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SUMMARY

This thesis studies the interaction of aspirin (acetylsalicylic acid, ASA) and
nonsteroidal antiinflammatory drugs (NSAIDs) in human blood platelets. ASA is
widely used all around the globe to prevent atherothrombotic events. Multi-morbid
patients suffering from cardiovascular and rheumatological disorders including
rheumatoid arthritis or osteoarthritis need a comedication of ASA with NSAID
drugs. Hence, potential NSAID/ASA drug interactions, possibly affecting the
cardioprotective effect of ASA, are of great interest. The present research aimed to
determine which NSAIDs would decrease the anti-platelet activity of ASA.

Using arachidonic acid-induced platelet aggregation and thromboxane formation'®
in platelet rich plasma from healthy donors, the effect of NSAIDs on the antiplatelet
activity of ASA was studied experimentally. It turned out that celecoxib, dipyrone,
fenoprofen, flufenamic acid, ibuprofen, methylaminoantipyrin, mefenamic acid,
nabumetone, naproxen, nimesulide, NS-398, oxaprozin, phenazone, piroxicam,
propylphenazone, sulindac sulfide and tolmetin clearly decreased the antiplatelet
activity of ASA. In contrast, acetaminophen, diclofenac, flurbiprofen, indomethacin
and ketoprofen did not decrease the antiplatelet activity of ASA. The data was
further used to design a QSAR model which showed that the ICsyand selectivity of
NSAID towards COX-1 might predict the effect of NSAID on the antiplatelet
activity of ASA.

Further investigation aimed to identify the reasons for the interference of NSAIDs
with the antiplatelet activity of ASA by molecular docking studies, which were
performed for all NSAIDs on COX-I protein (PDB ID: 1CQE). Docking studies
suggested that NSAIDs, forming hydrogen bonds with Ser 530, Arg 120, Tyr 385
and some other amino acids in the COX-I hydrophobic channel, play role in
determining whether a particular NSAID might decrease the antiplatelet activity of
ASA or not. NSAIDs which decreased the antiplatelet activity of ASA in the in vitro
experiments mostly showed one or more hydrogen bond interactions with Ser 530,
Tyr 385 or Arg 120. Less or no hydrogen bond interactions were seen in docking
studies of NSAIDs which did not decrease the antiplatelet activity of ASA in the in
vitro experiments.

Therefore, hydrogen bond interactions with Ser 530 and Tyr 385 were found to be
most relevant for NSAIDs effects on the antiplatelet activity of ASA.
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1. INTRODUCTION

Medicine has evolved drastically impressively during the last years and numerous
new drugs which more specifically target particular diseases have become milestones
in medical progress. One particular drug, commonly regarded as an "old” one, is
acetylsalicylic acid (ASA), also named aspirin. ASA has obtained a broad area for
application and use. It is effective, relatively safe, inexpensive and one of the most
intensively studied and most frequently used drugs worldwide for prevention of
cardiovascular diseases’.

Starting more than 100 years ago as an analgesic and antipyretic, ASA has proved to
be effective in the prevention of myocardial infarction, stroke and peripheral vascular
disease. Beyond atherothrombotic disorders, ASA appears also effective in the
prevention of different types of diseases including cancer especially colorectal
carcinoma®.

The way ASA has proved effective in so many diseases makes a fascinating story.
Besides ASA, non-steroidal anti-inflammatory drugs (NSAIDs) including ibuprofen,
diclofenac and many others have been developed to specifically target inflammatory
diseases, pain and fever. NSAIDs also are among the most common used drugs,
some of which available free of prescription in many countries.

Administration of more medicines to multi-morbid patients exponentially increases
the number of potential drug/drug interactions. These are a common cause of
unwanted drug effects’. Specifically, numerous earlier reports suggested that
NSAIDs may prevent the antiplatelet action of ASA and thereby cause “aspirin
resistance” or “high on-treatment platelet reactivity”. Health agencies (e.g., Food and
Drug Administration) released warnings in this context’. The interaction between

ASA and a number of NSAID drugs is the subject of this thesis.

1.1 Historical summary of aspirin

ASA has been manufactured and marketed since 1899. Several other medicinal
products have been used for treatment of pain and fever, some derived from willow
and salicylate rich plants. An Ancient Egyptian text shows reference to willow and

myrth (a salicylate plant) with analgesic and antipyretic properties’. Willow bark
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preparations were used already by Hippocrates in 5th century BC for reducing fever
and pain in children.

Edward Stone (1702—1768) described the potential of willow bark extract to cure the
symptoms including fatigure, fever and pain especially in patients suffering with
malaria’.

Advancements in organic chemistry in the 19th century enabled to isolate salicin, the
B-glycoside of salicylic acid. Joseph Buchner (1813-1879) obtained salicin crystals in
1828. The Italian scientists Brugnatelli and Fontana considered salicin as the active
component of willow bark. During the 19th century, interest grew to learn more
about salicin, salicylic acid, and sodium salicylate. The French scientist Leroux
obtained in 1830 for the first time salicin in crystalline form .

Further steps in research on ASA were taken in Elberfeld, Germany, at the Bayer
company. A new research group which included the scientists Heinrich Dreser,
Arthur Eichengriin and Felix Hoffman took the project for development of
acetylsalicylic acid as drug ASA in order to improve efficacy and tolerability of
salicylic acid®. Finally in 1897, Hoffman advised a better method of forming ASA
from salicyclic acid refluxed with acetic anhydride’. Bayer company mentioned in
1897 that the active ingredient in ASA, acetylsalicylic acid, was synthesized for the
first time in a chemically pure and thus stable form™’.

The prevention of myocardial infarction and stroke is attributed to early work by
Paul Gibson and Lawrence Craven®. Gibson recognised in 1948 that ASA reduces
the ability of platelets to aggregate’. Ten years later, Craven demonstrated by an
observational study that this effect may be exploited to prevent heart attacks and
myocardial infarction'®. Later landmark trials (e.g., ISIS-2 study, Physician’s health
study) substantially supported the usefulness of ASA for secondary prevention of

.12 The mechanism of action of ASA has been

myocardial infarction and stroke
elucidated by John Vane, who (together with Bergstrom and Samuelsson) earned the
Nobel prize in 1982".

ASA derives its name from a chemical name of acetylsalicylic acid, also known as
Acetylspirsdure in German. Spirsdure (salicylic acid) was named for a particular type
of plant species known as Spirea ulmaria. From this plant ASA could be

successfully derived .



1.2 General mechanism of action of aspirin and other NSAIDs

ASA and other NSAIDs inhibit prostaglandin synthesis by inhibiting cyclooxygenase
(COX) enzymes, resulting in many physiological and pathological effects'. The
analgesic, antipyretic and antiphlogistic effects of ASA and other NSAIDs are
particularly well characterized. Prostaglandins (PGE2, PGI2) are known to increase
pain receptor sensitivity and thereby cause hyperalgesia. NSAIDs decrease
prostaglandin synthesis and prevent prostaglandin induced hyperalgesia'”. Another
effect of prostaglandins involves central temperature regulation, resulting in fever.
By inhibition of prostaglandin synthesis, NSAIDs are anti-pyretic agents. Some
prostaglandins play an important role as inflammation mediators in addition to
histamine and bradykinin. NSAIDs help to control inflammation by inhibiting
prostaglandin synthesis. Moreover, several prostaglandins modulate vascular tone
either by vasodilation (PGI,, PGE,) or vasoconstriction (TXA,, PGE,, PGF,,). Many
other effects of prostaglandins are known. Their discussion would exceed the scope

of this introduction.

1.3 Molecular mechanism of aspirin action

Therapeutic effects of ASA include reduction of inflammation, analgesia, antipyresis
as well as prevention of arterial thrombosis. These are mainly (but not exclusively)
attributed to the fact that ASA decreases the production of prostaglandins and
thromboxane. ASA irreversibly inactivates the cyclooxygenase (COX) enzyme,
which is the common initial step of synthesis of prostaglandin and thromboxane'®.
There are two types of cyclooxygenase, cyclooxygenase-1 (COX-1) and
cyclooxygenase-2 (COX-2). Recent research has also suggested the potential
existence of additional subspecies of COX-enzymes, such as COX-2a and others'’.
ASA inhibits both COX-1 and COX-2, while it is more potent on COX-1'®. All COX
isoforms are involved in generation of prostaglandins and thromboxane.
Prostaglandins are considered as pro-inflammatory and increasing sensitivity for
pain.

ASA irreversibly inhibits COX enzymes'®'” by acetylation of a serine residue (Ser
530) within the hydrophobic substrate channel of COX, near the active site”’. The

molecular mechanism of COX acetylation by ASA is shown in figure 1.
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Figure 1. Initial complex formation of aspirin with the amino acids Tyr 385, Ser 530
and Argl20 at the substrate channel of COX-1. This is an essential step of the

molecular action of aspirin, which ultimately leds to COX acetylation and inhibition.

Tyr385

HoN /kN - Argl20

H

Irreversible inhibition of COX is peculiar to ASA and it makes ASA different from
other NSAIDs, such as diclofenac and ibuprofen, which are reversible inhibitors?'.
As a consequence, acetylation of the COX enzyme prevents the access of arachidonic
acid to the catalytic site within the substrate channel of COX enzyme, resulting in
inhibition of the synthesis of PGG, and PGH,, as well as formation of subsequent
prostaglandins (PGl,, PGg, PGF,, and PGD;) and thromboxane in different cells and
tissues.

Apart from COX inhibition, ASA shows additional modes of action. For example,
ASA uncouples mitochondrial oxidative phosphorylation, induces nitric oxid
formation, inhibits coagulation and reduces leukocyte adhesion. Recent research has
also shown that salicyclic acid formed by ASA deacetylation modulates signaling
through NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells)™.
ASA may cause numerous side effects, including bleeding, gastric ulcers®, ASA
induced asthma®® and Reye syndrome™. These are likely dependent on the dose,

which explains that different doses of ASA are associated with specific effects (table

1.



Table 1: Dose-dependent effects of ASA (modified from reference 26)

Effects of ASA ASA dose required
Inhibition of Platelet aggregation 73-300 mg/day

Analgesic/ antipyretic 1 g single or multiple doses
Antiphlogistic 6-8 g/ day

1.4 Anti-platelet action of aspirin and non-aspirin NSAIDs
Thromboxane is required for platelet thrombus formation. Decreased synthesis of
thromboxane reduces the risk of resulting thrombose formation and myocardial
infraction””*®. Prostacyclin is a functional antagonist since it potently inhibits platelet
function. Both prostaglandins also exert opposite effects on vascular tone (Table 2).
Hence, the inhibition of thromboxane formation (ideally without altering
prostacyclin synthesis) is the concept for the use of aspirin in secondary prevention
of atherothrombotic events.

Table 2: Basic characteristics of thromboxane and prostacyclin in the vascular

system.

Eicosanoid Thromboxane Prostacyclin

site of mainly platelets endothelium

formation macrophages smooth muscle
other vascular cells

COX isoform COX-1 COX-1 and COX-2

Biological function increase in platelet | increase in platelet
aggregation, aggregation, vasodilation
vasoconstriction

Even at a low dose of 70-100 mg/day, ASA irreversibly blocks platelet COX-1 as
described above, resulting in decreased thromboxane synthesis”. Platelets are
particularly sensitive to inhibition by aspirin because of several reasons. First,
anucleate platelets do not have a relevant protein synthesis. This means that once a
platelet has acetylated COX-1, its formaton of thromboxane remains inhibited for the
time the platelet remains in circulation (about 10 days). COX inhibition in other
tissues is shorter due to resynthesis of new COX enzyme. Second, platelets almost
completely express the COX-1 isoform which is about 100-fold more sensitive for

ASA compared with COX-2.




An important difference between the anti-platelet activity of ASA and other NSAIDs
is that ASA acts as an irreversible covalent inhibitor. As outlined above, NSAIDs
bind to specific amino acids in the hydrophobic channel of COX enzymes in a
noncovalent, reversible manner mediated by hydrogen bonds, polar and hydrophobic
interaction. Therefore, COX inhibiton by non-aspirin NSAIDs is reversible, although
there are differences between NSAIDs in the rate of recovery of COX activity after

drug removal.

1.5 Drug/drug interactions between NSAIDs and aspirin

Clinically used doses of ASA have been titrated down to “low dose” (usually 70-100
mg/day) during the past decades to minimize side effects. However, this made ASA
vulnerable for pharmacodynamic interactions with NSAIDs.

NSAIDs share the same pharmacological target as ASA, but they are not useful for
platelet inhibition due to their reversible mode of action, which does not allow
permanent complete platelet inhibition. Similarly, low dose ASA is inappropriate for
anti-inflammatory treatment. Thus, low-dose ASA often must be coadministered
with various NSAIDs in patients with cardiovascular and inflammatory rheumatic
disease. There is a frequent co-morbidity of rheumatic and cardiovascular disease”.
Unfortunately, NSAIDs may attenuate or even prevent platelet inhibtion by ASA by
competing with ASA for access to the catalytic site of platelet COX-1. This has been
suggested by several clinical studies either in vivo or in vitro for ibuprofen®,
naproxen®>>> and others *"**>*%*Since the cessation of antiplatelet therapy with
ASA may substantially increase atherothombotic events and impair clinical outcome

in patients with cardiovascular disease®™***!

, a compromised pharmacodynamic
action of ASA due to such drug/drug interactions is clinically important.

Some studies also suggested differences among individual NSAIDs with respect to
their potential to interfere with low-dose ASA. For example, Catella-Lawson
observed in healthy volunteers that ibuprofen, but not diclofenac, affect the
antiplatelet effect of ASA?’. This was later confirmed by Schuijt and coworkers™.
Conflicting data exist for celecoxib, for which an interaction with ASA has been
shown in vitro while it did not interfere with low-dose ASA in patients with
osteoarthritis*’.

Unfortunately, it is still not entirely clear if this applies to single compounds or rather

is a class effect of all NSAIDs. Therefore, an in vitro study is needed which



compares a comprehensive selection of many individual NSAIDs, representative for
all chemical groups of NSAID analgesics and examines their potential to interfere
with the inhibition of platelet function by ASA.

To better understand the pharmacodynamic nature of this interaction, the present
study examined platelet thromboxane formation, the mechanism of platelet activation
targeted by ASA. Further, the molecular interaction between ASA and these NSAIDs

in silico was examined by molecular docking studies.

1.6 Computer aided molecular docking, molecular design and

Quantitative structural activity relationship (QSAR)

Computer assisted molecular design (CAMD) is a new technique which is used to
accurately show the molecular reality, pharmacodynamic and pharmacokinetic
properties of the molecules. It is widely used in field of pharmaceutical medicinal
chemistry and pharmacy. Various parameters such as computation of binding free
energies, empirical molecular mechanics, quantum mechanics, biological activity and
molecular dynamics are used to study and design a new compound***’.

Molecular Docking

The main application of molecular docking is to study ligand or substrate binding. A
number of docking programs are available which are based on different algorithms.
According to mathematics, the conformation of ligand and receptor should be
explored in six degrees of translational and rotational freedom. However, this is not
possible in practice due to the size of the search space. CAMD can only detect a
small amount of total conformational space. This is the major limitation of this
technique. Mathematical constraints, restraints and approximations may overcome
this problem to some degree. DOCK™ is the pioneer software in which the docking
algorithm was based on treating both ligand and target as rigid bodies. This software

explored only six degrees of translational and rotational freedom.

CAMD field uses the following methods and techniques:

Molecular dynamics (MD): AUTODOCK® is a very commonly used docking
program, which is based on MD method.

Monte Carlo (MC) methods: Monte Carlo method is one of the most widely used
stochastic optimization techniques. AUTODOCK® and ICM (Internal Coordinates

Mechanics)*® softwares are good examples of programs using the MC method.



Genetic algorithms (GA) based methods: The essence of GA is the evolution of a
population of possible solutions via genetic operators (mutations, crossovers and
migrations) to a final population, optimizing a predefined fitness function. GOLD’!
and AUTODOCK™ software programs are good examples of programs using this
method.

Fragment based methods: In these methods the ligand is broken into separate
portions or fragments, followed by docking the fragments and finally the fragments
are joined together. An example of software using this method is FlexX™*.

Point complementarity methods: Complementarity properties between protein and
ligand are also used to dock a ligand into protein. It differs from the fragment based
methods because here the ligand is used as complete entity in its docking.
FTDOCKS50> and SANDOCK ™,

Distance geometry methods: Distance geometry methods determine the binding
modes between protein and ligand considering only hydrogen bonding.

OSAR

QSAR originated in 19th century. Quantifying the relationship between structure and
activity provides an understanding of the effect of structure of the drug on its
pharmacokinetic or pharmacodynamic activity. The results of QSAR models can be
used to understand the interactions between functional groups in molecules of
greatest activity, with those of their target. QSAR is based on biological data, which
naturally are subject to experimental variation and may be influenced by laboratory
and environmental conditions. Hence, QSAR results predict the drug activity with
limited precision.

In 1868, Crum-Brown and Fraser’> published an equation, which is considered to be
the first general equation of QSAR. They put forward the suggestion that
physiological activity @ of a series of quaternized strychnine derivatives depends on
constitution (c), and suggested the following mathematical equation- (1)

= f(c) (1)

Meyer®, Overton®’ and Ferguson® later applied the above principle and attempted
the correlation of narcotic potencies with partition coefficient and thermodynamic
parameters.

Hammet™ in 1937 expressed the chemical reactivity of meta- and para-substituted
benzene derivatives by eq. (2), where KH is the rate constant for the parent

(unsubstituted) molecule and Kx is the rate constant for the derivative.



log (Kx/KH) = pox (2)

The substitution constant ox refers to the electronic effect (potential) of the
substituent relative to hydrogen. This is a parameter applicable to many different
types of reactions characterized by different p values, whose relative rates depend on
the electron donating or withdrawing power of the substituent. Since o is defined in
terms of ionization constants which can be related to free energies (AG) through
equation (3), eq. (2) or any of its transformations can be considered as a linear free
energy relationship (LFER).

AG = -RTInK (3)

Statistical Methods used in QSAR Analysis
Statistical methods play a key role in development of QSAR model®”®. Data
analysis recombines data into forms and groups, observations into hierarchies. An

often used statistical method is regression analysis.

1.7 Aims of the study
Based on the aforementioned techniques, it may be possible to examine the
drug/drug interaction of ASA with NSAIDs experimentally and on a molecular level

to elucidate several open questions. The following three major aims were addressed:

1. To study the molecular mechanism of drug interaction between ASA and
NSAIDs by in silico docking.

2. To develop a QSAR model of this interaction in order to characterize factors
which distinguish NSAIDs with respect to their propensitiy for interfering
with ASA.

3. To examine whether the predictions of molecular modeling may correlate

with experimental results that simulate the ASA/NSAID interaction in vitro.
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2. MATERIALS AND METHODS

2.1 Drugs and chemicals

The study protocol used for the in vitro experiments was in agreement with the actual
version of the declaration of Helsinki and approved by the University Diisseldorf
Ethics committee (file No. 3205). A written informed consent was obtained from all
voluntary blood donors. All subjects were healthy and negated to have taken any

aspirin or other NSAIDs within 7 days before blood collection.

Selection of studied NSAID compounds:

In order to study the effect of NSAIDs on the anti-platelet activity of ASA, 22 widely
used NSAIDs were selected, representing various chemical classes of NSAIDs as
shown in table 3. Representatives of both frequently used and less frequently used
NSAIDs were included. Among the most commonly prescribed NSAID compounds
are the propionic acid derivatives ibuprofen and naproxen. Another popular group
are the acetic acid derivatives, where diclofenac and indomethacin were selected.
Since these are the leading NSAID classes, we included two representative
compounds for each class. Less frequently used categories of NSAIDs are fenamates,
oxicams, pyrazolinones and coxibs, of which we included flufenamate, piroxicam,
dipyrone (active metabolite) and celecoxib. Celecoxib was chosen because it has
some inhibitory activity on COX-1, other than rofecoxib or etoricoxib, which have
higher COX-2 selectivity and, according to preliminary experiments, do not interfere
with ASA. Celecoxib has recently been shown to interfere with ASA®*®. We also
included nimesulide because it has some clinical importance as replacement for other
NSAIDs in case of drug allergy.

ASA was used as its water soluble lysine salt (Aspirin i.v., Bayer, Leverkusen).
Arachidonic acid was bought from Nu-Chek (Elysian, MN, USA) and transferred

into the sodium salt before use. The sources of NSAIDs are given in table 3.
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Table 3: Chemical category, individual compound and supplier of the NSAID
compounds included in the study

Chemical class Compound Source

Heteroaryl acetic acids Diclofenac, Sigma-Aldrich, Deisenhofen
Ketorolac Sigma-Aldrich, Deisenhofen
Sulindac Sigma-Aldrich, Deisenhofen
Nabumetone Sigma-Aldrich, Deisenhofen
6-MNA (*) Cayman, US
Indomethacin Sigma-Aldrich, Deisenhofen

Propionic acids S+ - Ibuprofen Dolorgiet, St. Augustin
Naproxen Sigma-Aldrich, Deisenhofen
Oxaprozin Sigma-Aldrich, Deisenhofen
Fenoprofen Sigma-Aldrich, Deisenhofen
Flurbiprofen Sigma-Aldrich, Deisenhofen

S+ - Ketoprofen

Sigma-Aldrich, Deisenhofen

Anthranilic acid

Flufenamic acid

Sigma-Aldrich, Deisenhofen

Enolic acids Piroxicam CT-Arzneimittel, Berlin

Sulphon derivative Nimesulide Sigma-Aldrich, Deisenhofen

Coxib Celecoxib Pfizer, Karlsruhe

Para-aminophenol Acetaminophen Sigma-Aldrich, Deisenhofen
(Paracetamol)

Pyrazolinones

Methyl amino antipyrine
(MAA**)

Prof. Dr. Weber

Propyphenazone Prof. Dr. Weber

Phenazone Prof. Dr. Weber
Fenamic acid derivative | Mefenamic acid Sigma-Aldrich, Deisenhofen
(Fenamates)
Acetic acid derivatives Sulindac Sigma-Aldrich, Deisenhofen
Arylalkonic acids Tolmetin Sigma-Aldrich, Deisenhofen

*) active metabolite of nabumetone, **) active metabolite of dipyrone
The pyrazolinone compounds were kindly provided by Prof. Dr. Horst Weber, Institut fiir
Pharmazeutische Chemie, HHU Diisseldorf

2.2 Platelet aggregation and thromboxane formation

Venous blood was collected from healthy individuals into citrated (3.8%)
vacutainers. Platelet counts were estimated in all collected samples and were always
> 100 000 wL.

Platelet rich plasma (PRP) was prepared by differential centrifugation after 30 min of
blood collection. This included centrifugation of citrated (129 mmol/L) whole blood
at 1400 rpm (10 min) in vacutainer tubes (10 mL) at room temperature (Labofuge,
Heraeus Christ, Osterode). After centrufugation, PRP was collected using a plastic
pipette and the pH corrected to pH 7.4 by careful addition of 1 mol/L NaOH or HCL
A small aliquot of platelet poor plasma was prepared by re-centrifugation of 5 mL of
PRP at 2400 rpm for 10 min.
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One mmol/L arachidonic acid was used to stimulate PRP aggregation, which was
measured turbidimetrically on an APACT aggregometer at 37 °C (Labor, Hamburg,
Germany). Aggregation measurements were started by addition of 250 pL PRP and
200 pL (Tyrode buffer) into micro cuvettes (Labor, Hamburg) pre-warmed at 37°C.
After 2 min, the magnetic stirrer was started at 1000 rpm and the samples stirred for
2 additional min. Then, aspirin (30 pmol/L) or Tyrode buffer were added as
appropriate. In order to examine the interference of selected NSAIDs with ASA, the
NSAIDs were added at the same time as ASA. The final volume of aggregation was
always 500 pL. ASA with or without NSAIDs was incubated in PRP for additional 5
min (separate experiments with longer times of pre-incubation with NSAIDs
obtained identical results). Thereafter, arachidonic acid (1 mmol/L) ( Nu-Chek,
Elysian, MN, USA) was added to induce platelet aggregation, which was recorded
for 4 min. Finally, platelet suspensions were centrifuged at 14000 x g for 5 min and
the supernatants were used to determine platelet thromboxane formation (TXB;) by
radioimmunoassay. Aggregation was expressed as maximum change in light
transmission (cm min™' recorder deflection).

To determine TXB; in the supernatants obtained after aggregation, the samples were
diluted 1/1000 by sodium phosphate buffer (150mM NaCl; 8mM Na,HPO,4 x H,O;
1,7mM NaH,PO4 x 2H,0; pH 7,4) and 750uL aliquots further processed by addition
of 20 pg radioactive tracer (3HTXB,, Perkin Elmer, Frankfurt). Antiserum (rabbit,
own production) was added at 1/5000 and the samples were allowed to sit for 20 h at
room temperature. Then bound activity was separated from free by adding 500 pl of
charcoal/dextrane 500 (25%/2.5%) suspension. One ml aliquots of these supernatants
were counted in 10 ml of scintillator counter (Lumasafe Plus, Perkin Elmer, USA).
Plasma TXB; concentrations were calculated by a linearized calibration curve. For
standardization, the obtained TXB, concentrations were calculated as % of control

samples without ASA and without the respective NSAIDs.

2.3 Molecular modeling and docking studies

MolDock is a docking module of Molegro Virtual Docker (MVD) software®’. It is
based on a new hybrid search algorithm, called guided differential evolution (DE).
The guided DE algorithm combines the differential evolution optimization
techniques with a cavity prediction algorithm. DE was introduced by Storn and Price

in 1995 and has previously been successfully applied to molecular docking®. The
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use of predicted cavities during the search process allows for a fast and accurate
identification of potential binding modes (poses). The docking scoring function of
MolDock is based on a piecewise linear potential (PLP) introduced by Gehlhaar et
al®®!. In MolDock, the docking scoring function is extended with a new term, taking
hydrogen bond directionality into account. Moreover, a re-ranking procedure is
applied to the highest ranked poses to further increase the docking accuracy.

This automatic docking software, Molegro Virtual Docker, was used in the present
docking studies. The reported crystal structure of COX-I"* (PDB ID:1PGG)” was
downloaded from Brookhaven Protein Data Bank (PDB) for the purpose of docking
studies. Initially, the protein was considered without ligand and water molecules. The
backbone was fixed, the CharmM force field and minimization using steep descent
algorithm was applied for the protein (COX-I). All the NSAIDs were prepared using
the CharmM force field and minimized up to a gradient of 0.01 kcal (mol Ay with
help of Discovery Studio 2.0 software’”.

Due to the availability of the co-crystallized ligand PGHS-iodoindomethacin (PDB
ID: 1PGG)”, we used the template docking available in the Molegro virtual docker
and evaluated the MolDock, rerank and protein - ligand interaction scores from
MolDock [GRID] options. Template docking is based on extracting the chemical
properties like the pharmacophore elements of a ligand bound in the active site. This
information is utilized in the docking of the structurally similar analogs. The
iodoindomethacin from 1PGG was used as the template with the default settings,
including a grid resolution of 0.30, for grid generation and a 11 A radius from the
template as the binding site. The MolDock SE was used as a search algorithm, and
the number of runs was set to 10. A population size of 50, maximum iteration of
1500 for parameter settings was used. The maximum number of poses to generate
was 10. Since the Molegro virtual docker works by an evolutionary algorithm,
consecutive docking runs do not give exactly the same pose and interactions. To
address this issue of inherent randomness, three consecutive runs were done and the
top three poses were used to visualize the interactions of the selected NSAIDs.
Validation of the docking was done by comparing the docked posed of flurbiprofen
with its X ray crystal structure from database ((PDB ID: 1CQE)"”. The chemical
structures used for the molecular docking were obtained from pubchem database.

These structures are shown in table 4.
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Table 4: Structures obtained from PubChem database used for docking analysis
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2.4 Mathematical modeling (QSAR)

The concentration (umol/L) of NSAIDs, showing interaction with ASA, required for
25 % increase in the platelet aggregation and TXB, activity, respectively, was
determined from the in-vitro experiments using linear regression. The mathematical
modeling was based on the correlation of ICsy and selectivity of NSAIDs towards
COX-I over COX-II enzyme. ICs, values for NSAIDs towards COX-I and COX-II
were obtained from literature’® and selectivity ratios (ICsy for COX-I/ ICsy for COX-
IT) were calculated for all NSAIDs. Those NSAIDs, where ICsy values were not
documented for both COX isoforms, could not be used for QSAR analysis. Linear
and non-linear regression was performed and the correlation coefficient was
calculated using SYSTAT software’’.

The following different types of regression analysis were used to develop a
mathematical model:

e Simple linear regression analysis: An independent variable is correlated

with a dependent variable and produces a linear one-term equation.

e Multiple linear regression analysis (MLR): More than one independent

variable is correlated with dependent variable and a single multi term
equation is formed.

e Stepwise linear regression analysis: The number of independent variables is

high and is thus correlated in a stepwise manner with the dependent variable,
producing a multi term linear equation.
The following definitions of mathematical terms have been used in our QSAR
model:
(a) Correlation Coefficient (r): The correlation coefficient r is a measure of the
quality of the fit of the model because its value depends on the overall variance

of the dependent variable.
=V 1-YAYS,,  (Eq™-1)

Where, S,y is overall variance i.e SWZZ(yobs-ymean)z; A% =SSQ-Y(Yobs —Yeal)';
‘Vobs and ‘yeac” are observed and calculated biological activities, ‘Ymean 1S mean
of biological activities.

(b) Square of the Correlation Coefficient (Coefficient of Determination, r°)
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The squared correlation r* is a measure of the explained variance, most often

presented as a percentage value e.g. ’=0.664 as 66.4%.

r2 =1-YA*Syy (Eq"-2)

(c) Standard Deviation (SD)
This is a measure of how well the function derived by the QSAR analysis
predicts the observed biological activity. Its value considers the number of object
‘n” and the number of variable ‘k’. Therefore, SD depends not only on the quality
of fit but also on the number of degrees of freedom (DF). The smaller the value

of SD the better is the QSAR model.
DF= n-k-1; SD=\Y(Yobs —Yeal) > / n-k-1 (Eq™-3)

(¢) Cross-validation r* (rzcv, or )
Cross-validation is an approach for selecting a model which is most likely to
have predictive value. This proceeds by omitting one or more rows of input data,
re-deriving the model, and predicting the target property values of the omitted
rows. The re-derivation and predicting cycle continues till all target property
values have been predicted at least once. The root mean square error of all target
predictions, the PRESS (predictive sum of squares) is the basis for evaluating the

model. This is obtained using following formula,

r’.y= [SD-PRESS]/SD, (Eq"-5)

where SD is standard deviation. A cross-validated 1* is usually smaller than the
overall r* for a QSAR equation.

2.5 Statistical evaluation of the experimental results

All data represent mean values £ SEM of n observations. Comparisons between
groups were performed using the ANOVA on ranks for repeated measures. Post

hoc analyses for differences between groups were performed by Dunnet’s test.

P values < 0.05 were considered statistically significant. Comparision between 2

groups was done Wilcoxon U test.
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3. RESULTS

3.1 Experimental results

NSAID interaction with aspirin-induced inhibition of platelet function

Platelet aggregation in control samples of platelet rich plasma without addition of
COX inhibitors ranged from 14 to 20 cm min”. 30 pmol/ L ASA completely
inhibited platelet aggregation in all samples when NSAIDs were not present.
However, the majority of the studied NSAIDs markedly altered the inhibition of
aggregation by ASA. For example, when ASA (30 pmol/L) was added together with
ibuprofen (10 umol/L ), there was a strong aggregation suggesting that ibuprofen
potently interfered with the platelet inhibitory action of ASA (figure 2e). Several
other NSAIDs interfered with 30 umol/LL ASA similar as ibuprofen (figure 2e).
These were celecoxib, fenoprofen, flufenamic acid, mefenamic acid, nabumetone,
naproxen, nimesulide, oxaprozin , phenazone, piroxicam, propyphenazone, sulindac,
tolmetin and 6 -MNA. Fenoprofen, flufenamic and mefenamic acid, nabumetone,
nimesulide, tolmetin and 6-MNA almost completely abolished platelet inhibition by
ASA. The maximum aggregation observed in presence of ASA (30 umol/L) plus one
of these NSAIDs were not significantly different from control (paired t-test, p>0.05).
In contrast, ibuprofen, naproxen, celecoxib, methylaminoantipyrine (the active
metabolite of dipyrone), oxaprozin, phenazone, piroxicam, propyphenazone, sulindac
appeared to less potently attenuate inhibition by ASA. This was indicated by the fact
that aggregation remained significantly below control at all concentrations of these
NSAIDs (paired t-test, p<0.05). Interestingly, the concentration-response curves of
celecoxib, dipyrone, nabumetone, naproxen, nimesulide, oxaprozin, propyphenazone,
sulindac, tolmetin and 6-MNA showed a decline of aggregation at their highest
concentrations (figure 2).

In contrast to the aforementioned NSAIDs, acetaminophen, diclofenac, flurbiprofen,
indomethacin, ketoprofen and ketorolac did not interfere with ASA at all and
aggregation remained completely inhibited even if the concentrations of these
inhibitors were raised up to a high micromolar range (figure 3).

NSAID interaction with aspirin-induced inhibition of platelet TXB, formation
TXB, formation in control samples without addition of COX inhibitors was 2005 +
109 ng mL-1 and was set 100 % in order to express the relative inhibition of COX
activity by ASA in vitro. 30 pumol/L ASA (without NSAID) inhibited TXB,
formation to less than 5% (84 + 7 ng mL-1, p<0.05 for all NSAID compounds).
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Several NSAIDs partially or completely prevented this inhibition. For example,
when 10 pmol/L ibuprofen and 30 umol/L ASA were added together, platelet TXB,
formation was 456 + 135 ng mL™' (p<0.05 vs. control). Hence, ibuprofen interfered
with ASA-induced inhibition of thromboxane formation similar as observed for
aggregation.

Moreover, celecoxib, fenoprofen, flufenamic acid, mefenamic acid, methylamino-
antipyrine, nabumetone, naproxen, nimesulide, oxaprozin, piroxicam,
propyphenazone, phenazone, sulindac, tolmetin and 6-MNA also interfered with the
inhibition of TXB, formation by ASA. The concentration-response curves of some
NSAIDs declined at the highest concentration studied in a similar manner as
observed for aggregation.

In contrast, acetaminophen, diclofenac, flurbiprofen, indomethacin, ketoprofen, and
ketorolac did not interfere with aspirin with respect to inhibition of platelet TXB;
synthesis. Diclofenac inhibited TXB, biosynthesis synergistically with aspirin and

this inhibition reached statistical significance (figure 3).

Figure 2 (next pages): NSAIDs showing interaction with ASA-induced inhibition of
platelet aggregation (right graph) and platelet TXB2 formation (left graph). Each
graph shows the inhibition of TXB2 formation or aggregation by ASA (30 pmol/L)
alone (bars) and concentration-dependent effect of NSAIDs on inhibition by ASA(30
umol/L) (line graph). Asterisks denote significant differences from ASA alone
(p<0.05).
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(b) Methylaminoantipyrine:
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(f) Mefenamic acid:
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(j) Oxaprozin:
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(m) Propyphenazone:
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(p) 6-MNA:
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Figure 3 (next pages): NSAIDs not showing interaction with ASA-induced
inhibition of platelet function and platelet TXB2 formation. For further explanation

see legend of figure 2
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(¢) Flurbiprofen:
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3.2 QSAR results

On the basis of experimental results, QSAR studies were performed in order to

predict the factors on which antiplatelet activity of ASA might be dependent in

presence of a particular NSAID.

The concentration (conc.) of NSAID required for 25% increase in the platelet

aggregation and in the TXB; formation were determined from the in vitro

experiments.

ICsg values for all NSAIDs for COX-I and COX-II respectively, were obtained from

one research publication’®, which determined this parameter by an identical

methodology. COX-I/COX-II selectivity of a particular NSAID was calculated on
the basis of NSAID’s ICso values for COX-I and COX-II and is shown in table 5.

Table 5: Parameters used for QSAR model development:

Com Conc.
. (umol/L) of Conc. (pmol/L) ICs (umol/L) .
No. NSAIDs for of NSAIDs for Selectivity
Drugs . 25% COX-I/1
25 % increase | . .
in platelet increase in TXB, COX-I COX-II
aggregation formation
1 Celecoxib 0.01 2.03 NA NA NA
2 Dipyrone 0.18 1.27 NA NA NA
3 Fenoprofen 0.09 0.71 2.73 14.03 0.19
4 Flufenamic 158 5.37 NA NA NA
acid
5 Ibuprofen 0.57 6.44 5.9 9.9 0.59
6 Mefenamic 1.71 435 1.94 0.16 12.1
acid

7 Nabumetone 13.26 34.38 33.57 20.83 1.61
8 Naproxen NA NA 32.01 28.19 1.14
9 Nimesulide 0.045 2.03 10.48 0.18 58.22
10 Oxaprozin 6.38 11.47 14.58 36.67 0.40
11 Phenazone 18.94 34.38 NA NA NA
12 Piroxicam 0.29 0.45 2.68 2.11 1.27
13 Pr"pylrll’:enazo 0.11 0.52 NA NA NA
14 Sulindac

Sulfide 3.27 3.51 NA NA NA
15 Tolmetin 0.092 0.71 1.08 2.25 0.48
16 6-MNA 10.99 4437 31.01 19.84 1.56
17 Aspirin NA NA 4.45 13.88 0.32
18 | Acetaminophen No effect No effect 42.23 10.69 4
19 Indomethacin No effect No effect 0.21 0.37 0.56
20 Diclofenac No effect No effect 0.26 0.01 26
21 Flurbiprofen No effect No effect 0.41 4.23 0.1
22 Ketoprofen No effect No effect 0.11 0.88 0.12
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Regression analysis was performed among the parameters mentioned in table 5 and

figure 4-8 were obtained.

Figure 4 represents a plot between the concentration of a particular NSAID required
for 25% increase in the platelet aggregation (x-axis) and 25% increase in the TXB2
formation (y-axis) in presence of aspirin for 15 NSAIDs which interfered with
antiplatelet activity of aspirin in the in vitro experiments (section 3.1). These 15
NSAIDs included celecoxib, dipyrone, fenoprofen, flufenamic acid, ibuprofen,
mefenamic acid, nabumetone, nimesulide, oxaprozin, phenazone, piroxicam,
propylphenazone, sulindac sulfide, tolmetin and 6-MNA. Naproxen could not be
included in the figure because a 25% increase in platelet aggregation and TXB,

formation was not observed experimentally (see fig. 2h in of experimental results).

4 N\

y =2,2696x + 1,4291
R?=0,8345

increase in TXB, formation

Conc of NSAIDs required for 25%

Conc. of NSAIDs required for 25% increase in
platelet aggregation
Figure 5 (on next page) represents a plot between the concentration of 9 individual
NSAIDs required for 25% increase in the platelet aggregation (x-axis) and the
corresponding COX-I ICsy value (y-axis). Only 9 NSAIDs could be included here,
because the COX-I ICsy values were available in publication76 only for those 9
NSAIDs. These included fenoprofen, ibuprofen, mefenamic acid, nabumetone,

nimesulide, oxaprozin, piroxicam, tolmetin and 6-MNA.
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y =2,3143x + 2,9567
R?=0,9172

COX-IICsq

Conc. of NSAIDs required for 25% increase in
platelet aggregation
Figure 6 Similarly, figure 6 represents a plot between the concentration of these
NSAIDs required for 25% increase in platelet aggregation (x-axis) and their
corresponding COX-II ICsy value. As in case of figure 5, figure 6 contains 9
NSAIDs because COX-II ICsy values were available only for fenoprofen, ibuprofen,
mefenamic acid, nabumetone, nimesulide, oxaprozin, piroxicam, tolmetin and 6-
MNA in the respective publication’®. Fenoprofen and oxaprozin were considered as

outliers in figure 6 shown below.

4 N\

y=1,469x + 2,2385
R?=0,8487

COX-II IG5

Conc. of NSAIDs required for 25% increase in
platelet aggregation

29



Figure 7 represents the plot between the concentration of NSAID required for 25 %
increase in the TXB, formation (x-axis) and its particular ICsy for COX-I (y-axis).
Similarly to figure 5 and figure 6, figure 7 also includes fenoprofen, ibuprofen,
mefenamic acid, nabumetone, nimesulide, oxaprozin, piroxicam, tolmetin and 6-

MNA.

y=0,7327x + 3,0118
R?=0,9023

COX-11ICsy

Conc. of NSAIDs required for 25% increase in
TXB; formation
Figure 8(on next page) represents the plot between the NSAID concentration
required for 25 % increase in TXB, formation (x-axis) and the respective 1Csy for
inhibition of COX-II (y-axis). Similarly to figure 5 ,6 and 7, figure 8 included
ibuprofen, mefenamic acid, nabumetone, nimesulide, piroxicam, tolmetin and 6-
MNA. Similar to figure 6, in figure 8 fenoprofen and oxaprozin were considered as

outliers.
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3.3 Docking results

Molegro virtual docking software was used to study hydrogen bond interaction of the
drugs at the COX-I catalytic site. Template docking was done on reported crystal
structure of COX-I (PDB ID:1PGG)”® downloaded from Brookhaven Protein data
Bank. The docking protocol used by Molegro was cross checked by perfoming
docking studies of flurbiprofen in COX-I catalytic site and comparing it with the
available crystal structure of flurbiprofen bound to human COX-1 (PDB ID: 1CQE)”
(see figure 9)

Figure 9 (on next page): The superimposition of best pose of flurbiprofen (green

colour) with co-crystallized structure flurbiprofen (silver grey colour) from PDB ID:

1CQE in the active site of COX-I.
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355

Naproxen, nimesulide, oxaprozin, flufenamic acid, piroxicam and dipyrone (MAA)
were found to form hydrogen bonds with Ser 530, the target site for acetylation by
aspirin. Active channel in COX-I comprises of Tyr 385, Ser 530, Arg 120, Tyr 355
and Trp 387 and hence docking of all selected NSAIDs were focused in the active
channel in COX-I*°. All these NSAIDs also interfered with the antiplatelet activity of
aspirin in the in vitro experiments. However, hydrogen bond interactions with
otheramino acids in the hydrophobic channel were also seen. Celecoxib formed 2
hydrogen bond interactions with Arg 120 and Tyr 355. Ibuprofen also formed
hydrogen bond interactions with Arg 120 and Tyr 355. Naproxen, nimesulide,
oxaprozin, flufenamic acid, piroxicam and dipyrone (MAA) also formed at least two
hydrogen bonds with either of Tyr 385, Arg 120, Tyr 355 or Ser 530 (see figure 10).
All bond lengths as shown in table 6 were less than 3.5 A’ which is required for
hydrogen bond interactions.

In contrast, NSAIDs which experimentally did not show any interference with anti-
platelet activity of ASA (diclofenac, ketorolac and acetaminophen), also did not
show any hydrogen bond interactions with Ser 530 and other relevant amino acids
present in the hydrophobic active channel (see figure 11). No hydrogen bond
interactions were reported in docking analysis of diclofenac and ketorolac.

Acetaminophen showed only one hydrogen bond interaction with Arg 120.
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Table 6: Results of NSAIDs docking in COXs-1 active channel. Bond lengths are

represented in Amstrong (A)

I

SN Comp TYR385] SERS530 ARG120 |TYR3S55[TRP387[Interference

(&) (&) A) A) (A)
a Celecoxib - - - 3.402 - Y
b Diyprone - - 1(2.765) [1(2.593) - Y
(Metamizol)

¢ | Fenoprofen - - 2(3.193;3.172)] 3.069 - Y
d |Flufenamic acid|1(3.151)| 1(2.755) A - - - Y
e Ibuprofen  |1(2.017)]2(2.861;3.092) - - - Y
f MAA - [2(2.865;3.064) - - - Y
g [Mefenamic acid|1(2.759)] 1(2.940) - - - Y
h| Nabumeton |[1(2.763)] 1(1.333) - - - Y
1 Naproxen - - 1(2.558) [1(2.757) - Y
j | Nimesulide [1(2,859)]2(2.632;2.623) - - - Y
k NS 398 - 1(2,668) - - - Y
1 Oxaprozin  |1(2.724)|2(2.754;3.185) - - - Y
m| Phenazone |1(2.651)] 1(3.176) - - - Y
n Piroxicam |1(2.711)]2(3.107;3.025) - - - Y
o |[Propyphenazonej1(2.651)] 1(2.597) - - - Y
p |Sulindac sulfide - - 1(2.517) [1(3.073) - Y
q Tolmetin - - 2(2.856;2.835) - - Y
r | Acetaminophen - - 1(2.980) - - N
s | Diclofenac - - - - - N
t | Flurbiprofen - - 2(3.102;2.638)11(2.839) - N
u | Indomethacin - - 2(2.336;2.466) - - N
v | Ketoprofen - - - - - N
w| Ketorolac - - - - - N

Figure 10 a-q (on next page): Docking of NSAIDs which decreased the antiplatelet

activity of ASA in invitro experiments. Atom type colour code:

Carbon=grey,

chlorine=green, fluorine=skyblue, nitrogen=blue, oxygen=red, sulfur=yellow.

33



a. Celecoxib

p3

Celecoxib forms in total 4 hydrogen bond interaction, one with Tyr 355( BL = 3.402
A), second one with Ser 516 (BL=3.163 A ), third one with Ile 517 (BL = 3.155
A) and fourth one with Phe 518 (BL = 3.116 A ).A decrease in antiplatelet activity of

ASA was seen in the presence of celecoxib in the invitro experiments.

b. Dipyrone (Metamizol):
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Dipyrone forms 2 hydrogen bond interactions with Arg 120 ( BL = 2.765 A) & Tyr
355 (BL = 2.593 A) respectively. A decrease in antiplatelet activity of ASA was seen

in the presence of dipyrone in the invitro experiments.

c. Fenoprofen:

¥r3ss

yr3g 3.069

OHI
v

Fenoprofen forms 2 hydrogen bond interactions with Arg 120 having bond lengths

3.193 A and 3.172 A respectively. One hydrogen bond interaction with Tyr 355
(BL =3.069 A). There was a decrease of the antiplatelet activity of ASA in presence
of fenoprofen in the in vitro experiments.

d. Flufenamic acid:

Ser!

Flufenamic acid docking result showed that it forms one hydrogen bond interaction

with Ser 530 (BL = 2.755 A) and one hydrogen bond interaction with Tyr 385 (BL =
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3.151 A). A decrease in antiplatelet activity of ASA was seen in the presence of
flufenamic acid in the invitro experiments.

e. Ibuprofen:

Serb530

e3sd
2.859
Gly5262-851

3082

2.017
¥r38s

Ibuprofen forms two hydrogen bond interaction with Ser 530 (BL = 2.861 A and BL
= 3.092 A), one hydrogen bond interaction with Tyr 385 (BL = 2.017 A) and one
hydrogen bond interaction with Gly 526 (BL = 2.859 A). A decrease in antiplatelet

activity of ASA was also seen in the presence of ibuprofen in the invitro
experiments.

f. Methylaminoantipyrin:
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Methylaminoantipyrin, the active metabolite of dipyrone, forms 2 hydrogen bonds
with Ser 530 (BL = 2.865 A and BL = 3.064 A). A decrease in antiplatelet activity of
ASA was observed in the presence of MAA in the invitro experiments.

g. Mefenamic acid:

eu3s2

er530

Mefenamic acid showed 2 hydrogen bond interaction with Ser 530 (BL = 2.940 A)
and Tyr 385 (BL = 2.759) A respectively. A decrease in antiplatelet activity of ASA
was observed in the presence of mefenamic acid in the invitro experiments.

h. Nabumeton:

631

Serb30

Nabumeton forms 2 hydrogen bonds with Tyr 385 (BL = 2.763 A) and Ser 530 (BL=
1.333 A) respectively. A decrease in antiplatelet activity of ASA was seen in the

presence of Nabumeton in the invitro experiments.
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i. Naproxen:

Naproxen forms 2 hydrogen bonds interactions. One with Tyr 355 (BL = 2.757 A)
and another one with Arg 120 (BL = 2.558 A). A decrease in the antiplatelet activity
of ASA was seen in the presence of naproxen in the invitro experiments.

j- Nimesulide:

p3s7

Nimesulide forms in total 4 hydrogen bond interactions. One hydrogen bond
interaction with Tyr 385 (BL = 2.859 A), two hydrogen bond interactions with Ser
530 (BL = 2,632 A, BL = 2.623 A) and one hydrogen bond interaction with Gly 526
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(BL = 2.948 A). A decrease in the antiplatelet activity of ASA was also seen in the
presence of nimesulide in invitro experiments.

k. NS 398:

NS-398, a COX-2 preferential inhibitor with some activity on COX-1, forms only
one hydrogen bond interaction with Ser 530 (BL = 2.668 A) respectively. A
decrease in the antiplatelet activity of ASA was seen in the presence of NS-398 in the
invitro experiments.

1. Oxaprozin:

Phe518
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Oxaprozin forms two hydrogen bond interaction with Ser 530 (BL = 3.185 A and BL
= 2.754) and one hydrogen bond interaction with Try 385 (BL= 2.724 A). A
decrease in the antiplatelet activity of ASA was seen in the presence of oxaprozin in
the invitro experiments.

m. Phenazone:

2651

3176
Ser530

fszs
lle52 522

Phenazone, which is structurally related to MAA (above), forms one hydrogen bond
interaction with Ser 530 (BL = 3.176 A) and Tyr-385 (BL = 2.651 A). A decrease in
the antiplatelet activity of ASA was seen in the presence of phenazone in the in vitro
experiments.

n. Piroxicam:

5
353 &

r38s
2711

3.107 3025 20

erml

40



Piroxicam forms two hydrogen bond interactions with Ser 530 (BL = 3.025 A and
BL =3.107 A) and one hydrogen bond with Tyr 385 (BL = 2.711 A). A decrease in
antiplatelet activity of ASA was seen in presence of piroxicam in the in vitro
experiments.

0. Propylphenazone:

Ala§27 Gly526

The docking results with propyphenazone showed one hydrogen bond interaction
with Ser 530 (BL = 2.597 A) and another one with Try 385 (BL = 2.651 A). A
decrease in the antiplatelet activity of ASA was seen in the presence of
propyphenazone in the in vitro experiments.

p- Sulindac Sulfide:

rg120
he3g1

eulss

Tp3s7
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Sulindac sulfide docking result showed one hydrogen bond interaction with Tyr 355
(BL = 3.073 A) and one with Arg 120 (BL = 2.517 A). A decrease in antiplatelet
activity of ASA was seen in presence of sulindac in invitro experiment.

r. Tolmetin:

. ¥
@% 120
Y,

Tolmetin forms 2 hydrogen bond interactions with Arg 120 having bond lengths (BL
= 2.856 A and BL = 2.835 A) respectively. A decrease in antiplatelet activity of

ASA was seen in the presence of tolmetin in the invitro experiments.

Figure 11a-f: Docking of NSAIDs which did not decrease the antiplatelet activity of
ASA in the invitro experiments. Atom type colour code:  Carbon=grey,
chlorine=green, fluorine=skyblue, nitrogen=blue, oxygen=red, sulfur=yellow.

a. Acetaminophen:
rg120

2080 %

Trp387
\mass
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Acetaminophin forms only one hydrogen bond interactions with Arg 120 ( BL =
2.980 A). In the presence of acetaminophen, the in vitro experimental results did not
show a decrease in antiplatelet activity of ASA.

b. Diclofenac:

Arg

Diclofenac did not show any hydrogen bond interactions with Tyr 385, Ser 530, Arg
120 Tyr 355 and Trp 387. Diclofenac did not show a decrease in the antiplatelet
activity of ASA in the in vitro experiments.

c. Flurbiprofen:
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Flurbiprofen forms 3 hydrogen bond interactions, one with Tyr 355 (BL =2.839 A)
and two with Arg 120 (BL = 2.638 A and BL = 3.102 A). In the presence of
flurbiprofen ther was no decrease in antiplatelet activity of ASA in the in vitro
experiments.

d. Indomethacin:

Indomethacin forms 2 hydrogen bond interactions with Arg 120 (BL =2.466 A and
BL = 2.336 A). The presence of indomethacin did not show a decrease in the

antiplatelet activity of ASA in the in vitro experiments.

S

e. Ketoprofen:

rg120

Ketoprofen did not show any hydrogen bond interactions with Tyr 385, Ser 530, Arg
120 Tyr 355 and Trp 387. The presence of ketoprofen did not decrease antiplatelet

activity of ASA in the in vitro experiments.
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f. Ketorolac:

Phe381

Arg120

Ketorolac did not form any hydrogen bond interactions with Tyr 385, Ser 530, Arg
120 Tyr 355 and Trp 387. Ketorolac did not decrease antiplatelet activity of ASA in

the in vitro experiments.
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4. DISCUSSION

This thesis revealed several important results. These are the following. First, the
majority of the studied NSAIDs, including celecoxib, fenoprofen, flufenamic acid,
ibuprofen, mefenamic acid, nabumetone, naproxen, nimesulide, NS-398, oxaprozin,
proyphenazone, phenazone, piroxicam, sulindac and tolmetin showed a decrease in
the antiplatelet activity of ASA in the in vitro experiments with platelet rich plasma.
Second, there was no decrease in antiplatelet activity of ASA in the presence of
diclofenac, flurbiprofen, indomethacin, ketoprofen and ketorolac. Third, hydrogen
bond interactions of the studied NSAIDs with amino acids within the COX-1
substrate channel (Ser 530, Tyr 385, Arg 120, Tyr 355, and Trp 387) may play a role
in determining whether a drug will have an effect on the antiplatelet activity of ASA
or not.

NSAID/ASA interactions have been long discussed. Thirty years ago, Livio and
coworkers reported that indomethacin prevents the inhibitory effect of ASA using
ram seminal COX-1 and rat platelets*’. Subsequent studies also reported interactions
with other NSAIDs. Studies by Catella-Lawson®’, Schuijit and coworkers* and
Gladding® showed a decrease in antiplatelet activity of ASA in presence of NSAIDs
in healthy subjects. However, the mechanism involved in this interaction is still not
completely understood. The present thesis extends this previous work by studying a
large number of NSAIDs and by examining possible molecular reasons for decrease
in antiplatelet activity of ASA by NSAIDs.

The possible interactions which can cause a decrease in antiplatelet activity of ASA
in presence of NSAIDs can be at following levels:

a) Impaired intestinal absorption of ASA

b) Impaired cell membrane transport

¢) Pharmacodynamic interaction at the level of COX- 1

d) Increased rate of inactivation

Since the interaction of NSAIDs and ASA was observed in vitro, an interaction at the
level of NSAID absorption (a) and inactivation (d) is unlikely. Moreover, a previous
study from our laboratory®* demonstrated that the interaction between dipyrone (a
nonselective COX inhibitor with analgesic but little anti-inflammatory activity)
occurs not only in platelet rich plasma but also in a cell-free system using human

platelet
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microsomal membranes. Moreover, dipyrone did not interfere in this study with a
thromboxane synthase inhibitor. This suggests an interaction of dipyrone at the level
of the COX-I enzyme rather than transport across platelet membranes. The present
work confirms the interaction of dipyrone with ASA and shows that many other
NSAIDs inferfere with ASA in a very similar manner. Hence, it is likely that the
ASA/NSAID interaction occurs by a pharmacodynamic competition with ASA at the
level of the platelet COX-I enzyme.

4.1 Discussion of the in vitro experimental results

The results show that many commonly administered NSAIDs attenuate or even
prevent the antiplatelet action of ASA, as determined both by platelet function
(aggregation) as well as biochemically (thromboxane formation) under well
controlled experimental conditions.

The concentrations of the NSAIDs observed to interact with ASA are therapeutically
relevant. For example, ibuprofen, naproxen and nimesulide achieve peak plasma
concentrations (Cpax) of 69, 47 and 15 pmol/L, respectively after administration of

. 81
standard analgesic doses ™

. This is well within the range of NSAID concentrations
applied in vitro in the present work. Celecoxib, fenoprofen, flufenamic acid
mefanamic acid, metamizol, oxaprozin, piroxicam, phenazone, propyphenazone,
sulindac, tolmetin and 6-MNA decreased the anti-platelet activity of ASA also at
micromolar concentrations, which are generally achieved by routine therapeutic
doses (see table 7).

The interaction of the NSAIDs with ASA occurred already at low micromolar or
nanomolar concentrations, which did not (or minimally) inhibit platelet aggregation
and thromboxane synthesis in the absence of ASA. The assumed interaction by
NSAIDs is supported by a relatively low potency of ASA for inhibition of COX-1%.
Although precise data of the studied NSAIDs for the inhibition kinetics of the
platelet COX enzyme are not available, it is likely that these compounds effectively
interfere with ASA at low concentrations. In contrast, arachidonic acid has a much
higher COX-1 affinity’* and is formed at high amounts upon platelet activation, so
that low micromolar NSAID concentrations are not sufficient for platelet COX-1
inhibition.

The observed NSAID interactions with ASA were generally concentration-

dependent, with the exception that the highest concentrations of some NSAIDs
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(ibuprofen, naproxen, nimesulide, oxaprozin) produced a decline of aggregation and

TXB, formation, resulting in bell-shaped dose-response curves. This may be

explained by the fact that lower concentrations of these NSAIDs predominantly

prevented COX acetylation by ASA, while high concentrations moderately inhibit

platelet COX-1 by themselves.

Table 7: Plasma concentrations (Cmax) obtained after commonly used therapeutic

doses of the studied NSAIDs, as reported in the literature:

NSAID Cmax (umol/L) References
Celecoxib 1.43 82
Dipyrone 50.7 83
Diclofenac 2.1 84
Fenoprofen 190 85
Flurbiprofen 40.5 79
Flufenamic acid 71.2 86
Ibuprofen 69.0 79
Indomethacin 11.9 87
Ketoprofen 10.2 88
Ketorolac 10.6 89
Mefenamic acid 15.0 90
Nabumetone (parent drug with first-pass <44 91
metabolism to 6-MNA)

Naproxen 205.2 80
Nimesulide 15.2 81
Acetaminophin 141.1 92
Phenazone 70.7 93
Piroxicam 54 94
Propyphenazone 7.0 95
Oxaprozin 430 96
Sulindac sulfide 4.7 97
SC 560 0.54 98
Tolmetin 156 99
6-MNA (active metabolite of nabumetone) 192.5 91

48




The present study observed some interindividual variation from subject to subject,
which likely reflect differences in plasma protein binding of the added NSAIDs,
resulting in different free concentrations. Moreover, there may be interindividual
differences in the sensitivity of platelets to stimulation by arachidonic acid and,
possibly, genetic differences of the COX-1 enzyme. The limited number of subjects
which were available did not allow to further examine the reason for the individual
variability.

While several earlier studies have demonstrated that NSAIDs may prevent the
antiplatelet effects of ASA, little is known about the comparative potential of
NSAIDs to interfere with ASA. One exception is a recent study by Schuijt and
coworkers, who administered repeated doses of low-dose ASA in combination either
with ibuprofen or diclofenac to healthy subjects. These authors reported that
ibuprofen alleviated ASA-induced inhibition of platelet thromboxane formation,
while diclofenac did not*™. It was hypothesized that diclofenac’s relative COX-II
selectivity may have allowed aspirin to interact with platelet COX-I, while ibuprofen
due to its preferential COX-I selectivity may have prevented ASA to inhibit platelet
COX-I. An additional study by Catella-Lawson and coworkers also reported that
diclofenac, as well as acetaminophen, did not prevent platelet inhibition by ASA in
healthy subjects®’. They argued that this may reflect a shorter duration of action or
lower potency of diclofenac compared with ibuprofen. Another study, comparing 6
NSAIDs given in conjunction with ASA to healthy subjects reported an attenuation
of ASA’s antiplatelet effect by ibuprofen, indomethacin, naproxen and tiaprofenic
acid, but not by celecoxib and sulindac®. All these studies suggested that individual
NSAIDs differentially interfere with ASA, but none could provide a definitve
explanation of differences between individual compounds.

The in vitro design of our present study confirms this, clearly showing that among a
comprehensive selection of NSAIDs (more than ever reported before), there are
remarkable pharmacodynamic differences between different NSAIDs with respect to
interaction with platelet inhibition by ASA. In contrast to many other conventional
NSAIDs, diclofenac, indomethacin, flurbiprofen, ketoprofen, ketorolac and
acetaminophin did not interfere with ASA at a broad range of concentrations below
or higher than the clinically achieved plasma concentrations (see Table 7). Hence,
the present results demonstrate that the interaction with ASA is not a class effect of

all NSAIDs.
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4.2 QSAR results discussion:

In addition to the described experimental results, a separate QSAR analysis has been
performed which aimed to (i) cross validate the experimental results, (ii) determine
the role of the ICsy or relative COX-1/COX-2 selectivity of the studied NSAIDs
(both obtained from the literature’®) for interference with ASA’s antiplatelet activity
and (ii1) to examine whether a combined effect of ICsy and COX-1/COX-2 selectivity
may be related to the NSAIDs interference with the antiplatelet activity of ASA.

The QSAR model revealed the following points:

(1) There was a strong correlation between the NSAID concentration
required for a 25% increase in aggregation and 25% increase in TXB,
formation.

(i)  COX-I affinity (ICsp) or COX subtype selectivity (COX-1/COX-2
inhibition ratio) alone are not related to the NSAID interaction with ASA.
Further, the QSAR analysis considered a resultant effect of both above
mentioned factors in combination, as shown in table 5.

(iii))  There seems to be a combined effect of the ICsy and COX-I/COX-II
selectivity on NSAID/ASA interference. The NSAIDs with lower COX-I
ICsp values than ASA and more selectivity towards COX-I over COX-II
appear to be less likely to interfere with ASA, while those with a higher
COX-I ICsg and lesser COX-I/COX-II selectivity more likely do interfere
with ASA (see table 5).

4.3 Docking results discussion

In order to explain the interference by different NSAIDs in the anti-platelet action of
ASA the following observations were of relevance: i) both ASA- and NSAID-
binding sites lie within the narrow hydrophobic COX-I channel, ii) ASA acts by
irreversibly acetylating a serine residue at position 530 and 1iii) all other NSAIDs,
unlike ASA, bind reversibly within or at the entry of the hydrophobic channel.

The irreversible acetylation of COX-I by ASA involves an initial reversible,
relatively weak binding within the hydrophobic channel®. Thus, those NSAIDs
which bind at this site likely compete with ASA binding. This may result in the
protection of platelet COX-I from permanent inactivation by ASA. The hydrophobic
channel of COX-I has a length of 25 A%, It originates at the membrane binding

domain and extends into the core of the catalytic domain. The long hydrophobic
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channel has been divided into the ‘lobby” and the substrate/inhibitor binding site,
divided by the residues Arg-120, Glu-524, and Tyr-355, which form a constriction
within the channel®. Most inhibitors bind at the COX active site near the constriction
residues. Arg-120 is part of a hydrogen-bonding network with Glu-524 and Tyr-355,
which stabilizes substrate/inhibitor interactions and closes off the upper part of the
COX active site from the spacious opening at the base of the channel®. Disruption of
this hydrogen-bonding network opens the constriction and enables substrate/inhibitor
interactions'*. In the existing X-ray crystal structures of COX-I with ASA (PDB ID:
1PTH'"") the acetyl group of ASA is covalently bound to Ser-530. The product of the
reaction, salicylic acid, is shown in the channel with its carboxylate making
hydrogen bonds with Arg-120 and Tyr-355 at the constriction site (see Figure 12).
The molecular basis of the interaction between ASA and NSAIDs, however, is not
entirely clear. Thus, the present thesis addresses in a more detailed fashion the
possibility of a structural explanation for the interference of the NSAIDs using in
silico molecular modeling studies.

Figure 12: The co-crystallized structure of salicylic acid in COX-I1 (PDB ID: 1PTH)
is involved in two hydrogen bonding intractions with Argl20 and Tyr355,
respectively. Atom type colour code: Carbon=grey, chlorine=green,

fluorine=skyblue, nitrogen=blue, oxygen=red, sulfur=yellow.

yr355

al116

In order to carry out these docking studies the methodology has been validated by

docking flurbiprofen in the hydrophobic channel and comparing the docked pose

with the co-crystallized flurbiprofen (PDB ID: 1CQE) (Figure 9) where both were
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found similar in terms of pose and interaction. In view of ASA, Ser-530 is of
particular importance because it is acetylated by ASA. Thus, those NSAIDs which
show hydrogen bonding interaction with Ser-530 are most likely to interfere with the
anti-platelet action of ASA. However, other amino acid residues within the
hydrophobic channel may also play a role for accommodating the ligand in the
hydrophobic channel.

Drugs showing interference in anti-platelet activity of ASA

Ibuprofen, mefenamic acid, nabumetone, naproxen, nimesulide, NS-398, oxaprozin,
phenazone, piroxicam, sulindac, tolmentin, 6 MNA, diyprone (metamizol),
propyphenazone and flufenamic acid were found to decrease the anti-platelet activity
of aspirin in in-vitro experiments.

Among the 23 studied NSAIDs, the majority of compounds experimentally interfered
with the inhibition of platelet aggregation and TXB, formation by ASA. However,
the docking results demonstrated very different modes of binding within the
hydrophobic channel.

The interfering compounds included all NSAIDs, which showed hydrogen bonding
to Ser-530. This includes flufenamic acid, ibuprofen, MAA, mefenamic acid,
nabumeton, nimesulide, NS-398, oxaprozin, phenazone, piroxicam, propyphenazon
and sulindac sulfide. Since Ser-530 is the target of acetylation by ASA, the formation
of hydrogen bonds at this site by NSAIDs most likely prevents the transfer of an
acetyl group from ASA to this amino acid.

In addition to these NSAIDs, some others experimentally interfered with ASA
without forming hydrogen bonding with Ser-530. It is long known that two other
amino acids play a prominent role within the hydrophobic COX-I channel, as
described above. These are Arg-120 and Tyr-355%". Among the NSAIDs interfering
with ASA there are several which form hydrogen bonding with either Arg-120, Tyr-
355 or both. These include celecoxib, MAA, fenoprofen, naproxen, sulindac,
tolmetin, acetaminophen, flurbiprofen and indomethacin. The experimental results
showed that many, but not all of them also interfere with platelet inhibiton by ASA.
Thus, the docking results suggest that Arg-120 and Tyr-355 are of some importance
for ASA interaction with COX-I, although this appears not as stringently connected
with the experimental interaction with ASA as Ser-530. Therefore, some NSAIDs
will be discussed separately as follows:

1) Celecoxib:
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Celecoxib docking showed one hydrogen bond interaction with Tyr-355, one with
Ile-517 and one with Phe-518. Tyr-355 is present in the active site and hence
interaction of celecoxib with this residue likely results in decrease in anti-platelet
activity of ASA. The other two hydrogen bond interactions may further stabilize the
celecoxib docking. This docking conformation is consistent with a previous study by
Rimon and coworkers derived from crystallography®’. It may be of importance for
COX-I inhibition by ASA, as demonstrated by the experimental data obtained in this
study and previous results reported by others (eg: Rimon et al.”").

i1) Naproxen:

Naproxen showed one hydrogen bond interaction with Tyr 355 and one with Arg
120. Both Tyr 355 and Arg 120 are present in the active channel in COX-1 protein.
Thus, naproxen may hinder the approach of ASA within the active channel and
decreases the anti-platelet activity of ASA.

iii) Sulindac sulfide:

Sulindac docking showed one hydrogen bond interaction with Arg 120 and one with
Tyr 355 and, in this respect, was similar with naproxen. Hence, these hydrogen bond
interactions may hinder the approach of ASA in the active channel of COX-1 protein
and decrease the antiplatelet activity of ASA.

1v) Tolmetin:

Tolmetin forms 2 hydrogen bond interactions with Arg 120. This may decrease the
ability of aspirin to enter the active channel in COX-1, since Arg-120 is the site of
initial reversible binding of ASA to COX-1'"* and hence may decrease the anti-
platelet effect of ASA as shown experimentally.

Drugs not showing any decrease in anti-platelet activity of ASA:

Diclofenac, flurbiprofen, indomethacin, ketorolac and ketoprofen did not decrease
the antiplatelet activity of ASA in the in vitro experiments. Among these diclofenac,
ketoprofen and ketorolac docking did not reveal any hydrogen bond interactions with
Arg-120, Ser-530, Tyr-385, Tyr-355 and Trp-387. Hence, they are likely to not
hinder the binding of ASA at its catalytic site within the active channel in the COX-I
protein.

Acetaminophen docking showed only one hydrogen bond interaction with Arg 120
within the active channel of COX-1 protein. A single hydrogen bond interaction with
Arg 120 is probably not sufficient to hinder the approach of aspirin in the active

channel of COX protein. This may be the reason for no effect of acetaminophen on
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the antiplatelet activity of ASA. Indomethacin and tolmetin both showed in docking
two hydrogen bond interactions with Arg-120, but still did not decrease the
antiplatelet activity of ASA. Similarly, flurbiprofen showed two hydrogen bond
interaction with Arg-120 and one with Tyr-355 but it also didn’t show interference
with ASA’s antiplatet activity.

The discussion of the interactive effect of tolmetin and absence of interactive effect
of indomethacin requires consideration of bond-lengths. Indomethacin forms 2
hydrogen bonds (bond length = 2.336; 2.466 A), thereby being more close to Arg-
120 and hence more in the periphery of entrance of hydrophobic channel. In contrast,
tolmetin forms 2 hydrogen bonds (bond length =2.856;2.835 A) and hence is more
centrally located in the hydrophobic channel. This may lead to more hindrance in the
entrance of ASA into the active channel and potentially for this reason tolmetin
interferes with the antiplatelet effect of ASA.

However, it is difficult to explain the reason behind no interference by flurbiprofen,
which also shows two interactions with Arg-120 and one with Tyr-355. The phenyl
group in flurbiprofen might have less steric hindrance in the passage of ASA within
the active channel of COX and so the antiplatelet activity of ASA may remain

unaffected.

4.4 Discussion of clinical implications

The problem of the NSAIDs/ASA interaction addressed in this thesis is of
therapeutic importance because no routine monitoring of anti-platelet action of ASA
has been established so far. Thus, individual patients affected by this interaction will
probably not be identified. Routine monitoring of platelet function is even not
recommended by the current guidelines for treatment of coronary artery disease.

The cessation of antiplatelet therapy with ASA may substantially increase
atherothombotic events and impair clinical outcome in patients with cardiovascular
disease® ***°. A meta analysis of 6 trials studied the effect of stopping ASA on the
rate of atherothrombosis*'. In patients with stable coronary artery disease (3 trials)
and patients after coronary artery surgery (2 trials), thrombotic events were about 2-
fold increased. This was statistically significant in each of the trials. Stopping ASA
in patients with coronary stents increased the risk of atherothrombosis more than 30-

fold, reflecting that stent implantation imposes a particularly high risk of coronary
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thrombosis which underlines the particular importance of effective antiplatelet
therapy in this patient subgroup.

There is evidence that both COX-I and COX-II inhibitors are associated with an
increase in cardiovascular thrombosis and cerebral strokes. A common explanation is
the hypothesis that NSAIDs may inhibit prostaglandin synthesis in the vascular wall.
The major prostaglandin species formed in the vascular wall is prostacyclin (mostly
COX-2 -dependent). PGI, has a potent antiplatelet effect, is vasodilatory and has
antiinflammatoy properties. Hence, the common explanation of the increase of
arterial thrombotic events associated with NSAIDs is the (unintended) inhibition of
vascular prostacyclin formation'®. This is plausible but there may also be other
contributing factors, such as the interaction of NSAIDs with ASA.

Patients with pre-existing cardiovascular disease are likely to receive co-medication
of NSAIDs with low dose ASA. Therefore, the NSAIDs may also have prevented
ASA'’s antiplatelet effect. This explanation is supported by the Scottish Tayside trial,
which studied cardiovascular mortality in more than 7000 patients with
cardiovascular disease receiving low-dose ASA. This trial observed a significant

104
. In

increase of mortality in the subgroup receiving co-treatment with ibuprofen
line with the conclusion from the present thesis, diclofenac did not have any adverse
influence on mortality. Accordingly, the TARGET trial, which examined
cardiovascular outcome of patients receiving lumiracoxib, showed that ASA users on
ibuprofen had more major cardiovascular events and developed more frequently
congestive heart failure than ASA users not receiving ibuprofen'®. Therefore, there
is some support from clinical trials that some but possibly not all NSAIDs interfere

with cardiovascular protection by ASA. A clinical trial which adresses this

interaction in a prospective design, however, has not yet been performed.

4.5 Criticism of Methodology

The experimental results of this study were obtained by incubation of platelet rich
plasma with the studied compounds in vitro with subsequent platelet activation by
one well-defined stimulus (arachidonic acid). This certainly differs from the situation
in vivo, where drugs are present for longer times with continuously changing plasma
concentrations according to drug metabolism and elimination. Platelets are likely
activated in biological systems by several stimuli other than arachidonic acid, such as

thrombin, adenosine diphosphate (ADP), collagen and others. Therefore, clinical
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trials are required to examine whether NSAID/ASA interactions occur in clinical
settings and whether these may have impact on clinical outcome. It should be
mentioned, however, that a number of studies in healthy subjects as well as patients
with vascular disease indeed did suggest a clincal importance of this interaction.
Another possible limitation is the docking analysis used in the present work, which
focuses on the molecular interaction between the NSAIDs and their potential
interactions with amino acids in the hydrophobic channel of COX-I but does not
consider more complex mechanisms, such as potential secondary changes in protein
conformation and interaction of the two subunits of the COX enzyme.

For example, it was demonstrated that some reversible competitive NSAIDs (e.g.,
ibuprofen) bind to both COX monomers for enzyme inhibition'”, thereby likely
competing with ASA. However, other NSAIDs appear to bind only to one COX
monomer, causing a structural change of the interface between the monomers. This
may be followed by a secondary change of the substrate binding site, resulting in an

inhibition of the partner monomer'"’.

Recent work by Rimon an coworkers, who
studied binding of celecoxib to COX isoforms by crystallography, suggested a
change in the crosstalk between the two subunits®’.

While celecoxib also potently interfered with ASA in our in vitro experiments and
the present docking analysis suggests that celecoxib forms hydrogen bonds to
Tyr355, His513 and 1le517, a secondary effect on COX-subuunit crosstalk could not
be addressed in our study. It should be noted, however, that most of the data
reporting crosstalk between COX subunits have been generated with the COX-II
isoenzyme, which may or may not be relevant for COX-I, the isoform largely
expressed in platelets. Thus, it is currently not possible to determine whether spatial
hindrance by NSAIDs due to formation of hydrogen bonds or a regulation of ligand
affinity by inter-subunit crosstalk are the true mechanism of NSAID/ASA
interaction.

In the statistical analysis of QSAR, it may be criticised that fenoprofen and
oxaprozin were outlier which did not fit into the QSAR conclusions (see graph 3 and
graph 5). This may suggest that these two NSAIDs act through an incompletely
understood molecular mechanisms which is not covered by the present QSAR

analysis (such as secondary effects on subunit crosstalk).
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5. CONCLUSION

The present study shows that numerous NSAIDs, which are commonly used for
analgesic, antiinflammatory and antipyretic indications, show a remarkable in vitro
drug/drug interaction with ASA. This results in an attenuation or prevention of the
antiplatelet effects of ASA, including the prevention of arachidonic induced platelet
aggregation and inhibition of platelet TXB, formation. This is observed at NSAID
concentrations which are well achieved during routine analgesic therapy. Hence, the
observed in vitro interactions are likely of clinical relevance.

Interestingly, the in-vitro experiments also showed that some NSAIDs, including
acetaminophen, diclofenac, fluribiprofen, indomethacin, ketoprofen and ketorolac,
do not decrease the anti-platelet activity of ASA. These NSAIDs may be preferred in
patients who take low dose of aspirin for secondary prevention of cerebral stroke or
myocardial infarction, at least if given continuously over several days or longer.
Docking studies helped to provide some insight into the molecular mechanisms
involved in NSAID/ASA interaction. From this part of the study it can be concluded
that amino acids (Tyr 385, Ser 530, Arg 120, Tyr 355, Trp 387) present within the
active channel of the COX-I protein likely play a vital role in determining whether a
particular drug would decrease the anti-platelet activity of ASA or not. This and the
QSAR results may be useful for designing other NSAIDs which would not decrease
the anti-platelet activity of ASA. Further research should analyze the time-dependent
and time-independent kinetics of each NSAID and its effect on the COX-I protein
free energy, which might control the cross talk mechanism between the monomers of
COX-I protein. There is also a chance that this thesis may be helpful for physicians
to choose safer NSAIDs for patients taking ASA for prevention of myocardial

infarction and cerebral ischemia.
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