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1
General Aspects

1.1
History

1.1.1

From Willow Bark to Salicylic Acid
1.1.1.1  Anti-Inflammatory and Analgesic Effects of
Willow Bark and Leaves

Medical Effects of Willow Bark Treatment of mal-
adies 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 but also typical for
osteoarthritis and rheumatism, two examples of
chronic painful diseases. Rheumatism was
already known in old Egypt as seen from cartilage
alterations in Egyptian mummies. The Egyptians
were also aware of the pain-relieving effects of
potions made from myrtle and willow leaves. Clay
tablets from the Sumerian period also contained
information about the use of willow leaves as
medicines. Hippocrates recommended leaves of
the willow tree for medical purposes about 400 BC.
Pliny (compilations) and Dioscurides (Materia
Medica) also recommended decocts of willow
leaves or ash from willow bark for treatment of
sciatica (lumbago) and gout at about 100 AC.
Outside Europe, it were the Nama (Hottentots)
in Southern Africa who had “for along time” used
tea made from bark of willow trees for treatment of
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rheumatic diseases (cited after Ref. [1]). This com-
ment was made by Dr. Ensor from Cape Town
(South Africa) in his reply to a publication of Dr.
MacLagan in 1876 [2] describing for the first time
positive experience with salicylates at 2 g/day for
treatment of rheumatism.

The First Published Clinical Trial The first known
public communication on the medical use of
willow bark extracts in modern times came
from Reverend Edward Stone [3] from Chipping
Norton (Oxfordshire, England). He treated some
50 cases of “aigues, fever, and intermitting dis-
orders” with a redissolved powdered dry bark
preparation of willow tree. The doses were about
“20 gr(ains) [~1.3g] to a dram of water every 4
hours.” On June 2, 1763, he wrote a letter to the
Earl of Macclesfield, the then President of the
Royal Society in London, entitled “An account of
the success of the bark of the willow in the cure of
aigues.” 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 general maxim, that many natural
maladies carry their cure along with them or that their
remedies lie not far from their causes, was so very
apposite to this particular case, that | could not help
applying it; and this might be the intention of providence
here, | must own had some little weight with me . . . .

After claiming to have obtained good results,
he concluded:
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1 General Aspects

... 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.

1.1.1.2 Salicylates as the Active Ingredients of
Willow Bark and Other Natural Sources

Detection and Preparation of Salicin from Willow
Bark In 1828, the German pharmacist Johann
Andreas Buchner was the first to prepare a yellow-
ish mash with bitter taste from boiled willow bark,
which he named Salicin, after the Latin word for
willow (salix). He considered salicin as the active
antipyretic ingredient of willow bark and recom-
mended 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 compo-
nent of willow bark (cited after Ref. [4]). In 1830,
the Frenchman Henry 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 for use as an antipyretic for half of the
price of quinine (cited after Ref. [5]) — at that time a
really attractive offer.

Salicin from Natural Sources as Starting Material to
Make Salicylic Acid Salicin is not only the active
antipyretic ingredient of willow bark but also the
reason for its strong bitter taste and the irritation
of stomach mucosa. Both limited its practical use.
Salicin hydrolyzes 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 salici-
que ou salicylique) from salicin in 1839 and also
correctly determined the empirical formula
C;HgOs3. This led to the possibility of replacing
the poorly palatable salicin by salicylic acid, for
example, as a good water-soluble sodium salt. This
became practically relevant after new and

abundant natural sources for salicylates were
detected. These included wintergreen oil obtained
from the American Evergreen (Gaultheria pro-
cumbens) and spireic acid (acidum salicylicum)
from the American teaberry (Spiraea ulmaria).
Gaultheria oil (wintergreen oil) consists of about
99% of methyl salicylate from which free salicylic
acid can easily be obtained. However, production
of salicylates by plants is also an important defence
mechanism in itself.

Efficient communication between the pest-colonized and
noncolonized plants is vital for timely manifestation of
defenses that restrict systemic spread of pests. Airborne
signals are involved in these processes. Methyl salicylate
is a volatile compound that is made by a number of
plants and is suggested to act as a mobile airborne signal
in plant defence by activation of systemic acquired
resistance. This confers enhanced resistance against a
broad spectrum of pathogens (Section 2.2.2) [6].

1.1.1.3 Chemical Synthesis of Salicylic Acid

The Kolbe-Schmitt Synthesis The modern phar-
maceutical history of salicylates and its deriva-
tives starts with the chemical synthesis of the
compound. In 1859, Hermann Kolbe, a German
and Professor of Chemistry in Marburg, pro-
duced the first fully synthetic salicylic acid
from the already known decomposition products
phenol and carbonic acid, that is, sodium pheno-
late and carbon dioxide. Kolbe then stimulated
his assistant Rudolf Wilhelm Schmitt to further
improve the technology, eventually resulting in
doubling of the salicylic acid yield. Schmitt also
elucidated the reaction kinetics. This base-pro-
moted carboxylation of phenols under high pres-
sure allowing the synthesis of salicylic acid
derivatives is known since then as the “Kolbe—
Schmitt reaction.” Friedrich von Heyden, a stu-
dent of Schmitt, was introduced to Kolbe who
encouraged him to develop a procedure to make
the compound on an industrial scale. Von Hey-
den was the first to receive a patent for this
procedure. The development of an appropriate
technology to synthesize large amounts of



salicylate, independent of the limited availability
of natural sources with varying contents and
seasonal variations of the active ingredient,
opened the door for its broader practical use
and thus caused a massive drop in price: The
price of 100g of salicylic acid prepared from
salicin from natural sources (gaultheria oil)
dropped from 10 to 1 Taler/100g (Dollar =
American for Taler) for the chemical product
made through Kolbe’s synthesis (cited after
Ref. [7]).

Von Heyden started the large-scale production
of salicylic acid in the kitchen of his mansion, the
“Villa Adolpha” in Dresden (Saxony). In 1874, the
site was moved to Radebeul, a suburb west to
Dresden, where he founded the factory “Salizyl-
sdurefabrik Dr. von Heyden.” This plant was
extremely effective: After making 4 tons of sali-
cylic acid in the first year, the annual production
was increased to 25 tons only 4 years later and
continued to grow steadily. Kolbe and von Hey-
den received patents for the synthesis of salicylate
in many European countries and the United
States [8]. Interestingly, after solving some legal
issues, von Heyden’s plant also produced the
salicylic acid that was later used by Bayer to
make aspirin [9].

Practical Use of Salicylate After salicylate as a
cheap chemical became available on an industrial
scale, that is, in essentially unlimited amounts,
the compound was tested for new practical appli-
cations. For example, salicylic acid was soon
found to have antiseptic properties that could
be used to preserve milk and meat. The com-
pound was also recommended as an alternative
to phenol (carbolic acid), which, was the anti-
septic of choice in surgery those days. The

1.1 History

antipyretic action of salicylate was for a time
also attributed to its antiseptic activity, until it
was shown that the sodium salt with little anti-
septic properties was an equally effective antipy-
retic (cited after Ref. [1]). Importantly, salicylic
acid was also studied as a potential drug in a large
variety of diseases and thus became the first
synthetic drug ever developed. In 1875, Ebstein
and Miiller [10] detected the blood sugar-low-
ering action of the compound. Shortly thereafter,
the uricosuric action of salicylate was described.
Thus, salicylates appeared to be useful for treat-
ment of diabetes and gout.

Salicylic Acid as an Anti-Inflammatory Antirheumatic
Agent Of the several discoveries regarding med-
ical applications of salicylates, the most signifi-
cant was the finding that synthetic salicylates
were potent anti-inflammatory analgesics and
extremely useful for treatment of rheumatic dis-
eases. Franz Stricker from Berlin was the first to
publish that sodium salicylate was not only an
antipyretic remedy but also as an effective drug
for treatment of rheumatic bone and joint dis-
eases [11]. He was the first to clinically introduce
salicylate in 1876 as an analgesic antirheumatic
drug at the Charité in Berlin [12]. Two months
later, Scottish physician Thomas J. MacLa-
gan [13] published the first of a series of articles
showing that administration of salicylate to
patients with rheumatic fever resulted in the
rapid disappearance of fever and pain. Similar
results were reported by the Frenchman Germain
Sée 1 year later [14]. These three studies marked
the beginning of the systematic therapeutic use of
salicylates as analgesic anti-inflammatory drugs
in medicine.
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Summary

Extracts or other preparations from willow bark
or leaves were used in ancient times as house-
hold remedies for the treatment of fever, inflam-
mation, and pain. These ancient uses have been
rediscovered only in the eighteenth century: In
1763, the first communication on successful use
by Reverend Edward Stone of an aqueous
extract of powdered willow bark in the treat-
ment of “aigue and feverish diseases” was pub-
lished in the United Kingdom.

Search for the active ingredient of willow bark
initially resulted in the detection of salicin, from
which salicylate as the active fraction could
easily be prepared. Further rich natural sources
of salicylates were found, among them being the
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1.1.2
Synthesis of Acetylated Salicylic Acid and First
Medical Use

1.1.2.1 The Invention of Acetylated Salicylic Acid
Despite the undisputed benefits of sodium salicylate
in the treatment of pain, fever, and inflammatory
disorders, there were several problems with the
practical handling of the compound. These included
an unpleasant sweetish taste and, in particular,
irritations of the stomach, often associated with
nausea and vomiting. Another disturbing side effect
was a hearing disorder called tinnitus. These side
effects occurred quite frequently at high doses of
several grams of salicylate per day, which had to be
taken regularly by patients suffering from chronic
(rheumatic) pain. Thus, after an effective technology
to generate large amounts of entirely synthetic
salicylate became available, several efforts were
made to improve the pharmacological properties
of the compound by appropriate chemical modifi-
cations, eventually resulting in increased efficacy as
well as improved gastric tolerability when the sub-
stance was made more palatable. Acetylation was a
favored chemical method at the time to reach this
goal. Several researchers addressed this issue by
acetylating salicylic acid with different results [1-3]
until chemists of the firm of “Farbenfabriken Bayer”
in Elberfeld, today part of Wuppertal (Germany),
succeeded in synthesizing acetylated salicylic acid
from salicylic acid and acetic anhydride in a chemi-
cally pure and stable form.

1.1 History

The History of Bayer Aspirin Three persons at
Bayer were intimately involved in this develop-
ment. All three were chemists and all of them
were of the same age group — born in the 1960s,
when the knowledge in organic chemistry had
just started to explode. The first to be named was
Carl Duisberg (Figure 1.1.2-1). After completing
his dissertation in Jena with a study on acetoa-
cetate esters (!), he decided to pursue his career in
the chemical industry. In 1883 he joined the
Bayer company and became head of the research
only 5 years later [4]. Arthur Eichengriin (Fig-
ure 1.1.2-1) joined the Bayer Company in 1895
and became head of the Pharmaceutical Research
Department that was newly founded by Duis-
berg [5]. According to a report, written by
Eichengriin 50 years later [6], it was his idea to
acetylate salicylate in order to make it more
palatable and also avoid the unpleasant irritation
of the stomach. As mentioned above, the concept
of acetylation of drugs to improve their efficacy
was not new at the time. It had already been
successfully used in making phenacetin, a pow-
erful analgesic, by the Bayer Company. Phen-
acetin was synthesized via acetaminophen from
p-nitrophenol, a waste product of Bayer’s dye
fabrication [4]. This positive experience probably
stimulated the company to make a more wide-
spread application of acetylation procedures to
other chemicals and drugs. This included guaia-
col, cinchonine, morphine — and salicylic acid.
Felix Hoffmann (Figure 1.1.2-1) was the chemist

(a)

Figure 1.1.2-1 (a) Arthur Eichengriin (1867-1949). (b) Felix Hoffmann (1868-1946). (c) Carl Duisberg (1861-1935).

(With kind permission from Bayer.)
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working on this issue “on Eichengriin’s advice” [6].
He was the first person to develop a technology
to produce chemically pure and stable acetyl-
salicylic acid from salicylic acid and acetic
anhydride. According to a handwritten note
in his laboratory diary, this success was achieved
on August 10, 1897, (Figure 1.1.2-2). Later he
wrote:

... When salicylic acid (100.0 parts) is heated with
acetic anhydride (150.0 parts) for 3 hours under reflux,
the salicylic acid is quantitatively acetylated . . . . By its
physical properties, e.g. its sour taste without being
corrosive, the acetylsalicylic acid differs favorably from
salicylic acid, and is now being tested in this respect for its
usefulness

Another person at Bayer should also be
mentioned in this context: Heinrich Dreser, the
then head of the Department of Pharmacology.
Dreser was not interested in this kind of research
and initially did not believe in any clinically
useful properties of the new compound (“the
compound is of no value”). However, in his later
description of the pharmacology of aspirin, he
acknowledged the better taste and less gastric
irritation [7]. Initially, he was also not informed
by the pharmacists about its successful clinical
testing, although according to his contract with
the company, the pharmacists should have had
reported this finding to him before undertaking
further activities [2]. Thus, he was probably
not amused to learn that without his knowledge
and against his declared intention, the new
compound was — even successfully — tested in
patients. According to Eichengriin and other
sources, he did everything to block the further
development of aspirin, while Duisberg
emphatically supported the activities of Eichen-
grin and Hoffmann and, as expected, finally
succeeded. The further development and clinical
introduction of acetylated salicylate as an anti-
pyretic analgesic, eventually resulting in the
worldwide spread of the compound, 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. ulma-
ria, one of the richest natural sources of
salicylates.

The first description of the pharmacology of
aspirin was published in 1899 by Dreser. The
names of the two chemists Hoffmann and
Eichengriin were not mentioned in this paper.
Dreser considered aspirin as a better tolerable
prodrug of the active metabolite salicylic acid
with the positive pharmacodynamic property
not to be cardiotoxic [7]. According to Eichen-
griin [6], Dreser had nothing to do with the
invention. However, it was Dreser who took the
financial benefits from the discovery, not
Eichengriin and Hoffmann [8]. According to a
contract with Bayer, the products invented
under the direction of Eichengriin had to be
patented in Germany to get a royalty for the
inventor from the company [6]. Acetylsalicylic
acid was registered on February 1, 1899 under
the trade name “Aspirin®” by the Imperial Pat-
ent Bureau (Kaiserliches Patentamt) in Berlin
and a few weeks later introduced to the market.
This was the first time that a drug was dispensed
as a product (powder or tablet) made by chem-
ists according to quality standards of their
company and not dispensed as a product man-
ufactured as a powder by a pharmacist. This
caused long-lasting and intense discussions
about the role of pharmacists as the primary
controller of drug production [9].

“Aspirin” did not receive recognition as a drug
to be patented in Germany or any other Euro-
pean country, except the United Kingdom,
where Bayer held a patent until 1905. This
patent was declared futile by a British Court
in 1905 after a legal action of von Heyden
company, the provider of salicylic acid for
Bayer. Von Heyden also produced and sold
acetylated salicylic acid, but under its chemical
name “acetylsalicylic acid” [8].
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Bayer marketed the new compound under the Bayer-
owned trade name “Aspirin.” In the labeling, the product
was identified as “monoacetic acid ester of salicylic acid”
and advertised as a better tasting replacement for salicylic
acid. The aspirin packages did not indicate that aspirin was
pure acetylsalicylic acid. Bayer took every effort to keep this
trade name as sole property of Bayer. The (numerous)
copycats had to use other labeling, mostly they preferred
the chemical term “acetylsalicylic acid” while Bayer adver-
tised aspirin as “best replacement for salicylic acid.” Doc-
tors (probably) never learned from Bayer’s advertising that
aspirin was solely a trade name and found it easier to
prescribe “Aspirin(um)” [sic!] than “acetylsalicylic acid” [8].

Aspirin was patented 1900 exclusively in the
United States (Figure 1.1.2-3).

As a consequence of World War I, in 1917, all
patents and trade names of German firms were held
enemy property in the United States and, thus, were
confiscated [9]. German firms were also no longer
allowed to sell their products in the United States [8].
The Bayer assets were auctioned by the US Alien
Property Custodian and sold the same year for $5.3
millions to Sterling Drugs, Inc. of New York [10,11].
This company then produced “genuine Bayer Aspi-
rin” for the US market (Section 3.1.1) [12]: It was
only in 1994 that the German Bayer AG could buy
back the rights of the trademark and the Bayer Cross
in the United States (for details, see Ref. [8]).

According to a publication by Sneader and some
followers, not Hoffmann but rather Eichengriin
should be considered as the true inventor of aspi-
rin [13]. As Eichengriin was Jewish, he could not
enjoy the fruits of his remarkable scientific
research, including also the invention of several
other products in addition to aspirin, such as
acetate silk, because of the political reasons during
the Nazi regime. Eichengriin was interned in 1944
in a concentration camp and remained there until
the end of World War II. Eichengriin in the year of
his death (1949) 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 [6].

According to Eichengriin [6], it was Hoffmann
who had first worked out the acetylation technology
(... “welcher [Hoffmann] die Acetylierung aus-
gearbeitet hatte” . . . ), eventually resulting in the

synthesis of pure and chemically stable acetylated
salicylic acid [14], although, again according to
Eichengriin, he did so following “my advices” (“er
fithrte meine [chemischen] Anordnungen aus”).
However, the sole, unopposed mention of Hoff-
mann’s name on the US patent application form of
1900 (Figure 1.1.2-3) clearly would not have been
possible without the knowledge or even against the
will of his two supervisor chemists, Eichengriin and
Duisberg. This clearly suggests that both consid-
ered Hoffmann’s activities in this research as very
fundamental, justifying his name as the inventor of
aspirin. Because of the complexity of the issue, as
already discussed, one should, however, also pay
tribute to the significant contributions of Eichen-
griin and Duisberg in the research and development
of aspirin. This will not reduce the outstanding
contribution of Hoffmann in this discovery.

Further Attempts to Make Acetylsalicylic Acid At
this point, it should be noted that Hoffmann was
not the first person who tried to chemically syn-
thesize acetylated salicylic acid. In 1853, Charles
Frédéric Gerhardt, a Frenchman, from Stralburg
(Alsace) described the synthesis of a new com-
pound from acetyl chloride and sodium salicylate,
which he named “salicylate acétique” [15].

This publication of Gerhardt was taken by several authors
as evidence to ascribe the invention of acetylsalicylic acid
to him (e.g., Refs. [3,10,16]. This is not correct for several
reasons. The “acetylsalicylic acid” of Gerhardt, if it was
formed at all, solely might have existed as a labile,
intermediate raw product of the reaction between acetyl
chloride (prepared by him by a suboptimal procedure)
and sodium salicylate [2]. The chemical structure of
“salicylate acétique” was not determined. The physico-
chemical properties were not those of acetylsalicylic acid
but rather those of salicylic acid [17,18]. The technical
procedure was suboptimal and resulted in simultaneous
formation of large amounts of acetic acid anhydride
together with acetosalicylic acid anhydride because of an
inappropriate processing of the raw product. As a stable
end product, Gerhardt only obtained salicylic acid [19].
From his experiments, he concluded that acetylated
salicylic acid is unstable and in water immediately breaks
down to salicylic acid and acetate [15]. Both statements
are wrong and do not qualify Gerhardt for the claim to
have invented the synthesis of acetylsalicylic acid.
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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-
tor of philosophy, chemist, (assignor to the
FARBENFABRIKEN OF ELBERFELD COMPANY,
of New York) residing at Elberfeld, Germany,
have invented a new and useful Improvement in
the Manufacture or Production of Acetyl
Salicylic Acid, and [ hereby declare the
following to be a clear and exact description of
my invention.

In the Annalen der Chemie und Pharmacie,
Vol. 150, pages 11 and 12, Kraut has described
that he obtained by the action of acetyl chlond
on salicvlic acid a body which he thought to
be acetyl salicylic acid. T have now found that on
heating salicylic acid with acetic anhvdride a
body is obtained the properties of which are
perfectly different from those of the body
described by Kraut. According to my
researches the body obtained by means of my
new process 1s undoubtedly the real acetyl
salicylic acid

_OCO.CH;
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Therefore the compound described by Kraut
cannot be the real acetyl salicylic acid but
is another compound. In the following I point
out specifically the principal differences be-
tween my new compound and the body de-
scribed by Kraut.

If the Kraut product is boiled even for a
long while with water, (according to Kraut's
statement,) acetic acid is not produced, while
my new body when boiled with water is read-
ily split up, acetic and salicylic acid being
produced. The watery solution of the Kraut
body shows the same behavior on the addi-
tion of a small quantity of fermic chlorid as a
watery solution of salicylic acid when muxed
with a small quantity of fermnic chlorid—that
1s to say, it assumes a violet color. On the
contrary, a watery solution of my new body
when mixed with ferric chlorid does not as-
sume a violet color. If a melted test portion
of the Kraut body is allowed to cool it begins
to solidify (according to Kraut's statement)
at from 118" to 118.5° centigrade while a
melted test portion of my product solidifies at
about 70° centigrade. The melting-points of
the two compounds cannot be compared be-

cause Kraut does not give the melting-point of
his compound. It follows from those details that
the two compounds are absolutely different.

In producing my new compound I can
proceed as follows, (without limiting myself lo
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
at about 150° centigrade in a vessel provided
with a reflex condenser. Thus a clear liquid is
obtained, from which on cooling a crystalline
mass 1s separated, which is the acetyl salicylic
acid. It 15 freed from the acetic anhydnde by
pressing and then recrystallized from dry
chloroform. The acid is thus obtained in the
shape of glittering white needles melting at
about 135°centigrade, which are easily soluble in
benzene, alcohol, glacial acetic acid, and
chloroform, but difficultly soluble in cold water.
It has the formula

_OCOCH,
CHAN coon

and exhibits therapeutical properties.
Having now described my invention and in what
manner the same is to be performed, what I
claim as new, and desire to secure by Letters
Patent, is—

As a new article of manufacture the acetyl
salicylic acid having the formula:

_0.COCH,
e coon

being when crystallized from dry chloroform in
the shape of white glittering needles, easily
soluble 1n benzene, alcohol and glacial acetic
acid, difficultly soluble in cold water being split
by hot water into acetic acid and salicylic acid,
melting at about 135° centigrade substantially as
herein before described.

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

FELIX HOFFMANN.
Wilnesses:
R. E. JAHN,
OTTO KONIG.

Figure 1.1.2-3 The US acetylsalicylic acid patent from February 27, 1900. (With kind permission from Bayer HealthCare.)

13



14

1 General Aspects

In 1859, Hugo von Gilm, a pharmacist from
Innsbruck (Austria), reported on the synthesis
of acetylsalicylic acid [20] as did Karl Kraut and
his group from Hannover (Prussia) 10 years
later [17]. Kraut and his coworkers Schroder
and Prinzhorn were also the first to assign the
correct structure with the acetyl moiety connected
to the phenolic oxygen to the compound. How-
ever, these preparations were still impure and
contained significant amounts of salicylic acid,
as seen from the positive red “Gerhardt-reaction”
of salicylate with ferric chloride (Section 2.1.1). In
addition, it exhibited physicochemical properties
different from acetylsalicylic acid [19,23] (see also
comments of Hoffmann in his patent application)
(Figure 1.1.2-3). Nevertheless, it was the publica-
tion of Kraut that was the reason for decline of
patent protection of the Hoffmann synthesis by
the German Patent Authorities [21].

Acetylsalicylic Acid: Organic Chemistry versus Phar-
macology In contrast to the natural product
salicylic acid, acetylsalicylic acid could be made
only by organic chemistry — although Karl Kraut
started his experiments for its synthesis with
gaultheria oil as a natural salicylate (salicin)
source. During the following 30 vyears, there
were no further attempts to improve the syn-
thetic procedure, although significant progress
was made in organic and pharmaceutical chem-
istry at this time. According to an organic chem-
ist, acetylsalicylic acid was of no particular
interest, but solely made to confirm the feasibility
of its synthesis. There were also no ideas or
concepts about any possible practical application,
including its use as a therapeutic. Thus, acety-
lated salicylic acid probably would have suffered
the fate of several hundreds of chemicals before
and many thousands thereafter — a product of
chemical synthesis, principally easy to make but
more difficult in pure and chemically stable form
and without any practical value.

Hoffmann and Eichengriin, in contrast, have
had combined the available medical knowledge
about curative properties of a product from

nature with the contemporary organic chemistry
with a clear intention to make a new and better
therapeutic out of it. These studies would not
have been possible without the substantial and
continuous support of Carl Duisberg, the then
Head of Bayer research. Duisberg later became
Chief Executive and Director General at Bayer.
His numerous and outstanding efforts inside and
outside the Bayer company gained considerable
and consistent recognition, in both Germany and
abroad [4]. In an obituary in 1935, the London
Times noted: . . . “his country loses a man who,
all things considered, . . . may be regarded as the
greatest industrialist the world has yet had . . . .”
Therefore, the company had good reason to duly
celebrate the 100th anniversary of “his” com-
pound that in the meantime had become the
most popular drug in the world [13].

In the context of priorities in science, an interesting
comparison between the discovery of aspirin and the
discovery of prostacyclin can be made - both also tightly
connected with the name of John Vane. Its chemical
structure as well as a suggested (later confirmed) enzy-
matic synthetic pathway was originally described in 1971
by Pace-Asciak & Wolfe. These authors considered the
(labile) product as just another prostaglandin - in addi-
tion to the dozens of already known compounds. The
authors assumed that it was possibly overlooked by
earlier investigators because of its low biological activity,
tested at the 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 [22].

A completely different approach was followed by the
group of John Vane. Their work on prostacyclin started
with the discovery of a biological effect - inhibition of
platelet aggregation — by an enzymatic product made
from prostaglandin endoperoxides by artery walls [23].
This prostaglandin, originally named as PGX, differed in
its biological property from all other known prostaglan-
dins. PGX was later identified as the already known
enzymatic product of prostaglandin endoperoxides,
described by Pace-Asciak & Wolfe, and was renamed
prostacyclin (PGl).

Despite the originality and merits of Pace-Asciak &
Wolfe regarding the detection and original description of
biosynthetic pathways of natural prostacyclin and its
suggested chemical structure, the medical history of



prostacyclin starts with the work of Vane’s group who
were the first to discover the biological significance of
prostacyclin in control of hemostasis.

1.1.2.2 Introduction of Acetylsalicylic Acid into the

Clinics

The First Clinical Trials Kurt Witthauer [24], the
then Senior physician in the (still existent!) city
hospital (Diakonie Krankenhaus) in Halle/Saale
(Germany), and Julius Wolgemuth [25] from Ber-
lin published the first clinical investigations on
aspirin in 1899. In his publication, Witthauer first
outlined the pharmacological advantages of aspi-
rin over salicylate, that is, its chemical stability in
the acidic stomach juice while cleavage of (the
active) salicylate only occurs in the alkaline intes-
tinal fluid. Because of this, he would expect a better
gastric tolerance of the new compound. Then, he
reported on treatment results in about 50 patients
suffering from a variety of inflammatory, mostly
rheumatic, diseases. They received 4—5 g of aspirin
daily obviously without any complaints. Witthauer
started his account as follows:

... Nowadays, certain courage is necessary to recom-
mend 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 in mind. Many drugs
appear, are praised and recommended by the companies
and certain authors but after a short time have disap-
peared without any further comment . . .

The author also did not forget to instruct his
readers that he did this study with “no little
distrust.” Regarding the results, he commented:

... the treatment result was at least as good as that of
natron [salicylate], sometimes [aspirin] was even effective
when natron failed . . .

and added that

.. . the patients were unsatisfied, if it became necessary
to interrupt the aspirin treatment because of an insuffi-
cient supply . . .

1.1 History

Witthauer concluded:

... According to my positive results, the company is
now prepared - after waiting for quite a time — to
introduce the new compound on the market. | sincerely
hope that the difficult technology to make it will not
cause a too high price, to allow the broad general use of
this — as far as | believe - valuable new drug [24].

Aspirin as a Household Remedy against Fever,
Inflammation, and Pain  Soon after the introduc-
tion of acetylsalicylic acid into medical use under
the brand name “aspirin,” the new drug became a
most popular remedy against fever, inflamma-
tion, and pain. A local German newspaper (Ko!/-
ner Stadtanzeiger) in the Leverkusen area
published the following advice for treatment 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 follow these
instructions you will recover within a few days, in most
cases . . .

This citation is remarkable for several reasons:
During the past 25 years of practical use, aspirin
had become a drug whose name was well known
not only to health professionals but also to the
general public — and accepted without reserva-
tion by both. Certainly, the limited availability of
antipyretic analgesics other than aspirin will have
significantly contributed to this. The compound
was recommended — and accepted — by both the
lay press and the doctors — as a general “house-
hold remedy” for treatment of pain, fever, inflam-
mation, and other kinds of “feeling bad,” although
very little if anything at all was known about the
pharmacological mechanism of action behind
these multiple activities (Section 1.1.3). Thus,
in public opinion, a reliable medical effect for
the user was considered much more important
than an occasional dyspepsia or even the phar-
macological reason for these effects. It took about
half a century of intense practical use that the
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first reports on clinically relevant (postoperative)
bleeding were published (Section 1.1.4). How-
ever, at the time, an enhanced (gastro)intestinal
blood loss and minor bleedings were already
known as a typical side effect of salicylates. At
daily doses of 1-3 g, about half of aspirin-treated
patients were reported to have an estimated
daily loss of 2—6 ml occult blood with the feces.
Over 1 month, this amount was comparable to

Summary

The unlimited availability of entirely synthetic
salicylic acid as a result of marked progress in
organic chemistry in the late nineteenth century
and the positive results with the compound in
daily practice, including its medical use as an
anti-inflammatory analgesic, eventually stimu-
lated interest in chemical modifications. For
medical use, the major aim was to improve
the taste and (gastric) tolerance.

In this respect, the first successful synthesis of
a pure, stable acetylated salicylic acid (aspirin)
was performed by Felix Hoffmann in the group
of Arthur Eichengriin at Bayer in Elberfeld in
1897. This research and further drug develop-
ment were substantially supported by Carl Duis-
berg, the then Head of the research at Bayer, and

References

1 Hangarter, W. (Hrsg.) (1974) Herkommen,
Geschichte, Anwendung und weitere
Entwicklung der Salizylsdure, in Die Salizylsdure
und ihre Abkémmlinge, Schattauer, Stuttgart,
pp. 3—11.

2 Gordonoff, T. (1965) Zur Geschichte der Antipyrese.
Wiener Med. Wochenschr., 115, 45-46.

3 Gross, M. and Greenberg, L.A. (1948) The Salicylates:
A Critical Bibliographic Review, Hillhouse Press, New
Haven, CT.

4 Flechtner, H.-J. (1959) Carl Duisberg — vom Chemiker
zum Wirtschaftsfiihrer, Econ Verlag GmbH,
Disseldorf.

the blood loss during menstruation (50—100 ml)
(Section 3.2.1) [26]. In addition, bloodletting was
a frequently used therapeutic measure. Thus,
bleeding was not considered a serious clinical
problem by the vast majority of patients, partic-
ularly by those taking aspirin only once a day or
occasionally in a few days to treat headache, flu,
or other feverish discomfort.

resulted in a commercial preparation of an
acetylsalicylic acid as tablet (Aspirin®) that
was essentially free of unreacted salicylate and
became the first industrial drug in tablet form
worldwide.

After enthusiastic first reports about the clini-
cal efficacy and tolerability — as opposed to sali-
cylic acid — Aspirin® was launched in 1899 and
rapidly became a well-known and well-accepted
household remedy for treatment of fever, pain,
inflammation, and other manifestations of “feel-
ing bad.” Side effects, except occasional gastric
dyspepsia (nausea, vomiting), were rare at the
time in the conventional short-term use, despite
the rather high doses taken. Even the enhanced,
about doubled, occult blood loss with the feces
appeared not to be a serious problem except the
very rare severe gastrointestinal bleedings.

wv

Stadlinger, H. (1947) Arthur Eichengriin 80 Jahre. Die

Pharmazie, 2, 382—384.

6 Eichengriin, A. (1949) 50 Jahre aspirin. Die

Pharmazie, 4, 582—584.

Dreser, H. (1899) Pharmakologisches tiber Aspirin

(Acetylsalizylsaure). Pfliig. Arch. Eur. J. Phy., 76,

306-318.

8 McTavish, J.R. (1987) Aspirin in Germany: the
pharmaceutical industry and the pharmaceutical
profession. Pharm. Hist., 29 (3), 103-115.

9 Busche, J. (2014) When Aspirin became American

[Als Aspirin amerikanisch wurde]. Magazin Heinrich-

Heine Univ. Diisseldorf, 3 (4), 20-21.

~N



10

1

-y

12

13

14

15

16
17

18

Mueller, R.L. and Scheidt, S. (1994) History of
drugs for thrombotic disease: discovery,
development, and directions for the future.
Circulation, 89 (1), 432—-449.

Jack, D.B. (1997) One hundred years of aspirin.
Lancet, 350, 437-439.

Starko, K.M. (2009) Salicylates and pandemic influenza
mortality, 1918-1919 pharmacology, pathology, and
historic evidence. Clin. Infect. Dis., 49 (9), 1405-1410.
Sneader, W. (2000) The discovery of aspirin: a
reappraisal. BMJ, 321 (7276), 1591-1594.

Wood, P.H.N. (1962) A milestone in the amelioration
of pain: the man who invented Aspirin. Medical News,
November 9.

Gerhardt, C.F. (1855) Lehrbuch der Organischen Chemie.
Deutsche Originalausgabe unter Mitwirkung von Prof.
Dr. Rudolf Wagner, Verlag Otto Wigand, Leipzig, p. 350.
Collier, H.O.J. (1963) Aspirin. Sci. Am., 169, 1-10.
Kraut, K. (1869) Ueber Salicylverbindungen.
Mittheilungen aus dem Laboratorium der
polytechnischen Schule zu Hannover. Ann. Chemie
Pharmac, 150, 1-20.

Schlenk, O. (1947) Die salizylsdure, in
Arzneimittelforschungen 3, Verlag Dr. Werner
Saenger, Berlin.

19

20

21

22

23

24

25

26

1.1 History

Schlenk, O. (1947) Die Salizylsdure, In
Arzneimittelforschungen 3, Verlag Dr. Werner
Saenger, Berlin.

v. Gilm, H.A.d.P.-u.S. (1859) Acetylderivate der
Phloretin- und Salicylséure. Liebigs Ann. Chem.
Pharm., 112, 180-182.

Schlenk, O. (1950) Bemerkung zur Arbeit “50 Jahre
Aspirin” von Dr. Arthur Eichengriin, Pharmazie 4, 582
(1949). Pharmazie, 5, 245.

Pace-Asciak, C. and Wolfe, L.S. (1971) A novel
prostaglandin derivative formed from arachidonic
acid by rat stomach homogenates. Biochemistry,

10 (20), 3657-3664.

Moncada, S. et al. (1976) An enzyme isolated from
arteries transforms prostaglandin endoperoxides to an
unstable substance that inhibits platelet aggregation.
Nature, 263 (5579), 663—665.

Witthauer, K. (1899) Aspirin, ein neues
Salicylpraparat. Heilkunde, 3, 396—398.
Wolgemuth, J. (1899) Uber Aspirin
(Acetylsalicylsaure). Ther Monatshefte, 13,
276-278.

Smith, M.J.H. and Smith, P.K. (eds.) (1966) “The
Salicylates”: A Critical Bibliographic Review, John
Wiley & Sons, Inc., New York, p. 1-313.

17



18

1 General Aspects

1.1.3
Search for Pharmacological Modes of Action

In the monograph The Salicylates, Smith and
Smith wrote: “The successful use of a drug in
medicine is not precluded by a lack of knowledge
about its mode of action . . . salicylates could be
used as one of the better illustrations of [this]
dictum . . .” [1]. This statement is further under-
lined by the fact that most drugs act at more than
one site in a living organism. Thus, the molecular
targets for salicylates might be similar or even the
same at the cellular level but the consequences of
an interaction with them may be quite different at
the tissue and organ levels, respectively. In addi-
tion, aspirin is a unique compound, bearing two
biologically active components in one and the
same molecule: the reactive acetyl group and
salicylic acid as the primary metabolite. As out-
lined in detail in Section 1.2, both components are
completely different with respect to their targets,
mode of action, and pharmacokinetic behavior.

In this chapter, the focus is on the three most
historically important discoveries regarding the
mode of action of aspirin: its effects on cellular
energy metabolism as the first suggested — and
confirmed — pharmacological mode of action of
salicylates, the detection of inhibition of prostaglan-
din biosynthesis as the first pharmacodynamic
action of aspirin with a relative specificity for aspirin
over salicylate, and the interactions of aspirin with
COX-2 at the transcriptional, translational, and
posttranslational levels, including the generation
of anti-inflammatory and inflammation-resolving
compounds, such as the “aspirin-triggered” lipoxins.
1.1.3.1 Salicylates and Energy Metabolism of the
Cell

Uncoupling of Oxidative Phosphorylation The first
reports on basic pharmacology of aspirin and
salicylates were published in the 1950s. One key
finding was the detection of an interaction of
salicylates with the energy metabolism of cells,
thatis, an increase in oxygen uptake subsequent to

uncoupling of oxidative phosphorylation [2]. This
effect, associated with marked depletion of cellular
ATP levels and subsequent inhibition of {3-oxida-
tion of fatty acids (Section 2.2.3), was seen at (low)
millimolar concentrations of salicylates. These
concentrations could be obtained by the intake
of about 2—4 g aspirin per day, which was the
conventional anti-inflammatory dose at the
time. The uncoupling of energy due to energy-
consuming processes clinically resulted in sweat-
ing and hyperventilation followed by metabolic
acidosis in salicylate poisoning (Section 3.1.1). All
of these actions are due to the salicylate metabolite
of aspirin and, for the most part, can sufficiently be
explained by the particular physicochemical prop-
erties of the compound [3-5] (Section 2.2.3).

ATP Depletion and Kinase Inhibition Exhaustion
in ATP levels, that is, depletion of cellular energy
stores, is a very fundamental event with consider-
able consequences for all energy-dependent func-
tions of the cell. This includes cell proliferation,
maintenance of the structure of the cytoskeleton,
and, finally, cell survival. Biochemically, ATP
depletion will inhibit or even completely prevent
every kinase activation, that is, the phosphorylation
of target enzymes and transcription factors, inti-
mately involved in cell signaling and protein syn-
thesis [6]. It is, however, difficult to understand
how this rather nonselective mechanism can be
selectively modified to restore the body homeosta-
sis in pathologic conditions.

Thus, the explanation of the multiple pharmaco-
logical actions of aspirin by one ubiquitous mecha-
nism — impaired energy metabolism by inhibition
of oxidative phosphorylation — was an attractive
and convincing concept at the time. Today it is
considered to be primarily of toxicological interest
because of the high concentrations required. There
were clear pharmacological effects of aspirin on
pain and inflammation at substantially lower doses,
which did not disturb the cellular energy metabo-
lism. In addition, it did not answer the question why
aspirin — and other salicylates — preferably acted on
inflamed or otherwise injured tissue but had no



clear-cut effects on healthy tissues. In addition,
inhibition of oxidative phosphorylation by another
well-known uncoupling agent, 2,4-dinitrophenol
(DNP), had no anti-inflammatory action [7].
Thus, there was a clear need for a unique molecular
target to explain the specific pharmacological
effects of aspirin in inflammation and pain.

1.1.3.2 Aspirin and Prostaglandin Formation

Arachidonic Acid and Bradykinin Induce Pain and
Smooth Muscle Contractions That Can Be Prevented
with Aspirin A new and finally successful search
for a more specific, that is, inflammation-related,
mode of action of aspirin began with studies
about pathomechanism, mediators, and symp-
toms of inflammation, specifically inflammatory
pain as one of the most disturbing events. In
1959, it was shown by R. Jaques from the CIBA
company in Basel (Switzerland) that pricking of
diluted emulsions of low-dose arachidonic acid
into the volar face of the human forearm caused
pain, starting after a latency period of 15-20s.
This pain lasted for several minutes and was
followed by a long-lasting (15—30 min) erythema
without itching. In vitro experiments additionally
showed that arachidonic acid at low concentra-
tions (0.1 pg/ml) contracted the guinea pig ileum.
Contractions again started after a latency period
of 10-15s and reached a peak after 45-90s. They
could be blocked by pretreatment with several
agents, including analgesics such as aspirin
(25 pg/ml), while salicylic acid, atropine, or
mepyramine were inactive. This indicated that
the contractions were not mediated by acetylcho-
line or histamine but, probably, by another chem-
ical mediator.

From these and other data Jaques concluded
that

Arachidonic acid . . . which is a constituent of body lipids
or a substance with similar pharmacological character-
istics . . . present in a preactive form might be set free by
some enzyme system . . . and among other things cause
pain [8].

1.1 History

In 1969, another remarkable finding was pub-
lished by Piper & Vane [9]. These authors showed
that stimulation of isolated guinea-pig lung by
bradykinin but not histamine caused release of
“rabbit aorta contracting substance” (RCS) — later
identified as a mix of prostaglandin endoperoxides
and thromboxane - which was blocked by aspirin.
Taken together, these findings suggested that
aspirin prevented the generation rather than the
action of hitherto unknown mediator(s) of pain
and smooth muscle contraction. Similar findings
were obtained in man after intra-arterial injection
of bradykinin, a well-known pain producer, and it
was additionally shown that its algesic effects
could also be antagonized by aspirin [10]. How-
ever, the mode of algesic action of arachidonate
and bradykinin as well as the analgesic action of
aspirin remained unknown.

Inhibition of Prostaglandin Synthesis by Aspirin In
1971, the journal Nature published three papers of
the group of John R. Vane (Figure 1.1.3-1), the then

Figure 1.1.3-1 Sir John R. Vane (from http://www.
nobelprize.org/nobel_prizes/medicine/laureates/1982/
vane-facts.html).
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Professor of Pharmacology at the Royal College of
Surgeons of England. In his pioneering article,
Vane demonstrated for the first time a new
mode of action of aspirin that was able to explain
its anti-inflammatory and antipyretic actions by
one single pharmacological mechanism: inhibition
of (enhanced) biosynthesis of prostaglandins, a
group of proinflammatory pain mediators [11].

In his pioneering paper on aspirin and prostaglandins,
the later Sir John Vane showed by as simple as elegant
bioassay experiments that aspirin like indomethacin -
and the somewhat less potent salicylate - inhibited
prostaglandin formation in cell-free tissue homogenates
of the guinea pig lung after addition of the natural
precursor arachidonic acid - imitating endogenous ara-
chidonic acid release after tissue injury (Figure 1.1.3-2).
Vane suggested that the inhibition could be brought
about by competition of these (acid) drugs with arachi-
donic acid for the active site of the prostaglandin-gener-
ating enzyme(s). He postulated that this mechanism
accounts for the antipyretic and anti-inflammatory
actions of salicylates but also their gastrointestinal symp-
toms by removal of a protective prostaglandin from the
stomach mucosa. He, however, did not postulate that
this was the explanation for all effects of anti-inflamma-
tory drugs of the salicylate or indomethacin type. Specifi-
cally, he found no link between a peripheral analgesic
action of these compounds and inhibition of prostaglan-
din synthesis.

These findings of John Vane and the discovery
of prostacyclin 5 years later were honored by the
Nobel Prize for Medicine awarded to him in
1982.
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Figure 1.1.3-2 First description of inhibition of
prostaglandin biosynthesis by aspirin and salicylate and
the reference compound indomethacin. Note the dose
dependency of the reaction with about 50% inhibition at
<10 pg/ml (<60 uM) aspirin. (Modified after Ref. [11].)

A separate paper, published by Bryan Smith
and Al Willis from the same laboratory on the
following pages of the same issue of the journal,
showed that a similar mechanism was also likely
to work in human platelets. In this study, aspirin
treatment of platelets in vitro or ex vivo nearly
abolished thrombin-induced prostaglandin for-
mation, although it did not affect the thrombin-
induced “release reaction” of platelet-stored
serotonin [12].

Prostaglandins and Other Eicosanoids Prostaglan-
dins, thromboxane A,, leukotrienes, and lipoxins
are members of a group of natural lipid mediators
that are all peroxidation products of arachidonic
acid (5,8,11,14-all-cis eicosatetraenoic acid).
Because of this, they all have a 20-carbon back-
bone and are summarized as “eicosanoids”
(Greek: eikos =20). Today, more than 150 eico-
sanoids are known and have been structurally
identified. Arachidonic acid, the precursor fatty
acid, is an essential constituent of the cell mem-
brane phospholipids and is released from them
by phospholipases. Prostaglandin synthesis starts
with the availability of free arachidonic acid that
occurs in close proximity to the metabolizing
enzymes without requiring entry into the cytosol
or the extracellular space.

The first oxidation step of arachidonic acid to
generate prostaglandins is catalyzed by cycloox-
ygenases (COX). There are two isoforms of this
enzyme — the constitutively expressed isoform
COX-1 that is present in about every cell and
tissue of the organism, and the inducible isoform
COX-2, an “immediate early gene” that becomes
upregulated in response to all kinds of stimuli,
most notably humoral, immunological and
inflammatory factors, and then accounts for
the majority of prostaglandin formation. The
primary oxidation products of both enzymes —
the prostaglandin endoperoxides — are then con-
verted to the terminal products of this pathway,
that is, prostaglandins and thromboxane A,, by
different isomerases and synthases in a cell-spe-
cific manner. The local eicosanoid level is solely



controlled by biosynthesis. The active products
are not stored but released upon stimulation, act
on their cellular target via specific receptors, and
are afterward rapidly degraded to inactive prod-
ucts by specific enzymes.

Prostaglandins exert their multiple actions via specific G-
protein-coupled receptors, located at the cell surface.
About 10 currently known prostaglandin receptors deter-
mine direction and intensity of the biological response
that is highly organ and tissue specific. Prostaglandins
act as local autocrine or paracrine mediators that dis-
patch signals between cells [13]. Though prostaglandins
can be formed in and act on probably all cells of the
body, they are not essential for critical cell functions, such
as energy metabolism or maintenance of the cell cyto-
skeleton, but rather act as modulators of cell functions.

In a living organism, the cellular prostaglandin syn-
thesis can be markedly increased in response to disturbed
homoiostasis (injury) or humoral activation (sexual ste-
roids, angiotensin) in order to locally adapt cell functions
to changes in the environmental conditions. This
increased prostaglandin synthesis “on demand” reflects
a cell-specific response. Examples of physiological stimuli
are hemostasis and pregnancy, whereas the increased
prostaglandin  production in inflammation,immune
reactions, atherosclerosis, and tumorigenesis 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 functioning cell-based
adaptation or defense mechanisms. Consequently,
in functional terms, pharmacological interaction
(inhibition) with prostaglandin formation may be
either positive or negative. Functional disorders
may arise when prostaglandins become critical
factors for control of cell and organ function,
respectively. However, in most cases, their removal
is not associated with any measurable alterations at
the organ level as long as other mediator systems
can sufficiently compensate for it.

Inhibition of Cyclooxygenases Cyclooxygenases
(COX) are the primary target of aspirin in the
prostaglandin system. Aspirin blocks the bio-
synthesis of prostaglandins and thromboxane A,
at the level of prostaglandin endoperoxide

1.1 History

synthase (PGHS) or cyclooxygenase(s) (COX) by
irreversible acetylation of a critical serine in the
substrate channel of the enzyme (Section 2.2.1).
This limits the access of substrate (arachidonic acid)
to the catalytic active site within the substrate
channel of the enzyme [14]. In 1975, the group of
Philip Majerus detected the irreversible acetylation
of the (platelet) cyclooxygenase (COX-1) by aspirin
at serinesszq as the molecular site of action of aspirin,
which is also the reason for inhibition of cyclo-
oxygenase reactions in human platelets [15,16]. The
group of Garret FitzGerald [17] confirmed this
finding for the cloned enzyme from human plate-
lets, while William Smith and coworkers described
the molecular reaction kinetics [14]. These and
other major contributions to the issue were
acknowledged with the Aspirin Senior Award to
William Smith in 1997. The molecular interaction
of aspirin with COX-1 was further elucidated after
the crystal structure of the enzyme became eluci-
dated by Michael Garavito and coworkers. The
contribution of Patrick Loll of his group to this
work was acknowledged with the Young Research-
ers’ Aspirin Award [18].

The detection of inhibition of prostaglandin syn-
thesis was the first plausible explanation for the
multiple pharmacological actions of aspirin in
inflammation, pain, fever, and hemostasis via one
ubiquitous class of endogenous mediators, prosta-
glandins and thromboxanes. With increasing
knowledge of the complex nature of these reactions,
specifically after detection of the multiple interac-
tions of prostaglandins with other mediator sys-
tems, details of these findings are now interpreted in
a different way. This is particularly valid for the
numerous and complex effects of aspirin and salic-
ylate on gene transcription (see below) [19].

1.1.3.3 Aspirin and COX-2

Acetylation of COX-2 by Aspirin  Both COX-1 and
COX-2 isoforms are molecular targets for aspirin
and both become acetylated by aspirin at the same
serine site inside the fatty acid substrate channel
(serineszy in COX-1 but serines;, in COX-2
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because of the missing 18 amino acids) (for details,
see Section 2.2.1). However, the consequences of
this serine acetylation are different. The inhibition
of the constitutive COX-1 in platelets and other
cells is a posttranslational and irreversible acetyla-
tion response, which cannot be obtained with salic-
ylate. In contrast, the consequences of acetylation of
COX-2 by aspirin are more complex. They mainly
result in conversion of the enzyme activity toward a
15-lipoxygenase. Moreover, the inhibition of pros-
taglandin production by COX-2 in vivo is probably
never really complete because of the inducibility of
enzyme protein by about any kind of stimuli and the
short turnover rate of the enzyme protein. Very
recently, the crystal structure of the acetylated
human COX-2 has been elucidated by Michael J.
Lucido and coworkers from Michael G. Malkowskis
group. Major findings were that the acetylated
serineszo in COX-2 completely blocks access of
substrate to the hydrophobic side pocket and
that salicylate binding is reflective of an enzyme—
inhibitor complex prior to acetylation [20]. COX-2
has also a much broader substrate specificity,
including arachidonylethanolamide (anandamide)
from which prostamides can be formed [1]. Inter-
estingly, acetylated COX-2 also generates entirely
new classes of lipid mediators, that is, 15-(R)-HETE,
a precursor of anti-inflammatory lipoxins. For more
details, see Section 2.2.1 (Figure 2.2.1-1).

Lipoxins The main effect of aspirin on COX-2 is
rather a modulation than (complete) an inhibi-
tion of enzyme activity, resulting in generation of
15-(R)-hydroxyeicosatetraenoic acid (15-(R)-
HETE). This fatty acid is substrate for subsequent
generation of “aspirin-triggered lipoxin” (ATL)
by interaction with the 5-lipoxygenase from
white cells (Sections 2.2.1 and 2.3.2). Lipoxins
and the related resolvins represent new classes of
anti-inflammatory mediators that are formed by
interaction of aspirin with COX-2 but not by any
other nonsteroidal anti-inflammatory agents.
Aspirin-triggered lipoxin (15-epi-LTA,) was
first described by Charles Serhan and his group.
The contributions of Joan Claria to this

work [22] were acknowledged with the Aspirin
Junior Award in 1996. More recent work by
Derek Gilroy and his group demonstrated that
aspirin even at low antiplatelet doses of 75 mg/
day stimulates the generation of anti-inflamma-
tory 15-epi-LTA, and inhibits white cell accu-
mulation in inflammatory skin exudates of men
at only minor reduction of PGE, levels [23] (Sec-
tion 2.3.2). This finding was the first to show an
anti-inflammatory effect of aspirin via modula-
tion rather than inhibition of COX-2, which was
possibly also related to the antiplatelet effect of
aspirin. This fundamental finding was acknowl-
edged with the Young Researchers’ Aspirin
Award in 2005.

Salicylates and Gene Transcription Kenneth K. Wi
(Figure 1.1.3-3) and his group were the first to
show that both aspirin and salicylate can interact
with the binding of transcription factors to the
promoter region of the COX-2 gene. In tissue
injury, transcription factors regulate gene expres-
sion levels after stimulation by inflammatory
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Figure 1.1.3-3 Kenneth K. Wu.



mediators in many cell types, including white cells
and endothelial cells [24,25]. Later work of this
group eventually identified salicylate-induced
phosphorylation of CCAAT/enhancer-binding
protein-p (C/EBP-p or NF/IL-6) as the critical
factor [19,26]. Thus, anti-inflammatory actions
of aspirin or salicylate may also involve inhibition
of transcription of the COX-2 gene, followed by
reduced production of enzyme protein. This
occurs in addition to translational and post-
translational modifications, that is, inhibition of
prostaglandin synthesis by inhibition of enzyme
activity. Interestingly, as also shown by this group,
control of gene transcription by aspirin and

Summary

In the 1950s, uncoupling of oxidative phospho-
rylation was described as the first cellular mode
of action of salicylates. These metabolic effects
required high local concentrations of the com-
pounds, frequently in the millimolar range, and
lacked specificity for inflamed or otherwise
injured tissue. They, however, did explain the
metabolic effects of high-dose salicylate (hyper-
ventilation, sweating, and metabolic acidosis) as
well as intoxication.

In 1971, Sir John Vane suggested for the first
time inhibition of prostaglandin synthesis by
aspirin as a uniform mode of its antipyretic
and anti-inflammatory actions. This finding
explained the clinical results in treatment of fever
and inflammatory pain. In molecular terms, this
was later explained by specific and irreversible
acetylation of a serine in the substrate channel of
platelet cyclooxygenase (COX), upstream to the
active site of the enzyme.
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1.1.4
Clinical Applications: A Piece of History

1.1.4.1 Anti-Inflammatory/Analgesic Actions

The disclosure of a causal relationship between
inhibition of prostaglandin synthesis and the
antipyretic and anti-inflammatory actions of
aspirin provided an attractive explanation for
its therapeutic efficacy in the treatment of
inflammatory and feverish diseases. It also stim-
ulated mechanism-based research for new anti-
inflammatory compounds. These compounds
were designed to block prostaglandin bio-
synthesis but should be more potent than aspirin
in order to allow lower dosing. Indomethacin
was the first of these so-called “aspirin-like
drugs” [1] and was already used as a reference
compound in the pioneering experiments of Sir
John Vane (Figure 1.1.3-2). Many others fol-
lowed. In 2009, there were more than 20 chem-
icals alone on the German market, which were
developed as reversible-type inhibitors of pros-
taglandin biosynthesis and were approved for
clinical use as antipyretic/anti-inflammatory
analgesics. This included more than 40 (!) brands
containing ibuprofen, 19 containing diclofenac,
and 4 containing indomethacin, most of them
available in different galenic formulations and
doses. On the other hand, there were 10 brands
containing acetylsalicylic acid as the only active
ingredient. Only one single agent has been devel-
oped but not yet introduced clinically: 2-(ace-
toxy-phenyl)hept-2-ynyl sulfide (APHS), which
mimicked the irreversible mode of COX-ser-
ine—acetylation of aspirin and exhibited signifi-
cant COX-2 selectivity [2,3]. Thus, the invention
of aspirin has markedly stimulated basic research
for new anti-inflammatory analgesics — and still
does — as evident from the detection of aspirin-
triggered lipoxins and resolvins. However, aspi-
rin has lost its outstanding position as a medicine
for treatment of chronic inflammatory diseases,
such as rheumatoid arthritis — the indication it
was originally introduced for into the clinics
(Section 4.2.2). In addition to its use in

1.1 History

cardiovascular prevention (see below) its, use
as a putative chemopreventive is steadily increas-
ing. According to a recent survey, regular intake
of aspirin has increased by 60% from 2005 to
2010, that is, to 43.6 million people alone in the
United States. In 2005, 25% of these individuals
took aspirin for prevention of colorectal cancer;
in 2010, these were 42%. This is a figure similar to
the percentage taking aspirin for cardiovascular
prevention [4].

Through the first 50 years of its practical use,
aspirin became a well-accepted and increasingly
used anti-inflammatory/antipyretic OTC analge-
sic worldwide (Figure 1.1.4-1). Today, the com-
pound in its numerous commercial and galenic
formulations still belongs to the most frequently
used antipyretic analgesics for self-medication of
headache, flu, and other acute inflammatory/pain-
ful conditions. According to a German registry
(MONICA registry), salicylates still keep a key
position (70-80%) in OTC drugs for these indica-
tions [5]. Actually, aspirin has to compete in these
indications with ibuprofen and the non-anti-
inflammatory acetaminophen, but it still does
very well [6]. Regarding the pharmacological
mode of action, there are distinct advantages
and disadvantages with either of these compounds
in OTC use, which are discussed in more detail in
the clinical Sections 4.1-4.3.
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Figure 1.1.4-1 Turnover rates for Bayer Aspirin from
1899 to 2005 (projected) in millions of DM (Deutsche
Mark). 1 DM is equivalent to €0.51 or about $0.7. (After
Ref. [5]).
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1.1.4.2 Antiplatelet/Antithrombotic Actions and
the Bleeding Tendency

Aspirin and Bleeding As mentioned earlier (Sec-
tion 1.1.2), bleedings were not considered a seri-
ous clinical problem by the vast majority of
individuals, who took aspirin only once or for
a few days to treat headache and symptoms of flu
or other feverish discomfort. The compound was
in clinical use for about half a century, when first
reports about bleedings as a possible clinical
problem were published. In 1945, Singer, an
ETN-physician, reported late bleedings after ton-
sillectomies. He attributed this to prescription of
aspirin for analgesic purposes. No bleedings of
this type were seen when aspirin was withdrawn
or replaced by the non-anti-inflammatory anal-
gesic metamizol (dipyrone) [7]. Prolonged bleed-
ing was also seen in cardiac patients who were
aspirin treated [8]. A relationship between aspirin
intake and bleeding was also suggested for other
minor surgeries, such as tooth extraction [9].

The first mechanistic concepts were devel-
oped by relating the bleeding tendency after
aspirin to thrombin and the coagulation sys-
tem [10]. Armand J. Quick and L. Clesceri [11]
were among the first to suggest a connection
between the two. They assumed that the bleed-
ing tendency after high-dose (6 g) aspirin might
be due to diminution of a stable procoagulatory
factor in plasma, probably prothrombin. In
1966, Quick also demonstrated that a prolonged
bleeding time ex vivo at lower doses was specific
for aspirin and was not seen with salicy-
late [11,12] (Figure 3.1.2-1). Interestingly, aspi-
rin did not prolong clotting time in vitro [13],
suggesting the existence of additional aspirin-
sensitive factors for prolongation of bleeding
time in vivo (Section 3.1.2)

Aspirin and Antiplatelet/Antithrombotic Effects In
1967/1968, several groups showed independent
of each other that within the clotting system,
platelets were the target of interest for aspirin and
that aspirin inhibited various aspects of platelet

function. H. Klaus Breddin showed that aspirin
treatment of patients with peripheral arterial
occlusive disease resulted in inhibition of platelet
aggregation and a prolongation of bleeding time
by nearly 2 min after intake of 500 mg [14].
Harvey ]J. Weiss found that only aspirin but not
salicylate inhibited ADP release and “secondary
platelet aggregation” and that this reaction was
irreversible during the platelet life span [13].
Later this group also showed that inhibition of
platelet function resulted in disturbed platelet
thrombus formation and thrombus adhesion to
the subendothelium [15]. The group of James F.
Mustard [16] further demonstrated that inhibi-
tion of platelet aggregation by aspirin was depen-
dent on the kind of platelet stimulation. Thus,
even a high dose of 1 mg/ml (!) aspirin did not
block high-dose thrombin-induced platelet
aggregation, but did so when low-dose thrombin
was used. This probably explains the missing
inhibition of platelet function by aspirin, later
reported by Smith and Willis [17]. Alternatively,
this might also suggest the requirement of addi-
tional platelet-stimulating factors, released or
generated from platelets by thrombin, such as
ADP - or thromboxane A, that was not known at
the time — for a full response. In addition, aspirin
did not inhibit ADP-induced primary platelet
aggregation, that is, contraction of the platelet
cytoskeleton, but only the ADP-induced secretion
response. This was confirmed by others after oral
administration of aspirin to man. In his study, John
R O’Brien found a “permanent” inhibition of
platelet function by aspirin at a “subclinical” single
dose of 150mg and strongly recommended a
clinical trial of the compound in patients at ele-
vated thrombotic risk to determine its therapeutic
potential. He also noted that this aspirin-induced
platelet “abnormality” could be corrected by addi-
tion of 10% untreated platelets [18].

Detection of a Mode of Action and the First Clinical
Trials  Philip W. Majerus and his group were the
first to show that aspirin irreversibly binds to a
particular protein fraction (COX) and acetylates



a specific serine (serinessg) inside the COX-chan-
nel [19,20]. He also initiated the first double-
blind, placebo-controlled clinical trial to study
antithrombotic effects of an antiplatelet dose
(160 mg/day) of aspirin in hemodialysis patients
at risk for thrombotic shunt occlusion [21] (Sec-
tion 4.1.1). Some details of the study design and
results were written down 25 years later by Dr.
Majerus and are still interesting to read:

... This study was done in 1978 when clinical trials were
much easier to carry out than it is today. Late one
afternoon, | looked into the St. Louis phone directory
for aspirin and found a company in town, Rexall, that
made aspirin tablets. | called after hours, and a man
answered the phone. | explained what | wanted: 100
bottles of 100 tablets containing 160 mg aspirin and the
same number of bottles of a matched placebo. The man
said he could make them without any problem and he
delivered them to my lab next morning at no charge. We
continued the study for 6 months by which time 18 of 25
patients in the placebo group had a thrombosis com-
pared to 6 of 19 of those given aspirin for a relative
reduction of 3-fold, a highly significant result . . . [22].

This first clinical trial was followed by others,
done independently by several groups at about
the same time. They provided the rationale for
inhibition of platelet function by aspirin as a
treatment option to prevent atherothrombotic
vessel occlusion, specifically myocardial infarc-
tion and ischemic stroke (Sections 4.1.1 and
4.1.2). However, other diseases with a pathology
in blood clotting also came into focus. This
included pregnancy-induced hypertension (pre-
eclampsia) (Section 4.1.5). The first description
of positive effects of aspirin came from Alex J.
Crandon and David M. Isherwood [23] and was
confirmed in a randomized trial by Michel Beau-
fils et al. 6 years later [24]. The early use of aspirin
in prevention of preeclampsia (pregnancy
induced hypertension) in high-risk pregnancies
is now a worldwide considered option by the
WHO [25], also because there are no real phar-
macological alternatives and aspirin belongs to
the very few agents with a very low, if any, drug-
related fetal toxicity (Section 4.1.5).

1.1 History

1.1.4.3 Aspirin and the History of Prevention of
Myocardial Infarction and Stroke

First Observations In 1948/1949, Paul C. Gibson
(London, UK) published the first reports on
successful use of aspirin for prevention of angina
pain and coronary thrombosis in patients, suffer-
ing from various thrombotic diseases. In 1949 he
published data based on a questionnaire, sent by
him to 20 doctors who treated cardiac patients.
The majority of them considered aspirin as being
of “undoubted value” in relieving and preventing
angina pain while none thought it was useless.
Gibson explained these beneficial effects by a
combination of coumarin-like and analgesic
effects of the compound. He recommended doses
of 1300mg (20 grains) every 4h for 10 days,
followed by 650 mg (10 grains) aspirin “as long
as desirable” for patients with myocardial
infarction [26].

The Craven Studies The first systematic investi-
gations on the significance of antithrombotic
effects of aspirin for prevention of myocardial
infarction and stroke were published by Law-
rence L. Craven (Figure 1.1.4-2), a suburban
General Practitioner from Glendale (Califor-
nia) [27]. His studies were initiated by the fact
that coumarin-type anticoagulants (dicumarol)
had already been very successfully used at the
time for prevention of coronary thrombosis, that
is, myocardial infarctions [28]. Though the clini-
cal efficacy of dicumarol was impressive, there
were several problems with its practical handling.
The percentage of time when patients were at the
desired therapeutic level was suboptimal and
either too short (low) (ineffective) or too long
(high) (bleeding). This was assumed to be due to
insufficient treatment control abilities by physi-
cians and laboratories and/or the patient’s com-
pliance rather than due to a failure of the drug to
act [29]. Salicylate had been previously identified
as an intermediate in the metabolism of couma-
rins in men [30]. This apparently explained the
anticoagulant action of aspirin and the absent
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Figure 1.1.4-2 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.
(Courtesy of University of Minnesota.)

effects of coumarins (dicumarol) on bleeding time
in vitro. Moreover, studies of the pharmacological
activity of various analogues of dicumarol had
revealed that only those compounds showed anti-
coagulant action in vivo that theoretically could
yield salicylic acid or a derivative thereof on meta-
bolic processing in vivo [31]. On this background,
Craven, similar to Gibson, assumed that aspirin
(salicylate) could be considered a less potent —
but better tolerated — substitute for dicumarol
and in 1948 started his systemic studies on aspirin
as a preventive of myocardial infarction. We now
know that there is no pharmacokinetic connection
between coumarins and aspirin at antiplatelet doses
(Section 2.3.1.4). Thus, the hypothesis of using
aspirin as a warfarin replacement (warfarin-light)
for prevention of myocardial infarction was wrong —
however, with marked clinical consequences.

Indeed, aspirin turned out to be very effective in
prevention of myocardial infarctions in these
studies.

Craven summarized the findings of his first
study as follows:

... during the past two years, | have advised all of my
male patients between the ages of 40 and 65 to take from
10-30 grains [650-1950 mg] 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. From past experience, | 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

. [32].

Craven continued these studies and reportedly
treated 1465 patients until 1953 — still without
having seen any unstable angina attack or myo-
cardial infarction. Meanwhile, he had reduced the
daily dose to 5 grains =325 mg or one tablet per
day — a dose still frequently used in cardiovascu-
lar prevention. Craven was aware of the uncon-
trolled nature of his studies including missing
untreated control patients and stated:

... in such a large number of subjects of this type most
likely to experience coronary episodes it is — to say the
least — remarkable that all remained healthy and active.
Such a finding is contrary to statistical expectations as
well as to the consistent experience of 36 years in general
practice . . . .

He concluded:

. .. will experimental and clinical research in its slow but
steady progress eventually test the observations here
presented? Only the future can tell whether they are
finally to be substantiated or refuted . . . [33]

In the following years, Craven increased the
number of patients to about 8000 — still without
having seen any myocardial infarction — and
recommended the drug also for prevention of
stroke [33,34]. The recommended daily dose was
now 5-10 grains = 325-650 mg = 1-2 tablets per



day. Unfortunately, he died himself in 1957, a
year after publication of his last study, at the age
of 74 years from a heart attack. It is not known
from his records of whether or not he has fol-
lowed his own advices to take 1 aspirin tablet per
day. One reason for not taking it could be that
according to his opinion, aspirin had a bad bene-
fit—risk profile at the age of over 70 years — he had
recommended the drug only for middle-aged
(40-65 years) men [35].

These studies of Craven were the first to sug-
gest beneficial effects of aspirin for prevention of
myocardial infarction and stroke. However, they
were also a stroke of luck for several reasons:
Thus, Craven treated exclusively males at an age
of increased risk for myocardial infarction who,
according to current knowledge, benefit most
from aspirin prophylaxis. He used a dose of
aspirin — 325mg=1 tablet per day — which
was very low in comparison to anti-inflammatory
doses used at the time for treatment of chronic
inflammatory diseases. Thus, not too many side
effects had to be expected, which was also good
for the compliance of his patients. Finally, he had
no problems with statistics because there were no
infarctions in any of the patients’ groups.

Consequences of the Craven Studies Unfortu-
nately, these exciting findings, including a
once-daily 325 mg aspirin tablet that had proven
to be effective, did not find due attention during
the following 20 years. This was possibly influ-
enced by the low impact factor of the journals
where these studies were published and the fact
that Craven himself died of heart attack. Until the
1970s, the pathology of myocardial infarction was
also unclear, that is, whether a coronary throm-
bosis was a cause or consequence of an infarction.
Peter C. Elwood, Archibald L. Cochrane and
colleagues published in 1974 the first random-
ized, placebo-controlled trial on aspirin (300 mg/
day) in 1239 men with recent myocardial infarc-
tion. They found a reduced mortality of 25% after
12 months, which, however, was not significant.
Consequently, the authors considered their
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results as being inconclusive [36]. Until 1988,
more than 15000 patients were studied in seven
placebo-controlled trials for secondary preven-
tion of myocardial infarction at the cost of many
millions of dollars. None of these studies was
significant on its own. Possible explanations from
today’s viewpoint are a poor study design, highly
variable aspirin doses (300-1500 mg/day), the
apparently largely if not totally absent control
of patients’ compliance over the months and
years of study duration, and a highly variable
time point at which aspirin treatment was started,
in one study (AMIS) up to 5 years (!) after the
acute event [37].

These negative results at first finished the
discussion on aspirin use for prevention of myo-
cardial infarction. In addition, infrequent though
severe side effects, such as GI or cerebral bleed-
ing, and a suggested although never really estab-
lished relationship with Reye’s syndrome
(Section 3.3.3) have tainted its reputation and
resulted in removal of aspirin from the list of
essential drugs by the WHO in 1988.

Aspirin Revival in Thrombosis Prevention Ironi-
cally, in the same year 1988, when the WHO
took action to remove aspirin from the list of
essential drugs, two large prospective, random-
ized, and placebo-controlled trials were pub-
lished that convincingly demonstrated a
cardioprotective action of regular low-dose
aspirin: one tablet (325 mg) every second day
or half a tablet, that is, 162 mg, daily — the US-
American Physicians’ Health study (US-PHS),
showing a 44% reduction in the occurrence of a
first myocardial infarction in a healthy popula-
tion [38], and the ISIS-2 trial, showing a 50%
reduction in reinfarctions and a 23% reduction
in mortality over 5 weeks in patients with acute
myocardial infarction [39] (Section 4.1.1).
Charles H. Hennekens, then at Harvard Medical
School (Boston), was a leading figure in both of
these keynote trials. As a consequence of ISIS-2
and supported by the publication of the first of a
series of meta-analyses by the Antiplatelet
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Trialists’ Collaboration on secondary preven-
tion of vascular diseases [40], aspirin became
the official guideline recommendation for
patients with acute coronary syndromes. It still

Summary

The discovery of a general mode of action of
aspirin — inhibition of prostaglandin bio-
synthesis — had considerable consequences for
its clinical use and resulted in the systematic
development of the new class of nonsteroidal
anti-inflammatory analgesics (NSAIDs) with the
common feature of inhibition of prostaglandin
biosynthesis. These have largely replaced aspirin
in symptomatic long-term treatment of chronic
inflammatory diseases like rheumatism, but not
as an OTC antipyretic analgesic. The compound
kept its unique position until today — although
now in competition with other non-opioid anal-
gesics, such as ibuprofen and the non-anti-
inflammatory acetaminophen (paracetamol).
In the mid-1960s, the first papers were pub-
lished showing prolongation of bleeding time
and inhibition of platelet function by aspirin.
These effects were irreversible, not seen with
other salicylates, and (later) explained by inhi-
bition of prostaglandin (thromboxane) bio-
synthesis. The extent of inhibition was
dependent on the platelet stimulus, involving
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1.1.5
Current Research Topics

Aspirin, its pharmacology, and clinical applica-
tions are still subject of intense basic and clinical
research. Over the last 10 years (2005-2014), the
publication rate of papers with the entry “aspirin”
alone in the scientific reference citation base
PubMed amounted constantly to 2500 and
more — every year. It will be interesting to see
the impact of new discoveries regarding the
pathophysiology of diseases, speicifically immu-
noloigical aspects of inflammation and, in partic-
ular new acetylation targets in the future.

1.1.5.1
Two areas of clinical research are currently of
particular interest for aspirin and both primarily
for its preventive, long-term use: cardiovascular
(primary) prevention and prevention of colorec-
tal cancer. Both will be discussed below in more
detail. Nevertheless, there are additional fields of
clinical aspirin research that are less well known,
although probably not less important. For exam-
ple, (early) aspirin medication becomes increas-
ingly of interest for prevention of preeclampsia in
women at enhanced risk. Reasons for this con-
sideration besides its efficacy and the lack of
pharmacological alternatives was the good toler-
ance and the apparent absence of any significant
toxicity to the fetus, even at the early start of
treatment [1]. The identification of biomarkers,
early defining women at elevated risk for the
disease, will further help to improve the bene-
fit—risk ratio. Another field of interest is neuro-
logical disorders, including cognitive deficits of
Alzheimer’s disease and their prevention by aspi-
rin, although the evidence is sparse until now [2].
Finally, anti-inflammatory actions of low-dose
aspirin are coming increasingly into focus, spe-
cifically the generation of aspirin-triggered lip-
oxin subsequent to acetylation of COX-2.
However, antiplatelet effects via COX-1 inhibi-
tion might also be involved. Recent data suggest
antiplatelet effects of aspirin as possibly

Clinical Research

important in early treatment of the “systemic
inflammatory response syndrome” (SIRS), sepsis,
and the respiratory distress syndrome [3-5] as
well as platelet-triggered immunomodulatory
actions of aspirin in HIV patients, which might
contribute to prevention of the elevated infarct
risk in these patients (Section 4.2.2) [6]. New
information in these exciting fields of research
will be expected in the near future [7].

Cardiovascular Prevention The available clinical
data on aspirin in primary prevention of cardio-
vascular events are still under debate, specifically
with respect to the benefit/risk (bleedings) ratio
during long-term prophylactic use. Currently, the
general opinion is that aspirin use for primary
prevention in subjects at low cardiovascular risk
(<1 event per year) is not justified (Level IIIB
Recommendation of the European Heart Associ-
ation, 2012). However, the benefit/risk ratio
improves with increasing risk factors, such as
hypertension, hypercholesterolemia, diabetes,
and others. Unfortunately, there are only very
few prospective randomized trials in medium-to-
moderate risk patients. The prospective, ran-
domized ARRIVE trial in patients at medium-
elevated cardiovascular risk (expected annual
event rate 2-3; no diabetics!) is underway and
will probably be finished in 2016. In addition, the
role of the platelet turnover rate as a variable for
aspirin efficacy has long been underestimated. It
has been assumed that “one aspirin a day” or even
each other day fits all cases that need aspirin
protection from thrombotic events. However, the
platelet turnover rate may be increased and their
survival shortened due to interactions between
atherosclerotic vessel walls and platelets [8]. This
might result in the appearance of significant
amounts of “unblocked” platelets in the circula-
tion at once-daily aspirin administration. As
already seen in the first studies on aspirin and
platelet function, about 10% untreated platelets
may be sufficient to correct the aspirin-induced
platelet “abnormalities” [9]. An increased platelet
turnover exists in diabetics. In this population,



available trials on aspirin prevention of myocar-
dial infarction and other vascular events (ETDRS,
POPADAD, JPAD) did not provide convincing
results (Section 4.1.1). One explanation for this
might be an increased platelet turnover rate in
these subjects [10-12]. The ASCEND and
ACCEPT-D trials are underway to study this
issue in more detail.

Colorectal Cancer First evidence for a chemopre-
ventive action of aspirin in colorectal cancer was
obtained in 1988 from the Melbourne Colorectal
Cancer Study — the same year when the first two
pioneering studies on primary (US-Physicians’
Health) and secondary (ISIS-2) cardiovascular
prevention appeared. Gabriel Kune et al. reported
a40% reduced risk of incident colon cancer among
regular aspirin users compared to those who did
notregularly take the drug. 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 signifi-
cant 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 cardiovas-
cular disease and may also be useful in a similar way in
the prevention of colorectal cancer and perhaps also of
other cancers [13].

These data were generated in a retrospective,
exploratory case—control study that also noted a
remarkable risk reduction in subjects using
NSAIDs other than aspirin. Similar findings
were also obtained in the Boston Collaborative
Study [14]. More recently, Peter M. Rothwell
et al. [15—17] have reinvestigated data from earlier
cardiovascular prevention trials with aspirin.
These studies have the advantage of a longer
observation period, currently about 20 years,
and a randomized design for the initial phase of
the cardiovascular study. These observational data
confirmed a time-dependently reduced incidence
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of colorectal cancer, which was comparable for
both men and women. Interestingly, aspirin also
reduced the risk of distal metastases of preexisting
carcinomas, and there was a long-term survival
benefit in some aspirin patients. This effect
appeared to be correlated with particular geno-
types and was due to nonvascular reasons but not
due to a reduced rate of vascular events. At the
same time, there was a marked and, again, time-
dependent reduction of bleedings, including a 50%
reduction in fatal cerebral bleeds. These exciting
findings are from observational trials and need to
be confirmed in prospective randomized studies
with colorectal tumors as a clinical endpoint.
Prospective randomized trials in primary and sec-
ondary prevention (Add-Aspirin-Trial; ASCOLT,
JCAPP) are underway. Closely related to these
studies is also the search for possible modes of
action of aspirin as well as the evaluation of
suitable biomarkers to identify those subgroups
of patients who benefit most. Interestingly, there
appears to be a clear benefit of aspirin after an
appropriately long duration of treatment, that is,
5-10 years or more, in gastrointestinal cancers but
possibly less in other carcinomas or malignan-
cies [18]. The US Preventive Services Task Force
has recently (September 2015) released a draft
recommendation for the use of aspirin as a colo-
rectal cancer preventive in selected groups of
adults. This might broaden the use of aspirin in
primary prevention (Section 4.3.1).

1.1.5.2 Basic Research

Aspirin “Resistance” One issue of interest in
basic research with a considerable clinical rele-
vance is the so-called aspirin “resistance,” that is,
a reduced antiplatelet effect of aspirin in certain
clinical conditions. It is now becoming increas-
ingly clear that an insufficient response to aspirin
in almost every case is not due to a pharmaco-
logical failure of the drug to act, that is, to
sufficiently block platelet COX-1, but rather
due to clinical conditions of the patient. In addi-
tion, there are interactions with other drugs.
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Negative impacts have been described in partic-
ular for several NSAIDs interacting with the
aspirin binding site in the COX-1 substrate chan-
nel. This has been shown for ibuprofen and
indomethacin, but also for dipyrone (metami-
zole), a non-anti-inflammatory analgesic [19].
All these compounds can markedly reduce the
antiplatelet effect of aspirin [20]. Another issue is
whether platelet function testing, that is, mea-
surement of platelet aggregate formation ex vivo,
provides sufficient information for the in vivo
situation of inhibition of platelet function [21]. In
this context, anti-inflammatory actions of aspirin,
either by inhibition of release of inflammatory
platelet-derived products or by interaction with
other cells (white cells, endothelium) come
increasingly into focus [22,23] and will not be
detected by conventional measurement of plate-
let aggregation ex vivo. Platelets are also consid-
ered an important part of the innate immune
system. Thus, platelets are multipurpose cells in
the interplay between hemostasis, thrombosis,
inflammation, and cancer and targeted inhibition
of platelet functions by aspirin might be of much
greater significance for processes beyond aggre-
gate formation than currently appreciated.

Aspirin and COX-2-Derived Products A particular
pharmacological property of aspirin that is not
shared with traditional NSAIDs or coxibs is the
acetylation of COX-2 with subsequent genera-
tion of 15-(R)-HETE and aspirin-triggered lip-
oxin, an anti-inflammatory and inflammation-
resolving mediator, by intercellular interactions
with other lipoxygenases. This may help to 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) [24] and the inhibition of white
cell recruitment to an inflamed site [25,26] (Sec-
tion 2.3.2). In addition, COX-2 has a broad
substrate specificity, also including neutral lipids
and endocannabinoids. Their generation and
action may also become modified after COX-2
acetylation by aspirin, but is insufficiently studied

yet. These activities might be relevant to all
clinical situations with an upregulated COX-2,
including acute and chronic inflammation,
tumorigenesis, and advanced atherosclerosis.

Acetylation of Further Molecular Targets by Aspir-
in Prostaglandins are the key mediators of inter-
est to understand the biological effects of aspirin
and COX inhibition by acetylation is the mode of
action of aspirin involved. However, these are not
the only cellular acetylation targets. For example,
the successful use of aspirin in treatment of head-
ache and migraine obviously involves actions on
other pain mediators, such as serotonin or endo-
cannabinoids (anandamide), that are poorly
understood yet. Another mediator system of inter-
est is endothelial nitric oxide, made by the endo-
theliall NO synthase. Aspirin  stimulates
endothelial NO formation by posttranslational
lysine acetylation of this enzyme [27], eventually
resulting in activation of heme oxygenase-1 and
improved endothelial protection. Recent proteo-
mic studies have identified >100 peptide/protein
sequences that become (irreversibly) acetylated by
aspirin in vitro [28,29]. The lowest aspirin concen-
trations for detectable protein acetylation were in
the range of 50-100puM [28]. Another recent
mapping site analysis has identified more than
500 potential aspirin-modified proteins with
high confidence, the majority of them being lysine
acetylated [30] (Figure 1.1-5-1). The biological
consequences of these (irreversible) acetylations
are still unknown but might help us to understand
long lasting effects of aspirin — the half-life for
human albumin amounts to 19 days! It can, there-
fore, not be excluded that regular low-dose daily
aspirin results in an accumulation of acetylated
structures, such as lysines, eventually also result-
ing in sufficient modification of protein functions
that require 100 pM or higher concentrations at
single application.

Aspirin Analogues Finally, the discovery of new
and real “aspirin-like” drugs, that is, drugs that
irreversibly acetylate molecular targets, is a
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Figure 1.1-5-1 Mapping sites of aspirin-induced acetylations in live cells by quantitative acid-cleavable activity-based

protein profiling (QA-ABPP). (Modified after Ref. [30]).

pharmacological challenge and, eventually, might
result in design and development of new class(es)
of anti-inflammatory, anticancer, and pain-
relieving drugs. One such aspirin analogue that
binds covalently and irreversibly to COX-2 (o-
[acetoxy-phenyl]hept-2-ynyl sulfide, APHS), is
already available [31]. It was found to be

equipotent to aspirin in stimulating endothelial
NO production iz vitro [32] and to have aspirin-
like antitumor effects in certain experimental
settings [33]. The recent elucidation of the crystal
structure of aspirin-acetylated COX-2 [34] will
certainly further stimulate the design and devel-
opment of new “aspirin-like” drugs

Table 1.1-1 The history of salicylates and acetylsalicylic acid.

Date Event

400 BC-100  Hippocrates recommends bark and leaves of the willow tree (salix alba) for medical use. This

AC recommendation is later compiled by Pliny and Dioscurides as popular medical knowledge of 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 identify 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 bark, is later sold by Ernst Merck as an antipyretic drug for half the prize of quinine

1839 Piria prepares salicylic acid from salicin and correctly determines the brutto formula C;HO3

1835-1843 New, rich sources of natural salicylates are detected, most notably wintergreen oil from the American

Evergreen (Gaultheria procumbens), containing about 99% methylsalicylate. This finding markedly
improves the availability of salicylates for practical use

(continued )
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Table 1.1-1

(Continued)

Date

Event

1859-1874

1875

1876

1897

1899

1899

Since 1899
1902

1945-1952

1949-1950

1950-1956

1967-1968

1969
1971

1971

1974

Hermann Kolbe synthesizes for the first time pure salicylic acid from the already known decomposition
products phenol and carbonic acid. His assistant Rudolf Wilhelm Schmitt and his student Friedrich von
Heyden improve the technology of synthesis. Von Heyden founded the first salicylic acid-producing
factory in Radebeul (near Dresden) in 1874. The plant rapidly produced tons of salicylic acid. This
provides unlimited amounts of the compound for medical use, and independence of natural sources
Ebstein and Miiller detect the blood sugar-lowering action of salicylates

Stricker introduces salicylate as an analgesic/antirheumatic drug at the Charité in Berlin. Shortly
thereafter, MacLagan, a Scottish physician, and Germain Sée, a Frenchman, from Strafiburg (Alsace)
also describe an antipyretic/analgesic activity of the compound

Felix Hoffmann, working in the pharmaceutical research group at Bayer laboratories in Elberfeld under
direction of Arthur Eichengriin, synthesizes for the first time acetylsalicylic acid as a chemically pure and
stable compound

Heinrich Dreser, 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 with the advantage of a better taste and less toxicity to the stomach. The first
clinical studies by Kurt Witthauer and Julius Wolgemuth are published the same year

Introduction of acetylsalicylic acid to the market for the treatment of fever and pain under the trade
name “Aspirin®”

Worldwide use of Aspirin as a household remedy for treatment of fever, pain, and inflammation

First description of a hypersensitivity reaction (dyspnea, urticaria, angioedema) to aspirin by G.
Hirschberg from Posen.

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
Gibson reports on the positive results with aspirin for treatment of angina pain according to a survey of
20 physicians. He ascribes this effect to a combination of analgesic and antithrombotic activities of
aspirin, the last being similar to coumarins from which salicylate is formed as a metabolic intermediate
Lawrence L. Craven, a General Practitioner from Glendale (California), publishes a series of studies
using aspirin as “coumarin-light” for prevention of myocardial infarction and stroke. According to the
data from his first study, daily administration of 650—1950 mg aspirin completely prevented myocardial
infarctions in 400 medium-aged male patients during an observation period of 2 years. In the following
years, he increases the number of patients up to about 8000 — reportedly without having seen any
myocardial infarction — and finally reduces the dose to one tablet (1 tablet = 5 grain = 325 mg aspirin)
per day, which is still a frequently used antiplatelet dose in the United States

Breddin, O’Brien, Zucker, Weiss, Mustard, and colleagues publish the first mechanistic studies on the
antiplatelet activity of aspirin. Daily doses of 150 mg are sufficient to inhibit platelet function over
several days. According to his data, O’Brien recommends a clinical trial with aspirin for thrombosis
prevention in patients at elevated vascular risk

The successful Apollo-11 mission to the moon has aspirin on board

Sir John Vane detects the inhibition of prostaglandin synthesis by aspirin (and salicylate) and considers
this as the mechanism of its anti-inflammatory and antipyretic action. This work and the later detection
of prostacyclin are acknowledged with the Nobel Prize for Medicine in 1982.

Brian Smith and Al Willis, both working in John Vane’s laboratory, detect the inhibition of
prostaglandin synthesis by aspirin in platelets. However, they do not see inhibition of (thrombin-
induced) platelet function (secretion) by aspirin

Peter C. Elwood, Archibald L. Cochrane and colleagues from Cardiff (Wales) publish the first
randomized placebo-controlled on aspirin (300 mg/day) in men with recent myocardial infarction. They
found a 25% reduced mortality after 1 year which, however, was not significant and consequently
considered the data “inconclusive”.
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(Continued)

Date

Event

1975

1975

1979

1979

1983

1988

1988-1989

1988

1988-1990

1991

1991

Andrzej Szczeklik and his group from Krakéw (Poland) detect that precipitation of attacks in
asthmatic patients by aspirin and related compounds is due to inhibition of prostaglandin
biosynthesis

Philip Majerus and Jerry Roth detect the irreversible acetylation of platelet cyclooxygenase by aspirin
and explain by this mechanism the inhibition of thromboxane formation and platelet function. Later
this laboratory identifies serine 539 as the molecular target of acetylation.

Philip Majerus and coworkers also publish the first double-blind, randomized, placebo-controlled clinical
trial on antithrombotic effects of an “antiplatelet dose” (160 mg/day) aspirin. Aspirin treatment reduces
shunt thrombosis in hemodialysis patients within an observation period of 1 month highly significantly

by 65%.

Crandon and Isherwood report that regular intake of aspirin in pregnancy reduces the risk of
preeclampsia. Beaufils confirms this finding in a randomized study with high-risk patients, published in
1985

Publication of the first placebo-controlled, randomized, double-blind trial (Veterans Administration
Study) on prophylactic use of aspirin (324 mg/day) in men with acute coronary syndromes by Lewis and
colleagues. The study shows a 50% reduction of the incidence of myocardial infarctions and death
within an observation period of 3 months

Publication of the first study on a relationship between aspirin intake and prevention of colon cancer by
Gabriel Kune and colleagues from Melbourne (Australia). 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 by many others in a large epidemiological and some randomized
clinical trials.

Publication of the first two prospective long-term trials on primary prevention of myocardial infarctions
in apparently healthy men in the United States (USPHS) and United Kingdom (BMDS), respectively.
The results are controversial. The placebo-controlled American study suggested a beneficial effect of
aspirin on the prevention of a first myocardial infarction, which was not seen in the open British trial.
Charles Hennekens receives the Aspirin Senior Award in 1999 for his significant contributions to the use
of aspirin for prevention of atherothrombotic events

The ISIS-2 trial, a prospective, placebo-controlled, randomized trial in patients with acute
myocardial infarction, demonstrates a 23% reduction in mortality by aspirin (162 mg/day) alone
and a 38% reduction in combination with streptokinase for an observation period of 5 weeks.
This study resulted in guideline recommendations of aspirin for secondary prevention of
myocardial infarction

William Smith, David De Witt, and colleagues demonstrate that the molecular mechanism of action of
aspirin is steric hindering of the access of 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 elucidating the molecular mechanism of
aspirin action

Publication of the first prospective, randomized, placebo-controlled study (SALT Trial) on low-dose
(75 mg/day) aspirin in patients with transient ischemic attacks (TIA). The number of strokes, TIA, and
myocardial infarctions is markedly reduced by aspirin, while the number of hemorrhagic cerebral
infarctions is increased. The benefit/risk ratio is clearly in favor of prevention

Kenneth K. Wu and his group show inhibition of cytokine-induced expression of cyclooxygenase-2 in
human endothelial cells by aspirin and salicylate but not by indomethacin. This suggests salicylate-
mediated inhibition of COX gene transcription. Later work of his group identifies inhibition of binding
of the C/EBPp transcription factor as (one) molecular mechanism of action

(continued )
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Table 1.1-1

(Continued)

Date

Event

1995

1995

2000

2005

2006

2011/2012

2014

2014

2015-

2015

2016

Patrick Loll, Daniel Picot, and R. Michael Garavito 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 work

Joan Claria and Charles Serhan detect the generation of aspirin-triggered lipoxin (ATL) by the interaction
of acetylated COX-2 with 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
The Oxford Group of Sir Richard Peto, Rory Collins, and Peter Sleight receives the Aspirin Senior Award
for their outstanding activities in developing and performing meta-analyses on studies with antiplatelet
agents. Data elaborated with this technology by the “Antiplatelet (antithrombotic) Trialists’
Collaboration” show an overall >20% risk reduction of new severe vascular events in secondary
prevention by regular aspirin, however with wide variations between different risk groups and a positive
benefit/risk ratio despite increased bleeding

Publication of the prospective, randomized, placebo-controlled Women’s Health Study (WHS). The
study demonstrates modest but significant protection from ischemic cerebral infarctions but not from
myocardial infarctions by aspirin (100 mg each second day) in apparently healthy women during a 10
year observation period.

The CHARISMA study compares low-dose aspirin (75-162 mg) alone and in combination with
clopidogrel (75 mg) for primary prevention of vascular events in high-risk populations. While the
combination is useful in secondary prevention, the comedication of clopidogrel with aspirin did not
reduce the vascular risk but significantly increased bleeding in subjects with risk factors but without a
preexisting event

Peter W. Rothwell and colleagues publish a series of articles (metaanalyses) on the
chemopreventive effect of aspirin in primary and secondary prevention of colorectal cancer.
Important data on long-term effects were generated from earlier trials on cardiovascular
prevention, which were reinvestigated after an about 15-20 year’s observation period. The three
main findings for aspirin were as follows: (i) a significant reduction in cancer mortality in both
primary and secondary prevention, which accounts for the long-term survival benefit in these
patients rather than cardiovascular prevention, (ii) the increased incidence of severe and/or life-
threatening bleeding becomes markedly (about 50%) reduced with time, and (iii) these beneficial
effects of aspirin are seen at antiplatelet doses of around 100 mg/day and appear not to become
stronger with increasing doses

Leslie A. Bateman and colleagues identify 112 new proteins that are irreversibly (lysine) acetylated by
aspirin, threshold aspirin concentrations are in the range of 50—100 pM. At least some of them might be
relevant to cell proliferation and energy metabolism

A new fast disintegrating oral aspirin formulation with a threefold higher peak plasma level of
unmetabolized aspirin and a more than twice as much faster onset of action is introduced to the
market.

Intense basic and clinical research tries to further identify cellular targets of aspirin to clarify aspirin’s
mode of chemopreventive action and to study the relevance of these findings in prospective,
randomized trials. In particular, focus is on biomarkers that could help identify individuals at elevated
risk for cancer and preeclampsia

The US Preventive Services Task Force (USPSTF) in a draft finds “adequate evidence” that aspirin use
reduces the incidence of colorectal cancer in certain groups of adults after 10 years of use

Michael ]. Lucido and coworkers from Michael G. Malkowski’s group publish for the first time the
crystal structure of aspirin-acetylated human COX-2




Summary

Current research areas of aspirin cover both
basic and clinical research. A major topic in
clinical research is the usefulness of aspirin as
a chemopreventive in colorectal and perhaps
other forms of cancer. In addition, studies are
underway on aspirin for primary prevention of
cardiovascular diseases, that is, myocardial
infarction, in subjects at medium-to-moderate
elevated vascular risk. This includes stable
angina pectoris and the presence of certain
risk factors, specifically diabetes. The possible
benefits of aspirin in prevention of neurological
disorders, specifically cognitive deficits, are also
currently being investigated.

In basic research, aspirin “resistance,” that is,
the clinical failure of the drug to exert its anti-
platelet effects despite sufficient inhibition of
platelet COX-1 — the molecular target, is still a
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topic of interest, specifically the best methods
for its measurement and possible biomarkers.
Another topic is the aspirin-induced modula-
tion of COX-2 activity, eventually resulting in
the generation of new, anti-inflammatory com-
pounds, such as lipoxins and others. There is
also evidence for transacetylation of >100 pro-
teins by aspirin in vitro with yet largely unknown
biological consequences.

Finally, by analogy with other drugs, such as
penicillin or 3-blockers, aspirin analogues may
be developed with more cell-specific action pro-
files. One compound that selectively and cova-
lently binds to COX-2 has already been
designed. It was found in vitro to stimulate
endothelial NO production and to have anti-
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1.2
Chemistry

This chapter is focused on pharmaceutical aspects
of aspirin and selected salicylates. This includes
physicochemical properties of the compounds as
well as methods for determination of aspirin and
its metabolites. This section is not written with the
intention to provide a complete overview of all
pharmaceutically relevant aspects of salicylates
but rather to inform about those that are particular
relevant to the understanding of their pharmacol-
ogy and toxicology in biological systems.

Chemical structures and physicochemical prop-
erties of aspirin and other salicylates are dealt with in
the first part (Section 1.2.1). In this context, the
unique mesomeric structure of salicylate, allowing
its incorporation and enrichment in cell membrane
phospholipids, is of outstanding significance to
understand the (nonspecific) actions of salicylic
acid on cellular energy metabolism, specifically
the uncoupling of oxidative phosphorylation.
Another aspect is the (poor) water solubility of
aspirin in acidic media, such as stomach juice,
eventually resulting in local tissue irritation but
also rapid passage of the compound into the small
intestine. Finally, the particular crystal structure of
aspirin and the recent discovery of two polymorphic
forms, coexisting in one and the same aspirin crystal,
are of considerable pharmacological interest.

The second part of this chapter describes ana-
lytical methods of salicylate determination in
biological media (Section 1.2.2). Several tech-
niques are available, allowing simultaneous mea-
surement of both aspirin and its major
metabolites in biological samples at low micro-
molar to nanomolar concentrations. These con-
centrations are to be expected after antiplatelet
and analgesic/anti-inflammatory doses in vivo.

1.2.1
Structures and Chemical Properties of Salicylates

1.2.1.1 Salicin: The Natural Salicylate
The 3-glucoside salicin with the aglycon saligenin is
the natural pharmacologically active ingredient of
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willow bark, isolated for the first time in crystalline
form by Leroux in 1830 (Section 1.1.1). Leroux
obtained 1 oz (about 28.3g) of salicin from 31b
of willow bark (Salix helix) (cited after Ref. [1]).
Salicin was later used by Piria as starting material for
preparation of salicylic acid (Section 1.1.1). Salicylic
acid (o-monohydroxy benzoic acid) is a relatively
strong acid with a pK, of 2.9 and is poorly water
soluble (0.2%). The solubility can be considerably
increased by conversion into the sodium salt, which
is approximately 50% water soluble. Salicylates for
systemic use are either esters with substitutions at
the carboxyl group, such as methylsalicylate, 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 1.2.1-1).
The crystalline and molecular structure of aspirin
has been elucidated [2,3].

Computer calculations have suggested another even
more stable crystalline isoform of aspirin in addition to
the already known isoform I. Experimental studies were
able to confirm the real existence of the isoforms I and Il
and, in addition, also demonstrated a polymorphism
between these two isoforms. Importantly, the two differ-
ent polymorphs can coexist within one and the same
crystal [4,5]. This new and unexpected finding with
aspirin as the first compound to show this unique prop-
erty raises a number of principal physicochemical ques-
tions regarding definition of crystal polymorphism. A
detailed evaluation of this is outside the requirements
for understanding the pharmacological and toxicological
properties of the compound. However, there are also
legal issues that might be important for drug develop-
ment - each polymorph of each compound can be
patented separately.

1.2.1.2 Salicylates in Clinical Use

Salicylic Acid Salicylic acid (molecular weight
138.1) in the form of sodium salt (molecular
weight 160.1) was the first entirely synthetic salic-
ylate for medical use (Section 1.1.1). It is now no
longer used for internal applications. One reason
for this is the unpleasant, sweaty-bitter taste
caused by direct stimulation of the human bitter
taste receptor [6]. More importantly, salicylate is a
direct irritant of the stomach mucosa. Historically,
this was the major cause for search for better
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Figure 1.2.1-1 Chemical structure of selected salicylates.

tolerable derivatives, such as the acetylated prod-
uct — acetyl salicylate (aspirin), which was report-
edly salicylate-“free” [7] and has replaced salicylate
as a medicine for internal use. However, salicylate
is still being used as an external medication, for
example, in ointments, because of its antiseptic
and keratolytic properties (corn plaster).

Despite its disappearance from internal use, the
pharmaceutical and biological properties of salic-
ylate are still of considerable pharmacological
interest. Salicylate is the primary metabolite of
aspirin and responsible for many of its biological
actions on cell function, including the symptoms
of salicylate poisoning (Section 3.1.1). Salicylate
shows a peculiar physicochemical behavior
because of the formation of a ring structure by
hydrogen bridging. This requires a hydroxy group
in a close neighborhood to the carboxyl group and
is only seen with the o-hydroxy benzoic acid
salicylic acid (Figure 1.2.1-2), but not with its

0, ,O-H X
c C

O-H (0]
increase in pH
—
A—
decrease in pH

salicylic acid salicylate anion

Figure 1.2.1-2 pH-dependent equilibrium of ionized and
nonionized forms of salicylate.

m- and p-analogues. The o-position of the
hydroxyl group facilitates the release of a proton
with decreasing pH by increasing the mesomery of
the resulting anion. These properties explain the
protonophoric actions of salicylates in uncoupling
of oxidative phosphorylation by eliminating the
impermeability of mitochondrial cell membranes
for protons [8] (Section 2.2.3). In addition, they
help understand the local irritation of the stomach
mucosa as a consequence of direct contacts and
subsequent pH-dependent uptake into mucosal
cells (Section 3.2.1). The m- and p-hydroxy ana-
logues of benzoic acid do not share these propert-
ies with salicylate and are biologically inert
(Figure 2.3.2-3).

Structure-activity comparisons were made with 80
salicylate analogues in order to clarify the relationship
between chemical structure and uncoupling of oxida-
tive phosphorylation. Studies in isolated mitochondria
showed that the essential pharmacophore for this
activity is a compound with a negatively charged
(carboxyl) group at the o-position, that is, acetylsalicy-
late. The m- and p-hydroxy benzoate analogues of
salicylic acid have no effect. This suggested the o-
position of the hydroxyl group as an essential steric
requirement for its metabolic activity. Mechanistically,
this was explained by the unique proton bridging
between the oxygen of the carboxyl group and the
adjacent proton in the hydroxyl group. This allowed a
mesomeric state that promoted a nondissociated con-
figuration and facilitated tissue penetration [9].
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Figure 1.2.1-3 pH-dependent hydrolysis of aspirin (1.5
mM) in aqueous solution at 42 °C. Note the high stability
(poor solubility) of aspirin at acidic pH and the significant
increase in solubility at increasing alkaline pH [10].

Acetylsalicylic Acid  Acetylsalicylic acid (molecu-
lar weight 180.2) or aspirin is the acetate ester of
salicylic acid. The pharmacological properties are
similar to those of salicylate. However, aspirin has
additional activities of its own that are added by
the reactive acetate group — the (nonselective)
acetylation of cellular targets, including proteins
and DNA. This results in biological effects that
are not shared by salicylate. Examples are the
inhibition of platelet function by irreversible
acetylation of COX-1 and the generation of aspi-
rin-triggered lipoxin by acetylation of COX-2,
with subsequent formation of 15-(R)-HETE
and generation of ATL by white cell 5-lipoxyge-
nases (Section 2.2.1).

Aspirin is a white powder with a sour taste. The
compound is poorly soluble in water (0.3%) but
somewhat better in ethanol (20%). The solubility
in aqueous media is pH dependent. It amounts to
only 60 pg/ml at pH 2 but increases dramatically
with increasing pH (Figure 1.2.1-3) [10]. The
solubility in aqueous media is also markedly
improved after conversion into the sodium salt,
specifically at acidic pH. The pH-dependent
marked changes in solubility of aspirin are the
reason for its largely unchanged and rapid pas-
sage of the acidic gastric juice (Section 3.2.1) as
well as the rapid absorption of the dissolved
compound inside the upper intestine.
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Methylsalicylate Methylsalicylate is the active
ingredient of wintergreen oil from the American
Teaberry (Gaultheria procumbens). This oil was
used as a natural source of salicylates since the
early nineteenth century because of its rich con-
tent of methylsalicylate. Methylsalicylate is the
active constituent of numerous drug combina-
tions for external use, for example, rheuma oint-
ments and bath salts. It is also of toxicological
interest because of its much higher toxicity — as
opposed to other salicylates. Particularly danger-
ous is the erroneous ingestion (by children!) of
methylsalicylate-containing ointments and other
products for external use (Section 3.1.1).

1.2.1.3 Aspirin Formulations

Several galenic preparations of aspirin have been
developed for practical use with the intention to
improve the solubility and gastric tolerance of the
compound. Rapid dissolution is particularly rele-
vant if short-term or immediate action of aspirin is
desired, for example, in treatment of migraine- or
tension-type headache. Alternatively, aspirin can
be administered intravenously or orally as the
good water-soluble lysine salt. This is of particular
interest if high levels of unmetabolized aspirin
have to be obtained rapidly in the circulating
blood, for example, to rapidly block platelet func-
tion in acute coronary syndromes (Section 4.1.1).
Another approach is an enteric-coated formula-
tion, predominantly for long-term use. The last
development is a novel micronized, fast-disinte-
grating aspirin formulation with a faster and more
complete systemic absorption compared to stan-
dard aspirin tablets [11] (Figure 1.2.1-4). A detailed
discussion of the pharmacokinetics of these and
other formulations in clinical use is found else-
where (Section 2.1.1).

Generics A frequently discussed issue in clinical
pharmacology is whether all formulations of all
manufacturers containing the same amount of
the active ingredient at the same dose are bio-
equivalent with the consequence to use prefer-
entially the cheapest formulation. In case of
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Figure 1.2.1-4 In vitro dissolution versus time curve of micronized (micro), fast disintegrating aspirin (500 mg tablet)
and plain standard aspirin (500 mg tablet) at pH 1.2, 4.5, and 6.8. Note the much faster and largely pH-independent

dissolution of the fast disintegrating form [11].

salicylates, this has been refused already many
years ago [10]. A more recent study additionally
suggested that even aspirin analogues that passed
required in vitro dissolution specifications may

Table 1.2.1-1
aspirin preparations in Germany.

not be bioequivalent in vivo [12]. Moreover, a
comparative study of selected aspirin formula-
tions in Germany has found large differences
regarding the pharmaceutical quality of

In vitro release kinetics of acetylsalicylic acid (ASA) under standard conditions from different commercial

ASA preparation Declared ASA content (mg) % of Declaration found ASA release kinetics
(% in 30 min + 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 98.0 772+9.2

ASS-Dura

Ch.-B. 18613 500 98.2 65.4+16.5

Ch.-B. 074035 500 102.9 724+9.5

ASS-Fridetten

CH.-B. 019026 500 98.3 68.8+10.0

Ch.-B. 020047 500 100.1 759+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+99

Trineral 600 99.2 90.8+3.9

13) According to the predefined quality standards, the content of the active ingredient should be 95-105% of declaration and at
least 80% of the compound should be released within 30 min under the conditions chosen [13].



aspirin-containing monopreparations with sug-
gested use as antipyretic analgesics.

In 1986, a pharmaceutical comparison of all aspirin OTC
formulations on the German market was performed.
Included were all products containing only aspirin as
the active ingredient for suggested use as an antipyretic
analgesic. Only tablets were included, but no other
galenic preparations or tablets for other indications.
All 11 brands fulfilled general pharmaceutical quality
requirements, such as the content of the active ingredient.
However, marked, and according to the authors,
unacceptable differences existed with respect to the indi-
vidual in vitro release kinetics. These criteria were deter-
mined according to an US standard and were not met by 5
out of the 11 preparations tested (Table 1.2.1-1) [13].

The authors repeated this study 2 years later on
62 different aspirin preparations. They found that
20 (!) of the tested formulations still did not meet
the quality standards mentioned above [14].
Thus, not all aspirin preparations might be the
same in terms of bioequivalence in vivo, even if

Summary

Aspirin and salicylic acid are stable compounds
and are poorly water soluble at acidic and neu-
tral pH. The solubility is markedly increased in
alkaline pH and is also more than 100-fold
higher for the respective sodium salts compared
to the free acids. Salicylate itself is not applied
systemically, but is of key pharmacological inter-
est as the primary metabolite of aspirin in vivo.

Salicylic acid has unique physicochemical
properties. These are due to the close steric
proximity of the acetate hydroxyl group to the
carboxyl group. This allows formation of a
chelate ring structure and facilitates the release
of protons with decreasing pH. The major func-
tional consequence is the accumulation of salic-
ylate inside the cell, specifically in mitochondrial
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they contain the active ingredient (acetylsalicylic
acid) in identical amounts.

Quality assessment of generics or similars might
be a special problem in developing and threshold
countries, where the income is low and OTC
compounds are sold in all kinds of supermarkets
and discounters without any quality control. A
recent study in Brazil showed that from five tested
brands, only genuine Bayer aspirin did fulfill the
required pharmaceutical quality standards. There,
and perhaps also in other countries, alone in India
77 brands are distributed by 43 companies, aspirin
and other pain relieving OTC drugs are exempt
from the study of bioavailability [15] with unknown
consequences of efficacy and toxicity. In India, the
European Medicines Agency (EMA) has recently
raised concerns regarding the quality of medicines
made in India and distributed across the European
Union. Specifically, findings of noncompliance
with good clinical practice are currently investi-
gated (EMA Press Release, December 5, 2014).

membranes. There the compound acts as pro-
tonophore. The consequence is the uncoupling
of oxidative phosphorylation because of the
abolition of the mitochondrial membrane
impermeability for protons. Neither aspirin
nor other salicylates exhibit comparable physi-
cochemical properties.

Aspirin is available in hundreds of different
medications worldwide. Many of these generics,
specifically OTC drugs, may exhibit insufficient
pharmaceutical quality standards - with
unknown because uncontrolled efficacy and
toxicity in comparison to standard aspirin
brands. A newly developed micronized aspirin
formulation that exhibits markedly improved
release kinetics might replace standard plain
aspirin as an OTC antipyretic analgesic in the
near future.
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1.2.2
Determination of Salicylates

Measurement of salicylates is of interest for several
purposes. One reason is the control of plasma
levels to verify that these are within the therapeutic
range. Determination of plasma levels is also nec-
essary in case of intoxication and for controlling
the efficacy of detoxification procedures. Plasma
or urinary levels of salicylates allow checking for
patients’ compliance, an important issue for long-
term aspirin use in cardiovascular prophylaxis and
a frequent natural explanation of so-called aspirin
“resistance” (Section 4.1.6). Finally, measurements
of salicylates and their metabolites are of interest
to study the pharmacokinetics of the compounds,
in particular in studies on drug metabolism and
drug interactions. Measurement of salicylate as a
surrogate parameter for its “precursor” aspirin is
easier and sufficient in some cases, for example,
salicylate intoxication (Section 3.1.1).

The therapeutic plasma levels of salicylate are
dose dependent and vary in dependency on the
indication. They are in the range of 10 pug/ml in
antiplatelet doses, 50—100 pg/ml in analgesic and
100-200 pg/ml in anti-inflammatory doses. The
plasma levels of unmetabolized acetylsalicylic
acid are considerably lower and largely depen-
dent on the formulation: The more rapid the
absorption, the higher the peak level of unmeta-
bolized acetylsalicylic acid.

1.2.2.1 Gas-Liquid Chromatography

Gas-liquid chromatography (GLC) is the reference
standard. The technique allows separate determi-
nation of acetylsalicylic acid, salicylic acid, and its
metabolites. The detection limit is about 1 pg/ml.

1.2.2.2 High-Performance Liquid Chromatography
High-performance  liquid  chromatography
(HPLC) is an alternative to GLC, but more com-
plex and time-consuming. Reversed-phase HPLC
techniques with photometric detection are the
methods of choice [1]. These have the advantage
that the complete spectrum of aspirin and its
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metabolites can be measured simultaneously.
However, one problem associated with this type
of assay is the spontaneous hydrolysis of aspirin to
salicylate in protic solvents, including water and
methanol but also plasma (Section 2.1.1). Thus,
some degradation of aspirin may occur ex vivo
during sample processing. A modification of this
technique for human plasma, including extraction
of salicylates in organic solvents, allows simulta-
neous determination of aspirin and its metabolites
down to levels of 100 ng/ml with an interassay
variation of less than 10% (Figure 1.2.2-1). This
technique combines simplicity in sample treat-
ment with stability of aspirin over several days
(1) without significant decomposition [2].

More recently, another sensitive ultrahigh-per-
formance liquid chromatography has been
described, again using methylbenzoic acid as inter-
nal standard. The detection of salicylate and unme-
tabolized acetylsalicylic acid was linear between 0.2
and 200 pg/ml (correlation coefficient >0.999) with
a detection limit of 0.17 pg/ml for both com-
pounds [3]. With one exception (tilcitin), the assay
was insensitive to more than 60 drugs, possibly
coadministered to cardiac patients — however,
other antiplatelet drugs were not included. This
method has been successfully used to determine
aspirin and salicylate plasma levels in healthy vol-
unteers and patients with coronary artery disease
treated with low-dose aspirin (Table 1.2.2-1).

1.2.2.3 Spectrophotometry

Spectrophotometry is the earliest and most
widely used method for measuring serum salicy-
late levels. The classical assays are colorimetric
assays, taking advantage of the intense red color
of salicylate/Fe®* complexes (Gerhardt reaction).
The technology is simple and particularly suit-
able for compliance measurements.

Trinder Method The Trinder method [4] is a
colorimetric test where salicylic acid is determined
by measuring the absorbance of the ferric ion—
salicylate complex after total serum protein is pre-
cipitated by mercuric chloride and allowed to react
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GA: gentisic acid — — - before intake (control)
SUA:  salicyluric acid —— 10 min after oral administration of aspirin 500 mg
aspirin: acetylsalicylic acid ++++++ 1 h after oral administration of aspirin 500 mg
SA: salicylic acid

MBA: 2-methyl benzoic acid
(internal standard)

Figure 1.2.2-1 Chromatograms of a standard mixture of acetylsalicylic acid and major metabolites (50 ng each) (a) and
plasma levels of a volunteer before, 10 min after, and 1 h after oral administration of 500 mg aspirin (b). (Modified after
Ref. [2]).

with ferric iron supplied by ferric nitrate. This The Trinder method is simple, rapid, and
results in the generation of a complex of salicylate  inexpensive. This method has been used almost
and ferric ion. The maximum absorption (A,,,) of  exclusively in the past, when a detection limit of
the ferric complex is 540 nm. Quantificationisdone  about 100 pg/ml of salicylate was sufficient. The
by measuring light absorbance at this wavelengthin ~ Trinder method solely measures salicylates, not
a spectrophotometer. acetylsalicylic acid. (False) Positive results may be

Table 1.2.2-1 Plasma levels of acetylsalicylic acid (ASA) and salicylic acid (SA) in healthy volunteers and patients with
stable coronary artery disease (CAD) before and 1, 6, and 24 h after intake of one 75 mg non enteric-coated aspirin
tablet.

Group ASA SA

Before After Before After

1h 6h 24h 1h 6h 24h

Healthy
Volunteers mean <0.2 0.65 <0.2 <0.2 <0.2 4.34 0.75 <0.2
(n=10) SD n/a 0.26 n/a n/a n/a 1.35 0.32 n/a
CAD
Patients mean n/a 0.52 n/a <0.2 n/a 3.77 n/a <0.2

n/a 0.27 n/a n/a n/a 1.48 n/a n/a

No differences between volunteers and patients (on a number of additional drugs, see text) were observed.
Data are pg/ml as mean + SD. n/a: not analyzed [3].



obtained with salicylamide or methyl salicylate.
Conversely, the method can also be used to measure
these compounds, for example, in case of poisoning.
However, the Trinder assay is rather nonspecific
and sensitive to a large number of other acids and
amines [5]. This also includes compounds and their
metabolites that might be increased in patients with
Reye syndrome where the Trinder assay frequently
was used for determination of salicylate levels.
Interestingly, salicylate levels in liquor and serum
of children with Reye’s syndrome measured with
sensitive and selective HPLC methods were report-
edly only 1% of those measured by the Trinder
assay [6] (Section 3.3.3.2).

Summary

Several reliable methods are available to determine
aspirin and its major metabolites in biological
fluids, including plasma (serum), liquor, synovial
fluid, and urine. Most of them have the necessary
sensitivity (detection limit 0.5 pg/ml or less).
HPLC separation and subsequent identifica-
tion of the spots by appropriate standards is the
most frequently used technology. Advantages
are the simplicity and reproducibility of the
method, high sensitivity, and the possibility
for simultaneous determination of several aspi-
rin metabolites together with aspirin itself in one
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Second-Derivative Synchronous Fluorescence Spec-
trometry (SDFSFS) Another method that allows
for simultaneous determination of acetylsali-
cylic acid and its major metabolites in one assay
is second-derivative synchronous fluorescence
spectrometry (SDFSES) [7]. This method
appears to be the first nonchromatographic
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 patients suffering from inflammatory diseases
(antipyrine, ibuprofen, indomethacin, theo-
phylline, and others).

and the same sample. Disadvantages of this and
some other technologies are the spontaneous
(pH-dependent) and enzymatic hydrolysis of
aspirin. However, this problem can be solved
by appropriate sample processing.

The Trinder method, a colorimetric assay, was
historically the most frequently used method for
salicylate determination. This assay exhibits a
number of cross-reactions with other chemicals
that might become particularly relevant in hepatic
failure and possibly has caused false-positive results
in Reye’s syndrome. GC/MS is clearly the most
reliable technology. However, it needs expensive
equipment and experienced investigators.
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