example, as a consequence of viral infections.
This alsomeans that themode of action of aspirin
to modify these processes might not be the same.
Thus, the effects of aspirin on inflammation, fever,
and pain, and the possible mode of action will be
discussed separately.
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2.3.2.1 Inflammation

Inflammation and Inflammation Mediators One
of the first consequences upon tissue injury
is the release of inflammatory mediators. The
�inflammatory soup� [331] contains cytokines, ki-
nins, growth factors, amines, protons, peptides,
and a number of other chemicals, including ara-
chidonic acid and prostaglandins, released from
broken cells or generated locally. Prostaglandins
are formed in the early vascular phase of the in-
flammatory process and modulate the inflamma-

tory reaction in the injured area by enhancing the
activity of other inflammatory mediators. This in-
cludes NO, generated by the iNOS and inflamma-
tory cytokines suchas interleukins1and6 (IL-1 and
IL-6) from leukocytes. Functionally, prostaglan-
dins, acting synergistically with histamine and
tryptase, cause local vasodilation (erythema and
heat) and sensitize pain fibers to nociceptive
stimuli. Tissue injury is enhanced – and cell debris
removed – by invading white cells, such as neu-
trophils and monocyte/macrophages. They are at-
tracted to the inflamedareaby chemokines, such as

Figure2.31 Releaseofmediatorsof inflammationandpain inacute tissue injury. Local tissue injury (inflammation, ischemia)
is associated with generation and release of inflammatory mediators from local storage sites and invading white cells.
This includes substance P (SP), bradykinin (BK), serotonin (5-HT), protons (acidic pH) and cytokines among others.
Destruction of cellmembranes results in release of arachidonic acid (AA), and generation of prostaglandins (PGs) and other
eicosanoids. These eicosanoids amplify the local inflammatory reaction, including vessel dilatation, increase in vascular
permeability, and sensitization of pain receptors.
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leukotriene (LTB4) or monocyte-chemoattractant
protein-1 (MCP-1). In addition to their direct local
effect, prostaglandins, produced via IL-6 upregu-
lated COX-2, will also affect the speed and severity
of inflammatory responses via resetting of central
temperature control to higher levels (Section
2.3.2.3).

Mode of Anti-Inflammatory Actions of Aspirin
Among the multiple pharmacological actions of
aspirin, most of the attention has been focused on
its analgesic/anti-inflammatory effects. This was
also the reason why the substance was originally
developed and clinically introduced (Section 1.1.3).
Originally, it was thought that the anti-inflamma-
tory action of aspirin (and salicylate) might result
from its effects on cellular energymetabolism, that
is, uncoupling of oxidative phosphorylation. This
hypothesis, although attractive, was rejected [333]
(Section 2.2.3). Future research was focused to
more specific actions of salicylates on cells of inter-
est. This included white cells, their numerous
activation and secretion products, and the vascular

endothelium. Aspirin appears to be a more potent
inhibitor of COX-2-derived PGE2 formation in cell
culture in vitro than its metabolite salicylic acid
while �activated� salicylic acid (salicylyl-CoA) was
active [334]. Other investigators obtained different
results with differentmodels [97], though in vascu-
lar smooth cells, upregulated COX-2 was also less
sensitive to salicylate than to aspirin (Figure 2.32).
However, aspirin and salicylate are about equipo-
tent anti-inflammatory compounds in vivo and
reduce the prostaglandin content of inflammatory
exudates to a comparable extent (Figure 2.32). Ob-
viously, effects in addition to inhibitionof enzymat-
ic activity of COX-2 are involved (Section 2.2.2).
Thesefindings, together with the longer half-life of
salicylate and its (intracellular) accumulation at an
inflammatory site because of the acidic pH, led to
the conclusion that salicylate rather than aspirin is
the active anti-inflammatory component and aspi-
rin is merely the prodrug of this active metabo-
lite [335]. Similar conclusionswere already reached
by Dreser in his first description of pharmacologi-
cal properties of aspirin in 1899 (Section 1.1.3).
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Figure 2.32 (a) Inhibition of PGE2 generation in tissue explants of acutely inflamed rat synovia by aspirin and salicylate.
Drugs were added to nonproliferating synovia cultures for 24 h. PGE2 was assayed in the supernatant (modified after [335]).
(b) Inhibition of COX-2-mediated PGE2 generation in cultured human coronary artery smooth muscle cells by aspirin
and salicylate (o-hydroxybenzoic acid) but no effect of m- and p-hydroxybenzoic acid. (Schr€or and Kuger, unpublished).
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Inhibition of Neutrophil Function and Recruitment
Neutrophil granulocytes are themost abundant cell
population in inflammatory exudates as well as in
inflamed and ischemic tissues. Neutrophils cause
tissue injury by two mechanisms: generation of
free oxygen centered radicals and products thereof
and release of tissue destructive enzymes, such as
elastase and peroxidase. These reactions are ampli-
fied by LTB4 release from activated neutrophils,
whichmediates leukocyte recruitment to the site of
tissue injury. In this context, it should be noted that
vasodilatory prostaglandins, most notably PGE2
but not PGI2, are potent inhibitors of neutrophil
function [336] as might be aspirin via ATL forma-
tion (see below). Interestingly, there is evidence for
a synergistic inhibitory effect of E-type prostaglan-
dins and salicylate on neutrophil function [337].
An alternative explanation for the inhibition of
leukocyte accumulation to an inflamed area by
aspirin and salicylates is the local accumulation of
adenosine in granulocytes after enhanced ATP
breakdown [338] and/orpreventing its rephosphor-
ylation by inhibition of oxidative phosphorylation
(Section 2.2.3). In this context, inhibition of leuko-
cyte accumulation by salicylates was shown in one
study tobe independent of inhibitionofprostaglan-
din synthesis and was suggested to be adenosine
mediated [339].

Protection of Endothelial Function Inflammation
and infections do profoundly affect the function of
vascular endothelial cells. Endothelial dysfunction
might be a common link between inflammation
and the enhanced cardiovascular risk in patients
suffering from chronic inflammatory diseases
such as rheumatoid arthritis (Section 4.2.2). In-
flammatory cytokinesupregulate endothelialCOX-
2 and iNOS and enhance generation of reactive
oxygen species (Section 2.2.2). Experimental sys-
temic inflammation in healthy individuals, caused
by S. typhi vaccination, was associated with endo-
thelial dysfunction as seen from reduced endothe-
lium-dependent relaxation that could be prevented
by previous aspirin treatment (1.2 g). Aspirin treat-
ment after vaccination had no effect, suggesting
that these actions of aspirin were mediated by
inhibition of the cytokine (IL-1) cascade [294]. In
inflammatory conditions, treatment with aspirin
might result in generation of 15-(R)-HETE that can
be transformed to 15-epi-lipoxin A4 or aspirin-trig-
gered lipoxin (Section 2.2.1) by interactionwith the
5- and 15-lipoxygenase of white cells, respectively
(Figure 2.33). ATL, like other lipoxins, is a potent
anti-inflammatory compound. It inhibits the
neutrophil-induced increase in vascular perme-
ability [329] and leukocyte recruitment to the in-
flammatory site. This last actionmight also involve
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Figure 2.33 Generation of aspirin-triggered lipoxin, an anti-inflammatory mediator, by acetylation (Ac) of COX-2 in the
presence of white-cell 5-lipoxygenase (5-LOX). Coxibs and traditional NSAIDs solely block COX-2 activity to a variant
extent. ATL stimulates eNOS with subsequent NO formation and antagonizes the activation of neutrophils and their
recruitment to the injured (inflamed) area.
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NO formation via stimulation of the eNOS [340],
possibly similar to the improved endothelium-
dependent relaxation in patients with advanced
systemicatherosclerosis (seeFigure2.30). Lipoxins
will also improve endothelial oxygen defense by
transcriptional upregulation of heme oxygenase-1
[191] (see Figure 2.20) and might be important as
agents that terminate the �killing� phase of inflam-
mation and initiate the healing process [328].
Thismodeof actionof aspirin differs fundamen-

tally from that of selective or nonselective COX
inhibitors that rather tend to reduceATL formation
because of inhibition of COX-2 and cannot induce
generation of the 15-(R)-HETE precursor because
of their inability of target protein acetylation. In any
case, the clinical significance of this attractive hy-
pothesis of a central function of aspirin-generated
ATL and other lipoxins for resolution of inflamma-
tion still needs to be confirmed in men.

Leukocyte Adhesion and Transmigration Aprereq-
uisite for tissue-destructing actions of leukocytes is
their adhesion to and transmigration through the
endothelial lining of blood vessels. This leukocyte
traffic is controlled by signaling and adhesion mo-
lecules that also regulate leukocyte function. Sali-
cylates inhibit cytokine-induced expression of ad-
hesionmoleculesonendothelial cells [162,341]and
integrin-mediated neutrophil adhesion [342, 343].
Nosucheffectswere seenwith indomethacin [162].
In healthy volunteers, inhibition of adhesion and
transmigration of T lymphocytes to cultured cyto-
kine-stimulated human endothelial cells were
found exvivoafteronesingle i.v. injectionof500mg
soluble aspirin. This anti-inflammatory activity of
salicylates was at least partially due to an interfer-
ence with the integrin-mediated binding of resting
T lymphocytes to �activated� endothelium with
subsequent reductionof specificT-cell recruitment
to the inflammatory site [342]. Finally, there is also
evidence for inhibitionofTNFa-inducedmonocyte
adhesion to endothelial cells by aspirin. This action
appears to be NFkB-mediated (Section 2.2.2) but
requires salicylate concentrations of 5–10mM in
vitro for a significant effect [344].

Modulation of Cytokines Cytokinesmediatemany
inflammation-associated immune reactions.How-
ever, theyalsomediatehostdefense, forexample,by
generation of antibodies or activation of lympho-
cytes [345, 346]. IL-1 and the related tumornecrosis
factor (TNFa) frommacrophages induce secretion
of further cytokines and function as endogenous
pyrogen. Aspirin has complex actions on cytokine-
induced inflammatory and immunogenic respon-
ses in healthy man [347]. Interestingly, rebound
phenomenaoncytokine-inducedcytokinesynthesis
have been described after short-term low-dose
aspirin treatment and were possibly prostaglandin
dependent since similar changes were seen after
ibuprofen [348].

An interesting recent finding was the selective inhibition
of IL-4 gene expression in human T cells by aspirin at
therapeutic concentrations (�1mM). IL-4 is the proto-
typic cytokine expressed in CD4þ T cells and involved in
several inflammatory diseases, such as juvenile rheuma-
toid arthritis and Kawasaki�s disease. Salicylates inhibit
IL-4 promoter activation in vitro. This action does not
involve inhibition of prostaglandin biosynthesis or
inhibition of NFkB activation [175].

Overall, the available data on themodification of
cytokines by salicylates are complex and partly
controversial. In some cases, this can be explained
by the high concentrations of salicylates, required
to obtain these actions in many in vitro studies. At
higher levels, salicylates have multiple actions on
C/CBP-b, NFkB, and other transcription factors in
the promoter region of inducible genes, for exam-
ple, those for cytokines (C/EBP-b), COX-2, and
iNOS (Section 2.2.2). Another explanation for vari-
able results is the different experimental settings,
that is, different cell types, duration, and intensity
of stimulation as well as complex interactions with
othermediators such as immunomodulating pros-
taglandins. For example, PGE2 generation might
significantly alter cytokine release and activity in
vivo but is virtually absent in many in vitro assays.
Overall, available data show that aspirin and
salicylates have multiple biochemical and phar-
macological actions on important mediators of
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inflammation. This also includes prostaglandins.
However, the full spectrumof putative anti-inflam-
matory actions of aspirin and salicylate might not
solely be explained by inhibition of prostaglandin
biosynthesis and is also not shared by traditional
NSAIDs or coxibs, respectively.

2.3.2.2 Pain

Pain Mediators and Pain Perception Pain is an
alarming signal indicating impending damage to
anorganor tissue.Most formsofpainare causedby
noxious stimuli, thus feeling of pain is essential for
the survival of an organism in a potentially hostile
environment [331]. Acute inflammatory or ische-
mic pain results from tissue injury and is causedby
release of inflammatorymediators at a site of tissue
injury as discussed above. Chronic pain is symp-
tomatic of numerous pathological conditions,
includingnot only chronic inflammation (rheuma-
toid arthritis, osteoarthritis, and low back pain) but
also visceral diseases, cancer, and migraine. Aspi-
rin and inhibitors of cyclooxygenases are standard
compounds to treat inflammatory, that is, prosta-
glandin-related pain. However, because of the
multiplicity of pharmacological actions of aspirin,

the compound might also affect noninflammatory
pain, most notably tension, headache, and mi-
graine. Aspirin is rather ineffective in most forms
of neuropathic pain, that is, pain due to lesions of
pain signalling neurons [332].

Prostaglandins and Inflammatory Pain Among the
numerous chemicals that are released at a site of
inflammation, vasodilatoryprostaglandins, suchas
PGE2 and PGI2, have an outstanding position in
pain perception. This was originally described by
SergioFerreira [349]andultimatelyconfirmedby the
disturbed pain perception in animals with deleted
prostaglandin receptors [350]. The local levels of
prostaglandins in an injured area are probably too
low to directly stimulate pain fibers [349, 351–353],
though their effect may be enhanced by other
mediators that enhance prostaglandin release, for
example, bradykinin. Prostaglandins rather sensi-
tize nociceptors in the affected skin and viscera to
natural stimuli and other chemicals with the func-
tional consequences of hyperalgesia and allodynia,
that is, they shift the pain threshold to the left and
increase pain perception (Figure 2.34). The actions
of prostaglandins onperipheral nerves are receptor
mediated, probably via the EP1 and IP receptor
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subtypes. These in turn stimulate capsaicin recep-
tors at unmyelinatedCfibers that are considered to
be critical for inflammatory pain [354]. The subcel-
lular mode of pain sensitization by prostaglandins
involves lowering of the activation threshold of
voltage-sensitive, tetrodotoxin-resistant, nocicep-
tor-specific sodium channels via increase in cAMP
and cAMP-induced activation of protein kinase A.
The net result of stimulation of capsaicin receptors
and tetrodotoxin-resistant sodium channels is an
increased excitability of the sensory neuron [355–
357].

Peripheral Analgesic Actions of Aspirin There are
several mechanisms that contribute to a periph-
eral analgesic action of aspirin. Probably best
known is the inhibition of prostaglandin synthe-
sis that explains actions of aspirin within the pain
signal generating and processing (inflamed) site.
Pricking of diluted emulsions of arachidonate,
the precursor of prostaglandins, into the volar
face of the human forearm causes pain after a
latency period of 15–20 s, followed by erythema
for 15–30min [359]. Similar findings were ob-
tained with intraarterial injection of bradykinin
and additionally shown that its algetic effects
could be antagonized by aspirin [360, 358] where-
as algogenic actions of prostaglandinsPGE2 re-
mained unchanged [361, 362]. Furthermore, the
potentiation of pain responses to threshold doses
of other algogens (bradykinin, histamine) by in-
tradermal injection of PGE1 was also not reduced
by aspirin [349]. These data suggest a peripheral
prostaglandin-mediated antihyperalgesic (anal-
gesic) action of aspirin in inflammation that is
related to inhibition of prostaglandin biosynthe-
sis at a site of injury.
More recent experimental and clinical data sug-

gest that inhibition of peripheral prostaglandin
synthesis is not the only mechanism of analgesic
actions of aspirin [363]. For example, there is no
clear correlation between the intensity of analgesia
and inhibition of prostaglandin biosynthesis by
aspirin. The short-lasting hyperalgetic actions of
prostaglandins also suggest the contribution of

additional factors for longer lastingresponses, such
as additional chemical mediators, released at an
inflamed site [364, 365] or actions on afferent pain
perception at the spinal or supraspinal levels
[352, 366]. In this context, there might also be a
role for neuronal COX-2.

Central Analgesic Actions of Aspirin Recent data
indicate a cytokine-induced upregulation of
�constitutive� COX-2 in spinal cord dorsal neurons
and other regions of theCNS associatedwith hyper-
algesia in response to inflammatory pain [367]. In
addition to constitutive expression, COX-2 might
also become induced in not only neuronal cells and
white cells but also cerebral vascular cells after
peripheral administration of inflammatory cyto-
kines [368]. Thus, in addition to peripheral actions
via inhibition of injury-induced prostaglandin re-
lease from an affected tissue, aspirin might also
affect signal transduction in afferent nociceptive
pathways [369], perhaps with some similarities to
coxibs [367]. COX-1b, previously also known as
�COX-3,� might also be involved and inhibited by
aspirin but not by acetaminophen [95]. The central
antinociceptive actions of aspirin are not abolished
bytheopioidantagonistnaloxon, suggesting that the
endogenous opioid system of endorphins is not
involved [370].
Another interesting class of compounds that

are involved in pain control is endocannabinoids.
They aremonoacylglyerols, frequently containing
arachidonic acid, anandamide being the proto-
typic compound. Appreciable concentrations of
anandamide have been found in dorsal horn
ganglia and spinal cord, suggesting a relation to
pain transmission.Cannabinoid-induced analgesia
has been shown to have components in brain,
spinal cord, and peripheral sites and is mediated
via specific G-protein-coupled receptors. Interest-
ingly, desensitization of cannabinoid receptors by
long-term treatment with cannabis (D9-tetrahy-
drocannabinol) abolished the analgesic actions of
aspirin and modified that of certain NSAIDs but
not of acetaminophen in an animal model of
visceral pain (Figure 2.35) [330]. Control experi-
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ments suggested a role for cannabinoid-induced
prostaglandin release. In any case, this is the first
evidence for the possible involvement of the
cannabinoid system in the analgesic action of
aspirin but less so for acetaminophen and de-
serves further studies.

Aspirin and Serotonin Serotonin – similar to nor-
epinephrine – is a biogenic amine with particular
relation to pain inside the brain, such as migraine
and tension headache. An interaction between sal-
icylates andserotoninhasbeenpostulated fora long
time and is oneof themajor arguments for a central
analgesic effect of aspirin [371, 372]. Several studies
suggest a synergistic interaction between aspirin
and serotonin in the central nervous system [370]
thatmight be relevant not only tomigraine (Section
4.2.1) but also to cognitive processing [373]. Mech-
anistically, interactionswithserotoninmightbedue
to displacement of the amino acid precursor trypto-
phan by salicylates from its binding to plasma
proteins, eventually resulting in increased seroto-
nin biosynthesis in the brain [374, 370]. Elevated
brain serotonin was found in cortical and pontine
areas of the rat brain, subsequent to parenteral
aspirin treatment at anti-inflammatory doses. It
was suggested that high brain serotonin levels will
downregulate serotonin receptors [370, 375] and

that this mechanism might be involved in the
central antinociceptive actions of aspirin.

DirectActionsofAspirinonPeripheralPainFibersand
Central Pain Perception In noninflammatory con-
ditions, nausea, vomiting, tinnitus, and dizziness
are typical initial symptoms of aspirin overdosing
(Sections 3.1.1 and 3.2.4). They are mediated by
direct actions of aspirin on selected regions in the
brain and suggest specific actions of aspirin on
selected areas of the CNS that are independent of
prostaglandins. Experimental studies have shown
that intrathalamic injection of aspirin or salicylate
depresses C-fiber-mediated nociceptive activity af-
ter nerve stimulation, suggesting a central (spinal
cord) mechanism of the antinociceptive action of
aspirin that is probably salicylate mediated [376].
More recent experimental studies have confirmed
an analgesic action of oral aspirin at the spinal cord
level and additionally demonstrated a nociceptive
processingthatwasdifferent fromthatofacetamin-
ophen [377]. Further experimental evidence for a
centralanalgesicactionofaspirin inmanwasfound
by Bromm and colleagues [32, 378] in a human
model of noninflammatory pain.

Thirty-two healthy volunteers were subjected to phased
pain by electrical stimulation. Stimuli were applied via a
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specifically designed intracutaneous electrode that was
inserted into the tip of the left middle finger in the
immediate vicinity of the most superficial skin afferents,
unmyelinated C fibers, and myelinated Ad fibers, mostly
belonging to the nociceptive system. The strength of
electrical stimulation was adjusted to pain fibers and
minimized concomitant excitation of receptors for other
sensory modalities. All subjects were treated with aspirin
(1 g) or a matching placebo in a double-blind crossover
design. Measurements of subjective pain ratings and
somatosensory evoked cerebral potentials were taken
about 2 h later.
Electrical stimulation of the fingertip caused a well-

localized pain response without overt tissue injury.
Aspirin significantly reduced subjective pain sensation
and somatosensory evoked pain-related cerebral po-
tentials (SEPs). No effect of aspirin was observed on
auditory evoked potentials, reaction time, and sponta-
neous electroencephalograms. Peak plasma levels of
aspirin and salicylate at 2 h were 3 and 32mg/ml,
respectively, with large interindividual variation and no
clear correlation with the analgesic effect.
The conclusion was that the analgesic action of aspirin

in this model of nerve stimulation-induced noninflam-
matory pain inman is due to a centralmode of action.No
dose–response relationship could be established.Wheth-
er this was due to the large interindividual variations or

just reflects an all-or-none response remains to be
determined [32, 378] (Figure 2.36).

These data suggest that inhibition of (peripheral)
prostaglandin biosynthesis by aspirin alone does
not sufficiently explain the analgesic actions of the
compound.Although it is clear that any anti-inflam-
matory action of aspirin will reduce prostaglandin
formation and thereby remove a pain receptor sen-
sitizing factor, it is not establishedwhether a similar
mechanism also explains the pain sensation, relat-
ing to neurogenic inflammation or direct electrical
stimulation of nociceptors in the absence of tissue
injury. Interactionswithothermediatorsystems,for
example, endocannabinoids or serotonin, are likely,
as well as direct actions on pain transmission and
perception in the central nervous system.

2.3.2.3 Fever

Fever and Mediators of the Febrile Response The
febrile response is in most cases a part of a physio-
logic defense reaction and caused by cytokine-in-
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Figure 2.36 Effects of aspirin on pain rating, pain-related somatosensory evoked potentials (SEPs) and power density
(PD) in response to pain-inducing stimuli in healthy volunteers. Encephalographic measurements (EEG) were taken
before (pre) and 90min after (post) oral aspirin (1 g) intake. Note the aspirin-induced alterations, suggesting reduced
signal transmission. No changes were seen with a matching placebo (PLA) in a double-blind crossover design
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duced rise in core temperature, generationof active
phase reactants, and subsequent upregulation of
peripheral defense systems [379, 380]. The febrile
response starts with exposition of the organism to
exogenous pyrogens, such as viruses, bacterial
toxins, or other products of microbial origin.
These enter the body and stimulate white cells to
phagocytosis and generation of pyrogenic cyto-
kines. These endogenous pyrogens IL-1, TNFa,
interferon-g and IL-6 have the capacity to raise the
thermoregulatory center set point in the hypothal-
amus. They do so either by acting directly on
thermosensitive neurons after crossing the blood–
brain barrier and/or by release of other mediators,

such as PGE2, in circumventricular organs. This
involves induction of COX-2 and results in subse-
quent increase ofPGE2 in thepreoptic regionof the
hypothalamus. This is an areawithhighexpression
levels of prostaglandin EP3 receptors [381], the
putative sites of PGE action [382] (Figure 2.37).

Questions about risk–benefit ratio of fever have
generated considerable controversies in recent years
and are still not finally answered. Substantial data
indicate both potentiating and inhibitory effects of the
fever response to inflammatory reactions. The induction
of heat-shock proteins by salicylates rather indicates
stimulation of a protective system. The potential of the
febrile response for harm is reflected in reports showing

Figure 2.37 Hypothetical model for the febrile response and possible sites of action of aspirin and salicylates (modified
after [380]).
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that IL-1, TNFa, interferon-g , and IL-6 mediate the
physiological abnormalities of certain infections. Thus,
treatment with antipyretic, anti-inflammatory analgesics,
such as salicylates, will normalize the body temperature
by fighting the generation and action of inflammatory
pyrogenic cytokines [380].

Mechanisms of Antipyretic Actions of Aspirin Aspi-
rin does not reduce normal body temperature, nor
does itmodify an elevated body temperature subse-
quent to physical exercise [384] or increased tem-
perature in the environment [385]. Aspirin selec-
tively reduces pyrogen-induced fever [386] by an
interaction with the pyrogenic cytokines IL-1,
TNFa, interferon-g , and IL-6 (Figure 2.37). The
antipyretic response to aspirin is probably salicylate
mediated. It canbeobtainedafter i.v. administration
of sodium salicylate at antipyretic salicylate-plasma
levels of about 1mM (210–230mg/ml). The antipy-
retic action of aspirin is typically associated with
sweating, indicating extra �heat� production and
�export� through the skin as a result of uncoupling
of oxidative phosphorylation (Section 2.2.3) [383]
(Figure 2.38). This might also explain the paradoxi-

cal �hyperpyrexia� seen in children with salicylate
poisoning (Section 3.1.1). Thus, aspirin affects both
sides of pyrogen-induced upregulation of tempera-
ture control: heat production and heat loss.
In addition to salicylate-mediated inhibition of

endogenous pyrogens, salicylates also antagonize
the actions of endogenous pyrogens on COX-2
expression and inhibit prostaglandin biosynthesis.
This involves at least two mechanisms: inhibition
of cytokine-induced expression of COX-2 pro-
tein [387] by salicylates and inhibition of enzymatic
activity of COX-1 and COX-2. COX-2 appears to be
the target cyclooxygenase since selective COX-2
inhibition in man reduces fever to the same extent
as nonselective COX-1/COX-2 inhibitors [388]. Ap-
plication of PGE2 into the hypothalamus or the
ventricles of the brain causes fever that, in contrast
to that induced by IL-1 or TNFa, cannot be blocked
byaspirinor salicylates.Thus,PGE2–generatedvia
COX-2 – determines the severity of the febrile
response and possibly acts via EP3 receptors [382].
Aspirin inhibits the febrile response partly via
inhibition of PGE2 formation.
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A recently discovered additional mechanism of
the antipyretic aspirin action might be the inhibi-
tion of �primary� pyrogen generation by inhibition
of viral replication. This has been shown for influ-

enza viruses not only in vitro but also in an animal
experiment in vivo. Interestingly, this antiviral ac-
tivity of aspirin was shared by salicylate but not by
traditional NSAIDs, such as indomethacin [167].
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2.3.3
Aspirin and Malignancies

The understanding of the biological steps associat-
edwith the transformationof anapparentlynormal
diploid somatic cell into a malignant tumor cell is
one of the most challenging issues in cell biology.
Tumorcellsdigest the intercellularmatrix,migrate,
and proliferate. They lose control by body defense
mechanisms and become potentially immortal by
defective apoptosis. Aspirin has been brought into
connection with this issue after the finding that
tumorgrowthandmalignancycanbemodulatedby
prostaglandins [389] and the pioneering epidemio-
logical studybyKune that regular long-termaspirin
intake significantly reduces the risk of colorectal
cancer (Section4.3.1). Theseandotherdata indicate
a significant therapeutic potential of aspirin in che-
moprevention of malignancies. Mechanistically,
this involves not only the interaction with prosta-
glandin-mediated immunosuppression of immu-
nocompetent cells but also nonprostaglandin-
related actions [390–392], including intracellular
accumulation of free arachidonate as an apoptotic
signal after prevention of its metabolic conversion
[393].
More recent data in different experimental set-

ups as well as an improved knowledge of tumor
etiology increasingly suggest that antitumor effects
and inhibition of prostaglandin biosynthesis by
aspirin and other NSAIDs, most notably selective
inhibitors of COX-2, are separable processes [394].
Specifically, conversionofanormaldiploidcellwith
a limited life span into a cell at a state of immortality
as result of defective apoptosis appears to be rather
determined by genetic factors such as an insuffi-
cient expression or function of suppressor genes.
However, prostaglandins might rather sustain and
enhance tumor growth and malignancy. In addi-
tion, aspirin at the high doses used inmany experi-
mental studies oncarcinogenesis, that is, 5–10mM
(cf. [395]) is toxic or even lethal to normal cells. At
these concentrations, there are marked distur-
bances in cell energy metabolism due to uncou-
pling of oxidative phosphorylation (Section 2.2.3).

Thesemetabolic actions are presumably particular-
ly effective in cells with abnormally highmetabolic
turnover and proliferation rates, such as tumor
cells.
Among the different localizations of malignant

tumors, the gastrointestinal system has found par-
ticular attention. This is partially because of the fact
that this is theorgansystemwithmost available and
convincing epidemiological data on possible ben-
efits of aspirin as a tumor preventive drug. This is
indirectly supported by prospective randomized
trials in high-risk populations, such as individuals
with adenomatosis polyposis coli (APC) with
defective APC tumor suppressor genes (Section
4.3.1). Accordingly, intestinal tumor cells are fre-
quently usedmodels to study actions of aspirin and
NSAIDs in experimental carcinogenesis and have
provided important information regarding the ac-
tionofaspirinontumorigenesisand tumorgrowth.
Becauseof this, this section is focusedon theeffects
of aspirin on colorectal cancer. However, this does
not exclude similar actions of aspirin in other
malignancies.
Aspirin-related actions on tumor cells involve

changes in not only prostaglandin formation and
COX-2 expression but also COX-independent me-
chanisms, most notably those that control apopto-
sis. These processes are not necessarily indepen-
dent of each other. However, they will be discussed
separately because the actions of aspirin and
NSAIDs may not rely on only one mechanism. An
overview on possible targets of aspirin as a chemo-
preventive drug is shown in Table 2.13.

2.3.3.1 COX-Related Antitumor Effects of Aspirin
Aspirin might affect cyclooxygenase(s) at different
levels: inhibition of COX-2 expression, by interfer-
ing with tumor promoters that activate the gene;
modulationofCOX-2activityandproductformation
(Section 2.2.2) as well as activation of (co)carcino-
gens and formation of malondialdehyde (MDA).

Expression of COX-2 In biopsy samples taken
from colorectal mucosa of healthy men, there is
onlyexpressionofCOX-1proteinbutnoexpression
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ofCOX-2.However,COX-2becomes transcription-
ally upregulated in human colorectal adenomas
and adenocarcinomas [396–399], probably as a
consequence of loss of the adenomatous polyposis
coli gene function [400] (Section 4.3.1). There is a
relationship between the degree of malignancy
(lymph node metastases, tumor size) and COX-2
expression [401–403]. Accordingly, COX-2 expres-
sion was found in 40–50% of premalignant adeno-
mas and in 80–90% of colorectal carcinomas [404].
This suggests that at least the proliferative and
metastatic potential of tumor cells is modified by
COX-2-derived products. Accordingly, intestinal
epithelial cells, made to overexpress COX-2 consti-
tutively, change their phenotype. They become
more adhesive to the extracellular matrix and in-
creasingly resistant against apoptosis [405]. Both
findings are consistent with a COX-2-mediated
increased tumorigenic potential. Accordingly,
selective inhibition of COX-2 inhibits tumor
growth [406] whereas exogenous administration of
PGE2 has the opposite effect [407].

Both aspirin and salicylate inhibit tumor-
promoter-induced expression of COX-2 protein at
the level of transcription [135] (Section2.2.1).Thus,
one might expect that salicylate contributes to or
even mediates the antitumor effects of aspirin.
However, aspirin – in contrast to salicylate – is
additionally able to acetylate COX-2 with subse-
quent generation of 15-(R)-HETE, a precursor for
aspirin-triggered lipoxin. In addition to its anti-
inflammatory potency (Section 2.3.2), ATL also
inhibits cell proliferation of tumor cells [408].

COX-2-RelatedProductFormation Severalproducts
can be generated by COX-2 and/or the related
peroxidase activity that have a relation to malig-
nancy: (i) prostaglandins, in particular, PGE2, (ii)
peroxy radicals that might activate (co)car-
cinogens, and (iii) malondialdehyde, a direct
mutagen. Finally, the expression of prostaglandin
EP receptors is changed in colorectal carcinomas,
and this might also be relevant to aspirin
treatment.

Aspirin and Prostaglandins The concentrations of
E-type prostaglandins in healthy colorectalmucosa
are very low, amounting to about 0.1–0.4 ng PGE2
permgprotein [409]. In human intestinal biopsies,
only PGE2 and no other COX products were signif-
icantly increased in canceromatous tissue [410–
412]. Quantitatively, the tissue levels of PGE2 were
three- and fourfold higher as comparedwith appar-
entlyhealthycolon tissueof thesamepatients [413].
In addition to malignant colonic epithelial cells,
tissue macrophages and fibroblasts are natural
sources of PGE2 [400], suggesting both autocrine
and paracrine actions of PGE2 on tumor cells.
Interestingly, similar changes have also been
found in adenomatosis polyposis coli, a colon
cancer-prone state (Section 4.3.1). E-type prosta-
glandins act immunosuppressive to cells of tu-
mor defense and, in addition, stimulate growth of
isolated tumor cells [414]. PGE-mediated sup-
pression of cellular immune reactions was also
found in vivo in patients, suffering from colorectal
carcinoma [390, 415].

Table 2.13 Possible mechanisms of anticancerogenic
actions of aspirin in (colon) carcinoma cells.

COX-2 related
Inhibition of COX-2 gene expression by interaction
with C/EBP-b (Section 2.2.2)

Inhibition of COX-2-dependent PGE2 formation
Antagonism of PGE2-mediated immunosuppression.
Possibly involving enhanced cAMP responses by
upregulating cAMP-stimulating (EP2, EP4) and down-
regulating cAMP reducing (EP3) receptors

Inhibition of COX-2/peroxidase-mediated of
(co)carcinogens
Accumulation of free intracellular arachidonate
(generation of ceramide?)

Non-COX-2 related
Modulation of oncogen-induced expression of
transcription factors (NFkB; AP-1, others)

Interaction with DNA mismatch-repair genes

Energy depletion of (tumor) cells by uncoupling of
oxidative phosphorylation (Section 2.2.3)
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Aspirin at daily doses of 325mg inhibits PGE2
formation in human colonic mucosa cells by more
than 50%. The generation of leukotrienes (LTB4)
remains unaffected.Higher doses, that is, 650mg/
day aspirin, not only produce stronger inhibition of
PGE2, that is, by about 80–90%, but are also associ-
ated with more side effects [416].

Activation of (Co)carcinogens In addition to gen-
erating prostaglandins, COX-2 [417] might also
initiate carcinogenesis by metabolic activation of
carcinogens to DNA-binding forms via the broad-
spectrumperoxidaseactivity of thePGH-2-synthase
complex. Examples are polycyclic aromatic hydro-
carbons, phenols, and other substrates of redox
activation. Aspirin has been shown to inhibit con-
centration-dependently on the activation of one of
these enzymes (phenolsulfotransferase) in colonic
mucosa at micromolar concentrations [418]. The
efficacy of aspirin to prevent carcinogenesis by
COX-2-dependent modification of carcinogens has
alsobeenshown invivo,usingdimethylhydrazineas
carcinogen.

Colonic carcinogenesis was induced in rats after single
treatment with dimethylhydrazine. Tumor density and
proliferation rate were determined. In addition, to PGE2
tissue levels of cAMP levels were measured as a marker
of postreceptor PGE2 signaling. Animals were treated
with aspirin according to different protocols at a dose
that reduced colonic PGE2 formation ex vivo by 95%.
The duration of the study was 36 weeks.
The incidence of colonic adenocarcinomas was

reduced by 60% in rats receiving aspirin for 1 week
before and 1 week after administration of the carcino-
gen. Aspirin had no effect on tumor incidence when
the treatment was started only 4 weeks after carcino-
gen exposure and continued until the end of the
experiment, that is, 36 weeks. Early treatment with
aspirin reduced both basal and arachidonate stimu-
lated generation of the active dimethylhydrazine
metabolite, methylazoxymethanol, by colonic mucosa
homogenates.
The conclusion was that suppression of dimethylhy-

drazine-induced colonic carcinoma by aspirin involves
an altered metabolic activation of the carcinogen by
COX-2-dependent cooxidation and that this effect may
not be linked to the – also detectable – inhibition to
colonic PGE2 synthesis [419].

Malondialdehyde Another putative cancerogenic
pathway is the generation of malondialdehyde.
MDA is a directly acting mutagen and reacts with
DNAtoformadducts todeoxyguanosineanddeoxy-
adenosine.MDA is generated enzymatically via the
COX-2 pathway of arachidonic acid peroxidation,
where about 50% of PGH2 are enzymatically con-
verted to MDA by thromboxane synthase. MDA
may also be formed by nonenzymatic lipid peroxi-
dation that isnot aspirinsensitive.So far, there isno
evidence that aspirin modifies MDA-related
mutagenesis.

Prostaglandin Receptors Cellular effects of PGE2
are mediated via specific EP receptors (EP1–4). EP2
and EP4 receptor stimulation increases tissue
cAMP levels whereas EP3 receptor stimulation
has the opposite effect. EP3 receptor mRNA has
recently been found to be markedly, by more than
70%, downregulated in human adenocarcinomas
as compared with adjacent normal colon mucosa
whereas the mRNA of the functional antagonist
EP2 was upregulated [420]. In human colon cancer
cell lines, EP1, EP2, and EP4 receptor mRNA were
detected in almost all of them whereas mRNA for
EP3 was only rarely found. These data and animal
studies collectively suggest that upregulation of
cAMP-elevating EP2 and EP4 and downregulation
of thecAMP-reducingEP3maybe involved incolon
carcinogenesis [421, 420]. Aspirin might interact
with the expression of these receptors and their
distal signaling via modulation of cytokine release.
However, this issue has not been studied in more
detail so far.

2.3.3.2 Nonprostaglandin-Related Antitumor
Actions of Aspirin

Apoptosis andCellCycleControl Aspirin andother
NSAIDscause apoptosis andalter the expressionof
cell cycle regulatory genes in carcinoma cells
[422, 423, 436]. Salicylates have been shown in vitro
to block the cell cycle in the G0–G1 phase in colo-
rectal tumor cell lines, thereby preventing the entry
of cells into the mitotic program [422]. The sensi-
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tivity of malignant tumor cells to salicylates was
markedly higher than that of nonmalignant adeno-
ma cells. These and other data support the interest-
ing hypothesis that aspirin and NSAIDs can possi-
bly substitute for the physiological function of the
(missing)APCtumorsuppressorgene incolorectal
cancer cells by inducing apoptosis.
Treatment with prostaglandins did not reverse

the proapoptotic effects of aspirin and other
NSAIDs, suggesting that they were independent
of prostaglandin formation [423]. Moreover, struc-
tural analogues of NSAIDs that were non-COX
inhibitors did induce the same anticarcinogenic
changes in cell cycle and apoptosis [391]. Finally,
aspirin also protected from tumor growth and
stimulates apoptosis in COX-2 knockout mice
[390, 424]. All of these data suggest that at least
part of aspirin and NSAID-induced apoptosis in
colon cancer cells is independent of prostaglandin
formation. Alternatively, accumulation of arachi-
donic acid after COX inhibition will cause buildup
of ceramide that sensitizes colon carcinoma cells to
apoptosis [425] in addition to generating an apo-
ptotic signal by its own [426, 393]. In addition,
proapoptotic fattyacidperoxidationproductsmight
be generated, such as the 15-lipoxygenase products
of linoleic acid [427].

Actions onDNA There are two different and sepa-
rate mechanisms by which drugs can affect
tumorigenesis via DNA modulations: (i) interac-
tions with gene regulation, most notably tran-
scription factors of tumor promoting or tumor
suppressor genes and (ii) interaction with (dis-
turbed)DNA-repairmechanisms. DefectiveDNA
repair will allow for nonselected amplification of
defective genes because of prevention of their
degradation. There are many experimental data
on this issue.However, theyareoftenderived from
immortal tumor cell lines in vitro andmight not be
directly transferable to malignancy in vivo. In
many of these experiments, concentrations of
aspirin in the medium-to-high millimolar range
have been used, being toxic or even fatal also to
nontumor cells.

Transcription Factors One of the primary actions
exerted by oncogens is the modulation of gene
transcription by interacting with transcription fac-
tors. The nuclear factor kB/RelA family of tran-
scription factors (NFkB/RelA) is one of them and
regulates the expression of numerous genes in-
volved in the control of not only immune and
inflammatory responses (Section 2.2.2) but also
apoptosis and cell survival. NFkB acts either as a
regulator of the apoptotic program for induction of
apoptosis or,more commonly, as its inhibitor [159].
Thesedisparateeffectsdependonthestimulus, cell
type, and intracellular signaling pathways, eventu-
ally resulting in diverse target gene specificity and
the more distal signaling pathways and their tar-
gets [428]. Aspirin causes activation of NFkB by
signal-specific IkB degradation in colorectal carci-
noma cell lines [429, 430]. This reaction was inde-
pendent of the tumor suppressor gene p53 and
other markers of genomic instability. However, as
already seen with the role of NFkB in inflamma-
tion, salicylate treatment for 16 h with 1–10mM
aspirin in vitro is necessary to obtain this effect.
These levels, specifically in terms of free salicylate,
can probably not be obtained in vivo and also not
maintained for such a long time period.

Another aspirin-sensitive transcription factor is activa-
tor protein-1 (AP-1) [431]. The inhibition by aspirin of
this factor also required millimolar concentrations and
was paralleled by a fall in intracellular pH. This strongly
suggests a relationship of AP-1 inhibition to the
protonophoric, that is, metabolic, actions of salicylates
(Section 2.2.3).
The most interesting finding was that pretreatment

with aspirin might downregulate the expression of the
apoptosis gene Bcl-2 in human colorectal carcinoma
cells via tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL). Pretreatment by aspirin
(1mM) of TRAIL-resistant cancer cells resulted in
sensitization of these cells and augmented TRAIL-
induced apoptotic death. This action required 12 h of
pretreatment with aspirin and was related to down-
regulation of Bcl-2 and decrease of the mitochondrial
membrane potential.
The conclusion was that aspirin might enhance

apoptosis in tumor cells by promotion of TRAIL
cytotoxicity [432].
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Thus, there are several tumor-promoting me-
chanisms at the level of gene transcription that
could bemodified by aspirin andmight be involved
in its tumor suppressor action in colorectal carci-
noma. Upregulation of trefoil factor family (TFF)
peptides, specifically TFF2, might be another
mechanism involved in the chemopreventive ac-
tion of aspirin in gastric adenocarcinoma cell
lines [433].

DNAInjuryandRepair Mismatchrepairgenesand
proteins are important to correct for DNA insta-
bility by removing defective genes. Aspirin treat-
mentofculturedcolorectal cancercells for12weeks
markedly reduced DNA instability in cells geneti-
cally deficient for a subset of mismatch repair
genes. It was suggested that aspirin induces a
genetic selection for DNA stability that might be
important for preventing hereditary nonpolyposis
colorectal cancer [434]. However, the duration of
treatment was long (over weeks) and the effective
aspirin concentrations high (>1mM). Others have
shown that aspirin inhibits oxidative DNA strand
breaks, mediated by reactive oxygen species [435].
Thus, aspirin might well modify the structure of
DNA. Possibly these actions are related to the long

known acetylation of DNA [101], the biological
significance, however, of these alterations for carci-
nogenesis in vivo remains to be determined.

2.3.3.3 Nonspecific Actions of Salicylates
Independent of the rather specific actions on cellu-
lar signaling pathways, aspirin might also exert
nonspecific actions on cell function, specifically
at higher concentrations in vitro. This includes
actions on cellular energy metabolism, that is,
uncoupling of oxidative phosphorylation and dis-
turbed cellular metabolism by impaired mitoch-
ondrial b-oxidation of long-chain fatty acids (Sec-
tion 2.2.3). Both reactions are likely to be particu-
larly effective in proliferating cells with increased
energy requirements, that is, malignant tumor
cells. It is surprising that their possible contribu-
tion to antitumor effects of aspirin has apparently
not been studied inmore detail so far.One possible
explanation is that the basic research on aspirin-
related changes in energy metabolism has been
done – and completed – many years before an
antitumor action of aspirin was described. Re-
searchers also possibly found changes in gene
transcription more attractive than nonspecific in-
hibition of kinases because of lack of ATP.

Summary

In addition to antithrombotic, anti-inflammatory,
andanalgesic effects, aspirin alsomodifiesgrowth
and proliferation of malignant tumors. An effec-
tive chemoprevention in malignant tumors has
been most extensively studied – and shown – in
colorectal carcinomas (Section 4.3.1). Possible
mechanistic explanations are interactions with
not only an upregulated COX-2, by oncogenes,
andCOX-2-dependent product formationbut also
COX-2-independent mechanisms.

There is significant transcriptional upregula-
tion of COX-2 in colorectal cancer as well as
adenomatous polyposis coli associated with a
marked increase in prostaglandin (PGE2) forma-
tion. These changes appear to be associatedwith a

differential regulation of EP receptors and, as a
net effect, result in elevated tissue cAMP levels.
Aspirinnot only reducesPGE2 formationbut also
interacts with tumor-promoter-induced COX-2
expression and other COX-2 activities, specifi-
cally, the redox activation of (co)carcinogens.
In addition to interactions with COX-2, aspi-

rin might also modify COX-independent path-
ways of cell signaling and survival. This includes
modification of transcription factors (NFkB,
AP-1) and interactions with mismatch repair
genes. These actions are also seen in COX-2
knockout animals. The effects of aspirin are
shared by salicylate. However, they require me-
dium to high millimolar concentrations in vitro.
At these concentrations, salicylates uncouple
oxidative phosphorylation and might cause
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3

Toxicity and Drug Safety

Drug safety is a key issue and subject of detailed
and sophisticated legal regulations. Safety is parti-
cularly important for over-the-counter (OTC) medi-
cations thatareusedwithoutprescriptionbyadoctor
and where dosing and indications are subject to
consumers� discretion. The diagnosis is also made
by the consumer, and side effects are usually only
considered to the extent to which they determine
the (subjective) tolerability. Antipyretic analgesics,
including aspirin, acetaminophen, and ibuprofen,
belong to this category of drugs. In addition, salicy-
lates are ingredients of a large variety of nonpre-
scriptional drug combinations. In many cases, it is
not immediately apparent fromthe�fantasy�names
of these products, for example, Soma Compound,
Norgesic, Darvon, Percodan, and others [1], that
these preparations contain aspirin as an active con-
stituent.Additionofvitamins,caffeine,codeine,and
other potentially habit-forming components is an-
other problem. These combinations became
�popular� in connection with chronic misuse of
analgesics (analgesic nephropathy) that, fortunately,
has now largely disappeared after the removal of
phenacetin in analgesic mixtures (Section 3.2.3).
These days, millions of daily doses of antipyretic

analgesics are used worldwide for OTC treatment
of acute and chronic pain. Nevertheless, not all
users are aware of the fact that the desired actions
of drug treatment, such as disappearance of head-
ache, might also be associated with unwanted side
effects that may not necessarily cause subjective
symptoms, for example, gastrointestinal (GI)

bleedings after aspirin and liver toxicity with para-
cetamol. This makes safety aspects an important
issue, specifically, for the medical lay.
For formal reasons, side effects of aspirin might

be divided into three categories: first are the sys-
temic effects due to acute and chronic overdosing
or intoxication. To this category also belongs the
bleeding tendency and toxic effects, in particular
life situations, such as pregnancy or older age
(Section 3.1). In addition to systemic effects, some
organs, in particular, thosewith a preexisting injury
or increased sensitivity, might be affected even by
therapeutic doses of aspirin in the absence of sys-
temic side effects. This involves the GI tract, liver,
kidney,andtheaudiovestibularsystem(Section3.2).
Finally, therearenodose-related side effects that are
due to a particular predisposition of the patient.
These �hypersensitivities� might be inherent or
acquired. This involves the Widal triad (aspirin-
sensitive asthma), allergic reactions at the skin or
mucosa (urticaria), andReye�s syndromewith a still
unclear relationship with aspirin (Section 3.3).

3.1
Systemic Side Effects

Systemic side effects of aspirin result from acute or
chronicoverdosingandbecomedetectableatplasma
salicylate levels of about 300–400mg/ml (�2mM).
These toxic effects can affect almost every organ and
tissue in the body because of the diversity of phar-
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macological actions of aspirin and salicylates, re-
spectively. The ubiquitous distribution of salicylates
within the body and the accumulationwithin cells at
high doses facilitate tissue toxicity. Inhibition of
platelet cyclooxygenase is associated with a subse-
quent bleeding disorder but not with irreversible
bleeding. All of the other toxic side effects of aspirin
are mainly caused by salicylate (Section 3.1.1).
Prolongation of bleeding time by aspirin is a

frequent – and to some extent desired – event in
long-term use but is neither life threatening nor
significant in single or short-term use. Neverthe-
less, aspirin-induced bleedingmay become a clini-
cally relevant side effect in particular life situations.
This includes urgent operations on aspirin-treated
patients such as appendicitis or surgical treatment
of traumatic accidents. Bleeding might also be-
come a compliance-limiting factor in long-term
cardiocoronarypreventionbecauseof, for example,
epistaxis and gingival bleeding (Section 3.1.2). Pro-
longed bleeding after aspirin intake is also impor-
tant in late pregnancy and older age. In patients at
older age, bleeding problems may also arise from
cotreatment with other drugs because of complex
morbidities. For example, sulfonylureas or warfa-
rin may interact with the pharmacokinetics and
pharmacodynamics of aspirin, respectively, even-
tually resulting in overt bleeding in patients who
take aspirin for long-term prevention of athero-
thrombotic events (Section 3.1.3).
In spite of legitimate concerns about the con-

sequences of uncontrolled use, aspirin is a remark-
ably safe drug when used circumspectly [2]. The
rate of side effects at single or short-termuse is low
and may be further reduced by use of appropriate
galenic formulations. Unwanted side effects fre-
quently result from unnecessary or careless use of
the compound.All effective drugshave side effects,
and aspirin is no exception from this rule.

3.1.1
Acute and Chronic Toxicity

Systemic intoxications with salicylates today are
relatively seldom. However, they are facilitated by

the easy access to the compounds as well as the
broad and largely uncontrolled use. In addition, in
public understanding, salicylates are often consi-
dered harmless household remedies because of
their apparently unrestricted use by both health
professionals andmedical layers (�take anaspirin�).
This is clearly an underestimation of the pharma-
cological potential of these agents at both sides [2].

3.1.1.1 Occurrence and Symptoms

Occurrence Acute aspirin intoxication results
from suicide attempts, accidental (toddlers!), or
iatrogenic overdosing. Iatrogenic overdosing, that
is, acquired intoxication during therapeutic use,
occurs predominantly in the elderly because of
overloading the body�s clearing capacity (salicy-
lism) in long-term treatment. Most fatal cases of
chronic salicylatepoisoningoccurred in toddlers or
the elderly, the two patient populations in which
mental deterioration ismost difficult to identify [3].
Aspirin used to be a popular remedy for suicide

attempts in teenagers and young adults. However,
in the meantime, it has been replaced for this
�indication,� at least in the United Kingdom, by
acetaminophen [4]. In the older literature, there is
an interesting Hungarian study that gives also an
explanation for the preference of aspirin in suicide
attempts in earlier days.

Balazs reported 792 cases of acute aspirin poisoning in
Budapest (Hungary) during an observational period of
7 years (1923–1929). The vast majority of overdosing
(590) was suicide attempts in adults but only 4 cases of
them, that is, less than 1%, were terminated fatally.
This number of overdosing corresponded to about

one case every third day. Balazs explained this unusually
high figure by the fact that aspirinwas used as an ultimum
refugium in partnership problems. For this purpose, as-
pirin was very popular because the clinical picture of
salicylate poisoning was quite impressive to lay persons
and at the same time not associated with a too high risk
really to die [5].

Thus, oral aspirin appearsnot tobe an�effective�
suicide drug, also because nausea and/or vomiting
belong to the first clinical symptoms after acute
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overdosing (Table 3.1). It is known fromself-experi-
ments and patient studies that even 20 g aspirin/
day (!) can be taken over a longer period of time
without significant toxicity (cited after [6]). There is
one case of a suicide attempt with aspirin after self-
administration of approximately 700 (!) aspirin
tablets dissolved in water as an enema form.
The patient survived with chronic hypoxic enceph-
alopathy after severe acidosis and transient
cardiac arrest [7]. However, occasionally aspirin is
�successfully� used for suicide attempts even in
recent times [8]. More frequent is accidental salicy-
late overdosing due to (erroneous) ingestion of
salicylate-containing products, directed to topical
or external use. This includes salicylic acid (SA)
(keratolytic) and wintergreen oil or methyl salicy-
late (one teaspoon ¼ 5ml of wintergreen oil con-
tains 7000mg salicylate, which is equivalent to 22
standard aspirin (325mg) tablets (!)) [1, 9–11].
Methyl salicylate appears to be the most toxic salic-
ylate, possibly due to the rapid uptake and tissue
distribution [6]. Interestingly, the historical first
cases of salicylate poisoning were reported with
wintergreen oil or methyl salicylate, respectively.

Dose Dependency of Symptoms Clinical symp-
toms of acute aspirin intoxication become de-
tectable in most individuals at serum salicylate
levels above 300–400 mg/ml (�2mM) [1, 13–15].

Gastrointestinal symptoms (nausea and vomiting)
and tinnitus are frequent initial symptoms. Vomit-
ing occurs in about 50% of patients when salicylate
plasma levels exceed 300mg/ml (Table 3.1). Life-
threatening intoxications after acute ingestion of
salicylates (mostly aspirin) in adults startwith doses
above 12–15 g but with 3 g in children [16]. There is
a large interindividual variability. Patients have
reportedly died at plasma salicylate levels of less
than 150mg/mlwhereas others have been relatively
asymptomatic with levels of 500–600mg/ml [17] or
died at these tissue levels of salicylate [8].

Thisted and colleagues studied the clinical course of 177
patients who were treated in an intensive care unit
during a period of 15 years because of severe salicylate
poisoning, mostly due to suicide attempts. On admis-
sion, cerebral depression (lethargy) was seen in 61% of
patients, respiratory failure in 47%, acidosis in 37%, and
cardiovascular dysfunctions in 14%. The mortality rate
was 15% (27 patients) and proportionally higher in
patients aged above 40 years and in patients with
delayed diagnosis. Disturbed acid–base balance was
found in 50% of cases and pulmonary complications in
43%. Interestingly, coagulation problems were only seen
in 38% of cases. Fever occurred in 20% and hypotension
in 14%.
An autopsy was performed in 26 out of the 27 patients

who died. The main findings were as follows: ulcers of
the gastrointestinal tract in 46%, pulmonary edema in
46%, cerebral edema in 31%, and cerebral hemorrhage
in 23% [18].

Table 3.1 Clinical symptoms of aspirin intoxication as seen 6 h after intake of the drug as an oral standard formulation in
relation to plasma salicylate levels (modified after [12, 20]).

Plasma level of salicylate
Severity of
intoxication (lg/ml) (mM) Symptoms

Mild/early 300–600 (adults) 2.2–4.3 Nausea/vomiting, abdominal pain, tinnitus
200–450 (children/elderly) 1.4–3.2 Dizziness, lethargy

Moderate 600–800 (adults) 4.3–5.8 All of the above plus tachypnea, sweating, hyperpyrexia,
450–700 (children/elderly) 3.2–5.0 Dehydration, loss of coordination, restlessness

Severe >800 (adults) >5.8 All of the above plus hypotension
>700 (children/elderly) >5.0 Severe metabolic acidosis (after rehydration),

bleeding tendency, purpuric lesions. CNS symptoms:
hallucinations, stupor, coma renal insufficiency:
oliguria, uremia pulmonary edema
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The percentage of salicylate poisoning, accord-
ing to an epidemiological survey in Canada,
amounted to about 20% of all lethal drug intoxi-
cations with salicylate plasma levels in the range
of 6–8mmol/l (830–1100 mg/ml) [19]. According
to a US survey, no ingested amounts equivalent to
less than 0.125 g/kg are harmless, amoderate risk
exists at 0.15–0.30 g/kg, a severe and prolonged
risk at 0.30–0.50 g/kg whereas doses greater than
0.50 g/kg are considered potentially lethal [12].
The mortality in individuals with clinical features
of severe salicylate poisoning amounts to 5% (see
below) but can increase to 15% if treatment is
started (too) late, frequently because of delayed
diagnosis [20].
The severity of intoxication is determined by the

accumulation of salicylate and its prolonged action
at the cell and tissue level as metabolic acidosis
progresses. Because the major excretion pathway
via salicyluric acid by glycine conjugation is satu-
rated (Section2.1.2), salicylate accumulates in plas-
ma as also seen from the increasing percentage of
unmetabolized salicylate in urine (Table 3.2). This
is associated with a drastic prolongation of salicy-
lateplasmahalf-life fromabout2–3 hat therapeutic
doses to 20–30 h and more at massive overdosing
(Section 2.1.2). The symptoms of intoxication (see
below) are further enhanced by the generalized
metabolic acidosis, eventually resulting in a higher
percentage of nonprotonized salicylate that pene-
trates the cell membrane and accumulates inside

the cells, eventually resulting in severe metabolic
disturbances owing to the uncoupling of oxidative
phosphorylation (Section 2.2.3).

Clinical Symptoms of Overdosing Burning pain in
the upper GI tract because of local irritation of the
mucosa, eventually associated with or followed
by nausea, and vomiting are early clinical symp-
toms of acute salicylate overdosing. Tinnitus and
hyperventilation are further early signs of intoxica-
tion (Table 3.1). Hyperpnoea is seen at salicylate
plasmalevelsof300mg/mlandbecomessignificant
at about 500mg/ml. The reason for hyperpnoea is
direct stimulation of the respiratory center in the
medulla oblongata. This effect is amplified at high-
er salicylate levels by dose-dependent disturbances
of cellular energy metabolism as a result of uncou-
pling of oxidative phosphorylation [22, 23]. This is
associated with increased tissue oxygen demand
andCO2production. ElevatedCO2 levels in plasma
stimulate the respiratory center with subsequently
enhanced exhalation of CO2 (hypercapnia). The
pCO2 in plasma remains unchanged because of
the simultaneously enhanced renal bicarbonate
excretion.

Aspirin-induced hyperventilation was clinically tested for
the treatment of sleep apnea. Daily administration of
9–11g (!) aspirin to nine patients with clinically relevant
obstructive sleep apnea doubled the ventilation from 8
to 15 l/min and at the same time reduced the occurrence

Table 3.2 Aspirin metabolites in urine (percentage of total metabolites) after oral intake of 600mg aspirin by 45 healthy
volunteers as compared to 37 patients with salicylate (SA) intoxication.

Metabolite
Healthy volunteers
(600mg aspirin)

Intoxication plasma SA
(240–600lg/ml)

Intoxication plasma SA
(715–870lg/ml)

Salicylic acid 9� 1 32� 4 65� 4
Salicyluric acid 75� 1 47� 34 22� 4
Salicylic acid phenol glucuronide 11� 1 23� 2 15� 4
Gentisic acid 5� 1 10� 2 7� 2
Total salicylates (mg salicylic acid equivalent) 246� 8 2999� 374 8092� 1470

Note the increased%excretion of nonmetabolized salicylic acid and the reduced%excretion of salicyluric acid with increasing
severity of poisoning, indicating the saturation of the salicyluric acid pathway (glycine conjugation) [21].
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of breath standstills from 42 to 28 apneas/h. This was
accompanied by a decrease in pCO2 and an increase in
pO2. However, because of possible side effects, this
high-dose treatment was not recommended for general
clinical use [24].

Salicylate-induced noncardiogenic pulmonary
edema occurs in both severe acute aspirin intoxica-
tionandlong-termoverdosingof thesubstance [25].
The edema occurs only at advanced stages of intox-
ication andmay be lethal. The incidence according
to recent surveys was 7% (29) in 397 patients with
salicylate intoxication. At the same time, there
might be proteinuria, indicating a generally in-
creasedvascularpermeability [26–29].Renal failure
is rare and usually restricted to patients with pre-
existing renal diseases, specifically elderly persons
with hypoalbuminemia (Section 3.2.2).
Toxic symptoms of the central nervous system

dominate the clinical picture with increasing seve-
rity of poisoning. The initial cerebral excitation is
converted into an increased cerebral depression.
Finally, there is stupor, coma with cardiovascular
failure, and death from respiratory arrest.

Laboratory Findings Laboratory findings are
mainly the consequence of uncoupling of oxidative
phosphorylation and inhibition of b-oxidation of
(long-chain) fatty acids by high-level salicylates
(Section 2.2.3). In this situation, metabolic CO2

production exceeds its respiratory elimination.
This effect is further enhanced by the depressive
action of high salicylate levels on the respiratory
center. With increasing inhibition of oxidative
phosphorylation, there is also increasing accumula-
tion of acids from the disturbed energymetabolism
(lactate, pyruvate, and others) with further aggrava-
tion of acidosis and dehydration. Eventually, this
results in anion-gap acidosis [30]. Salicylate itself
contributes only minimally to the anion gap: about
3mval/l at serumlevels of500mg/ml [1]. There is an
increased renal excretion of bicarbonate (followed
by Kþ and Naþ ) and impaired kidney function,
possiblyalsorelatedtodisturbedenergymetabolism
within the tubular cells. Water and electrolyte

imbalance as well as heat production (sweating!)
may cause dehydration. This and the decreased
renal blood flow, if untreated, will result in oliguria
and finally renal failure. Disturbances in the acid–-
base equilibriumaremost prominent in babies and
toddlers [15].
Another typical symptom of salicylate overdos-

ing is the changes in blood glucose levels, mostly
hypoglycemia [31]. This is due to enhanced insulin
secretion as result of activation of the NFkB path-
way in thepancreas byhigh-dose salicylate (Section
2.2.2). Thismight result in low glucose levels in the
liquor, which require glucose substitution. How-
ever, hyperglycemia has also been reported [32].

Salicylate Intoxication in Children In relation to the
discussion on the relationship between aspirin toxi-
city and Reye�s syndrome, the signs and symptoms
of salicylate intoxication are of particular interest in
children. Similar to adults, toxic salicylate effects in
children are also determined by the extreme pro-
longation of salicylate half-life, the markedly in-
creasedplasmalevels, and itsenhanceddistribution
into cells and tissues with decreasing pH.
Aspirinoverdosing inchildrenbecomesclinically

evident as a consequence of uncoupling of oxidative
phosphorylation. Conventional light microscopic
examination of liver biopsies of childrenwith severe
salicylate intoxication showed intrahepatocytic
microvesicular steatosis without inflammation or
necrosis butwith depletion of glycogen stores. Find-
ings of this kind in 10 out of 12 children who
died from assumed salicylate intoxication and had
cerebral edema (according to a review of records)
suggested a causal relationship between aspirin
intoxication and the occurrence ofReye�s syndrome
in a frequently cited paper [16].However, ultrastruc-
tural microscopy of liver biopsies (not done in this
particularstudy)ofchildrenwithReye�ssyndromeis
different from that of childrenwith salicylate intoxi-
cation[33], andacausal relationshipbetweenaspirin
and Reye�s syndrome in children has never been
established [34] (Section 3.3.3).
Uncouplingofoxidativephosphorylation iscom-

pensated by an increase in metabolic turnover and
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associated with increased oxygen consumption,
depletion in liver glycogen, and increased produc-
tion of heat. This increased production of heat is
responsible for thedangeroushyperpyrexia that is a
prominent symptom of salicylate poisoning in
infants [35].

Hyperpyrexia in salicylate poisoning is somehow difficult
to understand because salicylates were frequently and
effectively used as antipyretic analgesics in children until
the Reye�s syndrome discussion was started. The
possible explanation is that salicylates �reset� the
disturbed temperature regulation in the hypothalamus
via their interaction with endogenous pyrogens (Section
2.3.2) but are unable to block the production of �extra�
heat as a consequence of uncoupling of oxidative
phosphorylation in peripheral organs (Section 2.2.3).
Physical temperature control functions by the produc-

tion of large quantities of sweat as long as enough fluid
for sweat production is available. When this mechanism
becomes exhausted because of large water losses and
dehydration, unbalanced hyperpyrexia develops because
the �upregulation� of temperature control by endoge-
nous pyrogens is still in function. Dehydration is also
associated with convulsions, in particular, at severe
intoxication of children below 2 years of age [35].

These metabolic disturbances, including respi-
ratoryalkalosisandmetabolicacidosis, are themost
important life-threatening effects of salicylates. In
children, metabolic acidosis usually predominates
over respiratory alkalosis whereas the opposite is
seen in adults [3, 12, 36].

Chronic Overdosing Chronic salicylate intoxica-
tion in adults (salicylism) usually results from
iatrogenic overdosing during long-term aspirin
treatment and is frequently overlooked because of
the absence of specific symptoms [26]. Symptoms
of chronic overdosing are tinnitus, multiple
neurological deficits, including headache (!), con-
fusion and central excitation, sweating, hyperven-
tilation, gastrointestinal bleeding, and ulcers. GI
side effects appear to dominate in younger age
whereas tinnitus and other audiovestibular toxi-
cities (Section 3.2.4) are more frequent in the
elderly. Reversible hepatic injury as another fea-
ture of long-term aspirin overdosing was, in

principle, only seen in patients with a pathologic
immune status, for example, rheumatoid arthri-
tis, where the patients required long-term aspirin
treatment at high doses [37] (Section 3.2.3). How-
ever, because of available therapeutic alternatives
in this indication, this finding is now more of
historical interest.

3.1.1.2 Treatment
Severe salicylate poisoning is an acute life-threat-
ening, though rarely fatal, medical emergency sit-
uation. The treatment is entirely symptomatic
because no specific antidote is available. As with
other systemic intoxications, there are two basic
therapeutic principles: reduction or prevention of
absorption and stimulation of excretion of salicy-
lates.Bothmeasuresaresupportedbysymptomatic
treatment of functional and metabolic distur-
bances.Anactual evidence-basedconsensusguide-
line for out-of-hospital treatment of salicylate
poisoning [38] as well as recommendations for
emergency department management [20, 39] is
available.However,obviously,not all recommenda-
tions at least in the past were identical.

A survey on recommendations by health professionals
for optimum treatment of acute aspirin poisoning by
retarded-release formulations provided interesting
results. Seventy-six poison-control centers of North
America were asked for their recommendations to treat
a hypothetical case of an adult male patient presented
1 h after ingestion of 500mg/kg enteric-coated aspirin
with normal vital signs.
There was a considerable variability between the

center-based recommendations. Some of the 36 (!)
different recommended courses of action were consi-
dered potentially harmful [40].

Inhibition of Absorption Treatment of the
�conventional� oral intoxication starts with an in-
terruption of further salicylate uptake from the GI
tract since intestinal absorption in the presence of
toxic doses still continues for several hours and
might be even longer in the case of enteric-coated
preparations because of their retarded absorp-
tion [41]. Usual procedures for preventing further
absorption include gastric lavage and administra-
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tion of activated charcoal [42]. As to be expected, the
earlier they can be started the more effective these
procedures are. An optimum time frame would be
within 1 h after ingestion.

In one prospective trial, 13 healthy adults received 1.9 g
aspirin (24 tablets, each containing 81mg aspirin). In a
randomized crossover design, each subject received
additionally 50 g charcoal as a single dose, two times or
three times in a 4 h interval. Urinary salicylate excretion
was measured and each protocol repeated in weakly
intervals.
In the absence of charcoal, 91� 6% (mean� SD) of

total salicylate was recovered in urine. This amount was
reduced to 68� 12, 66� 13, and 49� 12% after one,
two, and three single 50 g doses of charcoal, respectively.
All of these changes were significant and document for
this model a 30–50% reduction in salicylate absorption
by charcoal [43].

This study and most of the other pharmacoki-
netic studies on themodificationof aspirinkinetics
used aspirin doses between 1.5 and 3.0 g. These
doses are far below those where toxic effects had to
be expected and, therefore, may not sufficiently
reflect the reality of salicylate poisoning. Neverthe-
less, the data indicate that charcoal treatment will
reduce the aspirin absorption if it is started early
and charcoal is given at sufficiently high doses. In
addition, charcoalmay recoat the surface of aspirin
concretions within the stomach [44] and thus
reduce ongoing absorption. Administration of
repeated doses of charcoal may be particularly
useful in patients who have ingested overdoses of
enteric-coated or other slow-release formulations
[41, 45]. Thus, repeated charcoal doses (4� 50 g in
1 h intervals to adults or 1 g/kg body weight to
children)arerecommendeduntil theplasmasalicy-
late reaches peak levels [20]. In the postabsorption
phase, there is no accelerated clearance of plasma
salicylate by charcoal [46, 47] and no change in the
prolonged half-life [48].

Stimulation of Elimination Determinations of
salicylate plasma levels by any suitable method
(Section 1.2.2) and of the acid–base equilibrium to
detect ionic gaps are helpful because most of the

clinical symptoms of salicylate poisoning are well
correlated with these parameters. Measurements
of salicylate plasma levels should be done initially
and should be repeated at appropriate time inter-
vals until peak plasma levels are obtained. The
combined metabolic/respiratory acidosis should
be corrected by appropriate treatment with sodium
bicarbonate together with 20–40mM Kþ i.v. over
3 h under control of kidney function and rehydra-
tion [20]. This procedure works with several me-
chanisms: inhibitionof reabsorptionofsalicylate in
thekidneyby alkalinediuresis and improvement of
the acid–base equilibrium in blood with normali-
zationofplasmapH.This facilitates the rediffusion
of (acetyl) salicylic acid from tissues in the blood.
Particularly important is rediffusion from the cen-
tral nervous system.Anurinary pHof 7.5 or higher
is suggested whereas the pH of blood should not
exceed 7.55. Renal salicylate clearance is stimu-
lated about 20-fold when the urinary pH increases
from6.1 to 8.1 [49], indicating that renal clearance
of salicylates depends much more on urinary pH
than on the renal flow rate [20]. An additional
approach to stimulate salicylate clearance is con-
version into salicyluric acid by substitution of
glycine [21].
Severe acute poisoning, that is, plasma salicylate

levels above 1200or 1000mg/ml 6 h after ingestion,
refractory acidosis or other symptoms of severe
intoxication (Table 3.1), volumeoverload, and renal
failure are indications for hemodialysis. In chronic
overdose, hemodialysis may be considered in
symptomatic patients with serum salicylate levels
above600mg/ml [1].Hemodialysishasbeenshown
to reduce bothmorbidity andmortality of salicylate
poisoning [50]. An actual flowchart on algorithms
for the treatment of acute salicylate poisoning was
published byDargan et al. [20] (Figure 3.1). Further
details and dose recommendations can be found in
the original publication.

Further Measures Hyperthermia and dehydra-
tion require immediate treatment, that is, cooling
and fluid uptake. Ketoacidosis and hypoglycemia
additionally require the administration of glucose
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Presentation

Gastric lavage

<1 h

>1 h

When
taken?

>500 mg/kg <125 mg/kg

Dose
taken?

Discharge patient if sure of dose

50 g Oral activated
charcoal

Hemodialysis
+

sodium
bicarbonate

Does the
patient have any of
the severe clinical

features?

Severe clinical features:
coma, convulsions
acute renal failure
pulmonary edema

No

Rehydrate the patient and take blood for
salicylate level (at least 4 h after ingestion)

and other laboratory parameters

Check blood results
and salicylate levels

(i)  If arterial pH < 7.3, treat with 1 ml/kg

(ii) If arterial pH < 7.2, consider
      hemodialysis  

Metabolic acidosis?

8.4% sodium bicarbonate i.v. to
increase pH to 7.4

Salicylate level:
Adults< 300 mg/I

Children/elderly < 200 mg/I
Clinical features:
Patient asymptotic

Rehydrate with
oral fluids

Rehydrate with
oral or intravenous fluids Urinary alkalinization

Hemodialysis
+

Sodium bicarbonate
(cautious with volume

if anuric)

Mild poisoning:
Salicylate level:

Adults 300–600 mg/I
Children/elderly 200–450 mg/I

Clinical features:
Lethargy, nausea,

vomiting, tinnitus, dizziness

Moderate poisoning:
Salicylate level:

Adults 600–800 mg/l
Children/elderly 450–700 mg/I

Clinical features:
Mild features + tachypnoea,

hyperpyrexia, sweating,
dehydration, loss of

coordination, restlessness

Severe poisoning:
Salicylate level:
Adults > 800 mg/I

Children/elderly > 700 mg/I
Clinical features:

Hypotension, significant
metabolic acidosis after
rehydration, renal failure

(oliguria), CNS features,e.g.,
hallucinations, stupor, fits, coma

Figure 3.1 Flow chart with algorithms for the treatment of acute aspirin (salicylate) poisoning after [20]. Formore details and
practical recommendations, see the full publication of Dargan et al. [20].
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(see [15] for details). Administration of dextrose
may help to avoid low cerebrospinal glucose level
[1]. Pulmonary edemausually resolves quicklywith
standard supportive therapy, though it might also
be lethal (see above) [29].

3.1.1.3 Habituation
The many tons of aspirin consumed every year
worldwide have occasionally led to the opinion that
the drug is habit forming. However, it is generally
accepted that antipyretic analgesics, such as aspirin
or acetaminophen in contrast to morphine-type
analgesics, do not cause physical dependence. This
is also confirmed by the scarcity of reports on
�addiction� or �habituation� to salicylates. There
might be somepsychological desire for drug intake,
forexample,regularuseforpainrelief,butonlytothe
extent that frequent use of any substances that gives
relief, real or imaginary, from pain, is a habit [51].

In contrast, there might be abuse of aspirin if
used in (fixed) combinations with other constitu-
ents of analgesic mixtures, most notably, caffeine
and codeine. A separate issue is the few reports on
abuse of aspirin at high doses when toxic effects,
such as salicylism with exaltation and deafness,
were used for �therapeutic� purposes.

A 59-year-old man took about 100 tablets of aspirin
within 2 weeks for �encouragement.� A 30-year-old
man with eplilepsy and alcoholic problems took 20–30
tablets of aspirin within 1 h for the same purpose and a
58-year-old female with alcoholic problems took up to
100 aspirin tablets against crapulousness and also
because she was unable to tolerate the noise at her
working place (after [52]).

Taken together, there is no evidence that as-
pirin as a single preparation has a habit-forming
potential.

Summary

Acute life-threatening salicylate intoxication in
adults occurs at doses of about 12–15 g and above
and3 gandabove inchildren.This is equivalent to
plasma levels of �300mg/ml or �2mM. Initial
symptomsarenausea andvomiting, tinnitus, and
tachypnea with respiratory alkalosis and central
excitation, eventually resulting in combined
respiratory/metabolic acidosis. At severe intoxi-
cations, there are increasing central nervous dys-
functions (hallucinations, stupor, and coma),
renal failure, and, finally, death from respiratory
arrest. All of these symptoms are causedby salicy-
late accumulation in organs and tissues, most
notably, in the central nervous system, and prob-
ably due to salicylate actions on cellular metabo-
lism. Despite large interindividual variability, the
salicylate plasma levels correlatewellwith clinical
symptoms.

Treatment of salicylate poisoning is symptom-
atic. Reduced absorption by repeated administra-
tion of activated charcoal is an effective measure

in early stages of intoxication, that is, as long as
absorption from the GI tract is not completed.
With ingestion of enteric-coated aspirin, this in-
terval is longer than that with plain compounds.
Renal salicylate excretion can be considerably
enhanced by correction of acidosis and appropri-
ate alkalinization ofurineby sodiumbicarbonate.
The final outcome is largely determined by an
early diagnosis, that is, beginning of the treat-
ment. Under optimum conditions, mortality of
severe intoxications amounts to �5% but may
increase to 15–20% if the beginning of treatment
is delayed.
There is no evidence for addiction or habitua-

tion with salicylates, even at long-term use. The
risk of persistent injuries of liver or kidney func-
tion, the main sites of salicylate metabolism and
excretion, respectively, is very small and clinically
only relevant at preexisting diseases, for example,
high-dose long-term treatment of inflammatory
disorders with an altered immune status, such as
rheumatoid arthritis. However, this is currently
no indication of aspirin use.
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3.1.2
Bleeding Disorders

It is known formore thanhalf a century that aspirin
at therapeutic doses can cause bleeding problems
(Section 1.1.6). Ableeding risk caused by aspirin is,
for the most part, an issue of concern. However,
these concerns might not be justified in all cases
because the incidence of bleeding during single or
short-term aspirin treatment, if any, is very low. In
long-term use, aspirin-related bleeding risks have
to be balanced against the risk to facilitate athero-
thrombotic events after aspirin withdrawal, for
example, inpatientswhouseaspirin forcardiocoro-
nary prevention and have to undergo a surgical
intervention. Interestingly, abnormal bleedingwas
seen only in a minority (38%) of patients hospital-
ized because of severe life-threatening salicylate
poisoning [53]. In real life, aspirin-induced bleed-
ing is of low clinical significance [54] and was even
considered to be one of the �myths� of minor
surgical interventions suchas toothextractions [55].

3.1.2.1 Prolongation of Bleeding Time by Aspirin

Dose Dependency John Quick [56] published one
of the first mechanistic studies on the effect of

salicylates on bleeding time. He found that sin-
gle-dose aspirin in healthy subjects caused pro-
longed bleeding only when given at high doses
(1300mg) but not atmediumdoses (650mg). Only
aspirin prolonged bleeding but not salicylate,
and there was a large interindividual variability
(Figure 3.2). There is only one studydemonstrating
inhibition of platelet aggregation by salicylate
in vitro. However, the salicylate concentrations
(3mM) were too high to be clinically relevant [57].
Thesedatasuggest anaspirin-specificacetylationof
proteinsof interest, includingclotting factors in the
hemostatic system. The dose dependency of this
effect made it unlikely that inhibition of platelet-
dependent thromboxane formation was the expla-
nation – this inhibition should be complete at
650mg (Section 2.3.1).
A dose-dependent (80–1300mg) increase in

bleeding time after single-dose aspirin was con-
firmedby later investigators [58, 59]. These authors
also confirmed the observation of Quick that the
bleeding time was highly variable and was not
prolonged in all individuals, only about 60% being
responders. This variability was seen not only in
healthy volunteers but also in patients at advanced
stages of atherosclerosis. Conversely, 30% of pa-
tients with a history of aspirin-related gastrointes-
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tinal bleeding had an exaggerated prolongation of
bleeding time in response to single-dose (375mg)
aspirin compared with 10% of controls [60]. How-
ever, an absence of prolongation of bleeding does
not indicate an absence of risk of bleeding. Clini-
cally relevant bleedings, for example, during surgi-
cal interventions or ulcer bleeding in the GI tract
may not necessarily be correlated with a prolonged
bleeding time [61–63].

Bleeding Time and Platelet Function The maxi-
mum prolongation of bleeding time after single-
dose aspirin is seen at about 2–3 h. Depending on
themethodused, the absolute timeof prolongation
differs but usually is about twice the absolute
time before aspirin [58, 64]. This time frame is
similar to aspirin-induced inhibition of platelet
function (Section 2.3.1). Thus, thefirst explanation
for prolonged bleeding by aspirin after tissue
injurywas inhibitionof platelet function.However,
the mechanisms involved in blood–vessel wall
interactionsubsequent to vascular lesionsaremore
complex than inhibition of platelet function [65].
Consequently, the prolongation of bleeding time
andantithromboticactionsofaspirinarenoparallel
events [66], and recovery of bleeding time and
platelet function have a different time course [67].
This is consistent with the hypothesis that inhibi-
tion of platelet function by aspirin is only one factor
for aspirin-induced prolongation of bleeding.
Theamountsof thromboxaneproduced inbleed-

ing-time blood are considerably lower than those
produced by the same volume of blood during
clotting in vitro. This is not surprising since clotting
in a glass vial in vitro is a highly artificial procedure
anddetermines the thromboxane-formingcapacity
of platelets when time (h) is no limiting factor. This
is different from the in vivo situation where throm-
bus formation starts within seconds and is com-
pletewithinminutes.At this time, only about 5%of
the thromboxane-forming capacity are generated.
Thus, the capacity of clotting blood to form throm-
boxane in vitro appears not to be a suitable parame-
ter to describe in vivo hemostasis and its alteration
by aspirin treatment [68].

Determinants of Aspirin-Induced Prolongation of
Bleeding Time The aspirin-induced abnormality
in platelet function does not directly translate into
disturbedhemostasis of injured capillaries. Factors
that might be involved in addition to inhibition of
platelet functionarecoagulation factors, changes in
capillary permeability, and an altered endothelial
function. Considering this variety in variables, it is
not surprising that even standardized measure-
ments of bleeding time under well-defined condi-
tions show a high interindividual variability and
until now, there has been no generally accepted
definition of normal values for bleeding time in
man.
Mechanistically, aspirin could prolong bleeding

by acetylation of target proteins. These transacetyla-
tions are nonspecific and not restricted to cyclooxy-
genases. Acetylation of endothelial NO synthase
(eNOS), followed by an increased formation of
nitric oxide (NO) [69], a vasodilator and inhibitor
of platelet function, could also be involved. In
addition, aspirin acetylates prothrombin, fibrino-
gen, and other zymogens of clotting factors as well
as proteins of the platelet membrane. It has been
shown that aspirin at a single dose of 500mg
significantly retards thrombin formation ex vivo.
This effect is not shared by indomethacin (IND),
ticlopidine(TIC),ora thromboxanesynthase inhibi-
tor (TSI), though all compounds caused a marked
prolongation of bleeding time. Thus, the mechan-
ismsof prolongationof bleeding timeby aspirin are
probably different from inhibition of thromboxane
formation and possibly also different from that of
other antiplatelet agents [70] (Figure 3.3).

The sequence of events in tissue factor-dependent activa-
tionof the clotting systemand itsmodificationsby aspirin
were studied ex vivo in capillary blood of healthy
volunteers subsequent to vessel injury by skin incision.
Measurements were performed 1 week before and after
daily intake of 75mg aspirin. Blood was collected in 30 s
intervals. Activation of clotting factors was determined by
quantitative immunoassays.
Vascular injury was followed by an immediate, conti-

nuous fall of prothrombin levels, approaching less than
10% of the initial value at the end of bleeding, that is,

3.1 Systemic Side Effects j143



thrombus formation. This prothrombin was converted to
thrombin, reaching peak values of 38 nM (!). These
amounts of thrombin were much higher than those that
were required for maximum platelet activation. Fibrino-
gen level fell and became undetectable at about 3min of
bleeding, indicating maximum fibrin formation. (Throm-
bin-induced) activation of clotting factor V to factor Va
(amplification mechanism for thrombin formation) was
detected after thrombin generation had started and was
later followed by the inactivation of FVa by activated
protein C. This indicates thrombin-induced stimulation
of anticoagulant factors.
Aspirin treatment markedly reduced all of these activa-

tionmarkers, on average by about 30%. This was associa-
ted with a significant downregulation of the clotting
process.
It was concluded that aspirin at antiplatelet doses not

only inhibits thromboxane formation but also impairs
thrombin generation and all follow-up reactions cata-
lyzed by thrombin at the site of tissue injury. This also
involves thrombin-induced vasoconstriction by contrac-
tion of vascular smooth muscle cells after endothelial
defects [71].

These findings suggest that activation of the
tissue-factor-induced �extrinsic� pathway of blood
coagulation is partially antagonized by aspirin and
that this action of aspirinfinally causes inhibition of
thrombin formation. (Activated)platelets contribute
to thrombus formation, that is, cessation of bleed-
ing, by providing a matrix for activation of clotting
factors, such as factor Va. The exact role of throm-
boxane for these processes beyond stimulating

platelet recruitment and, in particular, its
�threshold� level for activation of the clotting pro-
cesses is unknown.

3.1.2.2 Aspirin-Related Bleeding Risk in Surgical
Interventions
Because of a possible bleeding risk, it is generally
recommended to stop the intakeof aspirin (orother
antiplatelet agents), such as clopidogrel, prior to a
surgical intervention.However, inhibition of plate-
let function is the therapeutic goal for the clinical
use of aspirin in the prevention of atherothrombo-
tic events. Problems may arise if patients at in-
creased atherothrombotic risk have to undergo
surgical interventions. It is a clinically highly rele-
vant question whether withdrawal of aspirin in
these patients, specifically in disease-related opera-
tions such as coronary artery bypass surgery or
carotid endarterectomy, improves the clinical out-
come by reducing perioperative blood loss or in-
creases the risk of atherothrombotic events [72]
(Section 4.1.1). A similar though less dramatic
issue is the question whether minor surgical inter-
ventions, such as tooth extractions, can be per-
formed in aspirin-treated patients without the risk
of major bleeding.

Aspirin and Bleeding Risk After Minor Surgical Inter-
ventions Because of the risk of uncontrolled peri-
procedural bleeding, patients receiving long-term
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aspirin treatment are frequently asked to discon-
tinuetheuseof thedrugfor5–7daysbeforesurgery.
However, no double-blind randomized studies
support this practice in oral surgery. Aspirin use
at antiplatelet doses (100mg/day) did cause sig-
nificant, thoughminor, increases in bleeding time
after oral surgery. However, local hemostatis is
sufficient to control bleeding [73]. Similar results
were obtained on patients at the same aspirin
dosage when no increase in secondary bleedings
was found after tooth extraction [74]. The conclu-
sion of these studies and one earlier critical review
on this issue [55] were that aspirin, taken at
antiplatelet doses for atherothrombotic prophy-
laxis, needs not be discontinued for minor den-
toalveolar surgery.

Aspirin and Atherothrombotic Risk After Major Sur-
gical Interventions Ischemic events (stroke, (re)
infarctions) were repeatedly described in patients
with previous myocardial infarction [75] or stroke
(Section 4.1.2), when aspirin prophylaxis was dis-
continued because of an elective surgical interven-
tion. A recently published overview of retrospec-
tive trials came to the conclusion that discontin-
uation of aspirin in these high-risk patients may
cause acute thromboembolic vessel occlusion in
up to 10% of patients. This suggests a consider-
able clinical benefit of continuation of aspirin
prophylaxis, in particular, in larger surgical inter-
ventions that are associated with a significant
activation of the clotting system [76]. Importantly,
atherothrombotic events usually do not occur
immediately but only some days after the surgical
intervention and may not be seen by the
surgeon [77].

The impact of aspirin use on perioperative blood loss in
cardiovascular risk patients was studied prospectively in
a series of 317 consecutive patients undergoing elective
reoperative coronary artery bypass surgery with extracor-
poreal circulation. A total of 215 patients received aspirin
or aspirin-containing medications within the 7 preoper-
ative days. These patients were compared with 102 cases
who had not taken aspirin within this time interval
(control). Neither autotransfusions of mediastinal blood

or platelet rich plasma nor treatment with aprotinin or
desmopressin was used in either group.
No significant differences were observed between

aspirin-treated patients and controls with respect to post-
operative hematocrit, mediastinal drainage, or blood sub-
stitution. There was also no significant interaction with
preoperative heparin therapy.
The conclusion was that preoperative aspirin is not

an important determinant of mediastinal drainage or
allogeneic transfusions, even in repeated bypass surgery.
Surgical and patient characteristics are more important
predictors of clinical outcome [78].

A 50% increased risk of periprocedural blood
loss is to be expected if aspirin treatment is not
discontinued prior to surgery. However, this blood
loss is usually moderate and is not associated with
an increase in the severity of bleeding complica-
tions or even bleeding-related death [77–79]. With
the exception of intracranial surgery and transure-
thral prostatectomy – fetal aspirin bleedings have
been described for both – the decision to discontin-
ue aspirin before surgical interventions has to
consider the markedly elevated risk of athero-
thrombotic vessel occlusions, in particular, in
cardiovascular risk patients. This risk is further
enhanced by the proinflammatory and prothrom-
botic conditions of major surgeries [72] (Section
4.1.1). Platelet function tests prior to surgery may
be valuable for making decisions [80]; however,
they arenot standardizedand therearenogenerally
accepted �normal� values.

An interesting analysis on the effect of perioperative
aspirin on the clinical outcome was published by
Neilipovitz et al. [81].
A statistical model based on 138 study protocols indi-

cated that continued aspirin use reduced the total
perioperative mortality rates from 2.8 to 2.0% and the
number of myocardial infarctions from 4.6 to 2.7%. This
was associated with a slight increase in life expectancy.
However, aspirin increased the number of hemorrhagic
complications by 2.5%, primarily because of an increased
risk of non-life-threatening bleedings.
It was concluded that the beneficial reductions in

mortality from thrombotic problems by aspirin account
for the increase in life expectancy and overweigh the
increased bleeding tendency. In the absence of random-
ized prospective trials, this raises doubts whether the
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practice of routinely stopping aspirin before surgery and
during the early postoperative period is justified [81].

A recent review on the effect of preoperative
aspirin on the bleeding risk of patients undergoing
coronary artery bypass surgery came to the conclu-
sion that bleeding risk exists butmaybe largely avoi-
dedby theuse of aspirin at lowdoses (<325mg) [82].

3.1.2.3 Aspirin, Other Drugs, and Alcohol

Aspirin and NSAIDs In contrast to aspirin, the
increased bleeding tendency with reversible COX
inhibitors, such as traditional nonsteroidal anti-
inflammatory drugs (NSAIDs) [83] can be pre-
vented if thecompoundsarewithdrawnsufficiently
early before surgery. Five half lives are recom-
mended [84]. Formost of the compounds (with the
exception of naproxen), this is equivalent to about 1
day. Since these drugs have not been shown to
protect from ischemic events in atherothrombosis,
considerations regarding the loss of putative bene-
ficial effects are unnecessary.

Aspirin and Alcohol Ingestion of aspirin together
with moderate amounts of alcohol (50 g) causes a
significant prolongation of bleeding time. Similar
effects were seen with indomethacin and ibupro-
fen but not with choline salicylate [83]. An expla-
nation is the inhibition of gastric mucosal alcohol
dehydrogenase. This effect is seen only in men
and not in women, possibly because of the low or
absent first-pass metabolism of alcohol in the
female stomach (Section 2.1.1). Thus, alcohol will
enhance the effect of aspirin on hemostasis and
probably also contribute to the beneficial effects
of low-to-moderate drinking on prevention of
myocardial infarctions –with and without aspirin
(Section 4.1.1).

3.1.2.4 Prevention and Treatment of Bleedings
Aspirin-related bleedings with few but important
exceptions, including GI bleedings (Section 3.2.1)
and hemorrhagic cerebral infarctions (Section
4.2.1), are not life threatening and usually do not

require particular therapeutic measures. Any in-
creased bleeding tendency, however, is inconve-
nient to the consumer (nose bleed, gingival, and
shaving bleeding) and might result in a poor com-
pliance in long-termuse.Bleedingmayalsobecome
a clinical problem in case of nonelective or unex-
pected surgery in otherwise healthy individuals,
including accidents or urgent operations, for exam-
ple, appendicitis. The clinical problem of bleeding
in aspirinized patients is aggravated by the absence
of a specific antidote and the irreversibility of inhi-
bition of platelet function. Two drugs have been
used as functional antagonists of aspirin-induced
bleeding: desmopressin (1-deamino-8-D-arginine-
vasopressin) (DDAVP) [85] and aprotinin [86].

DDAVP DDAVP improves platelet adhesion to
the vessel wall by generation of abnormally large
factor VIII/von Willebrand factor multimers.
These multimers bind platelets are particularly
effective for subendothelial collagen. The action is
specific for platelets but independent of the kind of
antiplatelet agent and has been shown to be effec-
tive also after treatment with (platelet-selective)
GPIIb/IIIa antagonists [87]. DDAVP is well tole-
rated and the treatment of choice for von Will-
ebrand�s disease and mild hemophilia [88]. The
effect on bleeding time ismaximum1–2 h after i.v.
administration (0.3mg/kg) and lasts for about
4 h [89, 90].

DDAVP has also been found, however, to stimulate
platelet function and to promote thrombus growth [91]
without changing platelet-dependent thromboxane for-
mation [85, 92]. This is clearly not a desired activity in
surgical interventions, particularly in patients undergo-
ing cardiovascular surgery (Section 4.1.1). Thus, the use
of DDAVP appears to be of limited value in patients at
elevated atherothrombotic risk who need continuous
aspirin treatment as a result of thrombosis prophylaxis.

Aprotinin Aprotinin is a nonselective inhibitor of
serine proteases, including procoagulatory (factor
XIIa, thrombin) and fibrinolytic (plasmin) en-
zymes. Aprotinin reduces bleeding after surgery
at maintained platelet hemostatic function and
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inhibition of thromboxane formation by aspirin.
Several well-controlled prospective double-blind
studies have shown that aprotinin reduces blood
loss in cardiac surgery [93–96].
Aprotinin has been withdrawn from the market

by the producer in November 2007 because of the
pending final results from the Canadian Blood
ConservationUsingAntifibrinolyticsTrial (BART).
At that time, the available data suggested an in-
creasedmortality in the aprotinin arm that �almost
reached conventional statistical significance.� This
prompted the data and safety monitoring board to
stop the trial. Nevertheless, there are still a number
ofunsolvedissuesregardingtherisk/benefit ratioof

aprotinin [97] and a recent though nonrandomized
clinical trial in patients undergoing coronary artery
bypass grafting found aprotinin both efficacious
and safe [98].
Taken together, the available evidence suggests

that aspirin-associated bleeding during surgical
interventions in most indications is not a critical
issue and there is no increasedmortality but rather
an improvedclinicaloutcomeinpatientsatelevated
cardiovascular risk. If necessary, DDAVP is avail-
able though not free from an increased thrombotic
risk. Platelet infusions are not the treatment of
choice in high-risk patients andmay even increase
the risk for adverse outcome [99].

Summary

Aprolongation of bleeding time, about twofold, is
frequently seenafter (regular) aspirin intake.This
action is dose dependent and the mechanism
multifactorial, involving both vascular and circu-
lating blood components of primary hemostasis.
There is a considerable interindividual variability.

Aspirin-induced bleeding cannot be solely ex-
plained by inhibition of thromboxane formation
and does not correlate with the antithrombotic
efficacy of the compound in cardiocoronary pro-
phylaxis. Mechanistically, acetylation of enzymes
in addition to cyclooxygenases might be involved
because salicylate does not show comparable
effects. Possible candidates are inhibition of
thrombin formation (acetylation of prothrom-
bin?) after stimulation of tissue-factor-dependent
coagulation andenhanced endothelialNOforma-
tion (acetylation of eNOS) among others.

Increased aspirin-related bleedings are parti-
cularly relevant in surgery. Preoperative aspirin

within 5–7 days prior to the intervention in-
creases the risk of periprocedural bleedings by
about 50%. Available data from retrospective
trials suggest that this is not a critical issue if
the aspirin doses are low (<325mg) and there is
no increased mortality. Any withdrawal of aspi-
rin prior to surgery has also to be balanced
against an enhanced thrombotic risk due to the
proinflammatory and prothrombotic conditions
of surgical interventions. This is particularly
relevant to patients at elevated cardiovascular
risk (Section 4.1.1).
There is no specific antidote to antagonize the

aspirin-induced bleeding tendency. Therefore,
treatmentorpreventionof aspirin-inducedbleed-
ings is symptomatic, if necessary at all. Aprotinin
used to be the drug of choice to inhibit excessive
bleedings but is no longer available for this indi-
cation because of a thrombotic tendency. DDAVP
is an alternative, though not free from increased
thrombotic risk. There is no place for platelet
infusions.
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3.1.3
Safety Pharmacology in Particular Life Situations

Data on pharmacokinetic and pharmacodynamic
properties of aspirin are usually obtained from
healthy middle-aged individual. However, these
data may not apply to every single patient or con-
sumer, respectively, and may also vary in different
ethnic populations and particular life situations.
Pregnancy and older age are two examples for
particular life situations in which pharmacological
actions of aspirin may differ in a clinically relevant
manner from those in �normal� situations and,
therefore, require particular attention.
In early pregnancy, there is the possible inter-

ference of COX inhibition with fertility and
embryogenesis, and in late pregnancy, the trans-
placental transfer of aspirin into the fetal circula-
tion with possible consequences for fetal blood
flow and hemostasis. However, aspirin is also a
valuable therapeutic for the prevention of pree-
clampsia (Section 4.1.5).
Aquitedifferent, thoughnot less important, issue

is the use of aspirin in older age. Older patients are
frequently long-term users of aspirin, for example,
because of prophylaxis of ischemic stroke (Section
4.1.2). In the elderly, biotransformations and renal
excretion of salicylates may be reduced. This en-
hances thebioavailabilityof theactivecompound(s),
that is, salicylate, eventually resulting in too high
plasma levels and toxic side effects, mainly tinnitus
or other disturbances of the audiovestibular system
(Section 3.2.4). Additionally, drug interactions have
to be considered because of frequent comorbidities
and cotreatments in these patients.

3.1.3.1 Pregnancy and Fetal Development
Low-dose aspirin is generally considered to be
relatively safe during early pregnancy [100]. Never-
theless, no drug should be used in this particular
life situation without a clear therapeutic need that
outweighs any possible risk.

Prostaglandin-Dependent Events of Ovulation
Prostaglandins are involved in all stages of preg-

nancy and fetal development. This starts with
ovulation, that is, the release of the fertile oocyte
from the ovarian follicle subsequent to rupture of
the luteinized follicle membrane. This is followed
by ovum transport through the Fallopian tube
and nidation in the endometrium of the uterus.
Prostaglandins, in particular, those derived from
COX-2, appear to be crucial to these processes since
COX-2-deficient female mice are infertile and have
deficits in all components of early pregnancy.

NSAIDs, Aspirin, and Fertility Normal implanta-
tion requires the release of themature oocyte from
the luteinizedfollicle. If thefirststepof thisprocess,
that is, rupture of the follicular wall, does not occur,
the cycle remains unovulatory, eventually resulting
in the luteinized unruptured follicle (LUF) syn-
drome. Mechanistically, rupture of the follicular
wall is mediated by proteases that in turn are
activated by prostaglandins. Consequently, inhibi-
tion of prostaglandin synthesis will prevent follicle
rupture.
NSAIDs, such as indomethacin and diclofenac,

have been shown to inhibit ovulation and to delay
follicle rupture, that is, to induce a luteinized but
unruptured follicle. This might be associated with
female infertility [101–103].Delayingorprevention
of follicle wall rupture has potential in the form of
nonhormonaloralcontraceptionsincesteroidgene-
sis is not affected by inhibition of prostaglandin
synthesis [104]. There are no definite reports that
aspirin interferes with these processes in oocyte
maturation. Thismight bebecause of the short half-
life of aspirin or a different pharmacological profile
of action, that is, the preferential inhibition ofCOX-
1 andnot COX-2, themore importantCOX isoform
involved in these processes. Alternatively, there
might be pharmacokinetic reasons, that is, a low
lipophilicity as opposed to NSAIDs or coxibs.

Teratogeneity Several animal studies have shown
that aspirin may increase the risk of congenital
abnormalities when given at high toxic doses. It
is, however, questionable, whether these animal
data canbe transferred tohuman.No increasedrisk
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ofmalformations was found in a large cohort study,
the �Collaborative Perinatal Project,� evaluating
more than 44000 women [105]. In 2000 children
with congenital heart malformations, there was no
increased risk for cardiac malformations if the
mothers had taken aspirin in early pregnancy [106].
No increased risk of malformations by aspirin
was seen in two randomized trials [107, 108] and
confirmed in a large meta-analysis on aspirin con-
sumption in early pregnancy and the risk of con-
genital abnormalities [109]. The only possible
malformation with a relation to aspirin was gastro-
schisis. However, the significance of this finding is
unknown. Overall, fetal exposure to aspirin taken
during early pregnancy (first trimester) at thera-
peutic doses by the mother appears not to be
associated with a higher risk of congenital abnor-
malities in otherwise healthy individuals [110–113].

Risk of Miscarriage Two large population-based
cohort studies in Denmark and California ad-
dressed the question of a relationship between the
use of NSAIDs and the risk of miscarriage. In the
Danish study, prenatal use of NSAIDs was asso-
ciated with an enhanced risk of miscarriage but
appeared not to increase the risk of adverse birth
outcome. The use of aspirin was not specifically
addressed [114]. In the Californian Study, the asso-
ciation of prenatal aspirin with the risk of miscar-
riagewasweaker than that of otherNSAIDsand the
estimates unstable because of the small number of
aspirin users [115].
There are only few randomized trials studying

the role of aspirin in miscarriage. These failed to
show a relationship between aspirin use and mis-
carriage [116, 117]. On the opposite, aspirin has
even been used to improve the rate of in vitro
fertilization and to reduce the rate of miscarriages
and intrauterine growth retardation in a meta-
analysis [118]. This is the reason for the consider-
ation of aspirin (alone or in combination with
heparin) for improving fertilization rates inwomen
with recurrent fetal loss (Section 4.1.5). Thus, aspi-
rin appears not to increase the risk of miscarriages
in normal pregnancies.

Aspirin and Pregnancies at Increased Risk Similar
considerations apply to pregnancies at increased
risk, specifically preeclampsia where aspirin is
used as a therapeutic agent (Section 4.1.5). Accord-
ing to a recent large meta-analysis, the risk of
miscarriages and the rate of perinatal death were
notdifferent foraspirinandplacebo.Therewasalso
no significant difference in perinatal mortality or
the rate of �small-for-gestational-age� infants.
However, women, who took aspirin, had a signifi-
cantly lower risk of preterm deliveries, possibly
because of inhibition of prostaglandin synthesis
(see below) [113]. Taken together, there is no con-
vincing evidence that the use of aspirin – possibly
opposed tootherNSAIDs– is aparticular risk factor
formother or fetus in early pregnancy and appears
to be safe also in women with moderate and high-
risk pregnancies.

Late Pregnancy Intake of low-dose aspirin
(100mg/day) in the last trimester of pregnancywill
neither reduce the placental weight nor retard fetal
growth and differentiation [119]. Similar results
were obtained in a cohort study of more than
40 000 pregnant women. No relation was found
between aspirin intake (high, medium, and low)
and the rates of stillbirth, perinatal mortality, and
mean birth weights [120]. The interesting hypothe-
sis of a negative correlation between intake of
aspirin during pregnancy and the IQ at the age of
4 years, suggested from data in a small study [121],
was not confirmed in a large prospective trial [122].

Ductus Arteriosus Botalli Vasodilatory prostaglan-
dinsare involvedinthelowvascularresistanceof the
fetalcirculation[123]andprobablyalsocontributeto
the low incidence of thrombosis in the placental
circulation. In that respect, vasodilatory prostaglan-
dins have also a key role for the maintenance of
blood flow through the ductus. Consequently,
NSAIDs, such as indomethacin and ibuprofen, are
currently used for pharmacological closure of the
ductus. The question arises whether aspirin has a
similar effect and might also cause functionally
relevant reductions in ductal blood flow.
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In a placebo-controlled double-blind trial, 43 pregnant
women at risk of preeclampsia or intrauterine growth
retardation were allocated to 100mg/day aspirin or
placebo. Doppler measurements of the uterine artery,
several fetal arteries, and the ductus arteriosus Botalli
were performed in 2-week intervals from 18th gesta-
tional week until delivery.
No differences between aspirin and placebo were

seen in any of the parameters measured.
The conclusion was that low-dose aspirin during the

second and third trimesters of pregnancy does not alter
uteroplacental or fetoplacental hemodynamics and does
not cause detectable constriction of the ductus arter-
iosus Botalli [124].

Reversible, transient reductions of ductal blood
flow have been reported in early studies, usually at
much higher doses than used today [125, 126].
According to later studies and other available data,
it is not likely that aspirin will cause a functionally
relevant constriction of the ductus with conse-
quences for the fetus.

Bleeding Aspirin rapidly passes the placenta and
enters the fetal circulation, approaching about 50%
of the plasma level at steady-state condi-
tions [127, 128]. Thus, aspirin may interfere with
hemostasis not only in thematernal but also in the
fetal circulation and the newborn. Regular doses of
100mg are sufficient for antiplatelet effects in the
fetus and neonate [129, 130]. The antiplatelet effect
is less pronounced or absent at lower doses of
aspirin, such as 60mg/day [131], which have been
frequently used in the treatment of preeclampsia
(Section 4.1.5).
Platelets of neonates have abnormalities regard-

ingadhesion, aggregation, andgranulesecretion in
response to standard stimuli in vitro [130].Whether
platelets fromnewbornarealsomoresusceptible to
aspirin than those of the mother is unclear [130–
132]. There is, however, no doubt of a bleeding risk
in the newborn if the mother had taken aspirin
shortly, that is, within 1week prior to labor and this
risk might be greater in premature newborns with
immature drug clearance systems.

Ingestion of aspirin during the last week of pregnancy
by the mother was associated with a remarkable risk of

severe bleeding disorders in premature newborns (�34
weeks of gestation or body weight 1500 g or less)
associated with intracranial hemorrhage. Computer
tomography showed that 53 out of 108 infants (49%)
exhibited intracranial hemorrhage within the first week
postpartum. The incidence of hemorrhage in the infants
whose mothers had ingested aspirin was significantly
greater than that in infants whose mother did not take
either aspirin or paracetamol.
The conclusion was that the use of aspirin is as-

sociated with increased risk of intracranial hemorrhage
in premature newborn. Therefore, aspirin should not
be taken within the past 3 months of pregnancy
[133].

Despite formal criticisms, mainly regarding the
uncertainty about aspirin doses and its duration of
use, similar results were also seen in a prospective
case–control trial on full-term pregnancies [134].
Thus, intake of aspirin should be avoided during
late pregnancy, specifically shortly before delivery.

Maternal Aspirin Intoxication and Consequences for
the Fetus Because of the slowmetabolic and renal
clearance of aspirin in the fetal circulation as op-
posed to the maternal circulation, effective salicy-
late levels aremaintained in the fetal circulation for
a longer period of time [110]. This will result in an
increased fetal sensitivity to salicylateoverdosingof
the mother [135], a factor to be particularly consi-
dered in suicide attempts of young females.

A mature female newborn (3.5 kg) was admitted to the
hospital at 20h of age with a history of increasing
hyperpnoea since 3 h of age. The mother had taken
15–18g aspirin 27h before delivery. Her salicylate levels
20h before birth were 380mg/ml. The serum salicylate of
the patient on admission was 350mg/ml whereas the
mother�s level, drawn at 19 h after delivery, had already
declined to 220mg/ml. Four hours after starting intrave-
nous fluid infusion, serum salicylate in the patient was
still 330mg/ml. An exchange transfusion was performed
without incident. The postexchange salicylate level was
220mg/ml, suggesting that a total of 135mg salicylate(s)
was removed by this procedure.
The data suggest that in the case of moderate

intoxication of a newborn, serum levels of salicylate in
the fetus 20h before birth are the same as the mother�s
and, in the absence of sufficient urine formation and
vomiting, remain nearly unchanged during the first 20 h
after birth, probably because of renal immaturity [136].
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Retardation of Labor In addition to the mainte-
nance of blood flow through the ductus arteriosus
Botalli, prostaglandins are also critical factors in
control of uterine tone, in particular, in late preg-
nancyandduringdelivery.NSAIDscanretard labor
in late pregnancy or ante partum because of inhibi-
tion of prostaglandin synthesis. Ingestion of high-
dose aspirin (>3.2 g/day) over a longer period of
time, that is,more than 6months, will significantly
prolong thedurationofpregnancy [137].Becauseof
this, aspirinwasused inearlydaysas tokolytic agent
in incipient abortion. Today, better tolerable and
more effective tokolytics, such as b2-sympathomi-
metics, are available.

3.1.3.2 The Elderly Patient
The elderly patient, that is, individuals at the age
of�75 years, is frequently multimorbid and takes
several medications simultaneously. This is the
background for drug interactions, for example, in
long-term prophylaxis of stroke (Section 4.1.2)
and other atherothrombotic diseases. In some
cases, chronic inflammatory diseases, such as
rheumatoid arthritis, may exist simultaneously
(Section 4.2.2). In addition, the elderly is more
prone to compliance problems and age-related
changes in pharmacokinetics. This requires par-
ticular attention, also, because the consequences
are more severe in the elderly than in medium-
age individuals.

DrugMetabolism in the Elderly Pharmacokinetics
and, in some cases, pharmacodynamics of drugs
are changed in the elderly. Unwanted pharmaco-
kinetic effects of long-lasting administration of
aspirin in the elderly may be due to restricted
renal function and changes in hepatic clearance
(Section 2.1.2).
Typical early symptoms of aspirin or salicylate

overdosing in the elderly are those from the CNS,
such as bilateral hearing disorders or tinnitus (Sec-
tion 4.3.4). Further disturbances involve dizziness,
loss of motoric speech control, hallucinations, and
changes in mood rather than GI toxicity [138].
Nevertheless, (micro) bleedings in the GI tract

though less deteriorating, because not painful,
might become problematic if they exceed a certain
limit (Section 3.2.1).
The use of antiplatelet agents, including aspirin

in elderly patients also increases the risk of trau-
matic intracranial hemorrhage subsequent to trau-
matic head injury. In a retrospective analysis, the
useofantiplateletdrugs intheelderlywascorrelated
with increased mortality [139]. Although this find-
ing is not totally surprising, the elderly patients
should be made aware of this increased risk if they
are taking the compound for atherothrombotic
prevention.
Probably one of the largest population-based

prospective trials on side effects of long-term OTC
use of aspirin in the elderly was published by
Paganini-Hill et al. [140].

A total of 13 987 older citizens of a settlement close to
Los Angeles (medium age: 73 years) were asked for
aspirin use and afterward studied for 6.5 years or until
the occurrence of an acute event. Primary end points
were death or hospitalization. The study population
included 5106 males and 8881 females. Controls were
those individuals who denied aspirin use.
Daily intake of aspirin resulted in a significant increase

of renal carcinomas in man, and a nonsignificant in-
crease in women. There was a gender-independent
increase of colon carcinomas. There was a tendency for
reduced risk of myocardial infarctions in man whereas
the risk for stroke tended to be increased. Interestingly,
exclusion of study participants with previous myocardial
infarction, stroke, or a history of angina pectoris resulted
in a considerable (doubling) of risk of ischemic heart
disease in both sexes. These changes were seen only in
study participants, who, according to self-reports, took
daily or �several fold� daily aspirin but not in those who
took aspirin less than once daily.
The conclusion was that regular intake of aspirin

increases the risk of renal carcinomas and myocardial
infarctions [140].

These data were unexpected, in particular, with
respect to cardiocoronary prevention (Section
4.1.1) and prevention of colorectal carcinomas
(Section 4.3.1) and the study itself became subject
of several criticisms. Most importantly, there was
no information about dose and duration of aspirin
intake. No differentiation was made between
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different aspirin formulations and there was no
objective validation of the anamnestic data or
compliance control, for example, by pill count.
Interestingly, no differences in any of the para-
meters were seen, if the study participants regu-
larly took aspirin but less than once (or more than
once) daily. Finally, all information about aspirin
intake was based on one single interview at the
beginning of the trial. Another interview, done
5 years later, indicated that about one-third of

study participants had changed their aspirin in-
take habits in the meantime [141].
Despite these limitations and opposite results in

essentially all other published epidemiological
trials – specifically in chemoprevention of colorec-
tal carcinoma (Section 4.3.1) – this study neverthe-
less is of epidemiological interest for geriatrics and
another argument against nonprescriptional long-
term use of drugs, including aspirin, in the elderly
when the individual risk–benefit ratio is unknown.

Summary

Pregnancy and older age are two particular life
situations with peculiarities regarding aspirin�s
efficacy and safety. In pregnancy, possible actions
of the drug on pregnancy development and birth
have to be considered along with possible effects
on the fetus and neonate, respectively. In older
age, there are general alterations in pharmacoki-
netics, possibly associated with drug interactions
because of frequent comorbidities. In addition,
compliance problems might exist because of the
possible daily intake of many different drugs.

There is no reproduction without (COX-2-
derived) prostaglandins because of female infer-
tility as seen in COX-2 knockout mice. Most
available clinical data suggest that aspirin, in
contrast to traditional NSAIDs or coxibs, does not
significantly interfere with ovulation and early
stages of pregnancy. Although aspirin passes the
placental barrier and enters the fetal circulation,
there is no conclusive evidence that aspirin inges-
tion causes malformations or growth retardation
in the fetus. There is also no evidence from
prospective trials that aspirin increases the rate
of miscarriages. Low-dose aspirin used thera-
peutically for the prevention of preeclampsia in

high-risk pregnancies (Section 4.1.5). Aspirin
may also be used for in vitro fertilization and will
increase the efficacy of this procedure, both as a
single medication and in combination with
heparin.
Intake of aspirin shortly (within 1week) before

delivery is associated with a significant bleeding
risk for not only themother but also the fetus and
newborn and should be avoided. There is no
conclusive evidence that aspirin in late pregnancy
causes functionally relevant constriction of the
ductus arteriosus Botalli. Nevertheless, because
of bleeding and general safety reasons, aspirin
should not be taken in the third trimester of
pregnancy.
Aspirin is frequently used in the elderly as

single medication or in combination with other
drugs. In the elderly, drug clearance may be
retarded, eventually resulting in toxic symptoms,
specifically in long-term use. At conventional
antiplatelet doses, this risk of overdosing is low.
At analgesic or anti-inflammatory doses, there
might be a higher risk of side effects, mostly
symptoms in the CNS, such as tinnitus. These
actions are transient and can be corrected by
adjustment of doses if further aspirin use is
required for preventive reasons.
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3.2
Organ Toxicity

Systemic salicylate intoxications are clinically pres-
ent with systemic alterations in the acid–base equi-
librium associated with disturbances in energy
metabolism and ionic homeostasis and finally col-
lapse of cellular signaling. Though these mechan-
isms are similar, they have different consequences
for the function of particular organs and tissues.
These mainly depend on the local tissue salicylate
level and pH, the individual tissue sensitivity,
and changes in blood flow. For example, hair cells
from the cochlea behave differently from hepato-
cytes, kidney tubular cells, or cells of the stomach
mucosa, though the cellular mechanisms behind
are essentially the same and mainly caused by
salicylate accumulation.
Of particular interest with respect to specific

organ functions are the gastrointestinal tract (Sec-
tion 3.2.1), the kidney (Section 3.2.2), the liver
(Section 3.2.3), and the audiovestibular system
(Section 3.2.4). Similar to systemic toxicity, organ-
specific alterations are also largely determined by
the salicylate moiety and – importantly – in many
cases are fully reversible after drug removal.
The stomach is clearly in focus of aspirin side

effects. However, it is important to distinguish
betweensubjectivesymptomsofgastricintolerance,
such as nausea, vomiting, and �heartburn�, and
objectivefindings,suchasgastricerosionsandulcer
formation.Thisdissociationisnotalwayssufficient-
lyappreciated instudieson theGI toxicityof aspirin.
The kidney is frequently considered as another

important target of salicylate toxicity. This is not
true. With the possible exception of elderly indivi-
duals with impaired renal function or preexisting
kidney disease, renal failure is neither typical for
acute salicylate overdosing nor is there any causal
relationship with chronic �abuse� of salicylates, for
example, as analgesicOTCpreparationsand the so-
called �analgesic nephropathy.�
In contrast, salicylate-induced hepatopathy is a

typical accompanying phenomenon of high-dose,
long-term aspirin treatment. Changes in hepatic

function, frequently associated with increases in
liver enzymes, are also generally reversible and
probably caused by a dose-dependent impairment
of b-oxidation of long-chain fatty acids as well as an
uncoupling of oxidative phosphorylation. The rea-
sons for this are mainly physicochemical in nature
(Section 2.2.3) rather than a specific pharmacody-
namic effect on the hepatocytes. Rare cases of
chronic hepatitis have been described that reverse
withdiscontinuationof aspirin. The causal relation-
shipbetweenaspirin intakeandReye�ssyndromein
children remains unproven (Section 3.3.3).
Finally, the innerearand, inparticular, thecochlea

outer hair cells are sensitive to salicylate overdosing.
The most prominent clinical consequences are
dose-dependenthearing lossand tinnitus.Although
thesechangesarenot life-threateningeventsandare
reversible after aspirin withdrawal or dose reduc-
tion, they are nevertheless disturbing for the patient
and may affect compliance during long-term use.

3.2.1
Gastrointestinal Tract

The quantitatively most frequent and most rele-
vant side effects of aspirin are those in the GI
tract. Disturbances mostly occur not only in the
stomach but also in the esophagus at low pH in
the presence of acid reflux [142, 143]. There is less
evidence that aspirin or NSAIDs also affect duo-
denal mucosa and cause or perpetuate duodenal
ulcer disease [144–147].
Typical aspirin-related forms of GI injury are

superficial erosions, ulcers, and bleeding. Accord-
ing to recent meta-analyses, the incidence of these
complications is approximately doubled by regular
daily intake of antiplatelet doses (75–160mg) of
plain aspirin [148, 149]. Intolerance to aspirin typi-
cally occurs after or during long-term use but
is much less frequent after single or short-term
administration. Both prescriptional and nonpre-
scriptional uses of aspirin bear a risk of bleeding,
andbecauseof thewidespreaduseofaspirin, evena
small proportion of usersmay translate into a large
absolute number of individuals [150]. Neverthe-
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less, only aminority of aspirinuserswill experience
GI complications, the incidence being in the same
range or even less than for ibuprofen at low or
intermittent dosage [151, 152].
The frequency and severity of aspirin-related GI

bleedingdependsonthedose, time,anddurationof
aspirin use [153] and appears to be falling, possibly
related to improved treatment of H. pylori infec-
tions or an increased cotreatment with antacid
drugs, in particular, proton-pump inhibitors [154].

There is an exponential relationship between the number
of aspirin tablets (325mg each) taken and the risk of
developing a clinically recognized gastric ulcer: intake of
up to 14 aspirin tablets per week does not increase the
risk of gastric ulcer above control, only with 22 tablets/
week does the 95% confidence interval establish a risk
significantly higher than control [144] (Figure 3.4).

Typical subjective symptoms of gastric intoler-
ance after oral aspirin are dyspepsia, nausea, and
heartburn, sometimes felt as �hunger pain� that
can be relieved by food intake. Side effects of this
kind are observed in about 5–25% of aspirin users
and are important determinants of the patient�s
adherence to drug treatment. However, these sub-
jective symptoms do not necessarily indicate a

morphological gastric mucosal injury [144, 155].
Asmanyas50%ofpatientswithdyspepsia exhibit a
normal-appearing gastric mucosa whereas up to
40% of individuals with endoscopic evidence of
erosive gastritis are asymptomatic [150]. Conse-
quently, the presence of subjective symptoms does
not correspond to mucosal injury or to fecal blood
loss caused by GI microbleeding [156] and the
absence of subjective symptoms has no predictive
value for the absence of endoscopically detectable
gastric mucosal injury.

3.2.1.1 Pathophysiology of GI Injury

GastricMucosal Barrier The healthy stomachmu-
cosa is resistant to the high concentrations of HCl
andpepsin in gastric juice. This resistance is due to
a �mucosal barrier� [157] that maintains a unique
proton gradient of about 100 000 : 1 between the
gastric lumen and gastric mucosal cells (Section
2.1.1). This barrier prevents back-diffusion of pro-
tons and, consequently, the autodigestion of the
stomach wall by pepsin. Any (sub)cellularmucosal
injury by chemical or physical measures can only
occur if the mucosal barrier does not function
normally and/or has been physically disrupted.
Thus, the understanding of this barrier function
isessential tounderstandaspirin-related injuries to
the stomach mucosa.

Acute Mucosal Injury by Disturbing Barrier Function
The term �mucosal barrier� describes functional
properties of the borderline membranes between
the gastric lumen and mucosal cells. It cannot be
ascribed to one particular anatomically defined
structure.However, gelmucus and epithelial phos-
pholipids are the likely constituents. In addition,
the barrier function is also controlled by mucosal
blood flow [158]. Aspirin, salicylate, or other lipo-
philic agents, such as bile acids or ethanol but
also mechanical and thermal stimuli associated
with food intake, disturb this barrier function and
allow for the penetration (back-diffusion) of pro-
tons into the mucosal cells with the consequence
of an intracellular acidosis [159]. This process can
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Figure 3.4 Risk of developing a clinically recognized gastric
ulcer in relation to the amount of aspirin consumed per
week.Onetabletcontained325mgaspirin. Intakeofupto14
tablets per week does not increase the statistic risk of ulcer.
The 95% confidence interval (CI) of no increased risk ends
with 22 tablets per week [144].
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be quantified by measuring the gastric transmuco-
sal potential difference. Changes of this gradient by
salicylates are transient, concentration-dependent,
and probably caused by the same physicochemical
mechanisms as salicylate-induced depletions of
themembrane potential of livermitochondria (Sec-
tion 2.2.3) or outer hair cells in the cochlea (Section
3.2.4). After ingestion of one 600mg single dose
of predissolved aspirin, maximum changes (de-
creases) in gastric transmucosal potential are
obtained at about 10min, recovery starts within
30–60min, and is complete within 6 h [160].

Repeated Injury and Restitution of Mucosal Surface
Epithelium Longer lasting or more intense irri-
tations of the stomach mucosa will result in
morphologically detectable defects of the muco-
sal epithelium that require repair. This restitution
of the surface epithelium starts with migration of
epithelial cells from gastric pits that start to cover
the area of damage, later followed by cell division
for complete coverage. There is no correlation
between the severity of mucosal injury and the
reduction of the potential difference, that is, the
total amount of rediffused protons [144, 158].
More recent experimental data suggest that aspi-
rin-induced changes in transmucosal potential
difference probably reflect damage to structures
in the oxyntic glands and not the breaking of the
surface and pit cell mucosal barrier. Thus, not all
cells in the stomach mucosa might be affected by
aspirin to the same extent [161].

Adaption of the Gastric Mucosa Gastric mucosa
has the unique property to become tolerant against
noxious stimuli of any kind after repeated or
continuous challenging. This long-known phe-
nomenon of �adaption� has been ascribed to
morphological alterations in the gastric mucosal
epithelium, eventually resulting in the emergence
of a new cell population with an increased rate of
cell turnover and replacement or greater resistance
to noxious stimuli, including aspirin [144, 162].
Thus, restitution of gastric mucosal epithelium
means covering of an epithelium-denuded area by

a new cell lining. These processes appear not to
require the presence of prostaglandins [163]. How-
ever, mucosal adaption can be considerably accel-
erated by supply with exogenous prostaglandins
[164]. This suggests that inhibition of endogenous
prostaglandin synthesis is not the cause of gastric
mucosal injury but rather an aggravating factor for
any preexisting functional impairment or injury,
respectively.
Inman, adaption, that is, resolution ofmucosal

injury, starts within 1 week of continuous aspirin
exposure and presents clinically as (chronic) gas-
tritis.Biochemically, there is enhancedgeneration
of growth factors, such as TGF-b, and increased
cell regeneration, eventually resulting in healing
of the injury [165, 166]. The last effect is accelerat-
ed by prostaglandins. Endoscopically, there is a
reduction of petechiae and clearance of the super-
ficial erosions, being completed within a few
weeks. The stomach mucosa appears then mor-
phologically normal [165, 167]. The development
of a chronic ulcer subsequent to aspirin and other
noxious stimuli thus reflects rather a focal failure
of adaption, that is, disturbed healing process,
than a direct effect of the noxious stimulus on
tissue integrity.

The molecular biology of gastric adaption to repeated or
long-term aspirin exposure is still only partially under-
stood. In animal experiments, gastric adaption to high
doses of aspirin was associated with the expression of
particular proteins, including regenerating protein (RegI)
in areas with increased cell proliferation [168]. This
suggests that protein expression by gastric epithelial
cells may generate mediators of resolution (healing) of
mucosal injury, characteristic of gastric adaption to
aspirin. This process may additionally be enhanced by
aspirin-related suppression of apoptosis [169] and
transcriptional upregulation of COX-2 with enhanced
generation of prostaglandins or even �aspirin-triggered
lipoxin� (ATL) as part of the resolution process (see
below).

GI Bleeding Another complication of a disturbed
mucosal function is microbleeding in the stomach
andupper duodenum. The average spontaneousGI
bloodlossinhealthyindividualsis low,amountingto
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less than1ml/day [170].Aspirinincreases thisblood
loss dose dependently, on average, to 2–6ml/day
[144, 171, 172]. However, marked interindividual
variations exist and even a small regular daily blood
lossmay become clinically relevant if it persists over
a certain period of time.High-dose long-termuse of
aspirinmayevencause irondeficiencyanemia [171].
The inhibitionof platelet functionbyaspirin and the
associateddisturbances inhemostasiswill addition-
ally accelerate bleeding from any preexisting lesion
anywhere intheGI tract.Consequently, theGIblood
loss by sodium salicylate or other nonacetylated
salicylic acid derivatives is much smaller, if at all
present [171]. Interestingly, there is no direct corre-
lation between aspirin-induced gastrointestinal mi-
crobleeding and the prolongation of skin bleeding
time [156] (Section 3.1.2) and also no correlation
between gastric mucosal microbleeding and gastric
mucosal injury [173]. Consequently, histamine H2-
receptor antagonists, such as ranitidine, protect
from aspirin-induced gastric microbleedings but
not from ulcer formation. Aspirin appears also to
cause significantly less GI bleeding after parenteral
(i.v.)administration [174].Thissuggests thataspirin-
induced gastric microbleedings typically are local
events, requiring both the physical presence of
aspirin and its acetylation potential but without
direct relation to bleeding time.
In contrast to the established risk ofmicrobleed-

ings in the gastrointestinal mucosa after aspirin
intake, there are mixed data regarding whether
aspirin intake also causes overt, severeGI bleeding
[175].However, there isclearevidence for increased
(GI) bleeding in the large prospective randomized
trials on aspirin in primary and secondary preven-
tionof cardiovascular events, including severe, that
is, life-threatening GI or cerebral bleeding (Sec-
tions 4.1.1 and 4.1.2).

Pharmacokinetic Aspects The cellular actions of
aspirinonstomachmucosal cells aredeterminedby
the lipophilic proportion of the drug that can pene-
trate the cell membrane following its concentration
gradient by passive diffusion from the lumen into
mucosal cells (Section 2.1.1). At a luminal pHof 3.5

and a pKa of 3.5 of aspirin, 50% of the dissolved
compoundisnonionizedandcanenter–and leave–
the cells from the lumen. This percentage increases
with decreasing pH and decreases when the pH
becomes more alkaline [176]. Thus, the total
amount of aspirin absorption into the stomach
mucosal cells is determined by the local concentra-
tionof thedissolved, nonionizedproportion, that is,
the dose and pH of the gastric juice (Section 2.1.2).

In practical terms, this means that about 10% of a
250mg dose (1.25mg/ml) of soluble aspirin is absorbed
within the stomach from an acid solution at a pH of 1–2,
but much less if the compound is administered in a
highly buffered solution, that is, transferred into the
ionized, nonpermeable form. However, there is �ionic
trapping,� that is, accumulation of aspirin and salicylate,
respectively, inside the gastric mucosal cells (pH 7.4)
because of the pH-dependent ionization. Similar con-
siderations apply to the upper duodenum with a pH
between 2 and 4.

3.2.1.2 Prostaglandins and Gastric Mucosal
Protection
The role of prostaglandins in gastric mucosal de-
fensehasbeenextensively studiedafterfirst reports
of a �cytoprotective� action of these compounds on
the stomach [177, 178]. In rats, it was shown that
certain prostaglandins, in particular, PGE2, the
main prostaglandin synthesized by stomach mu-
cosal cells, improve the tolerance of the stomach
wall against any kind of noxious stimuli. At higher
doses,PGE2additionally inhibitsacidsecretionand
stimulates bicarbonate and mucus secretion. This
suggests that NSAIDs and aspirin might reduce
mucosal resistance by depleting the stomach
mucosa fromcytoprotectiveandantisecretorypros-
taglandins. In addition, aspirin might modulate
mucosal blood flow via inhibition of prostaglandin
synthesis and NO formation [162].
Originally, it was thought that COX-1 is the only

COX isoform that generates prostaglandins in the
stomach mucosa. Later studies have challenged
this concept and have shown that in addition to
COX-1, COX-2mRNA is also expressed in human
stomach mucosal tissue [179, 180] and will con-

160j 3 Toxicity and Drug Safety



stitutively generate COX-2 protein even under
unstimulated �resting� conditions [181]. A differ-
ent location of COX-2 and COX-1 in stomach
mucosal cells additionally suggests a different
function of these two isoenzymes [182]. In man,
COX-2 immunoreactivity is mainly localized in
the gastric mucosal layer and in endothelial cells
of mucosal blood vessels (Figure 3.5). This sug-
gests that COX-2 expression is permanently
regulated by physiological, that is, mechanical,
thermal, osmotical, or chemical stimuli, all of them
present during food intake [183]. Both COX-1- and
COX-2-derived prostaglandins may contribute to
gastric protection as also seen from the incomplete
inhibition of gastric PGE2 production versus COX-
1-dependent platelet thromboxane formation by
aspirin (Figure 3.6). Consequently, inhibition of
both COX isoforms is probably related to gastric
damage by inhibition of prostaglandin synthesis
[184].
Prostaglandin production in the stomach is age

dependent, and is reducedbymore than50% in the

elderly (52–72 years) [186]. This reduced prosta-
glandin formation is probably related to the dou-
bling in basal acid output [187] and might also
contribute to the higher sensitivity of stomach
mucosa to injury in this population.

3.2.1.3 Mode of Aspirin Action
In the early days of prostaglandin research, inhibi-
tion of prostaglandin formation by aspirin was
considered to offer a simple and logical explanation
to understand the gastric side effects of the com-
pound. After detection of a second COX isoform,
COX-2, this hypothesis was modified to a more or
less selective inhibition of COX-1 by aspirin that
then causes GI side effects, in particular, a GI
bleeding tendency, even at low doses. However,
pharmacological studies in wild-type and COX-
knockout animals have now clearly shown that it
may be too simple to refer the complex actions of
aspirin – and other NSAIDs and gastric irritants –
solely to inhibition of prostaglandin synthesis by
inhibition of COX-1. In contrast, (topic) mucosal

Figure 3.5 Immunohistochemical localization of COX-2 in human gastric mucosa. COX-2 positive cells were detected in
themucosal layer,muscularismucosae(a),andendothelium(b)ofmucosalbloodvessels(arrow).COX-1andCOX-2proteins
were identified by Western blotting in stomach mucosa homogenates (c) with the highest expression of COX-2 in the
antrum (modified after [181]).
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irritation by aspirin and other salicylates will
rather stimulate local prostaglandin synthesis that
renders the mucosa less susceptible to injury by
increasingmucosal resistance. Thus, actions inde-
pendent of COX-1 inhibition will contribute to
aspirin-induced GI injury [188] (Section 2.2.2).

MucosalTissue InjurybyPhysical Contact Admini-
stration of plain aspirin results in endoscopically
visible acute gastric mucosal injury, evident as
mucosal andsubmucosalhemorrhages (petechiae).
These changes are seen within 1 h after drug
ingestion. After oral administration of aspirin
tablets, the most frequent and most severe injury
is seen in the antrum [144]. Initially, small gastric
erosions appear, typically in areas with previous
petechiae. If the ulcerative process breaks the
muscularis mucosae, larger erosions and, finally,
gastric ulcers may develop. This local injury is
visible wherever salicylates have contacted the
gastric mucosa. One study in rats compared par-
enteral with intragastric application of aspirin.
Both applications inhibited gastric prostaglandin
biosynthesis by more than 95% but only the in-
tragastric application causedmucosal injury [189].
Probably, salicylate is the main determinant of
gastric injury by aspirin. One reason is its long
half-life (17 h!) as a result of the poor solubility in
gastric juice (Section 2.1.1) [190], the other being
its ability to accumulate in cell membranes and to
destabilize the proton gradient and energy meta-
bolism (Section 2.2.3). Consequently, aspirin-
related gastric injury ismore pronounced at acidic
pH and apparently nonexistent or largely reduced
if the compound is given in alkaline solution [191]
or predissolved in a sufficiently buffered medium
[192]. These data suggest that the undissociated
aspirin and/or salicylate cause mucosal injury by
direct contact and subsequent breaking of the
mucosal barrier.

Inhibition of Prostaglandin Synthesis Inhibition
of prostaglandin synthesis with subsequently re-
duced defense of stomachmucosal cells, impaired
cell renewal, and reduced mucosal blood flow en-

hances tissue injury.Themainprostaglandin in the
stomach mucosa is PGE2. Clinical studies have
unequivocally shownonly an incomplete inhibition
ofPGE2 generationby aspirin, even at thehighdose
of 2.6 g, whereas inhibition of platelet-dependent
thromboxane formation was already complete at
regular daily intake of 30mg (Figure 3.6) [147, 185].
Recovery of gastric prostaglandin (PGE2) biosyn-
thesis with daily aspirin at antithrombotic doses
(81mg/day) is linear and apparently complete
after 5 days. Fifty percent recovery is seen after
2 days. At this time, platelet-dependent throm-
boxane formation is still completely blocked
[193]. This suggests that inhibition of gastric
PG(E) synthesis by aspirin, as opposed to inhibi-
tion of thromboxane formation by platelets, can-
not solely be explained by inhibition of gastric
mucosal COX-1. The data provide strong though
speculative evidence for a contribution of COX-2
and/or a rapid COX-protein turnover for gastric
mucosal prostaglandin biosynthesis.
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Figure3.6 Dose-related inhibition of serum thromboxane
(TXB2) and gastric juice PGE2 formation by oral
aspirin. The ingestion of aspirin at the doses indicated or
placebo was done in a double-blind manner daily for 8
days with each dose, followed by a 2-week washout
interval. The ID50 for inhibition of thromboxane
formation by aspirin was 3mg/day and was complete at
30mg/day. The ID50 for inhibition of PGE2 was 30mg/
day. The inhibition was not stronger at higher doses
(modified after [185]).
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Aspirin and COX-2 As mentioned before, there is
evidence for constitutive COX-2 expression in the
stomach mucosa (Figure 3.5). COX-2 may become
upregulated not only in response to physiological
stimuli but also to inflammatory cytokines and
tumor promoters. In the presence of aspirin,
COX-2 generates 15-(R)-HETE as a major product
in the human stomach [181]. 15-(R)-HETE could
then be utilized by neutrophil-derived 5-lipoxygen-
ase –neutrophils playing a key role in the pathogen-
esis of aspirin-induced gastric damage – [194] to
synthesize aspirin-triggered lipoxin that has protec-
tive actions on the injured stomach mucosa [195]
(Section 2.3.2). Thus, aspirinmay trigger the gener-
ation of gastroprotective eicosanoids via the interac-
tion of (acetylated) COX-2 and 5-lipoxygenase [196].
Gastric endothelial cells [197] are a rich source of
COX-2inthehumanstomachmucosa[181]andmay
be one site where these reactions occur. These data
suggest a complex interaction between aspirin,
(inducible) COX-2, (constitutive) COX-1, (acetylat-
ed) COX-2 plus 5-lipoxygenases of inflammatory
cells (ATL), and gastric mucosal defense.

An elegant technology to evaluate the relative contribu-
tions of COX-1 and COX-2 to mucosal cell function is the
use of gene-manipulated animals. Deletion of the COX-1
gene in mice did not cause spontaneous gastric

ulcerations [198]. However, in COX-1 deleted animals,
the gastric mucosa becamemore severely injured by HCl
(0.6M), both as single application and in the presence of
a high concentration (20mM) intragastric aspirin. No
such changes were seen in wild-type and COX-2
knockout mice, respectively [199].
The mucosal toxicity of aspirin in COX-1 knockout

mice could be avoided by using phosphatidylcholine-
associated aspirin instead of the plain compound [200],
suggesting that appropriate �coating� of aspirin will
reduce or avoid mucosal contacts of the compound
and prevent subsequent mucosal injury.
The aspirin/HCl combination induced a four- to

sixfold increase in gastric mucosal PGE2 levels in COX-1
knockout animals as opposed to saline- or HCl-treated
controls. This was explained by an aspirin-induced
transcriptional upregulation of the COX-2 gene. In
contrast, PGE2 levels in wild-type and COX-2 knockout
mice were reduced. The gastric lesion score appeared to
be directly related to alterations in mucosal surface
hydrophobicity by HCl but not to mucosal PGE2 levels.
The conclusion was that aspirin causes gastric injury

predominantly by a prostaglandin-independent mecha-
nism, such as an attenuation of mucosal surface
hydrophobicity. However, COX-1 may have a protective
function in maintaining gastric mucosal barrier integri-
ty via PGE2 formation. Independent of this, aspirin can
increase gastric mucosal PGE2 levels even in the
absence of COX-1, possibly by transcriptional upregu-
lation of COX-2 [199] (Figure 3.7).

Although these are animal data that have to be
interpreted with caution, considering also the
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well-known resistance of rodents, such as rats and
mice, to the ulcerogenic actions of aspirin, they
nevertheless allow several conclusions: the first is
that themeasurementofPGE2 levels ingastric juice
may not be a sufficient surrogate parameter to
document a (causative) role of aspirin for gastric
injury. Although it is generally appreciated that
mucosal PGE2 has a protective action on stomach
mucosal barrier function, it couldwell be thatCOX-
1- and COX-2-derived PGE2 may serve different
purposes. Upregulation of COX-2 and increased
generation of COX-2-derived products including
ATL occurs in response to injury and may be rele-
vant for tissue (ulcer) healing. Conversely, removal
of COX-2-derived products under these conditions
might aggravate aspirin-induced GI injury [197], a
hypothesis that is consistent with real life (see
below). This suggests that upregulation of COX-2
mRNA by aspirin [201] could be a compensatory
mechanism to generate more prostaglandins �on
demand.� Second, injury of the gastric mucosa by
aspirin or other locally acting irritants is a prosta-
glandin-independent topic phenomenon and pri-
marily due to local disruptions of the mucosal
barrier and changes in its lipophilicity as a result
of physicochemical properties of the com-
pound [188, 202]. Generation of reactive oxygen
species by aspirin may also be involved because
antioxidants, such as vitamin C, protect from aspi-
rin-induced mucosal injury in man [203]. Finally,
the inhibition of (upregulated) COX-2 activity by
selective COX-2 inhibitors in man is associated
with exacerbation of aspirin-related gastric injury
(see below). This suggests that simultaneous inhi-
bition of COX-1 andCOX-2will damage the gastric
mucosa at least to the same extent as nonselective
NSAIDs [204]. This also means that the aspirin-
relatedadaptionofstomachmucosa to injurycanbe
reversed by COX-2 inhibitors or vice versa [205], a
hypothesis also supported by clinical experience
(see below).

Aspirin and Gastric Blood Flow Another aspirin-
sensitive variable thatdeterminesmucosal injury is
the gastric mucosal blood flow. As in other organs,

gastric mucosal blood perfusion is mainly regulat-
ed by nitric oxide, synthesized via the endothelial
NO synthase. Gastric adaption to aspirin inman is
associatedwithanenhancedexpressionofmucosal
eNOS and a subsequent increase inmucosal blood
flow [206]. If enhanced NO release was involved in
enhanced mucosal blood flow, this might explain
the absence of gastric injury by NO-releasing aspi-
rin formulations as opposed to standard plain
aspirin [204, 205]. Although the clinical benefits of
�nitroaspirin� are not established, yet there is evi-
dence that nitrovasodilators may independently
reduce upper GI bleeding [207]. An overview of
currentconcepts regardingGIeffectsofaspirinand
theunderlyingmechanisms is shown inFigure3.8.

3.2.1.4 Helicobacter pylori
A significant proportion of patients with gastroin-
testinal pathologies, including peptic ulcers, are
infected with H. pylori. NSAIDs, aspirin, and H.
pylori are considered independent risk factors
for GI ulcer formation and bleeding [208, 209].
H. pylori eradication reduces aspirin-induced gas-
tric injury and ulcer recurrence, probably by im-
proving stomach adaption [210–212] (Figure 3.9).
Eradication was also shown to be equieffective to
comedication of proton-pump inhibitor in patients
with previous GI bleeding who required long-term
treatmentwith low-dose aspirin for cardiocoronary
prevention [213]. Mechanistically, it is thought that
H. pylori interacts with heat-shock protein 70
(HSP70) that is involved in adaptive reactions of
stomach mucosa to aspirin [214].

As outlined above, GI intolerance and ulcer formation
are frequent side effects of aspirin and NSAIDs.
Interestingly, patients with rheumatoid arthritis who
were supposed to take these compounds over years
when no alternatives were available in earlier days are
not more but less frequently infected with H. pylori.
One possible explanation for this is a possible
inhibitory effect of these compounds on the growth
of H. pylori. In tissue culture studies, it was found that
NSAIDs and salicylate exert a bacteriostatic or even
bactericidal action on H. pylori and other bacteria at
anti-inflammatory concentrations. This also includes
salicylate at high concentrations [215].

164j 3 Toxicity and Drug Safety



Clearly, this inhibitory action of anti-inflam-
matory drugs on bacteria growth in vitro might
be different from the in vivo situation, where
drug kinetics, protein binding, and bacteria lo-

calization become additional variables for drug
efficacy.
Another more important question regarding

GI side effects of aspirin is whether there is an
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interactionbetweenH.pylori infection, ulcer bleed-
ing, and aspirin and NSAID use.

A recent meta-analysis has addressed the issue of the
prevalence of peptic ulcer disease in adult NSAID
takers or the prevalence of H. pylori infection and
NSAID use in observational studies. Overall, the best
25 out of 463 citations were selected to quantify the
relationship between H. pylori seropositivity, GI ulcers,
and NSAIDs including aspirin and bleeding.
The relative risk of ulcer in H. pylori positive NSAID

users versus H. pylori negative users was 61. H. pylori
infection alone increased the risk for ulcer 18-fold,
additional treatment with NSAIDs increased the risk
3.5-fold. This suggested that H. pylori is the main (not
sole) cause of ulcers.
Given the presence of any ulcer, NSAIDs increased

the risk of bleeding 4.8-fold, whereas H. pylori infection
increased only 1.8-fold. Both factors together increased
the risk of bleeding 6.1-fold. This suggested that
NSAIDs are the main cause of (ulcer) bleeding.
The overall conclusion was thatH. pylori infection and

NSAIDs are independent risk factors for GI intolerance:
H. pylori is the main cause of ulcers and NSAIDs are the
main cause of bleeding in those patients with ulcers.
There is synergism for the development of peptic ulcer
and ulcer bleeding between H. pylori infection and
NSAID use [216].

This raises the question whether the eradica-
tion ofH. pylori is a useful preventive measure in
all positive patients to improve gastric tolerance to
aspirin (and NSAIDs), in particular, during long-
term use. As outlined above, upregulation of
COX-2 (but not of iNOS) may be involved in
gastric adaption and subsequent mucosal protec-
tion from aspirin. This mechanism appears to be
impaired in H. pylori infections [183]. Conse-
quently, aspirin might enhance the inflammatory
response to H. pylori infection [217]. The final
answer is not yet available.

3.2.1.5 Clinical Studies
GI side effects of aspirin limit its clinical use,
particularly in long-term treatment of elderly
patients with age-related disturbances of upper
gastrointestinal physiology. Peptic ulcers are
common in the elderly and more than 50% are
asymptomatic [212]. The elderly is also the group

of patients who most frequently take aspirin for
preventive purposes and might benefit the most
from its use [218]. However, the elderly is also a
high-risk group with respect to bleeding. Accord-
ing to an American Bleeding Registry, evaluating
1235 patients presenting with acute GI bleeding,
aspirin was the drug most frequently associated
with bleeding: 28% of upper GI bleeding and 22%
of lower GI bleeding. Interestingly, this also in-
cluded OTC use. Aspirin and NSAIDs were used
significantly more often in the bleeding popula-
tion (48%) than in controls (19%) [219]. Thus, an
individual benefit/risk calculation is necessary,
particularly in the elderly and other patients with
increased bleeding risks, for example, with a
history of GI bleeding or ulcers and comedications
that interact with mucosal barrier integrity or the
clotting system (antiplatelet agents, anticoagulants)
[220], particularly with combined antithrombotic
treatment [221].

Two Different Study Designs There are two differ-
ent types of clinical studies targeted to investigate
aspirin-related sideeffects in theGI tract: (i) studies
that address the risk of aspirin-inducedGI injury as
a study end point in either observational or ran-
domized trials and (ii) studies that investigate the
clinical benefits of aspirin. Here, GI side effects of
aspirin are generally expected – and accepted – but
have to be balanced against the expected clinical
benefit. The first type of trial is done in an experi-
mental, prospective manner in predefined groups
of (healthy) individuals. Observational investiga-
tionsof the relationshipbetweenaspirin intake and
GIbleedingalso fall into this category. Incontrast to
randomized trials, the individual risk (end point) is
largely determined by the composition of the study
(and control!) groups and preexisting risk factors
such as H. pylori infection, older age, or environ-
mental factors such as alcohol (abuse), nicotine, or
comedications. Thus, the information obtained
about aspirin-related GI risk from observational
and randomized trials may not be the same.
Thesecondcategoryofstudies isdone inpatients

with an intention to determine the clinical benefit
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of aspirin. The main groups of patients are those
who take aspirin for long-term cardiovascular pro-
tection.Thiscategoryalso includesshort-termOTC
use of aspirin for pain relief and experimental
clinical trials of aspirin in new clinical indications
such as colorectal carcinoma. The frequency and
severity of GI side effects are similar in all patient
groups. The usefulness of aspirin in these patients,
that is, the benefit/risk ratio is primarily deter-
mined not by the risk of GI bleeding but by the
probabilityofpreventingcomplicatingevents, such
asmyocardial infarction, stroke,orotherendpoints
of clinical efficacy. Importantly, in thesestudies, the
site of GI bleeding is usually not determined.

GI Side Effects as Study End Points: Observational
Studies Observational studiesare–bydefinition–
nonrandomized trials and have the major disad-
vantage of the absence of a randomized control
group. Thus, these studies are more likely to over-
interpret results in favor of treatment (investigator
bias). However, they are closer to real life than
preselected study populations of randomized trials
and thus might be useful to generate hypotheses
that then become subject to randomized stud-
ies [222]. Several large observational studies on GI
side effects with aspirin are available and, as fore-
seeable, provided different results.

Weil et al. [148] conducted a case–control study in
British subjects who were hospitalized for upper GI
bleeding. The objective was to determine the risk of
hospitalization for bleeding peptic ulcers in patients
with current prophylactic aspirin use at antiplatelet
doses of 300mg/day or less. A total of 1121 patients
with gastric or duodenal ulcer bleeding (cases) were
included and matched with 1126 hospital and 989
community controls.
A total of 144 (12.8%) of the cases had been regular

users of aspirin (taken at least 5 days a week for at least
the previous month) as compared with 9.0 and 7.8% of
the hospital and community controls, respectively. Odds
ratios were raised for all doses of standard aspirin and
amounted to 2.3 (95% CI: 1.2–4.4) at 75mg, 3.2 (95%
CI: 1.7–6.5) at 150mg, and 3.9 (95% CI: 2.5–6.3) at
300mg. Thus, 75mg aspirin had a 40% lower risk than
300mg. There was a clear dose-dependent increase in
the risk of peptic ulcer bleeding from 75 to 300mg plain

aspirin (tablets or solutions) but no increased risk with
enteric-coated formulations 1.1 (95% CI: 0.2–6.1). The
risks seemed particularly high in patients who took non-
aspirin NSAIDs concurrently with aspirin.
The conclusion was that no conventionally used

prophylactic aspirin at antiplatelet doses seems free of
the risk of peptic ulcer complications. However, the on
average much lower incidence of ulcers with the enteric-
coated preparation also indicated a better tolerability of
this formulation [148].
Kelly et al. [223] performed a retrospective case–control

study on drug-related gastrointestinal bleeding. Five
hundred and fifty incident cases, admitted to Massachu-
setts hospitals because of acute upper gastrointestinal
bleeding (confirmed by endoscopy), and 1202 controls
identified from population census lists were asked about
the use of aspirin, including the kind of aspirin
formulation, and non-aspirin NSAIDs during the last
week before the bleeding event (cases) or interview
(controls).
The odds ratios for the risk of drug-related bleeding

were similar, 2.6–3.1, between the different treatment
groups and were also not different between different
aspirin preparations, including enteric-coated aspirin.
The conclusion was that enteric-coated aspirin also

carries a threefold increased risk in major upper GI
bleeding and that this formulation is not less harmful
than plain aspirin [223].
Sorensen et al. [224] also did a retrospective ob-

servational cohort study on the relationship between
upper GI bleeding and aspirin intake in Denmark. The
data of 27 694 users of low-dose aspirin (100–150mg/
day) were compared with the incidence rate in the
general population in the same region. GI bleeding was
2.6-fold more frequent in aspirin users (95% CI:
2.2–2.9), and there was no difference between plain
and enteric-coated preparations. However, the com-
bined use of aspirin and traditional NSAIDs increased
the incidence rate to 5.6 (95% CI: 4.4–7.0).
The conclusion was that regular low-dose aspirin is

associated with an increased risk of upper GI bleeding
that is about twice as much when combined with non-
aspirin NSAIDs. Enteric coating of aspirin appears not
to reduce the risk [224].

Thus, the results from nonrandomized observa-
tional trials unequivocally demonstrate an in-
creased risk of GI intolerance by (regular) aspirin
intake.Whether thedifferent results are influenced
by the different study populations and evaluation
criteria, confounding biases by the open study
design, or other non-aspirin-related factors remain
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to be determined. As mentioned above, epidemio-
logical trials are open trials and suffer from the
inherent difficulties of all observational studies,
specifically the unknown aspirin dosage and exact
durationof treatment.Further confounding factors
are smoking, alcohol,H. pylori infections, or (addi-
tional) OTC use of high-dose (500mg) aspirin
tablets, possibly combined with other NSAIDs. All
cited observational studies found an approximate
doubling of the GI risk for the combined use of
aspirin and traditional NSAIDs as opposed to aspi-
rin alone. The same finding has also been recently
published for thecombinationofaspirinandcoxibs
(see below). With respect to alcohol, it should be
noted that the combinationwith aspirin results in a
marked synergizing effect on overt gastric hemor-
rhage [225, 226]. Finally, endoscopic studies [227]
may be more sensitive to detect aspirin-associated
mucosal injury thancohortandcase–control trials–
though in the majority of cases without clinical
significance.
A meta-analysis of 17 epidemiological studies

publishedbetween1990and2001ontheassociation
betweenaspirinuse andseriousupperGIcomplica-
tions found an overall risk of serious upper GI
complications (ulcer, bleeding, and perforations) of
2.2 (95% CI: 2.1–2.4) for cohort studies and nested
case–control studies and 3.1 (95% CI: 2.8–3.3) for
non-nested case–control studies. The overall risk
was 2.6 (95% CI: 2.3–2.9) for plain, 5.3 (95% CI:
3.0–9.2) for buffered, and 2.4 (95% CI: 1.9–2.9) for
enteric-coated aspirin formulations. The absence of
lessgastricbutnotduodenal injurybyenteric-coated
formulations,accordingto theauthors,maypartially
be explained by the channeling of susceptible pa-
tients to these formulations [228].

GI Side Effects as Study End Points: Randomized
Trials The GI bleeding due to aspirin in a small
but significant proportion of patients in observa-
tional trials prompted the design of randomized
studies including the supposedly safer aspirin for-
mulations from which the enteric-coated form
found most attention for repeated or long-term
use. One of the first systematic investigations of

the relationship between enteric-coated aspirin
and GI mucosal injury in men was from Stubb�e
et al. [171].

The authors compared stomach-resistant enteric-coat-
ed preparations (made in the hospital-owned pharma-
cy) with a standard formulation, both preparations
containing 500mg aspirin. In all individuals studied,
there was an increase of occult blood in stool with plain
aspirin, but only in 4 out of 30 subjects with the enteric-
coated formulation. This suggested for the first time
that the increased GI blood loss subsequent to aspirin
intake was mainly from the stomach and could be
largely reduced or even avoided by appropriate coating
of the preparation.
The conclusion was that enteric-coated formulations

cause no or minor GI injury, in many cases being in the
range of placebo [171].

Lanza [192] reviewed the gastric tolerance of
different aspirin preparations in older trials and
found a weak (<20% of standard aspirin) injury
with the enteric-coated formulations. The first
controlledprospectiverandomizedtrialon low-dose
enteric-coatedaspirinwasconductedbyHawthorne
et al. [227].

The authors compared theGI tolerance of different doses
of plain and enteric-coated aspirin.Healthy subjects were
treated for 5 days in a placebo-controlled, double-blind
crossover design. Plain aspirin (300mg) caused signifi-
cant increases in gastric mucosal injury (Lanza-Score)
and enhanced mucosal bleeding. Enteric coating appar-
ently eliminated this type of gastric injury at the same
dosage. Both formulations caused similar inhibition of
gastric mucosal PGE2 formation and suppressed equally
well (>99%) the serum thromboxane generation, sug-
gesting not only a comparable therapeutic effect but also
a bleeding risk from platelet dysfunction.
The conclusion was that enteric-coated aspirin should

be considered a useful preparation for long-term use,
specifically in cardiovascular prophylaxis (Table3.3) [227].

Although these data were confirmed by many
other studies, usually small endoscopic studies in
man [146, 229–235], they cannot rule out a bleeding
risk that is (by definition) associated with the clini-
cal use of aspirin in cardiocoronary prevention (see
below).
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Importantly, the inhibitionofplatelet-dependent
thromboxane formation and platelet function does
not differ between enteric-coated and plain aspirin
at doses of 100mg/day or above [173]. In addition,
enteric-coatedmodified-release formulations cause
less inhibition of prostacyclin generation in the
systemic circulation because of the rapid break-
downof aspirin in thepresystemic circulation [236].
Furthermore, gastroscopic (short-term) studies
on enteric-coated preparations in controlled pros-
pective trials show that the side effects of aspirin
at antithrombotic doses (�300mg/day) on gastric
mucosal injury but not bleeding [237] – which
in many cases is from the duodenum – are
largely prevented by appropriate enteric-coated
preparations.

GI Side Effects in Cardiovascular Prevention Trials
Roderick etal. [238]haveperformedameta-analysis
on side effects of aspirin in randomized controlled
trials, listed by the Antiplatelet Trialists Collabora-
tion (ATC). In comparison with placebo, regular
use of standard aspirin for at least 1 year at doses
between 75 and 1500mg/daywas associatedwith a
twofold elevated risk in GI bleeding and a 1.5-fold
increase in the risk of peptic ulcers. Interestingly,
there was no evidence that the incidence of GI
bleeding was greater in the elderly [239]. Overall,
these risks in randomized trials were lower than
those found in observational studies.

The first double-blind, placebo-controlled long-
termtrial on thrombosisprevention inpatientswith
cerebrovascular disease, the UK-TIA trial, also de-
termined the dose dependency of GI side effects of
aspirin. The patients received 300mg/day aspirin,
1200mg/day aspirin, or placebo for up to 7 years
(Section 4.2.1). The rates for upper GI bleeding
requiring hospitalization were 0.2% in the placebo
groupasopposed to0.9% in the300mgand1.2% in
the 1200mg aspirin groups. A dose-dependent in-
crease in subjective GI side effects (nausea, vomit-
ing, and indigestion) was also obtained [240, 241].
In theUSAmericanPhysicians�Health study on

primary prevention of cardiovascular events, the
relative risk forbleeding requiring transfusion (site
unspecified) was 1.71 (95% CI: 1.09–2.16) in the
aspirin group (325mg/second day) as compared
with the placebo. Although this trial was not as-
signed toassessGIeffects, therewasasmall though
significant increase in gastrointestinal hemor-
rhage requiring transfusion: 0.5% in the aspirin
versus 0.3% in the placebo group [242] and, inter-
estingly, also an increased incidence of duodenal
ulcers (Steering Committee of the Physicians�
Health Study ResearchGroup [243]). In this study,
preexisting GI intolerance to aspirin was an ex-
clusion criterion and, therefore, the real number
of patients at risk might have been underesti-
mated. However, a similar incidence of GI side
effects was also noted in the open British Doctors�

Table 3.3 Effects of plain and enteric-coated (EC) aspirin as compared with placebo on gastric mucosal injury (gastric body)
in 20 healthy volunteers.

Parameter Placebo Aspirin 300 plain Aspirin 300 EC

Hemorrhage erosion score 0 (0–0.3) 2 (0–5) 0 (0–1.3)
Visual analogue injury score 0 (0–8) 5 (0–31) 0 (0–8)
Mucosal bleeding (ml/10min) 0.9 (0.6–1.3) 2.8 (1.6–4.8) 1.0 (0.6–1.5)
Mucosal PGE2 synthesis (pg/mg) 18 (1–51) 0.7 (0.4–11) 1.8 (0.5–9.2)
Mucosal TXB2 synthesis (pg/mg) 19 (4.1–37) 1.4 (1.1–1.9) 2.5 (1.1–5.2)
Serum salicylate (mg/ml) <5 16 (10–20) 7 (5–16)
Serum TXB2 (% of placebo) — 0.4 (0.2–1.1) 0.3 (0.2–0.9)

Treatment was for 5 days in a double-blind crossover design [227].Data are median and interquartile range. All differences
between aspirin plain and aspirin EC were significant (p < 0.05–0.01) except serum thromboxane (p > 0.05).

3.2 Organ Toxicity j169



trial [244] and the randomized Dutch TIA trial,
comparing 30mg aspirin/day with 283mg/day
for 2 years [245].
The British Medical Research Council (MRC)

primaryprevention study (TPT) investigated75mg
enteric-coated aspirin/day over 6 years in patients
with high risk for atherothrombotic events. In
comparison with placebo, there was an increase in
minor bleeds but no significantly elevated risk of
severe GI intolerance or bleedings (Section 4.1.1).
The Italian Primary Prevention project (PPP)

also used low-dose (100mg/day) enteric-coated
aspirin in a randomized design and found signifi-
cantly more total bleeding complications in the
aspirin groupas comparedwith controls.However,
three out of the four deaths due to hemorrhage
occurred in the placebo group [246, 247]. In the
ISIS-2 study [248], a trial on secondary prevention
in patients with acute myocardial infarction (Sec-
tion 4.1.1), the gastric injury score with enteric-
coated aspirin was not significantly different from
that in the placebo group.
Overall, enteric-coated aspirin also appears to

cause a bleeding tendency in these trials on cardi-
ocoronary prevention. This is not surprising be-
cause of the (desired) inhibitionof platelet function
as the therapeutic goal in these studies. However,
severe GI bleeding appears to be rare as was GI
ulcer formation. None of these studies was de-
signed to compare enteric-coated aspirinwith stan-
dard plain aspirin formulations. Thus, although
endoscopic studies in healthy volunteers have
demonstrated a clear reduction of gastric mucosal
injury by enteric-coated preparations, no clinical
benefits in terms of reduction of GI bleeding have
been shown in CABG patients [249].
The transfer of these data into clinical guidelines

is still mixed. The latest available statement of the
US Preventive Services Task Force [250] considers
enteric-coated or buffered aspirin not to clearly
reduce adverse gastrointestinal effects of aspirin
whereas the American Diabetes Association in
2004 [251] favoredenteric-coatedaspirinmore than
the plain compound to prevent from thromboem-
bolic events.

3.2.1.6 Aspirin and Other Drugs

Aspirin and Antiulcer Drugs Sucralfate did not
affect aspirin-induced gastric mucosal injury but
reduced aspirin-associated intragastric bleeding
[150, 252]. Histamine H2 antagonists, such as
ranitidine, inhibit gastric acid secretion and micro-
bleeding. They were not effective in the prevention
of gastric ulcers but did prevent duodenal ulcers,
the main source of GI bleeding [153, 253, 254].
Misoprostol, a PGE1 analogue, didprotect fromulcer
formation and stimulated ulcer healing. However,
the compoundhas several side effects,mostnotably
diarrhea and dyspepsia and, as expected, is not an
effective analgesic because of the sensitizing action
of E-type prostaglandins on pain receptors (Section
2.3.2) [255–258].
The most convincing data for protection of the

stomach from aspirin-induced mucosal injury are
available forproton-pumpinhibitors, suchasomep-
razole and its analogues [259–262]. These com-
pounds – in contrast to misoprostol – can be given
orally once daily and have been shown tomarkedly
protect from aspirin-induced gastric ulcer forma-
tion by aspirin and traditional NSAIDs [207]. The
risk of interference with the (desired) antiplatelet
actions of aspirin is low. Antiplatelet effects of
aspirin are largely determined by the amount of
drug absorbed in the small intestine and appears
not to be modified by comedication of antiulcer
agents, including proton-pump inhibitors that act
mainly on the stomach [263]. Interestingly, come-
dication of a proton-pump inhibitor to aspirin
largely prevented recurrent GI ulcers in high-
risk patients whereas clopidogrel alone did not
[262, 264]. However, there was no effect of aspirin
plus proton-pump inhibitor on the incidence of
lower GI tract bleeding, suggesting that the protec-
tive action of the compound was restricted to the
stomach.

Aspirin and COX-2 Inhibitors Selective inhibitors
of COX-2, such as celecoxib and rofecoxib, were
originally introduced because of less gastric injury,
that is, endoscopically visible erosions and ulcers,
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than conventional NSAIDs because of the absent
inhibition of COX-1. Clinical data confirm a
significantly reduced risk of GI bleeding and
ulcus formation with these compounds. How-
ever, they also show that these benefits may be lost
in patients, requiring additional aspirin cotreat-
ment, for cardiocoronary prevention, for exam-
ple, those suffering from rheumatoid arthritis.
These patients are at a 32–55% higher risk for
cardiocoronary events [265] than patients with
osteoarthritis or controls [266]. This might pro-
vide an explanation why patients in the CLASS
study, containing 28% patients with rheumatoid
arthritis, who were allowed to take low-dose aspi-
rin in addition to celecoxib, did not have evidence
of improved GI safety with the selective COX-2
inhibitor [267]. They rather exhibited a higher
frequency of upper GI ulcer complications (RR
4.5; p¼ 0.01) than patients receiving celecoxib
alone [228]. This suggests that COX-2 inhibitors
in patients taking aspirin offer no or little advan-
tage over conventional NSAIDs. Furthermore, if
aspirin has to be taken in combination with a
COX-2 inhibitor, a low-dose enteric-coated for-
mulationmight be preferred [268]. According to a
recent epidemiological survey in Northeastern
United States, approximately 50% of long-term
COX-2 users were also taking aspirin for cardio-
protection. This rate is considerably higher than
the 21% reported in the CLASS trial [269]. The
reduced risk ofGI side effects in the TARGET trial

with lumiracoxib was nullified by aspirin
cotreatment [270].

There was a fourfold increased GI bleeding in individuals
treated with COX-2 inhibitors plus aspirin and a twofold
increased GI ulcer formation in a randomized trial on
osteoarthritis patients after combined treatment with
aspirin and coxibs as compared with aspirin alone. Injury
scores similar to the combined use of aspirin and coxibs
(rofecoxib) were seen with an anti-inflammatory dose of
ibuprofen (Table 3.4) [235].

Thus, the improved GI tolerance of COX-2 in-
hibitors appears to disappear if concomitant treat-
ment with aspirin is necessary.

Aspirin and Traditional NSAIDs Traditional
NSAIDs are the standard treatment for pain and
inflammation but – in contrast to aspirin and
with the possible exception of naproxen – appear
not to reduce but rather increase the risk of
myocardial infarctions and stroke (Sections
4.1.1 and 4.1.2). Traditional NSAIDs bear a simi-
lar risk of GI side effects as the standard aspirin.
An important though unanswered question is
whether concomitant low-dose aspirin use that
occurs in more than 20% of patients will reduce
the incidence of cardiovascular events, that is,
maintain the preventive potency of aspirin. The
concomitant aspirin will increase the risk of
developing serious GI events in patients taking
NSAIDs [271].

Table 3.4 Incidence of gastric erosions and ulcers at 12 week in patients with osteoarthritis.

Parameter Placebo
Aspirin
(81mg EC)

Aspirinþ rofecoxib
(25mg)

Ibuprofen
(800mg tid)

n 381 387 377 374
Patients with erosions (%) 0.17 0.85a 1.67a 1.91a

Patients with ulcers (%) 5.8 7.3 16.1a 17.1a

Double-blind, randomized placebo controlled trial [235].
aSignificant versus placebo.
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3.2.2
Kidney

Theexcretionofsalicylatesand theirseveralphase-I
and phase-II metabolites (Section 2.1.2) occurs
exclusively through the kidney. Therefore, it is to
be expected that the kidney is also amajor target of
salicylate toxicity. However, renal failure is no typi-
cal symptom of early acute salicylate poisoning but
rather occurs in later or chronic stages of severe
salicylate poisoning, mostly in predisposed indivi-
duals [272].Moreover, treatment of salicylate intox-
ication with sodium bicarbonate and other alkalin-
izing agents rather requires a functioning kidney
for appropriate salicylate �washout,� that is, active
drug clearance (Section 3.1.1).
Although kidney dysfunction with albuminuria

was described in patients at high-dose salicylate as
early as 1917 [273], any direct or even causal rela-
tionship to aspirin intake has not been established,
neither in this nor in later trials. Today, repeated or
long-term use of aspirin for cardiocoronary pro-
phylaxis orpain control is generally considered safe
inindividualswithnormalrenalfunction[272,274].
This low or absent renal toxicity of aspirin mono-
therapy differs fundamentally from renal toxicity
caused by long-term (ab)use of analgesic mixtures.
These may contain not only aspirin and acetamin-
ophentogetherwithothercomponents,historically
the most important phenacetin, but also com-
pounds such as caffeine and codeine with habit-
forming properties. In addition, subsets of indivi-
duals may exist who are more susceptible to renal
toxicity of drugs than others. This includes patients
with preexisting renal diseases including chronic
kidney diseases and diabetes as well as elderly
individuals with hypoalbuminemia and reduced
kidney function [275, 276]. Finally, possible side
effects on the kidney in patients taking long-term
aspirin for cardiocoronary prevention are of
interest.
In addition to potentially negative actions, there

might also be beneficial effects of aspirin on the
kidney function in renal diseases. This includes
some types of glomerulonephritis, cyclosporine

nephrotoxicity, and renal allograft function. Here,
anti-inflammatory properties of aspirin as well as
inhibition of thromboxane formation are probably
therapeutically relevant [277–279]. These actions
are still the subject of research andnot discussed in
greater detail here because their (positive) clinical
relevance has still to be established in randomized
controlled trials.

3.2.2.1 Analgesic Nephropathy

History Achronic interstitial nephritis after exces-
sive long-termuse of antipyretic analgesicswasfirst
described in Switzerland half a century ago [280].
About one-third of the 44 patients studied by the
authors reported preceding chronic abuse of phen-
acetin-containing pain medications. The disease
was associated with ultrastructural changes in the
lower urinary tract [281]. Similar changes were also
found after excessive long-termuse of other analge-
sics containing phenacetin or acetaminophen as
active ingredients whereas occasional reports� data
on aspirin-related nephrotoxicity were less convinc-
ing and in most cases negative [282–286].

There was an interesting case report on analgesic
abuse and renal function in 17 patients with rheuma-
toid arthritis. Each of them had consumed more than
5 kg (!) of aspirin. These patients only had some minor
abnormalities in kidney function tests and none of
them exhibited any clinically significant impairment of
renal function [287]. In another case report, acute
kidney failure was seen in an otherwise healthy 21-year-
old man several hours after intake of 125 g (!) aspirin.
There was massive polyuria that came back to normal
within 1 week [288].

This �environmental disease of (Western) socie-
ties� [282], which is also known as �phenacetin
nephritis,� has raised serious concerns regarding
the renal safety of NSAIDs, in particular, during
long-term use of analgesic mixtures [274].

Incidence and Symptoms According to De Broe
and Elseviers [289], the classic analgesic nephropa-
thy is a slowly developing progressive disease re-
sulting from the daily use for many (more than 5)
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years ofmixtures containing at least two antipyretic
analgesics and, usually, caffeine or codeine (or
both). The nephropathy is characterized by renal
papillary necrosis and chronic interstitial nephritis
with an insidious progression to renal failure.
Clinically, the disease presents initially with poly-
uria and renal colic, occasionally associated with
acute renal failuredue tobilateral obstructionof the
ureters. Hematuria occurs with the elimination of
necrotic papilla. With further progression of the
disease, there appear the nonspecific symptoms of
advanced renal failure.Thepatientsmayalso suffer
from chronic pain syndromes and several somatic
conditions, including peptic ulcers and hyperten-
sion [289, 290]. The incidence of the disease is
highly variable between different countries, possi-
blybecauseofdifferences inthepatternofanalgesic
use. It was estimated to be about 2–30% [284]
after one to two decades of abuse of analgesic
antipyretics.

Mechanisms of Analgesic Nephropathy: The Role of
Phenacetin and Acetaminophen Nephrotoxicity,
due to abuse of analgesic mixtures containing
phenacetin and acetaminophen, was established
in several prospective case–control studies [291–
294]. The risk for progression to kidney failure was
increased six- to eightfold. As possible causes,
phenacetin and its metabolite acetaminophen,
generated during the hepatic metabolism of phen-
acetin, were the two compounds most intensively
studied. In addition, their combinedusewith other
analgesics, including salicylates, was another issue
of concern.

Phenacetin undergoes first-pass metabolism in the
liver, resulting in the generation of acetaminophen as
the main metabolite. Acetaminophen is then taken up
by the kidney and excreted. During excretion, acet-
aminophen becomes concentrated in the papillae. By
oxidative metabolism, acetaminophen is converted to a
reactive quinoneimine that is conjugated to glutathi-
one. If glutathione is depleted, either by toxic doses of
acetaminophen or by comedication with other drugs
that also use glutathione for intermediate metabolism,
such as salicylate (Section 2.1.2), depletion in cellular

glutathione levels may occur, the reactive metabolite of
acetaminophen then produces toxic products, ulti-
mately resulting in necrosis of the papillae [294].
Experimental evidence also supports the notion that
acetaminophen has a predominant role in analgesic
nephropathy and that its actions may become potenti-
ated by one or more of the other agents in mixed
analgesic combinations, including aspirin [289, 294].

This concept of a key role of acetaminophen in
analgesic nephropathy has recently been chal-
lenged by Mihatsch et al. [295]. In a series of about
600 adult autopsies at the Basle Institute of Pathol-
ogy between 2000 and 2002, they found only 0.2%
analgesic nephropathies (one case) as opposed to
3% in 1980. This coincided with the disappearance
of phenacetin despite the fact thatmixed analgesics
containing acetaminophen continued to be widely
used. The conclusion was that phenacetin was the
�bad guy� and that the classic analgesic nephropa-
thy apparently disappeared after phenacetin was
bannedfromthemarket [295].Unfortunately, there
were no data in this study about drug use prior to
death, including information about doses and du-
ration of use. It can also not be excluded that the
habits of analgesic use have changed during the
past 20 years, including the availability of newOTC
analgesics with a different mode of action but for
similar indications like pain control, such as ibu-
profen. With the currently available evidence, ha-
bitual and not occasional intake of acetaminophen
should be discouraged [296].

3.2.2.2 Mode of Aspirin Action
The central biochemical process in the kidney that
is affected by aspirin is prostaglandin biosynthesis.
Prostaglandins in the kidney serve several func-
tions: one is the regulation of renal blood flow and
the other the contribution to sodium excre-
tion [274]. Renal prostaglandin biosynthesis is low
inhealthy individuals.However, it becomes rapidly
upregulated in situations of hemodynamic desta-
bilization, associated with reduced circulating
blood volume and subsequent activation of (intrar-
enal) pressure-control systems to avoid renal un-
derperfusion. Another function of prostaglandins
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is the modulation of tubular function. In both
situations, reactive stimulation of renal prostaglan-
din synthesis may become a critical factor for
homeostasis, that is, control of blood pressure (BP)
and fluid and electrolyte balance.
In contrast to traditional NSAIDs or coxibs,

aspirin is only a weak inhibitor of renal prostaglan-
din biosynthesis. This might explain its relatively
modest effects onkidney functionboth in �resting�
and �stimulated� conditions.

3.2.2.3 Clinical Studies

Healthy Individuals The absence of renal side
effects of aspirin, including regular long-term use
over years, has recently been confirmed in a post
hoc analysis of more than 11 000 participants of
the American Physicians� Health Study (Section
4.1.1) [297]. Slightly different resultswere obtained
in the Nurses� Health Study: lifetime analgesic
consumption, including aspirin and non-aspirin
NSAIDs, was not related to any dose-dependent
decline in kidney function, whereas acetamino-
phen caused a dose-dependent increase in renal
dysfunction thatwasnearly three timeshigher than
that for aspirin at the same doses (Table 3.5) [298].
There is no evidence that long-term use of aspirin
alone will result in renal dysfunction of otherwise
healthy individuals. In a prospective radiographic
study of 259 patients who had taken 1000–26 000
NSAID doses, papillary necrosis was found in 38
users, taking predominantly physician-prescribed
NSAIDs. However, only 65% of these patients had
renal functional impairment [299].

A recent population-based observational trial in the
United States has studied habitual use of an analgesic,
including aspirin, acetaminophen, and ibuprofen, as
defined as ever intake for at least 1 month every day and
its relation to decreased kidney function. The study was
conducted in about 8000 adults and was also classified
by the duration of use, that is, <1, 1–5, and >5 years. The
outcome measure was albuminuria and reduced esti-
mated glomerular filtration rate (GFR).
Twenty-four percent of the study population reported

habitual analgesic use. The odds ratio for all compounds

was 1.0 for GFR and 0.9 for albuminuria as compared
with nonhabitual analgesic use. This was not significant.
However, the reliability of self-reported analgesic use
behavior could be assessed.
The conclusion was that habitual use of single or

multiple analgesics was not associated with disturbed
kidney function [300].

Patients with Preexisting Kidney Diseases Some
early nonrandomized studies in patients with
preexisting kidney disease found reversible reduc-
tions in glomerular filtration by aspirin [301, 302].
Several epidemiologic studies have led to the
hypothesis that habitual analgesic use contributes
to the progression of chronic renal disease. This
also includes aspirin as a single medication
[284, 286, 303, 304].

The relationship between the intake of antipyretic
analgesics and terminal kidney failure was studied in a
case–control trial of 921 end-stage renal failure patients
on hemodialysis as compared with 517 matched
controls.

Table 3.5 Effect of lifetime analgesic consumption on
decline in renal function in women (Nurses� Health Study)
(modified after [298]).

Lifetime
intake (g)

Participants
(n¼ 1697)

Change
(%)

Odds ratio
(95% CI)

ASA
<100 608 53 (9) 1.0 (reference)
100–499 176 16 (9) 0.7 (0.4–1.3)
500–2999 403 46 (11) 0.8 (0.5–1.3)
>3000 455 49 (11) 0.9 (0.6–1.4)

NSAIDs
<100 790 67 (8) 1.0 (reference)
100–499 181 24 (13) 1.3 (0.8–2.2)
500–2999 376 41 (11) 1.1 (0.7–1.7)
>3000 292 31 (11) 1.1 (0.7–1.8)

Acetaminophen
<100 819 56 (7) 1.0 (reference)
100–499 186 21 (11) 1.80 (1.0–3.2)
500–2999 288 40 (14) 2.23 (1.4–3.6)
>3000 352 45 (13) 2.04 (1.3–3.2)
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Regular long-term intake of a standardized minimum
dose ofmore than 15 analgesic units permonth formore
than 1 year asmonopreparationswas not associatedwith
an increased relative risk of terminal kidney failure. In
contrast, there was a clear dose- and time-dependent
relation between drug intake and terminal kidney failure
for combined preparations with a particular high risk for
combinations, containing caffeine; relative risk 52.6 as
opposed to 4.0 with acetaminophen and 2.4 with aspirin.
The conclusion was that an increased risk of end-

stage renal failure is related to both dose and exposure
time of mixed analgesic compounds but not for the use
of only single ingredient analgesics [303, 304].

Evidence for a low if any injury potential of
aspirin – as opposed to acetaminophen and
NSAIDs– came fromseveralpopulation-based case
control studies in patients with chronic kidney
diseases. The study included patients with early-
[284] and end-stage [286] renal failure. Despite the
different protocols, patient populations, and selec-
tion criteria, these studies found a significantly
enhanced risk for kidney failure by acetaminophen
but much less, if any, increased risk for kidney
failure by aspirin. Another recent population-based
case–control study [305] reported that regular anal-
gesic intake (at least two tablets per week for at least
2 months) was associated with a 2.5-fold increased
risk of chronic renal failure by aspirin and acet-
aminophen and concluded that both drugs may

exacerbate chronic renal failure. This effect was
more consistent with acetaminophen (Figure 3.10),
and the odds ratio in324patientswith chronic renal
failure due to diabetes was about twice as much in
regular acetaminophen users as compared with
regular aspirin users. The possibility of bias due
to the triggering of analgesic consumption by
predisposing conditions was not excluded [305].
Thus, there appears to be evidence for an acet-
aminophen-related kidney dysfunction that is
time and dose dependent but not for aspirin. In
addition, available data strongly suggest avoiding
analgesic mixtures containing centrally acting or
dependence-producing drugs [289]. However,
aspirin might prolong bleeding time in uremia
by a mechanism, independent of inhibition of
prostaglandin biosynthesis [306].

Patients with Preexisting Cardiovascular Diseases
Patients with established chronic kidney disease
arealsoatelevatedriskofcardiovasculardiseases.A
meta-analysis of 14 randomized trials of antiplate-
let therapy, includingmore than2600hemodialysis
patients, showed that antiplatelet therapy in these
patients was associated with a significant 41%
reduction in the risk of a severe vascular event.
Chronic kidney disease might cause impaired he-
mostasis and, thus, theremight be an excess risk in

Figure 3.10 Odds ratios� 95% CI for the occurrence of chronic renal failure in reaction to the cumulative lifetime dose
of acetaminophenor aspirin.All patients hadpreexisting renal or systemicdisease according to serumcreatinine,>3.4mg/dl
in men and >2.8mg/dl in women, respectively. The odds ratios are for comparisons with nonusers of both classes of
analgesics until the time of interview [305].
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major bleedings in association with antiplatelet
therapy. However, only 46 major bleeds occurred
in this meta-analysis of randomized trials [307].
This important issue was studied recently for the
first time in a randomized prospective trial.

The First United Kingdom Heart and Renal Protection
(UK-HARP-I) Study was a feasibility study to investigate
the efficacy and safety of simvastatin and aspirin in a
randomized 2� 2 factorial design versus placebo in
448 patients with chronic kidney diseases. The aspirin
group received 100mg/day modified-release aspirin or
a matching placebo for a median duration of 1 year.
Regarding safety, aspirin use was not associated with

a significant excess of major bleed as compared with
placebo. There was an about threefold increase in the
risk in minor bleeds (RR 2.8, 95% CI: 1.5–5.3, p¼ 0.001)
but no aspirin-related increase in kidney dysfunction nor
increased urate levels or acute gout. Allocation to aspirin
therapy was not associated with any significant differ-
ence in events, that is, decrease in renal function or time
of initiation of dialysis therapy.
The conclusion was that aspirin at 100mg/day is well

tolerated in patients with chronic kidney disease but is
associated with a threefold increase in minor bleeding.
Therewas no increase in greater blood loss and no excess
risk in renal dysfunction and/or its progression.However,
a much larger trial is required to determine reliably
whether low-dose aspirin has clinically significant effects
on renal function in predialysis and dialysis patients [308].

Diabetes Diabetes, in particular, type 2, needs
thrombosis prevention because of the significantly
enhanced atherothrombotic risk. This is done with
appropriate antiplatelet drugs, including aspirin
(Section 4.1.1). Renal biosynthesis of prostaglan-
dins is enhanced in both experimental and human
diabetes [309], possibly because of upregulation of
COX-2.

Microalbuminuria, associated with diabetic re-
nopathy, can be reduced by high-dose aspirin in
combination with dipyridamole (990mg aspirin
225mgdipyridamole/day) in type1diabetes, prob-
ably by a prostaglandin-related mechanism [310]
whereas low-dose aspirin had no effect [311]. No
effect on kidney functionwas seenwith antithrom-
botic doses of aspirin (150mg/day) in type 2 dia-
betics, suggesting that regular use of the drug in
primary and secondary prevention of atherothrom-
bosis in these patients does not have an impact on
renal function [312] (Table 3.6).

Hypertension In essential hypertension renal
generation of vasodilatory prostaglandins may
become an important blood pressure regulating
factor. In this case, inhibition of prostaglandin
biosynthesis by aspirin may result in an amelio-
ration of potency of antihypertensives, such as
ACE inhibitors,b-blockers, and other compounds
whose blood pressure lowering potency involves
stimulation of renal vasodilator prostaglandin
biosynthesis. Most available data do not suggest
a clinically relevant interaction of aspirin at doses
below 300mg/day with antihypertensives, specifi-
cally ACE inhibitors (Section 4.1.1) at antithrom-
botic doses [313]. However, this issue is not finally
answered yet.

Heart Failure The safety of aspirin in heart failure
patients was studied in a community-based obser-
vational study in patients discharged from Canadi-
an hospitals after a first hospitalization for heart
failure. Frommore than 7000 patients, 44% had no
coronary heart disease and 29% renal dysfunction.

Table3.6 Effectsof low-doseaspirin (150mg/day)onGFRandbloodpressure in type-2diabeticpatientswithelevatedurinary
albumin secretion.

Placebo Aspirin p

Urinary albumin excretion (mg/24h) 205 (124–340) 201 (119–341) 0.78
GFR (ml/min/l/1.73m3) 102 (93–110) 103 (94–111) 0.58
Systolic BP (mmHg) 152 (146–158) 151 (143–158) 0.68
Diastolic BP (mmHg) 87 (82–91) 87 (83–91) 0.88

Double-blind crossover trial versus placebo in 31 patients. Data are mean and 95% CI (modified after [312]).
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Compared with nonusers, aspirin users were not
more likely to die or require heart failure readmis-
sion (RR: 1.02, 95% CI: 0.91–1.16), including pa-
tients without coronary heart disease and patients
with renal dysfunction. Beneficial effects were seen
withACE inhibitors, and these were not reduced by
aspirin cotreatment.

The conclusion was that aspirin in heart failure
patients did not attenuate the beneficial effects of
ACE inhibitors. This allays concerns about the
safety of aspirin in patients with heart failure [314].
A similar conclusion was reached by Masoudi
et al. [315] in patients with heart failure associated
with coronary artery disease.
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3.2.3
Liver

The liver, located between the site of drug absorp-
tion in theGI tract and drug targets throughout the
body after entering systemic circulation, is central
to the metabolism of virtually every foreign sub-
stance. It is, therefore, not surprising that most
drugs cause liver injury infrequently though drug-
inducedhepatic injury accounts formore than50%
of acute liver failure in the United States [316].
Toxic liver injury by aspirin may occur but is a

very random event and not a typical symptom of
acute salicylate overdosing. In this respect, aspirin
differsqualitatively fromacetaminophenandother
antipyretic analgesics aswell as traditionalNSAIDs
(e.g., diclofenac). From these compounds, toxic
metabolites may be generated during hepatic bio-
transformation that injures hepatocytes in an irre-
versible fashion [316, 317]. A probably different
etiology has the liver injury and subsequent en-
cephalopathy of Reye�s syndrome (Section 3.3.3)
and possibly other viral infections [318].

3.2.3.1 Drug-Induced Liver Injury
Toxic liver injury may be caused by metabolites of
xenobiotics that cause necrosis and apoptosis
through direct toxicity. Acetaminophen and its
reactive metabolites, respectively, are examples of
direct toxic compounds [319]. Alternatively, drugs,
such as aspirin, may causemitochondrial dysfunc-
tion in energy production. In some patients, infec-
tions, cytokines, or inborn errors of metabolism
(IEM) (b-oxidation) may favor drug-induced im-
pairments in fatty acid metabolism, morphologi-
cally appearing as microvesicular steatosis [320]
and clinically appearing as Reye-like syndrome
(Section 3.3.3). In this case, there is disturbed
metabolic function of the liver (and other organs)
but no overt toxicity or tissue necrosis.

3.2.3.2 Mechanisms of Aspirin Action
Long-termuseof aspirin at high anti-inflammatory
doses (plasma salicylate levels of 100–350mg/ml)
may cause liver injury [317]. This is associated with

increased serum transaminases but not jaundice.
Whether prothrombin biosynthesis is also affected
is uncertain [321, 322] but clinically less relevant
since severe bleeding problems as a possible conse-
quence of impaired coagulation are only seen in a
minority ofpatientswith severe salicylatepoisoning
(Section 3.1.1). These biochemical and functional
disturbances, causedby the salicylate component of
thedrug, are fully reversiblewithin a fewdays [323].

Detection of Hepatotoxicity of Salicylates First re-
ports about a possible hepatoxic potential of aspirin
appearedaftermore thanhalf a centuryof extensive
clinical use as an anti-inflammatory analgesic at
anti-inflammatory doses of several grams per day.
Possible explanations for this somewhat surprising
late detection are the absence of typical clinical
symptoms of liver toxicity, such as jaundice, and
the inability to measure liver enzyme activities in
routine laboratory settings. After these became
available, several investigators reported elevated
serum transaminases after repeated aspirin intake.
For example, about one-third or more patients
treated with salicylates because of different rheu-
matic diseases had elevated serum levels of liver
enzymes [322, 324, 325]. In these and some other
studies, theserumsalicylate levelswasrelated to the
serum transaminase activity, suggesting a relation-
ship between the two [317].

IncidenceandFormsofHepatic Injury Almostallof
the reported patients on aspirin-induced hepato-
toxicity were acute cases. The injury was reversible
in nature, mild in severity, and biochemical para-
meters of hepatic injury, that is, increased serum
transaminases, generally subsided after withdraw-
al of aspirin [317], sometimes even if the treatment
was maintained [322].
In about 3% of reported cases, injury has been

moresevere.All of thesepatients receivedhighanti-
inflammatory doses of aspirin over longer periods.
There are five reports about a relation between
salicylate-induced hepatic injury and encephalopa-
thy. Plasma levels of salicylate in these patients
rangedbetween270and540mg/ml[317,326].There
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is only one report of a fatal case in a 17-year-old girl
who received aspirin combined with acetamino-
phen. The death possibly related to liver necrosis
[327].Therearealsoveryfewcasesofchronichepatic
injury, histologically and clinically presenting as
chronic active hepatitis. Similar to acute injury, the
symptoms subsided onwithdrawal of aspirin [317].

Determinants of Injury Major determinants of as-
pirin-inducedhepatic injury are thedose, that is, the
plasma levels of salicylate and the duration of treat-
ment. Another determinant is the nature of the
underlying disease, specifically, chronic rheuma-
toiddiseasesandpreexistinghepaticorrenalfailure,
allowingfortheaccumulationofthesubstance[317].
Signs of hepatotoxicity may develop at high sa-

licylate plasma levels (200mg/ml or 1mM and
more), though in only very few cases. All patients
in whom hepatic injury developed had taken the
drug for one to several weeks. A regular intake of
high aspirin doses appears to be necessary for
hepatotoxicity because even huge single overdoses
of aspirin, which cause significant general toxicity
(Section 3.1.1), do not produce any overt hepatic
failure [328–330]. Regular intake of high doses will
also result in significantly increased plasma levels
of salicylate even at unchanged dosing because of
the reduced clearance andmarked prolongation of
the salicylate half-life (Section 2.1.2).
Another factor, relevant to salicylate toxicity, is

preexisting diseases with immunological back-
ground. Almost all reported cases occurred in
patients with rheumatoid diseases who had taken
the drug for a long time at high doses. Rheumatic
diseases are known to be associated with the gen-
eration of inflammatory cytokines such as TNFaor
IL-6 (Section 2.3.2). These cytokines might induce
and maintain inflammatory processes in the liver.
Consequently, serumtransaminases after repeated
high-dose aspirin were higher in patients with
rheumatoid disease, when the patients were in an
active stage of the disease [331]. The observation
that hepatic toxicity of aspirin mainly appears in
patients with active rheumatoid diseases suggests
that immunological processes might be an aggra-

vating factor.However, there isnopositiveevidence
for this so far and possibly will not be since other
anti-inflammatory agents, such as NSAID (Section
4.2.2), have replaced aspirin in this indication.
Interestingly, at least some of these compounds,
includingdiclofenac andsulindac, alsobear ahepa-
totoxic potential by impairment of mitochondrial
ATP synthesis and production of hepatotoxic reac-
tive metabolites [332].
The finding that aspirin-related liver toxicity re-

quires repeated administration of high doses sug-
gests a relationshipwith salicylate-induced changes
in hepatic energy metabolism, that is, impaired b-
oxidation of fatty acids and uncoupling of oxidative
phosphorylation (Section 2.2.3.). Both changes are
reversible and only evident at large doses of salicy-
late.Elevatedlevelsofserumtransaminases,hepatic
steatosis, impairedurea genesis anddisturbed lipid
metabolism also found in animals fed high aspirin
doses [333–335]. Similar to man, these changes are
generally reversible and do not cause necroses.

3.2.3.3 Aspirin and Other Drugs
Mostdrugscancauseliverinjuryinfrequently [316].
However, in association with aspirin, the major
compound of interest is acetaminophen, an alter-
native analgesic antipyretic as well as diclofenac.
Acetaminophen is an example of a drug with

dose-related toxic effects after a certain threshold
passed, determined by depletion of hepatic gluta-
thione stores. There is rapid hepatocyte injury
(centrilobular necrosis) due to increased and
dose-dependentgenerationof reactivemetabolites.
Acetaminophen toxicity is themost common form
of acute liver failure in the United States [316] and
the United Kingdom [317]. A recent US-based
multicenter prospective study has shown that the
annual percentage of acetaminophen-related acute
liver failure rose from 28% in 1998 to 51% in 2003.
Without liver transplantation, 27% of patients
died [336]. The toxicity of acetaminophen – in
contrast to aspirin– results almost exclusively from
large singleoverdose, usually suicidal, but there are
also sporadic case reports that chronic overdosing
of the compound may result in liver failure [337].
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Summary

Aspirin, usually well tolerated by the liver, does
not cause significant liver injury at single analge-
sic or repeated antithrombotic doses. Repeated
administration of high anti-inflammatory doses
might result in increased serum transaminases
but no overt liver failure. These changes are
transient, reversible after withdrawal of the drug,
and salicylate mediated. They are of minor im-
portance today because of the availability of alter-
native drugs, specifically for long-term treatment
of inflammatory disorders.

Liver toxicity of aspirin is probably related to
impaired hepatic b-oxidation of free fatty acids
and uncoupling of oxidative phosphorylation,
both occurring at higher doses of the compound

(Section 2.2.3). These metabolic changes are also
completely reversible. The possible relationship
between aspirin intake and Reye�s syndrome is
discussed separately (Section 3.3.3). So far, no
causal relationship with aspirin intake has been
established.
Acetaminophen and other NSAIDs (diclofe-

nac) are hepatotoxic agents. The mode of action
is completely different from aspirin. In case of
acetaminophen, generation of reactive metabo-
lites occurs after exhaustion of hepatic metabolic
pathways, eventually resulting in the formationof
toxicmetabolites that cause liver cell necrosis and
even death from liver failure. On the contrary, the
hepatotoxic effects of aspirin, subsequent to acute
or chronic overdosing are usually completely
reversible.
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3.2.4
Audiovestibular System

Salicylate-related hearing loss, tinnitus, and vestib-
ular dysfunctions are known since the clinical
introduction of the substancesmore than hundred
years ago [338]. Ototoxic side effects were also
rather frequent because of the high doses of the
compounds that were taken at the time for treat-
ment of pain and inflammatory diseases. Tinnitus
and deafness are also the typical early symptoms of
acute salicylate overdosing (Section 3.1.1). Drug-
induced hearing disturbances are neither specific
nor even unique for salicylates but are also seen
with many other compounds, including amino
glycosides (Streptomycin) and quinine, though
their appearance aswell as themechanismsbehind
might be quite different [339, 340].
Salicylate-related ototoxicity is typically bilater-

al symmetric, associated with a low-to-medium-
degree-severity hearing loss and usually complete
reversible within 1–3 days after salicylate with-
drawal. Disturbed hearing functions are not as-
sociated with any morphologically detectable loss
of hair cells. In addition to hearing disturbances,
vestibular disturbances including nystagmus,
vertigo, and imbalance are furthermanifestations
of salicylate ototoxicity [341, 342].
As seen in other sections of this book (Sections

2.2.3 and 2.3.3), salicylate concentrations are also
an issue in salicylate-related ototoxicity. In many
experimental in vitro studies, concentrations in
the range of 5–10mM and above were used.
Because salicylate levels in the perilymph are only
about 30% of the plasma levels at steady-state
conditions, this corresponds to in vivo plasma
salicylate levels of about 15–30mM that are pre-
sumably not only toxic for the ear but also fatal for
the organism. Similarly, in vivo doses in animal
experiments, frequently in the range of 300mg/
kg and more, are in the range of the LD50 even in
aspirin-�resistant� animals, such as the rat. Thus,
experimental data on the mode of ototoxic action
of salicylates obtained at these disproportional
high salicylate levels are of pharmacological

interest but may not be transferable to any in vivo
being.

3.2.4.1 Pathophysiology of Hearing and Equilibri-
um Disturbances

Inner Ear and Cochlea Post mortem studies of
hearing bones and the inner ear (Corti�s organ,
cochlea, and hair cells) of patients with known
regular aspirin consumption at high doses
(5–10 g/day) over several months did not show any
morphological abnormality. In guinea pigs also,
sodium salicylate at high doses (375mg/kg for 1
week) did not cause macroscopically or light mi-
croscopically detectable alterations of hair cells, the
mechanotransducers of acoustic pressure. How-
ever, loss of the outer hair cells was seen by electron
microscopy [343]. In cultured explants of the rat
cochlea, degenerations of nerve cells were detected
in the presence of high salicylate concentrations
(3mM and more for at least 2 days) but no cell
loss [344]. At the subcellular level, alterations in
peroxisomes were seen, which, however, were not
considered pathognomonically for salicylate oto-
toxicity [345]. Thus, the majority of available mor-
phological data does not support the concept of a
salicylate-induced morphologically detectable loss
of hair cells, neurons, or blood vessels in the
cochlea. This agrees well with the principal rever-
sibility ofhearingdysfunctions by salicylates.How-
ever, the (few) available ultrastructural studies do
not fully exclude functionally relevantmorphologi-
cal alterations in the cochlea by salicylates, specifi-
cally, loss of outer hair cells [346].

3.2.4.2 Mode of Aspirin Action
Hearing loss, tinnitus, and disturbed balance are
the three clinical presentations of salicylate ototox-
icity [342]. The site of these pathological alterations
is the cochlea [347, 348] and the signals outgoing
from it to the sensory cortex via the statoacoustic
nerve.

Hearing Loss Salicylate-induced hearing loss pre-
sents with loss of absolute acoustic sensitivity and
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changes in sound perception. The reasons are
functional disturbances in the cochlea, possibly
amplified by a modification of signal transduction
via the statoacoustic nerve. These effects of aspirin
are caused by salicylate. Salicylate itself does not
significantly change the endocochlear resting po-
tential and also not the acoustic pressure, that is,
mechanically induced actionpotentials. In osmotic
experiments, ithasbeenshownthatsalicylatecause
hypotonic swelling of outer hair cells, eventually
resulting in large volume increases andmechanic
dysfunction [349]. The mechanical properties of
the cochlea are disturbed after stimulation by
sound waves in the presence of high salicylate
concentrations (2–10mM). This was associated
with a disturbed conduction of sound waves,
emitted from the cochlea after mechanical stim-
ulation, a response that is normally mechanically
amplified by the outer hair cells. These otoacous-
tic emissions are reduced or even abolished in
man after high-dose aspirin (3.9 g for up to 4
days) [350–352]. Similar results were obtained in
studies on isolated outer hair cells. Theirmechan-
ical properties were concentration dependent and
reversibly lowered by salicylates (0.1–10mM) in
vitro [353].

The subcellular mechanism of salicylate-induced dys-
function of outer hair cells of the guinea pig cochlea has
beenstudied inmoredetail involtage-clampexperiments.
Salicylates were found to directly affect the motility in
the intracellular space in the charged, ionized form.
Salicylate passes the cell membrane because of its lipo-
philic nature in the permeable, nondissociated form.
According to a pKa of 3.0, about 0.6 (M salicylic acid will
exist in the cytosol as nondissociated form at an
extracellular salicylate concentration of 10mM. This dis-
sociated form determines the voltage dependence shifts
that were taken as a surrogate parameter for hair cell
dysfunction [354]. The parallels to other toxic actions of
salicylates on cell function, for example, energy metabo-
lism (Section 2.2.3), are evident.

Thus, medium-to-high aspirin concentrations
are sufficient to reduce motility and frequency
selectivity of outer hair cells [355–358]. These
data suggest disturbed mechanoelectrical sound

transmission (otoacoustic emissions) by outer
hair cells inside the cochlea as the site of salicy-
late-induced hearing disturbances. Reduction in
their mechanosensory functions is particularly
prominent at low sound pressure and even
might result in complete disappearance of spon-
taneous emissions. The functional correlate of
this salicylate-induced reduced hair cell motility
are hearing losses after suprathreshold sound
stimuli, associated with disturbed resolving
power and localization.

Tinnitus Tinnitus (lat. �tinnere�¼ tinkle) is a sub-
jective and, with respect to appearance, highly
variable sound sensation (phantom sound),mostly
5–15 dB above the hearing threshold. Typical for
tinnitus is the absence of any foreign sound source.
There appears to be a direct relationship between
the (subjective) occurrence of tinnitus and the
(objective) hearing disturbances above a certain
threshold concentration of salicylates [359]. Tinni-
tus is a typical side effect of aspirin at salicylate
plasma levels of �200mg/ml and is also an early
symptom in salicylate poisoning (Section 3.1.1).
Aspirin-induced tinnitus also originates at the level
of outer hair cells [360]. Mechanistic studies on
tinnitus are difficult because of its variability and
highly subjective nature [361, 362]. Salicylates
might activate cochlearNMDAreceptors and cause
tinnitus-like behavior responses that are antago-
nized by NMDA antagonists. Similar symptoms
were seen with COX inhibitors such as mefena-
mate [363]. An interesting experimental study in
rats, using an avoidance procedure to measure
tinnitus, has suggested that salicylates cause tinni-
tus by activation of cochlear NMDA receptors that
can be prevented by NMDA receptor blockade
[363, 364].

Imbalance Imbalances (vertigo, dizziness, and
disturbed balance) are another kind of ototoxic side
effects of aspirin. Probably, disturbed balance is
also related to functional disturbances in the inner
ear (labyrinth) [365].However, there arenodetailed
mechanistic studies available.
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3.2.4.3 Aspirin, Arachidonic Acid, and
Prostaglandins

Prostaglandins and Cochlear Blood Flow In addi-
tion to alterations in the mechanical behavior of
outer hair cells, reduced cochlear blood flow is
another side effect of aspirin that might reinforce
hearing loss and tinnitus [342]. Both are related to
changes in arachidonic acid metabolism. Intrave-
nous administration of high-dose aspirin to guinea
pigs (350mg/kg) reduces prostaglandin formation
by the cochlea within 30min and prostaglandin
levels in the perilymph after 3 h. Since the cochlear
blood vessels are subject to hormonal and autono-
mousnervalrather thansystemicnerval regulation,
it has been suggested that the inhibition of prosta-
glandin biosynthesis by the cochlea will reduce
cochlearbloodflowwithsubsequent augmentation
of functional disturbances [366]. Experimental
studies in rabbits have shown a salicylate-induced
reduction of cochlear blood flow by 30–40% [367].
Interestingly, intracochlear perfusion with aspirin
or sodium salicylate caused comparable decreases
in cochlear function and blood perfusion, whereas
traditional NSAIDs (indomethacin) failed to do
so [368]. Thus, disturbed cochlear function and
reduced blood flow are associated with salicylate-
induced ototoxicity in addition to inhibition of
prostaglandin biosynthesis.

Leukotrienes COX inhibition by aspirin would
also increase the synthesis of potentially cytotoxic
leukotrienes such as LTC4 [369]. Leukotrienes can
reduce cochlear blood flow and cause hearing dis-
turbances [367,369].Asapharmacological �proofof
concept,� it has been shown experimentally that
salicylate-associated hearing loss can be prevented
by treatment with a leukotriene antagonist [367,
370]. Although these data are interesting, they are
currently incomplete and too inconsistent to dem-
onstrate causality between salicylate ototoxicity and
changes in arachidonic acid metabolism [342].

Arachidonic Acid It was suggested that COX inhi-
bitionmight result in accumulation of arachidonic

acid that has been shown previously to potentiate
NMDA receptor currents [371]. However, any sig-
nificant increase in cellular arachidonic acid levels
might have actions of its own, for example, on
apoptosis. Thus, the validity of this hypothesis is
still unproven.

3.2.4.4 Clinical Trials
In subjects with normal hearing sensation, salicy-
late-induced hearing disturbances are bilaterally
symmetric and seen at all frequencies. The maxi-
mum hearing loss is about 40–50 dB [342] and
similar in individuals with normal hearing as com-
pared to individuals with preexisting hearing dis-
turbances. However, the intra- and interindividual
variability is considerable. All salicylate-induced
hearing changes are fully reversible and correlated
with the plasma salicylate level. In 16 different
studies involving more than 100 individuals, there
was a remarkable linear correlation (r¼ 0.7) be-
tween absolute hearing loss and plasma salicylate
levels (Figure 3.11) [342].
Hearing disturbances and, in particular, tinnitus

are frequent side effects of high-dose aspirin treat-
ment, particularly in the elderly.Hearing losses are
apparent after suprathreshold sound stimuli and
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Figure3.11 Absolutehearing loss inmore than100subjects
as determined in 16 different studies. There is an
approximately linear correlation between plasma salicylate
level and the lossofhearingsensitivity (modifiedafter [342]).
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are associated with a disturbed speech discrimina-
tionandsoundlocalization.Thishasbeenshownin
men after intake of aspirin at an anti-inflammatory
dose (3.84 g/day for 3 days) in a double-blind ran-
domized placebo-controlled trial [372]. However,
most clinical studies on salicylate-related ototoxici-
ty were done in rheumatics and patients with
osteoarthritis, both being not a primary indication
for aspirin use today. Consequently, ototoxic side
effects of aspirin became considerably less fre-
quent. However, tinnitus is still a side effect in
cardiocoronary long-term prophylaxis even at low
aspirin doses. Although it is no life-threatening
complication, it is an important point for patients�
adherence to drug medication.

Mongan and colleagues studied the occurrence of
tinnitus after aspirin in a prospective trial in individuals
with normal and hard of hearing individuals. All parti-
cipants received aspirin in escalating doses until the
appearance of tinnitus.
A total of 52 out of the 67 individuals developed

tinnitus after aspirin treatment. Tinnitus occurred at a
minimum salicylate plasma level of 200 mg/ml; inter-
estingly, all individuals with normal hearing function

developed tinnitus but only 7 out of the 22 hard of
hearing individuals.
The conclusion was that tinnitus is tightly correlated

with the plasma salicylate level and, therefore, might be
considered a useful surrogate parameter for salicylate
plasma levels in individuals with normal hearing
[373].

Subsequent investigators did not agree with this
conclusion [359], in particular, because symptom-
atic ototoxicity, as seen from tinnitus, is too unspe-
cific [362]. Nevertheless, tinnitus is a safe index
parameter for (too) high salicylate plasma levels in
appropriately sensitive individuals.

Imbalances Imbalances (vertigo, dizziness) are
another category of ototoxic side effects of aspirin
in clinical trials. There is only onemore systematic
study on this issue. In this study, patients with
rheumatoid arthritis were treated with high-dose
6–8 g/day aspirin. This resulted in disturbed vesti-
bularis function and it was assumed that this was
due to a functional disturbance in the inner ear
(labyrinth) [365]. Again, this phenomenon is only
relevant in acute or chronic overdosing.

Summary

Aspirin bears an ototoxic potential that is salicy-
late mediated. Clinical features are hearing loss,
tinnitus, and imbalances. All of these distur-
bances are dose dependent and consequently
appear predominantly at high-dose treatment or
overdosing, are fully reversible, and usually dis-
appear within 1–3 days after drug withdrawal.

The underlying mechanisms of salicylate-
related ototoxicity are not completely understood
but probably functional rather than morphologi-
cal in nature. The site of action is the cochlea and
here, in particular, the outer hair cells. Salicylates
impair the mechanical properties of hair cells
and the subsequent mechanoelectrical conver-
sion of sound waves into electrical currents
(otoacoustic emissions). Additionalmechanisms

include interactions with the arachidonic acid
metabolism, eventually resulting in accumula-
tion of free arachidonic acid and leukotriene
formation as well as reduction of cochlear blood
flow. The net response is a disturbed sound per-
ception and tinnitus. Imbalances might also
occur. The interesting hypothesis that tinnitus
might be due to activation of cochlear NMDA
receptors needs further experimental and clinical
support.
The clinical significance of salicylate-related

ototoxicity is steadily decreasing after the replace-
ment of high-dose aspirin as an anti-inflammato-
ry analgesic by NSAIDs. Nevertheless, tinnitus
might still occur in long-term prevention even at
low-dose aspirin and it is then the sign of individ-
ual overdosing that might influence patients�
compliance.
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3.3
Non-Dose-Related (Pseudo)allergic Actions of
Aspirin

Most of the unwanted effects of aspirin are dose
related. This is valid not only for transacetylation
reactions but also for themultiple actions of salicy-
late on cell function and energy metabolism. Sys-
temic toxicity to salicylates ismainly causedby their
metabolic effects and disturbed acid/base equilib-
rium (Section 3.1.1). A generalized intolerance to
aspirin due to pathologic immune reactions is rare.
This is somehow surprising since aspirin during
hydrolytic degradation may transacetylate many
proteins in the circulation with subsequent
changes of their secondary and tertiary structure
(Section 2.1.2). In addition, salicylates are tightly
bound to plasma albumin. In this constellation,
theymightactashaptens, causing thegenerationof
specific IgE-type antibodies. Finally, salicylate-me-
diated changes in eicosanoid metabolism, specifi-
cally, the increased generation of leukotrienes after
blockade of the COX pathway might cause or en-
hance (pseudo)allergic reactions.
Pharmacologically, two different reasons of as-

pirin hypersensitivity have to be distinguished:
pharmacological intolerance to aspirin and/or sal-
icylates as chemicals or intolerance to aspirin-in-
duced changes in cell metabolism, including an
altered eicosanoidbiosynthesis. Themost frequent
manifestation sites of hypersensitivity are the re-
spiratory tract and the skin. The �Widal triad� in
the respiratory tract (aspirin-sensitive asthma)
(Section 3.3.1) is among the most intensively stud-
ied diseases related to aspirin intake in sensitive
patients. Manifestations of aspirin intolerance at
the skin are urticaria/angioedema. More severe
anaphylactic reactions, such as acute toxic epider-
molysis (Lyell�s syndrome) or Stevens–Johnson
syndrome, have been occasionally described but
appear not to be causally related to aspirin intake
(Section 3.3.2).
Another disease with a possible but unproven

relationship with aspirin (and other chemicals),
specifically in children, is Reye�s syndrome

(Section 3.3.3). Interestingly, both aspirin-induced
asthma and Reye�s syndrome are considered to
developat thebackgroundofaprotractedpreceding
viral infection and thus might involve acquired
change in the phenotype as a critical disease-
modifying factor.

3.3.1
Aspirin Hypersensitivity (Widal�s Syndrome)

The so-called �aspirin-sensitive asthma� belongs to
thebestknownunwantedsideeffectsofaspirin that
occur in predisposed patients and are not critically
dependent on the aspirin dose. Although the term
�aspirin-induced� is imprecise and rather should
be replaced by �analgesics� asthma� or named by
the discoverer as �Widal triad� that also considers
the fact that the disease is not restricted to the lung,
it has been generally established and, therefore, is
also used here.

3.3.1.1 Pathophysiology and Clinics

History and Epidemiology Widal et al. [374] were
the first to describe a new clinical entity, consisting
of aspirin intolerance, nasal polyposis, and bron-
chial asthma.This syndrome, subsequently named
the�Aspirin triad,�was laterdescribed in its clinical
course by Samter and Beers [375]. The disease
typically occurs in adult patients with asthma after
ingestion of aspirin or other COX-1 inhibitors.
According to recent epidemiological surveys in
Europe and Australia, the prevalence amounts to
about 10% of adult patients with asthma whereas
the overall incidence in the general population is
less than or equal to 1% [376]. Importantly, a
significant percentage of affected people are un-
aware of their aspirin intolerance. In one study on
500 patients with asthma, 18% of the patients did
not know that they were aspirin hypersensi-
tive [377]. This suggests that aspirin hypersensitiv-
ity does occur in a measurable proportion of the
population and is a relevant disease also from an
epidemiological point of view with a comparable
incidence worldwide [378–380]. The other impor-
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tant question is whether long-term aspirin use, for
example, in cardiocoronary prevention will in-
crease the occurrence of asthmatic diseases in
otherwise healthy subjects. According to recent
data from theWomens� Health Study, this appears
not to be the case. Therewas rather a decreased risk
of newly reported diagnosis of asthma [381].

Pathophysiology The reactions on aspirin are
equivalent to an immediate allergic reaction. Al-
though mean IgE levels may be elevated in some
patients with aspirin hyperreactivity, no specific
antibodies against aspirin or traditional NSAIDs
are found inmost cases. This and the cross-reactiv-
ity between aspirin and nonselective NSAIDs are
arguments for pharmacological rather than immu-
nologicalmechanisms as a causal attack precipitat-
ing factor [382]. A reduced aspirin-esterase activity
has been described (Section 2.1.2), although at
unchanged bioavailability of aspirin and salicy-
late [383]. Thus, the most likely explanation for the
phenomenon is pharmacodynamic rather than
pharmacokinetic in nature.

Role of Viruses The disease is typically preceded
by a viral infection of upper airways. This led to the
hypothesis that aspirin-sensitive asthma is of viral
origin. Subsequent to a viral infection, but, fre-
quentlymuch later than the initial exposition, there
is appearance of cytotoxic lymphocytes. These im-
munocompetent cells can generate and release a
variety of inflammatory mediators. PGE2 antago-
nizes these reactions. Consequently, inhibition
of PGE2 production by aspirin will prevent the
PGE2-mediated suppression of lymphocyte func-
tion [384]. Interestingly, selective COX-2 inhibitors
appear not to precipitate asthmatic attacks, even in
aspirin-sensitive individuals [385]. Although this
might be taken as an argument against macro-
phages, that is, COX-2-dependentPGE2 formation,
there are other sources of PGE2 production, for
example, bronchial epithelial cells, which then
could modify lymphocyte and macrophage func-
tion. It is also evident that changes in eicosanoid
profiles of lymphocytes and macrophages occur

after aspirin intake and have a tight relation to the
occurrence and severity of asthmatic symptoms.
This is also valid for generation and action of
proinflammatorycytokines,mostnotably, IL-4.The
efficacyofacyclovir in the treatmentofpatientswith
mild-to-moderate asthmatic attacks and the associ-
ated reduced urinary leukotriene excretion [386]
support a role for viruses.

Mast Cells and Eosinophils Both mast cells and
eosinophils are present in the nasal mucosa of
patients with aspirin hypersensitivity. Mast cells
are the natural source of not only PGD2 and hista-
mine but also other spasmogenic and permeability
enhancing products such as cysteinyl leukotrienes.
These eicosanoids are generated by bothmast cells
and eosinophils [387]. Aspirin challenge of sensi-
tive individuals results in a marked increase in
nasal symptoms. This is associated with mast cell
activation and eosinophilia, as seen from increased
release of (mast-cell-specific) tryptase and genera-
tion of cysteinyl leukotrienes. Both clinical symp-
toms and leukotriene release can be blocked by
zileuton, a selective inhibitor of 5-lipoxygenase (5-
LOX). This indicates that 5-LOX-derived products,
that is, leukotrienes, are essential for the nasal
response of these subjects to aspirin. There is also
some evidence for an upregulation of leukotriene-
related genes in these conditions [388]. Thus, al-
though the reports on the number of mast cells in
bronchi yielded different results, an activation of
mast cells in the disease, both in the absence and
presence of aspirin challenge, is a consistent find-
ing and associated with increased plasma levels of
stable PGD2 metabolites [389–391].

Clinics The reactions on aspirin in intolerant
individuals are those of an acute inflammatory
immune response. They involve bronchospasm,
profuse rhinorrhea, conjunctival injection, perior-
bital edema, and scarlet-like flushing of head and
neck. The patients typically exhibit the first symp-
toms, such as perennial rhinitis in their third
decade of life, subsequent to an upper respiratory
tract viral infection.During the following1–5years,
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asthma and aspirin hypersensitivity follow [382].
Fifty percent of patients with aspirin intolerance
already suffer froma chronic severe asthma requir-
ing steroid treatment, 30% have moderate asth-
ma [392]. In this context, it should be noted that
aspirin treatment might be useful in �normal�
asthma attacks in non(aspirin)-hypersensitive in-
dividuals because of its anti-inflammatory effects
andhasalsobeenreported toreduce theoccurrence
of asthma in apparently healthy individuals [381].

A number of clinical studies have described beneficial
effects of aspirin and salicylates in several allergic
diseases including asthma [393–395]. These therapeutic
actions of aspirin required higher doses than those
necessary for inhibition of COX-1-dependent prostaglan-
din formation. In contrast to aspirin-induced asthma,
similar beneficial effects were also seen with salicylate.
Recent studies have shown that aspirin and salicylate
inhibit IL-4- and IL-13-induced activation of STAT6, a
transcription factor that is involved in the development of
allergic diseases, including asthma [396] (Section 2.2.2).
Thus, aspirin in addition to negative also might have
beneficial effects on asthma. The direction of response
depends on the etiology of the disease.

The clinical symptoms of hypersensitivity usual-
ly start about 1 h after aspirin intake. The attacks
might even be life threatening – about 25% of
asthmatic patients requiring emergency mechani-
cal ventilationare intolerantagainstaspirinorother
NSAIDs [397, 398].
As already noted in the original description by

Samter and Beers [375], salicylate did not cause
asthmatic symptoms in patients, reacting with
asthmatic attacks to aspirin whereas nonselective
NSAIDs will induce asthmatic symptoms in these
patients [399]. These and other data suggested that
the exacerbation of the disease is related to inhibi-
tion of COX-1-dependent prostaglandin produc-
tion, specifically, an insufficient generation of
bronchodilatory prostaglandins, that is, PGE2.

3.3.1.2 Mode of Aspirin Action

Role of Prostaglandins Andrew Szczeklik and his
group fromKrakow (Poland) were the first to bring

aspirin-induced asthma into connection with a
pathology ineicosanoidmetabolism.Theydetected
that aspirin-sensitiveasthmacouldbeprovokednot
only by aspirin but also by a number of other
structurally unrelated inhibitors of prostaglandin
biosynthesis. This included indomethacin and
phenylbutazone whereas paracetamol or salicyla-
mide, two compounds that did not suppress pros-
taglandin formation at therapeutic doses, were
ineffective. The conclusion was that precipitation
of asthmatic attacks by aspirin in aspirin-intolerant
patients involved inhibition of prostaglandin
biosynthesis [399].
After leukotrienesweredetected, thishypothesis

wasmodified to an imbalance in eicosanoid forma-
tion. Aspirin-induced inhibition of prostaglandin
synthesis will favor leukotriene generation that
then in turn, causes the symptoms of aspirin-in-
ducedasthma.Today, it isgenerallyappreciated that
prostaglandins that inhibit white-cell function,
such as PGE2, can also inhibit white-cell-derived
generation of inflammatory mediators, such as
cysteinyl leukotrienes, which are generated via the
5-lipoxygenase pathway (Figure 3.12).

COX-1 versus COX-2 Both COX-1 and COX-2 iso-
forms are expressed for similar extent in normal
respiratory epithelium. Neither isoform is upregu-
lated in bronchi of aspirin-intolerant patients as
compared with aspirin-tolerant individuals [389].
Interestingly, there is rather a downregulation of
COX-2 in nasal polyps of aspirin-sensitive pa-
tients [400]. Compounds that preferentially (nime-
sulide) or selectively (rofecoxib) inhibit COX-2
do not induce hypersensitivity in aspirin-sensitive
individuals at conventional therapeutic doses
[401, 402]. These data confirm aspirin (and
NSAID)-mediated inhibition of COX-1-dependent
PGE2 control of inflammatory cells in aspirin-in-
duced asthma [385].However, this does not answer
the question that why inhibition of prostaglandin
formation causes asthma in some individuals but
not in others. In addition, COX-1 inhibitors should
alsoblockgenerationofPGD2bymastcells,whichis
a proinflammatory, asthma-promoting compound.
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The explanation is either an enhanced availability
of arachidonic acid after COX inhibition for leuko-
triene formation or an inhibited action of leuko-
trienes on a (hyperreactive) bronchial epithelium in
certain individuals.

Increase in LTC4 Synthase Expression Cysteinyl
leukotrienes (LTC4, LTD4, and LTE4) induce
bronchoconstriction, edema formation, and mu-
cus production and are well-known mediators of
asthma. They are synthesized via the intermediate
LTA4 by the LTC4 synthase. This enzyme is rate
limiting for synthesisof cysteinyl leukotrienes at an
unrestricted availability of the arachidonic acid
precursor (Figure 3.12). LTC4 synthase but not 5-
lipoxygenase is permanently overexpressed in pa-
tients with aspirin-induced asthma and accounts
for enhanced leukotrieneproduction in the airways
of these patients [389, 403].

One explanation for enhanced LTC4 synthase activity is
gene polymorphisms. These have been described in the
LTC4 synthase promoter in some but not the majority
of individuals with aspirin-induced asthma [390, 404].
It was suggested that overexpression of LTC4 synthase in

the bronchial wall may be the single most important
determinant of acute respiratory reactions to aspirin in
subjectswith aspirin intolerance. In these subjects, remo-
val of PGE2 by aspirin and other COX-1 inhibitors will
cause asthma via increased LTC4 formation [392].

Cys-LT1 and Cys-LT2 Receptors In addition to in-
creased production of cysteinyl leukotrienes, there
is also increased responsiveness of the bronchi to
these mediators in aspirin-sensitive patients with
asthma. This suggests changes in cysteinyl-LT re-
ceptors that mediate these actions of leukotrienes.
It is well known that bronchoconstriction in aspi-
rin-induced asthma is associated with enhanced
leukotriene E4 excretion [405] and can be antago-
nized by LT-receptor antagonists [406]. Cys-LT1

receptors are upregulated in aspirin-induced
asthma. This upregulation can be antagonized by
aspirin desensitization [407], a recommended
treatment for aspirin hypersensitivity (see below).
Cys-LT1 receptors predominate on inflammatory
leukocytes in aspirin-sensitive patients while the
effects of cysteinyl leukotrienes on glands and
epithelium are mediated predominantly through
Cys-LT2 [408]. Interestingly, gene polymorphism

Arachidonic acid

LTA4 PGEP

5-LOX
(Epithelium, mast cells)

COX-(1)
(Leukocytes)

LTB4 LTC4 

Cysteinyl-LT1
(mast cells, 
eosinophils)

PGD2

(Mast cells)

PGE2

(Epithelium)

Rhinitis
Bronchoconstriction
Acute inflammation
Toxic reactions on

the epithelium

Recruitment

LTC4  synthase

(PMN)

Cys-LT1 ↑

Cys-LT2

Aspirin

Figure 3.12 Arachidonic acid metabolism in the lung via 5-lipoxygenase and cyclooxygenase (COX-1) in �aspirin-induced
asthma� – upregulation of LTC4 synthase, as well as cysteinyl-LT1 (Cys-LT1) receptors. Both mechanisms enhance LTC4

production and action. Any reduction in PGE2 formation via inhibition of COX-1 will act into the same direction.
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hasalsobeendescribedfor theCys-LT2receptorand
was brought into connection with aspirin intoler-
ance inpatientswithasthma [409].Thus, combined
inhibitorsofbothreceptorsmightbemoreeffective
drugs to prevent aspirin-sensitive asthma than
selective inhibitors of only one receptor subtype,
that is, Cys-LT1.

Lipoxins Lipoxins are anti-inflammatory eicosa-
noids that can be generated by an interaction of
leukocyteswith endothelial cells. Aspirin-triggered
lipoxin can be formed from acetylated COX-2 and
has also anti-inflammatory properties, specifically,
with respect to white-cell recruitment (Section
2.2.1). A clinical study in a small group of patients
with asthma who were aspirin tolerant and aspirin
intolerant showedreduced lipoxin formationby the
intolerant individuals [410]. Although this finding
is interesting, its clinical significance has still to be
established, and it shouldbenoted that lipoxinswill
not directly interfere with cysteinyl leukotrienes,
neither with their generation nor with their action
on specific receptors.

3.3.1.3 Clinical Trials

Diagnosis Aspirin intolerance is an acquired dis-
ease that often occurs subsequent to (chronic)
rhinitis, polyposis, and preexisting (severe) asth-
ma [382]. The diagnosis of aspirin intolerance can
only be validated by aspirin challenge. This can be
done by oral ingestion, oral inhalation, or inhala-
tionofaspirinvia thenasal route.Oral testsaremost
common and are done with 30–150mg of aspirin
(average60mg)asastartingdose. In inhalationand
nasalprovocation tests, soluteaspirin in the formof
water-soluble lysinesalt administeredasaerosol isa
reliable and comparably safe procedure for diagno-
sis of aspirin intolerance.

Treatment Since the primarymechanism of aspi-
rin intolerance is rarely associated with drug-spe-
cific IgE production, desensitization to the drug, if
clinically necessary, is the treatment of choice.
Clinical experience shows that most, if not all,

aspirin-sensitive patients can be desensitized by
increasing doses of aspirin by continuous chal-
lenge over several days. The procedure should be
performed by experts inside a specialized hospital.

The long-term clinical outcome of aspirin desensitization
in aspirin-sensitive patients with rhinosinusitis-asthma
was studied in a group of 65 patients. Desensitization to
aspirin was performed with increasing doses of aspirin,
until 650mg were tolerated. Afterward, desensitized
patients received aspirin therapy (median dose
1214mg/day) for 1–6 years.
There was a significant reduction of numbers of sinus

infections per year, hospitalizations for treatment of
asthma per year, improvement in olfaction, and amarked
reduction, on average from 10.2 to 2.5mg/day, of doses
of systemic corticosteroids. Emergency department visits
and use of inhaled corticosteroids were unchanged.
Therewas a dropout rate of 13–46%ofpatients. Fifteen to
twenty percent of patients interrupted continuous aspirin
treatment after desensitization, most of them because of
gastric intolerance.
The conclusion was that aspirin desensitization

followed by daily aspirin treatment can be considered in
patients with uncontrolled respiratory symptoms or req-
uiring repeated polypectomies or sinus surgeries, those
with symptoms despite the use of corticosteroids,
corticosteroids at unacceptably high doses and patients
who needed aspirin for other diseases, most notably
cardiocoronary prevention [394, 411].

After desensitization, a maintenance dose of
600mg aspirin bid is recommended for at least
6–12 months or even lifelong. Desensitization
followed by daily aspirin is effective by at least
the first 6 months of treatment and continues to
be effective for up to 5 years of follow-up [412].
The desensitized state is only maintained for 2–5
days after cessation of aspirin. If treatment is
interrupted for more than 2 days, aspirin should
not be restarted because of the risk of severe
aspirin reaction – another graded dose desensiti-
zation procedure is necessary [382].
Aspirin desensitization might be particularly

useful in patients who need prophylaxis from arte-
rial thromboembolic events such as myocardial
infarction and stroke [413]. However, there are no
larger prospective trials with desensitization pro-
tocols in these patients [414]. Interestingly, a recent
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economic calculation indicated that ambulatory
aspirin desensitization in these patients is less
expensive than the use of clopidogrel as an alterna-
tive antiplatelet agent [415]. An overview on rapid
desensitizationprotocolswas recentlypublishedby
Castells [416]. An actual guideline for the use of
aspirin provocation tests for diagnosis of aspirin
hypersensitivity is also available [417].

Alternative Drug Treatment and Drug Interactions
Leukotriene modifying drugs do not sufficiently
block aspirin-induced bronchial reactions in the
respiratory system. Inagroupof271patients, those
on leukotrieneantagonistsdeveloped lessbroncho-
spasm but more upper airway and conjunctive
reactions [418]. Whether this was due to different
leukotriene receptor localization and function and

may be overcome by more potent and selective
compounds in the future remains to be shown.
Importantly, comedication of leukotriene antago-
nists did not change the responses to aspirin
treatment [412].
Selective COX-2 inhibitors can be safely used in

aspirin-sensitive patients with asthma. Acetamin-
ophen might also be an alternative at low doses
since the compound is only a weak inhibitor of
COX-1. It hasbeenshown,however, that aboutone-
third of patients with aspirin-sensitive asthma can
cross-react with acetaminophen at conventional
analgesic doses of 1–1.5 g [419]. Although the reac-
tions weremild inmost cases, a maximum dose of
1 g acetaminophen should not be exceeded. Alter-
natively, another type of analgesic drug, such as
codeine, may be used [382].
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3.3.2
Urticaria/Angioedema, Stevens–Johnson and Lyell
Syndromes

In addition to the aspirin-exacerbated respiratory
tract diseases (Section 3.3.1), the induction of aspi-
rin-induced urticaria/angioedema is the other ma-
jor aspirin-related allergic response. In contrast to
asthma, aspirin-induced urticaria/angioedema is
relatively rare and amounts to only 0.1–0.2% of the
general population [420]. There are a few single-
case reports on aspirin-induced skinhypersensitiv-
ity, for example, on the background of allergies
against birch pollen [421]. Aspirinmight also exag-
gerate food-related exercise-inducedhypersensitiv-
ity reactions, due to wheat or gluten allergies, as
detected by skin prick testing. These forms of
aspirin sensitivity are rarely related to drug-specific
IgE antibody production – although those have
been detected in single cases [422]. They also ex-
tremely rarely lead to more severe anaphylactic
reactions. However, aspirin might aggravate their
symptoms in a certain proportion of patients
subsequent to provocation tests [423]. The patho-
physiology of these skin reactions is clearly more
complex than aspirin-induced asthma. In any case,
larger randomized trials to be able to discover any
causative role for aspirin in any of those are
missing.

3.3.2.1 Urticaria/Angioedema

Occurrence There are two different types of skin
hypersensitivity toward aspirin: pharmacological
reactions, due to salicylate-specific modifications
ofmetabolic pathways, specifically, overproduction
of orhyperreactivity to leukotrienes after inhibition
of COX-1 (Section 3.3.1) and immunological reac-
tions, based on an aspirin- or salicylate-specific IgE
production. Both pharmacological and immuno-
logical reactions to aspirin can present clinically as
urticaria/angioedema.

Patientswith aHistory ofChronic IdiopathicUrticaria
Similar to aspirin-induced asthma, patients with

chronic idiopathicurticaria frequently reactwithan
exacerbation of their symptoms after challenge
with aspirin or nonselective NSAIDs [420]. The
prevalence of NSAID-induced urticaria in these
patients is 20–30% [424]. Similar to aspirin-in-
duced asthma (Section 3.3.1), there appears to be
an insufficient generation of COX-1-derived pros-
taglandins, such as PGE2 and an excessive (over)
production of leukotrienes. Leukotrienes increase
vascular permeability. They cause subsequent urti-
caria [425] and in addition might amplify these
responses by white-cell recruitment. Desensitiza-
tion protocols with aspirin are usually not effective
in these patients [426] and are also not recom-
mended [420, 427, 428].

Patients Without a History of Chronic Idiopathic
Urticaria Some patients without anamnestic
hyperreactivity to aspirin may develop urticaria/
angioedema after treatment with aspirin or
NSAIDs that block COX-1. These patients can be
effectively desensitized. In other subsets of pa-
tients, urticaria/angioedemamay be caused by one
single particularNSAIDor aspirin. In that case, the
drug will act as a hapten with subsequent produc-
tion of drug-specific IgE antibodies against
the specific compound [422]. On repeat exposure
to the same NSAID, patients will experience an
IgE-mediated immune reaction with histamine
release [429]. Thus, the clinical symptoms of urti-
caria/angioedema are possibly IgEmediated [430].
These patients may also undergo desensitization
treatment against the specific drug (antigen).How-
ever, no controlled randomized trials about the
success rate are available [420].

Salicylate Protein Binding as a Possible Etiological
Factor Salicylates, circulating in the blood, are
bound exclusively to plasma albumin. The extent
of binding is dose dependent and the bound frac-
tion at anti-inflammatory concentrations (1mM)
was found to be about fivefold higher than the free
concentration in steady-state conditions. This
bound fraction of salicylate is markedly enhanced
in several allergic diseases, including urticaria,
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allergic rhinitis, and bronchial asthma. Since the
albumin concentrations are unchanged in these
conditions, it was speculated that a change in
binding properties of albumin to salicylates rather
than a change in overall binding capacity of salicy-
lates took place in these patients and might be
involved in its pharmacological effects [431]. Un-
fortunately, no further reports about this interest-
ing hypothesis have been published.

3.3.2.2 Stevens–Johnson Syndrome and Toxic
Epidermal Necrolysis (Lyell Syndrome)

Occurrence Stevens–Johnson and Lyell syn-
dromes are extremely rare but life-threatening im-
mune reactions at the skin. These reactions can be
caused by variousmedications, including nonste-
roidal anti-inflammatory drugs [432]. A large
epidemiological trial in the United States, includ-
ing about 260 000 patients who were treated with
several drugs including NSAIDs and aspirin over
16 years, did not establish any increased inci-
dence of these diseases in relation to aspirin
use [433]. Similar results were obtained in a

retrospective epidemiological trial in France.
There were 333 cases of Lyell syndrome, which
were seen over several years. The incidencewas to
1.2 cases per 1 million inhabitants and year. This
confirms that Lyell syndrome is an extremely rare
disease, although fatal in 30% of cases. Aspirin as
a possible risk factor could be excluded. The
relative risk for occurrence of the syndrome in
aspirin-treated subjects was 1.1 as opposed to 1.9
for diclofenac, 4.0 for piroxicam, 13 for fenbufen,
and 18 for oxyphenbutazone [434].
Similar results were obtained in a European

Case–Control Study, conducted between 1989 and
1995 in Germany, France, Italy, and Portugal. This
study searched specifically for Stevens–Johnson
and Lyell syndromes and their possible relation
with salicylates, including aspirin and salicylate
combinations.Among373casesand1720controls,
the multivariate relative risk estimate for any salic-
ylate use was 1.3 and not different from controls
(95% confidence interval: 0.8–2.2). This suggests
that aspirin and other salicylates are not associated
with a measurable increase in the risk of these
severe anaphylactic events [435].

Summary

Aspirin-related urticaria/angioedema occurs in
about0.1–0.2%of thehealthypopulationwhereas
about 20–30%of patients with chronic idiopathic
urticaria might suffer an exacerbation of the
disease when treated with aspirin or nonselective
NSAIDs.

The pathophysiology of the disease is not uni-
form and involves pharmacological and immuno-
logical mechanisms. Pharmacologically, aspirin
might inhibit COX-1-dependent prostaglandin
formation, allowing for uncontrolled overproduc-
tion of leukotrienes, similar to aspirin-induced
asthma (Section 3.3.1). Immunologically, aspirin

(and salicylates) may act as haptens, allowing for
antigen production and subsequent generation of
drug-specific IgE antibodies. These antibodies
might then cause pathologic immune reactions
on the skin. Aspirin desensitization is probably
useful in most cases, except chronic idiopathic
urticaria [428].
Lyell syndrome and Stevens–Johnson syn-

drome are extremely rare but severe and life-
threatening diseases with manifestations at the
skin.Thediseasesmightbe causedby intolerance
to several drugs, including nonselective NSAIDs.
There isnoepidemiological evidence that aspirin,
either alone or in combination with other drugs,
will cause these diseases.
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3.3.3
Reye�s Syndrome

In1963,RalphDouglasKennethReye, apathologist
fromSydney (Australia) andhis colleaguesGraeme
Morgan and Jim Baral described a hitherto unrec-
ognizeddisease in small children,morphologically
presenting as noninflammatory encephalopathy
associated with fatty degeneration of the liver. The
disease was clinically preceded by an initial period
of �malaise,� mostly associated with upper airway
infections. The 21 identified children presented to
the hospital with hyperpnoea, severe protracted
vomiting,hypoglycemia, andelevated liver enzyme
levels. Therewere deteriorations in consciousness,
including stupor or coma, sometimes followed by
convulsions. Seventeen of the children diedwithin
the first 3 days after admission, exhibiting signs of
severe encephalopathy, the surviving children re-
covered completely. Necropsy showed a fatty de-
generation of the liver and other viscera as well as a
noninflammatory cerebral edema with cell degen-
eration. Reye considered this disease, which was
later named after him, a . . . clinicopathological
entity of unknown etiology . . . but also stated that
he was . . . not convinced that the etiology is identi-
cal in every case . . ..
There was another case report on a similar dis-

ease a few months later in North Carolina (USA)
during an outbreak of influenza B [436]. However,
reports on patients with related diseases had al-
ready beenpublished sporadically since 1929 [437].
Thus, a low number of patients suffering from this
or a similar (hepato)encephalopathy obviously did
already exist, and a relation to an antecedent (viral)
infection as �primer� of the disease appears not
unlikely. It had been speculated that the sudden
appearance – and disappearance – of Reye�s syn-
drome fits best with a precipitous mutation in a
virus [438]. In this context, it is interesting to note
that the virulence of a particular influenza strain is
not a constant, but quite complex and involves host
adaptation, transmissibility, tissue tropism, and
replication efficacy. Genetically, different recombi-
nation may markedly change the virulence of vi-

ruses, eventually resulting in a marked increase in
virulence with millions of victims, for example, in
the 1918 �Spanish Flu� [439, 440] and very recently
the �bird flu.�
Thecausefor thetransformationofamoreor less

trivial and frequent upper airway virus infection
intoa life-threatening follow-updiseaseand the fact
that this occurs only in a very low proportion of
cases were and are a matter of dispute and finally
unexplained. The primary affection of (small) chil-
drenmightbe related to theirunprotectedexposure
to viruses. As already suggested by Reye, the syn-
drome may not be caused by one factor but rather
initiated by different mechanisms with the (final)
common feature of noninflammatory hepatoence-
phalopathy. This points to a decisive role of disease-
modifying factors.
In addition to a possibly changed virulence of

viruses mentioned above, toxins, environmental
poisons, and drugs, presumably those that are
frequently used for symptomatic treatment of fe-
brile virus infections in children, are possible can-
didates. This includes aspirin and acetaminophen,
both subject to hepatic metabolism and both being
potentially hepatotoxic, though by quite different
mechanisms (Section 3.2.2). At a first view, there
may also be some parallels between Reye�s syn-
dromeandacuteaspirin intoxication(Section3.1.1),
though there is no evidence for an increased use of
aspirin in the 1970s and 1980s when several thou-
sand cases of Reye�s syndrome were identified in
voluntary notification schemes [441]. In any case,
the search for a possible associationbetweenReye�s
syndrome and aspirin became an issue of epidemi-
ologicaldimensions.Acausalrelationshiphasnever
been established andprobably neverwill because of
the current scarcity of the disease.However, there is
also no evidence that aspirin is not related to Reye�s
syndrome. Interestingly, aspirin has been shown to
be a potent anti-influenza agent not only in cell
culture experiments [442] but also in an animal
model in vivo [443]. This action was explained by
inhibition of virus propagation via the inhibition of
NFkB activation (Section 2.2.2). Nevertheless, aspi-
rin use in children is still a matter of concern and
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eachaspirinpackage throughout theworld contains
a warning label. The differing opinions of whether
these warnings are (still) justified are discussed in
greater detail in several overviews [438, 441, 444–
447].

3.3.3.1 Clinics, Laboratory, and Morphological
Findings

Clinics The syndrome is clinically dominated by
severe protracted vomiting and an acute nonin-
flammatory encephalopathy, associated with hepa-
topathy. It is typically preceded by a prodromal viral
infection, most frequently, influenza B, A, or vari-
cella (chicken pox), affecting the upper respiratory
(more than 70%) or the gastrointestinal tract. The
symptoms last for 3–5 days and are followed by a
recovery phase for another 1–3 days. In a very low
number of cases, there is abrupt onset of encepha-
lopathy, dominated by pernicious vomiting associ-
ated with varying degrees of neurological im-
pairment and cerebral edema. There are no focal
neurological signs.Deterioration in consciousness
is followed by delirium, alternating with stupor or
lethargy and convulsions in 30% of cases. The
patient either recovers or proceeds to coma. Death
occurs in about 30–40% of cases as a result of
brainstemdysfunction.Recoverymaybe complete;
however, persistent neurological deficits can re-
main. The clinical picture is similar in children
and adults [441, 448].

Laboratory Findings The laboratory findings typi-
cally indicate massive tissue breakdown with enor-
mous losses of protein and nitrogen, associated
with a severe liver pathology. In serum, alanine
aminotransferase, aspartateaminotransferase, and
ammonia levels are largely elevated. The pro-
thrombin time is prolonged and increased biliru-
bin is found. Typical for the disease are marked
elevations in plasma free fatty acids, the occur-
rence of long-chain dicarboxylic acids, and hypo-
glycemia with plasma glucose levels less than
40mg/dl. There are no signs of inflammation in
the cerebrospinal fluid.

The primary cause of these alterations is a severe
disturbance of hepatic mitochondrial function
with decreased mitochondrial enzymatic activity.
A defect in mitochondrial b-oxidation [449] causes
depletion of intramitochondrial ATP [448] with
subsequently disturbed energy-dependent hepatic
functions, including gluconeogenesis and urea
synthesis [450]. Consequently, hyperammonemia
andhypoglycemiaarecorrelatedwith theseverityof
the disease. The uncoupling of oxidative phosphor-
ylation and a general depletion of energy-providing
products, such as ATP, are seen in all cells and
tissues of the organism and markedly affect their
function. The most dramatic changes are seen in
neurons that are particularly dependent on suffi-
cient energy supply. The symptoms might be
aggravatedbystarvationandinsufficient alimentary
(glucose) uptake by food, possibly occurring during
a febrile viral infection in children.

MorphologicalFindings Themajormorphological
alterations were already in detail described by Reye
et al. [451]. There is glycogen depletion andmarked
microvesicular steatosis (fat deposition) in the liver
andotherorgans.Onelectronmicroscopy, thereare
enlarged and pleiomorphic mitochondria and pro-
liferations of smooth endoplasmic reticulum and
peroxisomes but no hepatocellular necroses. In
enzymatic defects with Reye�s syndrome-likeman-
ifestations, the mitochondria are dysfunctional
but normal in size and appearance [452]. Similar
changes are seen in the liver in salicylate intoxica-
tion [453].

3.3.3.2 Etiology

Heterogeneity Reye�s syndrome is a descriptive
term covering a group of etiologically heteroge-
neous disorders caused by infectious, metabolic,
toxic, or drug-induced alterations [446]. A high
index of suspicion is critical for diagnosis [454] and
the �classical� Reye�s syndrome must of necessity
be a diagnosis of exclusion [455]. It is obvious that a
primary genetic background, that is, inborn meta-
bolic disorders as cause of Reye�s syndrome, was
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not diagnosed or even considered in the 1960s and
1970swhen themajority ofReye�s syndromeswere
reported. This alsomeans that the �changing clini-
calpatternofReye�ssyndrome� [456]actuallymight
reflect improved scientific knowledge anddiagnos-
tic possibilities to detect metabolic failure or a
genetic abnormality. This is particularly true for
inherent or acquired metabolic failure(s) of mito-
chondria, for example, enzyme defects of fatty acid
b-oxidation or defects in the urea cycle, which are
potentially rapidly fatal and may present clinically
as Reye�s syndrome. A hypothetical scheme on the
possible etiology of Reye�s syndrome is shown in
Figure 3.13.

Infections and Immune Responses An antecedent
viral infection appears to be an essential condition
for the later development of Reye�s syndrome in
most cases [457] and might impair mitochondrial
function and lipid metabolism in many organs.
Activation of systemic host defense by inflamma-
tory cytokines and other mediators subsequent to
virus infection(s) results in altered gene expression

of various induced and constitutive cytochrome
P450 isoforms in the liver and many other organs
and tissues throughout the body [458]. At least 19
different viruses have been brought into connec-
tion with the syndrome [441]. A number of these
viruses disturb Kupffer cell function, eventually
resulting in the release of inflammatory cytokines
such as TNFa, a known mediator of metabolic
toxicity [459]. Cytokines, such as TNFa and IL-1,
cause metabolic alterations similar to those in
Reye�s syndrome. These cytokines are found in
significant amounts after viral and bacterial infec-
tions in relation to elevated levels of endotoxin.
High levels of an endotoxin-like activitywere found
by bioassay in serum of patients with Reye�s
syndrome [460].

Acquired Hepatic Metabolic Failure Viral infec-
tions or associated mediators, generated and
released as a result of these infections,might sensi-
tize tissues such as the liver for subsequent injury
by exogenous factors (Figure 3.13) [447]. Many
exogenous noxious factors have been described.

BrainBloodLiver

Damage
(Mitochondrial

failure)

Recovery

IEM Drugs

Metabolites

Mediators  

Recovery

Undamaged Damage
(Edema)

VirusToxins

DeathUndamaged

Figure 3.13 Hypothetical etiology of Reye�s syndrome. An altered immune response, possibly related to pathogenic viruses,
causes the release of inflammatory cytokines and other mediators, eventually resulting in mitochondrial injury. In the
liver, this results inmetabolic failure, reducedgluconeogenesis, andreleaseof toxicmetabolites (e.g., ammoniaandbranched
fatty acids). This reaction is aggravated by environmental factors (toxins, pesticides, and certain drugs), or there may be
preexisting genetic abnormalities in the mitochondria, such as inborn errors of metabolism. Hypoglycemia,
hyperammonemia, and perhaps additional noxious factors cause neurological deficits and cerebral edema. Complete or
partial recovery may follow or the disease progresses to death from brainstem dysfunction (after [440]).
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These include aflatoxin, insecticides, solvents, and
several drugs, including salicylates, phenothia-
zines, zidovudine, valproic acid, metoclopramide,
and others [446]. As a consequence, mitochondrial
failure can result with subsequent disturbances in
mitochondrialmetabolism. This is not exclusive for
the liver, the major site of energy-driven drug
metabolism, but also occurs in brain, kidney, and
skeletal muscle.
Salicylates at high toxic concentrations can cause

metabolic alterations in liver mitochondria, specif-
icallywhengivenover a longerperiodof timeunder
conditions of an impaired immune response, such
as rheumatoid arthritis [461]. Giles [462] originally
developed the concept that somechildren suffering
fromReye�s diseasemay have carbohydratemetab-
olizing enzymes that are hypersensitive to salicy-
lates. Disturbed mitochondrial fatty acid oxidation
bysalicylatewasshowninanimalexperiments [463]
and is one of themajor features of salicylate toxicity
in the liver (Section 3.1.2). The mitochondrial oxi-
dation of long-chain fatty acids (palmitate) in skin
fibroblasts from children who had recovered from
Reye�s syndrome was more sensitive to inhibition
by salicylate (1–5mM) than in healthy controls
[459]. In addition, energy-dependent hepatic salic-
ylate conjugation to glycine, resulting in salicyluric
acid, might be disturbed, eventually yielding toxic
levels of salicylates that not only further injure
(liver) mitochondria but may also contribute to the
encephalopathy.

The possible relationship between serum salicylate and
Reye�s syndrome (confirmed by liver biopsy) was
studied in 218 children, diagnosed between 1963 and
1980 in Cincinnati. Mean salicylate serum levels in 27
children who died or survived with neurological deficits
were 150mg/ml (range: 0–460mg/ml) but only 100mg/
ml (range: 0–480mg/ml) (p¼ 0.01) in the 103 patients
who recovered without neurological deficit. In contrast,
serum salicylate in a group of 27 age-matched controls
was less than 20mg/ml.
It was concluded that increased salicylate concentra-

tions at admission in Reye patients could result from
excessive dosage because of a greater severity of the
prodromal illness or to diminished salicylate clearance in
case of impaired hepatic metabolism. But it was also

found impossible to determine from these data whether
salicylates are involved in the etiology or in determining
the outcome of the disease [464].

Unfortunately, no information was provided in
this study about aspirin dosage and the interval
between the last administration and the timewhen
thesamplewas taken.Thus, thereal salicylate levels
in vivo remained unknown.

Methods of SalicylateDetermination Althoughnot
outlined in detail, an automated variant of the
Trinder method [465] has probably been used to
determine salicylate levels in the study mentioned
above [464]. This method is nonspecific for salicy-
late in the presence of many other chemicals. As
many as 63 (!) organic acids and amines, several of
themelevated inReye�s disease, havebeen found to
interfere with the assay, eventually resulting in
wrong positive results [466]. A comparison of the
Trinder assay with more sensitive and selective
HPLC methods showed that salicylate levels in
liquor and serum of Reye children not only were
much lower– less than1%of theTrinderassay–but
also did not correlate with the severity of the dis-
ease [467]. Another study found an impaired oxida-
tivemetabolismofsalicylates (measuredbyHPLC),
associated with higher unchanged salicylate excre-
tion in the urine of Reye patients. However, serum
levels of salicylate were not increased [468].
Although a dose–response relationship has also
been claimed occasionally [469], most available
studies [468, 470, 471] do not suggest any direct
relationshipbetweensalicylate levels inplasmaand
the severity of the disease (Section 1.2.2).

InbornErrorsofMetabolism Various inbornerrors
ofmetabolism can present clinically with Reye-like
syndromes andbecome increasingly apparentwith
improved diagnostic facilities. Of particular inter-
est in this context are inherent disorders of mito-
chondrial fatty acid metabolism [472–474]. These
might cause recurrent Reye-like symptoms trig-
gered by infections [475] and may be even fatal
if exogenous alimentary supply is restricted for
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longer times than permitted by available (hepatic)
glycogen stores [476]. Clinical differentiation is
often difficult, and extensive laboratory testing is
required. In countries where tandem mass spec-
trometry for inherited metabolic disorders is
included in neonatal screening programs, for ex-
ample, in Germany, fatty acid oxidation defects
might be detected presymptomatically by acylcar-
nitineprofiles [477].Themajorityof these inherited
disorders are specific enzyme defects in livermito-
chondria with disturbed energy supply for cell
functions via oxidative phosphorylation. Inborn
mitochondrial failure usually becomes evident be-
fore the age of 3 years. It has been suggested that a
proportion of about 10–20% of children diagnosed
initially with Reye�s syndrome suffer from a hith-
erto unknown inheritedmetabolic disorder (main-
ly fatty acid oxidation or urea cycle defects)
[478, 479].

3.3.3.3 Clinical Studies
A Reye-like disease, except a few sporadic reports,
didnotexist (orwasnot reported) foranysignificant
extent before 1950 and disappeared in the late
1980s [438, 480]. The reasons for this rise and fall
are a matter of heavy controversies, and this in
particular with respect to the role of aspirin.
Historically, an association between salicylates

and Reye�s syndrome arose from the recognition
that the symptoms of salicylate poisoning are often
similar to the clinical manifestations of Reye�s
syndrome [481]. It is now known that the typical
symptoms of salicylate poisoning, in particular
those in thecentralnervoussystem,haveadifferent
pathophysiological background. Thus, although
some patients in the early epidemiological report
of Linnemann et al. [482] had a history of excessive
aspirin use, it was already evident at that time that
aspirin intake alone could not explain all manifes-
tations of Reye�s syndrome [446, 483]. Today, with
markedly advanced diagnostic facilities, including
molecular biology, many Reye-like syndromes can
be explained as inborn errors of metabolism with-
outanycausative role foraspirin,whereas the�real�
aspirin-related Reye�s syndrome apparently disap-

peared [438], if it had existed at all. Nevertheless, it
were these and some early follow-up epidemiologi-
cal studies, mainly in the United States and the
United Kingdom, that were largely responsible for
the removal of aspirin as an antipyretic analgesic in
pediatrics –with the exception of Kawasaki disease
(Section 4.2.3), and, therefore, require particular
consideration.

Studies from the United States The first clinical
data on a possible relationship between aspirin
intake and Reye�s syndrome came from epidemio-
logical studies in the United States [484–487]. The
four initial case–control studies, named after their
respective localization as Arizona, Ohio, and
Michigan 1 and 2, were widely cited by the lay and
medical media and have stimulated much of the
later concern about an association of Reye�s syn-
drome with salicylates [438, 481].

In the first study from Arizona, a total of 7 children
hospitalized with Reye�s syndrome in 1978 were
compared with 16 control individuals. All children with
Reye�s syndrome had influenza A and had taken aspirin,
but only 50% of controls. No attempt was made to
identify a viral background in the control individuals.
Therefore, it is unknown whether the controls had the
same prodromal illness as the cases [484].
The two studies from Michigan (1 and 2) had diag-

nostic weaknesses in terms of Reye�s syndrome patient
and control groups and also involved small numbers of
patients. In addition, in the first study (Michigan 1) the
final diagnosis was based upon interviews with the
parents, conducted on average 6–8 weeks after the child
had been diagnosed with Reye�s syndrome. In these two
studies, 30 of 46 patients with Reye�s syndrome and 13 of
29 control individuals had received aspirin and did not
develop Reye�s syndrome; both groups had similar
preceding illnesses, mostly, upper respiratory tract
infections [486].
The Ohio study (1978–1980) was at this time both

the largest and most controversial [438]. Ninety-four of
the 97 patients with Reye�s syndrome (97%) had taken
aspirin and 110 of 156 controls (71%). However, 22%
of Reye�s syndrome patients compared with only 4% of
controls had taken phenothiazines. Phenothiazines
and other antiemetics could contribute to an escalation
of the viral disease and specifically to extrapyramidal
reactions [488] that might have an influence on clinical
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outcome. The questionnaire used in this study was
consequently revised. Interestingly, 10% of the cases
but 25% of the excluded patients had varicella and only
97 out of the total 227 cases of Reye�s syndrome that
were reported to the Ohio Department of Health were
included in this study [485].

Each of these studies found a statistically signifi-
cant association between salicylate use and Reye�s
syndrome,suggestinga�possible link�betweenthe
two. However, all of them have been subject of
considerable criticism, regarding the way the
study was published (only the Arizona study was
originally published with a detailed description of
methods), the results obtained, and their interpre-
tation [438, 481, 489, 490]. All were retrospective
case–control trials with small numbers of patients
and threedifferentdefinitionsof cases.Thus, itwas
not proven whether the patients suffered from the
�true�Reye�s syndromeandbiopsy confirmationof
the diagnosis of Reye�s syndrome was rare. There
were significantly fewer individuals who took aspi-
rin in the control groups of all of the studies.
Insufficient, if any, data on salicylate levels were
published with no data on the duration and dosage
of aspirin treatment. Information about aspirin
ingestion was usually obtained from interviews of
the parents. The time interval between the pre-
sumed drug exposure and the interview varied
froma few days to 3months and, in theOhio study,
these time intervals were different between pa-
tients and controls. These and other limitations
might have caused considerable bias, including
selection bias in both the patients with Reye�s
syndrome and control individuals, information
bias, and confounding bias [481, 489, 490].

The issue of possible information bias associated with
retrospective epidemiological case–control studies in
rare diseases, such as Reye�s syndrome, was convinc-
ingly demonstrated by Heubi and colleagues.
Investigators at Cincinnati Children�s Hospital, during

periods when Reye�s syndrome occurred commonly in
their community, studied 85 children with a preceding
viral upper respiratory tract infection or chicken pox and
vomiting and an at least threefold elevated aspartate
aminotransferase. The children did not show any of the

neurological features of Reye�s syndrome other than
being quiet or withdrawn.
Liver biopsy demonstrated typical mitochondrial

changes of Reye�s syndrome with a severity no less than
that observed in children with deep coma. On treatment
with glucose and electrolyte infusion, only the five cases
already more severe at diagnosis proceeded to a deeper
grade of coma. One child survived with severe neuro-
logical deficits, all other recovered completely. There was
no death.
Had these childrennot beenpresented to investigators

who were studying this disorder prospectively, it is very
unlikely that the diagnosis of Reye�s syndrome would
have been consideredand if considered, it certainlywould
not have been confirmed. Such cases do not appear in
most epidemiological surveys and may cause significant
information bias [441, 491].

With reference to these epidemiological trials, a
National Consensus Conference [492] in the Unit-
ed States stated that available studies have provided
a strong statistical association between Reye�s syn-
drome and aspirin use. However, other possible
explanations for the disease should be considered
and parents and physicians should be aware that
most, if not all, medications have potential delete-
rious effects. Caution in the use of salicylates in
children with influenza or varicella was suggested
butfinally concluded that the data also indicate that
salicylates alone cannot be responsible for the
development of Reye�s syndrome [492]. As a con-
sequence, the US Public Health Service (PHS)
conducted two studies: a pilot study [493] and a
main study [487]. The main study was among the
largest epidemiological trials, searching for an in-
teraction between salicylate intake and Reye�s syn-
drome and will be discussed in more detail.

Throughout the United States, initially 50 and finally 70
pediatric centers participated. To be enrolled, all patients
had to have a diagnosis of Reye�s syndrome by a
physician, an antecedent respiratory or gastrointestinal
disease or chicken pox and an advanced (stage II or
more) degree of encephalopathy.
Fifty-three patientswere initially identified by attending

physicians. Seven of themwere subsequently reclassified
to another diagnosis by the attending physician. Another
13 cases that had been enrolled by the attending
physician were later excluded by the physician review
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panel because another diagnosis appearedmore likely.Of
the remaining 33 patients, 6 patients that had Reye�s
syndrome as confirmed by the expert panel were not
included because an antecedent illness (as defined by the
inclusion criteria) was not identified. Thus, 27 patients
with Reye�s syndrome and 140 matched control indivi-
duals were available for analysis – there were 30 patients
in the pilot study [493].Of these 27patients, 3 (11%)died.
This mortality rate was suspiciously low. The number

of Reye patients was also much lower than the �desired�
100–200 cases. However, a �strong association between
salicylates and Reye�s syndrome� in the midpoint
analysis was found. As a result of this and the increasing
rarity of the disease, the study was finished prematurely
at this time point.
Fifteen (!) chemicals were given to at least 20% of the

study participants, 26 out of 27 patients with Reye�s
syndrome (96%), and 53 out of 140 control individuals
(38%) had taken salicylates, mostly aspirin, whereas
30% of cases and 86% of controls had taken
acetaminophen. There was a highly significant difference
in total and average doses of salicylates between patients
with Reye�s syndrome and controls, both being almost
threefold higher in the former group. The total dose in
patients with Reye�s syndrome was 74mg/kg, that is
slightly more than 5 g per one 70 kg adult.
The conclusion was that more than 90% of patients

enrolled with Reye�s syndrome received salicylates,
thereby suggesting an association between the two.
Moreover, the risk of Reye�s syndrome should also be
related to the quantity of salicylates ingested. The
recommendation was to limit the use of aspirin in
children for the treatment of chicken pox or influenza-
like illnesses [487].

Essential biases, however, remain in this study.
This includes increasing public knowledge about a
possible relation between aspirin and Reye�s syn-
drome. Thus, the parents or other caregivers who
were interviewed could have reported aspirin in-
gestiononce theyknew thediagnosis.Therewasno
control of salicylate levels.Moreover, thediagnostic
criteria were relatively nonspecific and histological
support for the diagnosis was available only in 27%
of patients [494].
In a further attempt to confirm the validity of the

aspirin Reye�s syndrome association, another even
more thorough epidemiological study was under-
taken to minimize possible sources of bias [495].
Eighty-eight percent of case subjects (n¼ 24) and
only 17% of the matched controls (n¼ 48) had
received aspirin prior to the onset of Reye�s syn-
drome. Further analyses demonstrated that the
association could not be attributed to the five po-
tential sources of biases [495]. However, out of the
total 24 cases, only 8 had liver biopsies and 12 had
urine samples collected early during the disease,
and it is unclear whether the latter 12 included any
of the 8 who had liver biopsies [441].
Between 1980 and 1997, 1207 cases of Reye�s

syndrome were reported to the Center of Disease
Control. The peak incidence occurred in 1980 with
555casesreportedandthenumbersteadilydeclined
thereafter (Figure 3.14). In1994, thehospitalization
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rate for Reye�s syndrome in the United States was
estimated at 0.06/100 000 persons aged less than 18
yearsandeventhis lownumberwasconsideredtobe
an overestimate [452]. The annual peak correlated
with the seasonal occurrence of viral upper respira-
tory tract infections, particularly influenza. Before
1990, the incidence of Reye�s syndromewas higher
in yearswith epidemics of influenzaB than in years
with influenza A. This association was not found
subsequently. Two or fewer cases have been repor-
ted per year in the United States since 1994 [452].
The incidence is now considered to be <0.03–1/
100 000 individuals aged less than 18 years [454].

Studies from the British Isles The epidemiology of
Reye�s syndrome in the British Isles differed from
that in the United States. In the early 1980s, the
median age of patients with Reye�s syndrome in
Britain was lower (14 months) than that in the
United States (9 years) and there was no seasonal
peak in winter, that is, no clear association with
influenza waves [496]. However, an association be-
tween thedisease andaspirin intakewas also found.
In total, 264 cases were reported to the British

Health Authorities between 1981 and 1985, when
recruitment to the risk factors was terminated. A
similar overall proportion of cases and controls
(72% versus 68%) had taken antipyretics but 59
and 26%, respectively, had taken aspirin. It was
concluded that there is an epidemiological associa-
tion between the development of Reye�s syndrome
and aspirin [496].

Several publications discussed the incidence and possi-
ble causes for Reye�s syndrome between 1982 and 1990
in the United Kingdom in more detail. Hardie et al. [456]
divided their study into two parts: 4.5 years prior to and
after the aspirin warnings by the British Health Authori-
ties (June 1986). During this time, 445 cases of Reye�s
syndrome were reported; 91, that is, 20% of those, were
misdiagnoses. Interestingly, 16% of diagnoses were
revised in the first period but twice as much, that is,
34%, in the second. An explanation for this was possible
misclassification and correct (re)identification as a �Reye-
like� inherited metabolic disorder. According to the wide
distribution of scores, the reported cases were consid-
ered a heterogeneous group of patients [446, 456, 497].

It has been suggested by expert panels in two
other studies from the United States and Canada
that one-third [498] and three-quarters [499] of
cases, respectively, definitely or probably did not
have real Reye�s syndrome whereas Green and
Hall [497] reported 10%of cases in the British Isles
thatweremisdiagnosedbecauseof inbornerrorsof
metabolism. The highest scoring patients in the
study from the British Isles by Hardie et al. [456]
were those most likely exposed to preadmission
aspirin. However, there was considerably less in-
formation about preadmission medications in the
lower score cases (<50%)whereas this information
was available to nearly all of the highest score cases.
This was considered by the authors as a possible,
though less likely source of bias. Only 33% of the
highest scoring patients were reported as having
received aspirin. This differs from the >90% of
cases in the US case–control studies mentioned
above and the 59% in the UK risk factor study
[495, 496].
McGovern et al. [500] reported on five cases of

Reye�s syndrome in the Royal Belfast Hospital,
Northern Ireland, over a 13-year period; two had a
possible relationship to aspirin and three had no
link to aspirin and were considered �atypical� by
the authors. There was no positive identification
of salicylates in the serum of the two aspirin-
related cases after admission. The results of this
study were heavily disputed and the possibility
arose that the diagnosis of Reye�s syndrome in
these cases was put forward – in the best case – by
default [501].

Studies fromContinental Europe Reye�s syndrome
has always been very rare in Continental Europe. A
survey of 99 children�s hospitals indicated the
incidence ofReye�s syndrome tobe0.04–0.05 cases
per 100 000 children aged below 18 years in West
Germany between 1983 and 1985. The disease was
fatal in about half of the cases [502]. Ten years later
during a 1-year observation period (1997) of all
severe complications of varicella infection in 485
German pediatric hospitals, there was not one case
of Reye�s syndrome [503].

3.3 Non-Dose-Related (Pseudo)allergic Actions of Aspirin j215



In Denmark, all pediatric departments were
askedfor theyear1979,ayearofepidemic influenza
B (182 500 reported cases between January and
April), if they had made a diagnosis of Reye�s
syndrome and none had. However, there was one
case (autopsy report) of a girl with a Reye-like
syndrome with measles but without any further
information on treatment. From this one case, an
incidence of 0.09/100 000 children up to the age of
14 years was estimated [504].
In France, 0.08/100 000 children aged below 15

years were hospitalized for Reye�s syndrome in
1995/1996. Of the 46 suspected cases, 14 were
classified as Reye�s syndrome and 5 of them had
a metabolic disorder. A total of eight children were
exposed to aspirin, alone or in combination with
other drugs [505].
In Switzerland, seven fatal cases of Reye�s syn-

dromewerediagnosedbetween1971and1984,and
aspirin intake was reported in one of them [506].
Thus, in European countries [502, 506–508] and

many other countries worldwide [509–513], a sig-
nificant number of children diagnosedwith Reye�s
syndrome did not take aspirin: on average <30%
(range:0–71%) in11different countries asopposed

to 94% in the main study of Hurwitz et al. [487] in
the United States (Table 3.7).
Although epidemiological data might suggest a

correlation between salicylate intake and Reye�s
syndrome, any causal relationship has never been
established and probably will not establish in the
future because of the rarity of the disease
[495, 496, 516]. In the United States, there was a
statistical relationship between reduced sales of
�baby aspirin tablets� (81mgaspirin per tablet) and
decrease in the incidence of Reye�s syndrome over
5 years (1980–1985) [517]. Similar relationships
were alsoobserved inother countries. Surprisingly,
the disease is also disappearing in Australia, where
it was originally detected, despite a total lack of
association with salicylates, and in countries such
as France and Belgium, which continued to use
aspirin in children without change between 1970
and 1990 [438]. However, among the millions of
children being infected with viruses of any kind
every day, there might be a few cases of a Reye-like
syndrome worldwide without any clear etiologic
reason [438].
Taken together, epidemiologic and experimental

studies are compatible with the hypothesis that

Table 3.7 Reye�s syndrome and aspirin intake (alone or in combination with other drugs) throughout the world [447].

Country
Number of
reported casesa

Number of cases
taking aspirinb Percentage Reference

Australia 49 4 8 Orlowski et al. [513]
France 14 8 57 Autret-Lecat et al. [505]
(West) Germany 15 3 20 Gladtke and Schauseil-Zipf [502]
Hong Kong 27 3 11 Yu et al. [512]
India 71 None — Christo and Venkatesh [511]
Ireland 23 14 61 Glasgow [515]
Japan 30 7 23 Yamashita et al. [510]
Thailand 73 52 71c Yamashita et al. [510]
South Africa 21 5 22 Hofman and Rosen [509]
Spain 57 23 40 Palomeque et al. [507]
Switzerland 7 1 14d Sengupta et al. [506]
United States 27 26 94 Hurwitz et al. [487]

aNot all cases of originally considered to be �Reye�s syndrome� were positively confirmed.
bAlone or in combination with other drugs.
cPossible relationship to aflatoxin intake with contaminated food.
dOnly fetal cases.
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�cryptogenic� Reye�s syndrome may arise from an
unusual response to viral infection, possibly deter-
mined by host genetic factors but modified by a
range of exogenous agents [441]. If aspirin has any
pathophysiological role, theremustbeanexception-
al unpredictable combinationof circumstances that
act as a trigger [496]. There is not one single article
that has ever established a causal relationship be-
tween Reye�s syndrome and the intake of aspirin.

3.3.3.4 Actual Situation
Beginning in 1980, US American Health Authori-
ties cautioned physicians and parents not to use
salicylates in children with chicken pox or influen-
za-like illnesses. A warning label is required for all
aspirin-containing medications since 1986. Other
countries have followed these recommendations
more or less completely.

Benefit–Risk Calculations Independent of the un-
clear relationship between salicylates and possible
subsets of patients with Reye�s syndrome sensitive
to them, the question ariseswhether the benefits of
salicylate removal – and replacement by other
drugs, largely acetaminophen (paracetamol) – out-
weighs the possible benefits of aspirin [518].
Although both compounds can injure the liver,

theadverseeffect of aspirin isonly seenonrepeated
administration of high doses in predisposed indi-
viduals, for example, in children with rheumatic
diseases [461] (Section3.2.3). Toxic liver injurywith
aspirin – in contrast to acetaminophen [519] – is
rare and generally reversible and – in contrast to
aspirin–not a typical symptomof acute overdosage
(Section 3.3.1).

Inflammation of the Upper Airways and Larynx As-
pirin possesses anti-inflammatory properties that
may be useful for the prevention of bacterial super-
infection and febrile inflammatory diseases of
the upper airways. As outlined by Rivera-Penera
et al. [520], acetaminophenat antipyreticdosesdoes
not have anti-inflammatory properties but may be
hepatotoxic even atminoroverdoses givenduring a
few days. In an accompanying editorial to this

paper, Heubi and Bien [521] stated that the current
estimates of the occurrence of acetaminophen tox-
icity are the tip of the iceberg of the total number of
cases seen in theUnited States. Thus, in infections,
frequentlyoccurring inchildrenagedbetween4and
10 years, such as laryngitis/pharyngitis and otitis/
sinusitis, replacement of aspirin by acetaminophen
maybe less effective [522].Alternatively, overstating
the risk of aspirin use may cause a compensatory
increase in other NSAIDs that also have adverse
effects and not been better tolerated [523].

KawasakiDisease In Japan,up to200 000children
have received aspirin for treatment of Kawasaki
disease, the recommended initial dosage being
between 30 and 100mg/kg (Section 4.2.3). In Brit-
ain, during the acute phase of the illness,moderate
doses of aspirin, 30–50mg per day, are recom-
mended. It is interesting to note that in a recent
Britishguideline forpractical therapyofKawasaki�s
disease, Reye�s syndrome is not even men-
tioned [524]. Only one case of Reye�s syndrome
associated with Kawasaki disease has ever been
reported (in the Japanese literature), giving an
incidence of <0.005% [525].

Asthma Another risk of replacing aspirin by acet-
aminophen is the possible facilitation of allergic
sensitization asthma in genetically predisposed
children [526]. This allergic sensitization has to be
distinguished from nonallergic �aspirin-induced
asthma� (Widal triad), which has no allergic back-
ground (Section 3.3.1).
The prevalence in childhood asthma in theUnit-

ed States increased by 23% from 1970 to 1980 but
nearly twice as much, that is, 40%, from 1980 to
1986. Among other environmental factors, the
nearly complete interruption of the use of aspirin
in children with febrile respiratory infections and
its replacement by acetaminophen have been dis-
cussed as a possible explanation [526]. There was a
close linear correlation observed in the United
States between the increasing use of acetamino-
phen and the prevalence of asthma in children and
adolescents at the same time that aspirin use
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declined (Figure 3.15). Frequent acetaminophen
usage can cause asthma attacks [527].
The worldwide increase in the various allergic

diseases, most notably asthma [528–530], might

be due, at least in part, to the decreased use of
aspirin [525]. Thus, the elimination of pediatric
aspirin may be an unrecognized and important
contributor to the increase in asthma prevalence.
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Figure 3.15 Prevalence of asthma in children and adolescents (aged <20 years) and total over-the-counter purchases of
pediatricaspirin (acetylsalicylic acid) (tablets)andacetaminophen(paracetamol) (tablets þ drops) in theUnitedStates from
1980 to 1986 [526].

Summary

Reye�s syndrome is an extremely random but
severe and often fatal hepatoencephalopathy. It
presents clinically with protracted vomiting, a
hepatopathy with signs of diverse hepatic dys-
functions, indicating mitochondrial failure. The
consequences are particularly dramatic for the
central nervous system and include several non-
infectious neurological deficits. The disease is
fatal in about 30–40% of cases because of brain-
stem dysfunction. The disease is typically pre-
ceded by a viral infection with an intermediate
disease-free interval of 3–5 days before, in ex-
tremely rare cases, furtherprogression into severe
liver injury and CNS dysfunction occurs.

The etiology of the �cryptogenic� Reye�s syn-
drome is unknown, but probably multifactorial.
Hypothetically, the syndrome might result from
an unusual response of the organism to a viral
infection, which is determined by host genetic
factors but modified by exogenous agents [441].

These include a number of pesticides, solvents,
other chemicals, and at least 10 different drugs,
aspirin being one of them.
The �rise and fall� of the Reye�s syndrome

pandemia is still poorly understood and unex-
plained. With a few exceptions, if any, there were
nonewReyediseasesduring thepast10years that
could not be explained by an inherited disorder of
metabolism or were just misdiagnoses. This
may reflect scientific progress, that is, improved
understandingof cellular andmolecular dysfunc-
tions as disease-determining factors. Alternative-
ly, the immune response to and the virulence of a
virus might have changed by altering its genetic
code. Thus, there were no reports on Reye-like
diseasesprior to theearly 1950s, though theuseof
aspirin in children was probably notmuch differ-
ent during this time than at present. There was a
similar decrease in the incidence in different
countries, such as the United States, Belgium/
France, and Australia in which aspirin prescrip-
tion behavior in children differed.
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4

Clinical Applications of Aspirin

The potential clinical applications of aspirin are as
broad as is its spectrum of biological activities. The
reasons are themultiple pharmacological activities
of the compound, including both the acetylation
reactions and the interactions of the uncleaved
compound and salicylate moiety with cellular sig-
naling and metabolism.

Pharmacological Properties of Aspirin Versus Clinical
Effects Theinhibitionof prostaglandin biosynthe-
sis appears to be involved in all clinical indications
and is the best understood and most thoroughly
studied mode of action of aspirin. However, pleio-
tropic actions of salicylates may play a role in
analgesic, anti-inflammatory, and antitumorigenic
actions. This is reflected by the different doses that
are effective in these indications: �100mg for
antiplatelet actions, 500–1000mg for analgesic ac-
tions, and doses above 2 g for anti-inflammatory
actions. The most effective doses for antitumour
actions of salicylates are not yet known, but may be
in the range of analgesic doses.
Not all of themultiplepharmacological actionsof

aspirin are currently used clinically. The reason is
theavailability ofmoreeffective andbetter tolerable
therapeutic alternatives. This includes thehypogly-
cemic, uricosuric, and tocolytic actions of aspirin.
One general pharmacological property that might
be involved inmost of them is themetabolic action
of salicylates, that is, the reversible uncoupling of
oxidative phosphorylation and the possibly associ-
atedkinase inhibition (Section2.2.2).Theseactions

might also cause a number of other clinical effects,
for example, sweating, that is, removal of excess
heat, in relation to the antipyretic action (Table 4.1).
All of theseactionswith theexceptionofantiplatelet
activities are largely or entirely mediated by the
salicylate metabolite – including the symptoms of
aspirin poisoning (Section 3.1.1).

Clinical Applications of Aspirin The current inter-
est in aspirin as a therapeutic agent is focused on
threeareas:Preventionof thromboxane-dependent
platelet activation, secretion, and aggregation and
its consequences for thrombin generation, stimu-
lation of leukocyte function, and arterial throm-
bogenesis. This is the main mechanism for
antithrombotic actions (Section 4.1), that is, the
prevention ofmyocardial infarction (MI), ischemic
stroke, and peripheral arterial vessel occlusions.
Historically, the first and still the most valuable
clinical application is the analgesic/antipyretic
activity (Section 4.2), practically used for the treat-
ment of pain and febrile disorders. In this indica-
tion, aspirin is still among the most popular
nonprescriptional drugs. The anti-inflammatory ef-
fect of the compound is also valuable. However, its
use isrestrictedtoparticular inflammatorydiseases,
such as Kawasaki disease (Section 4.2.3). In other
inflammatory conditions, therapeutic alternatives
are available with an improved risk/benefit profile.
In addition to these �established� uses, basic

research on aspirin is still ongoing to find new
indications for the drug by improved understand-
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ing of its molecular mode(s) of action. This is
facilitatedby increasedknowledgeaboutmolecular
mechanisms of diseases, which will also help to
understand the clinical actions of aspirin in more
detail. Recent discoveries in this area involve ac-
tions of aspirin on the transcriptional regulation of
genes, such as COX-2 and inducible NO synthase
and also other �early response� genes that are
involved in body defense mechanisms. Therapeu-
tically interesting are also posttranscriptional ac-
tions, for example, tissue protection fromoxidative
stress and increased endothelial NO production as
well asothernonprostaglandin-mediatedactivities.
Someof thesefindingshavealreadybeentranslated
into clinical research, such as the prevention of
colorectal carcinoma or Alzheimer�s disease (Sec-
tion 4.3). New clinical indications will also have an
impact on the pharmacological design and devel-
opment of �second-generation� aspirin-like drugs,
which, in contrast to the �first-generation� tradi-
tional NSAIDs, alsomight interact with the regula-
tion of disease-modifying genes by modifying
selected transcription factors and not solely with
the enzymatic activity of a gene product, that is,
cyclooxygenases. Clearly, targeted modification of
gene regulation by modification of selected tran-
scription factors comes much closer to the
�intrinsic� activity of salicylates in plants, their

natural origin, where they act as a transcriptionally
regulated defense system in plant resistance.
Another disease-related factor that determines

the use of aspirin in clinical settings is the goal and
the duration of use. The appliance for relief in pain
and fever is short-term, in many cases even single
application. Treatment is donewith the intention to
cure either the disease or its symptoms. The appli-
ance is independent of age and in most cases
withoutpaying toomuchattention tocomorbidities
and side effects, except (preexisting) subjective
gastric intolerance. The patient groups in most
cases are healthy (young) adults and treatment is
usually performed by self-medication without pre-
scription. Similarly, theuse of aspirin for treatment
ofchronicpain,suchastension-relatedheadacheor
migraine, is alsodonewith the intention to cure the
unpleasant symptoms of the disease, though high-
er doses and repeated administration may be
necessary.
In contrast to analgesic use, the use of aspirin as

an antiplatelet drug is entirely preventive. Treat-
ment is done with the intention to avoid any
�explosive� thromboxane formation by platelets as
a catalyst forplatelet recruitment, thrombus forma-
tion, and subsequent thrombotic artery occlusion.
Thus, the goal is not to cure but to prevent diseases,
and the administration is not a single but a long-
term use, mostly in medium to older age patients
who might have chronic diseases such as athero-
sclerosis or other comorbidities. Thus, side effects
also become a very important issue for patients�
compliance.

Types of Clinical Trials The clinical efficacy of
aspirin – as that of all other drugs – is established
by clinical trials and determined by the benefit/risk
ratio. This also includes the consideration of avail-
able competitor drugs. The assessment of clinical
efficacy is a dynamic self-correcting process in
contrast to the pharmacological properties of the
compound, which remain the same until new
properties are detected. The clinical trials start with
the estimation of safety (phase I) and feasibility
(phase II), both having mechanism-based end

Table 4.1 Pharmacological actions of aspirin and their
clinical application.

Action Effective dose (g) In clinical use

Antiplatelet 0.1a–0.3 Yes
Analgetic 0.5–2.0 Yes
Antipyretic 0.5–2.0 Yes
Anti-inflammatoryb 2.0–4.0 (Yes)
Metabolic >1 No
Antitumorigenic ? No
Hypoglycemic 4.0–6.0 No
Tocolytic 1.0–2.0 No
Uricosuric ? No

aRecommended maintenance dose for long-term use.
b30–60mg/kg in children (Kawasaki disease)� 2–4 g/
70 kg adults.
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points, while phase III clinical trials determine the
efficacy in a predefined, randomized, controlled
patient population in terms of clinical end points.
Clearly, after introduction of a drug to the market,
clinical end points and the benefit/risk ratio are the
important parameters to look at. For a drug-like
aspirinwitha longclinicalexperience, theseclinical
endpoints and the benefit/risk ratio in comparison
with other drugs define its clinical use. In this
respect, three types of clinical trials are available,
all having their advantages and disadvantages, as
shown in Table 4.2. It should be noted that it is the
randomized controlled trial (RCT) that is the only
one toprovidedefined information, basedupon the
(predetermined) differences in clinical end points
between the treated and the control group. Non-
randomizedobservational studiesarealsovaluable,
specifically because they are more close to real life
than trials with predefined patient populations and
many exclusion criteria. They are also more easy
(and cheaper) to perform. In addition, they can be
done in both prospective and retrospectivemanner
and are well suited for the future design of a
prospective randomized trial, for example, in the
estimation of patient numbers. Finally, meta-anal-
yses are available and helpful specifically for the
detection of risk profiles and random events, as
well as for generating hypotheses. However, they

do not define any causality and their messages
need to be confirmed in prospective randomized
trials [1].

4.1
Thromboembolic Diseases

Arterial thromboembolism is usually due to the
initial formation of platelet aggregates, for exam-
ple, after tissue factor release from a ruptured
atheromatous plaque with subsequent activation
of the clotting system. There is also a circulation-
dependent generation and release of inflamma-
torymediators. Thus, aspirinwillmodify the early
platelet-dependent events in thrombus forma-
tion, though with different efficacy in different
circulations.
While the overall efficacy of aspirin to prevent

myocardial infarction (Section4.1.1)and, toa lesser
extent, ischemic stroke (Section 4.1.2) is now gen-
erally appreciated, it is also clear that its clinical use
in these indicationsdependon the (individual) risk,
that is, the occurrence of side effects. The most
important side effect is bleeding, specifically in the
cerebral and gastrointestinal circulations (Section
3.2.1). There is no convincing evidence that aspirin
willpreventor improveperipheralarterialocclusive

Table 4.2 Types and properties of clinical trials with clinical end points.

Type of trial Important advantages Important disadvantages Examples

Randomized
controlled (RCT)

Only study type with
predictive information

Possible underestimation
of risk because of patient
selection

USPHS, WHS
ISIS-2, CLASP

Epidemiological
observational
case–control

Real-life conditions No randomly selected
comparison group limited
information about doses,
duration of treatment,
and comedications

NHS, GRACE, ARIC

Meta-analysis Helps to address clinical
questions in the ansence
of data from large
randomized trials

Pooled estimate of data,
no inclusion of �missing
studies�, study bias passed
on to the meta-analysis and
might affect conclusions

Antiplatelet Trialists�
CPS-II, PARIS
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diseases (Section 4.1.3).However, as these patients
have a considerably elevated risk for myocardial
infarctions because of the aggressiveness of their
atherosclerosis, antiplatelet agents, suchasaspirin,
are strongly recommended.Aspirin is alsoeffective
in reducing the thrombotic risk in preeclampsia
(Section 4.1.5), the pregnancy-induced hyperten-
sion. No significant benefit has been obtained with
aspirin in venous thrombosis (Section 4.1.4). This
is probably due to the small contribution of plate-
lets, if any, to thrombus formation under low-pres-
sure conditions in veins. An overview of these
clinical indicationsofaspirinuse for theprevention
of thrombus formation is provided in Table 4.3.
Another clinically most relevant issue of aspirin

use as an antiplatelet drug is so-called aspirin
�resistance,� more precisely a reduced or absent
responsiveness of platelets to aspirin because of
different reasons (Section 4.1.6). Unfortunately,
the failure of clinical treatment and a pharmaco-
logical inability of the drug to act are oftenmixed in
an inappropriate manner, which has caused much
confusion. A disease-related increase in platelet
reactivity andcomplianceproblems,bothprimarily
independent of aspirin treatment, are the most
likely explanation for this phenomenon in many
cases.

4.1.1
Coronary Vascular Disease

Etiology Coronary vascular disease is usually a
consequence of generalized atherosclerosis. The
major complication ismyocardial infarction due to

the thromboembolic occlusion of a large coronary
artery.
The clinical use of aspirin for the prevention of

thrombotic arterial vessel occlusions, such asmyo-
cardial infarction and stroke, started with the stud-
ies by a general practitioner, Lawrence L.Craven, in
the early 1950s. He found that regular aspirin
intake in middle-aged men prevented myocardial
infarctions and strongly recommended its broader
use in this indication (Section 1.1.6). The first
randomized prospective trial on daily aspirin
(300mg) inmale survivors ofmyocardial infarction
reportedareductionin totalmortalityby25%after1
year, although this was not significant [2]. The
Boston Collaborative Drug Surveillance Group [3]
dida large thoughretrospectiveobservational study
in survivors of acute myocardial infarction (AMI).
The results also suggested that regular aspirin
intake may offer protection from another cardio-
vascular event. Thesedatawere thefirst to suggest a
possible benefit of regular aspirin intake in the
secondary prevention of myocardial infarction.

Epidemiology Complications of cardiovascular
diseases, predominantlymyocardial infarction, are
the leading causes of death and disability in West-
ern societies and contribute in large part to the
escalating costs of health care in Europe and
the United States [4, 5]. About 30–40% of deaths
are caused by coronary artery disease, 30–40% of
them are sudden and about half of them occur as a
first manifestation of coronary heart disease. The
estimated annual incidence of sudden cardiac
deaths in persons aged between 20 and 75 years

Table 4.3 Thrombotic complications and recommended daily doses of (plain) aspirin to prevent thrombotic vessel
occlusions in particular circulations.

Local circulation Major thromboembolic complication Recommended aspirin dosage (mg/day)

Coronary Myocardial infarction 75–300
Cerebral (Ischemic) stroke 100–300
Peripheral arterial Critical leg ischemia 100–300a

Uteroplacental Preeclampsia 100
Venous Pulmonary embolism Not recommended

aBecause of increased cardiovascular risk.
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is 1 per 1000 inhabitants and the survival rate only
8% if the event occurs outside a hospital (80% of
cases) [6]. In comparison, the event rate of sudden
cardiac death in patients with known cardiac dis-
eases is about 10-fold higher [4, 6].
There is a remarkable trend toward reduced in-

farctionratesduringthepasttwodecadesinWestern
societies, by 30–40%, inWestern Europe [5] and the
United States [7], whereas an opposite trend is now
seen in the former communist countries, possibly
caused by changes in socioeconomic factors [8].
Overall, this reflects the importance of myocardial
ischemiaasatriggeringeventaswellasthenecessity
of appropriate prophylaxis, given the increasing age
and morbidity of the population.
It is beyond the scope of this book to present and

discuss all studies on aspirin and coronary preven-
tion. This chapter is focused on a selection of
historically important and clinically relevant inves-
tigations. Excellent reviews of the current status are
available; for example, the large meta-analyses of
the Antiplatelet/Antithrombotic Trialists� Collabo-
ration [9, 10]. The latest available edition (2002)
covers the effects of antiplatelet therapy in random-
ized trials for the prevention of death, myocardial
infarction, and stroke in high-risk patients until

1997. Thus, with the exception of the CAPRIE trial
on clopidogrel [11], these meta-analyses almost
exclusively cover studies with aspirin. A critical
review of the older studies, including benefit/risk
evaluation, has been provided by Reilly and
FitzGerald [12].

4.1.1.1 ThromboticRiskandModeofAspirinAction

Platelets and Thromboxane A2 The risk of acute
thrombotic arterial vessel occlusion is mainly de-
termined by the severity of atherosclerotic altera-
tions of the vessel wall, preexisting risk factors, and
comorbidities. All of them may cause platelet
hyperreactivity [13] and can initiate an �explosion�
of platelet-dependent thromboxane formation as
an initial trigger of platelet activation and recruit-
ment. Aspirin at antiplatelet doses inhibits the
COX-1-dependent thromboxane formation. In this
context, it is interesting to note that circulating
plasma thromboxane levels are not increased in
patients with stable angina compared to healthy
controlsbutonly inunstableanginaandmyocardial
infarctions [14], that is, clinical situationswithacute
thromboembolic events. Similar changes are seen
with PGI2 (Figure 4.1).
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Figure 4.1 Peak urinary thromboxane (TX-M) and prostacyclin (PGI2-M) metabolite excretion in controls as compared
to patients after acute myocardial infarction and patients with unstable or stable angina. There is a marked increase of
metabolite excretion in patients with unstable angina andmyocardial infarction but no change in patients with stable angina
and patients with noncardiac chest pain (not shown). CON: healthy controls, n¼ 4–16 (modified after [14]).
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With exception of the Caerphilly study [15], in most if not
all of the large clinical trials on primary and secondary
prevention of cardiovascular events by aspirin, platelet
function or thromboxane formation were either not mea-
sured or only determined in small subgroups of partici-
pants. It is not likely that platelets fromapparently healthy
males (USPHS) or females (WHS) show any increased
thromboxane formation or platelet hyperreactivity in vivo.
This raises the question how the beneficial effects of
aspirin on prevention of myocardial infarction in males
(USPHS) or ischemic stroke in females (WHS) can be
explained.
Mechanistically, it is possible that continuous blockade

of thromboxane formation by aspirin protects from
sudden platelet activation and �explosion� of thrombox-
ane biosynthesis. This may occur subsequent to plaque
erosion or rupture. The (relatively) higher efficacy of
aspirin with increasing atherothrombotic risk could then
be explained by a higher probability of these �explosive�
events. The analogy to b-receptor antagonists and their
use for prevention of acute myocardial ischemias is
obvious.

The Reactivity State of Platelets The �resting� state
of circulating platelets is not a constant but might
vary in relation to endothelial dysfunction in ath-
erosclerotic patients. In general, platelets become
more reactive with the progression of the disease,
that is, they need lower concentrations of platelet
agonists to become activated and, eventually, react
with �exploding� thromboxane formation in acute
coronarysyndromes (ACSs) (Figure4.1).Thespon-
taneous platelet reactivity, as seen, for example, in
patients who had already suffered a myocardial
infarction, was suggested an independent predic-
tor of long-term survival (Figure 4.2). Whether an
enhanced agonist-induced, that is, ADP-induced,
aggregation is able to predict the incidence of
myocardial infarction in primary [16] or secondary
prevention [17] is controversial.Nevertheless, there
is no doubt that pharmacological prevention of
platelet-dependent thromboxane formation pro-
tects from cardiovascular events. However, the
efficacy of this measure depends on the role of
thromboxane for platelet aggregate formation and
thismightdiffer indifferent clinical situations, that
is, the contribution of thromboxane-independent
factors and the initial stateofplatelet reactivity.This

inherent variability in platelet function might also
contribute to aspirin �resistance� or treatment fail-
ure, respectively, in clinical settings (Section 4.1.6).

Aspirin Dosing Although the general recommen-
dation of aspirin dosing is 75–325mg/day for car-
diocoronary prevention, most guidelines recom-
mend100mg/dayplainorECaspirin for long-term
prevention. In case of acute events in aspirin-naive
patients, a loading dose of 250–500mg i.v. should
be given.
Despite these generally accepted recommenda-

tions, several prospective, well-controlled though
small randomized studies suggested that higher
doses of aspirin may be more effective than lower
ones in patients with vascular diseases [19]. How-
ever, in the acute situation (with upregulated COX-
2), high-dose (500mg) aspirin to aspirin-pretreated
individualsmay increase the size of periprocedural
myonecrosis afterpercutaneouscoronary interven-
tions (PCI) [20], suggesting a deleterious effect. A
recent large, though nonrandomized, post hoc
analysis of more than 20 000 patients with acute
coronary syndromes (GUSTO IIb and PURSUIT)
has shown less frequent infarctions and more
frequent strokes within 6 months among patients
discharged while receiving higher (�150mg/day)
aspirin doses. There was no change in mortality
[21]. Kong et al. [22], analyzing all published ran-
domized trials on aspirin versus placebo in acute
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myocardial infarction and unstable angina came to
the conclusion that the most effective (individual)
dose for secondary prevention has not yet been
established. They also criticized that the Antiplate-
let Trialists might not have sufficiently considered
the heterogeneity between trials, for example, the
greater efficacy of aspirin in unstable angina as
opposed topostinfarctionpatients.Clearly,because
of ethical reasons, no placebo-controlled studies
with aspirin in secondary prevention will be done
anymore; however, dose-range studies appear to be
useful [22]. At this point, it should be noted that
meta-analyses are hypothesis-generating statistical
approaches but can never replace a prospective
randomized trial with well-defined study protocols
and patient selection. Those trials, comparing low-
dose (i.e., 100mg/day) aspirinwith ahigherdose (i.
e., 325mg/day) for cardiocoronary prevention in
high-risk patients have not been done. It is also
quite possible that the different disease-related
(diabetes) or individual (comorbidities) risk is a
relevant determinant also for dose selection.
Numerically, the disease-related efficacy of aspirin
in secondary prevention, varying between about 0
(aortocoronary bypass surgery, artificial heart
valves) and 50% (unstable angina) [10], will give
an average value of 25%protection – the frequently
cited message from the Antithrombotic Trialists�
Collaboration [10]. This is mathematically correct,
but not very helpful for the individual case (and
disease), and the lowest effective dose is not neces-
sarily identical with themost effective dose in these
particular patients.

Aspirin and Inflammation Platelets are also related
to inflammatory processes in the vesselwall [23]. In
addition to promoting vessel occlusion by platelet
�plug� formation, platelets may also �prime� other
cells, such asmonocytes/macrophages or endothe-
lial cells, to express adhesion molecules and to
participate in the inflammatory and matrix-modi-
fying processes of atherosclerosis and vascular
remodeling.
This important function of inflammatory med-

iators in the progression of atherosclerosis and

plaque stability becomes increasingly apparent.
Several aspirin-sensitivemarkers of inflammation,
such as C-reactive protein, leukocyte number, or
fibrinogen levels are elevated in patients with coro-
nary heart disease and are independent predictive
markers of acute cardiovascular events [24–26],
including sudden cardiac death [27, 28]. Similar
resultswereobtainedwith inflammatorycytokines,
such as interleukin 6 (IL-6) andmacrophage colony
stimulating factor (MCSF). These cytokines are
elevated in patients with chronic stable angina and
are significantly reduced by aspirin at antiplatelet
doses [26] (Figure 4.3). Apathophysiological role of
T and B leukocytes and their mediators is also
suggested in acute myocardial ischemia. It is pos-
sible that the reduced incidence of �silent� ische-
mias in these patients also involves inhibition of
thromboxane-induced leukocyte activation [29].

4.1.1.2 Clinical Trials: Primary Prevention in
Individuals Without Risk Factors

Apparently Healthy Individuals Several large ran-
domized trials on the benefit/risk ratio of long-
term aspirin prophylaxis in apparently healthy
subjects without overt risk factors are available.
The US Physicians� Health Study (USPHS) and
the British Medical Doctors� Study (BMDS) were
the first prospective trials conducted in men. In
addition to the prospective but observational US
Nurses Study, the recently published Women�s
Health Study (WHS) now also provides informa-
tion on primary prevention in apparently healthy
women.

In theUSPhysician�sHealth Study (USPHS), 22 071male
physicians, 40–84 years of age at entry, were selected
from a total the 60000 doctors willing to participate.
Exclusion criteria included a preexisting coronary heart
disease, gastric intolerance to aspirin or preexisting
ulcers, as well as missing compliance during an 18-week
run-in period. Eligible participants received 325mg
aspirin, 50mg b-carotene or placebo every other day in
a 2� 2 factorial design. Primary end point was cardiovas-
cular death. The total study period was scheduled to 8
years.

4.1 Thromboembolic Diseases j231



The trial was stopped prematurely after an average
treatment period of 5 years because of a significant re-
duction of the incidence of myocardial infarctions (which
was not the original end point) in the aspirin group and
the expectation that a sufficient number of cardiovascular
deaths for statistical analysiswould require to prolong the
study beyond the year 2000. This was mainly due to the
fact that the total number of cardiovascular events was
much lower that originally anticipated.
The total incidence of a first myocardial infarction was

reduced from 189 in the placebo group to 104 in the
aspirin group (p< 0.0001). This corresponded to a
relative risk reduction by 42%. In absolute numbers, this
was equivalent to a reduction in the event rate from0.4 to
0.2% per year. However, significant protection was only
seen in men who were 50 years of age or older. The car-
diovascular mortality results were inconclusive. Regard-
ing side effects, there was an increase in hemorrhagic
strokes and GI bleeding while the total stroke rate re-
mained unaffected, due to a tendency in reduction of
ischemic strokes.
The conclusion was that aspirin was an effective

measure to prevent a first myocardial infarction in men
and that the compound should be used for this purpose,
if the benefit/risk ratio is appropriate [30–32].

The transfer of these study results to the general
population was subjected to several critics and
comments. Thus, the extremely healthy study pop-
ulation of participating American Physicians had
an annual coronary event rate of only 0.4% as

opposed to 2% in the general US population. This
suggested an unrepresentative good health status,
which was confirmed by the low overall mortality
rate, amounting to only 15% of the general US
American population. Explanations given by the
investigators were as follows: high motivation of
the participating doctors including personal life-
style, educational status, and a higher individual
acceptance rate of side effects. A significant influ-
ence of the personal motivation for clinical out-
come was also suggested from other cardiocoron-
ary prevention trials [33, 34].
Several post hoc analyses in subgroups of these

participants provided additional information. For
example, the beneficial effect of aspirin became
apparent soon after initiation of treatment and did
not change over time. This suggested the preven-
tion of acute thrombotic events but not slowing the
initiation and progression of atherosclerosis as an
explanation for the positive results [35]. In agree-
ment with this, the relative risk of angina pectoris
(stable or unstable) in the 331 individuals of the
original USPHS population who developed the
disease was not changed by aspirin treatment [36].
Two days after the first report of the USPHS, the

British Medical Doctors� trial (BMDS) was pub-
lished, which, in contrast to the American counter-
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part, showed no beneficial effect of aspirin on the
incidence ofmajor cardiovascular events in prima-
ry prevention [37].

A total of 5139 apparently healthy male doctors were
randomized to take 500mg/day aspirin in different pre-
parations (plain, soluble, effervescent) or no drug. The
study design was open.
After a 6-year follow-up, there was no significant dif-

ference in the rates of fatal and nonfatal myocardial in-
farctions between the 3429 doctors who took aspirin and
the corresponding controls that did not. The total morta-
lity was 10% lower in the treatment group, possibly
related to other diseases than atherothrombotic events.
The reduction of a first myocardial infarction was 3%,
that is, also nonsignificant (p¼ 0.889). Similar to the
USPHS, the British study also showed an adverse effect
on nonfatal stroke.
The conclusion was that the absolute benefits in

primary prevention by aspirin, despite its established
benefits in secondary prevention, remain uncertain [37].

This study also had a number of limitations.
There was no placebo-treated control group and
thedefinitionof endpointswas less restrictive than
in the American trial. A significant proportion of
doctors – similar to the American trial – were
judged ineligible for the study. Thus, the study
population was also a selected sample [38]. The
compliance to study treatment protocol was 70% in
the aspirin group but 98% in the control group. In
addition, the participants were allowed to change
themedication if theywished to do so. At the end of
the trial, 86% of physicians in the treatment group
and14% in the control groupwere taking aspirin or
another antiplatelet medication.
The different results between the USPHS and

the BMDS were extensively discussed, because,
taken together, they did not answer the question
whether regular aspirin intake will provide protec-
tion from cardiovascular events in a low-risk popu-
lation. Both studies, however, showed an increased
incidenceofsideeffects,mostnotablyhemorrhagic
stroke [38, 39]. In addition, the studies also differed
in other important parameters. There was appar-
ently a different baseline health status: 2.1% of
participants deceased in the USPHS trial period
versus 8.8% in the BMDS; a large difference in the

number of dropouts during the trial periods: about
5%in theUSPHSversus24%in theBMDS;abetter
compliance to drug therapy in the USPHS as
opposed to multiple changes in the BMDS and
marked differences in aspirin dosages, 325mg
each alternate day versus 500mg daily [39].
Overall, these studies suggested that it appears to

be unrealistic to conduct primary prevention trials
in otherwise healthy individuals with cardiovascu-
larmortality as a primary end point. Instead, occur-
rence of any major cardiovascular event (myocar-
dial infarction, stroke, and sudden death) appears
to bemore appropriate. This policy was followed in
subsequent studies.
Neither the USPHS nor BMDS did include

women. However, coronary heart disease is not
only the leading cause of death in men but also an
equally important cause of death and disability in
women above the age of 60 years [40]. The possible
transfer of the data in men to women was studied
for the first time in a large prospective though
observational study in apparently healthy women,
the American Health Professionals study [41].

The study cohort included 87 678 American nurses
(30–55 years of age at entry). The nurses were free from
coronary heart disease, stroke, and cancer at the begin-
ning of the study andwere followed for 6 years. They were
asked for use of aspirin and aspirin-containing medica-
tions and the frequency and reason for intake. The partici-
pants were also asked for personal lifestyle variables,
including smoking and alcohol. Primary end points were
fatal or nonfatal myocardial infarction and stroke.
After a 6-year follow-up, there was a highly significant,

that is, 32% reduction of the risk of a first myocardial
infarction in women taking 1–6 aspirin tablets per week
(RR: 0.68; 95% CI: 0.52–0.89; p¼ 0.005). This was
associated with an 11% reduction (RR: 0.89, p¼ 0.56;
n.s.) in cardiovascular death. There was no change in the
risk of stroke. The reduced risk of myocardial infarction
was particularly evident in women above the age of 50
and in those with additional risk factors (smoking, history
of hypertension, high serum cholesterol). The results
were similar when 1–3 or 4–6 tablets were taken per week
while the intake of 7 or more tablets per week did not
cause risk reduction. The reasons for aspirin intake in the
group with 1–6 tablets per week were headache (32%),
arthritis or muscle pain (30%), or both (16%) but only in
9% of cases cardiocoronary prevention.
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The conclusion was that the use of 1–6 aspirin tablets
per week appears to be associated with a significantly
reduced risk of a first myocardial infarction among
women with little effect on the risk of ischemic stroke.
However, any more decisive recommendations were not
made and, according to the investigators, should only be
made after an appropriately sized randomized, prospec-
tive trial was available [41].

According to the study design, there was no
information about the exact aspirin dosage or the
duration of use. This was investigated in the pro-
spective randomized trial onprimary prevention in
women, the Women�s Health Study [42].

A total of 39 876 initially healthy women (45 years of age
or older) were randomly assigned to receive 100mg
aspirin each second day or placebo (vitamin E). In a
foregoing pilot study in 22 (!) volunteers (males and
females) for 2 weeks, it was found that this dosage and
the alternate day treatment protocol will reduce themean
thromboxane and prostacyclin levels to 7.5 and 15% of
baseline [43]. Primary end points were cardiovascular
death, nonfatal myocardial infarction, and nonfatal
stroke. The secondary end point was the individual risk
in several subgroups. The total observation periodwas 10
years.
During the follow-up, 477 major cardiovascular events

occurred in the aspirin group as opposed to 522 in the
placebo group. This corresponded to a nonsignificant
reduction of primary end point events by 9% (RR: 0.91;
p¼ 0.13). Regarding the individual risk profiles, therewas
a significant reduction of ischemic stroke in the aspirin
group by 17% (RR: 0.83, p¼ 0.04) but no change in the
risk of fatal or nonfatal myocardial infarctions (RR: 1.02;
p¼ 0.83) or cardiovascularmortality. However, subgroup
analyses showed a 26% reduction of major cardiovascu-
lar events, including a 22% reduction in total stroke and a
30% reduction in ischemic strokes among women 65
years of age and older. There was a significantly increased
risk of severe GI bleeding (RR: 1.40; p¼ 0.02).
The conclusion was that aspirin lowered the risk of

stroke in women aged �45 years without affecting the
risk of myocardial infarction or cardiovascular death [42].

These data were somehow contrary to the
USPHS, although the study did also show a signifi-
cant protection from an acute vascular ischemic
event in women, here a 26% reduction in ischemic
strokes, by regular long-term aspirin intake. In
comparison to the USPHS, in which a 44% reduc-

tion of a first myocardial infarction was found, the
rate of myocardial infarctions in the WHS was
much smaller: only 97/100 000 patient years as
opposed to 440/100 000 patient years at a compara-
ble incidence of strokes in both groups [44]. The
total rate of myocardial infarctions was extremely
low, amounting only to one-third of the already low
risk – 15% of that of the normal American popula-
tion – in the USPHS (Figure 4.4). Thus, it will
probablybedifficult to further reduce the incidence
of cardiovascular events by anypreventivemeasure
if the overall risk of cardiovascular disease is so low.
If the vascular riskbecomes increasedwith increas-
ing age, beneficial effects become apparent. This
was seen in the subgroup of elderly women (�65
years) in theWHSwhereboth ischemicstrokesand
myocardial infarctions were significantly reduced.
The beneficial effects of aspirin prevention in

women were clearly shown by the reduction of
ischemic strokes.The relativeproportionof strokes
compared tomyocardial infarctions in womenwas
greater than that inmen. Furthermore, women are
more likely to die of stroke than men: 16% versus
8% [46]. The reasons for this are unknown but
might be related to a different hormonal status [44]
and/or a different function of vasoactive platelet-
activating mediators such as serotonin.
Overall, available primary prevention studies

with aspirin in healthy individuals show a statisti-
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cally significant but – in absolute terms – low effect
on thepreventionofafirst vascular eventbyaspirin:
myocardial infarction inmenand (ischemic) stroke
inwomen[47].There isnochange incardiovascular
or overall mortality. One important variable espe-
cially in long-term use is the patient�s adherence to
themedication, that is, patient compliance.Accord-
ing to a subgroup analysis of the USPHS, the
clinical efficacy of treatment largely disappears if
the drug is taken less than on alternate days [48].
Thepossiblebeneficial effects of aspirin are limited
by sideeffects, specifically, bleedingcomplications,
including (hemorrhagic) strokes, which were sim-
ilar in men and women. According to the benefit/
risk ratio, aspirin prophylaxis is not recommended
in healthy individuals without risk factors.

4.1.1.3 Clinical Trials: Primary Prevention
in Individuals with Risk Factors
The use of antiplatelet agents, such as aspirin, for
primaryprevention isdeterminedby the individual
benefit/risk ratio. Inaddition to increasingage, this
is determined by preexisting risk factors, such as
hypercholesterolemia, hypertension, diabetes, cig-
arette smoking, and other environmental factors.
The consequence is an increased cardiovascular
mortality [4]. This suggests that prevention studies
on subjects with preexisting risk factors might pro-
videmore convincing data than those in apparently
healthy individuals, as also shown in Figure 4.4.
Importantly, multiple risk factors potentiate the
vascular risk rather than to act additive, making an
appropriate prevention highly desirable.

Hypertension Hypertension is an independent
risk factor for stroke (Section 4.1.2) andmyocardial
infarction. However, treating hypertensives with
aspirin might increase the risk of cerebral hemor-
rhage, which can be reduced by adequate blood
pressure control, for example by appropriate drug
treatment with antihypertensives. This raises the
question whether these individuals might benefit
from the antiplatelet/antithrombotic actions of as-
pirin and whether the disease-related increased
risk of (hemorrhagic) stroke further exists despite

an adequate blood pressure control. This issue was
addressed in theHypertensionOptimal Treatment
(HOT) trial [49, 50].

This study included 18790 patients with arterial hyper-
tension, according to a diastolic blood pressure between
100 and 115mmHg (mean: 105mmHg). All patients
were treatedwith antihypertensives. After adequate blood
pressure control was obtained, they were randomly as-
signed to receive additionally either aspirin (75mg/day)
or placebo. The study was aimed to assess the optimum
target diastolic blood pressure and the potential addi-
tional benefit of low-dose aspirin in adequately treated
hypertensives. The average observation period was 3.8
years.
The decrease in diastolic blood pressure was compa-

rable in all groups. In comparison to the antiplatelet-
placebo group, there was a significant relative risk
reduction of myocardial infarctions in the group subse-
quently treated with aspirin by 36% ( p¼ 0.002) and of
major cardiovascular events by 15% ( p¼ 0.03) while the
number of fatal and nonfatal strokes remained un-
changed. Cardiovascular and total mortality rates were
also unchanged. Similar effects were seen in diabetics
and in elderly subjects. There was no increase in fatal
bleeds (including cerebral hemorrhage) in the aspirin
group but about twice as much nonfatal severe bleeds –
129 versus 70 – in the aspirin group, mainly from the GI
tract. The estimated compliance rate for aspirinwas 78%.
The conclusion was that intensive lowering of blood

pressure in hypertensives is associated with a reduced
rate of cardiovascular events. Aspirin treatment of these
patients significantly reduces the incidence ofmyocardial
infarctions but doubles nonfatal major bleeds. Aspirin
does not change the incidence of strokes or fatal bleeds
and, therefore, can be given daily to well-treated hyper-
tensives, including elderly patients and diabetics [49, 50].

These findings agree with the Medical Research
Council�s Thrombosis Prevention Trial (TPT) [51]
(see below) in which beneficial effects of aspirin
were predominantly seen in individuals with the
lowest blood pressure [52]. Interestingly, there was
no significant reduction of myocardial infarctions
in women ( p¼ 0.38) [50]. Whether this can be
explained by a different behavior of platelets in
hypertensive women as opposed to men [53] re-
mains to be determined. However, this finding is
similar to that of the Womens� Health study, dis-
cussed above.
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Similar results were obtained in the male hyper-
tensives of the US Physicians� Health Study. No
relative risk reduction was seen in about 2000
subjects with a diastolic blood pressure of more
than 90mmHg compared to the total study popu-
lation [39]. However, the absolute risk reduction
was twice as much, from 4.4 to 2.5% in hyperten-
sives compared to 2.2% versus 1.3% risk reduction
in the total study population [31].

Multiple Risk Factors There are two large prospec-
tive randomized trials on primary prevention with
aspirin in individualswithmultiple risk factors: the
Thrombosis Prevention Trial [51] and the Primary
Prevention Project (PPP). Another trial is the
Clopidogrel for High Atherothrombotic Risk and
Ischemic Stabilization Management and Avoid-
ance (CHARISMA) study [54], using aspirin alone
and in combination with clopidogrel. In addition
to patients with preceding vascular events (second-
ary prevention), this trial also contained a group
of patientswithmultiple cardiovascular risk factors
without a preceding vascular event (see below).
The Thrombosis Prevention Trial [51] was a

prospective comparison of aspirin and warfarin
alone and in combination versus placebo in men
at an enhanced cardiovascular risk because of pre-
existing risk factors.

A total of 5499 men aged between 45 and 69 years with
elevated vascular risk because of preexisting risk
factors (smoking, hypercholesterolemia, hypertension,
a positive family history of ischemic coronary heart
disease, elevated body mass index) were initially re-
cruited. After a pilot study, the trial was expanded into a
factorial comparison of low-intensity oral anticoagula-
tion by warfarin (INR 1.5) and enteric-coated aspirin
(75mg/day). The four treatment groups were warfarin
aspirin, warfarinþ placebo, aspirinþ placebo, and
placeboþ placebo. The median duration was 6.8 years.
Primary end points were the total number of cardiovas-
cular deaths and fatal and nonfatal myocardial infarc-
tions.
The main effect of aspirin in comparison to placebo

was a reduction of the primary end points by 20%
( p¼ 0.04). This was almost entirely due to the 32%
reduction in nonfatal cardiac events while the number of
fatal events was modestly increased (n.s.). The main

effect ofwarfarinwas a reductionof primary endpoints by
21% ( p¼ 0.02). This was mainly due to a 39% reduction
in fatal events. Warfarin reduced the death rate from all
causes by 17% ( p¼ 0.04). There was a significant 20%
increase ofminor bleeds by aspirin and a tendency but no
significant increase in intermediate or major bleeds.
Combined treatment with warfarin and aspirin was more
effective in reducing the risk of a cardiac event than either
agent alone but also increased the risk of bleeding.
The conclusion was that aspirin reduces nonfatal

coronary events, while warfarin reduces all cardiovascular
events, chiefly because of an effect on fatal events. The
combined treatment with both agents wasmore effective
in the reduction of not only the cardiovascular events but
also the bleeding risk than treatment with either agent
alone [51].

ThePrimary PreventionProject [55] also studied
the efficacy and safety of aspirin in patients with
elevated cardiovascular risk. In contrast to the TPT,
this study also contained women and the design
was prospective but open.

In a controlled, randomized, but open trial, 4495menand
women (about half each, mean age 64 years) with multi-
ple cardiovascular risk factors (older age, i.e., �65 years,
hypertension, hypercholesterolemia, diabetes, obesity,
family history of myocardial infarction) were randomly
allocated to four treatment groups: enteric-coated aspirin
(100mg/day) or no aspirin and vitamin E (300mg/day),
or no vitamin E, according to a 2� 2 factorial design.
Efficacy end point was the cumulative rate of cardiovas-
cular deaths, nonfatal myocardial infarctions, and nonfa-
tal strokes.
After an interim analysis, the study was stopped

prematurely at a mean follow-up of 3.6 years because
of ethical grounds. At this time, there was a statistically
significant benefit in the aspirin arm. In addition, two
more primary prevention trials in similar risk groups
(PPP [55], 1998; HOT, 1998; [50]) were published,
demonstrating beneficial effects of aspirin. When the
study was stopped, aspirin had significantly reduced
the incidence of all end points. There was a reduction
of cardiovascular deaths from 1.4 to 0.8% (RR: 0.56,
95% CI: 0.31–0.99) and of total cardiovascular events
from 8.2 to 6.3% (RR: 0.77, 95% CI: 0.62–0.95). There
were significantly more severe bleedings in the aspirin
group. However, only one of the four deaths due to
hemorrhage was in the aspirin group.
The conclusion was that the low-dose aspirin in men

and women with at least one major risk factor, given in
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addition to an appropriate treatment of specific risk
factors, contributes an additional preventive effect at an
acceptable risk profile [55].

4.1.1.4 Clinical Trials: Stable Angina Pectoris
Clinically, ischemic heart disease becomes appar-
ent by symptoms of angina pectoris. These symp-
toms appear when the coronary arteries become
critically narrow, for example, during physical ex-
ercise or emotional stress. Plasma thromboxane
levels are not elevated, even under conditions of
exercise-induced angina pectoris (Figure 4.1). This
is another argument for the prevention of the
�explosion� of platelet-derived thromboxane bio-
synthesisandsubsequent thrombus formationand
a higher probability of these events in relation to
advancedendothelialdysfunction.Aspirindoesnot
modify the clinical symptoms of atherosclerosis-
related angina pectoris and probably also not the
progression of the disease.
The Swedish Angina Pectoris Aspirin Trial (SA-

PAT) [56] was the first study of low-dose aspirin,
demonstrating a beneficial effect of the compound
in patients with stable angina in a prospective,
randomized, placebo (sotalol)-controlled trial.

A total of 2035 patients were randomized double blind to
treatment with aspirin (75mg/day). All patients received
sotalol for control of symptoms. The median duration of

follow-up was 50 months. The primary end point was
myocardial infarction and sudden death. Secondary end
points were other vascular events including vascular
death, all cause mortality and stroke.
Compared with the sotalol (control) group, the aspirin

þ sotalol group had a 34% (81 versus 124 patients)
reduction in primary outcome events ( p¼ 0.003). The
reduction of secondary outcome events ranged between
22 and 32%. There was no significant difference between
the two groups in treatment withdrawal due to adverse
events and also no difference in major bleedings includ-
ing hemorrhagic stroke.
The conclusion was that the addition of low-dose

aspirin to sotalol shows significant benefit in terms of
cardiovascular events, including a significant reduction in
the incidence of a first myocardial infarction in patients
with symptomatic stable angina [56] (Table 4.4).

Similar results were obtained in a subgroup of
patients with stable angina pectoris in the US
Physicians� Health Study. In comparison to place-
bo, therewas an87%reductionof the incidenceof a
first myocardial infarction by aspirin (p < 0.001).
The cardiovascular mortality was unchanged. This
was probably due to an increase in the number of
strokes in the aspirin group [57, 58].
These controlled randomized trials in a well-

defined patient population are essential for the
estimation of the benefit/risk profile. They do,
however,notnecessarily reflect theevery-day reality
in nonselected patient populations. Here, observa-
tional trials may provide additional information.

Table 4.4 The SAPAT trial.

End point Total (n¼ 2035) Aspirin (n¼ 1009) Placebo (n¼ 1026) Change (%) p

Primary end point 205 81 124 –34 0.003
MI, nonfatal 125 47 78 �39 0.006
MI, fatal 30 15 15 0 —

Sudden death 50 19 31 �38 0.097

Secondary end point
Vascular events 269 108 161 �32 <0.001
Vascular deaths 121 51 70 �26 0.114
All cause mortality 188 82 106 �22 0.103
Stroke 66 28 38 �25 0.246

Actions of aspirin (75mg/day)þ sotalol or sotalol alone (placebo) in the prevention of MI, death, and stroke in patients with
stable angina pectoris [56].

4.1 Thromboembolic Diseases j237



One of them studied the possible benefit of aspirin
on mortality in patients with known or suspected
coronary heart disease.

A cohort of 6174 consecutive adults undergoing stress
echocardiography for evaluation of known or suspected
coronary disease were studied for a median follow-up of
3.1 years. According to patients� interviews or physicians�
notes, 37% of them (2310 patients) were regularly (daily
or every other day) taking aspirin. The end point was
mortality and the identification of patient characteristics
that predict themaximumabsolutemortality benefit from
aspirin.
During a 3.1-year follow-up, 4.5% of patients died in

both groups and there was no relation to aspirin use.
However, after adjustment for as number of variables,
aspirin users had a significantly lower risk for death (ad-
justed hazard ratio: 0.56; 95% CI: 0.40–0.78; p< 0.001).
Patients� characteristics associated with the most
aspirin-related reductions in mortality were older age,
known coronary artery disease, and impaired exercise
capacity.
The conclusion was that aspirin use in these patients

might reduce long-term all-case mortality [59].

This is an interesting prospective though non-
randomized study. The patient population was not
well defined and there was no information about
aspirin dosage and duration of use. In addition,
many variables obviously influenced the result, as
seen from the identicalmortality rates according to
the raw data. However, despite these limitations,
this study represents a �real-life� situation without
too stringent inclusion and exclusion criteria and
one with a �hard� study end point.

4.1.1.5 Clinical Trials: Secondary Prevention
Incontrast to stableanginapectoris,whichdevelops
in a chronic progressive manner and causes ische-
mic symptoms if cardiac oxygen demand exceeds
the capacity of coronary oxygen supply, acute coro-
nary syndromes, that is, unstable angina, myocar-
dial infarction, and sudden cardiac death, usually
are acute, nonpredictable events, and frequently
[60, 61] but not always [62] due to rupture of an
atherosclerotic plaque. Plaque rupture is associated
with platelet activation and an immediate massive
increase of thromboxane formation (Figure 4.1). If

thrombotic occlusion persists for a longer period of
time,myocardial tissue distally to the occlusion site
becomes increasingly injured, eventually resulting
in tissue necrosis, that is, Q wave or ST-wave eleva-
tion myocardial infarction (STEMI).
Platelets rapidly adhere to the site of plaque

rupture. They become activated and secrete their
granule contents. Subsequently, they form the core
of a growing thrombus that eventually closes the
artery. Even after successful removal of the oc-
cluding thrombus by percutaneous transluminal
coronary angioplasty (PTCA) or thrombolysis, the
ruptured plaque still remains a site for platelet
adhesion and aggregation for a longer period of
time. This promotes thrombus growth and may
result in further thrombus formation compromis-
ing the coronary flow. Circulating platelets are
hyperreactive after an acute ischemic event and
this persists for a long period of time. This was
shown for the first time by the tight correlation
between spontaneous platelet aggregation (hyper-
reactivity) 3 months after the acute event and the
appearance of a new vascular event during the
observation period of 5 years [18] (Figure 4.3).
Platelet hyperreactivity, increased thromboxane
formation, thrombin generation, and stimulation
of plasmatic coagulation form a positive feedback-
loop for further platelet activation, thrombin for-
mation, and vasoconstriction. This is the rationale
for continuous long-term prevention of a new
atherothrombotic event by aspirin and other anti-
platelet agents.

AcuteCoronarySyndromes The�VeteransAdmin-
istration Cooperative Study� [63] was the first ran-
domized placebo-controlled double-blind trial to
establish a protective action of aspirin on incidence
of and mortality from myocardial infarction in pa-
tients with unstable angina. Aspirin (324mg/day)
reduced both parameters by 51% during a 3-month
follow-up period. Similar results were obtained in
three other trials [64–67] and overall suggested an
about 50% protection from a new acute ischemic
event in this group of high-risk patient population.
The maximum therapeutic effect was obtained
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early, within one month, and there was no further
improvement up to 1 year [66, 67] (Figure 4.5).
According to these data, low-dose aspirin became
the standardmedication for the prevention of acute
coronary syndromes.

An interesting observation made in the study of Cairns
et al. [64] was that sulfinpyrazone, another, though weak
and reversible inhibitor of COX and platelet function, did
neither reduce the incidence of myocardial infarctions
nor infarct mortality. At the dose used in the study of
Cairns and colleagues, sulfinpyrazonemight have caused
only incomplete inhibition of the platelet COX-1 [68].
Indomethacin (IND), another NSAID with some COX-1
selectivity, has been shown to reduce coronary perfusion
and to increase coronary vascular resistance in patients
withmyocardial infarction even in the presence of aspirin
[69]. This raises the question for additional pharmacolog-
ical effects of aspirin to explain this difference to �aspirin-
like drugs.� Alternatively, the irreversibility of aspirin
action might be important. The efficacy of clopidogrel,
another irreversible platelet antagonist, in this condition
would rather suggest the latter assumption.

Another question iswhyonly about every second
patient will benefit from aspirin prophylaxis, even
inaclinical situationwithmarkedlyelevatedthrom-
boxane formation (Figure 4.1). Probably, the vast
majority of patients will have a sufficiently blocked
platelet-dependent thromboxaneformation, that is,
more than 95% in terms of serum thromboxane.
The answer is unknown because so far no larger
prospective studies are available that could have

tried to correlate the inhibition of thromboxane
formation with the clinical outcome, and platelet
function tests dependonmany variables andmight
provide different results [15]. Aspirin �resistance�
is probably not the explanation (Section 4.1.6) but
rather a treatment failure because other platelet-
activating compounds and/or vasoconstrictors that
might be involved in the anginal attack are less
sensitive to inhibition by aspirin [70]. These com-
pounds include ADP, norepinephrine, neuropep-
tide Y, leukotriene C4/D4, endothelin, and others,
and might cause ischemic attacks when coronary
artery smooth muscle cells are hyperreactive [71].
These are arguments in favor of a combined use of
aspirin and other antiplatelet agents, such as ADP-
receptor antagonists, in high-risk patients. Avail-
able studies show an increased efficacy of the
combined treatment compared to aspirin alone,
however, with an increased bleeding tendency [72].

Aspirin and �Silent� Ischemia Not all patients ex-
hibit symptoms of angina pectoris, that is, pain,
when suffering an ischemic attack. �Silent� ische-
mias occur in a significant proportion of patients
with unstable angina, in one study even half of the
patients [14]. In a subgroup of patients of the
International Study on Infarct Survival-2 (ISIS-2)
study (see below) who underwent physical exercise
testing 2 weeks after the acute event, low-dose
aspirin (162mg/day) increased the number of
�silent� ischemias (STsuppressionwithout anginal
pain) by 28%. The (reduced) left ventricular con-
tractile function remained unchanged [73]. This
raises the question whether patients with �silent�
ischemias also benefit from prophylactic aspirin
use.

A total of 740 men (�70 years) with unstable coronary
heart disease (non-Q-wave infarction) underwent a
symptom-limited exercise testing before hospital dis-
charge. A total of 144 patients showed a ST depression
without pain (�silent� ischemia) and 230 a ST depression
with chest pain. Of the 144 patients with silent ischemia,
67were randomly assigned to subsequent treatmentwith
placebo and 77 to aspirin (75mg/day). The correspond-
ing numbers in the symptomatic group were 125 and
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Figure 4.5 The RISC trial. Reduction of MI and death in
patients with unstable angina or non-Q-wave infarction
by aspirin (75mg/day) (þ heparin) within the first
3 months after the acute event (RISC study) (modified
after [67]).
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105, respectively. Data were collected 3 and 12 months
after randomization.
Aspirin treatment reduced the risk of subsequent

myocardial infarction or death in both ischemia groups.
At the 3 months follow-up, the event rate of aspirin-
treated individuals was 4% versus 21% in the placebo
group ( p¼ 0.004), in the symptomatic group 9% versus
18% ( p¼ 0.05). At 12months follow-up, there was still a
significant benefit by aspirin in the silent ischemia group:
9% versus 28% ( p¼ 0.005) but not in the symptomatic
group: 13% versus 22% ( p¼ 0.109).
The conclusion was that low-dose aspirin reduced the

risk of subsequentmyocardial infarction at least as well in
silent as in symptomatic myocardial ischemia. This
suggests that aspirin treatment of symptom-free patients
with previous unstable angina or myocardial infarction
shouldbethemainstayof their treatment (Figure4.6) [74].

Thus, an effective antiplatelet action of aspirin
with a long-lasting benefit can be detected in high-
risk patients independent of the existence of
anginal pain.

Long-Term Secondary Prevention Aspirin is the
drug of first choice for the long-term prevention of
myocardial infarction and stroke (Section 4.1.2) as
demonstratedbytheAntithromboticTrialists�meta-
analyses, the last available from 2002 covering all

randomized studies on secondary prevention,
whichwerepublisheduntil1997.Withtheexception
of CAPRIE, these were almost exclusively aspirin
trials. The efficacy of aspirin prophylaxis is also
evident from the rebound phenomenon, that is,
occurrence of vascular events after withdrawal of
the compound in aspirin-treated high-risk patients
[75, 76]. Another issue is the selection of the opti-
mum dose of aspirin. This discussion was started
soon after the publication of the first positive ran-
domized studies in patients with unstable angina.
The idea was to identify the lowest effective dose to
avoid the dose-dependent side effects, in particular
on the stomach, but still to have maximum protec-
tion, that is, safe and sufficient (>95%) inhibition of
platelet-dependent thromboxane formation.
One of the first studies, addressing this issue,

was the �Cottbus Reinfarction Trial� by F€orster and
colleagues in Germany [77].

In this prospective population-based study, all patients
less than 70 years of age in the district of Cottbus (former
East Germany) who suffered an acute myocardial
infarction in the years 1981–1983 were included. After
initial application of 2� 5000 IU heparin for the first 4
days after the acute event, treatment was continued with
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Figure 4.6 Life table analysis of rates of death and MI in patients with acute coronary syndromes and myocardial ischemia
(ST depression) during exercise testing. Patients were randomized to placebo or aspirin (75mg/day) at the time of
hospital discharge (time¼ 0) [74].
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1000mg/day aspirin for the first 2 weeks. The 701 eligible
patients were then randomized to treatment with either
30 (once or bid) or 1000mg aspirin daily according to the
location of the hospital (quasirandom design). The
question was whether the efficacy of the 1000 and 30
(60)mg daily aspirin was comparable and whether there
were less side effects in the low-dose group. Therewas no
placebo control group.
After 2 years, there was a significant reduction of

reinfarctions in the 30mg group, by 58%, as compared to
the group receiving 1000mg aspirin. These beneficial
effects of low-dose aspirin were still evident 4 and 6 years
after the end of the controlled trial (the study was
continued as an open trial). At this time, the incidence of
nonlethal myocardial infarctions was reduced by 50% in
patients previously treatedwith 30mgaspirin as opposed
to those who had received the 1000mg dose.
The conclusion was that 30mg aspirin per day is

sufficient for the secondary prevention of myocardial
infarction. Higher doses are not necessary and might
even be dangerous because of the expected increased
incidence of side effects [78].

This study was the first to suggest beneficial
effects of lowest dose aspirin in secondary preven-
tion of myocardial infarction. However, like many
other innovative studies, the Cottbus trial has also
caused a number of controversial discussions.
These included the study design (initial treatment
with high-dose aspirin), patient selection (no
�random� randomization but hospital-specific dis-
tribution of patients to the treatment groups), het-
erogeneity in both the entrance criteria and con-
comitant treatments (linseed oil!), possible compli-
ance problems, and the fact that no placebo group

was included [79]. The absence of placebo at the
time when the study was conducted was not a
matter of ethical concerns since the efficacy of
long-term aspirin treatment in secondary preven-
tion was unknown.While the possibility exists that
30mg aspirin is effective, as suggested by the
authors, it canalsonotbeexcluded that the1000mg
dosewas less effective ornot effective at all, as seen,
forexample, inaplacebo-controlled trial inasimilar
group of postinfarction patients [80] (see below). It
is also questionedwhether 30mg aspirin per day is
sufficient to obtain an efficient inhibition of throm-
boxane formation [10]. Importantly, all patients,
irrespective of their later randomization, had re-
ceived 1000mg aspirin daily during the initial
postinfarction period (days 5–14 after the acute
event). Thus, while the study hadmerits, it did not
answer the question for an optimum low-dose
aspirin regime for long-term reinfarction prophy-
laxis in postinfarction patients.
Two other trials have investigated the efficacy of

low-dose (100mg/day) aspirin versus placebo [81]
or high-dose aspirin (1000mg/day) [80] in postin-
farction patients in a prospective, randomized,
placebo-controlled manner. Treatment was started
within 4–7 h after the acute event. In both studies,
therewas a significant reductionof the incidenceof
reinfarctions, by 44–55%, respectively, within 3
months with the 100mg dosage but not with place-
bo or the 1000mg dose. Infarct size at 3 days was
unaffected as was the cardiovascular death rate at 3
months (Table 4.5) [81]. Husted et al. [80] addition-

Table 4.5 Secondary prevention in patients with acute myocardial infarction by low-dose aspirin (100mg/day) as compared
to placebo at 3 months.

Parameter Aspirin (n¼ 50) Placebo (n¼ 50)
Significance (aspirin
versus placebo)

Mortality 10 (20%) 12 (24%) n.s.
Re-infarction 2 (4%) 9 (18%) <0.05
Unstable angina 14 (28%) 11 (22%) n.s.
Infarct size (cumulative LDH
release in 72 h: IU/I� SD)

1431� 782 1492� 1082 n.s.

Nochange in infarct sizeat3days (LDHrelease) (modifiedafter [81]).Allpatientswereadditionally treatedwith5000 IUheparin
until complete mobilization.
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ally measured platelet aggregation and thrombox-
ane formation in their patients and found a com-
parable inhibition of both parameters by the 100
and 1000mg dose of aspirin. This suggested that
the worse clinical outcome with 1000mg aspirin
cannotbesimplyexplainedbyadifferent inhibition
of platelet function. Other (negative) effects of
aspirinmay be involved that only become apparent
at higher doses. One possible candidate is inhibi-
tion of prostacyclin formation (Section 2.3.1). In
these infarcted patients, an advanced stage of ath-
erosclerosis is likely. In this situation, a consider-
able proportion of prostacyclin is synthesized via
COX-2 [82]. This enzyme is less sensitive to aspirin
than COX-1. Clearly, anti-inflammatory actions of
high-dose aspirin would rather suggest beneficial
effects. Large randomized trials, comparing differ-
ent doses of aspirin, are necessary to clarify this
issue.

Aspirin and Fibrinolysis: The ISIS-2 Study Anti-
platelet therapy of acute coronary syndromes pre-
vents further thrombus growth and formation of
new thrombi. Lysis of preexisting thrombi allows
reopening of an occluded area and recovery of
cardiac function if it is effective and occurs early
enough.Anunwantedsideeffect of thrombolysis is
platelet activation. This is probably due to the
formation and release of platelet activating com-
pounds, specifically, thrombin, from the platelet–-
fibrin clot. This is associated with a more than 20-
fold increase in thromboxane formation, as seen
from enhanced excretion rates of thromboxane
metabolites [83]. Both lysis-induced hypercoagula-
bility and platelet hyperreactivity can cause throm-
botic reocclusion of the (reopened) coronary artery.
Theclinical significanceof theseevents– inhibition
of platelet function by aspirin in acute myocardial
infarction with and without lysis – has been dem-
onstrated for the first time in the ISIS-2 trial.

A total of 17 187 patients with clinical symptoms of acute
myocardial infarctionwere randomized to receive enteric-
coated aspirin (162mg/day¼ half a 325mg tablet), with
the first dose crushed, sucked, or chewed after admission

to the hospital for a rapid effect, i.v. infusion of
streptokinase (SK) (1.5 million IU/1 h), both active
treatments or neither treatment (placebo) within 5 h
after the acute event. Fifty-six percent of patients had a
transmural infarction (STEMI). The primary end point
was cardiovascular mortality at 5 weeks.
At the end of this observation period, there were 804

casesof vascular deaths in the twoaspirin (streptokinase)
groups as opposed to 1016 fatality cases in the placebo
group. This was equivalent to a reduction of vascular
mortality from 13.2% in the placebo group to 8.0% in the
group with combined treatment. Aspirin alone caused a
decrease inmortality by 23%, while streptokinase caused
a decrese by 25%. Both treatments were additive and
reduced mortality more significantly by 38%. There was
also a significant reduction of the number of reinfarctions
and (ischemic) strokes by 50 and 40%, respectively.
Aspirin alone reduced the number of reinfarctions from
284 in the placebo group to 156 in the treatment group,
equivalent to an absolute reduction from 3.3 to 1.8%.
There was a tendency for increased severe bleeds in both
treatment groups, 0.4% and 0.5% compared to 0.2% in
placebo, which, however, was only significant in the
streptokinase group. Importantly, there was no additive
effect on bleeding with the combined treatment.
The conclusion was that this study had shown for the

first time the utility of the low-dose aspirin, given on
patients� arrival at the hospital, to prevent reinfarction
and improve survival after 5 weeks. The study also
showed a synergistic effect of aspirin with streptokinase,
that is, a doubling of efficacy, but no synergistic effects on
bleeding [84] (Figure 4.7).
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These dramatic effects of aspirin were unexpect-
ed and, consequently, raised questions about the
aspirin�smechanismof action, as thedrug remains
active for short time after the acute ischemic event
but determines patients� survival after weeks. A
post hoc analysis showed that the early survival
advantage in the active treatment groupswasmain-
tained for at least 10 years [85]. Inhibition of en-
hancedthromboxaneformation(Figure4.1),which
continues for hours within the already existing
thrombus, and its potentiation by lysis is likely.
However, other actions of aspirin may also have
contributed, for example, acetylation of fibrinogen
(Section 2.3.1), towardmaking polymerized fibrin-
ogen more susceptible to fibrinolysis, as well as an
inhibition of thrombin formation [86]. Whatever
the final explanation might be, it was the ISIS-2
study that led to the introduction of aspirin as afirst
therapeutic measure in (suspected) acute myocar-
dial infarction.
These positive data on aspirin in myocardial

infarction alone and in combination with fibrino-
lytics were confirmed in a number of follow-up
trials. According to a meta-analysis, the following
results were obtained at 1 month after the acute
event: fibrinolysis alone reduced the vascular mor-
tality in comparison to placebo by 24% (placebo
3%), fibrinolysis plus aspirin by 40% (placebo 8%).
This confirms the clinically highly relevant syner-
gism between aspirin and fibrinolytics, originally
found in ISIS-2. However, streptokinase in the
meantime has been replaced by more selective,
that is, thrombus-specific fibrinolytics, such as
plasminogen activators.

4.1.1.6 Clinical Trials: Percutaneous Coronary
Interventions
Treatment of ACS by percutaneous coronary inter-
ventions, that is, PTCAwith orwithout subsequent
implantation of an endoprosthesis (stent) is the
therapeutic alternative to fibrinolysis to open an
occluded coronary artery and currently the treat-
ment of choice in appropriately equipped cardio-
coronary units with skilled investigators. Neither
PTCA nor stent implantation alters the natural

history of coronary heart disease. However, these
will improve symptoms and, eventually, extend the
time interval until the next coronary intervention,
but will not prolong survival.
Similar tofibrinolysis,PCI is also associatedwith

platelet activation, here due to procedure-related
loss of vascular endothelium and exposure of the
thrombogenic subendothelium to the circulating
blood. The clinical success of PCI is limited by two
complications: in-stent thrombosis and restenosis
of the reopened vessel by excessive neointima
formation and matrix generation.

Thrombus Formation and In-Stent Thrombosis
Thrombus removal and ballooning of the occluded
area in ACS immediately restores blood flow and
moves the dispersed thrombus particles down-
stream. Other particles, including calcified tissue,
are translocated into the vessel wall, eventually
causing a thrombotic/inflammatory reaction in the
vessel wall with the activation of the platelet, activa-
tion of the clotting cascade, and formation of
thrombus.
In-stent thrombosis is a random but acute life-

threatening event. Recent evidence suggests that
drug-eluting stents might have a higher potential
for in-stent thrombosis than bare-metal stents. The
combined use of different types of antiplatelet
agents, that is, aspirin plus clopidogrel, will reduce
this risk if treatment is performed for a sufficiently
long time after stenting. According to randomized
trials, the combination of antiplatelet compounds
appears tobesuperior to the combinationof aspirin
with oral anticoagulants.

Restenosis Another aspect of PCI-induced injury
of the vessel wall is migration and proliferation of
vascular smooth muscle cells, natural processes
during wound healing. However, in the absence
of endothelial control, they may result in a critical
lumen loss in the stent area, that is, restenosis.
This lumen loss is due to the formation of a
neointima from vascular smooth muscle cells,
generating extracellular matrix that is finally cov-
ered by endothelium.
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About 30–40% of patients subjected to PCI ex-
hibit a clinically relevant late lumen loss due to
neointima formation. Thisfigure has continuously
decreased with improved procedural technologies,
including stent design and stent materials. The
inhibition of cell proliferation by covering stents
with growth inhibitory compounds, such as pacli-
taxel or sirolimus, will inhibit not only the prolifer-
ation of smooth muscle cells but also the endothe-
lial coverage. This probably contributes to the in-
creased thrombogenicity of currently used drug-
eluting stents. The only available placebo-con-
trolled PCI study with aspirin alone shows a signif-
icantly reduced restenosis rate: 30% versus 41%
[87]. However, this effect is too small to become
clinically relevant.Accordingtocurrentknowledge,
aspirin and clopidogrel prevent thrombotic events
associated with PCI but not restenosis. This sug-
gests separate mechanisms for these events and
agrees with early studies, which also found no
correlation between inhibition of platelet function
by aspirin and restenosis after PTCA within 3
months [88].

Both smooth muscle cell proliferation and migration are
stimulated by the coagulation factors Xa and thrombin in
a receptor-mediated manner [89, 90]. Both coagulation
factors can also be generated by vascular smoothmuscle
cells from zymogens in circulating blood and might
significantly contribute to intima proliferation and
restenosis [90]. Therefore, inhibitors of thrombin and
factor Xa formation, such as coumarins, may not only act
as anticoagulants but may also reduce restenosis. Two
recent studies have shown that coumarin pretreatment
prior to PCI in addition to aspirin significantly improved
the clinical outcome in PCI patients. Therewas a 67% risk
reduction in late events and an angiographically signifi-
cantly larger vessel lumen at 6 months after PCI in
coumarin-treated patients [91, 92]. Thus, synergistic
effects of inhibition of thrombin formation by direct
anticoagulants and inhibitors of platelet activation, such
as aspirin, might prevent not only thrombus formation
but also restenosis. Specific, orally active low molecular
weight thrombin inhibitors (dabigatran), inhibitors of
factor Xa (rivaroxaban, apixaban) and thrombin receptor
antagonists (SCH 530348, E5555) are in preclinical trials
and might offer new options for combined anticoagu-
lant/antiplatelet treatment in the prevention of PCI
complications.

4.1.1.7 Clinical Trials: Coronary Artery BypassGraft
Surgery (CABG)
Surgical revascularization of coronary arteries by a
bypass vessel is another option to restore sufficient
blood supply to ischemicmyocardium, but it is also
associated with significant platelet activation. This
is partially due to the surgical procedure itself,
specifically the extracorporeal circulation. This will
expose platelets to artificial surfaces, causing plate-
let adhesion, activation, secretion of storage pro-
ducts, and a significant drop of circulating platelet
count. Thus, thrombotic reocclusion of successful-
ly transplanted vessels is an inherent problem of
bypass surgery and an appropriate antithrombotic
treatment is strongly suggested.
Restitution of organ perfusion after opening of

the bypass vessel is associated with an intense
inflammatory response. This involves platelet acti-
vation and adherence to the injured vascular endo-
thelium, intravascular thrombosis, and eventually
organ ischemia and infarction [93]. At later times,
migration and proliferation of vascular smooth
muscle cells follows as atherosclerosis proceeds.
Thus, similar to PCI, two thrombosis-related phe-
nomena require conservative treatment: preven-
tion of acute thrombotic vessel occlusion and pre-
vention of late stenosis, probably initiated by the
thrombotic/inflammatory process. However, anti-
platelet treatment is associated with an increased
risk of bleeding thatmay become a problemduring
surgical interventions.

Risk of Bleeding Versus Risk of Thrombosis Anti-
platelet therapy enhances the risk of bleeding.
This has caused concerns among surgeons,
which may override the risk of thrombotic vessel
occlusion. At least for aspirin, life-threatening
bleedings are not to be expected in cardiovascular
indications. A recent review on the effect of
preoperative aspirin on bleeding risk in patients
undergoing coronary artery bypass surgery came
to the conclusion that an aspirin-related bleeding
risk exists but may be avoided by the use of
aspirin at low doses (<325mg) [94] (Section
3.1.2). In contrast, there is definitely a risk for
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thrombotic graft occlusion, in particular, in car-
diac surgery. In a series of 2606 consecutive
patients who had to undergo a CABG procedure,
63% of them, that is, 1900 patients had taken
aspirin within the past 12 h prior to surgery.
Twenty-three percent of these patients required
postoperative blood transfusion as opposed to 19%
of patients without previous aspirin. This differe-
ncewas only significant in a high-risk group [95]. In
addition, aspirin withdrawal in these patients in-
creased the risk for clinically relevant transplant
occlusions, that is, myocardial infarctions [96].

Aspirin and Early Thrombotic Vessel Occlusions
Treatment with antiplatelet drugs, such as aspirin
or clopidogrel, is commonly employed in patients,
subjected to coronary artery bypass surgery. First
controlled trials showed protection of early throm-
botic bypass occlusions of arterial bypasses by
aspirin pretreatment while the results of venous
graft were controversial [97–99]. In some studies,
there was an increased risk of bleeding. A large
case–controlstudyconfirmedadecreasedmortality
inCABGpatientsbypreoperativeaspirin treatment
in the absence of any significant increase in hemor-
rhages or related morbidities [100].
According to the meta-analyses of the Antiplate-

let/AntithromboticTrialists�Collaboration,patients
subjected to bypass surgery appear to be less well
protected from a vascular atherothrombotic event
than patients subjected to PTCA [10]. A possible
explanationfor this isaspirin�resistance� [101,102].
However, treatment of thesepatientswith antiplate-
let agents is an essential procedure. A recent pro-
spective trial has investigated the benefit/risk ratio
of early aspirin treatment on the survival of CABG
patients.

A total of 5022 patients undergoing coronary bypass
surgery (cardiopulmonary bypass) who survived the first
48 h after surgery were included in a prospective
multicenter study to discern the relation between early
aspirin use and clinical outcome after 30 days. Patients
received a total dose of 80–650mg aspirin, according to
the hospital recommendations, within the first 48h after
surgery or received no aspirin.

There were significantly more patients on aspirin on
admission – 52% versus 39% ( p< 0.001) – however,
only 1.3% of patients on aspirin (40 out of 2099) died
48 h after surgery or later as opposed to 5.0% (81 out of
2023) on placebo ( p< 0.001). In addition, in compari-
son to patients without aspirin, treatment caused a
48% reduction in the incidence of myocardial infarc-
tions – 2.8% versus 5.4%; a 50% reduction in the inci-
dence of strokes – 1.3% versus 2.6%; a 74% reduction
in renal failure – 0.9% versus 3.4%; and a 62%
reduction in bowel infarction – 0.3% versus 0.8%.
There was no increased risk either for hemorrhage or
for gastritis, infections and impaired wound healing by
aspirin. There was also no dose dependency of these
aspirin actions.
The conclusionwas that early aspirin after CABG is safe

and reduces the risk of death and ischemic complica-
tions, involving the heart, brain, kidneys, and gastrointes-
tinal tract. There is no evidence of severe bleeding
complications [96].

These are remarkable findings, suggesting at
least twofold higher efficacy of aspirin in the pre-
vention of thrombotic vessel occlusions than in
�conventional� secondary or primary prevention.
However, the study was also criticized for several
reasons, including the fact that the treatmentgroup
assignment was nonrandomized. Since aspirin
was used as a single therapy in this particular trial,
these findingsmay have overestimated the efficacy
of aspirin that might be achievable in clinical prac-
tice. The study also did not address the long-term
outcomes for these patients, later than 1 month.
Nevertheless, this trial suggests that early aspirin
might be associated with a remarkable 68% (!)
reduction in overall mortality and substantial re-
ductions in the rates of ischemic complications,
affecting the heart and other organs. Importantly,
there was no increased risk of bleeding, possibly
because of the marked inflammatory response
associated with the procedure. Accordingly, there
was no reason to increase the coagulation potential
by the infusion of platelets, clotting factors, or
antifibrinolytic drugs but rather therewas evidence
that all of these procedures might increase organ
failure [96]. In a preface to this article, it was
discussed whether the efficacy of aspirin might
even have been underestimated because only

4.1 Thromboembolic Diseases j245



48 hsurvivorswere includedin thestudy. Itwasalso
suggested that in addition to antiplatelet effects,
other pharmacological properties of aspirin might
have been involved, for example, anti-inflammato-
ry actions [103] or inhibition of platelet-induced
activation of monocytes. Aspirin was shown to
inhibit platelet/monocyte interactions in bypass
patients by 25% [95]. Similar beneficial result, that
is, a 27% reduction in mortality without increased
bleeding was also previously shown in a large
case–control study with preoperative aspirin
administration [100].

Aspirin and Late Bypass Graft Occlusions Early
studies have obtained some positive trends for the
prevention of late transplant occlusion by aspi-
rin [98]. A retrospective nonrandomized analysis
showed an enhanced 5-year survival rate in regular
aspirin users [104]. Interestingly, a recent meta-
analysis reported that the efficacy of aspirin in this
indication may depend on the dosage – medium
doses being more effective than low doses during
the first year after surgery [105]. Another prospec-
tive randomized placebo- and compliance-con-
trolled double-blind trial in CABG patients also
showed significant improvement of angiographic
graft patency after aspirin intake compared to pla-
cebo: 1.6% versus 6.2% at one week and 5.8%
versus 11.6% at one year for aspirin (324mg/day,
given within 1 h after surgery) as opposed to
placebo [106].
Similar beneficial effects on long-term graft pa-

tency were not confirmed in all studies. Whether
these different findings are due to the time point
when aspirin was started, the aspirin-dosage or
patient-related factors – there were no diabetics or
patients with severe cardiac failure in the study of
Gavaghan etal. [106]– remains tobedetermined.As
mentionedabove,nonplatelet-derivedmitogenicand
proinflammatory factors may be involved in late
graft occlusion, including thrombin and other gro-
wth factors. Clearly, inhibition of platelet function
by aspirin alonemight not be sufficient for preven-
tion of the progression of atherosclerosis, which is
the ultimate cause of reocclusion of bypass vessels.

4.1.1.8 Aspirin and Other Drugs
Aspirin for cardiocoronary prophylaxis, the most
important indication for long-termadministration,
is frequentlyused incombinationwithotherdrugs,
including compounds that enhance the antiplatelet
and antithrombotic actions of aspirin, such as
thienopyridines (clopidogrel) and oral anticoagu-
lants (coumarins) as well as statins because of a
frequently coexisting hypercholesterolemia. Sever-
al new oral antithrombotics are currently subject to
clinical trials and might soon enter the clinics,
including new antiplatelet compounds such as
ADP-receptor antagonists, inhibitors of factor Xa,
and thrombin as well as thrombin receptor
antagonists [107]. On the contrary, aspirin might
cause unwanted side effects because of inhibition
of prostaglandin biosynthesis if stimulation of
prostaglandin biosynthesis is involved in come-
dications taken by the patients. This might be
relevant to inhibitors of the angiotensin-convert-
ing enzyme (ACE) as well as traditional NSAIDs
and coxibs.

Aspirin and Thienopyridines Aspirin inhibits
platelet function by inhibiting the thromboxane
formation, thienopyridines (clopidogrel, prasugrel)
by blocking an ADP-receptor subtype (P2Y12) at
the platelet surface that is involved in platelet
aggregation and secretion. Both compounds act
synergistically and independent of each other
(Section 2.3.1). The efficacy of clopidogrel in
cardiocoronary prevention was similar to that of
aspirin according to the CAPRIE trial [11]. Thus,
the combination of both drugs appears to be a
useful strategy to enhance the efficacy of treat-
ment, provided the benefit/risk ratio, that is,
mainly the risk of bleedings, remains acceptable.
According to the CURE-Trial Investigators [72],

combined use of aspirin with clopidogrel is super-
ior to aspirin alone in percutaneous coronary inter-
ventions in ACS and reduced the absolute risk of a
combined vascular end point (myocardial infarc-
tion, stroke, and cardiovascular death) by 2%. This
change was significant for the combined end point
but not for a single end point alone. At the same
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time, the rate of severe bleeding was increased
by 1%.
A new discussion about combined use of clopi-

dogrel came up, when it was seen that drug-eluting
stents are associated with a markedly, four- to
fivefold, increase of late in-stent thrombosis com-
pared to bar metal stents. The median time for
thrombus formation was 15–18months. This sug-
gests that theoptimumdurationofdual antiplatelet
therapy probably needs to be extended to about
1 year [108]. It has also been shown in an observa-
tional study that early withdrawal of clopidogrel
after stent implantation is associated with a signifi-
cantly increased cardiovascular mortality after 1
year according to the PREMIER Registry [109].
Another question is whether the combined use

of aspirin and clopidogrel also results in an im-
proved clinical outcome during long-term prophy-
laxis of patients at elevated atherothrombotic risk.
In other words, is it useful to generally replace the
currentmonotherapywith aspirin in these patients
by combining aspirin with clopidogrel? This issue
was studied in the CHARISMA trial.

CHARISMA was a prospective double-blind randomized
study in 15603 patients (age �45 years) at high athero-
thrombotic risk. Three-quarters of the patients (12 153)
already had suffered an atherothrombotic event (myocar-
dial infarction, cerebrovascular ischemic event) or had a
symptomatic peripheral arterial occlusive disease. One-
quarter (3284) of the patients were asymptomatic but
had multiple risk factors. Patients received aspirin
(75–162mg/day according to the discretion of the
doctor) plus placebo or aspirin plus clopidogrel
(75mg/day). Primary efficacy end pointsweremyocardial
infarction, stroke, and cardiovascular death. Primary
safety end points were severe bleedings. Secondary end
points were similar but additionally included hospitaliza-
tion because of vascular problems. The study end point
was set at 1040 events.
The predefined primary end point was obtained at

about 30 months in the total population. The cumulative
event rate of primary events at this time was 7.3% in
patients with aspirin and 6.8% in patients with the
combined treatment. Thiswas equivalent to a relative risk
reduction by 7.1% with wide variations (95% CI:�4.5 to
þ 17.5) and not different from the treatment with aspirin
alone (p¼ 0.22). There was a slightly improved efficacy in

secondary end points in the group with combined
treatment: 16% versus 17.9% (p¼ 0.04). The number
of severe bleeds was not different. However, there were
significantly more �moderate� bleeds (including those
that required transfusion) in the combined group.
According to a subgroup analysis of primary efficacy

end points of symptomatic and asymptomatic patients,
there was a slight but significant (p¼ 0.046) benefit in
favor of the symptomatic patients, that is, secondary
prevention, but no benefit, or rather a tendency for a
deleterious effect, in asymptomatic patientswithmultiple
risk factors without preceding vascular event (p¼ 0.20).
Of concern in this group was a significant increase in
cardiovascular (p¼ 0.01) and total (p¼ 0.04) mortality
after combined treatment.
The conclusion was that the combined use of

clopidogrel and aspirin tends to improve the efficacy of
secondary prevention in symptomatic patients who
already had suffered a vascular event. The combined
use of aspirin and clopidogrel cannot be recommended
for primary prevention in patients with risk factors but
without preceding vascular event. In these patients, addi-
tion of clopidogrel to aspirin might increase cardiovascu-
lar and total mortality as well as the risk of bleeding [54]
(Figure 4.8).

Aspirin and Anticoagulants Exposure of the in-
jured or dysfunctioning vessel wall to streaming
blood promotes not only platelet adhesion and
aggregate formation but also activation of the coag-
ulation system. This occurs predominantly at the
surface of the platelet–fibrin clot and results in
increased thrombin formation and enhanced
thrombin activity in plasma. Treatment with oral
anticoagulants reduces the long-term (years) elevat-
edthrombin levels inpatientsafteracutemyocardial
infarction. Aspirin does not have this activity [110]
and also does not inhibit thrombin-induced platelet
activation. This is the reason for the consideration
of anticoagulants as alternatives or comedication
to antiplatelet compounds, such as aspirin.
Beneficial actions of oral anticoagulation at low

INR (1.5) have been shown in primary prevention
ofhigh-risk patients. These effects ofwarfarinwere
amplifiedbycomedicationofaspirin [51].However,
dataon secondarypreventionwere less convincing.
Fixed low-dose warfarin (INR 1.2–1.5) was not
found to provide any additional clinical benefit
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when combined with aspirin (160mg/day) over 14
months in patients after acute myocardial infarc-
tion but doubled the risk for spontaneous major
hemorrhages [111]. Similar negative results were
obtained in theOASIS trial, studying the efficacy of
moderate-intensity oral anticoagulants in addition
to aspirin in patients with unstable angina (NSTE-
MI).Therewas a small benefit after5monthsby the
combined treatment; however, it also became clear
that there were compliance problems with the oral
anticoagulants and the investigators suggested that
a good compliance to these compounds could po-
tentially lead to clinically important reductions in
major ischemic cardiovascular events [112]. A sim-
ilar result was seen in the CHAMP study: low-INR
(median 1.8)warfarin didnot provide an additional
benefit in postmyocardial infarction patients trea-
ted with aspirin (162mg) [113]. In patients with
acute coronary syndromes and prior CABG, com-
bined therapy with aspirin and warfarin (INR

2.0–2.5) was not superior to low-dose aspirin
alone in the prevention of recurrent ischemic
events [114]. Thus, themajority of available studies
indicates that the combined use of aspirin and low-
INR anticoagulants does not provide additional
therapeutic benefits but increases the risk of bleed-
ings. A possible exception are lysis patients with a
particular high risk of reocclusions of the infarcted
coronary artery (APRICOT-2 Trial, [115]). In con-
trast, the efficacyof full-range anticoagulation (INR
2.8–4.2) in secondary prevention of cardiovascular
events was clearly demonstrated in two other
large randomized, double-blind, placebo-controlled
trials. However, there was also a fourfold increased
risk of major bleedings [116–118].
Theavailabledatasuggest that inasettingofgood

compliance and well-organized INR monitoring,
addition of oral anticoagulants (INR > 2) to aspirin
seems to be beneficial. Safety of combined aspirin
and dose-adjusted anticoagulation also appears to

Months since randomization

0

2

4

6

8

0 6 12 18 24 30

C
um

ul
at

iv
e

ev
en

t r
at

e 
(%

) 10

Months since randomization

2

4

6

8

0 6 12 18 24 30

C
um

ul
at

iv
e

ev
en

t r
at

e 
(%

) 10
8.8%

7.3%

Clopidogrel 
+ aspirin

Placebo 
+ aspirin

6.8%
7.3%

Clopidogrel 
+ aspirin

Placebo 
+ aspirin

0.6 0.8 1.41.2
Aspirin betterClopidogrel + aspirin better

1.60.4

Qualifying CAD, CVD, or PAD (n = 12,153)

Multiple risk factors (n = 3284)

Overall population (n = 15,603)

0.88 (0.77, 0.998) 0.046

1.20 (0.91, 1.59) 0.200

0.93 (0.83, 1.05) 0.220

Population RR (95% CI) p

(a)

(c)

(b)

1.0

RRR: 17.1 % RRR: 7.1% 
p =0.22 p =0.01

Figure 4.8 The CHARISMA trial. Cumulative event rate of primary end points (myocardial infarction, stroke, and
cardiovascular death) in the overall population (a) and the subpopulation with a previous qualifying event (b) and in
patients with multiple risk factors without a prior qualifying vascular event (c). There was no difference in the overall
population between the two treatment groups and rather a tendency in favor of aspirin alone in the multirisk factor
group, whereas the opposite was seen in patients with a previous qualifying event (for further explanation see text) adapted
from data in [54].
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be acceptable. There is a two- to threefold increased
risk of minor and major bleedings, without an
increased risk of intracerebral hemorrhage [119].
Thus, there is evidence for a synergistic and clini-
cally relevant effect of combined aspirin and
coumarins. Possibly, new anticoagulants, such as
(orally active) thrombin inhibitors (dabigatran) or
inhibitors of factorXa (rivaroxaban, apixaban),may
overcome this problem and extend the range of the
clinical useful combination of aspirin with (oral)
anticoagulants.

Aspirin and ACE Inhibitors Aspirin and ACE in-
hibitors are frequently used in combination to treat
coronary heart disease, hypertension, and chronic
heart failure.ACE inhibitors stimulate prostacyclin
formation via inhibition of bradykinin breakdown
and this is probably part of their clinical efficacy.
Thus, COX inhibition by aspirin might reduce or
abolish this pharmacological action of ACE inhibi-
tors. The clinical consequences would depend on
the significance of (stimulated) prostaglandin bio-
synthesis for the particular disease and patient,
respectively.
In agreement with this hypothesis, the avail-

able study data are variable and the results obvi-
ously influenced by the (severity of) basal disease.
An antagonism of ACE inhibition by aspirin was
seen in 1 out of 5 trials in hypertension, 1 out of 4
trials in coronary heart disease, and 9 out of 13
trials in congestive heart failure. These interac-
tions were more likely to occur at higher doses of
aspirin (>250mg/day) [120]. However, all of these
trials were retrospective with �weak� hemody-
namic end points. The SOLVD trial was one of
the first studies to suggest a possible reduction of
efficacy of ACE inhibition by enalapril after aspi-
rin cotreatment [121]. However, a more detailed
analysis of this and other related studies on this
issue has shown that this finding may be study
specific and should not be extrapolated to ACE
inhibitors in general [122]. Another recently pub-
lished large epidemiological trial on more than
7300 patients with heart failure was also unable
to show negative effects of aspirin cotreatment,

also at higher doses, on the positive actions of
ACE inhibitors, including the prolonged patients�
survival [123].
Prospective randomized trials with hard end

points (mortality) are definitely needed to answer
the question of a possible ACE/aspirin interac-
tion [120, 124]. Until these studies are available,
lower doses of aspirin, that is, �100mg/day
should be used, specifically in patients with
congestive heart failure, who are treated with ACE
inhibitors. Here, sartans, that is, selective inhibi-
tors of angiotensin II AT1 receptors, are therapeu-
tic alternatives because they do not interfere with
kinin degradation and, therefore, will not modify
PGI2 biosynthesis.

Aspirin and Statins One of the most frequent and
important cardiovascular risk factors is hypercho-
lesterolemia. Therefore, appropriate treatment
with lipid-lowering agents, such as statins, is a
standard guideline recommendation with a well-
established clinical benefit. A recent meta-analysis
has shown an additive effect of aspirin and prava-
statin in thesecondarypreventionofcardiovascular
events [125]. Similar positive effects might be ex-
pected forother statins andwouldnotbesurprising
because of the long-known antiplatelet effects of
statins in hypercholesterolemic subjects [126].

Aspirin, Traditional NSAIDs, and Coxibs Recent
investigations have provided evidence for a pos-
sible drug interaction between some NSAIDs,
such as indomethacin and ibuprofen, with the
antiplatelet effects of aspirin [127] (Section 2.2.1).
The possible clinical significance of this finding
was demonstrated in a small population-based
study in patients with preexisting cardiovascular
disease. There was a significant increase of cardio-
vascular events in users of combined aspirin (<325
mg/day) and ibuprofen as opposed to aspirin alone
(p¼ 0.001). No such changewas seen by comedica-
tion of diclofenac or other NSAIDs. This suggests
that a combination of ibuprofen and aspirin may
be deleterious, possibly by antagonizing the anti-
platelet cardioprotective actions of aspirin in these
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patients [128]. A pharmacological inhibition of
aspirin action during comedication of dipyrone
(metamizol) has recently been reported andmight
be significant in case of postoperative analgesic
treatment of patients who underwent cardiocoron-
arysurgery [129].However, aclinical trialwith these
patients is still missing.
Of particular concern are possible deleterious

effects of selective COX-2 inhibitors (coxibs) on
the incidence of cardiocoronary events in patients
at elevated cardiovascular risk [130]. The VIGOR
study [131] has shown a significant increase
of myocardial infarctions by rofecoxib in patients
at medium cardiovascular risk (rheumatoid
arthritis) but not with naproxen. It has been
suggested that naproxen might have a beneficial
effect, possibly related to its relatively long half-
life (13 h) [132] and combined COX-1/COX-2
inhibition.
A central issue is whether coxibs may affect the

therapeutic benefits of aspirin in cardiocoronary
prevention, in particular, if patients are at elevated
risk. Vascular prostacyclin is mainly generated via
COX-2 and this isoform is markedly induced in
patients with atherosclerosis. This is associated
with an increased formation of PGI2 [82] (Section
2.3.1). Atherosclerosis is an inflammatory disease
and an enhanced generation of vasodilatory pros-
taglandins, that is, PGI2 and PGE2, may reflect an
increased demand of these mediators to maintain
hemostaticbalance, tokeepbloodpressure low,and
to antagonize platelet hyperreactivity [133]. Impor-
tantly, coxibswill not block aspirin-sensitive throm-
boxane formation via COX-1 of platelets. Subse-
quent to VIGOR, several other recent trials have
shown an increase in myocardial infarctions by
coxibs and there appears to be a correlation with
the preexisting cardiovascular risk [134]. A recent
epidemiological Finnish trial found that all
NSAIDs are associated with a modest increase in
risk for a first myocardial infarction [135] while
another reported amoderate increase in risk, com-
parable to high-dose ibuprofen and diclofenac but
notnaproxen [136].However, thediscussiononthis
issue is not closed yet [134, 137].

4.1.1.9 Actual Situation
Current recommendations on the use of aspirin in
prevention of cardiocoronary events are found in
actual guidelines. Risk calculators and tables are
available at www.med-decisions.comorwww.abso-
luterisk.com and were also published by Sanmu-
ganathan et al. [138] and Lauer [139], respectively.

Primary Prevention Because of the generally low
vascular risk, the expected benefit with aspirin is
also low in primary prevention. Currently, the
benefit/risk ratio is considered acceptable at an
annual (statistical) event rate of 1%.

Providing regular use of aspirin for primary prevention
in a population of 1000 individuals with a 5% risk for
coronary heart disease events over 5 years would mean
the following: prevention of 6–20 myocardial infarctions
at the costs of 0–2 hemorrhagic strokes and 2–4 major
gastrointestinal bleeding events. For patients with a risk
of 1% over 5 years, this would mean prevention of 1–4
myocardial infarctions at the expenseof the samenumber
of severe side effects. Thus, the benefit/risk ratio would
be considerably worse [140] (Figure 4.9).

In any case aspirin prophylaxis should only be
used in addition to control cardiovascular risk
factors, including dietary and lifestyle changes,
smoking cessation, and control of blood pressure.
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Figure 4.9 Absolute benefit (reduction in all cardiovascular
events; line A) and absolute harm (increase inmajor bleeds;
line B) by aspirin treatment in relation to the annual
cardiovascular event risk. (�) Extrapolated point of equal
benefit and harm: 0.22%/year. Suggested positive benefit/
risk ratio for aspirin prevention: �1%/year [138].
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Secondary Prevention Aspirin in high-risk pa-
tients, patients subjected to PCI, CABG, or those
with an already preexisting coronary heart disease
is recommended, if no contraindication exists.
According to the European Expert Consensus doc-
ument, in clinical situations when an immediate
antithrombotic effect is required (such as in the
case of acute coronary syndromes or in acute ische-
mic stroke), a loadingdose of 250–500mg (soluble)
aspirinmightbegivenatdiagnosis toensurearapid
and complete inhibition of TXA2-dependent plate-
let aggregation if no aspirin prophylaxis was per-
formed [141]. Similar recommendationswere pub-
lishedbytheAmericanHeartAssociation [140,142]
and the National Heart Foundation of Austra-
lia [143]. The recommended maintenance dose of
aspirin for the prevention of coronary events is in
the range of 75–325mg with Europeans tending
to lower and others tending to higher dose
recommendations.

Aspirin �Loading� Dose in ACS The immediate
application of a �loading dose� of 250–500mg
aspirinaswater-soluble lysinesalt i.v. isnowstrong-
ly recommended inmany countries for initial, that
is, prehospital, treatment of acute coronary syn-
dromes in the absence of contraindications. This
ratherhigh initialdose isnecessary forsaturationof
all COX-1 within the platelets. In case of acute
myocardial infarctions (by ECG criteria), prehos-

pital treatment with i.v. aspirin plus 5000 IU hepa-
rinhasbeen found tomarkedly improve theclinical
outcome, eventually resulting in an about 50%
reduction of mortality at 30 days [144]. Similar
results were obtained in two German Registries
(MITRA and MIR), including 22 572 patients with
STEMI; 92% of them receiving early (within 48 h)
aspirin treatment. The 8%, who did not because of
several reasons including relative contraindica-
tions or a critical clinical state, had an about three
times higher in-hospital mortality [145]. Similar
results were obtained in theGRACE-registry study,
including11 388patientswithandwithoutahistory
ofcoronaryarterydisease [146].Thus, initial aspirin
treatment at sufficiently high doses is quite effec-
tive and reduces significantly the incidence of a
(new) cardiovascular event, in-hospital complica-
tions, and mortality.

Stents According to current guidelines [147], PCI
is a treatment of choice in patients presenting with
STEMI if the appropriate technology and skilled
personnel are available. Adjunctive antiplatelet
treatment with aspirin plus clopidogrel is a thera-
peutic standard. Drug-eluting stents are associated
with a higher risk of late in-stent thrombosis as
opposed to bar metal stents and require a longer
maintenance of dual antiplatelet therapy. The opti-
mum time is still unknown, but may be 1 year and
more.

Summary

Thromboembolic complications of coronary vas-
cular disease are acute coronary syndromes, that
is, instable angina, myocardial infarction, and
sudden cardiac death. They result from a patho-
logical interaction between platelets and the ves-
sel wall and are caused by thrombus formation in
a large coronary artery. Aspirin prevents platelet-
dependent thromboxane formation and all
thromboxane-related consequences for platelet
function. This is the rationale for its prophylactic
use in cardiocoronary prevention.

Aspirin is the drug of choice for secondary and
primary prevention of cardiocoronary events at
conventional antiplatelet doses (about 100–300
mg/day). Overall, there is a 15% risk reduction in
primary and a 25% risk reduction in secondary
prevention. These beneficial effects have to be
balancedagainstsideeffects,mostnotablyableed-
ing tendency. Actual guidelines consider this risk
as acceptable, if the (statistical) benefit/risk ratio is
at least 2:1 or the average annual risk of a vascular
event �1% or �10% in 10 years.
In primary prevention inmen, themajor effect

isprotection fromcardiac events, and inwomenit
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4.1.2
Cerebrovascular Diseases

Etiology Cerebral ischemia is the consequence of
impaired cerebral blood perfusion due to obstruc-
tionsof thecerebral circulation.Theseobstructions
may result from atherosclerotic narrowing of cere-
bral blood vessels, including plaque formation in
carotid arteries. Embolic occlusions are caused by
plaque rupture or thrombi from other sources,
most notably cardiogenic thrombi in atrial fibrilla-
tion. Consequences are cerebral dysfunctions
whose kind and severity are determined by the
location and size of the obstruction as well as the
duration of ischemia. Clinically, cerebral ischemia
presents with transient ischemic attacks (TIAs),
�minor,� or major stroke.

Epidemiology and Types of Stroke Major stroke, if
not resolved, is the most disabling disease with
individual and social consequences that are much
more significant than critical ischemia of the heart
or lower extremities. The annual stroke rate in-
creases markedly not only with increasing age but
also with increasing numbers of risk factors, most
notably hypertension and hypercholesterolemia.
This is the reason for intense preventivemeasures,
in particular, appropriate changes in lifestyle and
medical treatment.
There are principally two different categories of

stroke: intracranial bleeding (15% of strokes) and
cerebral ischemia (85% of strokes). Both have a
relationship with aspirin. Hemorrhagic stroke is
an important aspirin-related side effect while the
prevention of ischemic stroke is a major thera-
peutic goal of aspirin treatment. Importantly,
ischemic stroke is also multifactorial. Most fre-
quent reasons are large-artery atherosclerosis and
atherothrombosis (20–30%), microatheroma and
other small artery occlusive diseases (lacunar
stroke) (20–25%), and cardiogenic embolism
(15–20%). Atrial fibrillation is the most frequent
cardiac reason of ischemic (embolic) cerebral
infarctions and accounts for about 25% of strokes
at the age of 75–84 years [148]. The remaining

causes are of other (5%) or cryptogenic (30%)
etiology [149].
The different etiologies of ischemic stroke – in

contrast to the rather monocausal myocardial
ischemia – largely determine the efficacy of treat-
ment with antiplatelet compounds, including aspi-
rin.Largearteryatherothrombotic stroke is theonly
stroke subtype, which, as regard to its etiology, is
comparable to myocardial infarction. However,
there are important differences, which are also
therapeutically relevant. Myocardial infarction
usually arises from the rupture of an unstable
atherosclerotic plaque. This exposes collagen to
circulatingplatelets andeventually causes coronary
artery occlusion by platelet-dependent plug for-
mation. Stroke subsequent to macroangiopathy
(carotid stenosis) is almost always causedbyemboli
originating from the stenosed artery. Very rarely
does the occlusion of the carotid artery directly
cause �hemodynamic� stroke.
The heterogeneity in the etiology of ischemic

stroke is also reflected in the variable role of plate-
lets for vessel occlusion and, consequently, the
variable efficacy of antiplatelet drugs [150]. Low-
dose aspirin can be effective only if platelet-depen-
dent thromboxaneformation is thecritical event for
the plaque formation and obstruction of the cere-
bral vasculature. In contrast to other circulation
systems, human cerebral arteries are highly sensi-
tive to thromboxane and serotonin, another vaso-
constrictor [151], which is exclusively stored in
platelet-dense granules and released during plate-
let secretion. Thus, the therapeutic benefit of aspi-
rin in the prevention of cerebral ischemic insults
might differ from that of the cardiac ischemia and
there might also be gender [152] and racial [153]
differences. In addition, the HOT study (Section
4.1.1) demonstrated that comedicationof aspirin to
antihypertensives protects frommyocardial infarc-
tion but not from stroke. Because of this, the older
age of stroke patients, and their frequent comor-
bidities as opposed to patients with myocardial
ischemia, prospective randomized trials with cere-
brovascular end points provide more relevant in-
formation than cardiovascular prevention studies
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in middle-aged individuals. However, there are
only a few trials in the elderly (�75 years) although
these are the most stroke-prone population.

4.1.2.1 ThromboticRiskandModeofAspirinAction

Platelet Hyperreactivity and Thromboxane A2 Wu
and Hoak [154] originally demonstrated platelet
hyperreactivity in patients with cerebrovascular
diseases (TIA, stroke), which was sensitive to oral
aspirin treatment (Figure 4.10). Further studies
indicated that platelets become activated during
the passage of the cerebral circulation in TIA and
stroke patients, which can be prevented by aspirin.
This confirms an aspirin-sensitive mechanism of
platelet activation in cerebral ischemia [155]. An-
other evidence for a roleof aspirin-sensitive platelet
activation is the occurrence of ischemic strokes as
a �rebound� phenomenon in patients at elevated
risk after aspirin withdrawal [156–158]. Finally,
patientswithcerebrovasculareventsaremore likely
to suffer another cerebrovascular event than a

myocardial infarction. This points to different risk
determinants between these two forms of athero-
thrombotic events.
Platelet hyperreactivity in cerebrovascular dis-

eases isassociatedwithelevatedcirculating levelsof
platelet activation markers [159–161], elevated
platelet cytosolic Caþþ , and enhanced arachidonic
acid metabolism in platelets [162]. All of these
events can be largely normalized by treatment with
aspirin at 100mg/day [163]. However, this and
many other studies in patients were experimental
in nature and were not designed to provide infor-
mationabout theconsequencesofaspirin-sensitive
platelet hyperreactivity for the clinical outcome,
that is, primary or secondary prevention of stroke.
Specifically, the question whether 100mg/day as-
pirin is the maximum effective dose for cerebro-
vascular protection is not answered by this type of
studies, and there is evidence to suggest that stron-
ger antiplatelet treatment, for example, by com-
bineduseofaspirinandclopidogrel,mightbemore
effective on circulating platelet activation markers
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Figure 4.10 Platelet aggregate ratios in patients with TIA, healthy subjects and patients with TIA without thromboembolic
disorders (a) and the effect of oral aspirin (þ dipyridamole) on platelet aggregates ex vivo (b). The platelet count ratio
determines the proportion of nonactivated platelet in relation to total platelet count after maximum platelet stimulation
(thrombin). Count ratio of 1 is equal to a complete inactivation, decrease indicates an increased proportion of activated
platelets. Aspirin treatment reduces the number of activated platelets, as seen from an increased platelet count ratio
(b) (modified after [154]).
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than low-dose aspirin alone [164, 165]. However, it
has been questioned whether more platelet inhibi-
tion is the answer for more effective (secondary)
prevention or whether combination therapies, for
example, with vasoprotective agents, are a more
useful strategy for stroke prevention [166] (see
below).

Variability in Aspirin Responses Platelets of pa-
tients with cerebral ischemia are not only hyperre-
activebut also less sensitive to inhibitionbyaspirin.
Most notable is a large interindividual variability
regarding doses of aspirin, necessary for antiplate-
let effects [167–170]. This variability in stroke pa-
tients is seen in terms of both inhibition of platelet
aggregation and thromboxane formation, suggest-
ing an aspirin-insensitive component of platelet
hyperreactivity [171, 172] (Figure 4.11). Several
investigators have suggested that an incomplete
inhibition of platelet function might be overcome
by using combined antiplatelet treatment of aspi-
rin and clopidogrel [164, 165]. However, Grau
et al. [173] showed that the enhanced platelet acti-
vation in stroke patients was incompletely blocked
by aspirin, clopidogrel, or the combination of both.
Importantly, these studies as well as those by
Grundmann et al. [174] were done in whole blood
as opposed to the more conventional optical assay

techniques in platelet-rich plasma. A recent study
in TIA and stroke patients, comparing three differ-
ent technologies of measuring platelet function
came to the conclusion that the results are largely
test specific and the determination of their prog-
nostic value for clinical outcome can only be esti-
mated from appropriately sized randomized
trials [175]. In addition, the subtype of stroke and
its severity constitute another disease-relateddeter-
minant of aspirin efficacy [159, 176].
Similar limitations apply to themeasurement of

antiplatelet actions of aspirin in terms of throm-
boxane (Section 4.1.6). The excretion of a throm-
boxanemetabolite (11-DH-TXB2) is elevated inTIA
and stroke patients and significantly reduced by
aspirin treatment [177]. However, the relation to
outcome, that is, reoccurrence of cerebrovascular
events, is uncertain. Another study on this is-
sue [178], done in a subgroup of aspirin-treated
patients in theHOPE[179] trial, foundno increased
risk for stroke, in contrast to an increased risk for
myocardial infarction in patients less sensitive to
aspirin in terms of 11-DH-TXB2 excretion. The
failure to show this association for stroke isunclear.
The small number of strokes (n¼ 80) as well as the
unbalanced groups and scarcely studied stroke
etiology may be due to chance.

Aspirin Dosing The recommended aspirin dose
for stroke prevention according to guideline re-
commendations issimilar to that forcardiovascular
prevention, that is, about 100–325mg/day. The
clinical efficacymight be enhanced by cotreatment
with dipyridamole in extended-release formula-
tions. However, the ideal antiplatelet agent for
stroke preventionmight still be elusive [180]. Some
authors postulate that higher (i.e., 500mg/day and
more) doses of aspirin in (secondary) stroke pre-
ventionmightbemoreeffective than lowerdosesof
aspirin [181–184]. This information is, however,
derived fromsmall experimental studies, frequent-
ly looking at surrogate parameters, and might not
reflect sufficiently the real-life situation, which, in
particular in (ischemic) stroke, requires an individ-
ualized therapy. Thus, researchers should rather
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Figure 4.11 Variable arachidonic acid-induced platelet
aggregation and thromboxane formation ex vivo in 90
patients with acute ischemic stroke. Patients were either
�aspirin-naive� or treated with aspirin at antiplatelet doses
prior to stroke [172].

262j 4 Clinical Applications of Aspirin



lookfor themosteffective treatment inwell-defined
high-risk populations in appropriately sized ran-
domized trials and also consider the individual
stroke etiology.

4.1.2.2 Clinical Trials: Primary Prevention
Stroke is a disease of the elderly. These individuals
are frequently multimorbid and multidrug users.
This will influence compliance and make the eval-
uation of the efficacy of one particular medication
difficult. With increasing life expectancy in indus-
trialized societies, both the percentage and the
absolute number of elderly persons will increase,
eventually resulting in an increased risk of stroke.

Epidemiological Trials In several large observa-
tional studies on primary prevention, self-selected
use of aspirin was associated with higher rates of
strokes [185–188]. This, at a first view surprising
finding, is probablybecauseof study-related factors
such as ingestion habits and study protocols. For
example, theobservational cohort studyofKronmal
et al. [185] in more than 5000 men and women
above the age of 65 years suggested an increase in
stroke (ischemic and hemorrhagic) after 4 years in
�frequent� aspirin users. However, �frequent use�
was defined as using aspirin for only 10 out of 14
days. Thus, many patients probably had taken
aspirin not continuously on a long-term basis but
probably rather episodically for reasons other than
cardiovascularprevention. In treatmentofpainand
inflammation, higher doses of aspirin are required
and aspirin might have been used together with
traditional NSAIDs, which interfere with its anti-
platelet action (Section 2.3.1). Alternatively, ische-
mic events might have occurred with the interrup-
tion of aspirin treatment [189]. Rebound phenom-
ena, that is, the occurrence of TIA or stroke after
cessation of aspirin use, have also been described
[156–158]. Interestingly, regular use of aspirin, that
is, 1–6 tablets per week in the prospective nurses�
health study reduced not only cardiocoronary
events (Section 4.1.1) but also markedly the risk of
ischemic stroke due to thrombotic occlusions of
large-to-medium-sized cerebral arteries (RR 0.50;

95% CI: 0.29–0.85; p¼ 0.01). Women who took 15
or more tablets per week had an increased risk of
subarachnoid hemorrhage [190].

Prospective Trials in Apparently Healthy Individuals
The first large prospective randomized trials, that
is, the US Physicians� Health Study [191] and the
British Medical Doctors� Study [192] did not have
stroke prevention as a separate study end point.
Moreover, the study population consisted of mid-
dle-aged men with a very low risk of ischemic
stroke. It is, therefore,not surprising that theoverall
stroke rate remained unchanged. There was, how-
ever, a trend for increased hemorrhagic strokes in
both studies.
Somewhat different results were obtained in the

recent Women�s Health Study (see also Section
4.1.1).

A total of 39 876 initially healthy women (45 years of age
or older) were randomly assigned to receive 100mg
aspirin each second day or placebo (vitamin E). Primary
end points were cardiovascular death, nonfatal myocar-
dial infarction, and nonfatal stroke, and the secondary
end point was the individual risk in several subgroups.
The total observation period was 10 years.
During follow-up, 477 major cardiovascular events

occurred in the aspirin group as opposed to 522 in the
placebo group. This was a nonsignificant reduction in
events by 9% (RR 0.91; p¼ 0.13). Regarding the
individual risks (secondary end point), there was a
significant reduction in ischemic stroke in the aspirin
group by 17% (RR: 0.83, p¼ 0.04) but no change in the
risk of fatal or nonfatal myocardial infarctions (RR: 1.02;
p¼ 0.83). However, subgroup analyses showed a signifi-
cant reduction of risk of major cardiovascular events by
26%, ischemic stroke by 30%, and myocardial infarction
among women 65 years of age and older. There was a no
significant increase in hemorrhagic strokes.
The conclusion was that aspirin is effective in the

primary prevention of stroke in women but does not
provide protection from myocardial infarction [152].

The reasons for this surprising finding are not
clear and the study as such has been discussed in
more detail elsewhere in this book (Section 4.1.1).
It, however, demonstrates that aspirin-sensitive
risk factors that determine the incidence of stroke
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in the primary prevention among apparently
healthy women might be different from those for
myocardial infarction and also different between
men andwomen. An overview of published results
from the large randomized primary prevention
trials in men and women is summarized in Fig-
ures 4.12 and 4.13.

Hemorrhagic Stroke TheUSPHSandBMDSboth
showedan increased risk ofhemorrhagic strokes at
an unchanged number of ischemic strokes. In
subjects with stable angina in the US Physicians�
Health Study [191], there was a significant increase
in overall stroke rates, specifically, hemorrhagic
stroke, in the aspirin group [193]. This raises the

question of the risk/benefit ratio in aspirin prophy-
laxis of stroke.

The risk of hemorrhagic stroke associated with aspirin
treatment as opposed to its cardioprotective effects was
analyzed in a meta-analysis of all 16 randomized
controlled trials published until 1997. Only those studies
were included where the treatment with aspirin (or
control) was maintained at least for 1 month and the
subtype of stroke indicated. The study population
included 55 462 participants.
In this population, 108 hemorrhagic strokes were

identified at a mean aspirin dosage of 273mg/day and a
mean duration of treatment of 37 months. There was an
absolute increase in risk of hemorrhagic stroke by 12
events per 10 000 persons (95% CI: 5–20; p< 0.001) as
opposed to an absolute risk reduction in myocardial
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Figure 4.13 Aspirin in the primary prevention of stroke and MI in women [152].
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infarctions by 137 events per 10000 persons (95% CI:
107–167; p< 0.001) and in ischemic stroke of 39 events
per 10000 persons (95% CI: 17–61; p< 0.001).
The conclusion was that aspirin increases the risk of

hemorrhagic stroke. However, the overall benefit of
aspirin in the prevention of myocardial infarction and
ischemic stroke by far outweighs its adverse effects on the
risk of hemorrhagic stroke [194].

Taken together, current evidence suggests that
aspirinhasasignificantbut lowpreventivepower in
primary stroke prevention. This effect, however, is
only significant in women.

4.1.2.3 Clinical Trials: Secondary Prevention

Meta-Analyses Up to 40% of patients with tran-
sient ischemic attacks or stroke will suffer new
atherothrombotic events, in most cases stroke,
within the next 5 years. A review of 11 randomized
controlled trials of aspirin in about 10 000 patients
with previous stroke or transient ischemic attack
has shown that long-term aspirin reduced the total
risk of combined vascular events (stroke, myocar-
dial infarction, and vascular death) by 13%. This is
equivalent to an absolute risk reduction by 1% per
year or, in absolute terms, from 7 to 6% per year
[195, 196]. Regarding an annual risk of stroke of
15–20%inhigh-riskpopulations, this indicates that
most strokes even in high-risk populations are not
prevented by aspirin prophylaxis.
The explanation might be the heterogeneity of

strokes mentioned above. Cardiac emboli (about
15%of strokes) are the typical example of a platelet-
poor (red) thrombus that might cause cerebral
infarction but is not sensitive to aspirin. This sub-
type of stroke is the domain of oral anticoagulants
(see below). However, patients with generalized
atherosclerosis have not only an increased risk of
stroke but also ofmyocardial infarctions and cardi-
ac death. This additionally increases the protective
power of aspirin prophylaxis.

Prospective Studies Early randomized placebo-
controlled trials on aspirin prophylaxis in patients
with TIA and cerebral infarction yielded different

results. Only in one study there was a significant
protective action of aspirin with reduced incidence
of stroke andmortality by 13% [197]. In all studies,
the aspirin doses were high (1.3–1.5 g/day) as were
the dropout rates, in one study with 1.5 g aspirin/
day 34% [198].
These trials had also a low number of patients, a

low percentage of women and a low rate of (cere-
bral) events. All of these limitations might have
caused statistical problems in detecting possible
benefits of medical treatment. These weaknesses
stimulated several large prospective, randomized
multicenter trials. The first of them, comparing
different doses of aspirinwithplacebo,was theUK-
TIA trial; the second, comparinghigh and low-dose
aspirin, was the Dutch TIA trial.

The UK-TIA trial included 2435 patients with transient
ischemic attack or minor stroke. The patients were
randomized to receive �blind� treatment with low-dose
aspirin (300mg/day), high-dose aspirin (600mg bid), or
placebo for a follow-up of 6 years.
Taking the two aspirin groups together, there was a

significant reduction of strokes in comparison with
placebo. However, there was no significant effect in
either of the aspirin groups alone. This failure of aspirin
was explained by a statistical type II error (too low patient
numbers per group). There was a small, nonsignificant
reduction of vascular events (death, nonlethal stroke, and
nonfatal myocardial infarction) in the combined aspirin
groups by 15%. However, significant dose-dependent
differences existed with respect to bleeding: 600mg
aspirin bid caused 39GI bleedings versus 25 bleedings at
300mg aspirin and 9 bleedings with placebo. There was
no difference in bleeding time that was measured in a
subgroup of 120 patients [199], confirming the observa-
tion of several other studies that the antithrombotic
effects of aspirin are not paralleled by an increase in
bleeding time (Section 3.1.2).
The conclusion was that there is no significant

reduction in major stroke or vascular death by aspirin in
these high-risk, stroke-prone patients [200].
TheDutch TIA trial was also scheduled to compare two

different aspirin doses: 30mg/day versus 283mg/day in
a similar patient population. Inclusion criteria were
previous TIA or minor stroke due to arterial thrombosis
or thrombembolism (no atrial fibrillation!). The median
observation period was 2.6 years.
The vascular death rate was reduced by 14.7% in the

�low-dose� aspiringroup andby 15.2% in the �high-dose�
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group. This difference was nonsignificant. Despite the
significantly lower rate of minor bleedings with the lower
aspirin dose, neither the number of major bleedings (40
versus 53) (nonsignificant trend in favor of 30mg) nor GI
intolerance (164 versus 179 patients) was reduced at low-
dose aspirin.
It was concluded that 30mg aspirin was not less effec-

tive than the 283mg dose but had fewer adverse effects
[201].

The end point stroke in each therapeutic arm in
the Dutch TIA trial was rare, and the number of
strokes was not different between the groups. Ow-
ing to the low number of strokes, the study had low
statistical power, and more important, it was im-
possible to judge whether either dose was effec-
tive at all because there was no placebo arm. The
reason for this study design were (positive) inter-
mediate data of the aspirin group in the UK-TIA
Study Group [202], suggesting positive effects of
300mg aspirin versus placebo thatwere, however,
not confirmed after the trial was completed (see
above). The Dutch TIA study is often taken as an
evidence for the efficacy of 30mg/day aspirin in
stroke prevention. This has not been shown and,
in fact, it has never been demonstrated until now
that daily doses of 30mg aspirin are effective at all
in primary or secondary prevention of stroke or
myocardial infarction in a randomized, con-
trolled trial (Section 4.1.1).
The SwedishAspirin Low-Dose Trial (SALT)was

the first to study low-dose aspirin (75mg/day) in a
prospective, placebo-controlled, randomized trial
in patients with cerebrovascular disease [203]. This
was also the first study to clearly demonstrate the
efficacy of low-dose aspirin for stroke prevention in
high-risk patients.

A total of 1360 patients (65% men, mean age 67 years)
were randomized 1–4 months after TIA, �minor� stroke,
or retina thrombosis and received 75mg/day film-coated
aspirin or placebo. Patients with a cardiac source of
emboli, including those with atrial fibrillation or recent
(within 3 months) myocardial infarction, were excluded.
The observation period was 30 months. Primary end
points were stroke or death from any cause, secondary
end points other vascular events.

Aspirin significantly reduced the incidence of primary
end points by 18% (RR: 0.82, 95% CI: 0.67–0.99;
p¼ 0.02). Interestingly, the prevention of myocardial
infarctions (one secondary end point) by aspirin was
about twice as high: 36% (!). The rate of side effects was
22% in the aspirin and 18% in the placebo group.
However, all five lethal hemorrhagic infarctions occurred
in the aspirin group (p¼ 0.03) as well as 9 out of 13
severe GI bleedings, that required to stop the treatment.
The compliance rate (pill count) was >90% in 99% of the
patients. However, in terms of thromboxane levels, about
5% of patients in the aspirin and 10% in the placebo
group had plasma (serum?) thromboxane levels of
>100 ng/ml (!).
The conclusion was that 75mg/day aspirin significant-

ly reduces the risk of stroke and death in patients with
preexisting cerebrovascular ischemia. However, it was
also stated that a (total) risk reduction of vascular events
by 17–25% is substantial but far from being the ultimate
therapy since a large proportion of subsequent events
were not prevented. It was not excluded that higher doses
may be more efficient than the low dose used in this
study [203].

The two probably largest trials on recurrent
strokeprevention inpatientswithacute strokewere
the �Chinese Acute Stroke Trial� [204] and the
�International Stroke Trial� [205], both including
about 20 000 patients. These trials studied the
questionwhether aspirin protects fromearly recur-
rent stroke in real life, that is, a not particularly
selected patient population if it is started immedi-
ately after a suspected stroke. In addition, the
possibly increased risk of bleedings should be
estimated.

The design of the two trials was similar. However, in
CAST the control group was given placebo, whereas in
IST they were not, that is, this was an open trial. A
prospectively planned meta-analysis of these two studies
showed that aspirin caused a significant reduction in
recurrent ischemic stroke during the scheduled treat-
ment period: 4 weeks in CAST, 2 weeks in IST: 1.6%
versus 2.3% (p< 0.00 001) and a modest reduction in
death without further stroke: 5.0% versus 5.4% (2p
0.05). There was an increased number of hemorrhagic
strokes: 1.0% versus 0.8% (2p¼ 0.07). There was no
heterogeneity between the 28 subgroups of patients
studied.
The conclusion was that early aspirin is of benefit for a

wide range of patients and its prompt use should be
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routinely considered for all patients with suspected acute
ischemic stroke, mainly to reduce the risk of early
recurrence [206].

Theseandanotherprospective cohort study [207]
suggest beneficial effects of aspirin in the second-
ary prevention of stroke.

4.1.2.4 Aspirin and Other Drugs
Several attempts have been made to increase the
efficacy of antiplatelet treatment for the prevention
of stroke. One was the combination of aspirin with
dipyridamole, another the combination of aspirin
with antiplatelet drugs with a different mode of
action, most notably ADP-receptor antagonists
such as clopidogrel (Section 2.3.1). Finally, in pa-
tients with atrial fibrillation or other forms of
primary noncerebral thromboembolism as a cause
of stroke, oral anticoagulants, alone or in combina-
tion with aspirin, are the alternatives.

Dipyridamole Dipyridamole is a vasodilator and
weak inhibitor of platelet aggregation: both actions
are probably due to accumulation of cyclic GMP
after the inhibition of phosphodiesterase V and
subsequent activation of the NO/cGMP path-
way [208]. Because of this mode of action, dipyr-
idamole should synergizewith aspirinwith respect
to the inhibition of platelet aggregation. The
�European Stroke Prevention Study� [209] found
a significant reduction of strokes by 33% for the
combined use of aspirin (330mg tid) plus dipyr-
idamole. However, there was no aspirin-only treat-
ment arm. Thus, no evaluation of the effects of
single drugswas possible. In addition, a significant
proportion of patients stopped treatment because
of side effects, in particular headache, probably due
to the vasodilator actions of dipyridamole [210].
A follow-up trial addressing in detail the issue of

combined use of aspirin plus dipyridamolewas the
European Stroke Prevention Study-2 (ESPS-2)
[211]. In this study, �lowest� dose aspirin was
compared with placebo and dipyridamole both
alone and in combination. Dipyridamole was ap-
plied in anewextended-release formulation,which

allowed much higher total doses because of the
slow release of the active compound.

A total of 6602 stroke/TIA patients were treated with
aspirin (25mg bid), extended-release dipyridamole
(200mg bid), the combination of both or placebo over
2 years in a double-blind, randomized manner. Primary
end points were stroke and death, secondary end points
TIA and other vascular events.
Strokes and vascular events after first ever strokeor TIA

were significantly reduced by aspirin alone (18%), dipyri-
damole alone (16%), and the combination of the two
(37%). All of these changes were highly significant versus
placebo. There was no significant risk reduction for death
alone,myocardial infarctionaloneorothervascularevents
alone. Side effects were bleeding (aspirin groups) and GI
intolerance and headache (dipyridamole groups). The
incidence of orthostatic hypotension was not reported.
The conclusion was that aspirin and dipyridamole at

the dose and formulation used are equieffective in the
secondary prevention of stroke and TIA in these patients.
The combination of aspirin and dipyridamole acts as an
additive and is significantly more effective than either
treatment alone [211].

This study was the first to report a therapeutic
benefit (as well as an increased bleeding tendency)
for aspirin at the extremely low dose of 25mg bid
and extended-release dipyridamole alone as well as
an additive effect for the combination. These were
important findings; however, the therapeutic con-
sequences for clinical reality study are still under
discussion [180]. The ESPS-2 trial differed from
earlier studies, using aspirinplusdipyridamolenot
only because of its larger size but also because of
the relatively high dose of (extended-release) dipyr-
idamole (200mg versus 75mg), resulting in a
dipyridamole/aspirin ratio of 8 : 1. This excess of
dipyridamole was previously reported in experi-
mental settings tohave anadditive effect onhuman
plateletaggregationinhealthyvolunteers [212].The
dose of aspirin (25mg bid) used in ESPS-2 was
extremely low and had not been shown before to be
effective. However, it was effective in this study,
although it cannot be excluded that higher
doses of aspirin might have been even more effec-
tive. According to the Antithrombotic Trialists�
Collaboration [196], <75mg/day aspirin appears to
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be less effective than 75mg/day or more and there
was no evidence from any earlier trial that aspirin
plus dipyridamole was superior to aspirin alone in
the secondary prevention of vascular events [213].
In addition, aspirin alone at higher doses might
havehad the sameeffect as the combinationhad on
stroke prevention but additional benefits for cardi-
oprotection [214]. The dipyridamole component
did not increase the risk of myocardial infarctions
in this trial [215], although the number of patients
with coronary arterial disease (35%) andperipheral
arterial disease (PAD) (22%)was substantial. How-
ever, the benefit of aspirin for a simultaneous
cardiocoronary protection may be reduced. On the
contrary, significantly more patients in the two
dipyridamole groups (29%) finished the study
prematurely compared to the aspirin or placebo
group (22%), probably because thereweremoreGI
events and headaches.
The results of the ESPS-2 study were for a long

time the only results on the combination of low-
dose aspirin with dipyridamole. Recently, the
European/Australasian Stroke Prevention in Re-
versible Ischaemia Trial (ESPRIT) study was pub-
lished,whichwasaddressedtoreconfirmtheESPS-
2 data in a similar, randomized study population
but with an open design.

Aspirin (30–325mg/day, median dose: 75mg/day) was
given alone (1376 patients) or in combination with
200mg bid dipyridamole (1363 patients), mostly (83%)
in an extended-release formulation, to patients with a
previous stroke of arterial origin. Primary end point was
the composite of vascular death, nonfatal myocardial
infarction, and stroke or major bleeding complication.
The average duration of treatment was 3.5 years.
At least one primary outcome event was obtained in

13% of the patients with the combined treatment as
opposed to 16% in the group who was treated with
aspirin alone (RR: 0.80; 95% CI: 0.66–0.98) with the
intention to treat analysis. This was equivalent to a
reduction of the absolute risk by 1% per year. There were
no differences between the two treatment groups in
cerebral or cardiac events as single end points and no
differences in the occurrence of severe bleedings.
However, more than one-third of patients (34%) in the
combined group stopped medication because of side
effects, mainly (26%) headache, while only 13% of the

aspirin group interrupted treatment, mostly because of
medical reasons.
The conclusion was that this study – combined with

the result of previous trials – provides sufficient evidence
to prefer the combination of aspirin and dipyridamole
over aspirin alone as antithrombotic treatment for the
secondary prevention after cerebral ischemia of arterial
origin [216].

The studywas subjected to several criticismsand
comments [180].This includedtheopendesignand
the change in the study protocol from a three-arm
(including anticoagulation therapy) to a two-arm
trial but also the fact that one-third of the patients
discontinued treatment because of side effects of
dipyridamole (similar to ESPS-2). The last effect
was a particular issue of concern because of diffi-
culties tomaintain thecombined treatmenton long
term in real life. Because of different aspirin dos-
ing, the theoretically postulated optimum ratio of
dipyridamole/aspirin (8 : 1) was not obtained in all
patients and 17%of patients didnot use the extend-
ed-release formulation of dipyridamole. It was also
surprising and remained unexplained by the
authors why the dipyridamole-related almost two-
to threefold (34% versus 13%) higher dropout rate
during treatment did not result in any difference
betweenthe�intention-to-treat� and�on-treatment�
analysis of the study [217].Onepossible explanation
could have been that patients in the �intention-to-
treat� group took an alternative antiplatelet drug,
such as clopidogrel. It was also questionedwhether
the 1% absolute risk benefit of the combination
over aspirin alone would justify a 40-times differ-
ence in costs [180].
The issue of secondary prevention of stroke

by the combination of aspirin/extended-release
dipyridamole versus clopidogrel was also studied
in the most recent Prevention Regimen for Effec-
tively Avoiding Second Strokes (PRoFESS) trial
(2008).

Patients with a previous (< 120 days) ischemic stroke
were randomized to aspirin (25mg) plus extended-
release dipyridamole (ERDP) (200mg) bid or clopidogrel
(75 mg daily). Primary endpoint was first recurrence of
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stroke of any type. Secondary endpoint was a composite
of stroke, myocardial infarction or vascular death.
Sequential statistical testing of noninferiority (margin of
1.075), followed by superiority testing was planned but
not performed because of negative data.
A total of 20,332 patients were followed for a mean of

2.5 years. Recurrent stroke occurred in 9.0% of patients
receiving aspirin + ERDP and in 8.8% of patients re-
ceiving clopidogrel (RR: 1.01; 95% Cl: 0.92–1.11).
Comparable results were obtained with the secondary
endpoint. Regarding safety, 29% of patients in the aspirin
+ ERDP group but only 23% in the clopidogrel group
discontinued treatment prematurely, frequently because
of headache: 5.9%vs. 0.9%. These patientswere also less
compliant: 70% taking the study medication more than
75% of time. There were significantly more major
hemorrhagic events (including hemorrhagic strokes) in
patients receiving aspirin + ERDP: 4.1% vs. 3.6% for all
events, 1.4% vs. 1.0% for intracranial hemorrhage
(P¼ 0.006).
The conclusion was that the study did not meet the

predefined criteria for inferiority, despite of similar rates
of stroke in both treatment groups and, therefore, does
not allow making a claim for noninferiority [218].

According to a recent meta-analysis, the combi-
nation of aspirin and dipyridamole is considered
more effective than aspirin alone in the secondary
preventionofcardiovasculareventsamongpatients
with minor stroke and TIA [219]. Nevertheless,
questions remain as outlined in an editorial to this
publication [180].

Clopidogrel Thienopyridines, such as clopido-
grel, appear to be slightly more effective than aspi-
rin in patients at high vascular risk (CAPRIE trial;
[220]). According to post hoc analyses, there is a
nonsignificant trend toward a reduction in ische-
mic stroke [221]. More important than these
marginal, if any, differences between aspirin and
clopidogrel, are twoother aspects: the availability of
an oral alternative for aspirin in aspirin-intolerant
individuals [222] and the option of a combined use
of two antiplatelet compounds with a different
mode of action and an expected additive effect.
No additional therapeutic benefits (but an in-

crease in severe bleedings) were seen after com-
bined treatmentwith aspirin and clopidogrel in the

MATCH trial [223]. However, whether the data of
this particular study can be transferred to all stroke
patients is questionable [224]. Because of the dif-
ferent vascular risk profile in stroke versusmyocar-
dial infarction patients, data from patients with
myocardial ischemia, for example, the CURE trial,
should not be extrapolated to stroke patients [225].
CHARISMA has shown that comedication of clo-
pidogrel to standard-dose aspirin does not reduce
the number of ischemic vascular events, including
stroke, in asymptomatic patients at elevated vascu-
lar risk, but it does increase the risk of bleeding and
mortality. In contrast, some beneficial effect was
seen in the secondary prevention of cardiovascular
events (Section 4.1.1). Whether more advanced
thienopyridines, such as prasugrel, will exhibit an
improved benefit/risk ratio remains to be shown.
The principal question that is raised by these data
still remains: ismore platelet inhibition the answer
for improvingtherelatively lowefficacyofantiplate-
let drugs in stroke prevention [166]. The available
dataof thePROFESStrialdonotsuggestanybenefit
of dipyridamole plus aspirin versus clopidogrel in
secondary stroke prevention and the study as a
whole was negative because it failed to meet the
prespecified noninferiority criteria.

Anticoagulants Another option to enhance the
antithrombotic effect of aspirin in stroke preven-
tion is the combined use with oral anticoagulants.
Oral anticoagulants significantly decrease the risk
of strokes and cardiovascular events in patients
with nonvalvular chronic or paroxysmal atrial
fibrillation and cardiogenic embolism. These
compounds are significantly more effective than
aspirin in this group of patients. However, they
increase the risk of major bleedings. Thus, the
individual benefit/risk ratio needs to be deter-
mined, for example, from available benefit/risk
tables [148]; www.medscape.com). It has also to be
considered that elderly patients are frequently
multidrug users [226]. Thus, a tight control of
target INR (2–3) is essential.
The incidence of recurrent strokes in atrial

fibrillation is reduced from 12 to 11% per year by
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aspirin, while oral anticoagulants reduce the risk
in this patient population to 4% [227]. Another
meta-analysis showed that anticoagulation in pa-
tients with nonvalvular atrial fibrillation reduced
the risk of stroke by 62% as opposed to only 22%
with aspirin [228]. These and other data demon-
strate a therapeutic superiority of anticoagulants
versus antiplatelet drugs in patients with non-
rheumatic atrial fibrillation [229]. However, so far,
there are no prospective randomized trials on
aspirin and oral anticoagulants in the elderly with
atrial fibrillation. The recently started Birming-
ham Atrial Fibrillation Treatment of the Aged
study (BAFTA; [230]) has addressed this issue and
will compare warfarin (INR 2–3) with 75mg/day
aspirin in elderly patients with nonvalvular atrial
fibrillation.
However, warfarin and other oral anticoagulants

are not the first choice of treatment in other
risk groups of stroke, includingnon-cardioembolic
stroke and symptomatic intracranial arterial steno-
sis. The reason is the high risk of severe bleedings.
Two studies [231, 232] have addressed this issue in
stroke patients.

A total of 2206 nonselected patients (mean age 63 years,
41%women)who had suffered an ischemic strokewithin
the previous 30 days were randomized to aspirin
(325mg/day) or warfarin (INR 1.4–2.8) in a double-blind
manner. The primary end point was recurrent ischemic
stroke or death from any cause within 2 years.
The primary end point was reached by 17.8% of

patients in the warfarin group and 16.0% in the aspirin
group. This was not different (p¼ 0.25). Major hemor-
rhages occurred at a rate of 2.2% per year in the warfarin
group but only in 1.5% per year in the aspirin group
(p¼ 0.10). The corresponding values for minor hemor-
rhages were 12.9% for aspirin but 20.8% for warfarin
(p< 0.001).
The conclusion was that both warfarin and aspirin are

reasonable therapeutic alternatives in the prevention of
recurrent ischemic stroke. However, warfarin is associat-
ed with an increased risk of bleeding [233].
Another prospective trial was done in patients with

transient ischemic attacks or nondisabling stroke.
Inclusion criterion was an angiographically verified
50–99% stenosis of a major intracranial artery. Atrial
fibrillation was an exclusion criterion. Patients were

randomized to warfarin (INR 2–3) or aspirin (1300mg/
day) in a double-blind fashion. The primary end point was
ischemic stroke, cerebral hemorrhage, or death from
vascular causes other than stroke.
After 569 patients had undergone randomization,

enrolment was stopped prematurely because of safety
concerns in the warfarin group. After amean follow-up of
1.8 years, there were significantly more severe adverse
events including death in the warfarin group (9.7%) as
compared to aspirin (4.3%) (p¼ 0.02). The numbers for
major hemorrhagewere 8.3%versus 3.2% (p¼ 0.01) and
for myocardial infarction or sudden death: 7.3% versus
2.9% (p¼ 0.02). The rate of death from vascular sources
was 5.9% versus 3.2% (p¼ 0.16) and from nonvascular
sources 3.8% versus 1.1% (p¼ 0.05). There was no
difference in efficacy. A primary end point occurred in
22.1% of patients in the aspirin group and 21.8% of
patients in the warfarin group (p¼ 0.83).
The conclusion was that warfarin was associated with

significantly higher rates of adverse events but produced
no benefit above aspirin. Aspirin should be used in
preference of warfarin for patients with intracranial arte-
rial stenoses. In addition, the higher dose of aspirin used
heremay also protect patients frommyocardial infarction
and sudden death because of decreasing aspirin resis-
tance and inhibiting the inflammatory component of
atherosclerosis [232].

Therefore,warfarin isnot thefirst-line treatment
for stroke prevention in high-risk patients, except
patients with atrial fibrillation [231, 234].

4.1.2.5 Actual Situation
In addition to reduction in blood pressure and
lipid-lowering therapy, if appropriate, antiplatelet
therapy is efficient in stroke prevention in high-
risk populations. However, current prophylaxis
by antiplatelet treatment does not prevent 80% of
(ischemic) cerebral infarctions and even might
cause (hemorrhagic) infarctions. Thus, high-dose
aspirin, though possibly retarding the progres-
sion of atherosclerosis [182], might exhibit an
unfavorable benefit/risk profile. The clinical
problem is the complex etiology of (ischemic)
stroke, containing subgroups that are less sensi-
tive to antiplatelet treatment than others. There is
a need for improved antithrombotic prevention
and therapy of cerebral ischemia. Upcoming low
molecular weight and more selective anticoagu-
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lants such as antithrombins or FXa inhibitors and
thrombin receptor antagonists are currently in
preclinical trials and might – alone or in combi-
nation with aspirin – open the door for improved
therapeutic options in the future.

Primary Prevention Aspirin is recommended for
thepreventionof afirst stroke inwomenwhose risk
is sufficiently high for the benefits to outweigh the
risks but not for men. The use of aspirin for
cardiovascular (including but not specific for
stroke) prophylaxis in primary prevention is indi-
cated at a 6–10% or higher risk of events per 10
years [235].

Secondary Prevention Although the efficacy is not
very high, about 15–20% protection, the simulta-
neous protection from (also elevated) risk of myo-
cardial infarction and suddendeath is an additional
benefit of aspirin, which disappears by combined
treatment with dipyridamole. Comedication of di-
pyridamole with aspirin has been shown to be
effective in secondary prevention of ischemic
strokes. However, there was no positive effect

on cardiocoronary prevention and no effect on
mortality but an increased number of dipyrida-
mole-related side effects in the combined
treatment groups (headache), which resulted in
patient-driven interruption of use in about each
third patient (ESPS-2; [216]). In the case of aspirin
intolerance or inefficacy, clopidogrel is an alterna-
tive [236]. Dual antiplatelet treatment with aspirin
and clopidogrel for secondary stroke prevention
has not been shown to be more effective than
aspirin alone and could result in greater bleeding.
Additional vascular protection by compounds such
as dipyridamole or cilostazol might be useful
[166, 237] and might open the door for a more
disease-oriented therapy than inhibition of platelet
hyperreactivity that is effective only in aminority of
patients and frequently less sensitive to aspirin.
Thromboxane antagonists might also have benefi-
cial effects, including retardation of the progres-
sion of atherosclerosis, but the evidence is only
basedonsmall trials [238, 239].Oral anticoagulants
of the coumarin type at medium INR (2–3) are the
treatment of choice in atrial fibrillation but not in
other risk categories of cerebral ischemia.

Summary

Cerebrovascular ischemia, clinically appearing as
transient ischemic attackor stroke, is amulticaus-
al disease. About two-thirds of strokes are of
vascular origin and therefore potentially sensitive
to aspirin. Atrial fibrillation as a major reason for
stroke in the elderly is less sensitive to aspirin and
currently the domain of oral anticoagulants.

As with other manifestations of general ather-
othrombosis, platelets are hyperreactive in pa-
tients with TIA or stroke. Platelets of these
patients also exhibit a large interindividual vari-
ability, also with respect to inhibition by aspirin
and other antiplatelet agents. Whether an in-

creased dose can overcome this problem is diffi-
cult to predict, also because there are not many
studies with stroke as single study end point.
Clopidogrel is the alternative in case of aspirin
intolerance. Combined aspirin/extended-release
dipyridamole appears to be slightlymore effective
(1% absolute risk reduction) than aspirin alone in
stroke prevention but has also more side effects.
Overall, a reduction of ischemic strokes by

15–20% with about 5% increase of bleedings
(cerebral and gastrointestinal) appears acceptable
butmay not be the final answer for stroke preven-
tion by antiplatelet/antithrombotic agents. The
future might be combined antiplatelet/antith-
rombotic plus vasoprotective treatment.
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4.1.3
Peripheral Arterial Disease

Etiology Peripheral arterial disease is a debilitat-
ing atherosclerotic disease of the lower limbs,
eventually resulting in thrombotic occlusions of
the lower limb arteries. The clinical symptoms
range from intermittent claudication during exer-
cise (Fontaine stage II) to severe peripheral limb
ischemia with pain at rest and ulcer formation,
eventually requiring limb amputation. Intermit-
tent claudication, the most common form, be-
comessymptomaticwhenbloodflowis insufficient
to meet the metabolic demands of leg muscles in
ambulatory patients.
PAD is a systemic disease that reflects an aggres-

sive type of atherosclerosis and thrombosis in
multiple vascular beds [240, 241]. Consequently,
PAD is associated with a several-fold increased
cardiovascular morbidity and mortality [242] and
this is the main reason for aspirin treatment.

Epidemiology PAD occurs in about 2–5% of
individuals aged 60 years or more but may be-
come more frequent as life expectancy increases
[240, 243, 244]. The disease is frequently under-
diagnosed, mainly because about only one-half of
individuals with PAD are symptomatic [241, 245].
More important, PAD is also underestimated in its
prognostic value for other thrombotic complica-
tions of generalized atherosclerosis, that is, myo-
cardial infarction, stroke, and sudden cardiac
death [246]. According to the GRACE registry,
patients with PAD are less likely to be treated with
effective medications, including aspirin, than pa-
tients without PAD [247].
According to a recent population-based study in

Germany, about twiceasmuchelderlypatientswith
PADhad also amanifestation of cerebrovascular or
cardiovascular disease than individuals with-
out [246], a finding confirmed by other investiga-
tors [248].Consequently, there is a two to four times
greater risk of dying from the complications of
generalized atherosclerosis in PAD patients com-
paredtoindividualswithoutclaudication[249,250],

that is, as much as 75% of PAD patients will die
from a cardiocoronary or cerebrovascular event.
Thus, the most serious problem of PAD is not the
limitation of walking, even though this may be the
only clinical symptom, but the coexistent coronary
and cerebrovascular morbidities.
These different clinical features and symptoms

of disturbed peripheral versus disturbed coronary
or cerebral circulations also define the treatment
goals in PAD. The first is relief of ischemic symp-
toms, in particular leg pain, and prevention or at
least retardation of progression of the disease to
critical arterial stenosis and finally occlusion, that
is, critical limb ischemia. One option is percutane-
ous transluminal angioplasty (PTA), which re-
quires appropriate antiplatelet treatment toprevent
thrombotic reocclusions. The second is reducing
systemic cardiovascular morbidity and mortality,
that is, prevention ofmyocardial infarction, stroke,
and vascular death. There are several attempts to
reach these goals: treatment or avoidance of risk
factors (diabetes, cigarette smoking, and immobil-
ity) and administration of antiplatelet drugs to
reduce cardiovascular morbidity and mortality
[240, 242, 244]. Among antiplatelet drugs, aspirin
is still the first choice and should be given to every
PAD patient in the absence of contraindications
[244, 251].

4.1.3.1 Thrombotic Risk and Mode of Aspirin
Action

Platelets PAD is associated with platelet hyperre-
activity and also seen with other manifestations of
generalized atherosclerosis in the coronary and
cerebral circulations. In addition to their funda-
mental role in arterial thrombus formation, plate-
lets are also a primary source of inflammatory
mediators involved in the original injury to the
vascular endothelium that promotes plaque for-
mation [252]. Inflammation stimulates local
thrombosisandviceversa.Consequently, antiplate-
let therapymay be beneficial because of the inhibi-
tion of platelet-dependent plug formation and
platelet-triggered inflammatory effects.
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Platelet hyperreactivity in PAD is reflected by
enhanced platelet secretion (serotonin, growth fac-
tors), thrombin formation [253], expression of ad-
hesion molecules at the platelet surface (P-selec-
tin) [254], and shortened platelet survival [255]. In
addition, there is local shear stress induced stim-
ulation of platelets in stenotic areas with nonla-
minar blood flow [256]. Thus, there are multiple
changes in platelet function in PAD, eventually
resulting in inflammatory reactions and a syner-
gistic impairment of platelet/vessel wall interac-
tion. These changes in PAD are more complex
and less aspirin sensitive to those in other
circulations.
Aspirin is themost intensively studied antiplate-

let drug in PAD. Several studies indicated that
platelets in patients with PAD are relatively aspirin
�resistant� [253, 256–259] (Section 4.1.6). For ex-
ample, aspirin-treated platelets of PAD patients
exhibited unchanged spontaneous or serotonin-
induced platelet aggregation [260, 261], and are
also not inhibited after stimulation by ADP
[262, 263]. Consequently, selective platelet inhibi-
tion by aspirin at antiplatelet doses may be less
effective inPADpatients than inpatientswithother
manifestations of atherothrombosis [253, 264] and
there is no convincing evidence that aspirin is
beneficial in treatment of claudication per se [244].
However, the use of aspirin in combination with
other antiplatelet drugs and cilostazol might cause
synergistic activities and, eventually, cause actions
that are not seen by one single drug alone, for
example, inhibition of tissue factor related inflam-
matory/procoagulatory responses [265].

Role of Thromboxane Since the antiplatelet ac-
tions of low-dose aspirin are determined by its
effect on platelet-dependent thromboxane forma-
tion, the question arises whether thromboxane-
dependent platelet activation also determines
thrombotic vessel occlusions in PAD patients. Ele-
vated plasma thromboxane levels and enhanced
urinary excretion of the thromboxane metabolite,
11-Dehydro-TXB2 (11-DH-TXB2), have been re-
peatedly reported in PAD patients [255, 266]. Uri-

naryexcretionof11-DH-TXB2wasonaverage twice
asmuchinPADpatientsas inage-andsex-matched
controls and was normalized by low-dose aspirin
(50mg/day), indicating that it was platelet driv-
en [267]. However, these authors found an en-
hanced 11-DH-TXB2 excretion in PAD patients
only in association with coexistent cardiovascular
risk factors, such as diabetes, hypercholesterol-
emia, or hypertension, suggesting that PAD per
se is not a trigger of platelet activation in vivo and
that the increased rate of thromboxane biosynthe-
sis rather reflects the influence of coexisting dis-
orders (Figure 4.14). This finding agrees with a
population-based study in Finland, showing that
after adjusting for symptoms and signs of coronary
heart disease, claudication had no independent
effect on mortality in men [249]. Thus, enhanced
thromboxane formation may represent a com-
mon link between cardiovascular risk factors,
specifically the activity of the process, and the
thrombotic complications of PAD. Aspirin treat-
ment will reduce the thromboxane-related elevat-
ed risk [267] but might be more effective in
patients with coexisting atherosclerotic disorders.
Since the probability of thrombotic occlusions of
all arteries, including those of the limb, increases
with the progression and severity of these coex-
isting diseases, aspirin as an antiplatelet/antith-
rombotic agent will be more effective at more
advanced stages of PAD but primarily on coex-
isting disorder [268].

0

20

40

60

80

100

120

140

No risk
factors

Cigarette
smoking

Diabetes
mellitus

Hyperchole
sterolemia

U
rin

ar
y

11
-d

eh
yd

ro
 T

X
B

2
(n

g/
h)

Figure 4.14 Urinary excretion of 11-DH-TXB2 in subgroups
of patients with PAD (stage II after Fontaine) [267].
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Coagulation and Fibrinolysis In addition to the
disturbed platelet function, there are other hemo-
static abnormalities that contribute to the athero-
thrombotic risk in PAD [254]. For example, blood
viscosity and plasma fibrinogen levels are elevated
and there is also evidence for enhanced thrombin
formation [253]. High fibrinogen levels will also
directly enhance platelet activity in PAD [256] in an
aspirin-insensitive manner. This confirms an in-
flammatory component of the disease. The large
massof ischemicmuscles of the legmight enhance
generation and release of large amounts of inflam-
matory mediators from platelets, white cells, and
the endothelium, not only during ischemia but
also, inparticular,duringreperfusionafter success-
ful spontaneousormedical lysisofpreformedclots.

Endothelial dysfunction In addition to abnormali-
ties in platelet function, coagulation, and fibrinoly-
sis in patientswithPAD, there is evidence of severe
endothelial dysfunction. This is best demonstrated
in patients with type 2 diabetes who, according to
the Framingham database, have a three- to fivefold
increased risk of developing symptomatic PAD
[269]. In thesepatients, there ismarkedly increased
generation of reactive oxygen species. Diabetes is
associated with an enhanced nonenzymatic gener-
ation of isoprostanes, which stimulate platelets
via thromboxane receptors but in an aspirin-
insensitive manner (aspirin �resistance�) (Section
4.1.6). Inhibition of this platelet stimulatory effect
of isoprostanes via the thromboxane receptor
might be involved in the beneficial effects of pico-
tamide, a thromboxane receptor antagonist, on
mortality in PAD patients with diabetes [270].

4.1.3.2 Clinical Trials: Primary Prevention
Therearenostudies thathaveaddressedsymptoms
and severity of PAD, such as critical limb ischemia
or surgical interventions, as a primary or even only
target of primary vascular prevention.Consequent-
ly, there is little evidence that antiplatelet medica-
tions, suchasaspirin,willprotect fromclaudication
or its atherothrombotic complications. Neverthe-
less, development of atherosclerosis might also

involve development of PAD with a considerably
elevated risk of myocardial infarction and stroke
and, therefore, needs protection by appropriate
preventive measures.
The only available prospective randomized pri-

mary prevention trial on aspirin and PAD is a
subgroup analysis of the US Physicians� Health
Study (Section 4.1.1) [268]. The severity of the
(developing) disease, by definition, was lower, the
individuals much younger than the usual PAD
patients, and the duration of the disease shorter.
In addition, PADcomplicationswerenot a primary
study end point butwere calculated fromapost hoc
analysis of the data.

The study population were 22000 apparently healthy US
physicians, aged 40–84 years, who were treated for 5
years with aspirin (325mg each other day) or placebo.
Previous peripheral arterial surgery or preexisting claudi-
cation at baseline was exclusion criteria.
Within 5 years, 56 study participants had to undergo

peripheral arterial surgery, 20 of them in the aspirin group
and 36 in the placebo group. Thiswas equivalent to a 46%
relative risk reduction by aspirin ( p¼ 0.03).Nodifference
was seen in the incidence of claudication or the number
of individuals that developed self-reported new claudica-
tion: 112 in the aspirin group and 109 in the placebo
group ( p¼ 0.92). Interestingly, from the nine claudicants
who had to undergo peripheral arterial surgery, one was
in the aspirin group and eight were in the placebo group
( p¼ 0.03).
The conclusion was that long-term administration of

aspirin will not protect from atherogenesis, that is, not
retard the development or progression of atherosclerosis
(in the limbs) in its early stages. However, aspirin will be
beneficial in the more advanced stages of PAD when
thrombosis within the narrowed vessels plays a critical
role in disease complications and may require surgical
treatment [268].

Thesedata suggest that administrationof aspirin
will be effective in preventing thrombotic vessel
occlusions but not in preventing the occurrence
and progression of atherosclerosis, findings
similar to the prevention of myocardial infarction
(Section 4.1.1) and stroke (Section 4.1.2). Because
of the higher risk with progression of atherosclero-
sis, thedrugwillbemoreeffectiveatmoreadvanced
stages of the disease.
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4.1.3.3 Clinical Trials: Secondary Prevention
Antiplatelet therapy inPADpatients ismainlydone
to prevent myocardial infarction and stroke be-
cause of the markedly increased vascular risk.
These studies are summarized in Sections 4.1.1
and 4.1.2 and were most recently again confirmed
in a new study andmeta-analysis of the Critical Leg
Ischemia Prevention Study (CLIPS) group (2007).
Thepresent section is focusedonclinical trialswith
PAD complications as an end point. This includes
progression of the disease tomore severe stages as
seen from angiography or sonography of the limb
arteries, thrombotic vessel occlusions or narrow-
ing, the requirement of surgical procedures (stent-
ing), and, eventually, limb amputation.

Meta-Analyses The latest published meta-
analysis of the Antithrombotic Trialists� Collabora-
tion [271] on secondary prevention (including ran-
domized studies published until 1997) contained
42 studies on 9214 patients with PAD. There was a
proportional reductionby23%in the riskof serious
vascular events in PAD patients as compared to a
22% reduction in the total cardiovascular risk
groups. This might have been expected because of
the frequent association of PAD with other mani-
festations of atherosclerosis. However, the previ-
ous edition of the Antiplatelet Trialists� Collabora-
tion did not report any significant benefit for PAD

complications (Figure 4.15, suggesting that in this
particularsubgroup, theantiplatelet therapy, that is,
aspirin, was not as effective as in other manifesta-
tions of atherosclerosis [272]. This difference to the
2002 edition came from one trial with picotamide
[273], a mixed type thromboxane receptor antago-
nist/synthase inhibitor. This compound reduced
fatal and nonfatal ischemic events by 19% (nonsig-
nificant) but added more than 2300 patients with
claudication to the Antithrombotic Trialists� inves-
tigation 2002 [245]. Because of its different spec-
trum of activities, most notably the thromboxane
receptor blockade and its reversibility, picotamide
may differ from aspirin and other inhibitors of
platelet function. Other meta-analyses on antith-
rombotic drugs in the primary medical manage-
ment of intermittent claudication also came to the
conclusion that the beneficial effect of aspirin on
claudication, that is, pain-free walking distance, is
poor [274]. Thus, antiplatelet therapy with aspirin
alone in these patients with respect to leg ischemia
may be suboptimal [256].

Prospective Trials There are also few prospective
trials on aspirin treatment in PAD with PAD-relat-
ed complications as a primary study endpoint. Two
of themused high doses of aspirin andmay be less
representative for the actual discussion on cardio-
vascular protection by antiplatelet drugs.However,
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they are interesting from a pharmacological point
of view because they also included a placebo group.
This, at the time, was not an ethical issue because
the usefulness of aspirin for cardiocoronary pre-
vention was not established.
The first large prospective trial on possible bene-

ficial effects of antiplatelet treatment on the pre-
vention of thrombotic femoral artery occlusions in
patients with angiographically documented nar-
rowing of the vessel was from the group of Schoop
et al. [275].

The study included 300 men (age at entry 38–73 years,
mean 56 years) who were randomized to one of the
following treatment groups: aspirin (990mg/day), aspi-
rin 990mg/day plus dipyridamole 225mg/day, or place-
bo in a prospective, double-blind manner. Duration of
treatment was 5 years. Efficacy parameter was the num-
ber of new occlusions of the affected femoral artery. Only
patients were included that tolerated 1 g/day aspirin
during a preceding 1-week run-in period. Angiographic
control was done every 3 months.
At the end of the observation period there were 39 new

peripheral vessel occlusions in the placebo group as
opposed to 16 occlusions in the aspirin group and 23
occlusions in the aspirinþ dipyridamole group (Figure
4.16). This difference was significant for the two treat-
ment groups versus placebo but not within the two treat-

ment groups. There were no deaths in the aspirin group,
four in the placebo and eight in the combined aspirin
dipyridamole group aswell as five ulcers (no bleeds) with
aspirin, one ulcer (one bleed) with placebo and three
ulcers (three bleeds) in the combined treatment group.
The conclusion was that the thrombotic occlusion of

stenosed femoral arteries can be retarded or even pre-
vented by daily 1 g aspirin. The most significant effect is
seen with regular smokers who are at the highest risk
[275].

Similar results with the same doses of aspirin
(330mg tid) alone or in combination with dipyr-
idamole (75mg tid) or a matching placebo were
reported in another early randomized, placebo-
controlled trial. In 199 patients with occlusive
arteriosclerosis of the lower extremities, serial an-
giograms were done before and after 2 years of
treatment. Significantly more occlusions occurred
in the placebo group than in the active treatment
groups.However, significant differenceswere only
obtained with the aspirinþ dipyridamole combi-
nation but not with aspirin alone. It was concluded
that long-term treatment with aspirinþ dipyrida-
mole will retard the natural progression of
atherosclerosis and that the combination with di-
pyridamole is superior to aspirin alone [276].

Figure4.16 Cumulative rateof femoral arteryocclusions inpatientswithangiographicallydocumentedstenosis (observation
period: 4.5 years; n¼ 100 per treatment group) [275].
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In addition to these studies, mostly involving
patients at medium-to-moderate stages of PAD
(claudicants), another prospective trial on the effi-
cacy of aspirin in PADwas performed in patients at
end stages of the disease, that is, diabetic patients
with active limb gangrene or recent amputation.

A total of 231 patients were treated with aspirin (650mg/
day) and dipyridamole or placebo for 5 years. Primary end
points were death from atherosclerotic vascular disease
and amputation of the opposite extremity for gangrene.
In comparison to controls, therewere no differences in

treated patients in terms of vascular deaths: 22 and 19%
or amputation of the opposite extremity: 20% versus
24%. There was no change in the incidence ofmyocardial
infarctions but a 50% reduction in cerebrovascular events
(stroke or TIA): 8% versus 19%, which, however, was not
significant.
The conclusion was that antiplatelet agents have no

effect on primary vascular end points butmight affect the
incidence of strokes that, however, was only a secondary
end point in the study [277].

It is questionedwhether any (conservative) treat-
mentat thisfinalstageof theatheroscleroticdisease
can still improve the symptoms or even retard the
progression of the disease. However, the studies in
claudicants do suggest that (high-dose) aspirin can
reduce the incidence of thrombotic vessel occlu-
sions in leg arteries although probably not retard
the atherosclerotic process. This would be in line
with the primary prevention data in the US
Physicians� Health Study (see above) [268].

4.1.3.4 Clinical Trials: Peripheral Transluminal
Angioplasty (PTA)

Meta-Analyses Meta-analyses of 14 randomized
trials are available on antiplatelet and anticoagulant
drugs for the prevention of restenosis/reocclusion
following peripheral endovascular interventions in
the Cochrane database. In patients with symp-
tomatic PAD, a 60% reduction of recurrent ob-
struction of the dilated artery segment was found
with aspirin (330mg/day) combined with dipyr-
idamole compared to placebo at 12 months. At 6
months after endovascular treatment, a positive

effect on patency was seen with 50–100mg/day
aspirin, which, however, was not significant. It
was concluded that aspirin with daily doses of
50–300mg, starting prior to femoropopliteal en-
dovascular interventions, appears to be effective
and safe. Clopidogrel is considered as alternative,
but sufficient data are lacking [278].

Prospective Trials A small prospective trial on
PAD patients subjected to PTA indicated that en-
hanced levels of circulating surrogate markers,
such as soluble adhesion molecules (P-selectin,
VCAM-1) and markers of endothelial activation
(thrombomodulin), had a predictive value for late
restenosis. This suggests the significance of the
activity of the ongoing atherosclerotic process for
clinical outcome [279]. Ingeneral, prospective trials
in PAD patients, subjected to PTA, failed to show
convincing actions of aspirin [280] or any signifi-
cant effect at all (CLIPS study, [281]) on leg ische-
mia. Interestingly, aspirin did significantly reduce
the incidence of stroke [282] or myocardial infarc-
tions [281] in the same studies. This confirms that
antiplatelet effects of aspirin may not be equally
important for peripheral as opposed to cerebral or
coronary circulations.
A remarkable prospective, though small, study

on the individual relationship between clinical
outcomes of aspirin-treated PAD patients sub-
jected to elective PTA and aspirin-induced inhibi-
tion of their platelet function as a prognostic
surrogate parameter was published by Mueller
et al. [283].

A total of 100 patients with intermittent claudicationwere
subjected to elective percutaneous transluminal angio-
plasty. Clinical outcome (new vessel occlusion after
successful intervention) and platelet function were
monitored for 12 months in a prospective, compliance-
controlled manner. All patients were treated with 100mg
aspirin/day. Whole-blood aggregometry was used to
compare inhibition of collagen and ADP-induced platelet
aggregation by aspirin with the clinical outcome.
All patients showed complete inhibition of arachidonic

acid induced, that is, thromboxane-dependent platelet
aggregation by aspirin (which was an inclusion criterion)
at all study time points. Late reocclusions (from 8th to
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52ndweek) at the site of PTA occurred exclusively inmale
patients, for whom in vitro aggregometry failed to prove
sufficient inhibition by collagen and ADP. In these
patients, the risk of complications was increased by 87%.
It was concluded that only 40% of male patients

showed the expected effect of aspirin on in vitro platelet
aggregation and that whole-blood aggregometry was
capable of predicting those patients at elevated risk of
reocclusion following PTA [283].

One major difference between this and many
other studies onantiplatelet agents inPADpatients
is the use of whole-blood aggregometry. This tech-
nique also considers red cells and other plasma
constituents as modifying factors for platelet func-
tion [284] (Section 2.3.1) and, therefore, may better
reflect the complex situationofplatelet activation in
PAD patients in vivo than the measurement of
platelet function in the conventional assays with
platelet-rich plasma. Randomized trials in suffi-
ciently sized patient populations are necessary to
establish the relationship between reduced platelet
sensitivity to aspirin and reduced therapeutic ben-
efit in PAD patients subjected to PTA.

4.1.3.5 Aspirin and Other Drugs
Asmentioned above, aspirinwill probably notmod-
ify the claudicationper se and theprogressionof the
disease is mainly determined by aspirin-indepen-
dent coexisting disorders such as diabetes, hyper-
cholesterolemia, and hypertension. Thus, treat-
ment with antihypertensives, antidiabetics, and lip-
id-lowering drugs is frequent in PAD patients. Nei-
ther of these compounds is considered to interfere
with the antiplatelet effects of aspirin [242, 244].

Clopidogrel The currently most intensively stud-
ied alternative to aspirin in long-termprophylaxis of
ischemiceventswithprovenbenefit inPADpatients
is clopidogrel. In the CAPRIE trial, 6452 patients,
that is, about one-third of the total study population,
had PADas a qualifying entry criterion. All patients
were randomized to 325mg/day aspirin or 75mg/
day clopidogrel and followed up for about 2 years.
In the subgroupwith PAD as qualifying disease,

clopidogrel (compared to aspirin) caused a 24%

relative risk reduction in the combined vascular
end point ischemic stroke/myocardial infarction/
vascular death. However, the 95% confidence in-
terval was wide (9–36%), and the group included
not only patientswith claudication but also patients
with endovascular treatment [285]. The conclusion
was that clopidogrel reduced the risk of vascular
events in PAD patients, being slightly more effec-
tive than aspirin in a post hoc analysis [286]. How-
ever, the magnitude of this effect is uncertain and
has to be balanced against the much higher
costs [287]. A properly sized prospective random-
ized trial comparing aspirin with clopidogrel in
PAD patients is still missing. There is also no
information about the reocclusion rate of periph-
eral arteries after endovascular treatment by clopi-
dogrel compared to aspirin.

Oral Anticoagulants Available studies with oral
anticoagulants suggest that these compounds are
of limited value in PAD [288]. This was recently
confirmed in the randomizedWAVE trial onmore
than 2100 PAD patients. The study compared a
combination of warfarin (INR 2.0–3.0) with anti-
platelet treatment (more than 90% aspirin at
81–325mg/day) alone or in combination with the
anticoagulant over 3 years. There was no reduced
rate ofmyocardial infarctions, stroke, or cardiovas-
cular death but a significant increase in moderate
and life-threatening bleeding in the combined
treatment group: 4.0% versus 1.2% (RR: 3.41,
95%CI: 1.84–6.35, p < 0.001) [289]. In one random-
ized but open trial over a period of 21months, oral
anticoagulation (INR 3.0–4.5) was found to be
superior in preventing infrainguinal vein graft
occlusion and lowering the rate of ischemic events
whereas aspirin (80mg/day) was more effective in
preventing nonvenous graft occlusion and caused
less bleeding [290]. Whether the benefits of oral
anticoagulants outweigh the risk of severe and life-
threatening bleeding at this high INR has to be
confirmed in a second randomized trial.

Dipyridamole Whether the efficacy of aspirin
treating PAD can be increased by comedication of
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dipyridamole is unproven. According to a recent
Cochrane analysis, involving 29 trials with more
than 23 000 participants, dipyridamole did not re-
duce the incidenceofvasculardeath in thepresence
or absence of another antiplatelet drug. Dipyrida-
mole appeared to reduce the risk of vascular events
(RR: 0.88, 95%CI: 0.81–0.95). However, this bene-
fit was only seen in patients with cerebral ischemia
but not with other manifestations of atherothrom-
bosis, including PAD [291].

Cilostazol Cilostazol is an orally active phospho-
diesterase inhibitor (PDE III), and inhibits adeno-
sine uptake, which resembles dipyridamole in sev-
eral aspects [292].Cilostazolhas beenshown in four
randomized controlled trials to improve the func-
tion of ischemic legs, possibly by retarding the
progressionofatherosclerosis [242].Thecompound
appears not to interfere with platelet inhibitors,
including aspirin [293] and does not prolong bleed-
ing time. Cilostazol is the only compound that is
approved for treatment of PAD in theUnited States
and can be applied in combination with aspirin.

4.1.3.6 Actual Situation
Inclinicalpractice, theoptimumconservative treat-
ment of PAD is still a matter of discussion as also

seen from the multitude of agents that are recom-
mended (by themanufacturers) for thispurpose. In
addition to treatment of basal diseases (diabetes,
hypertension, andhypercholesterolemia)byappro-
priate drugs, aspirin is the drug of first choice in
PAD to prevent thrombotic events. This includes
the prevention of reocclusion after reopening of an
occluded artery by PTA. In general, the efficacy of
aspirin is low, regarding PAD-related problems,
that is, theprogressionof limbatherosclerosis from
claudication to critical limb ischemia. Aspirin is
recommended in PAD patients because of the
elevated risk of myocardial infarction and stroke,
though the clinical evidence of its beneficial effects
is low. Concomitant use of dipyridamole is an
option but needs more clinical trials to become
established. Clopidogrel is an alternative. Oral an-
ticoagulants such aswarfarin increase the bleeding
risk and are of no therapeutic benefit. An interest-
ing development with a significant therapeutic
potential is cilostazol, a compound that not only
acts mainly on vascular endothelium but also has
tissue-protective, antiapoptotic, and platelet inhib-
itory properties [292]. Sufficiently sized random-
ized trials with PAD end points are required to
determine the efficacy of these agents in patients
with PAD [278].

Summary

Platelet hyperreactivity is part of the overall
thrombotic/inflammatory syndrome in PAD pa-
tients. Further abnormalities of the hemostatic
system include enhanced coagulation and distur-
bed fibrinolysis. Probably, because of this com-
plexity, aspirin is less effective as an antiplatelet/
antithrombotic drug in PAD patients than in
patients suffering from other forms of general-
ized atherosclerosis.However, available data sug-
gest a small effect of aspirin on the peripheral
thrombotic complications of PAD.

PAD patients are at a two- to fourfold elevated
risk of acute thromboembolic events in the coro-
nary and cerebral circulations. These are the life-
threatening events in these patients rather than
critical limb ischemia or amputation. Thus, the
use of antiplatelet drugs is strongly recom-
mended. According to actual guidelines, all pa-
tients with PAD (whether symptomatic or not)
should be considered for treatment with low-
dose aspirin or with other approved antiplatelet
drugs to reduce cardiovascular morbidity and
mortality.
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4.1.4
Venous Thrombosis

Etiology Venous thrombosis usually results from
accumulation of activated clotting factors during
localstasis inthelow-pressuresystemofveins [294].
Activation of plasmatic clotting factors is stimulat-
ed by local inflammation, such as varicosis, or
might have a genetic background. Blood stasis also
retards thewashout of activated clotting factors and
their subsequent degradation. Quantitatively most
important are deep vein thromboses (DVTs) after
larger surgical interventions, such as hip or knee
surgery. The prolonged postoperative immobi-
lization of extremities associated with stimulation
of the clotting cascade by the surgical intervention
will facilitate the occurrence of thrombotic events.
Another high-risk group of patients are bed-ridden
persons and individuals, immobilized by sitting in
an airplane during long-distance flights (�10 h).
This will also facilitate venous stasis and activation
of plasmatic coagulation without sufficient wash-
out of locally accumulating clotting factors.

4.1.4.1 Thrombotic Risk and Mode of Aspirin
Action
Venous thrombosis differs fundamentally from
arterial thrombosis by the low if any contribution
of platelets to the thrombotic event. This, however,
does not mean that inhibition of platelet function
cannot modify venous thrombosis. Statistically,
among100patientswhoundergo surgical interven-
tions ofmoderate severity, there are at least 30 cases
of deep venous thrombosis, identifiable by plethys-
mography, if these patients are not given periopera-
tive antithrombotic prophylaxis. Among these 100
patients, four cases of pulmonary embolismwill be
recognized; one or two of them may be fatal [295].
These figures illustrate the clinical significance of
venous thrombosis and its most important compli-
cation – pulmonary embolism. They also indicate
theimportanceofadequatethrombosisprophylaxis.
The goal of prophylaxis is to prevent complica-

tions and themethods used are both pharmacolog-
ical and mechanical. Mechanical approaches re-

duce stasis by (early) mobilization or using com-
pression devices, whereas pharmacological ap-
proaches bring about the the inhibition of
clotting factors and stimulation of clot lysis.

Aspirin Versus Anticoagulants The venous throm-
bus isafibrin-richclot formedwithin thecirculation
in�deadwaters,� recirculatingeddies, valvesinuses,
andotherareasofrelativestasis [295].Becauseof the
low blood pressure in veins, there is little platelet
activation by mechanical factors. Thus, direct inhi-
bition of thrombin generation and action appear to
beamoreusefulapproach thaninhibitionofplatelet
function. However, because of the complex throm-
botic risk inmany patients, an individual risk strat-
ificationandmultimodalmanagement isnecessary.
In this context, aspirin treatment also has its place,
although not primarily for the prevention of venous
thrombembolism [296, 297]. Here antithrombins,
that is, (low molecular weight) heparins and other
anticoagulants are the treatment of choice.

4.1.4.2 Clinical Trials

DeepVeinThrombosis Despite lowsignificanceof
platelets as thrombogenic factors in venous throm-
bosis, several early studies have shown beneficial
effects of aspirin in this indication [298, 299].How-
ever, negative results have also been reported, and,
according toMcKenna et al. [300], beneficial actions
of aspirin require doses of 3.9 g/day. This suggests
platelet-independent actions of aspirin, such as
anti-inflammatory effects, as an explanation for the
therapeutic efficacy.

A prospective randomized study addressed the issue of
efficacy and potency of aspirin compared to coumarins in
the prevention of deep vein thrombosis after hip surgery
(hip fracture). A total of 194 patients were randomized to
aspirin (650mg/bid), warfarin (10mg/day), or placebo.
Treatment lasted for 3 weeks after surgery.
Only 20% (13/65) of patients under warfarin devel-

oped DVT as opposed to 41% (27/66) and 46% (29/63)
treated with aspirin or placebo, respectively.
The conclusion was that warfarin is significantly more

potent than aspirin and that the efficacy of aspirinwas not
different from placebo [301].
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Prophylactic treatment with aspirin in patients
subjected to arthroplasty of the knee was also
inferior to physical treatment by compression de-
vices. The incidence of DVT was about twofold
higher in the aspirin group compared to physical
treatment [302]. Similar data, favoring compres-
sion treatmentversusaspirin,werealso reportedby
Westrich and Sculco [303]. However, beneficial
effects of aspirin have been found in treatment of
chronic venous leg ulcers. In a small, though pla-
cebo-controlled randomized trial, aspirin (300mg/
day) for 4 months plus standardized compression
banding achieved ulcer healing in 38% of patients
and significant reduction in ulcer size in another
52% of patients. These data suggest therapeutic
efficacy for aspirin in this indication. However,
no comparative treatment with another active
drug was performed [304]. Overall, there is little
evidence from these small studies for clinically
significant beneficial antithrombotic effects of as-
pirin in DVT.
According to ameta-analysis, incorporating data

from 50 trials in over 5000 patients, prophylactic
aspirin reduced both proximal and distal DVT by
30–40% and pulmonary embolism by 60% in pa-
tientsundergoinggeneral surgical,orthopedic, and
other medical procedures. Thus, aspirin might be
beneficial.However, itprovides lessprotectionthan
anticoagulants and, therefore, cannot be recom-
mended for the prevention of DVT in high-risk
patients [305, 306].

DVT and Air Traveling The LONFLIT studies es-
tablished that in high-risk subjects after long-dis-
tance (>10 h) flights, the incidence of DVTmay be
between 4 and 6%. The LONFLIT3 study random-

ized 300 high-risk subjects to aspirin (400mg/day)
for 3 days starting 12 h before the beginning of the
flight, low molecular weight heparin (injection of
one dose of enoxaparin 2–4 hbefore theflight), and
a matching placebo.

In the placebo control group, 4.8% of subjects suffered a
DVT, whereas in the aspirin group 3.6% of subjects
suffered a DVT. No cases of DVT occurred in the low
molecular weight heparin group. DVT was asymptomatic
in 60% of subjects and 85% of events occurred in
nonaisle seats.
It was concluded that one single dose of lowmolecular

weight heparin is an effective measure to be considered
in high-risk subjects during long-distance flights [307].

Thus, aspirin appears not to be an effective
measure to prevent DVT in these conditions. As-
suming that the rate of travel-related DVT is 20 per
100 000 travelers, one has to treat 17 000 people
with aspirin to prevent one additional DVT [308].

Thrombosis in Venous Bypass Grafts A different
situation is the prevention of thrombotic vessel
occlusion after venous bypass grafting. In this
indication, aspirin is first-line treatment (see
Section 4.1.1).

4.1.4.3 Actual Situation
Aspirin is not recommended for the prevention of
DVT. The reasons are the different etiologies of the
disease as opposed to arterial thromboses. There is
low if anyprotective actionby aspirin.Alternatively,
thereareeffective inhibitorsof thrombinformation
and action, that is, (lowmolecularweight) heparins
and oral anticoagulants with proven efficacy in
thrombosis prevention and treatment.

Summary

Venous thromboembolic disease, consisting pri-
marily of deep vein thrombosis and pulmonary
embolism is an important clinical issue. DVT
occurs in conditions of venous stasis, predomi-
nantlynotonly after operativeproceduresbut also

after immobilization of extremities due to other
reasons, such as long-distance air traveling.
In contrast to arterial thrombosis, platelets

havenomajor role in venous thrombosis. Throm-
bus formation in veins is mainly due to (local)
thrombin generation and depends less on plate-
lets. Thus, anticoagulants, inhibiting thrombin
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formation and action, are the pharmacological
treatmentof choice rather thanantiplatelet agents
such as aspirin.

Although the therapeutic efficacy of aspirin in
preventing venous thromboembolism in general
is disappointing, aspirin is an effective measure

by comparison with placebo. Nevertheless, anti-
coagulants, such as heparins, are the preferred
option because of higher and more constant
efficacy. Inaddition,physical treatmentwithcom-
pressiondeviceswill enhance the efficacy ofmed-
ical treatment.
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4.1.5
Preeclampsia

Pregnancy-inducedhypertensionas isolatedhyper-
tension after 20 weeks of gestation or as hyperten-
sion with proteinuria (preeclampsia) is a leading
causeofmaternal andfetalmorbidityandmortality.
Preeclampsia is a multisystem disorder, unique to
human pregnancy. The exact etiology and patho-
physiology of the disease is still a matter of discus-
sion [309].

Etiology Theclinical symptomsofPIHappear late
in pregnancy although the pathophysiological pro-
cesses begin early, shortly after implantation of the
trophoblast. Pathophysiological signals are gener-
ated in response to pathological interactions be-
tween the developing fetus and maternal tissues.
This involves an anomaly in the invasion of the
uterinespiral arteriesby trophoblast cells, resulting
in underperfusion of the placenta and, finally,
placental ischemia and infarction. These processes
involve immunogenic and inflammatory process-
es, eventually resulting in the release of inflamma-
tory mediators from the placenta that causes the
maternal syndrome called diffuse endothelial dys-
function [310–312]. This condition is associated
with increased sensitivity of the vasculature to
vasoconstrictor hormones (angiotensin II) and in-
tense arterial vasoconstriction (hypertension) at
reduced intravascular blood volume and an associ-
ated prothrombotic state [313]. There is not only
underperfusion of the uteroplacental unit but also
of maternal organs, specifically liver, brain, and
heart. Inaddition,cytokinesgeneratedandreleased
from the placenta cause a generalized inflammato-
ry reaction in the maternal circulation. Clinically,
this might result in abortion or preterm delivery,
intrauterine growth retardation (IUGR), PIH, or
death.

After placentation of the fetus, further fetal growth and
development require development and growth of blood
vessels, which come into connection with the maternal
circulation. In certain immunological conditions, this

might result in the generation of immunoregulatory
cytokines and antiangiogenic factors. These placenta-
derived proteins bind (and inactivate) growth factors
[314, 315]. This is followed by insufficient vascularization
and high vascular resistance in the uteroplacental cir-
culation. These mediators also enter the maternal circu-
lation and cause a generalized inflammatory response at
the endothelium, eventually resulting in PIH [312].
Screening for antiangiogenic proteins or other soluble
factors related to the pathology of these processes may
allow early diagnosis of the disease, identification of high-
risk groups and subsequently a more effective and causal
prevention and treatment of PIH than currently possi-
ble [316].

Prothrombotic factors in plasma [317], for exam-
ple, a prothrombotic genotype [318], or immuno-
logical/inflammatory disorders associated with
placentation [312, 313] are possible pathophy-
siological explanations for preeclampsia. Pre-
existing medical illnesses may also contribute
to PIH and aggravate the clinical symptoms and
complications. A hypothetical scheme of etiology
and pathophysiology of PIH with possible sites
of action of aspirin is shown in Figure 4.17.

Treatment Goals Preeclampsia is a disease of the
trophoblast and can currently only be cured by
removing the placenta, that is, delivery or abor-
tion. Otherwise, clinical symptoms can currently
be treated only symptomatically. Central to many
clinical symptoms of the disease is a pathology in
arachidonic acid metabolism, possibly related to
endothelial dysfunction, which results in platelet
hyperreactivity and subsequently enhanced gen-
eration of platelet-derived thromboxane and oth-
er prothrombotic and vasoconstrictor factors.
This is the rationale for the use of low-dose
aspirin as an antiplatelet agent in treatment of
PIH.

4.1.5.1 ThromboticRiskandModeofAspirinAction
The generation of both PGI2 and TXA2 increases
with increasing duration of the pregnancy. PGI2 is
mainly generatedbyvascular endothelium, tropho-
blastic cells and the placenta, whereas thrombox-
ane A2 is generated by platelets.
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Reduced Vascular PGI2 Generation Reduced gen-
eration of PGI2 is one of the initial abnormalities in
women at risk of developing PIH [319–322]. Sig-
nificantly reduced endothelial PGI2 generation, as
seen from reduced urinary excretion of PGI2 me-
tabolites, becomes clinically detectable in 13–16
weeks of gestation, that is, before the clinical onset
of the disease [320, 323]. One consequence of
reduced prostacyclin formation is platelet hyperre-
activity and enhanced platelet-derived thrombox-
ane formation [324, 325], another increased sensi-
tivity of vascular smooth muscle cells to endoge-
nous vasoconstrictors, such as angiotensin II or
endothelin. Attempts to correct PGI2 deficiency by
systemic administration of PGI2 were not suc-
cessful, probably because of its strong systemic
vasodilatory activity and even fatalities [326, 327].
Selective inhibition of platelet thromboxane syn-
thesis was effective in some cases [328] but has
not been studied systematically. Thus, aspirin
became the antiplatelet treatment of choice. This
was based upon the assumption that the detri-
mental consequences of preeclampsia are platelet
related and caused by an insufficient endothelial
PGI2 generation [329–331].

Enhanced Thromboxane Generation as Target of
Aspirin Thromboxane levels are increased in nor-
mal gestation but furthermore two- to fourfold
higher in preeclampsia [332–334]. This is probably
due to platelet hyperreactivity. Accordingly, platelet
activation markers are elevated and there is an
increased platelet turnover rate [335]. Thrombocy-
topenia is themost commonhemostatic abnormal-
ity in preeclampsia and probably related to intra-
vascular clot formation.Platelethyperreactivity and
enhanced thromboxane formation precede the
clinical onset of the disease and are associated with
uteroplacental insufficiency and fetal andmaternal
hypoperfusion of vital organs. This makes preven-
tion of excessive thromboxane formation a most
useful tool for symptomatic treatment of vascular
and hemostatic abnormalities in preeclampsia.

Serum thromboxane appears not to predict the outcome
in high-risk pregnancies [336] and is also largely
unchanged in normal pregnancy [337], despite markedly
elevated plasma levels and urinary thromboxane excre-
tion. This is not surprising since serum thromboxaneonly
determines the capacity of thromboxane formation rather
than endogenous thromboxane generation within the
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Figure 4.17 Etiology and pathophysiology of PIH and IUGR (adapted from Brown [329]).
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circulation in vivo. Thromboxane formation can be better
determined by measuring excretion of thromboxane
metabolites in urine. However, measurement of serum
thromboxane is a useful compliance control if aspirin
treatment is performed.

Mode of Aspirin Action The pharmacological rea-
son for using (low-dose) aspirin to prevent pre-
eclampsia is selective inhibition of thromboxane
formation at undisturbed generation of PGI2. As-
pirin rapidlypasses theplacenta andenters the fetal
circulation, approachingabout50%of thematernal
plasma level [338]. In pregnant women, low-dose
oral aspirin (100mg/day) is completely cleared
from maternal plasma within 4 h and is not de-
tected in neonates. Neither renal thromboxane
formationnor generation of PGI2 or PGE2 is affect-
ed by regular low-dose aspirin [339]. It is still
uncertain, which proportion of the vascular PGI2
is synthesized via COX-2 and whether the percent-
age remains the same during pregnancy and in
women at risk for preeclampsia. Cytokine forma-
tion and release into thematernal and fetal circula-
tions is most likely to stimulate COX-2 expression,
including subsequently enhanced formation of

PGI2 and PGE2, which is much less sensitive to
aspirin than COX-1-dependent thromboxane for-
mation in platelets. According to current knowl-
edge and clinical experience, the goal of selective
thromboxane suppression at (largely) undisturbed
generationofPGI2 canbeobtainedbydailydosesof
100mg aspirin (Figure 4.18) [340].

Possible Risks of Aspirin Use Although clinical
data demonstrate a remarkable safety of aspirin
even in high-risk pregnancies (see below), several
possible side effects of aspirin should be consid-
ered. The bleeding risk is low in early pregnancy,
although the clinical efficacyof aspirin inwomenat
high risk for preeclampsia appears to be related to
the prolongation of bleeding time [341] (Section
3.1.2). Another issue of concern is regional vaso-
constrictionsubsequent to inhibitionof vasodilator
prostaglandin formation, in particular premature
closure of the ductus arteriosus Botalli. Reversible
constriction of fetal blood vessels was found with
several NSAIDs and aspirin. However, these
changes, if any, were small and without any nega-
tive effect on fetal development [342]. In addition,
the sensitivity of the fetal and maternal circulation
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to cyclooxygenase inhibitorsmightnotbe thesame:
aspirin doses that were sufficient to inhibit placen-
tal thromboxane formation did not block throm-
boxane or prostacyclin formation in isolated tro-
phoblast cells [343]. Similarly, thromboxane syn-
thesis of fetal platelets remained largely unaffect-
ed [322] under conditions when thromboxane
generation by placental vessels was reduced [344].
The sensitivity of adult and neonatal platelets�
thromboxane formation to aspirin and other
NSAIDs in vitro appears to be similar [345]. The
proportional contribution of COX-2 to PGE2 and
PGI2 formation, which also plays a role in main-
taining a functioning ductus arteriosus, remains to
be determined.

4.1.5.2 Clinical Trials

Early Reports After a brief report by Goodlin
et al. [346], Crandon and Isherwood [347] were the
first to show that nulliparous women who took
aspirin more than once each second week during
pregnancy were at significantly lower risk of PIH
than those who had taken no aspirin. The first
randomized trial in early pregnancy (starting in
the third month of gestational age) in women at
high risk of preeclampsia showed that aspirin pre-
ventedPIH[348]. In this study,womenwere treated
with aspirin (150mg/day) plus dipyridamole
(300mg/day) until delivery. Preeclampsia and se-
vere IUGR occurred in significant percentages of
untreated but in none of the aspirin-treated pa-
tients. This suggests that regular low-dose aspirin
mayprovideprotection frompreeclampsia inwom-
en at elevated risk for the disease.

Randomized Double-Blind Trials The first larger,
placebo-controlled double-blind prospective ran-
domized trial testing low-dose aspirin as a preven-
tive measure of pregnancy-induced hypertension
and preeclampsia in pregnant women at elevated
riskforPIHwaspublishedbyWallenburgetal. [349].

Pregnant nulliparous, healthy women, normotensive at
26thweek of gestation, were subjected to the angiotensin

II sensitivity test to detect abnormal vasoconstriction as
an index parameter for pathological vascular reactivity.
From a total of 207 women, 46 were found to react with
enhanced pressure responses. These patients at risk
were enrolled into the study at 28thweek of gestation and
treated with aspirin (60mg/day) or placebo until delivery.
This aspirin dose reduced thromboxane generation by
platelets (determined by measuring malondialdehyde)
on average by 89%.
One intrauterine death (asphyxia?) and 2 cases of

slight hypertension occurred in the aspirin group but 12
cases of a usually severe preeclampsia in the placebo
group. No adverse effects of aspirin treatment on either
mother or infants were observed. Specifically, there were
no hemorrhages or any evidence for constriction of the
ductus arteriosus Botalli.
The conclusionwas that in these individuals at the high

risk of PIH, treatment with low-dose aspirin is a useful
protective measure [349].

Benigni et al. [322] confirmed the clinical benefit
of protection of high-risk patients by low-dose
(60mg/day) aspirin. In this study, treatment was
started already at the 12th week of gestation. The
positive clinical outcome was associated with a
significant reduction of thromboxane formation at
unchanged levels of PGI2.Other small studieswith
low-dose aspirin (60–150mg/day) in pregnant
women at elevated risk for preeclampsia also con-
firmedbeneficial effects onPIH [350].According to
a meta-analysis of early trials, aspirin treatment
reduced PIH by 65% and severe IUGR by
44% [351].
These positive results stimulated several larger,

randomized placebo-controlled double-blind stud-
ies that, however, yielded different results and in
general were unable to confirm the impressive
beneficial effects of the earlier studies. The world-
wide largest randomized, placebo-controlled trial
so far was the �Collaborative Low-dose Aspirin
Study in Pregnancy� [352].

A total of 9364 women were randomly assigned to film-
coated aspirin (60mg/day) or a matching placebo until
delivery. Women were eligible if they were between 12th
and 32nd weeks of gestation and were at sufficient
preexisting risk of preeclampsia or IUGR. The majority of
patients (74%) took aspirin for prophylactic purposes,
that is, there was an increased risk of preeclampsia

4.1 Thromboembolic Diseases j293



because of a history of preeclampsia or IUGR in a pre-
vious pregnancy, chronic hypertension, or renal diseases.
Further risk factors were maternal age, family history, or
multiple pregnancies. Main end points were proteinuric
preeclampsia, duration of pregnancy, birth weight,
stillbirth, and neonatal death ascribed to preeclampsia
or IUGR.
Overall, 6.7% of women allocated to the aspirin group

developed proteinuric preeclampsia compared to 7.6%
of those allocated to placebo. This 12% relative risk
reduction by aspirin was not significant. There was no
significant effect of aspirin on the incidence of IUGR,
stillbirth, or neonatal death. However, aspirin did signifi-
cantly reduce the rate of pretermdeliveries in comparison
with placebo, 19.7% versus 22.2% (2p¼ 0.003), and
there was a significant trend ( p¼ 0.004) toward progres-
sively greater reductions in proteinuric preeclampsia, the
more preterm the delivery. Aspirin treatment was not
associated with a significant increase in placental
hemorrhages or bleedings during preparation for epidu-
ral anesthesia. However, there was a slight increase in the
number of blood transfusion after delivery. Aspirin was
generally safe for the fetus and newborn infant with no
evidence of an increased likelihood of bleeding.
The main conclusion was that these findings do not

support routine prophylactic or therapeutic administra-
tion of antiplatelet drugs such as aspirin in pregnancy
to all women at an increased risk of preeclampsia or
IUGR [352].

CLASP was one out of eight larger placebo-con-
trolled randomized studies, that is, trials including
at least 200 pregnant women, that were published

between 1993 and 1998. The daily aspirin dose in
these studies was 50–60mg/day. The clinical out-
comes were different, although the earlier studies
tended to bemore positive for aspirin than the later
ones (Figure 4.19). According to a recent Cochrane
analysis [353], considering results of all random-
ized trials until 2006, there was a moderate but
significant reduction of preeclampsia (17%), pre-
term birth (8%), intrauterine growth retardation
(10%), andperinatalmortality (14%) by antiplatelet
agents, in most low-dose aspirin cases. These data
were recently confirmed in a largemeta-analysis of
individual patient data – the perinatal antiplatelet
review of international studies (PARIS) trial, also
showing a moderate though significant 10% risk
reduction for PIH and preterm birth in primary
prevention of PIH in high-risk women. Important-
ly, the PARIS study did also show that treatment
with antiplatelet agents is not associated with an
increased bleeding risk for either the women or
their babies [354].

4.1.5.3 Clinical Trials in Pregnancy-Induced
Hypertension: Reasons for Data Variability
The different results on aspirin treatment and
prevention of PIH in clinical trials are somehow
unique to the disease and suggest additional vari-
ables for studyoutcome.Thus, it is possible that the
less impressive results of the large trials compared
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to the smaller ones may be due to a too heteroge-
neous patient selection that dilutes any beneficial
effect by inclusion of (relatively)morepatientswith
a low-risk profile [357–359]. On the other hand,
small-sized studies with negative results might
not have been published, thus possibly causing a
publication bias. Three variables with particular
relevance to clinical outcome are (i) definition of
women who are most likely to benefit from anti-
platelet treatment; (ii) beginning (and end) of treat-
ment, and (iii) selection of the optimum dose and
control of adherence of the patient to regular drug
intake (compliance!). The �perinatal antiplatelet
review of international studies� retrospective
meta-analysis for primary prevention of pre-
eclampsia by antiplatelet treatment is a nice exam-
ple to demonstrate the complexity of this issue.

The PARIS study was ameta-analysis of individual patient
data from 32217 women and their 32 819 babies, recrui-
ted from 31 randomized preeclampsia primary preven-
tion trials. The prespecified main outcomes included
preeclampsia, death in utero or death of the baby before
discharge from the hospital, preterm birth at less than 34
weeks of gestation, and IUGR. Only randomized studies
of antiplatelet agents (mostly aspirin) versus placebo or
no treatment were included.
For women assigned to receive antiplatelet agents, the

relative risk of developing preeclampsia was reduced by
10% (RR: 0.90, 95% CI: 0.84–0.97), delivering before 34
weeks by 10% (RR: 0.90; 95% CI: 0.83–0.98), and of
having a pregnancy with a serious adverse outcome by
10% (RR: 0.90; 95% CI: 0.85–0.96). There was no effect
on other parameters, including death of fetus or baby,
IUGR, or bleeding events. The outcome was similar in
several subgroups studied, including those with late start
of treatment, dosing, and preexistingmedical conditions.
The conclusion was that administration of antiplatelet

agents during pregnancy causesmoderate but consistent
reductions in the risk of developing preeclampsia,
preterm delivery (before 34 weeks� gestation), and preg-
nancywithserious adverseoutcomes.Therewasnogroup
of women in this study for whom there was evidence
to justify withholding antiplatelet therapy [354].

While thesedataare important, inparticularwith
respect to safety aspects of aspirin administration
during pregnancy, they suffer from the principal
problems of all meta-analyses, that is, the combi-

nation of data from different studies with different
study designs, aspirin doses, and clinical outcome
and preeclampsia definitions. Data only from 31
trials out of 115 trials that were considered by the
authors as potentially eligible were presented, that
is, less thanonequarter fromtotal.Theaspirindose
varied between 50 and 150mg/day. There was a
16% better outcome at doses�75mg compared to
doses<75mg,which, however, was not significant.
A planned �150mg aspirin group could not be
realized because of too small numbers of patients.
Randomization and therapy at optimum time
points, that is, before 20weeks gestation could only
be performed in 59% of women and women with
preexisting medical conditions (i.e., renal disease,
diabetes, and hypertension), that is, a possibly
different pathophysiological backgroundwere also
included. Finally, more than 37% of data extracted
from the 31 studies came from one (principally
negative) trial (CLASP) (see above). This indicates
a rathermixed population thatmight dilute the real
benefits of aspirin prophylaxis andmight not trans-
fer to all risk determinants to the same extent.
Similar beneficial findings were reported in a

recent Cochrane analysis, involving 59 trials with
37 560 women [353]. There was a 17% reduction of
preeclampsia by antiplatelet treatment, mostly as-
pirin. There was a significantly higher increase in
risk reduction by antiplatelet treatment for high-
risk (number needed to treat (NNT), 19, compared
tomoderate risk (NNT: 119) women. Thus, aspirin
has benefits in the prevention of preeclampsia;
however, further information defining subgroups
of patients and conditions for optimumbenefit are
needed. Some of these aspects regarding patient
selection, beginning and end of treatment, dosing
and compliance issues are discussed below.

Patient Selection The pathophysiology of pre-
eclampsia is related to early pregnancy, although
clinical symptoms occur later in gestation and
might be further aggravated by external risk factors
and medical conditions. Thus, improved diagnos-
tics, identifying patients with risk factors early, that
is, before the appearance of clinical symptoms, is a
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most attractive approach to increase the success
rate of treatment. For example, urinary screening
for risk factors such as antiangiogenic proteins
(sFlt-1, PlGF) (see above) is one of these promising
procedures and may become available to more
general use in the near future.
It has been shown that the clinical efficacy of

antiplatelet treatment is not the same in all women
with clinical symptoms of preeclampsia. Hey-
borne [360] qualified available studies on aspirin
in the prevention of preeclampsia according to the
individual risk profile of the patients. There was
little if any benefit of aspirin in nonselected preg-
nancies but a significant protection in most if not

all of the controlled trials when patients with a
previouspositivescreening test forriskfactorswere
included. Interestingly, no suchbenefitwas seen in
patientswith ahistoryofmedicalproblems, suchas
hypertension, renal failure, diabetes, older age, and
others (Table 4.6). This suggests that the individual
risk profile is an important determinant for the
efficacy of aspirin treatment and that patients at
elevated risk by a medical condition might be less
sensitive to aspirin protection.

Beginning and End of Treatment Because pre-
eclampsiaisadiseaseofearlypregnancy,prevention
of abnormalities of the uteroplacental circulation,

Table 4.6 Preeclampsia – effects of low-dose aspirin in different risk groups (adapted from [360]).

Incidence of
preeclampsia (%)

Risk group Study n
Risk
determination Control Aspirin Significance

High risk
because of
diagnostic
procedures.
Nulliparous
(no diabetes,
no hypertension,
and no other
medical risk
factors)

Wallenburg
et al. [349]

46 Angiotensin
II infusion

30 9.0 p< 0.01

Schiff
et al. [361]

65 Rollover test 35.5 11.8 p¼ 0.024

McParland
et al. [362]

100 Uterine artery
Doppler scan

19 2.0 p< 0.02

Brown
et al. [363]

22 Angiotensin
II infusion

63 27.0 p< 0.01

Wenstrom
et al. [364]

48 hCG> 2.0
multiples of
the median

10.7 0.0 NS

Bower
et al. [365] 60 Uterine artery

Doppler scan
41a 29.0b NS

(p¼ 0.03)

High risk
because of
medical
conditions
(hypertension,
diabetes, chronic
renal disease,
and previous
preeclampsia)

Italian Study
of Aspirin in
Pregnancy [366]

896 Presence of
medical risk
factors

2.7 2.9 NS

CLASP
Collaborative
group [352]

6929 Presence of
medical risk factors

6.7 7.6 NS

ECPPA [367] 1900 Presence of
medical risk factors

6.7 6.1 NS

Sibai et al. [357] 2539 Presence of
medical risk factors

22 18 NS

NS, not significant.
aSevere, n¼ 38.
bSevere, n¼ 13.
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including early excess of placental thromboxane
formation by aspirin, is probably most effective,
when started before placentation is completed, that
is,�13thweekofgestation [368].Theefficacymight
be lower with increasing duration of pregnancy
beyond the 20th week of gestation. In several early
trials, aspirin treatment was started up to the 32nd
week of gestation and therefore might not be effec-
tive anymore [369]. Treatment should be stopped
after the 37th week of gestation because of ques-
tionable benefit and a possible elevated bleeding
risk, specifically with the concomitant intake of
other antihemostatic agents, which was confirmed
in the PARIS study.

Aspirin Dose Most of the studies that failed to
show convincing beneficial effects of aspirin on
preeclampsia were performed with 60mg aspirin/
day or less. This dose was chosen not to impair
vascular prostacyclin production but it may not
always be sufficient for inhibition of thromboxane
formation, specifically in situations of increased
platelet activation invivo, suchaspreeclampsia.The
least 95% inhibition of serum thromboxane le-
vels [370], necessary for efficient inhibition of
platelet function,wasnot obtained in all trials [349].
Doses below 75mg/day appear also to be less
effective in cardiocoronary prevention (Section
4.1.1). In agreement with this, recent Cochrane
data indicate a risk reduction of preeclampsia by
65% (!) in women treated with higher doses of
aspirin (>75mg/day) as opposed to an overall only
15% risk reduction if all patients were included
(Figure 4.20). Similar results with respect to IUGR
were found in ameta-analysis by Leitich et al. [371].
According to data of 13 234 cases, aspirin antago-
nized IUGRandhigher doses (100–150mg/day) of
the compound were more effective than the lower
doses (50–80mg/day).

CircadianVariations Another aspect of theefficacy
of drug treatment, including antiplatelet agents, is
possible circadian variations. Hermida et al. [372]
showed in a placebo-controlled randomized trial in
pregnant women at elevated risk of preeclampsia

that the blood pressure lowering action of aspirin
(100mg/day) showed a circadian variation.Antihy-
pertensive effects were most prominent when as-
pirin was given before bedtime as opposed to
awakening time. It was concluded that the lack of
positive results with aspirin in other trials might
have partially been due to too low doses that do not
affect placental thromboxane formation (<80mg/
day) and/or the lack of circadian timing of the
drug application.

Compliance Insufficient patient compliance is a
likely explanation for treatment failure. In addition
to aspirin resistance (Section 4.1.6) missing adher-
ence to drug treatmentmight also contribute to the
treatment failure with aspirin in the prevention of
gestation-related diseases. Specifically, pregnant
women may not wish to take any drugs because of
possible injury to the fetus. The compliance rate
according to tablet counts was 57% in the JLASP
trial [373]whileonly42%ofpatients tookmore than
95% of prescribed aspirin tablets in the BLASP
study [374]. Actually, compliance measurement by
pill count might even overestimate the real
intake [375, 376].

An impressive example for the validity of pill count as an
estimate for patient compliance of aspirin use in the
prevention of preeclampsia was published by Hauth
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Figure 4.20 Evidence of a dose-dependent effect of aspirin
on the incidence of preeclampsia according to Cochrane
database (2001) [356].
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et al. [376]. In this study, patient compliance was 94%
according to tablet count but only 79% according to
thromboxane determination as amore reliable parameter
for aspirin intake.
Interestingly, an at least twofold reduction in throm-

boxane levels was seen in 33% of patients in the placebo
group. Obviously, these patients had taken aspirin or
aspirin-containing medications for other reasons. When
all pregnancies included in the study, were divided into
those with at least twofold reduction in thromboxane
levels and those without – independent of randomization
to the placebo or aspirin group –, there was a clear
correlation between inhibition of thromboxane formation
and clinical outcome, that is, rates of preeclampsia,
IUGR, and preterm delivery [376].

Safety Aspects: Miscarriages and Malformations
Regular low-dose aspirin to improve outcome of
moderate- and high-risk pregnancies is generally
well tolerated and is safe with respect to fetal and
neonatal outcomes (Section 3.1.3). A recent meta-
analysis of all published data on this issue until
2001 [377, 378] found no increased risk of miscar-
riage for women taking aspirin. However, these
women exhibited a significantly lower risk of pre-
term delivery than did those on placebo (RR: 0.92,
95% CI: 0.86–0.98). There was no significant
change in perinatal mortality and the rate of
small-for-gestational-age infants. These data were
confirmed in the PARIS meta-analysis on primary
prevention [354]. There was also no evidence of an
overall increase in the risk of congenitalmalforma-
tions that could be associated with aspirin if the
compoundwas takenby themother during thefirst
trimester of pregnancy [377–379].

Safety Aspects: Placental Circulation and Bleeding
Regular low-dose (100mg/day) aspirin during the
second and third trimester of pregnancy does not
alter uteroplacental or fetoplacental hemodynam-
ics and cause constriction of the ductus arterio-
sus [380]. There is also no overall increase in
bleedings [354], inparticular if aspirin iswithdrawn
prior to the end of the 37th week of gestation and
there is no evidence for a significant bleeding
tendency in the fetus or newborn, respectively
(Section 3.1.2).

4.1.5.4 Actual Situation
According to the PARIS trial [354] and the most
recent Cochrane data [353], aspirin is safe in preg-
nancy for both mother and child and exhibits a
moderate, though significant, protective effect
against preeclampsia. In addition to reducing the
incidence of the disease in high-risk populations, it
also retards the onset of clinical symptoms, im-
proves clinical outcome, and reduces perinatal
mortality. Aspirin prophylaxis and treatment is
indicated in women, suffering from preeclampsia
prior to 32nd gestational week, by familiar disposi-
tion and positive uterine Doppler flow in the 2nd
trimester. Aspirin is less or not effective in pre-
eclampsia associatedwith preexistingmedical con-
ditions, such as chronic hypertension, chronic
renal disease, or diabetes. Treatment should be
started at 12–16th week of gestation in women at
elevated riskandshouldbe terminatedat37thweek
of gestation.

Summary

Preeclampsia, that is, pregnancy-induced hyper-
tension associated with proteinuria is a multisys-
tem disorder and a leading cause of fetal and
maternal morbidity and mortality. The clinical
symptoms of the disease are possibly caused by
a generalized endothelial dysfunction, initiated
by a pathologic immune reaction between fetal
and maternal tissues. This eventually results in

disturbed placental development and function.
This pathology develops with invasion of the
uterine spiral arteries by the trophoblast but be-
comes clinical relevant only in later stages of
pregnancy.
Vessel tone,permeabilityandplatelet functions

inpreeclampticwomenaresignificantlymodified
by a pathology in their arachidonic acid metabo-
lism. The increased prostacyclin formation in
normal pregnancy is reduced before symptoms
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4.1.6
Aspirin �Resistance�

Variability in Drug Responses Considerable het-
erogeneity exists in the way individuals respond to
drugs in termsof both efficacy and safety. Antiplate-
let drugs, such as aspirin, clopidogrel, GPIIb/IIIa
antagonists and other compounds, which are used
for prevention of myocardial infarction and stroke,
are effective only in a certain proportion of patients
but are ineffective in many others [381]. This vari-
ability to antiplatelet drugs is well documented in
the large meta-analysis of the Antiplatelet/Antith-
rombotic Trialists� Collaboration [382]. The interin-
dividual variability of platelet responses to aspirin
and other antiplatelet agents clinically presents as
treatment failure, that is, a vascular thromboembol-
ic event despite of regular intake of the drug at
recommended doses, that is, 75–325mg/day. This
phenomenon is frequently named �resistance� and
is finding increasing clinical attention. However,
treatment failures with drugs are neither new nor
unusual nor is their incidence really increasing.
There appears rather to be an increasing awareness
of this phenomenon, which is also evident from an
increasing detection of clopidogrel �resistance�
(Figure 4.21). The large interindividual variability

additionally suggests that there will be many more
cases of treatment failures, includingmissing com-
pliance but also an altered platelet sensitivity, than
an insufficient pharmacological action of the drug
[292].Thus,clinical treatment failureanda failureof
aspirin towork pharmacologically are no synonyms
but, unfortunately, are frequently mixed up in an
inappropriatewaycausingmuchconfusion[383]. In
addition, �resistance� is certainly not the optimum
term to describe this phenomenon, which rather
meansa loworabsentresponsiveness.However, the
term�resistance�will beused in this article because
of its widespread acceptance.

Principal Pharmacological Mechanisms of Aspirin
�Resistance� From a pharmacological point of
view, drug treatment in general and antiplatelet
treatment in particular may fail for three reasons:
(i) the active (antiplatelet) compound is not avail-
able at the site of actionat a sufficient concentration
for a sufficient period of time; (ii) the active
compound cannot work because of an impaired
sensitivity of the cellular or molecular target, for
example, a change in the phenotype of (platelet)
COX-1 or other forms of platelet hyperreactivity,
and (iii) the platelet-stimulating factors that initiate
thrombus formation are not sensitive to aspirin.
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Figure 4.21 The increasing clinical interest in aspirin �resistance� during the past 10 years. Similar developments with
clopidogrel.
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An overview of possible mechanisms of aspirin
�resistance� is shown in Table 4.7.

4.1.6.1 Definition and Types of Pharmacological
Aspirin �Resistance�
Pharmacologically, the failure of aspirin to act is
due to its inability tohit themolecular target, that is,
to inhibit platelet function via inhibition of COX-1.
However, there is neither a generally accepted
definition of aspirin �resistance� nor any generally
acceptedprocedure for its determination. Incaseof
the antiplatelet action of aspirin, measurement of
thromboxane formation in combination withmea-
surement of platelet function appears to be a logical
approach.

The Weber Assay Weber et al. [384] have pro-
posed a typological approach to analyze aspirin
�resistance� in pharmacological terms by studying
the potency of aspirin to inhibit platelet-dependent
thromboxane formation and thromboxane-depen-
dent platelet aggregation inoneand the sameassay.
This allows for a pharmacological separation of
different types of resistance.

Aspirin �resistance� was measured pharmacologically by
simultaneously determining the inhibition of collagen-
induced thromboxane formation and platelet aggrega-
tion by aspirin in vitro. A low dose (1mg/ml) of collagen
was chosen that, under the conditions of this assay, req-
uired release of endogenous arachidonic acid for an ag-
gregation response. In the case of incomplete ormissing
inhibition of platelet aggregation after oral treatment ex
vivo, three different reaction profiles could be separated
according to the alterations in thromboxane formation
and platelet aggregation after in vitro addition of aspirin.
Type I (pharmacokinetic resistance): No inhibition of

platelet aggregation after oral treatment in vivo but
inhibition of aggregation and thromboxane formation
after addition of aspirin in vitro. This suggests that aspirin
does work in these platelets as expected but is not
sufficiently bioavailable in vivo, most likely due to a
missing compliance or drug competition with its binding
to the hydrophobic channel of COX-1.
Type II (pharmacodynamic resistance): No inhibition of

platelet aggregation after oral treatment in vivo but partial
inhibition of platelet aggregation and thromboxane
formation after addition of aspirin in vitro, which could
be completed by increasing the aspirin dose. This �true�
resistance suggests a pharmacodynamic failure of aspirin
to act, for example, because of reduced sensitivity of the
platelet COX-1 or residual platelet activity.
Type III (pseudoresistance): No inhibition of platelet

aggregation after oral treatment in vivo and no inhibition
of platelet aggregation in vitro despite of complete inhibi-
tion of thromboxane synthesis after addition of aspirin.
Possible reasons are platelet activation by nonthrombox-
ane-dependent pathways, for example, high-dose colla-
gen (Figure 4.22).

This assayhas alsobeensuccessfullyused for the
classification of clinical syndrome of aspirin
�resistance� [385].

4.1.6.2 Detection of Aspirin �Resistance�
As mentioned above, there are principally two
mechanism-basedmethods todetectpharmacolog-
icalplatelet aspirin�resistance�– themeasurement
of one or more parameters of platelet function
ex vivo or the determination of (platelet-dependent)
thromboxane formation. Both approaches have
limitations, the most important being (i) the ab-
sence of a generally accepted technology of mea-
surement; (ii) the absence of generally accepted
�normal� values to allow standardizations and

Table 4.7 Mechanisms of pharmacological aspirin
�resistance.�

Drug related

Pharmacokinetics

Insufficient bioavailability
Prevention of binding of the Ser530 by traditional NSAIDs
(ibuprofen, indomethacin, and naproxen)

Drug interaction with pyrazoles (dispyrone and others)

Pharmacodynamics
Impaired sensitivity of platelet COX-1 (CABG)
Gene polymorphism(s)

Disease related

Platelet hyperreactivity (diabetes)
Aspirin-insensitive mechanisms of platelet activation and
aggregation
Facilitation of platelet adhesion (changes in the collagen
receptor)
Platelet thromboxane receptor �sensitizing� (isoprostanes?)

304j 4 Clinical Applications of Aspirin



comparisons between different laboratories, and
(iii) the (still) poorly defined predictive value for
clinical outcome, that is, the transfer of laboratory
data into clinical reality.
A significant, aspirin-sensitive elevation of plas-

ma and urinary 11-DH-TXB2 associatedwith plate-
let activation syndromes, such as unstable angina,
severe atherosclerosis, peripheral arterial disease,
andpulmonary embolism iswell known [386–389].
This confirms the usefulness of this approach.

Platelet Function and Aggregate Formation Light
transmission aggregometry of platelets in citrated
platelet-rich plasma is still the most popular tech-
nology to detect aspirin �resistance� [390, 391].
However, any study of blood platelets ex vivo or
in vitro is done under conditions that differ funda-
mentally from the in vivo situation where circulat-
ing platelets do continuously interact with blood
components and the vessel wall. In all of these
assays, platelets are removed from this natural
environment and the numerous platelet-active fac-
tors released from the endothelium or circulating
in the blood. These factors control basal platelet
activity and maintain its discoid shape under rest-
ing conditions. Several of these factors are either
labile andare already inactivated (NO,prostacyclin)
or not present in vitro for other reasons (endothelial

ADPase), when the measurement of platelet func-
tion is performed.Mechanical stimulation of plate-
lets by centrifugation or pipetting (shear stress)
might result in ex vivo activation prior to addition
of stimulating agents. This effect is probably more
pronounced if platelets are already hyperreactive in
vivo, for example, in patients with a history of
previous atherothrombotic events. There are no
redcells inmanyplatelet assays.Redcellsmarkedly
increase platelet reactivity [392] and will reduce the
antiplatelet actions of aspirin [393]. Finally, mea-
surement of platelet function in platelet-rich plas-
ma does not consider possible effects of aspirin on
other cells circulating in blood that may influence
the platelet-dependent hemostatic process. In ad-
dition to red cells, this includes white cells, which
release inflammatory, that is, prothrombotic, cyto-
kines. Thus, any analysis of platelet aspirin sensi-
tivity that is solely based on the measurement of
platelet inhibition in vitro after stimulation by one
particular agonist would not capture the full anti-
inflammatory benefit of antiplatelet therapy [394].
Different approaches are used to determine

platelet activity. The most frequently used include
measurementofplatelet function, that is, aggregate
formation (photometricaggregometryaccording to
Born, PFA-100, and impedance aggregometry),
expression of P-selectin, GPIIb/IIIa and other

Figure 4.22 Typology of aspirin resistance according to Weber et al. [384].
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activation markers at the platelet surface (flow
cytometry). TheVerifyNow turbidimetric-based as-
say determines platelet aggregation in whole blood
and currently becomes increasingly popular. Plate-
let reactivity tests originally described by Wu and
Hoak [395] (Section 4.1.2) determine a platelet
count ratio, for example, before andafter standardi-
zed stimulation with an agonist. This will allow
calculation of the fraction of platelets that become
activated as percentage of the total.
In practical use, all of these platelet tests have

limitations. Regarding the detection of aspirin
�resistance,� different assays yield different re-
sults [396]. The PFA-100, for instance, though a
widely used approach appears to differ from other
measurements of platelet function and provides
significantly higher numbers of �resistant� indivi-
duals thanothermethods [397–401]. It evenyielded
different results in the same patients, that is, plate-
lets, which were �resistant� in one assay were not
�resistant� in another [402]. In the absence of
appropriate controls, that is, platelet assays prior to
aspirin ingestion, results may even disqualify pa-
tients [391]. Thus, these data should be interpreted
with caution and large prospective studies will be
required to determine the prospective value of each
of the separate tests.
There are also technical issues regarding the

measurement of platelet function in platelet-rich
plasma in vitro that deserve documentation. For
example, measurements should be started rapidly
after blood withdrawal (because of the increase in
pH with evaporating CO2 that increases platelet
reactivity). In addition, all platelet assays are
markedly influenced by the type of anticoagulant
and agonist used. For example, citrate will reduce
the Ca2þ levels in the sample close to zero, while
anticoagulants such as antithrombins (hirudin,
factor Xa inhibitors) will maintain physiological
Ca2þ levels, allowing a more natural activation of
the platelet GPIIb/IIIa receptor. However, these
compounds eliminate the most potent natural
platelet activator, that is, thrombin, which might
be an at least partially thromboxane-dependent
target of aspirin and whose generation appears to

be less inhibited in aspirin-resistant indivi-
duals [403, 404]. It should also be noted that the
frequently used measurement of inhibition of
ADP-induced aggregation by aspirin is an in vitro
artifact (in non-aspirin pretreated individuals). In
the presence of physiological Ca2þ concentrations,
that is, in vivo, aspirin will not affect ADP-induced
platelet responses because ADP-induced platelet
secretion and aggregation are not aspirin sensitive.
The reason is the absence of ADP-induced throm-
boxane formation [405, 406]. These limitations
have prompted the European Heart Association
not to recommend the measurement of platelet
function as a parameter for aspirin �resistance�
[407].

ThromboxaneFormation Another frequentlyused
procedure is the measurement of inhibition of
thromboxane formation. Serum thromboxane cor-
responds to the capacity of thromboxane biosyn-
thesis and is a useful surrogate parameter for the
pharmacological aspirin action. The inhibition
should amount to at least 95%, which is equivalent
to thromboxane levels of about 25 ng/ml [408]. Less
inhibition is clinically ineffective, that is, a 70%
inhibition of serum thromboxane formationmight
be statistically significant but is biologically irrele-
vant [409]. Insufficient thromboxane inhibition
appears also tobe related to apoor clinical outcome,
for example, after acute ST-elevation myocardial
infarction [410]. Regarding the reliability of throm-
boxanemeasurements,onehas toconsider that this
method is just a laboratory test of aspirin action
without any natural correlate in vivo. Endogenous
thromboxane levels, for example, in the area of
thrombus formation, are considerably lower and
also cannot accumulate with time (Section 3.1.2).
A more physiological approach to estimate the

aspirin action on thromboxane formation in the
cardiovascular system is the measurement of
thromboxane metabolite excretion, such as 11-
DH-TXB2, in urine. However, 11-DH-TXB2 is the
only one out of 20 metabolites of TXA(B)2 in
urine [411] and the conversion rate of TXB2 into
thismetabolite is only about 7% [412]. Importantly,
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the proportional conversion into 11-DH-TXB2 can
be markedly influenced by environmental factors,
such as smoking, being twice asmuch in nonsmo-
kers (healthy or with cardiovascular disorders) as
opposed to smokers [413]. A varying proportion of
about 30% of 11-DH-TXB2 in urine is probably not
platelet derived, that is, COX-1-derived, but comes
from other sources, such as monocytes/macro-
phages [414]. These cells are naturally �resistant�
against aspirin at antiplatelet doses because of their
COX-2-dependent thromboxane formation. This
proportion of COX-2-dependent thromboxane for-
mation will depend on the (acute) inflammatory
state of atherosclerosis. Accordingly, there is a high
variation in both published 11-DH-TXB2 data and
its reduction by aspirin (Table 4.8).Until now, there
is no generally accepted definition of threshold or a
normal range.

4.1.6.3 Pharmacological Mechanisms of Aspirin
�Resistance�
An overview of drug- and disease-related mechan-
isms of aspirin resistance is shown in Table 4.7
[418]. This section discusses pharmacological
mechanisms.

Insufficient Bioavailability of Low Aspirin Doses
The pharmacokinetics of aspirin should allow suf-
ficient bioavailability of the active, that is, nonme-
tabolized compound, to its binding sites in the
hydrophobic channel of platelet COX-1 protein
(Section 2.2.1). Given that there are considerable
differences in the presystemic and systemic bio-

availability of aspirin, it can be predicted that there
mightbea fractionof individualswhodonot showa
sufficient inhibition of platelet COX-1 as a result of
individual underdosing [419].

In order to study the reproducibility of antiplatelet effects
of low-dose aspirin, 10 healthy volunteers were treated
with three single doses of 80mg/day, separated by a
washout period of 2 weeks. The area under the aspirin
concentration–time curve (AUC) in plasma was mea-
sured and correlated with the inhibition of arachidonic
acid-induced platelet aggregation ex vivo.
There was a large intra- and interindividual variability in

the AUC (0.4–1.7mg h/ml), which, in some individuals
and on some occasions, was related to an insufficient
platelet response to aspirin, suggesting that an impaired
bioavailability favors an insufficient platelet response to
the compound. However, the overall correlation was also
poor, possibly because the AUC in the systemic cir-
culation was not the ideal pharmacokinetic parameter
to determine the bioavailability of aspirin for the platelets
[420] (Figure 4.23).

Table 4.8 Urinary levels of 11-dehydro-TXB2 (11-DH-TXB2) before and after aspirin treatment (selection).

11-DH-TXB2

n Before aspirin After aspirin % Reduction Reference

24 75� 13 ng/mmol cr (SEM) 17� 3 ng/mmol cr 77 [388]
24 815� 183 ng/g cr (SEM) 266� 114 ng/g cr 67 [415]
64 About 450 pg/mg cr About 160 pg/mg cr 72 [389]
16–71 1386 ng/g cr (176–3844, range) 783 (149–7415) ng/g cr 44 [416]
488 No data 22.8 ng/mmol cr (cases MI) n.d. [417]
488 No data 20.3 ng/mmol cr (control MI) n.d.

Figure 4.23 Variable pharmacokinetics of aspirin (for
further explanation, see the text) (data from [420]).
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A possibly too low bioavailability of low-dose
aspirin (75mg/day) was also described for enter-
ic-coated preparations, which were less effective
than a plain preparation at the same dose [421].
In addition to the drug, that is, aspirin, the

platelets themselves may also become a variable
because of kinetic reasons. Approximately, 10% of
the existing platelet pool is renewed between the
(daily) dosing intervals of aspirin. Because of the
shorthalf-lifeof aspirin (15–20min), theseplatelets
are largely unprotected and carry an active COX-1,
capable of full thromboxane formation. An in-
creased platelet turnover, for example, in myelo-
proliferativediseasesorafterplateletdestructionby
artificial surfaces, such as extracorporeal circula-
tion [422] may result in a larger proportion of new,
partially immature platelets that is sufficient to
overcomethe inhibitionof thromboxane formation
in pretreated platelets. This may explain, why low-
dose aspirin has a limited efficacy in the reduction
of large-vessel thrombosis in patients, suffering
from essential thrombocythemia [423–425].

Competition with Other Drugs for Binding at COX-1
Another pharmacokinetic reason for insufficient
antiplatelet effects of aspirin is an interference,
not only with traditional NSAIDs but also with
dipyrone [426] (Figure 4.24), with aspirin binding

in the hydrophobic channel of COX-1. Binding of
one of the reversible inhibitors to this site will
prevent the initial (reversible) binding and subse-
quent (irreversible) acetylation of ser530 by aspirin
(Figure 2.10 in Section 2.2.1). Because of the short
half-lifeofaspirin(15–20min),theactivecompound
will be rapidly deacetylated to salicylic acid by aspir-
inases in the blood. When the reversible inhibitor
leaves the binding site and becomes degraded, no
active aspirin may be available anymore [426–428]
(Section2.2.1). This interaction isnot tobeexpected
with selective COX-2 inhibitors [429], which do not
interact with COX-1. The possible clinical signifi-
cance of this finding is underlined by the fact that
three epidemiological studies provided evidence of
a clinically important pharmacological interaction
between aspirin and ibuprofen [430].

Changes in Platelet Cyclooxygenases Platelets of
patientsundergoingCABGsurgerybecome largely
resistant to conventional doses of oral aspirin, that
is, 100mg/day, shortly after the surgical proce-
dure [422]. This �resistance� can be overcome in
vitro by increasing the aspirin concentration [431].
Humanplatelets express an immunoreactiveCOX-
2 [432], in particular in an immature state [433],
which makes them less sensitive to aspirin [434].
Increased platelet turnovermight result in an over-

Figure 4.24 Recoveryof arachidonic acid-inducedplatelet aggregationafter oral dipyrone inonehealthy subject (T.H.) during
regular oral aspirin intake (Hohlfeld, personal communication).
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expression of COX-2 protein at unchanged COX-
1 [432, 435]. Interestingly, this immunoreactive
COX-2 was not involved in thromboxane produc-
tion. The explanation was a new COX-2 isoform
(COX-2a), which was about 50-fold upregulated
in platelets of these patients [436] (Figure 4.25).
Alternatively, the sensitivity of COX-1 against aspi-
rin might be reduced because of gene polymorph-
isms (see below) or there might be an intrinsic
change in platelet sensitivity that is not aspirin
sensitive [437].

Gene Polymorphisms Several prothrombotic ge-
netic variations, relevant to antiplatelet effects of
aspirin, have been described [438–440]. Pheno-
typic alterations in the platelet GPIIIa receptor
[441] have been found, which might be involved
in residual platelet activity. Heritable factors are
currently assumed tocontributeprominently to the
variability in residual platelet function after aspirin
exposure [442].

Aspirin-Insensitive Platelet Activation In contrast
to in vitro testing, platelets in vivo will regularly
become activated by multiple stimuli that usually
act in concert.Many of them are aspirin �resistant�

because theydonot require activationof the throm-
boxane pathway to become effective. This includes
platelet activation by ADP [405] and higher con-
centrations of collagen as well as adrenaline [443],
emotional stress [444, 445], andmechanical stimu-
lation by shear stress [446, 447]. If these stimuli
become critical to platelet activation, aspirin may
not be effective despite sufficient inhibition of
platelet-dependent thromboxane formation.

Isoprostanes Isoprostanes are arachidonic acid
metabolites that are formed by nonenzymatic,
free radical-catalyzed reactions [448]. Isoprostanes
causeplatelet activationviaamechanismthatcanbe
antagonized by blockade of the platelet thrombox-
ane (TP) receptor [449]. Isoprostanes are increas-
ingly formed in vivowhencyclooxygenase activation
and oxidant stress coincide, for example, in stable
and unstable angina [389] or type II diabetes [450].
The platelet activation by isoprostanes is not sensi-
tive to aspirin [389] but can be prevented by throm-
boxane receptor antagonists [451]. Interestingly, the
thromboxane antagonist picotamide was more ef-
fective than aspirin in type II diabetics with periph-
eral arterial disease, a situation with presumably
increased oxidative stress (Section 4.1.3).

Figure 4.25 Expression of COX isoforms after coronary artery bypass grafting (CABG) and arachidonic acid (AA)-
induced platelet aggregation before (day 0) and after (day 5) CABG in one patient. Different effects of aspirin and
terbogrel (combined thromboxane synthase inhibitor and receptor antagonist) in vitro. Enhanced expression of
immunoreactive COX-2 (i-COX-2, probably COX-2a [436]), no change in COX-1. (modified after data in [431]).
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4.1.6.4 Clinical Trials
The clinical outcome is clearly the most important
informationthat is tobeexpectedfromall laboratory
measurements of aspirin �resistance.� This in-
cludes disease-related factors, eventually resulting
inaresidualplatelet activityeven in thepresenceofa
satisfying pharmacological action of aspirin, a fact
that is not yet sufficiently appreciated [452, 453].
Depending on themethod of measurement and

the definition used, approximately 5–45% of car-
diovascular and5–65%ofstrokepatients [430,454–
458] are consideredaspirin �resistant.� So far, these
numbers, elaborated by different techniques and
protocols are hard to compare and rather suggest a
large variability in assay procedures and clinical
conditions because the �real� pharmacological in-
ability of aspirin to work is much lower, probably
<5%(seebelow).Therefore, thesenumbers should
not be overestimated. Table 4.9 summarizes a
selection of studies indicating the prevalence of
aspirin �resistance� in various patient populations.

Compliance A frequent drug-related explanation
of an insufficient efficacy of aspirin is missing
compliance [466]. In long-term prevention studies,
2 days or more without aspirin may result in a too
low percentage of platelets with sufficient COX-1
inhibition, specifically in situations with a more
rapid platelet turnover [468]. In this respect, it is

interesting to note that participants in the US
Physicians� Health Study (Section 4.1.1) who took
aspirin less than on alternate days [469] were not
protected from cardiocoronary events (Section
4.1.1). The possible significance of one or more
missed doses of aspirin during the 10-year (!) treat-
ment period in the Women�s Health Study, using
also a two-day interval and only 100mg aspirin each
second day (Section 4.1.1), is unknown.

Aspirin �Resistance� and Cardiovascular Outcome
In 2002, Eikelboom and colleagues were the first
to present data from a subgroup of patients of the
HOPE trial [179], which have generated concerns
regarding the clinical significance of aspirin
�resistance� in cardiocoronary prevention. This
study is frequently cited to suggest that aspirin
�resistance� is (i) associated with an increased risk
ofmyocardial infarctions and cardiovascular death
and that (ii) both canbe predicted bymeasuring the
excretion of the thromboxane metabolite 11-DH-
TXB2 in urine. Because of these important state-
ments and the subsequently increasing use of
urinary 11-DH-TXB2 measurements to detect
aspirin �resistance,� this study and its limitations
will be discussed in more detail.

The �Heart Outcomes Prevention Evaluation (HOPE)
study� was designed to compare the ACE inhibitor
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Figure 4.26 Urinary excretion of 11-DH-TXB2 and iPGF2a in patients with stable angina and its changes by aspirin
treatment [389].
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ramipril and vitamin E with placebo in high-risk cardiac
patients. A total of 5529 patients were enrolled and a
retrospective subgroup analysis, using a nested case–
control design was performed. All of the patients
provided baseline urine specimens. Aspirin treatment
was started at least 6months before study entry. Thus, all
(compliant) patientswere onaspirin during the study and
there was no urine sample available from non-aspirin-
treated patients, that is, no untreated control group.

During the 5-year follow-up, 488 of these patients
suffered a heart attack, stroke, or a fatal vascular event.
The urinary 11-DH-TXB2 level of these patients was
compared with 488 matched controls of the same study
who did not suffer an event. It was found that with
increasing concentrations in urinary 11-DH-TXB2, there
was an increasing risk for cardiovascular events, being
significantly higher in the highest quartile of urinary 11-
DH-TXB2 excretion compared to the lowest quartile. The

Table 4.9 Prevalence of aspirin �resistance� in various patient populations.

Patient
population n

Aspirin
dose
(mg/day)

Platelet
function
assay

% Aspirin
resistance
according to
individual
definition Reference

Acute myocardial
infarction

143 75–160 Platelet aggregation
ratio

1.4–9.8 [459]

Stroke 180 1500 Aggregation 33.3 [460]

Stable coronary
artery disease

325 325 Optical aggregation 5.5 [402]
PFA-100 9.5

High risk of
cardiovascular
events

488 75–325 Urinary 11-
DH TXB2

25 [417]

Stable coronary
artery disease

422 81–325 PFA-100 23 [455]

Stroke 53 100 PFA-100 34 [397]

Diabetes Type II 172 100 PFA-100 22 [461]

Nonurgent PCI 151 81–325 RPFA 19.2 [462]

Stable coronary
artery disease

468 80–325 Ultegra 30 (�100mg) [463]
17 (150mg)
0 (300mg)

Diabetes 203 325 RPFA 18.7 [464]

PCI 223 325 LTA-1mM AA TEG <1 [465]

History of
myocardial
infarction

190 325 LTA plateletworks <1 [466]

Stable coronary
artery disease

100 81, 162
and 325

LTA (Collagen, ADP) ?16 [467]

Stable coronary
artery disease

100 81, 162
and 325

LTA ?1 [401]
VerifyNow ?5
TEG ?5
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median urinary 11-DH-TXB2 level was 22.8ng/mmol
creatinine in themyocardial infarction cases and 20.3ng/
mmol in the controls (p¼ 0.001), the median in cases of
cardiovascular death was 24.0ng/mmol creatinine in
cases and 19.9 in controls (p< 0.001). No differences
were seen in stroke patients.
The conclusion was that (i) high-level 11-DH-TXB2 in

urine identifies patients who are resistant to aspirin and
(ii) that these patients are at elevated risk for myocardial
infarction and cardiac death [417].

This study was subjected to several comments
andcriticisms.First,measurementof11-DH-TXB2

in this and other studies is not a trivial procedure.
This thromboxane metabolite exists in both open
and closed forms, which are in a pH-dependent
equilibrium. Complete conversion into one iso-
form requires about 3 h storage at pH 8 [470]. For
the conventional enzyme immunoabsorption as-
say (EIA) this means that the sample pH is an
important variable. The EIA used by Eikelboom
and colleagues was based on an antibody that
exclusively detected the open form that is sponta-
neously generated at alkaline pH. According to the
producer, the assay buffer and protocol guaranteed
completeconversion.Second,metabolitemeasure-
ments might have been influenced by urinary
contaminations. There is no information in the
paper whether urinary samples were purified prior
to the assay. Perneby et al. [471] strongly recom-
mended efficient sample purification before analy-
sis and, in addition, noted a doubling of sensitivity
of their EIA for urinary 11-DH-TXB2 if the samples
were incubated and handled at alkaline pH. Al-
though it has been suggested that urinary 11-DH-
TXB2 is the most appropriate analytical target to
detect release of thromboxane into the circula-
tion [386], it is also evident that the published
urinary excretion rates of 11-DH-TXB2 not only in
healthy volunteers but also in patients with coro-
naryheart disease are largely variable [442],making
a standardization, that is, definition of normal
values, extremely difficult.
The differences in urinary 11-DH-TXB2 excre-

tion reported by Eikelboom et al. [417] suggest a
statistically significant trend for correlation of uri-

nary 11-DH-TXB2 excretion with the clinical out-
come but could not establish any causal relation-
shipaccording to thestudydesign. Incontrast to the
total HOPE population, the cases in the study
subgroup of Eikelboom also differed significantly
from the controls in important entry criteria: for
example, there were more patients with a history
of myocardial infarctions, hypertension, diabetes,
peripheral arterial disease, and current smokers
among the cases. Finally, the about 10–20% differ-
ence in 11-DH-TXB2 excretion between cases and
controls is small compared to the highly variable
literature data on excretion of this metabolite dur-
ing aspirin treatment. Overall, simple conclusion
fromthesedatamightbethatpatientswhoaremore
severely ill haveahigher residualplatelet sensitivity
and are more likely to die earlier. In any case, the
question whether or not urinary 11-DH-TXB2 ex-
cretion is a suitable marker to predict increased
vascular risk during aspirin treatment remains
unanswered.

AspirinDosage Aburning issue regardingaspirin
resistance, its detection, and consequences is the
question whether it can be overcome by higher
doses.Oneof thefirst prospective randomizedtrials
to study this issue indetail in patientswith coronary
heartdiseasewastheAspirin-inducedPlateletEffect
Study (ASPECT) by Gurbel and colleagues.

A total of 125 outpatients with stable coronary heart
disease were randomized in a double-blind, double-
crossover investigation to receive aspirin at 81, 162, and
325mg daily for 4 weeks, each over a 12-week period.
Platelet function and thromboxane metabolite excretion
were measured by different laboratory procedures. The
question was to determine the degree of platelet
responsiveness to aspirin, to compare different techni-
ques, and to evaluate the relation of aspirin doses to
platelet inhibition.
At any one dose, resistance to aspirinwas low– 0–6%–

in the overall group when arachidonic acid was used as
the stimulus but amounted to 1–27% when other
methods were used, the figures seen with PFA-100 being
highest (Table 4.10). Platelet responses to aspirin, as
measured by collagen- and ADP-induced light transmis-
sion aswell as the PFA-100,weredose related (81mg/day
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versus 162mg/day, p� 0.05) and there was also a dose-
related inhibition of 11-DH-TXB2 excretion. No carryover
effects were observed.
The conclusion was that the assessment of aspirin

resistance is highly assay dependent, arachidonic acid
stimulation being the most sensitive stimulus. The dose-
dependent effects despite nearly complete inhibition of
arachidonic acid-induced aggregations suggest addition-
al antiplatelet effects of aspirin that are COX-1 indepen-
dent [401].

These data of Gurbel et al. [401] on dose depen-
dency of aspirin-induced inhibition of platelet ag-
gregation and �resistance� in cardiac patients
confirm earlier studies on prevalence and variation
of aspirin �resistance� in patients with previous
ischemic stroke [472].

To evaluate the ex vivo effect of aspirin on platelet
aggregation, 306 patients with previous ischemic stroke
were treated over 33 months with aspirin. The efficacy of
aspirin was studied by platelet aggregation testing.
Increasing doses of aspirin (325–1300mg/day) were
administered and the extent of inhibition of platelet
aggregation was determined 2 weeks after treatment and
thereafter at 6 months intervals.
Of the 306 patients, 228 had complete and 78 partial

inhibition of platelet aggregation at initial testing. At
repeated testing, 39 of the 119 patients (33%) with
complete inhibition at initial testing had lost part of the
antiplatelet effect of aspirin without change in aspirin
dosage. Of the 52 patients with partial inhibition at initial
testing, 35 achieved complete inhibition by aspirin

dosage escalation. Ultimately, 8% of patients exhibited
aspirin �resistance� to 1300mg/day.
The conclusion was that the antiplatelet (and possibly

antithrombotic) effect of aspirinmay not be constant over
time in all individuals. There is evidence for increased
dosage requirements or development of resistance over
time, the mechanisms of which are undefined [472].

These studies and others confirm that high-dose
aspirin might be more effective than low-dose in
stroke patients [473], and the individual sensitivity
ofplatelets in thesepatientsmaydecreasewith time
after the acute event [460]. This conclusion is fur-
ther supported by antiplatelet/antithrombotic ac-
tions of aspirin that are thromboxane-independent
and detectable only at higher doses, such as inhibi-
tion of thrombin formation [474], increased fibri-
nolytic activity (Section 2.3.1) and the well-known
anti-inflammatory effects of the compound [391].

Clinical Outcome Studies There are only a few
trials, connecting the clinical outcome of patients
at elevated vascular risk with a possible aspirin
�resistance� (Table 4.11). Gum et al. [475] reported
aspirin �resistance� as detected from light trans-
missionaggregometry in17outof326patientswith
stable coronary disease. These patients were found
to have a threefold higher risk of a cardiovascular
event than those who were not �resistant� accord-
ing to study criteria. However, this difference was
only seen with optical aggregometry but not with

Table 4.10 Effects of assay and doses on measurement of aspirin resistance.

Aspirin resistance (n)
Technology for determination
of aspirin resistance 81mg 162mg 325mg �1 dose 2 doses 3 doses

LTA-AA 2 1 0 2 1 0
LTA-collagen 12 2 1 14 1 0
LTA-ADP 19 11 10 27 7 3
TEG-AA 5 3 5 11 2 0
PFA-100 32 14 21 42 15 5
Urinary 11-DH-TXB2 31 22 14 42 16 5
VerifyNow 7 4 4 13 2 0

Abbreviations: LTA, light transmission aggregometry; TEG, thromboelastogramm (for further explanations see text) (modified
after [401]).
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the PFA-100 assay, and the group of patients was
small. A correlation was also found by others be-
tween reduced aspirin sensitivity and coronary
heart disease [455].
Chen and colleagues (2004) reported that pa-

tients undergoing elective percutaneous coronary
interventionsandcombinedtreatmentwithaspirin
and clopidogrel were more likely to have peripro-
ceduralmyonecrosis if theirplateletswereaspirin-�
resistant� according to the ULTEGRA-platelet as-
say. Inaprospective trial, these authors also founda
higher incidence of atherothrombotic complica-
tions in aspirin-treated (80–325mg/day) patients
with stable coronary artery disease, if they were
�resistant� according to the ULTEGRA-platelet
assay [481]. However, no increased appearance
of myonecrosis in low-risk, aspirin-�resistant� pa-
tients, undergoing elective PCI was found by Buch
et al. [482], and no difference in coronary patients
with a history ofmyocardial infarction compared to
thosewithoutwas foundbyDorsch et al. [483].Both
studies also used the ULTEGRA technique.

Residual Platelet Activity The inhibition of platelet
function by aspirin can be overcome by increasing
the dose of the agonist, the only exception being
arachidonic acid or low-dose collagen that cause an
entirely thromboxane-dependent response. This
suggests that the variability in the inhibition of
platelet function, that is, �resistance� or reduced
responsiveness, may be due to factors independent
of the platelet thromboxane pathway [401], ADP
being a possible candidate [484]. In this respect, it
should be remembered that platelets from patients
at advanced stages of atherosclerosis circulate in an
activated state and are hyperreactive to platelet ago-
nists, suchasADP[485]withoutanyincreasedlevels
of circulating thromboxane (Section 4.1.1). This
suggests that a failure of aspirin to actmight be due
to the severity of thedisease and/or the involvement
of non-aspirin-sensitive, platelet-derived mechan-
isms, that is, a residual platelet activity.

Actual Situation According to recent data, phar-
macological aspirin resistance is highly assay-
dependent and a very random event affecting less
than 5% of patients [401, 484, 486]. There are
clinical data suggesting a relationship between
clinicaloutcomes, that is,possible treatment failure
in the case of pharmacological aspirin �resistance�
[410, 462, 481]. However, large prospective ran-
domized trials are still missing and it is entirely
possible that the vast majority of treatment failure
with aspirin are due to either disturbed platelet
sensitivity (hyperreactivity) ormissingcompliance.
According to data of Gurbel et al. [401], one might
expect that increase in dosing may partially over-
come a reduced responsiveness of the platelet.
Again, there are data to suggest a lower incidence
of aspirin �resistance� at higher doses [401, 463]. A
recent meta-analysis of aspirin treatment after cor-
onarysurgeryhasshownthatmedium-doseaspirin
(300–325mg) is about twice as effective as low-dose
aspirin (75–150mg) – 45% versus 26% risk reduc-
tion in preventing graft occlusion in bypass pa-
tients [487]. However, more data are required,
specifically regarding patient subgroups with par-
ticular risk profiles, such as diabetics, before
general statements can be made. Specifically, a
clear distinction should be made between
monitoring patients on antiplatelet treatment to
identify poor responders, that is, potentially
�resistant� patients from those with a high resid-
ual platelet reactivity [452].
The general recommendation to date is that

regarding the uncertainties of the transfer of
measurements of platelet function in vitro, the
absence of standardized procedures of measure-
ment, the method-related differences in results,
and the absence of proven effective alternative,
patients should not be routinely tested for possi-
ble aspirin �resistance� [488]. Pharmacological
aspirin �resistance� is a very random event
[400, 401] and, in most cases, does not matter
clinically [418].

4.1 Thromboembolic Diseases j315



References

381 Mukherjee, D. and Topol, E.J. (2002)
Pharmacogenomics in cardiovascular diseases.
Progress in Cardiovascular Diseases, 44, 479–498.

382 Antithrombotic Trialists� Collaboration (2002)
Collaborative meta-analysis of randomised trials of
antiplatelet therapy for prevention of death,
myocardial infarction, and stroke inhigh riskpatients.
British Medical Journal, 324, 71–86.

383 Hennekens,C.H., Schr€or, K.,Weisman, S. et al. (2004)
Terms and conditions. Semantic complexity and
aspirin resistance. Circulation, 110, 1706–1708.

384 Weber, A.A., Przytulski, B., Schanz, A. et al. (2002)
Towardsadefinitionof aspirin resistance:a typological
approach. Platelets, 13, 37–40.

385 Macchi, L., Sorel,N. andChristiaens, L. (2006)Aspirin
resistance: definitions, mechanisms, prevalence, and
clinical significance. Current Pharmaceutical Design,
12, 251–258.

386 Catella, F., Healy, D., Lawson, J.A. et al. (1986) 11-DH-
ThromboxaneB2: a quantitative indexof thromboxane
A2 formation in the human circulation. Proceedings of

the National Academy of Sciences of the United States of
America, 83, 5861–5865.

387 Catella, F., Lawson, J.A., Fitzgerald, D.J. et al. (1987)
Analysis of multiple thromboxane metabolites in
plasma and urine. Advances in Prostaglandin,
Thromboxane, and Leukotriene Research, 17, 611–614.

388 Montalescot,G.,Maclouf, J.,Drobinski,G. et al. (1994)
Eicosanoidbiosynthesis inpatientswithstableangina:
beneficial effects of very lowdose aspirin. Journal of the
American College of Cardiology, 24, 33–38.

389 Cipollone,F.,Ciabattoni,G.,Patrignani,P. et al. (2000)
Oxidant stress and aspirin-insensitive thromboxane
biosynthesis in severe unstable angina. Circulation,
102, 1007–1013.

390 De Gaetano, G. and Cerletti, C. (2003) Aspirin
resistance: a revival of platelet aggregation tests?
Journal of Thrombosis and Haemostasis, 1, 2048–
2050.

391 Cattaneo, M. (2004) Aspirin and clopidogrel. Efficacy,
safety, and the issue of drug resistance.Arteriosclerosis,
Thrombosis, and Vascular Biology, 24, 1980–1987.

Summary

Avariable responsiveness toantiplateletdrugs isa
phenomenon thatdoesnotprincipallydiffer from
other kinds of drug treatment. The question is
whether reduced responsiveness to aspirin
(�resistance�) is related to the clinical outcome
of the individual patient and, therefore, needs to
be controlled routinely andwhichmethod should
be used to detect it. Pharmacological �resistance�
is a very rare, highly assay-dependent event and
occurs in less than 5% of patients.

Principally, there are two different methods
of laboratory control for platelet sensitivity
to aspirin treatment: Measurement of platelet
activation (ex vivo) or measurement of inhibi-
tion of thromboxane formation, for example, in
terms of thromboxane metabolite (11-DH-
TXB2) excretion. Both methods have limita-
tions and did not yet result in a generally

accepted definition of a pharmacological aspi-
rin �resistance.� Specifically, there is a wide
variation in 11-DH-TXB2 excretion and no def-
inition of a normal range while assays of
platelet function have a low predictability and
may give different results according to the
particular technique and protocol used.
The important issue of a possibly causal rela-

tionship between insufficient antiplatelet effects
of aspirin and clinical outcome is still a matter of
discussion and requires further sufficiently large
prospective randomized trials.Nevertheless, only
a very limited proportion of patients who exhibit
pharmacological �resistance� to aspirin in any of
these laboratory settings may experience throm-
botic events and there may be many more in
whom treatment fails without any evidence for
a pharmacological reason. In this context, the
residual platelet activity is another important
variable and requires further analysis.

316j 4 Clinical Applications of Aspirin



392 Santos, M.T., Valles, J., Aznar, J. et al. (1997)
Prothrombotic effects of erythrocytes on platelet
reactivity. Reduction by aspirin. Circulation, 95,
63–68.

393 Valles, J., Santos, M.T., Aznar, J. et al. (1998)
Erythrocyte promotion of platelet reactivity decreases
the effectiveness of aspirin as an antithrombotic
therapeutic modality: the effect of low-dose aspirin is
less than optimal in patientswith vascular disease due
to prothrombotic effects of erythrocytes on platelet
reactivity. Circulation, 97, 350–355.

394 Bhatt, D.L. and Topol, E.J. (2003) Scientific and
therapeutic advances in antiplatelet therapy. Nature
Reviews. Drug Discovery, 2, 15–28.

395 Wu, K.K. and Hoak, J.C. (1975) Increased platelet
aggregates in patientswith transient ischemic attacks.
Stroke, 6, 521–524.

396 Lordkipanidz�e, M., Pharand, C., Schampaert, E. et al.
(2007)Acomparisonofsixmajorplatelet functiontests
to determine the prevalence of aspirin resistance in
patients with stable coronary artery disease. European
Heart Journal, 28, 1702–1708.

397 Grundmann, K., Jaschonek, K., Kleine, B. et al. (2003)
Aspirin non-responder status in patients with
recurrent cerebral ischemic attacks. Journal of
Neurology, 250, 63–66.

398 Gonzalez-Conejero,R.,Rivera, J.,Corral, J. etal. (2005)
Biological assessment of aspirin efficacy on healthy
individuals. Stroke, 36, 276–280.

399 Harrison, P., Segal, H., Blasbery, K. et al. (2005)
Screening for aspirin responsiveness after transient
ischemic attack and stroke. Stroke, 36, 1001–1005.

400 Fontana, P., Nolli, S., Reber, G. et al. (2006) Biological
effects of aspirin and clopidogrel in a randomized
cross-over study in 96 healthy volunteers. Journal of
Thrombosis and Haemostasis, 4, 813–819.

401 Gurbel, P., Bliden, K.P., DiChiara, J. et al. (2007)
Evaluation of dose-related effects of aspirin on
platelet function. Results from the aspirin-induced
platelet effect (ASPECT) study. Circulation, 115,
3156–3164.

402 Gum, P.A., Kottke-Marchant, K., Poggio, E.D. et al.
(2001) Profile and prevalence of aspirin resistance in
patients with cardiovascular disease. The American
Journal of Cardiology, 88, 230–235.

403 Undas, A., Placzkiewicz-Jankowska, E., Zielinski, L.
and Tracz,W. (2007) Lack of aspirin-induced decrease
in thrombin formation in subjects resistant to aspirin.
Thrombosis and Haemostasis, 97, 1056–1058.

404 Undas, A., Brummel-Ziedins, K.E. and Mann, K.G.
(2007) Antithrombotic properties of aspirin and
resistance to aspirin: beyond strictly antiplatelet
actions. Blood, 109, 2285–2292.

405 Packham, M.A., Bryant, N.L., Guccione, M.A. et al.
(1989) Effect of the concentration of Ca2þ in the
suspending medium on the responses of human and
rabbit platelet to aggregating agents. Thrombosis and
Haemostasis, 62, 968–976.

406 Bretschneider, E., Glusa, E. and Schr€or, K. (1994)
ADP-, PAF- and adrenaline-induced platelet
aggregation and thromboxane formation are not
affected by a thromboxane receptor antagonist at
physiological external Ca2þ concentrations.
Thrombosis Research, 75, 233–242.

407 Patrono, C., Bachmann, F., Baigent, C. et al. (2004)
ExpertConsensusDocumenton theuseof antiplatelet
agents. TheTaskForceon theuseof antiplatelet agents
in patients with atherosclerotic cardiovascular disease
of the European Society of Cardiology.EuropeanHeart
Journal, 25, 166–181.

408 Mayeux,P.R.,Morton,H.E.,Gillard, J. et al. (1988)The
affinities of prostaglandinH2 and thromboxaneA2 for
their receptor are similar in washed human platelets.
Biochemical and Biophysical Research Communications,
157, 733–739.

409 Reilly, I.A.G. andFitzGerald,G.A. (1987) Inhibition of
thromboxane formation in vivo and ex vivo. Blood, 69,
180–186.

410 Valles, J., Santos, M.T., Fuset, M.P. et al. (2007) Partial
inhibition of platelet thromboxane A2 synthesis by
aspirin is associatedwithmyonecrosis inpatientswith
ST-segment elevation myocardial infarction. The
American Journal of Cardiology, 99, 19–25.

411 Roberts, L.J., Sweetman, B.J. and Oates, J.A. (1981)
Metabolismof thromboxane B2 inman. Identification
of twenty urinarymetabolites. The Journal of Biological
Chemistry, 256, 8384–8393.

412 Ciabattoni, G., Pugliese, F., Davi, G. et al. (1989)
Fractionalconversionof thromboxaneB2tourinary11-
dehydro-thromboxane B2 in man. Biochimica et
Biophysica Acta, 992, 66–70.

413 Uedelhoven,W.M.,Rutzel,A.,Meese,C.O. etal. (1991)
Smoking alters thromboxane metabolism in man.
Biochimica et Biophysica Acta, 1081, 197–201.

414 N€using,R.andUllrich,V. (1991)Immunoquantitation
of thromboxane synthase in human tissues. Advances
in Prostaglandin, Thromboxane, and Leukotriene
Research, 21, 307–310.

References j317



415 Uyama, O., Matsui, Y., Shimizu, S. et al. (1994) Risk
factors for carotid atherosclerosis and platelet
activation. Japanese Circulation Journal, 58, 409–415.

416 Bruno, A., McConnell, J.P., Mansbach, H.H. et al.
(2002)Aspirin andurinary 11-dehydrothromboxaneB
(2) in African American stroke patients. Stroke, 33,
57–60.

417 Eikelboom, J.W., Hirsh, J., Weitz, J.I. et al. (2002)
Aspirin-resistant thromboxane biosynthesis and the
risk of myocardial infarction, stroke or cardiovascular
death inpatients at high risk for cardiovascular events.
Circulation, 105, 1650–1655.

418 Schr€or, K., Hohlfeld, T. and Weber, A.-A. (2006)
Aspirin resistance – does it clinically matter? Clinical
Research in Cardiology, 95, 505–510.

419 Hohlfeld, T. (2004) Pharmacology of aspirin
resistance, in Aspirin – �Resistance� or
�Nonresponsiveness� (ed. K. Schr€or), Dr. Schr€or Verlag,
Frechen, pp. 17–32.

420 Benedek, I.H., Joshi,A.S.,Pieniaszek,H.J. et al. (1995)
Variability in the pharmacokinetics and
pharmacodynamics of low dose aspirin in healthy
male volunteers. Journal of Clinical Pharmacology, 35,
1181–1186.

421 Cox, D., Maree, A.O., Dooley, M. et al. (2006) Effect of
enteric coating on antiplatelet activity of low-dose
aspirin in healthy volunteers. Stroke, 37, 2153–2158.

422 Zimmermann, N., Kienzle, P., Weber, A.A. et al.
(2001) Aspirin resistance after coronary artery bypass
grafting. The Journal of Thoracic and Cardiovascular
Surgery, 121, 982–984.

423 Rocca, B., Ciabattoni, G., Tartaglione, R. et al. (1995)
Increased thromboxane biosynthesis in essential
thrombocythemia. Thrombosis and Haemostasis, 74,
1225–1230.

424 Nurden, P., Bihour, C., Smith, M. et al. (1996) Platelet
activation and thrombosis: studies in a patient with
essential thrombocythemia. American Journal of
Hematology, 51, 79–84.

425 Pearson, T.C. (2002) The risk of thrombosis in
essential thrombocythemia and polycythemia vera.
Seminars in Oncology, 29, 16–21.

426 Hohlfeld, T., Zimmermann, N., Weber, A.-A. et al.
(2008)Pyrazolinoneanalgesicsprevent theantiplatelet
effect of aspirin and preserve human platelet
thromboxane biosynthesis. Journal of Thrombosis and
Haemostasis, 6, 166–173.

427 Rao, G.H., Johnson, G.G., Reddy, K.R. et al. (1983)
Ibuprofen protects platelet cyclooxygenase from

irreversible inhibition by aspirin. Arteriosclerosis, 3,
383–388.

428 Catella-Lawson, F., Muredach, P., Reilly, M.P. et al.
(2001) Cyclooxygenase inhibitors and the antiplatelet
effect of aspirin. The New England Journal of Medicine,
345, 1809–1817.

429 Ouellet, M., Riendeau, D. and Percival, D. (2001) A
high level of cyclooxygenase-2 inhibitor selectivity is
associated with a reduced interference of platelet
cyclooxygenase-1 inactivationby aspirin.Proceedings of
the National Academy of Sciences of the United States of
America, 98, 14583–14588.

430 FitzGerald, G.A. (2003) Parsing an enigma: the
pharmacodynamics of aspirin resistance. The Lancet,
361, 542–544.

431 Zimmermann, N., Wenk, A., Kim, U. et al. (2003)
Functional and biochemical evaluation of platelet
aspirin resistanceafter coronaryartery bypass surgery.
Circulation, 108, 542–547.

432 Weber, A.A., Zimmermann, K.C., Meyer-Kirchrath, J.
et al. (1999) Cyclooxygenase-2 in human platelets as a
possible factor in aspirin resistance. The Lancet, 353,
900.

433 Rocca, B., Secchiero, P., Ciabattoni, G. et al. (2002)
Cyclooxygenase-2 expression is induced during
human megakaryopoiesis and characterizes newly
formedplatelets.Proceedings of theNationalAcademyof
Sciences of the United States of America, 99, 7634–7639.

434 Guthikonda, S., Lev, E.I., Patel, R. et al. (2007)
ReticulatedplateletsanduninhibitedCOX-1andCOX-
2 decrease the antiplatelet effects of aspirin. Journal of
Thrombosis and Haemostasis, 5, 490–496.

435 Weber,A.A.,Przytulski,B.,Schumacher,M.etal. (2002)
Flow cytometry analysis of platelet cyclooxygenase-2
expression. Induction of cyclooxygenase-2 in patients
undergoing coronary artery bypass grafting. British
Journal of Haematology, 117, 424–426.

436 Censarek, P., Freidel, K., Udelhoven, M. et al. (2004)
Cyclooxygenase COX-2a, a novel COX-2 mRNA
variant, in platelets frompatients after coronary artery
bypass grafting. Thrombosis and Haemostasis, 92,
925–928.

437 Pulcinelli, F.M.,Riondino, S., Celestini, A. et al. (2005)
Persistent production of platelet thromboxane A2 in
patients chronically treated with aspirin. Journal of
Thrombosis and Haemostasis, 3, 2784–2789.

438 Cambria-Kiely, J.A. and Gandhi, P.J. (2002) Aspirin
resistance and genetic polymorphism. Journal of
Thrombosis and Thrombolysis, 14, 51–58.

318j 4 Clinical Applications of Aspirin



439 Halushka, M.K., Walker, M.P. and Halushka, P.V.
(2003)Geneticvariationincyclooxygenase1:effectson
response to aspirin. Clinical Pharmacology and
Therapeutics, 73, 122–130.

440 Hillarp, A., Palmqvist, B., Lethagen, S. et al. (2003)
Mutationswithin the cyclooxygenase-1gene in aspirin
non-responders with recurrence of stroke.Thrombosis
Research, 112, 275–283.

441 Macchi, L., Christiaens, L., Brabant, S. et al. (2003)
Resistance in vitro to low-dose aspirin is associated
with platelet PlA1 (GPIIIa) polymorphismbut notwith
C807T (GPIa/IIa) and C-5T Kozak (GPIba)
polymorphisms. Journal of the American College of
Cardiology, 42, 1115–1119.

442 Faraday, N., Yanek, L.R., Mathias, R. et al. (2007)
Heritability of platelet responsiveness to aspirin in
activation pathways directly and indirectly related to
cyclooxygenase-1. Circulation, 115, 2490–2496.

443 Larsson, P.T., Wall�en, N.H. and Hjemdahl, P. (1994)
Norepinephrine-induced human platelet activation in
vivo is only partly counteracted by aspirin.Circulation,
89, 1951–1957.

444 Levine, S.P., Towell, B.L., Suarez, A.M. et al. (1985)
Platelet activation and secretion associated with
emotional stress. Circulation, 71, 1129–1134.

445 Mittleman,M.A.,Maclure,M., Sherwood, J.B. et al. for
the Determinants of Myocardial Infarction Onset
Study Investigators (1995) Triggering of acute
myocardial infarction onset by episodes of anger.
Circulation, 92, 1720–1725.

446 Moake, J.L., Turner, N.A., Stathopoulos, N.A. et al.
(1988) Shear-induced platelet aggregation can be
mediated by vWFreleased fromplatelets, as well as by
exogenous large or unusually large vWF-multimers,
requires adenosine diphosphate, and is resistant to
aspirin. Blood, 71, 1366–1374.

447 Maalej,N. andFolts, J.D. (1996) Increased shear stress
overcomes the antithrombotic platelet inhibitory
effect of aspirin in stenosed dog coronary arteries.
Circulation, 93, 1201–1205.

448 Morrow, J.D., Hill, K.E., Burk, R.F. et al. (1990) A
series of prostaglandin F2-like compounds are
produced in vivo in humans by non-cyclooxygenase,
free radical-catalyzed mechanism. Proceedings
of the National Academy of Sciences, 87, 9383–
9387.

449 Audoly, L.P., Rocca, B., Fabre, J.E. et al. (2000)
Cardiovascular responses to the isoprostanes iPF
(2alpha)-III and iPE(2)-III are mediated via the

thromboxane A(2) receptor in vivo. Circulation, 101,
2833–2840.

450 V�ericel, E., Januel, C., Carreras, M. et al. (2004)
Diabetic patients without vascular complications
display enhanced basal platelet activation and
decreased antioxidant status.Diabetes, 53, 1046–1051.

451 Pratico, D., Smyth, E.M., Violi, F. et al. (1996) Local
amplification of platelet function by 8-epi
prostaglandin F2a is not mediated by thromboxane
receptor isoforms. The Journal of Biological Chemistry,
271, 14916–14924.

452 Cattaneo, M. (2007) Laboratory detection of �aspirin
resistance�; what test shouldweuse (if any)?European
Heart Journal, 28, 1673–1675.

453 Zimmermann, N., Hohlfeld, T. (2008) Clinical
implications of aspirin resistance. Thrombosis and
Haemostasis, 100, 379–390.

454 McKee, S.A., Sane, D.C. and Deliargyris, E.N. (2002)
Aspirin resistance in cardiovascular disease: a review
of prevalence, mechanisms, and clinical significance.
Thrombosis and Haemostasis, 88, 711–715.

455 Wang, J.C., Aucoin-Barry, D., Manuelian, D. et al.
(2003) Incidence of aspirin nonresponsiveness using
the Ultegra Rapid Platelet Function Assay-ASA. The
American Journal of Cardiology, 92, 1492–1494.

456 Alberts, M.J., Bergman, D.L., Molner, E. et al. (2004)
Antiplatelet effect of aspirin in patients with
cerebrovascular disease. Stroke, 35, 175–178.

457 Mason, P.J., Jacobs, A.K. and Freedman, J.E. (2005)
Aspirin resistance and atherothrombotic disease.
Journal of the American College of Cardiology, 46,
986–993.

458 Sztriha, L.K., Sas, K. and Vecsei, L. (2005) Aspirin
resistance in stroke: 2004. Journal of the Neurological
Sciences, 229/230, 163–169.

459 Hurlen, M., Seljeflot, I. and Arnesen, H. (1998) The
effect of different antithrombotic regimensonplatelet
aggregation after myocardial infarction. Scandinavian
Cardiovascular Journal, 32, 233–237.

460 Grotemeyer, K.H. (1991) Effects of acetylsalicylic acid
in stroke patients. Evidence of nonresponders in a
subpopulation of treated patients. Thrombosis
Research, 63, 587–593.

461 Fateh-Moghadam, S., Plockinger, U., Cabeza, N. et al.
(2005)Prevalenceof aspirin resistance inpatientswith
type 2 diabetes. Acta Diabetologica, 42, 99–103.

462 Chen, W.-H., Lee, P.Y., Ng, W. et al. (2004) Aspirin
resistance is associated with a high incidence of
myonecrosis after non-urgent percutaneous

References j319



coronary intervention despite clopidogrel
pretreatment. Journal of the American College of
Cardiology, 43, 1122–1126.

463 Lee, P.Y., Chen, W.H., Ng, W. et al. (2005) Low-dose
aspirin increases aspirin resistance in patients with
coronary artery disease. The American Journal of
Medicine, 118, 723–727.

464 Mehta, S.S., Silver, R.J., Aaronson, A. et al. (2006)
Comparison of aspirin resistance in type 1 versus type
2diabetesmellitus.TheAmerican Journal ofCardiology,
97, 567–570.

465 Tantry, U.S., Bliden, K.P. and Gurbel, P.A. (2005)
Overestimation of platelet aspirin resistance detection
by thrombelastographplateletmappingandvalidation
by conventional aggregometry using arachidonic acid
stimulation. Journal of the American College of
Cardiology, 46, 1705–1709.

466 Schwartz, K.A., Schwartz, D.E., Ghosheh, E. et al.
(2005) Compliance as a critical consideration in
patients who appear to be resistant to aspirin after
healingofmyocardial infarction.TheAmericanJournal
of Cardiology, 95, 973–975.

467 Tantry, U., Gurbel, P.A., Bliden, K.P. et al. (2006)
Inconsistency in the prevalence of platelet aspirin
resistance as measure by COX-1 non-specific
assays in patients treated with 81, 162, and 325mg
aspirin. Journal of the American College of Cardiology,
47, 290.

468 Weber, A.A., Liesener, S., Hohlfeld, T. et al. (2000)
40mg of aspirin are not sufficient to inhibit platelet
function under conditions of limited compliance.
Thrombosis Research, 97, 365–367.

469 Glynn, R.J., Buring, J.E., Manson, J.E. et al. (1994)
Adherence to aspirin in the prevention of myocardial
infarction. Archives of Internal Medicine, 154,
2649–2657.

470 Granstr€om, E. and Kumlin, M. (1987) Assay of
thromboxane production in biological systems:
reliability of TXB2 versus 11-dehydro-TXB2 for
measurement. Advances in Prostaglandin,
Thromboxane, and Leukotriene Research, 17, 587–594.

471 Perneby, C., Granstr€om, E., Beck, O. et al. (1999)
Optimization of an enzyme immunoassay for 11-
dehydro-thromboxane B2 in urine. Comparison with
GC–MS. Thrombosis Research, 96, 427–436.

472 Helgason, C.M., Bolin, K.M., Hoff, J.A. et al. (1994)
Development of aspirin resistance in persons
with previous ischemic stroke. Stroke, 25,
2331–2336.

473 Tohgi,H., Konno, S., Tamura, K. et al. (1992) Effects of
low-to-high doses of aspirin on platelet aggregability
and metabolites of thromboxane A2 and prostacyclin.
Stroke, 23, 1400–1403.

474 Undas, A., Brummel, K., Musial, J. et al. (2001) PlA2

polymorphism of b3 integrins is associated with
enhanced thrombin generation and impaired
antithrombotic action of aspirin at the site of
microvascular injury. Circulation, 104, 2666–2672.

475 Gum, P.A., Kottke-Marchant, K., Welsh, P.A. et al.
(2003) A prospective, blinded determination of the
natural history of aspirin resistance among stable
patients with cardiovascular disease. Journal of the
American College of Cardiology, 41, 961–965.

476 Mueller, M., Salat, A., Stangl, P. et al. (1997) Variable
platelet response to low-dose ASA and the risk of limb
detoriation in patients submitted to peripheral arterial
angioplasty. Thrombosis and Haemostasis, 78,
1003–1007.

477 Grotemeyer, K.H., Scharafinski, H.W. and Husstedt,
I.W. (1993) Two-year follow-up of aspirin responder
and aspirin nonresponder. Apilot study including 180
post-strokepatients.ThrombosisResearch,71, 397–403.

478 Andersen, K., Hurlen, M., Arnesen, H. et al. (2002)
Aspirin non-responsiveness as measured by PFA-100
in patients with coronary artery disease. Thrombosis
Research, 108, 37–42.

479 Poston,R.S.,Gu,J.,Brown,J.M. etal. (2006)Endothelial
injury and acquired aspirin resistance as promoters of
regional thrombinformationandearlyveingraft failure
after coronary artery bypass grafting. The Journal of
Thoracic and Cardiovascular Surgery, 131, 122–130.

480 Ohmori, T., Yatomi, Y., Nonaka, T. et al. (2006) Aspirin
resistance detected with aggregometry cannot be
explained by cyclooxygenase activity: involvement of
other signaling pathway(s) in cardiovascular events of
aspirin-treated patients. Journal of Thrombosis and
Haemostasis, 4, 1271–1278.

481 Chen,W.-H., Cheng, X., Lee, P.-Y. et al. (2007) Aspirin
resistance and adverse clinical events in patients with
coronary artery disease. The American Journal of
Medicine, 120, 631–635.

482 Buch, A.N., Singh, S., Roy, P. et al. (2007) Measuring
aspirin resistance, clopidogrel responsiveness and
postprocedural markers of myonecrosis in patients
undergoing percutaneous coronary intervention. The
American Journal of Cardiology, 99, 1518–1522.

483 Dorsch,M.P.,Lee, J.S.,Lynch,D.R.etal. (2007)Aspirin
resistance in patients with stable coronary artery

320j 4 Clinical Applications of Aspirin



disease with and without a history of myocardial
infarction. Annals of Pharmacotherapy, 41, 737–741.

484 Frelinger, A.L., III, Furman, M.I., Linden, M.D. et al.
(2006) Residual arachidonic acid-induced platelet
activation via an adenosine diphosphate-dependent
but cyclooxygenase-1- and cyclooxygenase-2-
independent pathway: a 700-patient study of aspirin
resistance. Circulation, 113 2888–2896.

485 Weber, A.A., Meila, D., Jacobs, C. et al. (2002) Low
incidence of paradoxical platelet activation by
glycoprotein IIb/IIIa inhibitors. Thrombosis Research,
106, 25–29.

486 Meen, O., Brosstad, F., Khiabani, H. et al. (2008)
No case of COX-1 related aspirin resistance found
in 289 patients with symptoms of stable CHD
remitted for coronary angiography. Scandinavian
Journal of Clinical and Laboratory Investigation, 68,
185–191.

487 Lim,E.,Ali, Z.,Ali,A. et al. (2003) Indirect comparison
meta-analysis of aspirin therapy after coronary
surgery. British Medical Journal, 327, 1309–1314.

488 Tran, H.A., Anand, S.S., Hankey, G.J. et al. (2007)
Aspirin resistance. Thrombosis Research, 120,
337–346.

References j321



4.2
Pain, Fever, and Inflammatory Diseases

Salicylate, manufactured as water-soluble sodium
salt, was originally introduced into the clinics as an
antipyretic analgesic. Synthetic salicylate soon re-
placed salicylates, isolated and prepared from nat-
ural sourcesandalsobecameinterestingbecauseof
its analgesic andanti-inflammatoryproperties.The
combinationof these threeproperties,althoughnot
independent of each other and at least partially
mediated by the same mediators (Section 2.3.2),
was highly desirable for treatment of flu and in-
flammatorypain, forexample, inpainful rheumatic
diseases (Section 1.1.3). However, the unpleasant
taste and gastric irritation frequently seen at the
high doses that had to be taken by the patients
limited the clinical acceptance. As a consequence,
the compoundwas �updated�byacetylation, result-
ing in the synthesis of aspirin, to be used for the
same indications but being better tolerable. Inter-
estingly,aspirinwasconsideredtobetheprodrugof
salicylate that was assumed as active principle,
released by metabolic cleavage. This conclusion,
originallymade byDreser in hisfirst description of
the pharmacological properties of aspirin a century
ago (Section 1.1.3), is still basically correct, at least
with respect to the indications, the compound was
used for at the time.
For more than 70 years, antipyretic/analgesic

actions were in the focus of aspirin use. The com-
pound became soon an indispensable household
remedy for almost every situation of distress, fever,
pain, or just feeling bad, for example, during epi-
sodes of common cold.Despite the fact that aspirin
in generalwaswell tolerated, one shouldnot ignore
that both aspirin and salicylate are potent drugs.
Since much of the aspirin is taken as an OTC
preparation in self-medication (�take an aspirin�),
there is always a chance of overdosing and appear-
ance of unwanted side effects (Section 3.1.1).How-
ever, in daily practice, the real incidence of severe
side effects is very low.
The first issue to be discussed here is the

therapeutic use of aspirin as an antipyretic anal-

gesic (Section 4.2.1). This is still the domain of its
practical application in self-medication. In addi-
tion, aspirin is also used as an adjunct to NSAIDs
or coxibs in the treatment of osteoarthritis and
rheumatoid arthritis although this is not a pri-
mary indication anymore. Many of the patients
with chronic inflammatory diseasesmight also be
at an elevated risk for atherothrombotic events.
In addition, patients with rheumatoid arthritis
have a disease-related four- to fivefold elevated
risk formyocardial infarctions and it is, therefore,
important to know the individual benefit/risk
ratio. These interactions between aspirin, NSAIDs,
and coxibs are of particular interest in chronic
inflammatory diseases and are discussed in
Section 4.2.2.
Kawasaki�s syndrome is an inflammatory dis-

ease in children where aspirin is still used as a
standardmedication together with immunoglobu-
lin at anti-inflammatory doses. Here, both anti-
inflammatory and antiplatelet effects of the com-
pound might contribute to its clinical efficacy in
preventing immune-vasculitis, coronary aneur-
ysms, and myocardial infarctions in children at
enhanced risk (Section 4.2.3).

4.2.1
Aspirin as an Antipyretic Analgesic

Aspirin has been successfully used for pain relief
for many years. However, the field of applications
has changed. In the beginning, it was mainly
febrile states in children, in many cases due to
flu, which were treated with the compound. How-
ever, after the intense discussions about aspirin
and a possible relationship to Reye�s syndrome,
the compound was banned in many countries
for this indication in children and young adults
(Section 3.3.3). For treatment of inflammatory
pain, aspirin was replaced by NSAIDs and coxibs
(Section 4..2.2) although coxibs can only work if
pain is related to (induced) COX-2 expression.
Thus, migraine and tension-type headache along
with flu-like symptoms are currently the domains
of aspirin use.
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4.2.1.1 Fever, Pain, and Antipyretic/Analgesic
Actions of Aspirin

Fever and Mode of Antipyretic Actions of Aspirin
Fever associated with upper respiratory tract infec-
tions is of suspected viral origin and, therefore
mainly subjected to symptomatic treatment of the
unpleasant symptoms, including fatigue, head-
ache, and others. Mechanistically, aspirin inter-
feres with endogenous pyrogens and ameliorates
subsequent cytokine generation and action as
well as their potentiation by prostaglandins.
This includes upregulation of core temperature
(Section 2.3.2). Interestingly, recent in vivo data
from animal experiments suggest that aspirin
and salicylate but not traditional NSAIDs will also
inhibit replication of flu viruses and therefore
might also interact with exogenous pyrogens
(Section 2.2.2)
Aspirin does not interact with physiological tem-

perature control. Therefore, there is no change in
normal body temperature by aspirin. The antipy-
retic action of aspirin is mediated by salicylate
(Figure 2.37) [489] and associated with sweating,
that is, increased heat loss.

Pain andMode of Analgesic Actions of Aspirin Pain
can result from many reasons and is mediated by
both peripheral and central mechanisms. The
analgesic actions of aspirin include both periph-
eral and central sites of action, both involving
prostaglandins (Section 2.3.2). A dose-dependent
increase in pain threshold between 60mg and
1.8 g of aspirin and maintenance of the analgesic
effect after repeated application (300mg in 2 h
intervals) was already shown 60 years ago [490].
A dose dependency is seen for both the antipy-
retic and analgesic effects. Although it is likely
that aspirin ultimately also interacts with other
central mechanisms of pain control, that is,
endocannabinoids and serotonin, there is cur-
rently little mechanism-based clinical research
on this issue. Prostaglandins, the key mediators
for pain sensitization arising from an area of
tissue injury, are also involved in pain transmis-

sion and perception systems in peripheral nerves
and the CNS via upregulated COX-2 (allodynia/
hyperalgesia) [491].
Pain is a subjective experience. Therefore, the

patient�s self-report, for example, by a visual ana-
loguescale (VAS),provides themost validmeasure-
ment of the intensity of pain sensitization. A 30%
reduction of pain intensity on this scale is consid-
ered clinically significant. In addition, all mecha-
nistic as well as clinical studies on pain have to
consider the high placebo rate, underlining the
significance of the subjective pain perception. In
most studies, this placebo effect amounts to about
50%of thedrugeffect [492] and there is a clear time-
dependency for both (Figure 4.27).
Clinical pain researchwith respect to established

drugs and treatment protocols uses pain models.
About two-thirds of experimental studies have
used the extraction of the third molar (wisdom
tooth) as a pain model. It might well be that
findings on this postsurgical pain model differ
from inflammatory, prostaglandin-mediated pain
or the pain of headache, including tension-type
headache and migraine.
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Pain Research Models and Dose Dependency of
Aspirin Action After an original report by Laska
et al. [493], demonstrating remarkable differences
in the analgesic potency of aspirin in different
situationsof clinical (gynecological/obstetric) pain,
many follow-up studies have addressed the issue of
possible influences of the painmodel on the inten-
sity of the analgesic effect of aspirin and other
analgesics. According to current knowledge, the
pain model used (postoperative, episiotomy, and
dental pain, etc.), the kind of measurement and
duration of observation have no effect on the mag-
nitude of analgesia by aspirin [494]. A recent meta-
analysis has added further evidence to this. The
investigators calculated the �under the pain relief
versus time curve� equivalent to at least 50%maxi-
mumpain relief over 6 h in dental and postsurgical
pain. No major difference was obtained for the
three analgesics studied: aspirin (600/650mg),
acetaminophen (600/650mg; 1000mg), and ibu-
profen (400mg) [495]. However, higher doses
might be more effective (Table 4.12).

A frequently cited meta-analysis of randomized, placebo-
controlled trials was performed to compare the analgesic
efficacy of single-dose plain aspirin tablets in postopera-
tive pain (post dental extraction, 68%), postsurgical or
postpartum pain. Other pain conditions were not
considered. Of the 169 publications found on this issue
(containing at least 10 patients), 69 met the inclusion
criteria. From these studies, pain intensity and pain relief

datawere extracted. These datawere used to calculate the
relative benefit (number needed to treat (NNT)) and
relative harm (number needed to harm (NNH)) in
dependency on the dose used. Themedian group size for
all comparisons was 38 patients.
There was a significant benefit (estimated in terms of

patients reporting at least 50% pain relief) with aspirin
compared to placebo (Table 4.12). The effect was dose
dependent and became significant at doses of 600mg
and more without significant differences between the
causes of pain (Table 4.13). The number of patients
needed to treat was four at a dose of 1000mg. A total of
12% of patients on aspirin and 10% of patients on
placebo reported adverse effects, most frequently drows-
iness and gastric irritation. The total number needed to
harm was 44, that is, 10-fold higher than the number to
treat [494] (Table 4.14).
The conclusion was that aspirin is an effective, single-

dose analgesic also in postoperative pain. The analgesic
effect is dose dependent and the potency is comparable
to that of acetaminophen (Figure 4.28) [494].

This type of studies has limitations, as also
stated by authors, for example, by using a pain
calculation model rather than an individual pain
response. However, the dose dependency of an-
algesic actions of aspirin, acetaminophen, and
ibuprofen was recently confirmed in a systematic
review of randomized double-blind trials in acute
pain [496]. More information has to be expected
from prospective, double-blind randomized trials
with a well-defined clinical end point, that is,
definition of pain relief.

Table 4.12 Proportion of patients achieving at least 50% total pain relief (TOTPAR) according to a standard pain intensitiy
scale after treatmentwith aspirin, paracetamol, or ibuprofen, relative benefit, and number needed to treat (NNT) (for further
explanation, see the text) [495].

Drug Dose (mg) Pain model #
TOTPAR relative
benefit NNT (95% CI)

Aspirin 600/650 Dental pain 3635 2.5 (2.2–2.8) 4.7 (4.2–5.4)
600/650 Postsurgical pain 1427 2.3 (1.9–2.7) 3.9 (3.3–4.7)

Acetaminophen 600/650 Dental pain 1265 2.9 (2.9–3.7) 4.2 (3.6–5.2)
600/650 Postsurgical pain 621 1.9 (1.5–2.4) 5.5 (3.9–9.1)

Acetaminophen 975/1000 Dental pain 1038 3.7 (2.7–5.1) 3.7 (3.1–4.7)
1000 Postsurgical pain 1721 2.2 (1.9–2.5) 3.9 (3.3–4.7)

Ibuprofen 400 Dental pain 3402 5.2 (4.1–6.6) 2.2 (2.1–2.4)
400 Postsurgical pain 1301 3.7 (2.6–5.1) 3.0 (2.6–3.4)
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Table 4.13 Analgesic potency of aspirin in placebo-controlled trials.

#of patientswith at least 50%
pain relief

Aspirin dose
(mg) # of trials Aspirin Placebo

TOTPAR relative
benefit (98% CI) NNT (95% CI)

500 3 45/135 32/115 1.2 (0.8–1.8) nc
600/650 68 960/2499 404/2562 2.0 (1.8–2.2) 4.4 (4.0–4.9)
1000 5 153/375 64/359 2.2 (1.4–3.4) 4.0 (3.2–5.4)
1200 5 85/140 27/139 3.3 (1.8–6.3) 2.4 (1.9–3.2)

Note the dose dependency of the analgesic effect, as shown by the decreasing number of patients needed to treat (NNT) with
increasing aspirin doses [494].
nc: not calculated because relative risk not statistically significant.

Table 4.14 Relative risk (RR) of adverse effects to aspirin in analgesic doses (500–1200mg) in placebo-controlled trials as
documented by the number needed to harm.

# of patients with adverse
effects

Dose # of trials Aspirin Placebo RR (95% CI) NNH (95% CI)

All doses

Total adverse effects 60 313/2619 261/2620 1.3 (0.0–1.5) nc

Aspirin 600/650mg
Total adverse effects 53 157/1976 229/2088 1.2 (1.0–1.4) 44 (23–345)
Dizziness 30 41/1429 27/1557 1.6 (0.9–2.6) nc
Drowsiness 33 103/1542 56/1672 1.9 (1.4–2.5) 28 (19–52)
Gastric irritation 11 20/546 6/562 2.5 (1.2–5.1) 38 (22–174)

Further adverse effects, includingheadache, nausea, andvomitingwereonaverage lower in theaspiringroup thanwithplacebo
(RR <1) [494].
nc: not calculated because relative risk not statistically significant.
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Figure 4.28 Dose–response curves for analgesic potencies of aspirin and acetaminophen. NNT: numbers needed to treat;
numbers at the figure: number of studies for each dose [494].
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Aspirin Formulations The analgesic efficacy of
aspirin at a standard single dose of 0.5–1.0 g will
be enhanced, if the compound is given in a predis-
solved or good water-soluble formulation [497].
This results in a more rapid increase in plasma
levels andaparallelmore rapidonset andefficacyof
pain relief (Figure 4.29) [498, 499]. Soluble aspirin
was also found to be more potent than solid acet-
aminophen in postsurgical pain [500]. A commer-
cial effervescent preparation (solution) has been
developed that allows to obtain the same peak
plasma level, peak concentration, and half-life as
plain aspirin tablets; however, the time to reach
peak plasma concentrations is considerably short-
ened to about 30min instead of 1 h in the plain
preparation of plain aspirin tablets [501]. Similar
benefits were obtained with a mouth-dispersible
formulation [502].
Another possibility to even faster obtain effective

plasma levels is the application of injectable aspirin
water-soluble lysine salt. This is of particular ad-
vantage in migraine attacks when nausea and vo-
miting frequently occur (see below).

4.2.1.2 Clinical Trials

Flu and Other Feverish Diseases Aspirin as a
household remedy is frequently used for treatment
of influenza-like symptoms (headache, frontal and

maxillary sinus sensitivity to percussion, sore
throat, achiness, and feverish discomfort). These
symptoms typically last for 3–5 days. They are not
life threatening but markedly reduce the well-be-
ing.Themaintenanceorrestorationofnormaldaily
activity by reducing fever and influenza-like symp-
toms is the treatment goal and patients frequently
use OTC antipyretics for this purpose. Among
them, aspirin and acetaminophen are most com-
monly employed drugs [503, 504].

A recent placebo-controlled randomized double-blind
trial has compared the antipyretic potency of aspirin and
acetaminophen in adults. The patients suffered from an
acute, noncomplicated infection of the upper airways that
was likely to be of viral origin. Patients were treated with
single doses of aspirin (500 or 1000mg), acetaminophen
(500 or 1000mg), or placebo. Body temperature was
controlled in regular intervals; feverish discomfort was
evaluated on an interview basis. The total observation
period was 6 h.
The average body temperature before treatment was

38.8 �C and remained essentially unchanged over the
observation period of 6 h in the placebo group. Both
aspirin and acetaminophen reduced the temperature to
about 38.0 and 37.5 �C after single doses of 500mg and
1 g, respectively. The antipyretic effect started 30min after
dosing and lasted for at least 6 h. The maximum effect
was obtained 2.5–3h after drug administration. Both
compounds were about equipotent, also with respect to
improvement of feverish discomfort, headache, and
achiness. There was no significant difference in side
effects between aspirin, acetaminophen, and placebo.
The conclusion was that aspirin and acetaminophen

are equipotent antipyretics. This action is dose depen-
dent and there are no differences in side effects [505]
(Figure 4.30).

Migraine and Tension-Type Headache Most fre-
quent pain is that of primary headache, that is,
tension-type headache andmigraine. In contrast to
other diseases, the use of aspirin for treatment of
these forms of pain is rather single dose or short
termduringattacks thanregular, continuous intake
by prescription. Patients are frequently young
or middle aged and usually otherwise healthy.
However, they need particular consideration for
gastric tolerance because in situations such as
migraine attacks, patients may experience nausea
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Figure 4.29 Analgesic potencyof aspirin tablets and soluble
aspirin (1.2 g each) in comparison toplacebo asdetermined
by individual pain sensitization (extraction of third molar)
(VAS). Note the more rapid start of analgesia with soluble
aspirin, a stronger action of soluble versus undissolved
aspirin at 0.3–1 h and a potency similar to aspirin tablets at
2–5 h (modified after [497]).
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or vomiting. Thus, rapid onset of action as well as
less irritationorbypassof thestomacharedesirable
and, in case of aspirin, can be obtained by appro-
priate galenic formulations.

Migraine Aspirin is well established for the treat-
ment of acute migraine attacks [506–508]. In a
recent review, Diener et al. [501] summarized the
evidence for aspirin as a drug of first choice in
treatmentof acutemigraineattacks in randomized,
double-blind controlled prospective trials. Overall,
these studies showednot only significantbeneficial
effects of aspirin but also an increased efficacy and
improved tolerability by a highly buffered efferves-
centpreparation.Thiscombinationwas foundtobe
at least as effective as the combination of aspirin
with metoclopramide in all but one [509] studies.
Similar results were reported for the combination
of lysine–aspirin plus metoclopramide versus er-
gotamine plus caffeine in relieving migraine at-
tacks [510]. Aspirin (plus metoclopramide) was
equieffective with triptanes (sumatriptan, zolmi-
triptan) [511–513] but with less side effects [501]
(Table 4.15).

Tension-Type Headache Tension-type headache,
also known as �normal� or �ordinary� headache,
occurs in attack-like episodes but may also be
chronic. This is the most frequent cause of pain
and, probably, the best pain �model� in real life. It is

a �featureless� disease, characterized by nothing
but pain in the head. The pathophysiology is un-
knownbutmost likely complex.Tension-typehead-
ache may be episodic or chronic, that is, occurring
at more than 15 days a month. The life-time preva-
lence of tension-type headache amounts to 79%
with 3% suffering from the chronic form [517].
Psychical stressmay be involved but alsomusculo-
skeletal functional or structural abnormalities, that
is, tensions in the head and neck regions. Treat-
ment is usually by OTC self-medication and – in
contrast tomigraine– triptanesdonotwork.Froma
pharmacological point of view this is a clear dem-
onstration of a different pathophysiology of mi-
graine and tension headache.

In a double-blind, placebo-controlled trial aspirin, 500 or
1000mg, was compared with acetaminophen, 500 and
1000mg, in a total of 572 compliant individuals. These
persons suffered from episodic tension headache (not
migraine). Treatment was single dose and the primary
end point was subjective pain relief (total or worthwhile)
after 2 h. In addition, individual severity of pain was
measured by a visual analogue scale.
Aspirin at 1000 and 500mg had a 76% and 70%

responder rate, respectively. The response rate with
acetaminophen was 71% at 1000mg but only 64% at
500mg.With the exception of acetaminophen 500mg, all
other treatments were significantly more effective than
the placebo rate of 54%. Outcome was not affected by
headache intensity at baseline. Adverse events were
reported by 13–19% of subjects and were mild or
moderate. No safety concerns arose.
The conclusion was that 1000mg aspirin in moderate-

to-severe headache is significantly more potent than
placebo. Aspirin at 500mg and acetaminophen at
1000mg are also effective, but to less extent, whereas
500mg acetaminophen are ineffective. There is a high
placebo rate [518].

Aspirin (320mg single dose) was also found to
protect from headache at high altitude. This effect
occurred at unchanged (low) oxygen saturation and
was explained by interaction with sympathetic
activity [519].

4.2.1.3 Aspirin and Other Drugs
Aspirin and acetaminophen are frequently used
alternatives as antipyretic analgesics. A particular
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Figure 4.30 Time–course of orally measured body
temperature in volunteers with acute uncomplicated febrile
upper respiratory tract infection of suspected viral origin.
Patients were treated with single dose of aspirin,
acetaminophen,orplacebo,as indicated.Dataareameanof
78–79 persons per treatment group (modeled after [505]).
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issue with these compounds is possible misuse, in
particular if the compounds are administered in
combination with potentially habit-forming com-
pounds, such as caffeine [520]. In general, the
combined use of analgesics with a different mode
of action, for example, aspirinþ codeine, appears
to be useful. However, fixed-dose combinations
may not be as effective as patient-specific adjust-
ment of doses [521]. In addition, the therapeutic
efficacy may be diluted by addition of doubtful
comedications, such as certain vitamins or other

ingredients,which increase thepricebutdonotadd
to the therapeutic efficacy. A notable exception is
vitamin C that has been shown to protect the
human stomach from aspirin-induced mucosal
injury, possibly by its antioxidant properties [522].

4.2.1.4 Actual Situation
Aspirin, for example, in an effervescent formula-
tion, is the OTC treatment of choice for tension
headache. The compound is also effective in mi-
graine and other forms of postsurgical inflamma-

Table 4.15 Prospective double-blind randomized trials with aspirin in migraine.

Type of study G # Clinical end point Outcome Reference

Double-blind, parallel;
aspirin 1000mg versus
PLA

p 485 % of patients with
two-step improvement
on a four-step scale after 2 h

pASA	PLA [508]

Double-blind, parallel;
aspirin 900mg versus
PLA

p 101 % of patients with
two-step improvement
on a four-step scale after 2 h

pASA	PLA [502]

Double-blind, parallel;
iLAS (¼500mg aspirin)
versus PLA

i 40 Mean pain reduction
on a 10-point VAS

iASA	PLA [506]

Double-blind, crossover;
iLAS 1000mg versus
ERG 0.5mg sc.

i 56 Pain reduction
on a 10-point VAS

iASA¼ERG [507]

Double-blind, parallel;
iLAS 1000mg versus
SUM 6mg sc. versus
parenteral PLA

i 279 % of patients with
two-step improvement
on a four-step scale after 2 h

SUM> iLAS
	PLA

[514]

Double-blind, parallel;
eASA 1000mg versus
ePLA

e 343 % of patients with
two-step improvement
on a four-step scale agter 2 h

eASA	PLA [515]

Double-blind, crossover;
eASA 1000mg versus
SUM 50mg versus
IBU 400mg versus PLA

e 312 % of patients with
two-step improvement
on a four-step scale after 2 h

eASA¼SUM
¼ IBU	PLA

[514]

Double-blind, parallel;
eASA 1000mg versus
SUM 50mg versus PLA

e 433 % of patients with complete
remission of nausea, photo- and
phonophobia after 2 h; % of
patients with headache relief

eASA¼SUM
	PLA

[516]

A comparison of three different aspirin formulations versus other analgesic monotherapy or placebo. G: Galenics;
p: plain; e: effervescent; i: injectable (lysine salt); PLA: placebo; ERG: ergotamine; SUM: sumatriptan; IBU: ibuprofen (modeled
after [501]).
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tory pain. The recommended single dose is 1 g. A
meta-analysis of nine clinical trials with this single
dose of aspirin in typical OTCmedications, includ-
ing tension-type headache showed that 6.3% of
patients on aspirin and 3.9%of patients on placebo
showed adverse effects. Only 3.1% of patients on
aspirin and 2.0% of patients on placebo reported
drug-related GI adverse effects [523]. In the case of
aspirin intolerance or inefficacy, acetaminophen is
the alternative. Whether ibuprofen at analgesic
single doses of 400mg can replace aspirin as an
anti-inflammatory analgesic is not established yet.
However, ibuprofen might interact with aspirin
and antagonize its antiplatelet effects if regular
intake is necessary for cardiovascular reasons
(Section 2.3.1).
There is a clear need to develop new classes of

analgesics, which more specifically interrupt indi-

vidual pain perception and transmission pathways,
allowing amore targeted treatment and prevention
of pain. Whether coxibs are the final breakthrough
for prostaglandin-associated pain perception can
be disputed since these compounds will only work
if (upregulated) COX-2 is significantly involved in
prostaglandin production and the ultimate cause
of pain. Unfortunately, current clinical analgesic
trials select patients on the basis of disease and
use crude global outcome measures instead to
identify mechanism [524]. Regarding aspirin, its
multiple pharmacological actions on gene regu-
lation, signal transduction, and synaptic plasticity
might also vary in different forms of pain. Unfor-
tunately, none of these issues has been addressed
sufficiently yet, although the US Congress has
dedicated this decade the �Decade of Pain Control
and Research.�
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4.2.2
Arthritis and Rheumatism

Aspirin was originally introduced into clinics for
treatment of inflammatory pain and rheumatism
asabetter tolerableandmoreeffective alternative to
sodium salicylate. Although this was a remarkable
step forward at the time, aspirin for this indication
has meanwhile largely been replaced by other
compounds, specifically those that were targeted
to hit the suspectedmolecular target more precise-
ly?:prostaglandinsgeneratedviaupregulatedCOX-
2. The first traditional NSAID, indomethacin, was
introduced to themarket in1960andwas afterward
followed by many successors, most important,
diclofenac and ibuprofen.
These so-called �aspirin-like� drugs are only

�aspirin-like� in one single aspect – inhibition of
cyclooxygenase(s) by, again in contrast to aspirin,
reversible inhibition of their enzymatic activity.
This becomes clinically relevant, when aspirin co-
medication is necessary in patients with osteoar-
thritis or rheumatoid arthritis who frequently also
suffer from (advanced) atherosclerosis – both
chronic inflammatory diseases with an upregu-
lated COX-2. The introduction of the first coxib,
rofecoxib, in 1998, marked the beginning of a new
prostaglandin-based era of symptomatic treatment
of these diseases. However, it meanwhile became
also clear that COX-2-derived prostaglandins, spe-
cifically prostacyclin and PGE2, are not solely the
�bad guys,� which just enhance pain responses.
They also may be useful or even essential for
maintenance of an antithrombotic state in high-
risk patients. In other words, COX-2-derived pros-
taglandins are mediators, made �on demand� and
therefore, by definition, are neither good nor bad.
They, however, do not specifically alter the natural
history of the diseases, that is, the premature abra-
sion of cartilage in osteoarthritis or the pathologic
immune reaction in rheumatoid arthritis. Never-
theless, they might be useful because of allowing
physical exercise and improving the patient�s qual-
ityof life.Meanwhile,moreetiology-orienteddrugs
became available, including biologicals, such as

anti-TNFa-antibodies (infliximab), tumor necrosis
factor alpha (TNFa)-receptor blockers (etanercept),
and other disease-modifying antirheumatic drugs
(DMARDs). However, there is still need for im-
proved analgesic treatment of the inflammatory/
ischemic process. Another clinically most impor-
tant issue is the comedication of aspirin to tradi-
tional NSAIDs and its possible consequences
for the efficacy of aspirin as an antiplatelet drug
(Section 2.3.1).

4.2.2.1 Pathophysiology and Mode of Aspirin
Action

Rheumatoid Arthritis Chronic rheumatoid arthri-
tis is amultisystemdisorder, causedby apathologic
immune reaction. The disease is associated with a
significantly shortened (5–10years) life expectancy.
This is largelydue to frequent comorbidities,which
are associatedwith the systemic inflammatory pro-
cess. This includes a 30–50% increased risk of
atherothrombotic events, in particular myocardi-
al infarction [525–527]. Recent studies with dis-
ease-modifying antirheumatic drugs,� such as
methotrexate, did not only retard the progression
of the rheumatic disease [528] but also reduced
the increased cardiovascular morbidity and mor-
tality [529, 530]. Traditional NSAIDs and biologi-
cals had no such effect [528, 530] (see below).
Alternatively, appropriate treatment with anti-
platelet/antithrombotic drugs might also reduce
the enhanced cardiovascular mortality, for exam-
ple, when given as adjunctive treatment to
DMARDs.

In this context, it is interesting to note that patients with
rheumatoid arthritis at a time when only aspirin was avai-
lable for treatment of inflammatory pain suffered signifi-
cantly less fatal myocardial infarctions than age-matched
nonrheumatic controls [531]. Another early study in a
small group of patients with rheumatoid arthritis repor-
ted a (nonsignificant) reduction of cardiovascular ische-
mic events by 30–50% after aspirin treatment [532] while
Vandenbroucke et al. [533] foundnosignificant difference
in heart and vessel diseases – 10% lower risk in rheuma-
toidpatients. Such studies cannot beperformed anymore

332j 4 Clinical Applications of Aspirin



because of ethical reasons and the availability of more
potent anti-inflammatory drugs. However, they are
interesting from a pharmacological point of view.

COX-2 protein is upregulated in the synovia of
patients with rheumatoid arthritis [534]. Aspirin at
anti-inflammatory doses reduces pain and edema
in the inflamed joint [535]. Because of the prompt
effect, aspirin used to be the treatment of choice for
arthritic pain. However, this has changed in the
meantime for several reasons. One is the availabili-
ty of NSAIDs as more effective analgesic/anti-in-
flammatory alternatives. Another is the high aspi-
rin dose, that is, 3–4 g per day, which caused a
number of side effects, in particular in the GI tract
(Section 3.2.1) and inner ear (tinnitus) (Section
3.2.4). In addition, these high salicylate levels (>1
mM) might enhance apoptosis. This is wanted in
tumor (Section 2.3.3) but not in human synovial
cells [536]. In addition, aspirin suppresses cartilage
proteoglycane synthesis, possibly via prostaglan-
din-independent mechanisms [537] but will not
reduce the biosynthesis of hyaluronic acid, a most
significant compound for maintenance of func-
tional integrity of articular cartilage [538]. Another
interesting finding was that aspirinmight alter the
disposition of methotrexate in patients with rheu-
matoid arthritis by altering its clearance and
increasing the free, nonprotein-bound fraction.
Although these actions required high-dose aspirin
(3.9 g/day) and, therefore, might be not relevant
for treatmentof thedisease today, theynevertheless
suggest a potentially positive interaction between
methotrexate and aspirin that might be valuable
for the prevention of atherothrombotic events
[539] (Figure 4.31).

Osteoarthritis In contrast to rheumatoid arthritis,
osteoarthritis is not considered a primarily in-
flammatory, systemic disease but rather a local,
degenerative disorder with an inflammatory com-
ponent, mostly in joints under high �workload,�
such as the knee and hip. In contrast to rheuma-
toid arthritis, osteoarthritis is usually not associ-
ated with increased cardiovascular morbidity or a

shortened life span [540]. Pain is the main devas-
tating symptom and arises from different areas of
the affected joint: bone (periostitis, subchondrial
microfractures, and ischemia), synovia (synovi-
tis), stimulation of nerve endings with neuronal
inflammation, and release of inflammatorymedi-
ators as well as periarticular muscle spasms.
Inflammatory pain at these sites might addition-
ally induce expression of COX-2 in the spinal cord
and cause neuropathic pain. Therefore, the inten-
sity of the reactive, inflammatory reaction not
only determines the intensity of pain but also
might influence the progression of the degenera-
tive processes in cartilage. Because osteoarthritis
is an erosive disease of the cartilage without a
chance for restitutio ad integrum, but only retarda-
tion of progression, the treatment is mainly
symptomatic and focused on pain relief and im-
proved mobility.
COX-2 protein is also upregulated in the synovia

of patients with osteoarthritis as opposed to pa-
tients with traumatic knee injury [534]. This might
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Figure 4.31 Correlation between free (unbound)
methotrexate and the mean salicylate plasma level in 15
patients with rheumatoid arthritis treated with aspirin
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be a target for aspirin, although the compound has
been largely replaced by NSAIDs and acetamino-
phen. However, ibuprofen and other NSAIDs
might interfere with the antiplatelet action of aspi-
rinwhileacetaminophenat therecommendedhigh
dose might have a number of side effects in the
kidney (Section 3.2.2) and liver (Section 3.2.3).

4.2.2.2 Clinical Trials

Rheumatoid Arthritis Aspirin is no longer a treat-
ment of choice but still a possible adjunctive treat-
ment for rheumatoid arthritis [541]. However, a
significant proportion of these patients receive
aspirin by prescription, for example, for cardiocor-
onary prevention, together with NSAIDs or coxibs
for pain relief [542]. This might result in drug
interactions, with regard to the COX-1-mediated
antiplatelet effects of aspirin (Section2.2.1) and the
COX-2-dependent generation of antiplatelet, vaso-
dilatory prostaglandins, such as PGI2 and PGE2.
Another issue is gastric tolerance for both NSAIDs
and coxibs (Section 3.2.1).
A recent meta-analysis on antirheumatic drug

use and the risk of acute myocardial infarction
investigated the possible risk of these compounds
as opposed to DMARDs.

A nested case–control study was done within a cohort of
subjects with rheumatoid arthritis to assess the risk of
acute myocardial infarction associated with the use of
DMARDs and anti-inflammatory medications in these
patients.
The cohort included 107 908 patients, who were

followed over an observation period of 5 years. End point
was the first occurrence of myocardial infarction (cases).
A total of 558 infarctions occurred during this follow-up
(3.4% per year). This rate was significantly reduced with
the current use of any DMARD, including methotrexate
and leflunomide (RR: 0.80; 95% CI: 0.65–0.98) but not
biologicals (infliximab, etanercept, and anakinra) (RR:
1.30; 95% CI: 0.92–1.83). The infarction rate was
increased with glucocorticoids (RR: 1.32; 95% CI:
1.02–1.72) but not with traditional NSAIDs (RR: 1.05;
95% CI: 0.81–1.36) or coxibs (RR: 1.11; 95% CI:
0.87–1.43).
The conclusion was that DMARDs reduce the risk of

myocardial infarctions in patients with rheumatoid

arthritis. No risk increase was seen with traditional
NSAIDs or coxibs [528].

Osteoarthritis Aspirin is still in use for treatment
of osteoarthritis [541]. About 20% of patients suf-
fering from osteoarthritis are prescribed aspirin
and for about 50%of aspirinusers,COXinhibitors,
both NSAIDs and coxibs, are prescribed simulta-
neously. The prescription behavior of NSAIDs was
independent from preexisting cardiovascular co-
morbidity, that is, a possible antagonismof aspirin-
induced inhibition of COX-1 by coxibs or NSAIDs
was not excluded [542].
Treatment of arthritic pain in osteoarthritis in

most cases is by self-medication of OTC drugs.
Among these drugs in addition to aspirin, acet-
aminophen and ibuprofen are the most frequently
used. A recent meta-analysis of 23 randomized
placebo-controlled trials has shown that these com-
pounds can reduce short-term pain but because of
serious side effects and low efficacy cannot be
recommended for long-term use [543]. Another
recent meta-analysis of clinical trials with single-
dose aspirin treatment (1 g) in typical OTCmedica-
tions showed that 6.3% of patients had side effects
as opposed to 3.9% of patients on placebo [544]. A
review on side effects of drugs, used in about 5700
patients with rheumatoid arthritis and 3100 pa-
tients with osteoarthritis, showed that OTC use of
aspirin, acetaminophen, and ibuprofen in other-
wise healthy individuals is not associated with a
high risk of GI side effects. However, there is an
enhanced intolerance in combined treatment with
other NSAIDs, in particular, if corticosteroids are
additionally prescribed [545] (Figure 4.32).
A certain reintroduction of aspirin for primary

treatment of osteoarthritis and low-back pain was
the remembrance of the fact that the compound
was a chemicalmodification of the natural product
salicylic acid, which in turnwas the active principal
of the prodrug salicin. Salicin is found in large
amounts in the willow bark (Section 1.1.2). This
stimulated studies on willow bark extracts for in-
flammatory pain relief.
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Two randomized studies have been published recently,
investigating the efficacy and tolerability of standardized
willow bark extracts in low-back pain [546] and osteoar-
thritis [547]. Both studies reported beneficial effects. The
active component in this extract was assumed to be
salicin, the prodrug of salicylic acid. However, because of
the different pharmacokinetics [548] and the much lower
plasma salicylate levels than observed after analgesic
doses of synthetic salicylate [549], the generation of
salicylic acid alone was considered unlikely to explain
analgesic or anti-inflammatory effects of willow bark.

4.2.2.3 Aspirin and Other Drugs

Acetaminophen Acetaminophen is recommen-
ded for treatment of symptoms of osteoarthritis in
the United States. According to a study by Bradley
et al. [550], acetaminophen was found to be as
effective as ibuprofen. The acetaminophen dose in
this particular study was 4 g (!) per day and the
duration of treatment 4 weeks. Overall, systematic
reviews of randomized controlled trials have not
found important differences in efficacy between
differentNSAIDs.However, there isdefinitelyneed
for large prospective randomized trials that com-
pare a(ny) NSAID with acetaminophen [551].

Nevertheless, fromapharmacological point of view,
it isquestionedwhetheracetaminophen is really the
first option for symptomatic treatment of an inflam-
matorycomplicationofadegenerativedisease, such
as osteoarthritis: the analgesic potency is weak, the
anti-inflammatory activity apparently absent, and, if
any, of questionable clinical significance. A recent
meta-analysis of randomized controlled trials, in-
cluding about 6000 patients with osteoarthritis,
suggested that NSAIDs are superior to acetamino-
phen for improving knee and hip pain [552].

Coxibs After the introduction of selective inhibi-
tors of COX-2 and publication of thefirst long-term
studies, a significantly increased risk ofmyocardial
infarctions was found, specifically in patients with
preexisting cardiovascular risk [553, 554]. One of
these risk groups included patients with rheuma-
toid arthritis. In the VIGOR trial with rofecoxib,
there was a significantly increased rate of myocar-
dial infarctions in these patients. A total of 33% of
myocardial infarctions were seen in a subgroup of
patients (4%) with cardiovascular diseases who
were not treated with aspirin although they met
the general recommendations for aspirin use in

Figure 4.32 Rates of serious GI events per 1000 patient-years in patients treated with aspirin, acetaminophen, or ibuprofen
alone or concurrently with other drugs (mainly other NSAIDs). Patients who additionally received corticosteroids are
shown separately. OA: osteoarthritis; RA: rheumatoid arthritis (modified after [545]).
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cardiocoronary prevention [540, 555]. Comedica-
tion of aspirin was beneficial; however, it also
caused more GI side effects than with coxibs
alone [556]. On the other hand, coxibs do not
interact with the antiplatelet action of aspirin.
Therefore, in contrast to traditional NSAIDs, co-
medicationofaspirin tocoxibsmightbeusefulwith
respect to efficacy and maintain the cardioprotec-
tive effects of aspirin. However, prospective ran-
domized trials are necessary to establish this.
The other question is whether comedication of

aspirin will worsen the GI tolerance to coxibs
(Section 3.2.1). A recent register study in more
than4200patientswith rheumatoid arthritis taking
coxibs with no ulcer at the beginning has shown
only a small effect on the risk of developing dys-
peptic syndromes in these patients [557].

Aspirin and Traditional NSAIDs One of the argu-
ments against a possibly increased risk of myocar-
dial infarctions with coxibs was that traditional
NSAIDs have never been subjected to a compara-
tive study. In addition, naproxen was suggested to
exert a beneficial effect, for example, in the VIGOR
trial, which might have been due to pharmacoki-
netic reasons, that is, its long half-life. Two recent
trials have studied this issue in more detail. One
epidemiological case–control study in Finland
found an increased risk for a first myocardial in-
farction in adults after intake of traditionalNSAIDs
or coxibs. The riskwas independent of the duration
of treatment and similar with both classes of com-
pounds (RR: 1.34; 95% CI: 1.26–1.43 versus RR:
1.31; 95%CI: 1.13–1.50) [558]. Similar results were

obtained in ameta-analysis of randomized trials by
Kearney et al. [559], comparing traditional NSAIDs
with coxibs and placebo. In comparison to placebo,
there was a comparable increase of atherothrom-
botic vessel occlusions by more than 40% for both
traditional NSAIDs (RR: 1.45; 95% CI: 1.12–1.89)
and coxibs (RR: 1.42; 95% CI: 1.13–1.78). Interest-
ingly, in contrast to the Finnish study, there was no
increased risk with naproxen [559]. However, the
answer to thequestionwhether traditionalNSAIDs
will interactwith theantiplatelet effectsofaspirin in
a clinically relevantmanner needs prospective ran-
domized trials.

4.2.2.4 Actual Situation
Aspirin as an anti-inflammatory analgesic is still
occasionally used for adjunctive treatment of oste-
oarthritis and rheumatoid arthritis. In rheumatoid
arthritis, there is a markedly increased risk of
atherothrombotic events, which might be reduced
by aspirin. For pharmacological reasons coxibs
plus aspirinmight be the better alternative because
of the absent interaction with the inhibition of
platelet COX-1. In short-term use, aspirin appears
to be well tolerated and not to differ from other
analgesics, such as acetaminophen or ibuprofen as
OTC medication. However, also in OTC use, re-
versible COX inhibitors such as ibuprofen or indo-
methacin and even dipyrone might interact with
the antiplatelet effects of aspirin (Section 4.2.1).
This could be relevant to patients requiring contin-
uous aspirin intake for cardiocoronary prevention
but needs prospective randomized trials to become
firmly established.

Summary

Rheumatoid arthritis and osteoarthritis are fre-
quent reasons for pain in musculoskeletal disor-
ders. Rheumatoid arthritis is increasingly the
domain of DMARDs while aspirin and NSAIDs
maybe (additionally) administered forpain relief.
Effective analgesic treatment in osteoarthritis
does not only reduce the symptoms of pain but

might also indirectly retard the progression of the
disease because of the improved mobility of
patients.
Patients with rheumatoid arthritis have an in-

creased risk of atherothrombotic events, in partic-
ular myocardial infarctions whereas patients with
osteoarthritishavenot.Most traditionalNSAIDs–
with a still unclear situation with naproxen – will
not reduce the risk of atherothrombotic events but
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4.2.3
Kawasaki Disease

Kawasaki disease (mucocutaneous lymph node
syndrome) is a febrile disease in young children
associated with an acute vasculitis of unknown
etiology. The disease was originally described in
Japan byTomisakuKawasaki [560] butwas later also
found in Europe and the United States. Kawasaki
disease is a leading cause of acquired heart disease
in small children. Cardiovascular symptoms are
large vessel artheritis, myocarditis and aneurysms
associated with a thrombosis tendency. Coronary
artery aneurysms are of particular concern because
patientswith these abnormalities are at high risk of
coronary thrombosis and myocardial infarction.
Furthermore, these alterations may evolve into
segmental stenoses in the chronicphase. Both inci-
dence and mortality differ considerably through-
out the world. The mortality rates vary between 1
and 3% in Europe but are less than 0.1% in Japan
[561]. The incidence in Japan is 10-fold higher than
in the US and 30-fold higher than in the United
Kingdom and Australia. Thus, the disease among
developed countries is most frequent in Japan
and, consequently, object of intense research in
Japan including timely diagnosis and appropriate
treatment.

4.2.3.1 Pathophysiology and Mode of Aspirin
Action

Clinical and Laboratory Findings Kawasaki disease
is probably caused by an infectious agent in an
immunologically susceptible subgroup of indivi-
duals. The causative agent remains elusive [562].
The patients present with fever, lasting for at least 5
days combinedwith signs of acutemucocutaneous
inflammation and a pathologic immune reaction.
This includes bulbar conjunctival injection, gener-
alized erythema of skin and mucosae, and cervical
unilateral lymph node enlargement [563]. About
20% of untreated children develop coronary artery
aneurysms. Coronary artery aneurysms and myo-
cardial infarctions most commonly occur after the

second week of illness. They are paralleled by
thrombocytosis and occurr at a time point when
fever and mucocutaneous manifestations are sub-
siding [564].Approximately half of these abnormal-
ities regress within 5 years. The impressive decline
inmortality in Japan from 0.1 to 0.01%wasmainly
due to avoidance of myocardial infarction or aneu-
rysm rupture and underlines the prognostic signif-
icance of early diagnosis and treatment.

Mode of Aspirin Action The initial feverish phase
is probably due to infection and then followed by
an immune complex vasculitis that occurs when
antibodies to the initiating agent appear in the
circulation. The immune complexes activate and
aggregate platelets, which in turn stimulates the
release of platelet-derived vasoactive, proinflam-
matory mediators. This is associated with elevated
plasma thromboxane levels at apparently un-
changed PGE2. However, there are not many data
on the relationship between Kawasaki syndrome
and prostaglandins and aspirin [565]. The some-
how paradoxical thrombocytosis, occurring at this
time point, is explained by a possible saturation of
the reticuloendothelial system by immune com-
plexes [564].
Overall, the laboratory findings are nonspecific

and indicative of an immune complex vasculitis
as pathophysiological explanation for Kawasaki
syndrome. Acute-phase proteins and neutrophils
are increased. There are elevated plasma levels of
inflammatory cytokines, such as TNFa [566], and
adhesion molecules, such as ICAM-1 [567].
Somehow indicative of an inflammatory immune
reaction is the enhanced generation of cysteinyl
leukotrienes during the acute phase of the disease
[568] and circulating platelet-activating immune
complexes in plasma after the 2nd week of dis-
ease [564]. These appear to be more frequent in
those children who later develop coronary abnor-
malities [569]. Taken together, available data sug-
gest a primarily pathologic immune reaction of
unknown etiology with cytokine-induced genera-
tion of circulating cytotoxic antibodies for vascu-
lar cells and platelets.
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Aspirin significantly reduces the elevated circu-
lating thromboxane levels [565]. Interestingly, pro-
tein binding of aspirin (salicylate) is significantly
lower in children during the acute phase of Kawa-
saki disease – 73% versus 90%. This results in on
average a twofold higher level of free salicylate in
these patients compared to normoalbuminemic
controls [570] and also a significantly higher renal
salicylate clearance during the febrile phase [571].

Kawasaki Disease and Reye�s Syndrome Aspirin
has been banned worldwide as an antipyretic anal-
gesic in children because of a suggested risk of
Reye�s syndrome (Section 3.3.3). In this context, it
is interesting to note that it is extremely difficult to
find even one single case of Reye�s syndrome in
children with Kawasaki disease [572] despite the
intense use of aspirin for treatment. In Japan, up to
200 000 children with Kawasaki disease have been
treated with aspirin, the recommended initial
dosage being between 30 and 100mg/kg. Only
one case of Reye�s syndrome has been reported,
giving an incidence of less than 0.005% [573]. In
Britain, during the acute phase of the illness,
moderate doses of aspirin, 30–50mg per day, are
recommended. However, in a recent British
guideline for practical therapy of Kawasaki�s dis-
ease, Reye�s syndrome was not even mentioned
[562]. This does not suggest any important rela-
tionship between the (virally induced?) febrile
response in Kawasaki disease and Reye�s syn-
drome and the use of aspirin, even in anti-inflam-
matory doses.

4.2.3.2 Clinical Trials
The therapeutic goal of treatment during the acute
phase of the illness is to reduce inflammation and
immune reactions in an effort to prevent clot for-
mation and the later occurrence of coronary artery
aneurysms. Early recognition and treatment with
aspirin and intravenous immunoglobulinhasbeen
unequivocally shown to reduce the occurrence of
coronary artery aneurysms. For this purpose, aspi-
rinwas originally given in anti-inflammatory doses
of up to 100mg/kg per day in the acute phase of the

disease [570],573]. Because of the reduced bioavail-
ability of salicylate in the febrile state as a conse-
quence of increased renal clearance, these high
doses of aspirin were considered necessary to ob-
tain therapeutic salicylate plasma levels of 200mg/
ml. In one study, this was associated with a nearly
complete prevention: 3% versus 39%, of coronary
artery aneurysms [574].

In a retrospective, nonrandomized trial, a total of 162
patients with acute Kawasaki disease were treated with
high-dose intravenous immunoglobulin (2 g/kg) as a
single infusion without concomitant aspirin. Low-dose
aspirin (3–5mg/kg) was subsequently prescribed when
fever subsided.
Patients who were nonresponsive to immunoglobulin

according to study criteria had a significantly higher rate
of coronary artery aneurysms: 25% versus 3%. The
efficacy of immunoglobulin was not affected by the use of
aspirin, which could not prevent the failure of immuno-
globulin therapy. These results were similar to those of a
previous trial [563] who had a similar >85% success rate
in Kawasaki disease with high (80–100mg/day) and low
(3–5mg/day) aspirin combined with high-dose intrave-
nous immunoglobulin (2 g/kg) in the treatment of acute
Kawasaki disease. Themean duration of fever was 47–8 h
in high-dose and 34–5h with low-dose aspirin. The
duration of fever in the present study without aspirin was
48h for 97% of patients in this study.
The conclusion was that the efficacy of immunoglobu-

lin even without aspirin treatment raises questions
concerning the use of aspirin in the acute phase of
Kawasaki disease [575].

Despite these conclusions, it should be consid-
ered that the study of Hsieh et al. [575] was a
retrospective,nonrandomized trial and, important-
ly, used historical controls for comparison of aspi-
rinefficacy. Inaddition, thenumberofpatientswho
were treated early was small and the long-term
outcomeof these childrenwasunknown.Although
aspirin may enhance the effects of immunoglobu-
lin when given in the early phase of the disease,
another earlier retrospective trial also reported no
effect byaspirinon the response rateof intravenous
immunoglobulin and the formation of coronary
artery abnormalities and thedurationof fever [576].
Randomized, prospective trials are urgently need-
ed to clarify the possible benefits – and risks – of
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aspirin as an adjunctive to intravenous immuno-
globulin in Kawasaki disease.
A meta-analysis on aspirin in Kawasaki disease

indicated that 20–40% of children developed cor-
onary artery aneurysms after treatment with as-
pirin alone. Combined therapy with aspirin and
high-dose intravenous gammaglobulin given as a
single infusion at high-dose (2 g/kg) reduced the
occurrence of coronary artery aneurysms to 9% at
30 days and 4% at 60 days after the onset of the
disease [577].

4.2.3.3 Aspirin and Other Drugs
There is no established antiplatelet or anti-inflam-
matory alternative to aspirin yet. However, intrave-
nous gammaglobulin is the primary treatment of
choice. Theoretically, anti-inflammatory glucocor-
ticoids andTNFaantagonistsmight beused aswell
as clopidogrel for antiplatelet treatment [578].

4.2.3.4 Actual Situation
Intravenous immunoglobulin remains the main-
stay of therapy of Kawasaki disease. Immunoglob-
ulin treatment should be started early, preferably

within the first 10 days of the illness. Aspirin is still
consideredastandard therapyaswell, becauseof its
anti-inflammatory and antiplatelet activities [579].
Aspirin isused initially inanti-inflammatorydoses,
which are followed by lower, antiplatelet do-
sages [580]. However, there are data to suggest that
there are no major differences between high
(75–100mg/kg per day) and low-dose (1–74mg/kg
per day) aspirin in combinationwith immunoglob-
ulin with respect to the duration of fever and the
clinical outcome [563, 581]. Rescue therapies for
immunoglobulin-resistant patients include corti-
costeroids as well as infliximab, an antagonist of
tumor necrosis factor alpha.
There are only few randomized controlled trials

of salicylate to treat Kawasaki disease in children.
Until good quality randomized controlled trials are
available, there is insufficient evidence to indicate
whether children with Kawasaki disease should
continue to receive salicylate as part of their treat-
ment regimen [582]. However, administration of
aspirin is a guideline recommendation in more
severe cases, that is, cases with coronary artery
aneurysms [583].

Summary

Kawasaki disease is an acute feverish disease that
predominantly affects children below the age of 5
years. Fever is followed by a large-vessel immune
vasculitis, myocarditis and coronary aneurysms
associated with a thrombosis tendency. Patients
withcoronaryarteryabnormalities areathighrisk
ofcoronary thrombosisandmyocardial infarction
as well as accelerated atherosclerosis.

The pathogenesis and etiology of the disease
are unknown. Possibly, the disease is initiated by
infection, followed by an immune complex vas-
culitis with the appearance of antibodies in the
circulation. These immune complexes cause a
prothrombotic state with platelet aggregation,
generation, release of inflammatory cytokines

and expression of adhesionmolecules for inflam-
matory cells at the vessel surface.
High-dose i.v. immunoglobulin combined

with aspirin is the treatment of choice. Aspirin
is initially given in high, anti-inflammatory doses
of 30–60mg/kg� day, followedby3–5mg/kgper
day, that is, antiplatelet doses, in later phases if
there is evidence for coronary abnormalities. Pos-
sibly, lower initial doses of aspirin are also effec-
tive, since both dose regimes are equipotent with
respect to duration of fever. The combined treat-
ment of immunoglobulin with aspirin might
reduce the incidence of coronary artery aneur-
ysms,myocardial infarctions, and vascular death.
However, there are no sufficient data from pro-
spective randomized trials to clearly establish
this.
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4.3
Further Clinical Indications

The clinical use of aspirin for prophylaxis of throm-
boembolic diseases and treatment of fever andpain
is established since decades. This, however, covers
only a small part of the broad spectrum of its
pharmacological actions. Others, such as the anti-
inflammatory/antirheumatic effects (with the
exception of Kawasaki disease (Section 4.2.3),
tokolytic andhypoglycemicactivities,havenotbeen
considered therapeutically because of the avail-
ability of more effective and better tolerable alter-
natives. However, this does not mean that all of
the possible therapeutic options provided by the
unique pharmacological structure of aspirin are
already utilized. One actual example with a consid-
erable clinical impact is colorectal cancer.However,
other carcinomas might also be affected, such as
breast cancer [584], endometrial cancer [585], and
nonsmall cell lung cancer among women [586].
Aspirin and salicylate are about equipotent in-

hibitors of the activation of several tumor-promot-
ing and proinflammatory genes (Section 2.2.2).
This effect is caused by an interaction of salicylate
with the binding of transcription factors to the
promoter region of these genes. Aspirin-induced
upregulation (inflammatory cytokines) or down-
regulation (tumor-suppressor genes) of disease-
related genes is an example of another interesting
pharmacological property of aspirin whose clinical
significance has not been sufficiently appreciated
yet. Indeed, new generation �aspirin-like� com-
pounds could be synthesized that are targeted
toward this regulation of gene expression. These
compounds would not have anything in common
with the conventional �aspirin-like� drugs, that is,
traditional NSAIDs and coxibs. These compounds
exclusively inhibit the generation of one product
(prostaglandins) by an interaction with one single
enzyme (cyclooxygenase). Clearly, both prostaglan-
din-dependent and prostaglandin-independent ac-
tions of aspirin may synergize and extend the
spectrum of pharmacological actions and possible
clinical applications.

Fresh insights into the etiology and pathophysi-
ology of diseases in turn will also stimulate the
development of new therapeutic strategies. In this
respect, salicylate is unique because of its physico-
chemical properties that allow accumulation and
enrichment in cell membranes. This, eventually
results in an interference with transmembrane
signal transduction and energy storage in the
inner mitochondrial membrane (Section 2.2.3).
These actions of salicylate, in strict sense nontoxic,
are transient and principally reversible. Appropri-
ate substitutions to the salicylate backbone struc-
ture – similar to penicillins or statins –may lead to
the development of new derivatives with extended
and improved pharmacological properties. Most
attractive in this regard are salicylate-analogues,
whichupregulate defense genes or tumor-suppres-
sor genes in case of an impending tissue injury or
malignancy. Protection from injury by environ-
mental factors is exactly the function of the (induc-
ible) enzymatic generation of salicylates in plants.
This wisdom from nature has so far not been
transduced to animals or men. Clearly, increased
resistance against injury, that is, inflammation and
tumors, would be much closer to the intrinsic
function of salicylate system than just the elimina-
tion of either signaling molecule, such as the
prostaglandins.

4.3.1
Colorectal Cancer

Epidemiology Colorectal cancer is one of themost
prevalent malignancies in Western societies. Any
person older than 50 years has an about 5% chance
of developing colorectal cancer with a 5-year sur-
vival rate among less than 40% patients [587, 588].
Thevastmajority (95%)of colorectal cancersoccurs
in individuals without a family history of can-
cer [589] and there is no gender difference [590].
However, there is a clear relationship to familial
adenomatous polyposis coli (APC) and possibly
also to the appearance of aberrant crypt foci (ACF)
in the colon [591]. APC and ACF are considered
premalignancies and are frequently found in
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patients with colorectal cancer–APC in about 90%
of cases. Although only a minority of APC patients
later develop cancer, the occurrence or recurrence
of colorectal adenomas suggests a significant risk
for later malignancy. This along with the long time
from adenoma-to-carcinoma transition is the rea-
sonwhyAPC inmost of the clinical trials was taken
as a surrogate parameter for the efficacy of
chemoprevention.
Most data on cancer chemoprevention with as-

pirin are available for colorectal cancer. However,
similar considerations may also apply to other GI
malignancies. This includes carcinomas of the
esophagus [592–594] and stomach [595, 596]. Ac-
cording to a meta-analysis, aspirin can reduce
malignant tumors in these locations by about
50% if taken regularly at least over 3–5 years [597].
This section is focused on clinical aspects of the

prevention of colorectal cancer. Basic pharmaco-
logical mechanisms of antitumor effects of aspirin
are discussed in detail in Section 2.3.3.

4.3.1.1 Etiology and Pathophysiology of Intestinal
Adenomas, Colorectal Cancer, and Mode of Aspirin
Action

Etiology and Pathophysiology Colorectal cancer,
like other epithelial tumors, is multifactorial in
origin and a typical example of the multistep pro-
cess of carcinogenesis. These include accumula-

tion of mutations in specific genes controlling cell
division, apoptosis, andDNA repair [598, 599]. Ini-
tially, germ line mutations of the APC gene cause
familial polyposis coli where the vast majority of
colorectal carcinomas arise from. The APC gene is
believed to act as a �gatekeeper,� ensuring that cell
division is properly balancedby cell death. For a cell
to become malignant, first the apoptosis mecha-
nism has to be disturbed. This increases the num-
ber of adenomas in the intestinal mucosa, which
are unable to undergo apoptosis because of muta-
tions in apoptosis-related genes (p53, k-Ras). APC
mutations alone probably do not cause the adeno-
ma formation. This requires additional environ-
mental factors, such as digestive secretion, dietary
components (especially fat and fibers) and the
intestinal flora. Overall, these factors determine
both the progression of adenomatosis and the
adenoma-to-carcinoma transition [600–602]. In
this context, transcriptional induction of COX-2 is
an important amplifying factor for both events.
Accordingly, disruption of the COX-2 gene dramat-
ically reduces the number of tumors in mice het-
erozygous for an APC mutation [603] (Table 4.16).

Heterozygous APCD716 mice, a model for human familial
APC, develop hundreds of polyps per intestine within the
first 10 weeks of age. In COX-2 heterozygous animals,
generated by breading of APCD716 mice with COX-2 null
mice, there was a 60% reduction in intestinal polyps

Table 4.16 Increase of number and size of intestinal polyps in a mouse model of human familial APC in dependency of
COX-2 expression.

COX-2 genotype

Parameter
Homozygote
(COX-2�/�)

Heterozygote
(COX-2þ/�)

Control
(COX-2þ/þ)

Total # of polyps 93 224 652
% reduction (86%) (66%) (0%)

# of larger polyps in colon (>2mm diameter) None 1.5� 1.9 6.8� 7.2
% reduction (100%) (78%) (0%)

APCwas induced by heterozygote deletion of the APC gene (APCD716). Heterozygote deletion of the COX-2 gene results in a
significant homozygote deletion in anearly complete disappearence of polyps in the colon as compared to animalswith normal
COX-2 expression (control) (modified after [603]).
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compared to COX-2þ /þ /APCD716 mice. In homozygous
COX-2 knockouts, an 80–90% reduction was seen. In
addition, tumor size was smaller in COX-2 deficient
animals. Similar effects were obtained after the animals
were treated with a selective COX-2 inhibitor.
These data provided first direct genetic evidence of a

key role of COX-2 in colon tumorigenesis (adenomatosis)
and suggest that induction of COX-2 is an early event in
the sequence of polyp formation to colon carcinogene-
sis [603] (Table 4.16).

COX-2 and Tumor Promotion There is no immu-
noreactive COX-2 in mucosa biopsy samples taken
from healthy colorectal mucosa but amarked upre-
gulation in both adenomas and carcinomas. About
40–50% of mucosa biopsy samples taken from
adenomas and 80–90% of cancer tissue show in-
ducedCOX-2expression [602].Nodifferenceisseen
in COX-1. COX-2 overexpression was also found in
carcinomas of the stomach [604] and esophagus
[605]. PGE2 is generated as the dominating prosta-
glandin. PGE2 stimulates tumor growth via EP
receptors [606] and additionally acts as an immuno-
suppressive onmonocytes/macrophages [607]. The
tumorigenic action of PGE2 might additionally
become amplified by the metabolic activation of
cocarcinogens via the peroxidase activity of the
PGH-synthase complex (Section 2.3.3).
Upregulation of COX-2 and increase in PGE2

synthesis are clinically correlated with the severity

of the disease (lymph node metastases, tumor
size) [608] and the survival rate of patients [609]
(Figure4.33).Thismakes the interactionwithCOX-
2 expression and COX-2-dependent PGE2 genera-
tion an attractive tool for therapeutic interventions.
Appropriate chemoprevention by suitable med-

ications, including aspirin, is of particular thera-
peutic value in malignancies, such as colorectal
cancer, where curative strategies for advanced or
metastasizingdiseasehavevirtuallynoeffecton life
expectancy [610]. In the only available prospective,
randomized, compliance-controlled trial, aspirin
(600mg bid for 2 years), given to patients with
invasive colorectal cancer shortly after surgery, did
neither prevent metastases nor improve the dis-
ease-free interval or survival time [611]. However,
numerous studies indicate that the regular use of
aspirin, non-selective NSAIDs and coxibs, reduces
the incidence of colorectal carcinomas and/or ap-
pearance or reappearance of adenomas [612]. This
points to enhanced COX-2 expression and aspirin-
sensitive product formation, including prostaglan-
dins, under the influence of tumor-promoting
factors.

Mode of Aspirin Action Aspirin interferes with
tumorigenesis at different levels; the most inten-
sively studied is inhibition of PGE2 produc-
tion [613]. This, eventually, results in the inhibition

Figure 4.33 Kaplan–Meier survival estimates of patients with colorectal carcinomas in relation to histochemical expression
of COX-2 in cancer tissue (modified after [609]).
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of malignant cell proliferation by restoration of
apoptosis. Similar to data in gene-manipulated
mice mentioned above, clinical data also demon-
strated chemoprotective actions of COX-2 selective
inhibitors [614, 615]. This suggests that the anti-
tumorigenic action of aspirin also involves the
inhibition of COX-2-dependent prostaglandin for-
mation. In addition, both aspirin and salicylate
inhibit COX-2 expression and restore apoptosis via
interactions with transcription factors, including
p53 [610] and Bcl-2 [616]. Another variable for
aspirin efficacy are genetic variations, for example,
in the genotype of the uridine diphosphate glucur-
onyl transferase (UGT1A6), an enzyme involved in
the metabolism of aspirin and some NSAIDs
[617, 618]. Another gene of interest is ornithine
decarboxylase. The G316A genotype is prognostic
for colorectal adenoma occurrence and predictive
in an enhanced protective action of aspirin [619].
The result of effective chemoprevention is restora-
tion of apoptosis and inhibition of tumor growth.
This hypothesis is shown in Figure 4.34.

4.3.1.2 Clinical Trials: Epidemiological Studies
First evidence for a chemopreventive action of
aspirin on the risk of colon cancer was obtained in

1988 from the Melbourne Colorectal Cancer
Study. Gabriel Kune and colleagues reported a
40% reduced risk of the incident colon cancer
among regular aspirin users compared to those
who did not regularly take the drug (Table 4.17).
The results of the study were summarized by Dr
Kune as follows:

. . . There was a statistically significant deficit of the use
of aspirin and aspirin-containing compounds among
cases and these differences remained statistically
significant after adjustment for hypertension, heart
disease, chronic arthritis, and diet in both males and
females. This finding, whatever the mechanism may be,
has potential significance in colorectal cancer chemo-
prevention and merits early confirmation. Aspirin is now
widely used in the chemoprophylaxis of cardiovascular
disease and may also be useful in a similar way in the
prevention of colorectal cancer and perhaps also of other
cancers [621].

These, at the time somewhat unexpected find-
ings, were confirmed in another case–control trial,
the Boston Collaborative Study Group. Regular
intake ofNSAIDs (usually aspirin-containingmed-
ications) reduced the incidence of colorectal carci-
nomas by 50%. The risk of colorectal carcinomas
appeared to decrease with the duration of NSAID
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Figure 4.34 Pathophysiology of colorectal adenomas and carcinomas in patients with preexisting familial APC. Site of action
of aspirin and coxibs (modified after [620]).
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(aspirin) use and to increase after withdrawal.
However, none of these trends was significant
[622].
An important impetus for the hypothesis of an

anticancerogenic actionof aspirin came fromThun
et al. [623, 626]. These authors conducted a pro-
spective mortality study in 662 424 adults above 60
years of age, the Cancer Prevention Study II (CPS-
II, [627]). This is the largest epidemiological study
on apossible relationship between aspirin and fatal
colon cancer and one of the largest epidemiological
studies at all.

Participants in the CPS-II study were asked two questions
on aspirin, �how many times in the last month have you
used the following [medication]� and �how long (years)
have you used them.�
The relative mortality from colon cancer among

individuals who used aspirin 16 ormore times permonth
for at least 1 yearwas 0.60 inmen (CI: 0.40–0.89) and 0.58
in women (CI: 0.37–0.90), on average 0.58, compared to
persons who did not take aspirin. There was also a trend
of decreasing relative risk with more frequent and/or
prolonged (at least 10 years) aspirin use, again similar in
both sexes. Similar results were found with fatal rectum
cancer with the relative risk reduced to 0.66 in men and
women combined; however, greater reductions were
obtained in men. No association was found between the
use of acetaminophen and the risk of colon cancer.

The conclusion was that regular aspirin intake at low
doses may reduce the risk of fatal colon cancer. In the
study, published in 1993, there was a similar protective
effect also for cancer of the stomach and esophagus.
Whether this was due to a direct effect of aspirin, perhaps
mediated by the inhibition of prostaglandin biosynthesis,
or due to other factors, not associated with aspirin,
remained unclear [623, 626].

The strength of this study is its size and prospec-
tive design, establishing dose–response trends
with both the frequency and the duration of aspirin
use in men and women (Figure 4.35). Its limita-
tions include dependency upon a single brief, self-
administered questionnaire, the absence of data on
aspirin dosage (as opposed to frequency and dura-
tion of use), the possible intake of NSAIDs other
than or in addition to aspirin, and, particularly, the
study�s reliance on cancer mortality rates rather
than incidence [628]. There was no information
whether or not the drug will also influence the
development and progression of already existing
tumors [590].
Two other large prospective cohort studies have

addressed the question on duration and freq-
uency of aspirin use and the incidence of colorec-
tal carcinoma: TheHealth Professional Follow-up
Study (HPFS) in male and the Nurses Health

Table4.17 Epidemiologicalandobservational studiesontherelationshipbetweenaspirinandriskofcolorectalcancer (further
explanation see text).

# of patients Dose frequency Study end point RR (�95% CI) Reference

715 cases Not stated Colorectal cancer 0.53 (0.40–0.71) [621]
727 controls

1326 cases >4 doses/week Recurrent
colorectal cancer

0.50 (0.20–0.90) [622]
4891 controls �3 months

662 424 of
either sex

�16 times/month
for >1 year

Death from colon
cancer

0.60 (0.40–0.89) male [623]

47 900 men �2 times/week Colorectal cancer 0.68 (0.52–0.92) female [624]

89 446 women 4–6 tablets/week
for �20 year

Colorectal cancer 0.56 (0.36–0.90) [624]

82 911 women �2 times/week Colorectal cancer 0.64 (0.52–0.78) COX-2 (þ) [625]
47 363 men 0.96 (0.73–1.26) COX-2 (�)
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Study (NHS) in female health professionals
(Table 4.17).

A total of 47 900 male health professionals, aged 40–75
years, were included in the HPFS study and asked every
second year by a mailed questionnaire on aspirin and
other NSAID use and on the history of cancer and other
clinically diagnosed medical conditions.
A decrease in the number of colorectal adenomas was

found in a subgroup of 10 521 men, subjected to
endoscopy for reasons other than bleeding. Regular use
of aspirin for two ormore times aweek, that is, a relatively
infrequent use, reduced the relative risk of colorectal
cancer compared to nonusers to 0.68 (p¼ 0.008).
Decreased risk was noted for both colon (RR: 0.70) and
rectum carcinomas (RR: 0.61). The inverse association
between aspirin use and colorectal cancer became
progressively stronger with evidence of more consistent
use of aspirin. There was a strong inverse association
between aspirin use and advanced (metastatic and fatal)
cancer (RR: 0.51), suggesting that aspirin-related bleed-
ing could further decrease mortality, for example, by
allowing earlier diagnosis and (surgical) treatment.
According to a supplementary questionnaire to a

randomly selected sample of 211 participants at the end
of the study, the median duration of aspirin intake for
these persons was 9 years. The data remained essentially
the same after controlling for a number of variables (age,
history of polyposis, previous endoscopy, family history of
colorectal cancer, smoking, body mass, physical activity,
intake of red meat, vitamin E, and alcohol).
The conclusion was that regular aspirin use is

associated with a reduced risk of colorectal cancer in
males [624].

This study additionally showed that regular
screening for fecal occult blood loss, possibly com-

binedwithcolonoscopy,will significantly reduce the
mortalitydue to thedisease.Thiswasconfirmedina
randomized controlled trial, showing a 33% cumu-
lative decrease in colorectal cancer mortality at 13
years in the group of participants having annual
screening compared to those who had not [629].
The latest edition of the HPFS study has con-

firmed the previous data but also provided some
additional new information. During the now 18
years of follow-up there was a 21% reduction of the
relative risk for colorectal cancer (RR: 0.79; 95%CI:
0.69–0.90) in men who regularly used aspirin �2
times a weeks. Maximum risk reduction was ob-
tainedatdosesofmore than14 tablets perweekand
continuoususe for at least 6–10 yearswas required.
Interestingly, the protection disappeared within 4
yearsofdiscontinuingaspirinuse.Thus, long-term
treatment is necessary as well as a careful consid-
eration of possible hazards, specifically bleeding at
high aspirin doses [630].

A similar approach was used for women in the Nurses
Health Study (NHS) who reported regular aspirin use on
three consecutive questionnaires in a 2-year interval. The
rates of colorectal cancer were determined according to
the number of the consecutive years of regular aspirin use
(defined as two or more standard aspirin tablets per
week). The rates were compared with the rates among
women who did not take aspirin. All cases of cancer over
a period of 12 yearswere determined. The aimwas to find
out the effect of dose and duration of aspirin treatment
on the risk of colorectal cancer.
During the observation period, 331 new cases of

colorectal cancer were documented during 551 651
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Figure 4.35 American Cancer Society Study. Relative mortality risk from colon or rectum carcinoma in dependency on the
frequency of aspirin intake [628].
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person-years of follow-up. Aspirin intake as defined above
did not reduce the risk of colorectal cancer compared to
nonusers after 4 years: RR: 1.05 (95% CI: 0.78–1.45) or
after 5–9 years: RR: 0.84 (95%CI: 0.55–1.28). There was a
slight, nonsignificant risk reduction after aspirin intake
for 10–19 years: RR: 0.70 (95% CI: 0.41–1.20) but a
significant reduction after 20 years of consistent use of
aspirin: RR: 0.56 (95% CI: 0.36–0.90).
The conclusion was that regular aspirin use substan-

tially reduces the risk of colorectal cancer in women. Four
to six tablets per week appear to be optimal. However,
this benefitmay not be evident until after at least a decade
of regular aspirin consumption [631].
A later study in this population addressed the issue of

aspirin dosing and duration of treatment on the primary
preventionof colorectal adenoma inwomen (34–77 years
of age) without any particular risk, including familial
polyposis, who underwent lower bowel endoscopy. The
participantswere considered regular users if they took the
doseof twoormore standard aspirin tablets (325mg)per
week. Self-reported data were obtained from biennial
questionnaires.
The adjusted relative risk for adenoma of regular

aspirin users compared to nonregular users was 0.75
(95% CI: 0.49–0.80). The risk decreased with increasing
aspirin dosing from 0.80 in women who used less than 2
tablets per week to 0.74 with 2–5 tablets per week and
0.49 (95%CI: 0.36–0.65) in those who tookmore than 14
tablets per week (p< 0.001 for trend). Similar dose–
response relationships were found among users for �5
years and >5 years.
The conclusion was that regular, short-term (�5 years)

aspirin use is inversely associated with the risk for
colorectal adenoma. However, the greatest benefit is
seen at substantially higher doses. This requires a more
thorough benefit/risk evaluation before aspirin can be
recommended for chemoprevention in the general adult
population [632].

These observation and data of theNursesHealth
Study agree with experimentalfindings fromAPC-
deficientmice [603] and suggest that any protective
action of aspirin is likely to take place early in the
processofcancerdevelopment, that is, at the levelof
(asymptomatic) adenomas [633].
Thesefindingssofarsuggestedprotectiveactions

of regular aspirin at medium doses on the develop-
ment of colorectal adenomas and their transition
into carcinomas. However, there was no informa-
tion about a possible relationship between aspirin
and expression of COX-2. This issue was addressed

inarecentupdateof theNursesHealthStudy (NHS)
combined with data from the (male) HPFS.

This study determined the level of (histochemical) COX-2
expression in colorectal cancer specimens from partici-
pants in the Nurses Health and HPFS studies. In 636
incident colorectal cancers that were accessible for
determination of COX-2 expression, 423 (67%) had
moderate to strong COX-2 expression. The preventive
effect of aspirin was clearly related to COX-2 expression.
Regular aspirin use conferred a significant reduction in
the risk of colorectal cancers that overexpressed COX-2
(RR: 0.64, 95% CI: 0.52–0.78) but had no influence on
tumors with weak or absent COX-2 overexpression (RR:
0.96; 95% CI: 0.73–1.26). There was also a higher
incidence of cancers in individuals with COX-2 over-
expression that could be reduced by aspirin: 56 versus 37
cases per 100 000 person years. No such effect was seen
in individuals withweak or absent COX-2 overexpression:
28 versus 27 cases per 100 000 person years.
The conclusion was that aspirin appears to reduce the

risk of colorectal cancers that overexpress COX-2 but not
the risk of colorectal cancers with weak or absent
expression of COX-2 [625] (Table 4.17; Figure 4.36).

With the exception of one trial [634], which has
been criticized for several reasons [633, 635], and is
discussed in detail elsewhere (Section 4.1.1), all of
the more than 15 available epidemiological/obser-
vational studies uniformly demonstrated an about
30–50% risk reduction in colorectal adenomas and
colorectal cancer, respectively, in individuals who
regularly used aspirin or other NSAIDs over a
certain period of time (Table 4.17). These studies
can, however, by definition not establish any causal
relationship between the two.

4.3.1.3 Clinical Trials: Randomized Prospective
Prevention Trials
The first randomized, placebo-controlled prospec-
tive study on aspirin in primary preventionwas the
US Physicians� Health Study [636] (Section 4.1.1).
Male physicians, taking 325mg aspirin each other
day had a slightly higher relative risk (RR) of inva-
sive colorectal cancer (RR: 1.15) and a lower risk of
in situ cancer or polyps (RR: 0.86) [637] during the
original observation period of 5 years. However,
transition time from adenoma to symptomatic
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cancer is probably at least 5–10 years [638] and a
significant reduction in the risk of colorectal cancer
is time-dependent and might require more than 5
yearsof regularaspirinuseathigherdoses [630].No
systematic screening for colorectal diseases was
performed. There was also no relation between
aspirin intakeandthe incidenceofcolorectal cancer
in this population after another follow-up, exclud-
ing regular aspirinusers from the randomized trial
and studying only new users. Again, there was no
reduction of colorectal carcinoma risk [639]. Simi-
lar, negative data were also reported from the
women�s health study [640] in which the subjects
used100mgaspirineachalternatedayoveraperiod
of 10 years [641].
The vastmajority of colorectal carcinomas devel-

op fromcolorectal adenomas (APC). Thus, patients
with APC are at elevated risk for colorectal carcino-
mas and useful to determine the efficacy of preven-
tivemeasures.Meanwhile, threemorerandomized
prospective trials on aspirin in patients with colo-
rectaladenomasbecameavailable that,overall, tend
to confirm the positive data from nonrandomized
observational trials.

The study of Baron et al. [642] included 1121patientswith
a recent history of histological documented colorectal

adenoma. The patients were randomized and received
aspirin, 81 or 325mg daily, or a matching placebo. All
patients underwent a surveillance colonoscopy 34–40
months after the qualifying examination. A follow-up
colonoscopy was performed at least 1 year after randomi-
zation. The primary outcome end point was the appeara-
nce of one or more colorectal adenomas.
The incidence for this event was 47% in the placebo

group, 38% in the group given 81mg/day aspirin, and
45% in the group given 325mg/day aspirin (p¼ 0.04).
The respective relative risks for advanced lesions in
comparison to placebo were 0.59 (81mg aspirin) and
0.83 (325mg aspirin), respectively. During the treatment
period, there were no differences in serious bleedings
between the groups but seven (nonfatal) strokes in the
aspirin groups as opposed to none with placebo (p for
heterogeneity¼ 0.06).
The conclusion was that regular prophylactic use of

aspirin had a moderate chemopreventive effect on recur-
rence of colorectal adenomas in these patients [642].
The Association pour la Pr�evention par L�Aspirine du

Cancer Colorectal (APACC) intervention trial included
272 patients with a history of colorectal adenomas. The
patients were randomly assigned to daily soluble (lysyl)
aspirin (160 or 300mg/day) or placebo for 4 years. All
patients underwent colonoscopy at 1 year after enroll-
ment. End point was adenoma recurrence (colonoscopy)
at this time point. The 1-year data were published.
There was a relatively high adenoma recurrence,

occurring in 38/126 patients (30%) in the aspirin groups
and in 44 of the 112 patients (41%) on placebo. This was

Figure 4.36 Relative risk of colorectal cancer in relation to COX-2 expression and aspirin dose according to data from
the Nurses Health Study and the Health Professional Follow-up Study. Aspirin dose is classified according to the number of
standard 325mg tablets taken per week (modified after [625]).
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equivalent to a relative risk for at least one recurrent
adenoma of 0.73 (95% CI: 0.52–1.04), which was not
significant (p¼ 0.08). However, significant differences
were seen with the adjusted relative risk for recurrent
adenoma, amounting to 0.63 and 0.66 compared to
placebo in the 300 and 160mg aspirin groups, respec-
tively.
The conclusion was that daily soluble aspirin is asso-

ciated with a reduction in the risk of recurrent adenomas
found by colonoscopy 1 year after starting treatment
[643].

Similar positive results were obtained in a mul-
ticenter, randomized double-blind trial of aspirin
versus folate supplements or placebo.

A total of 945 patients were included and observed over 3
years for recurrence of adenomas (colonoscopy) and
treated with aspirin (300mg/day), folate supplements
(0.5mg/day) or placebo. During this time 23% of the 434
patients receiving aspirin had a recurrent adenoma but
29% of the 419 patients on placebo. No effect was seen
with folate [644].

These data also support the notion that regular
aspirin inhibits the recurrence of colorectal adeno-
ma and perhaps the development of advanced
lesions. In addition, they show that folate is inef-
fective.This issue isdiscussed inmoredetailbyDas
et al. [645] reviewing available studies on a possible
relationship between dietary intake of vegetables,
fibers, and fruits and the risk of colorectal
carcinoma.
A particular interesting study was by Sandler

et al. [646] which appears to be the only published
trial on secondary prevention of colorectal cancer.

A total of 517 patientswith a previous history of colorectal
cancer were included. All patients had curative resection
of the primary tumor and colonoscopy with the removal
of all polyps. They were randomized to enteric-coated
aspirin (325mg/day) or placebo in a double-blind
fashion. The patients had at least one colonoscopic
evaluation at 12.8months (median) after randomization.
Because of significant differences between the treat-

ment groups according to interim results, the study was
terminated prematurely. One or more adenomas were
found in 17% of patients in the aspirin group and in 27%
of patients in the placebo group (p¼ 0.004). The number
of adenomas was lower and the time to detection was

longer in the aspirin group. This corresponded to a
significant (p¼ 0.022) reduction of the relative risk for a
new polyp of 0.64 (95% CI: 0.43–0.94). There were only
few severe side effects, including one stroke in each
group.
The conclusion was that daily intake of aspirin is

associated with a significant reduction in the incidence of
colorectal adenomas in patients with previous colorectal
cancer [646].

The study of Sandler et al. [646] was the first to
show significant secondary prevention (in terms of
adenoma reappearance) in high-risk patients, tak-
ing 325mg/day aspirin for at least 1 year.However,
despite this clear protective effect of aspirin, ade-
nomas still developed in some patients of the aspi-
rin group. Thus, aspirin cannot be viewed as the
replacement for surveillance colonoscopy [612].
This was at some variance with the study of Baron
et al. [642] inadenomapatients,whichprovided less
impressive results (Table 4.18). Whether these
differences are due to the different patient popula-
tions, that is, the patients in the study of Sandler
et al. [646] were at higher risk, or caused by other
factors remains to be determined.
The frequency of colorectal cancer is too low to

conduct large randomized clinical trials with can-
cer as an end point. In addition, low-dose aspirin is
recommended as a cardioprophylacticmeasure for
the same group of patients. This raises ethical
concerns regarding placebo-controlled trials of
long duration [587]. Because of these logistic (time)
and practical (cost) problems associated with these
studies, enumeration (recurrence)ofadenomatous
polypswas takenasanintermediateendpoint in the
two studies mentioned above and in a number of
others. Although this approach is reasonable, it is a
compromise with several limitations [587]. The
yearly conversion rate from adenoma to carcinoma
varies between 0.25 and 37%, dependent on size
and degree of dysplasia [647]. For this and other
reasons, including the relatively short (usually 2–5
years or less) observation period (summarized
by [612]), colorectal adenomas are not thought to
beoptimalsurrogateparameters forcancerriskand
the reduction (but not to complete prevention) of
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recurrent adenomas cannot be assumed to indicate
the risk of colorectal cancer as the malignant po-
tential of the lesions prevented is not known [612].

4.3.1.4 Aspirin and Other Drugs
Aspirin is the most intensively studied drug for
chemoprevention of colorectal cancer. Therapeutic
alternatives are NSAIDs and coxibs. In addition,
sulindac, prodrug of an activeNSAID, also reduces
thegrowthofexistingadenomasinAPC.According
to meta-analyses there were no larger differences
between aspirin andNSAIDs [648].However, there
are no head-to-head comparisons of aspirin and
NSAIDs to clearly answer this question.This is also
valid for the main question in addition to efficacy:
drug safety.

4.3.1.5 Actual Situation
The long-term use of any drug for preventive pur-
poses, in particular for prevention of diseases with
low incidence, makes high demands on safety.
Drug safety is determined by dosage and duration
of treatment but also the incidence and severity of
side effects as well as costs and the cost/benefit
ratio. There is a clear need for a randomized con-
trolled prospective trial extending over 10 years or
longer of regular daily aspirin consumption with
cancer as an endpoint. It should be clarifiedwheth-
er theGI toleranceofaspirincanbe improvedby the
inclusion of vitamin C [649]. Thus, several ques-

tions, specifically regarding the possible hazards of
the long-term aspirin use have to be answered,
before aspirin can be recommended clinically for
the prevention of colorectal cancer [650].

Doses Observational and randomized trials on
colorectal adenomas/carcinomas suggest that ef-
fective doses of aspirin are in the range of 300mg/
day. However, they do not answer the question for
the most effective dose. Aspirin at doses of
81–650mg per day for 28 days reduced PGE2 levels
in healthy human colorectal mucosa only incom-
pletely, by 60–70% [651]. Interestingly, a similar
incomplete inhibitionwas also seen inpatientswith
preexisting colorectal adenomas or carcino-
mas [652, 653]. There was, however, a large inter-
individual variability. Accordingly, aspirin doses of
less than 300mg/day may be too low or too unsure
for cancer chemoprevention, if PGE2 was the key
mediator of malignancy. Anti-inflammatory doses
of aspirin are more likely to suppress COX-2-
dependent prostaglandin formation,whichappears
to have a role in the disease. This is supported by a
recent meta-analysis by Garcia Rodriguez and
Huerta-Alvarez [654] suggesting that the efficacy
of aspirin and non-aspirin-NSAIDs is similar and
reduces the risk of colorectal cancer by about half.
Interestingly, according to this meta-analysis,
significant risk reduction by aspirin required doses
of at least 300mg daily while lower doses were

Table 4.18 Placebo-controlled randomized interventional trials with aspirin in patients with colorectal adenomas [642, 643]
or carcinomas [646].

# of
patients

Aspirin dose
(mg/day) Treated Study end point Duration

RR versus placebo
(�95% CI) Reference

1121 325 (372) Recurrent adenomas 3 years 0.96 (0.81–1.13) [642]
81 (377) 0.81 (0.69–0.96)
Placebo (372)

272 300 (67) Recurrent adenomas 1 year 0.61 (0.37–0.99) [643]
160 (73) 0.85 (0.57–1.26)
Placebo (132)

635 325 (317) Recurrent adenomas 3 yearsa 0.65 (0.46–0.91) [646]
Placebo (318)

Study end point was the appearance of recurrent adenomas.
aPremature termination after positive intermediate data in the aspirin group.
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ineffective. Thus, in addition to the inhibition
of prostaglandin synthesis, further actions of
aspirin on COX-2-dependent product formation,
for example activation of cocarcinogens, or tumor-
suppressorgenes,mightbe involved (Section2.2.3).

A population-based cohort study investigated the associ-
ation between the risk of colorectal cancer and the use of
aspirin (prescription only) and other NSAIDs, including
the role of dose and duration of treatment.
The risk of colorectal cancer was reduced in long-term

users of aspirin at doses of 300mg/day but not at doses
of 150 or 75mgdaily. Beneficial results with a comparable
relative risk reduction by 40–60% were seen with a
number of other NSAIDs but not by acetaminophen.
The conclusion was that continuous use of non-

aspirin-NSAIDs for at least 6 months protects from
colorectal cancer. The risk reduction is similar to aspirin
at doses of at least 300mg/day. One year treatment with
NSAIDs would prevent one case of colorectal cancer in a
population of 1000 persons 70–79 years of age [654].

Duration of Treatment A significant reduction in
the incidence of colorectal carcinomas requires
regular long-term intake of aspirin. There are no
sufficient trials available todetermine theoptimum
duration of treatment. According to availablemeta-
analyses, administration of aspirin for 5 years or
more reduces the incidence for colorectal carcino-
mas; however, this effect is significant only after a
latency of 10 years or more and was greatest 10–14
years after randomization [631, 648, 655].

Environmental Factors Epidemiological data sug-
gest that diets low in vegetables and fruits are
related to an increased incidence of colorectal
cancer [656, 657]. Many fruits (apples, apricots,
cherries, grapes, peaches, and plums) and some
vegetables (cucumber, pepper, and tomatoes) con-
tain natural salicylates that may contribute to the
reduced risk of colorectal cancer associated with
fruit and vegetable consumption as observed in
several epidemiological studies [628], and were
found to increase the blood salicylate level to small
but significant amounts [658] (Figure 2.4). In a
survey on epidemiologic trials on the relationship
between diet factors and colorectal adenoma risk,

11outof 13studiesonvegetables and fruits showed
a 50% or higher risk reduction for colorectal ade-
nomas and carcinomas, respectively [659].

Benefit/Risk Ratio Any long-term regular use of
any drug, including aspirin, carries an increased
riskof sideeffects,whichhas tobebalancedagainst
possible benefits. If aspirin has to be given at an
analgesic/anti-inflammatory dose for protection,
that is, 500–1000mg/day for many years, there is
an estimated 2–4% risk of severe gastrointestinal
complications (overt bleeding, ulcer) per year. Pos-
sibly, these side effects can be reduced by taking
advantage from enteric-coated or predissolved pre-
parations or comedication of proton-pump inhibi-
tors (Section 3.2.1). Taking into account that the
population to be treated for the prevention of colo-
rectal cancer frequently is identical with the popu-
lation at elevated risk of cardiovascular events, that
is,myocardial infarctions, thiswill shift thebenefit/
risk ratio to more benefit with aspirin use. In
contrast, coxibs were also efficient in colorectal
prevention trials [648, 660] but showed no benefit
and rather the opposite effect on atherothrombotic
events, for example in theAPPROVE trialy. Similar
considerations apply to traditional NSAIDs, which
also have no beneficial effect on the risk of my-
ocardial infarctions during the long-term use
(Section 4.2.2).

Cost-Effectiveness Analysis In addition to benefit/
risk considerations in terms of health aspects, cost-
effectiveness ratios have also to be considered,
especially in long-term use for the prevention of
low-incidence diseases. Regular aspirin intake for
prophylaxis of colorectal carcinomas (325mg/day)
was compared in a hypothetical cohort of 100 000
asymptomatic subjects at 50 years of age (Markov
model) with either no preventive measure or colo-
noscopy [661]. Compared to colonoscopy (one per
10 years at an estimated efficacy rate of 75%), the
use of aspirin (estimated efficacy rate 50%) saved
fewer lives at higher costs. Factors contributing to
costs are mainly side effects of the drug, while the
expenses for the drug itself are relatively
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low [661, 662]. However, another study, using the
same statistical mode, came to opposite conclu-
sions in favor of aspirin [663]. This study did
consider the expected benefit not only in the pre-
vention of colorectal carcinomas but also in the
preventionofcardiovascularevents.Thus, thecom-
bination of colonoscopy and aspirin in patients at
elevated risk may represent a cost-effective option
[666], particularly in those who are already taking

aspirin regularly for other reasons, for example,
for the prevention of myocardial infarction [664]
and there might also be additional benefit of
aspirin because of earlier diagnosis (bleeding).
Finally, the efficacy of aspirin can clearly be im-
proved if it is focused on individuals at high risk
detected, for example, by routine screening for
biomarkers, such as tumor-suppressor or apopto-
sis genes [602].
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4.3.2
Alzheimer�s Disease

Etiology Alzheimer�s disease is a leading cause of
progressive dementia in the elderly. Currently
about 2% of the population is affected but the
number is likely to increase with increasing life
expectancy. Typical for the disease are a progressive
loss of memory and higher cognitive functions.
Alzheimer�s dementia is usually diagnosed 2–4
years after the appearance of first symptoms and
begins usually at the age of 70 with increasing
incidence at increasing age. Thus, a delay in the
onset by 2–3 years, for example, by identification of
modifiable risk factors and their appropriate pre-
vention or treatment is clinically most relevant.
This would not only improve the quality of life of
affected individuals but also help save costs for
health care providers, institutionalization of the
patient clearly being the most unwanted event for
both sides. For these reasons, any effective preven-
tivemeasure ismuchmoredesirable thansolely the
treatment of symptoms, which provides only mar-
ginal if any improvement in quality of life.
At present, several approaches for the therapy of

Alzheimer�s disease are available. These are fo-
cused on retardation of the development of the
disease and the treatment of symptoms. However,
since neuroinflammation and disturbed apoptosis
are crucial to exacerbation of the disease, anti-
inflammatory/antiapoptotic approaches might be
useful, if they are applied before manifest brain
injury emerges. Several classes of anti-inflamma-
tory drugs, including traditional NSAIDs, selective
COX-2 inhibitors (coxibs) and aspirin are of poten-
tial interest. Aspirin and NSAIDs are particularly
attractive because the compounds might also be
used for protection from and treatment of other
disabilities of the elderly. This includes athero-
thrombotic events, such as myocardial infarction
(Section 4.1.1) and stroke (Section 4.1.2) in case of
aspirin and symptomatic treatment of chronic
inflammatory diseases, such as osteoarthritis
or rheumatoid arthritis (Section 4.2.2) in case
of NSAIDs.

4.3.2.1 Pathophysiology and Mode of Aspirin
Action

Pathophysiology In Alzheimer�s disease, brain
regions that are involved in learning and memory
processes, are reduced in size as the result of
degeneration of synapses and neurons [667]. Typi-
cal of the disease are senile plaques containing
aggregated amyloid-b protein and neurofibrillary
tangles.Neuronal overexpressionofb-amyloidpre-
cursor and amyloid-b protein render the brain
more vulnerable to ischemic injury [668]. Impor-
tantly, neurofibrillary tangle-containing neurons
do not die of apoptosis but rather degenerate be-
cause of hyperphosphorylation of tau, the major
protein subunit of neurofibrillary tangles [669].
Neuroinflammation is also intimately involved in
the development and progression of functional
disturbances of the disease, that is, loss ofmemory
and cognitive functions. Biochemically, this in-
cludes activation of the complement cascade, gen-
eration of chemokines, cytokines, and reactive
oxygen species [670]. Microglia, amacrophage-like
cell population, congregates around amyloid pla-
ques anddegeneratingneurons and releases toxins
and inflammatory mediators that in turn promote
neurodegeneration [667]. This activation of inflam-
mation-associated signal transduction pathway is
restricted not only to glial cells but is also found in
neurons. It is likely to contribute to neuronal dam-
age [671] and is an obvious target of anti-inflamma-
tory drugs [668].

In contrast to many other tissues, COX-2 is expressed
constitutively in the CNS. The neuronal expression of
COX-2 is additionally regulated by synaptic activity,
suggesting that in the CNS, this COX isoform and its
enzymatic products might also be involved in activity-
dependent neuronal plasticity. Brain microglia, which is
crucial to inflammation and subsequent neurodegenera-
tion, does not express high levels of COX-2 after
stimulation with inflammatory cytokines or amyloid-
b [672]. These findings suggest that selective inhibition of
COX-2 may not be an optimum target if suppression of
inflammation is the therapeutic goal and traditional
NSAIDs, rather than coxibs,may bemoreuseful to realize
this approach [673].
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Mode of Aspirin Action Extracellular deposition of
amyloid-b protein as amyloid plaques and vascular
amyloid is a typical feature of Alzheimer�s disease
and probably induced by chronic neuroinflamma-
tionasmentionedabove.Formationof theamyloid-
activatedmicroglia complex is an early event in the
disease [674]. Aspirin (1mM) has been found in
vitro to nearly completely prevent the precipitation
of extracellularfibrils fromdissolvedb-amyloid in a
cell-free system in vitro but not the amorphous,
essentially nonfibrillar, insoluble association state
of b-amyloid [675]. Antiamyloidogenic and fibril-
destabilizing actions of aspirin and traditional
NSAIDs can be seen at low, therapeutic concentra-
tions (50mM)of the compounds (Figure4.37) [676].
If this mechanism works in vivo, it might result in
reduced extracellular deposition of b-amyloid fi-
brils in brain tissue, thereby retarding the progres-
sionof thedisease. In thiscontext, it is interesting to
note that aspirin was found to decrease tau phos-
phorylation [677]. Hyperphosphorylation of tau,
the major protein subunit of neurofibrillar tangles
inAlzheimer�sdisease, is thought tobe responsible
for the resistance against apoptosis of tangle-con-
taining neurons [669].
Pharmacological, actionsofaspirinwithpossible

relevance to beneficial effects in Alzheimer�s dis-
easearealready seenat antiplatelet doses.Thisdoes

not exclude possible additional effects of higher
doses. The clinical efficacy of NSAIDs in some
observational trials (see below) is another, though
indirect evidence of the involvement of prostaglan-
dins in the (neuro)inflammatory process. In agree-
mentwith this,Alzheimer�spatientshavea three- to
fourfold increased urinary excretion of thrombox-
anemetabolites and of the lipid peroxidationmark-
er 8-iso-PGF2a. The plasma levels of vitamin E, an
antioxidant, are reduced and are inversely correlat-
ed with the excretion of these metabolites. These
data suggest persistent platelet activation and re-
duced oxygen defense inAlzheimer�s disease [678].
Low-dose aspirin (100mg/day) markedly re-

duced urinary excretion of a thromboxanemetabo-
lite while the urinary excretion of the (nonenzyma-
tically formed) stress marker 8-iso-PGF2a was un-
changed [678]. Platelets appear to be a primary
source of b-amyloid in human blood [679]. Accord-
ingly, amyloid precursor protein (APP) from plate-
lets has recently been recommended as a bio-
marker for diagnosis, progression, and efficacy of
treatment of Alzheimer�s patients [680]. However,
many questions still remain open. Specifically,
Alzheimer�s disease is probably multifactorial and
heterogeneous, thus offering a large window of
opportunities and a large number of therapeutic
targets to inhibit it [681, 682], aspirin and the
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Figure 4.37 Effects of aspirin and traditional NSAIDs on the polymerization of amyloid-b peptide in vitro. The duration
of incubation was 1 day (a) or 1 week (b), respectively, the concentrations of IND, NAP, DIC, IBU, and aspirin (ASA)
were 50mM. All drug treatments caused significant inhibition of b-amyloid polymerization (AU: arbitrary units) (modified
after [676]).
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antiplatelet/anti-inflammatory/antiapoptotic ap-
proach being one of them.

4.3.2.2 Clinical Trials

Observational Trials A number of retrospective
and prospective observational trials have been con-
ducted to study whether aspirin and/or traditional
NSAIDs can prevent or retard the progression of
thedisease.Oneof thefirst trials showingareduced
prevalence of Alzheimer�s in regular users of aspi-
rin and NSAIDs was the prospective population-
based Baltimore Longitudinal Study of Aging.

The Baltimore Longitudinal Study of Aging examined in
1686 participants whether the risk of Alzheimer�s disease
was reduced among users of aspirin and paracetamol
compared to traditional NSAIDs. Information was
collected by biennial examinations during 6 years. The
question was whether self-reported medication with
these drugs had any relation to the risk of Alzheimer�s
disease.
The relative risk of Alzheimer�s disease was inversely

correlatedwith increasing duration ofNSAID use. The RR
amounted to 0.40 in individuals with more than 2 years
reported use and 0.65 in those with less than 2 years use.
The overall risk for aspirin users was 0.74. This number
was not significantly different from controls and no trend
for decreasing risk with longer use was found. Acetamin-
ophen had no effect at all (Figure 4.38).
It was concluded that regular intakeofNSAIDs reduces

the risk of Alzheimer�s disease. This protective effect is

more pronounced with longer use, suggesting that an
inflammatory process might be involved. Aspirin was
considered to confer some protection as well; however,
an increasing proportion of elderly in the study used a
prophylactic dose, that is, between 65 and 85mg aspirin
per day, for cardiocoronary prevention. This dose might
have been too low for anti-inflammatory effects on the
CNS [683].

In a comment to this study, the possibility
was discussed whether aspirin might have been
less effective because a significant number of
Alzheimer�s patients might have had vascular de-
mentia because of a high incidence of vascular risk
factors and that this might differ from its action in
the general population [684]. Another population-
based retrospective study confirmed that long-term
useofaspirinandNSAIDsmightdecreasetheriskof
developingAlzheimer�s disease [685] while no ben-
eficial effect for aspirinwas seen in a small Swedish
population-based prospective trial [686]. However,
no differentiation between aspirin use by prescrip-
tion or self-medication was made in this study and
no information about strength and dosages was
provided. This study is also at variance with a retro-
spective observational trial from Australia [687].

The Sydney Older Persons Study was a retrospective
case–control study in 647 recruited individuals, 75 years
of age or older (average 81 years); 163 patients had been
diagnosed for dementia (different categories) and were
compared with 373 controls from the same population
sample. The aim of the study was the detection of
possible relationship between the used drugs, in particu-
lar, NSAIDs and aspirin, and the incidence of Alzheimer�s
disease.
There was an inverse association between the intake of

NSAIDs and aspirin and the occurrence of Alzheimer�s.
No associations were seen with vascular dementia or any
other diagnosis. There was no evidence of a dose depen-
dency for either NSAIDs or aspirin at low (<175mg/day)
and medium doses (>175mg/day).
The conclusion was that the regular use of NSAIDs or

aspirin may protect from Alzheimer�s disease. Since
antiplatelet doses of aspirin were equieffective to higher
doses, it was also assumed that the beneficial effects of
aspirin were due to its antiplatelet activity and possibly
related to inhibition of b-amyloid release from activated
platelets [687].

Figure 4.38 Baltimore Longitudinal Study of Aging. Relative
risk of Alzheimer�s disease by type and duration of
medication use. There is a significant reduction by
traditional NSAIDs, a tendency for reduction by aspirin, and
no change by paracetamol [683].
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Amorphologicexaminationofpostmortembrain
tissue of Alzheimer�s patients who were on long-
term anti-inflammatory medications did not show
reduced inflammatorymicroglia or neuropatholog-
ical changes despite antemortem improved cogni-
tive functions by drug treatment [688]. However,
these findings have been controversial [689] and
opposite results were obtained in an older subjects
(84 years at inclusion) in a population-based cohort
study in Sweden. Here, users of high-dose aspirin
but not paracetamol, low-dose aspirin (75mg) or
other NSAIDs – even if given occasionally – had a
significantly lower prevalence of Alzheimer�s and
better maintained cognitive functions than nonu-
sers. No such effect was seen with paracetamol
[690].
The largest available epidemiological study on

the possible relation between NSAID and ASA
intake and the risk of Alzheimer�s disease was the
Rotterdam study [691].

The Rotterdam study was a prospective, population-
based cohort study in 6989 subjects 55 years of age or
older (about 80% of the total cohort <75 years) who were
free of dementia at baseline.Onaverage, each participant
was followed for about 7 years. End points were death,
dementia, or the end of the study period. Only medi-
cations prescribed by a physician were considered. There
was no control for cardiac or other vascular indications
for prophylactic aspirin use. Complete information about
prescriptions was available in an automated form from
pharmacy records. A clinical diagnosis of dementia and
its possible reason was done according to standard
criteria.
A total of 394 subjects received a diagnosis of

dementia. Out of these, 293 had Alzheimer�s disease,
56 vascular dementia, and 45 other types of dementia.
The use of NSAIDs at any time was associated with a
reduced risk of Alzheimer�s while no effect was seen with
acetaminophen. The relative risk of Alzheimer�s disease
was 0.95 in subjects with short-term NSAID use, 0.83 in
those with intermediate term use, and 0.20 (95% Cl:
0.05–0.83) in those with long-term use. A total of 2314
individuals (33%)wereonaspirin orother oral salicylates,
almost all of them at antiplatelet doses, that is, less than
300mg/day. There was a nonsignificant relative risk
reduction to 0.76 (95% Cl: 0.49–1.19) in long-term
aspirin users. The risk of vascular dementia was not
reduced byNSAIDs and significantly increased by aspirin.

The conclusionwas that long-termuse ofNSAIDs, that
is, for 2 years or more, is associated with a significantly
reduced risk of Alzheimer�s disease but does not protect
from vascular dementia. Acetaminophen has no effect
on any of these parameters.

These studies have been subjected to several
meta-analyses and reviews. Etminan et al. [692]
published a systematic review and a meta-analysis
of observational studies that examined the role of
NSAIDs and aspirin in preventing Alzheimer�s
disease. The nine studies, available at the time,
included six cohort studies (13 211 participants)
and three case–control studies (1443 participants).
The pooled relative risk of Alzheimer�s disease
among NSAID users was 0.72 (95% Cl: 0.56–
0.94). The risk reduction depended on the duration
of treatment andwashighest in the long-termusers
(>2 years). The pooled relative risk in the eight stud-
ies of aspirin users was 0.87 (95% CI: 0.70–1.07).
This was not significant. The conclusion was that
NSAIDs offer some protection against Alzheimer�s
disease while the evidence behind the potential
preventiveuseofaspirin isnotrobust.Theoptimum
dosesanddurationofdruguseaswellas thebenefit/
risk ratio remain unclear. The meta-analysis of
Szekely et al. [693], based upon 11 studies (out of
38), showed a combined risk estimate for develop-
ment of Alzheimer�s disease of 0.51 for NSAID
exposure. In the prospective studies, the estimate
was 0.74 for lifetime NSAID exposure and 0.42 for
studies reporting duration of 2 years or more.
Overall, these studies suggest beneficial effects

of NSAIDs on Alzheimer�s disease. There might
also be a similar, though less consistent beneficial
effect of aspirin. Randomized primary prevention
trials are necessary to validate thesefindings and to
establish whether the treatment benefits outweigh
the potential risks. In addition, treatment with
thesedrugsappears tobeeffectiveonly if it isstarted
before neurological deficits become evident [691].

RandomizedTrials Theavailable prospective stud-
ies on aspirin and the CNS have mainly been
focused on stroke. They showed a protective effect
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on secondary prevention and also some effect (in
addition to a reduced number ofmyocardial infarc-
tions) on primary prevention in patients at elevated
risk,mainly inwomen(Section4.1.2).Whether this
protective effect can be extrapolated to nonvascular
dementia, that is, Alzheimer�s disease, can only be
determined by randomized trials.
One randomized though open and small-sized

trial in 310 community resident patients suffering
from mild to moderate Alzheimer�s disease were
advised to take open-label aspirin (75mg/day enter-
ic-coated) or to avoid aspirin. After 2 years of treat-
ment, there was no clinical benefit but an increased
risk of bleedings, suggesting that in patients with
existing Alzheimer�s dementia, the use of low-dose
aspirin has no beneficial effect [694].
The first prospective randomized, placebo-con-

trolled trial on possible preventive effects of
NSAIDs and coxibs, that is, anti-inflammatory
treatment, the Alzheimer Disease Anti-inflamma-
tory Prevention Trial (ADAPT) [695, 696] was
started in 2001. This multicenter primary preven-
tion trial compared celecoxib (200mg/bid) and
naproxen (220mg/bid) in a total of 2528 patients.
Another studywas designed to investigate whether
naproxen (220mg/bid) or rofecoxib (25mg/day)
can prevent Alzheimer�s dementia or delay cogni-
tive decline [697]. At one year, there were no differ-
ences between the three groups regarding efficacy
parameters. However, there was an increasing risk
of cardio- and cerebrovascular morbidity with cel-
ecoxib, and the safety data inADAPTsuggested the
possibility of similar increase with naproxen. The
study was subsequently terminated prematurely
after 3 years (of the planned 5–7 years). The signifi-
cance of the study and its interpretation are still a
matter of controversies [698, 699]. However, this
study also demonstrates the inherent difficulties of
large prospective randomized prevention trials in
the elderly. In addition, one recent meta-analysis
and a large retrospective case–control study on the
cardiovascular risk of selective and nonselective
COX inhibitors have shown that both classes of
compounds carry a comparable risk of cardiovas-
cular events [558, 136]. In addition, patients might

receive aspirin simultaneously for atherothrombo-
tic prevention and the possibility exists that some
NSAIDs, including naproxen, might interact with
aspirin for antiplatelet effects (Section 2.3.1) [700].
The most recent Cardiovascular Health Cogni-

tion Study investigated the association of
Alzheimer�s disease with the use of NSAIDs in
dementia-free individuals. This study also con-
firmeda significant risk reductionbyNSAIDs (HR:
0.63; 95% CI: 0.45–0.88) but did not find a signifi-
cant effect for aspirin or acetaminophen. Interest-
ingly, this risk reduction was seen only in patients,
carrying an APOE e4 allele (HR: 0.34, 95% CI:
0.18–0.65) and there was no advantage for Ab42-
lowering NSAIDs. One explanation for the failure
of aspirin was that the dose that was taken by these
individuals –mostly for cardiocoronary prevention
– was possibly too low to provide the same neuro-
protection as other NSAIDs [701].

4.3.2.3 Aspirin and Other Drugs
Many different classes of drugs are currently in use
for the treatment of dementia and its behavioral
disturbances, including Alzheimer�s disease. As-
pirin isoneof them[681], althoughmainly fromthe
aspect of stroke prevention. More drugs are cur-
rently under investigation in several primary pre-
vention trials, including estrogen, selenium, gink-
go biloba extract, vitamin E, and others [698]. This
multitude of therapeutic approaches documents
the uncertainty about the pathophysiological target
aswellas theheterogeneityofcerebraldysfunctions
in the elderly.

4.3.2.4 Actual Situation
An anti-inflammatory/antiplatelet approach is use-
ful in symptomatic treatment of Alzheimer�s dis-
ease. Aspirin is an option for patients withmild- to-
moderate vascular or mixed Alzheimer�s disease/
vascular dementia according to guideline recom-
mendations [681]. Unlike traditional NSAIDs and
coxibs, aspirin isnot expected to interferewithother
therapeutic approaches but rathermighthave some
additional beneficial effect with respect to the pre-
vention of stroke and myocardial infarction.
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Appendix A.
Abbreviations (NoAcronyms forClinical
Studies)

AA Arachidonic acid
ACE Angiotensin converting

enzyme
ACS Acute coronary syndrome
ADP, ATP Adenosine di/triphosphate
AP-1 Activating protein-1
ASA Acetylsalicylic acid (aspirin)
APC Adenomatous polyposi coli
ATL Aspirin-triggered lipoxin
Bcl-2 B-cell lymphoma-2
BiP Immunoglobulin-binding

protein
CABG Coronary artery bypass graft
cAMP Cyclic adenosinemonophosphate
CD39 50-Nucleotidase
cEBPb CCAT/enhancer-binding

protein b
CoA Coenzyme A
COX Cyclooxygenase
CRE cAMP responsive element
CYP Cytochrome
11-DH-TXB2 11-Dehydro-thromboxane B2
DMARD Diseasemodifying antirheumatic

drug
DNA Deoxyribonucleic acid
ED50 50% effective doses
EGF Epidermal growth factor
eNOS Endothelial nitric oxide synthase
ERK Extracellular signal-regulated

kinase
FFA Free fatty acid

GA Gentisic acid
GAPDH Glycerolaldehyde-3-phosphate

dehydrogenase
GPIIb/IIIa Glycoprotein IIb/IIIa
HETE Hydroxyeicosatetraenoic acid
HO Heme oxygenase
HPETE Hydroperoxyeicosatetraenoic

acid
HSP Heat shock protein
5-HT 5-Hydroxytryptamine (serotonin)
ICAM-1 Intercellular adhesionmolecule 1

(CD54)
IKKb Inhibitor kinase b
IL Interleukin
INFg Interferon-g
iNOS Inducible nitric oxide synthase
INR International normalized ratio
IUGR Intrauterine growth retardation
JNK c-Jun N-terminal kinase
LD50 50% lethal dose
5-LO 5-Lipoxygenase
LOX Lipoxygenase
LPS Lipopolysaccharide
LT Leukotriene
LX Lipoxin
MAPK Mitogen-activated protein kinase

(ERK 1/2)
NADP Nicotinamide adenine nucleotide

diphosphate
NFAT Nuclear factor of activated T cells
NFkB Nuclear factor kB
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NMDA N-Methyl-D-aspartate
NNH Number needed to harm
NNT Number needed to treat
NOS NO synthase
NSAID Nonsteroidal antiinflammatory

drug
NSTEMI Non-ST-elevation myocardial

infarct
OTC Over the counter (drugs)
PAD Peripheral arterial disease
PAI Plasminogen activator inhibitor
PCI Percutaneous coronary

intervention
PDGF Platelet-derived growth factor
PG Prostaglandin
PHA Phytohemagglutinin
PKC Protein kinase C
PLC Phospholipase C
PMA Phorbol myristate acetate
PMN Polymorphonuclear neutrophil
POX Hydroperoxidase
PTA Percutaneous transluminal

angioplasty
PTCA Percutaneous transluminal

coronary angioplasty

RegI Regenerative protein I
RSK Ribosomal S6-kinase
SAG Salicylic acid acyl glucuronide
SP Substance P
SPG Salicylic acid phenol glucuronide
src Nonreceptor protein tyrosine

kinases
SA Salicylic acid
STAT Signal transducers and activators

of transcription
STEMI ST-elevation myocardial infarct
SU Salicyluric acid
SUPG Salicyluric acid phenol

glucuronide
TF Tissue factor
TIMP Tissue inhibitor of

metalloproteinase
TNF Tumor necrosis factor
tPA Tissue plasminogen activator
TX Thromboxane
VCAM Vascular cell adhesion

molecule
VEGF Vascular endothelial growth

factor
vWF von Willebrand factor
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Appendix B.
Acronyms for Clinical Studies

ADAPT Alzheimer Disease Anti-Inflam-
matory Prevention Trial

AMIS Aspirin-Myocardial Infarction
Study

APRICOT Antithrombotics in the
Prevention of Reocclusion in
Coronary
Thrombolysis

ARIC Atherosclerosis Risk in
Communities Study

ASPECT Aspirin Esomeprazole
Chemoprevention Trial

BAFTA Birmingham Atrial Fibrillation
Treatment of the Aged Study

BLASP Barbados Low-Dose Aspirin
Study in Pregnancy

BMDS British Medical Doctors�
Trial

CAPRIE Clopidogrel Versus Aspirin in
Patients at Risk of Ischemic
Events

CARS Coumadin Aspirin Reinfarction
Study

CAST Chinese Acute Stroke Trial
CHAMP Combination Hemotherapy and

Mortality Prevention
CHARISMA Clopidogrel for High

AtherothromboticRisk, Ischemic
Stabilization, Management, and
Avoidance

CLASP Collaborative Low-Dose Aspirin
Study in Pregnancy

CLASS Celecoxib Long-Term Arthritis
Safety Study

CLASSICS Clopidogrel Aspirin Stent
International Cooperative Study

CLIPS Critical Leg Ischemia Prevention
Study

CPS Cancer Prevention Study
CREDO Clopidogrel for Reduction of

Events During Observation
CURE Clopidogrel in Unstable Angina

to Prevent Recurrent Ischemic
Events

ESPRIT European and Australian Stroke
PreventioninReversibleIschemia
Trial

ESPS European Stroke Prevention
Study

GRACE GlobalRegistryofAcuteCoronary
Events

HOT Hypertension Optimal
Treatment

HPFS Health Professionals Follow-Up
Study

ISIS International Study on Infarct
Survival

IST International Stroke Trial
JLASP Jamaica Low-Dose Aspirin Study

Project
MITRA Maximal Individual Optimized

Therapy for Acute Myocardial
Infarction

NHS Nurses� Health Study
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OASIS Orbital Atherectomy Study for
Treatment of Peripheral Vascular
Stenosis

PPP Primary Prevention Project
PROFESS Prevention Regimen for

Effectively Avoiding Second
Strokes

SAPAT Swedish Angina Pectoris Aspirin
Trial

TOPPS Ticlid or Plavix Post-Stents

TPT Thrombosis Primary Prevention
Trial

UK-HARP (First)UnitedKingdomHeartand
Renal Protection Study

US-PHS US Physicians� Health Study
VIGOR VIOXX GI Clinical Outcomes

Research
WAVE Warfarin Antiplatelet Vascular

Evaluation
WHS Women�s Health Study

370j Appendix B. Acronyms for Clinical Studies



Index

a
Aberrant crypt foci (ACF) 343
ACE inhibitors 184, 246, 249, 252
Acetaminophen (Paracetamol)
– Alzheimer�s disease 361f.
– analgesic action 324ff.
– analgesic nephropathy 180, 182
– asthma 197ff., 217ff.
– hepatotoxicity 188
– osteoarthritis 334f.
– renal failure 181f.
Acetylsalicylic acid (ASA), see Aspirin
Acute coronary syndrome, see Coronary vascular disease
Adenomatous Polyposis Coli (APC) 118f., 343f., 346,

349, 354
Allodynia 114
Alzheimer�s Disease Anti-inflammatory Prevention Trial

(ADAPT) 363
Alzheimer�s disease 18, 359ff.
– actual situation 363
– clinical trials 361ff.
– etiology 359
– mode of aspirin action 360
– pathophysiology 359
American Health Professionals� study 233f.
Angioedema 205
Anticoagulants
– cerebrovascular disease 269ff.
– coronary vascular disease 247ff.
– peripheral arterial disease 282
– venous thrombosis 287f.
Antiplatelet drugs 91f., 280, 289, 294
Antiplatelet/antithrombotic Trialists� Collaboration 229
Antipyretic analgesics 322ff., 329, 340
Antithrombotics in the Prevention of Reocclusion in

Coronary Thrombolysis (APRICOT) 248
Antitumorigenic effects, see Malignancies
Apoptosis 69, 71, 118, 120ff., 354

Aprotinin 146f.
Arthritis and rheumatism 332ff.
– actual situation 336
– clinical trials 334f.
– mode of aspirin action 332ff.
– osteoarthritis 333ff.
– rheumatoid arthritis 332ff.
Aspirin, see also Salicylate
– absorption 34ff., 40
– actions on organs and tissues 86ff.
– alcohol 146, 168
– analgesic/antipyretic actions 14, 86, 105, 111, 113f.,

323 ff.
– antiinflammatory actions 106ff., 232
– antiplatelet actions 15, 86, 88, 90, 262
– antitumor effects 120ff.
– antiulcer drugs 170
– bioavailability 38f.
– biotransformations 46ff.
– bleeding risk 15, 142ff., 152, 159f., 244f.
– chemical properties 25ff.
– clinical applications 225ff.
– coagulation 98
– COX-independent actions 66ff., 122 ff.
– COX-inhibition 13f., 54ff., 120ff., 163f.
– desensitization 201
– determination 30ff.
– dosing 41, 88, 92, 226ff., 251, 262f., 352f.
– Ductus arteriosus 151f.
– energy metabolism 79ff.
– esterases 46ff.
– excretion 49ff.
– fertility 150
– fibrinolysis 98f., 242f.
– formulations 27ff., 40, 326
– gene transcription 13f., 61ff., 69ff.
– hemostasis 89ff.
– hepatotoxicity 187f.
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– history 5ff., 19ff.
– hypersensitivity, see alsoAspirin-induced asthma 197ff.
– inhibition of platelet function 90ff.
– inhibition of prostaglandin formation 12, 53ff.
– inhibition of kinases 67ff.
– interactions with NSAIDs 60f. 170, 249f. 308f.
– miscarriage 151
– modes of action 53ff.
– pharmacokinetics 33ff., 46ff.
– pharmacological properties 225
– pseudoallergic actions 197ff.
– renal failure 181ff.
– �resistance� 303ff.
– sphingosine-1-phosphate 58
– thrombin generation 143f.
– toxicity 131ff.
– transcription factors 69ff., 123f.
Aspirin Esomeprazole Chemoprevention Trial (ASPECT)

312f.
Aspirin-induced asthma 197ff., 217f.
– clinical studies 201f.
– clinical symptoms 198f.
– leukotrienes 200f.
– mode of aspirin action 199f.
– pathophysiology 197ff.
�Aspirin-like drugs� 18, 60
Aspirin-Myocardial Infarction Study (AMIS) 17
Aspirin-triggered lipoxin (ATL) 59, 108f., 163f.
Atherosclerosis Risk in Communities Study (ARIC) 227
Audiovestibular system, see Ototoxicity

b
Baltimore Longitudinal Study of Ageing 361
Barbados Low-dose Aspirin Study in Pregnancy

(BLASP) 294, 297
Bioavailability 38ff.
Biotransformations 46ff.
Birmingham Atrial Fibrillation Treatment of the Aged

Study (BAFTA) 270
Bleeding disorders 142ff.
– bleeding time 142ff.
– bleeding risk in surgical interventions 144ff.
– GI tract 159ff., 169f.
– hemorrhagic stroke 264
– pregnancy and labor 152
– role of platelets 143
British medical doctors� study (BMDS) 232f., 264

c
Cancer, see Malignancies
Cancer prevention study II (CPS-II) 227, 347f.
Cardiovascular diseases, see also Coronary vascular

diseases
– ACE-inhibitors 249

– in patients with renal disease 182ff.
– statins 249
Celecoxib Long-term Arthritis Safety Study (CLASS) 171
Ceramide 121, 123
Cerebrovascular diseases 260ff.
– actual situation 270f.
– anticoagulants 269f.
– clopidogrel 269
– dipyridamole 267ff.
– etiology 260
– hemorrhagic stroke 264f.
– mode of aspirin action 261ff.
– primary prevention 263ff.
– secondary prevention 265ff.
Chinese Acute Stroke Trial (CAST) 266f.
Cilostazol 283
Clopidogrel
– cerebrovascular disease 269
– coronary vascular disease 246f.
– peripheral arterial disease 282
– �resistance� 303
Clopidogrel for High Atherothrombotic Risk, Ischemic

Stabilization, Management and Avoidance
(CHARISMA) 247f.

Clopidogrel in Unstable Angina to Prevent Recurrent
Ischemic Events (CURE) 246, 269

Clopidogrel versus Aspirin in Patients at Risk of Ischemic
Events (CAPRIE) 229, 240, 246, 269, 282

Collaborative low-dose aspirin study in pregnancy
(CLASP) 227, 293ff.

Colorectal cancer 343ff.
– actual situation 352ff.
– clinical trials 346ff.
– COX-2 expression and aspirin 61f., 120f., 344ff.
– etiology 344f.
– mode of aspirin action 345f.
– NSAIDs 352
– pathophysiology 344ff.
Combination Hemotherapy and Mortality Prevention

Study (CHAMP) 248
Coronary vascular diseases 411ff.
– actual situation 250ff.
– acute coronary syndrome (ACS) 238ff.
– aspirin historical use 15f.
– anticoagulants 247ff.
– Clopidogrel 246f.
– coronary artery bypass grafting 244ff.
– coxibs 249f.
– coronary artery bypass graft surgery (CABG) 244ff.
– etiology 228f.
– mode of aspirin action 229ff.
– NSAIDs 249
– percutaneous coronary interventions (PCI) 243f.
– primary prevention 231ff.
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– secondary prevention 238ff.
Cottbus Reinfarction Trial 240f.
COX
– atherosclerosis 95f.
– gastric mucosa 160f.
– gene expression 14, 61, 359
– historical aspects 13ff.
– inhibition by NSAIDs 54ff., 171, 335ff., 363
– lipoxins 59
– role in asthma 199f.
– transcription factors 69ff.
COX-1
– acetylation by aspirin 56ff.
– active site 55f.
– aspirin-induced asthma 199f.
– 12-HPETE 62
– inhibition by aspirin 54ff.
– interaction with NSAIDs 308
– platelet function 90ff.
COX-2
– acetylation by aspirin 59ff.
– gene expression 61, 120f., 359
– inhibition by aspirin 56ff., 163
– lipoxins 59
– platelet function 90ff.
– tumor promotion 120ff., 345, 350
COX-3 111
Coxibs
– cardiovascular risk 335f.
– interactions with aspirin 108, 170f.
Critical Leg Ischemia Prevention Study (CLIPS) 279, 281
Cyclooxygenases, see COX

d
Deep vein thrombosis, see Venous thrombosis
Desmopressin 146
Diabetes 183
Dicarboxylic acids 81, 209
Dipyridamole 267ff., 280, 282f.
Dipyrone 308
Disease-modifying Antirheumatic Drugs

(DMARDs) 332, 334
Ductus arteriosus 151f.
Dutch TIA Trial 265f.

e
Endocannabinoids 111
Endothelium
– antiplatelet factors 96f.
– atherosclerosis 95ff.
– dysfunction 278
– inflammation 108f.
– NO-synthase (eNOS) 74f.
– prostaglandin production 95ff.

Energy metabolism 79ff.
European and Australian Stroke Prevention in Reversible

Ischaemia Trial (ESPRIT) 268
European Stroke Prevention Study-2 (ESPS-2) 267f.

f
Fatty acid metabolism 80ff.
Ferritin 74
Fertility 150ff.
Fetal development 150f.
Fever 113ff., 323, 326
Fibrinolysis 98f., 242f., 278

g
Gastrointestinal tract (GI) 157ff.
– aspirin and GI injury 161ff., 170 ff.
– clinical trials 166ff.
– coxibs 170f.
– gastric mucosa 358ff.
– gastrointestinal bleeding 159ff.
– Helicobacter pylori 164ff.
– mode of aspirin action 161ff.
– prostaglandins and GI injury 160f.
Global Registry of Acute Coronary Events (GRACE) 227,

251, 276

h
Habituation 139
Headache, see Pain
Health Professionals Follow-up Study (HPFS) 347ff.
Hearing disturbances, see Ototoxicity
Heart failure 183f.
Heart Outcomes Prevention Evaluation (HOPE) 310ff.
Helicobacter pylori 164ff.
Heme oxygenase 174f.
Hemorrhage, see Bleeding disorders
Hemorrhagic stroke, see Cerebrovascular diseases
Hemostasis 89ff.
Hepathoencephalopathy, see Reye�s syndrome
Hypertension 183, 235
Hypertension in pregnancy, see Preeclampsia
Hypertension Optimal Treatment study (HOT) 234ff.,

260, 264f.
Hyperthermia 137f.
Hyperventilation 79,134f.

i
Ibuprofen 56f., 60, 151, 171, 324
Indomethacin 56f., 143f., 151, 171
Inflammation 74, 105ff., 231
Inflammation marker 232
International Study on Infarct Survival (ISIS) 17, 99, 170,

227, 239, 242ff.
International Stroke Trial (IST) 266

Index j373



Ischemia, see individual organs
Isoprostanes 94, 309

j
Jamaica Low-Dose Aspirin Study Project (JLASP) 294,

297

k
Kawasaki disease 339ff.
– clinical trials 340
– mode of aspirin action 339
– pathophysiology 339
– Reye�s syndrome 217, 340
Kidney 179ff.
– analgesic nephropathy 179f.
– clinical studies 181f.
– diabetes 183
– mode of aspirin action 180
Kinases 66ff.
Leukotrienes
– asthma 198ff.
– inflammation 106, 108
– ototoxicity 193
Lipoxins, see also Aspirin-triggered Lipoxin 108
Liver 187ff.
– aspirin actions 80ff.,187
– drugs and liver injury 84, 187
– hepatotoxicity of salicylates 84f., 187, 210f.
– Reye�s syndrome 84f.
Lyell syndrome 206

m
Malignancies 118ff., 343ff.
Malondialdehyde 122
Management of Atherothrombosis with Clopidogrel in

High-risk Patients with recent Transient Ischemic
Attack or Ischemic Stroke (MATCH) 269

Maximal Individual Optimized Therapy for Acute
Myocardial Infarction (MITRA) 251

Melbourne Colorectal Cancer Study 346
Metamizol, see Dipyrone
Methylsalicylate 27
Migraine 326ff.
Myocardial infarction, see Coronary vascular diseases
Myocardial Infarction Registry (MIR) 251

n
Neuroprotection 72f., 360
Nitric oxide (NO) 73, 96f., 164
– endothelial NO-synthase (eNOS) 74, 143
– inducible NO-synthase (iNOS) 73f., 106
Nonsteroidal antiinflammatory drugs (NSAIDs)
– Alzheimer�s disease 360ff.
– antiplatelet effects of aspirin 60, 249f., 308

– asthma 199f.
– colorectal carcinoma 346ff.
– COX-1/COX-2-selectivity 55f.
– Ductus arteriosus 151, 292f.
– GI-effects 160f., 170f.
– interactions with aspirin 60f.
– miscarriage 151
– mode of action 60, 108
– osteoarthritis 333, 336
– renal effects 181f.
Nuclear factor kB (NFkB) 70ff., 123
Nuclear factor of activated T-cells (NFAT) 70f.
Nurses� Health Study (NHS) 181, 227, 348ff.

o
Orbital Atherectomy Study for Treatment of Peripheral

Vascular Stenosis (OASIS) 248
Organ toxicity 157ff.
Osteoarthritis 171, 333, 336
– acetaminophen 335
– clinical trials 334
Ototoxicity 191ff.
– clinical trials 193f.
– hearing disturbances 191f.
– mode of aspirin action 191f.
– pathophysiology 191
– tinnitus 192
Oxidative phosphorylation 82ff.

p
Pain 110ff., 322ff.
– acetaminophen 324ff.
– cannabinoids 111
– clinical studies 326ff.
– headache 326ff.
– mediators of pain 110ff.
– migraine 326ff.
– mode of aspirin action 111ff., 323ff.
– prostaglandins 110f.
– serotonin 112
Paracetamol, see Acetaminophen
Perinatal Antiplatelet Review of International Studies

(PARIS) 295, 297ff.
Peripheral Arterial Disease (PAD) 276ff.
– actual situation 283
– clinical trials 278ff.
– etiology 276
– mode of aspirin action 276ff.
– other drug treatment 282f.
– peripheral transluminal angioplasty 281f.
Phenacetin 180
Physicians� Health Study, see US-Physicians�

Health Study
Platelets 89ff.
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– aspirin-insensitive inhibition 309, 315
– bleeding time 143
– cyclooxygenases 56ff., 308f.
– inhibition by aspirin 90ff.
– response variability, see also �resistance� 261f., 303ff.
– thrombotic risk 229f., 276f.
– thromboxane formation 91ff., 306f.
– time-dependent inhibition 91
Preeclampsia 290ff.
– actual situation 298
– clinical trials 293ff.
– etiology 290
– miscarriage 151, 298
– mode of aspirin action 290f.
Pregnancy 150ff.
Pregnancy-induced hypertension, see Preeclampsia
Prevention Regimen For Effectively avoiding Second

Strokes (PROFESS) 268f.
Primary Prevention Project (PPP) 170, 236f., 264
Prostacyclin, see also Prostaglandins 95ff., 291f.
Prostaglandins
– biosynthesis 55ff.
– general aspects 12f.
– mode of aspirin action 11ff., 55
– pain mediators 110f.
– receptors 122
Prostaglandin synthases, see COX

r
�Resistance� 303ff.
– clinical trials 262, 310ff.
– definition 304
– measurement 304ff.
– mechanisms 303ff.
– role of thromboxane 306f.
Reye�s syndrome 208ff.
– actual situation 217f.
– asthma 217f.
– clinical studies 212ff.
– etiology 209
– laboratory findings 209
– morphological findings 209
– pathophysiology 210
– salicylates 84f., 211ff.
Rheumatoid arthritis 332f.
– clinical studies 250, 334ff.
– mode of aspirin action 332f.
– myocardial infarction 332, 336
– pathophysiology 332
Rotterdam Study 362

s
Salicin 6, 26, 334f.
Salicylate

– antiinflammatory actions 107f.
– antipyretic actions 115
– biotransformations 47f.
– bleeding 98, 142f.
– chemical properties 25ff.
– determination 30f.
– energy metabolism 79ff.
– excretion 49f.
– fatty acid metabolism 80ff.
– gastric mucosal injury 162
– history 19ff.
– inhibition of kinases 67ff.
– inhibition of prostaglandin synthesis 56f.
– natural sources 6, 42f.
– pharmacokinetics 38, 48ff.
– preeclampsia 291f.
– protonophoric properties 83ff.
– thrombotic events 277
– toxicity 132ff.
– transcription factors 61f., 69ff.
– uncoupling of oxidative phosphorylation 82ff.
Salicylic acid, see Salicylate
Serotonin 112
Stroke, see Cerebrovascular diseases
Study of Left Ventricular Dysfunction (SOLVD) 249
Swedish Angina Pectoris Aspirin Trial (SAPAT) 237f.
Swedish Aspirin Low-Dose Trial (SALT) 266
Sydney Older Persons Study 361

t
Thrombin 89, 144
Thrombosis 90
Thrombosis Primary Prevention Trial (TPT) 170, 236ff.,

264
Thrombotic risk 229f., 244ff., 261f., 276f., 287, 290f.
Thromboxane (A2)
– aspirin �resistance� 306f.
– biosynthesis 12f.
– inhibition 91, 97, 229, 261f., 292, 455
– urinary excretion 277, 306f.
Tinnitus, see also Ototoxicity 192
Toxicity, see also individual organs 131ff.
– clinical symptoms 131ff.
– dose-dependency 133ff.
– intoxication in children 135f.
– laboratory findings 135
– treatment 136ff.
Transcription factors
– colorectal carcinoma 123f.
– modulation by salicylates 69ff.

u
United Kingdom Transient Ischemic Attack Aspirin Trial

(UK-TIA) 265
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(First) United KingdomHeart and Renal Protection Study
(UK-HARP) 183

US-Physicians� Health Study (US-PHS) 169, 231f., 278,
349f.

US-Public Health Service Study (PHS) 213f.
Urticaria 205

v
Variability in antiplatelet responses, see �Resistance�
Venous thrombosis 287ff.
– actual situation 288
– air travelling 288

– clinical trials 287f.
– etiology 287
– mode of aspirin action 287
Veterans Administration Cooperative Trial 238f.
VIOXX GI Clinical Outcomes Research (VIGOR) 250f.,

335f.

w
Warfarin, see Anticoagulants
Warfarin Antiplatelet Vascular Evaluation (WAVE) 270
Widal�s Triad, see Aspirin-induced asthma
Women�s Health Study (WHS) 227, 234f., 263f.
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