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Abstract: Non-steroidal anti-inflammatory drugs (NSAIDs) claimed during last years an increased research interest to es-
tablish their cardiovascular safety profile. Generally, NSAIDs inhibit in different degrees both isoforms of cyclooxy-
genase (COX). Aspirin has a unique property among NSAIDs, namely at low doses it inactivates irreversibly the COX-1
activity in platelets. It is well known that platelets are a significant source of inflammatory mediators and their activation
leads to important clinical atherothrombotic vascular events. Atherosclerosis is a chronic inflammatory process. The car-
dioprotective effect of aspirin resides in it’s mechanism of action, suppressing the platelet COX-1 dependent thromboxane
biosynthesis. There are patients who do not benefit from the cardioprotective effect of aspirin, being labeled as “resistant”
to aspirin. The underlying mechanism of aspirin resistance is yet unclear. This review intends to detail recent advances in
the field of molecular simulation applied to nonselective non-aspirin NSAIDs and other COX selective inhibitors. Binding
studies were performed between the COX-2 enzyme and these molecules. Using 2D-QSAR, it was noticed that the lipo-
philic bulkier group width-wise is required for a significant biological activity and also, the hydrophobic interactions
might be crucial for the potency of same COX inhibitors. In order to understand a meaningful comparison of both classi-
cal NSAIDs and newer COX-2 inhibitors, three-dimensional quantitative structure-activity relationships and also molecu-

lar docking techniques were applied.
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1. ASPIRIN AND ANTI-INFLAMMATORY DRUGS -
PHARMACODYNAMICS AND PHARMACOKINETICS
EVALUATION

Despite its long use in clinical practice, aspirin (acidum
acetylsalicylicum) still remains one of the most studied bio-
logically active molecules because of its large spectrum of
indications. After its existence for more than 100 years, aspi-
rin is considered the golden standard of antiplatelet therapy
[1]. Salicin, the bitter principle of common white willow,
was used successfully by Maclagan in 1874 to treat symp-
toms as pain, fever and inflammation of rheumatic fever [2].
Felix Hoffmann discovered a method to acetylate the hy-
droxyl group on the benzene ring of salicylic acid to form
acetylsalicylic acid [3] and Heinrich Dreser (chief pharma-
cologist at Bayer) named this final product “Aspirin” [3, 4].
Non-steroidal anti-inflammatory drugs (NSAIDs) claimed
during last years an increased research interest to establish
their cardiovascular safety profile. Generally, NSAIDs in-
hibit in different degrees both isoforms of cyclooxygenase
(COX). Aspirin has a unique property among NSAIDs, at
low doses, it inactivates irreversibly the COX-1 activity in
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platelets [5]. So, aspirin inactivates permanently the activity of
prostaglandin H-synthase-1 (COX-1) and 2 (COX-2), enzymes
(isozymes) catalyzing the first step in prostanoid biosynthesis [6].

From a chemical point of view, aspirin is an O-acetyl
derivative of salicylic acid and it is obtained by acylating the
hydroxyl group with acetic anhidride, using sulphuric acid as
catalyst. The structure and also the synthesis pathway of as-
pirin are presented in Fig. (1) [7].

1.1. Pathway of Aspirin Actions in Humans

NSAIDs and aspirin have been the topic of many re-
searches. Thus, a number of mechanisms were proposed to
explain the effects of aspirin in humans: (i) cyclooxygenase
inhibition, (ii) interaction with cyclic nucleotides, (iii) acti-
vation of complement components, (iv) altered cellular inter-
actions with prostaglandins, (v) altered leukocyte migration,
monocytopoiesis stimulation and interferon induction [8].

Evidences show that aspirin inhibits lymphocyte activa-
tion at a dose of 73 pg/ml and PGE (prostaglandin E) forma-
tion at a dose of 1.12 pg/ml [9]. The anti-inflammatory effect
of aspirin was described by Vane and Botting [10, 11] inhib-
iting the synthesis of a pro-inflammatory mediator, namely
prostaglandin E,. Later, it has been demonstrated that aspirin
inhibits cyclooxigenase-1 (COX-1) activity by acetylating
serine 530, hindering the access of arachidonic acid to the
active site. COX type 2 (COX-2) is inhibited by aspirin in a
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Fig. (1). Aspirin: structure and synthesis.

similar way [12], but is less potent (170-fold less [13]). The
sustained and permanent inhibition of platelet COX-1 activ-
ity is responsible for the beneficial effects of aspirin in ather-
thrombotic cardiovascular diseases.

Inhibiting COX isozymes, aspirin interferes with the bio-
synthesis of cyclic prostanoids (thromboxane A,, prostacy-
clin PGlI,, prostaglandins E,, D, and F,,), which are obtained
by enzymatically catalyzed oxidation of arachidonic acid of
cellular membrane phospholipids [14]. Most physiological
effects [14] of obtained cyclic prostanoids in the arachidonic
acid metabolization are related to one of the following path-
ways:

- TXA; is involved in vasoconstriction, platelet aggre-
gation;

- PGI, induces vasodilation, decreases platelet aggrega-
tion and, also, increases RBF;

- PGE; is responsible for vasodilation, RBF increase,
natriuresis, gastric acid production inhibition;

- PGD2 is involved in RBF increase and also gastric
acid production inhibition;

- the simultaneous presence of PGD2 and PGF2a. in-
duces vasoconstriction, bronchoconstriction, uterine
contraction increase and also progesterone level de-
crease.

Syntheses of cyclic prostanoids in the arachidonic acid
metabolization pathway (thromboxane A,, prostacyclin PG5,
prostaglandins E,, D, and F,,) are presented in Fig. (2).

Aspirin acetylates in a selective manner as the hydroxyl
group of the serine Ser 530 residue of the enzyme (COX)
leading to an irreversible inhibition of COX; thus, a new
enzyme has to be elaborated so that new amounts of prosta-
noids can be produced [3]. In the presence of aspirin, COX-1
is completely inactivated, while COX-2 catalyzes the con-
version of arachidonic acid to 15-R-hydroxyeicosatetraenoic
acid (15-R-HETE) and not to PGH, [14]. The conversion of
arachidonic acid to PGH, is essential in obtaining the above
mentioned prostanoids. Aspirin blocks prostaglandin synthe-
sis, the beneficial effects of platelet TXA, inhibition being
superior and the potential prothrombotic state caused by the
lack of PGI, remaining just in theory [14]. COX inhibition in
platelets is irreversible because of the limited mMRNA pool
and protein synthesis in platelets [14].

Beneficial actions of aspirin on the cardiovascular system
are tried to be explained by its antioxidant properties
namely: improving endothelial dysfunction [15], inhibit-
ing/protecting LDL from oxidative modification [16], and
enhancing nitric oxide production in endothelial cells secon-
dary to prostacyclin synthesis inhibition [14]. COX-2 inhibi-
tion reduces inflammation and selective COX-2 antagonists
do not affect the gastric mucosa [3].

Fig. (2). Arachidonic acid metabolization via prostaglandin H-synthase (COX) (adapted from ref. [14]).
Legend: PGG,: prostaglandin G,; PGH,: prostaglandin H,; TXA,: thromboxane A,; PGl,: prostacyclin; PGE,: prostaglandin E,; PGD,: pros-

taglandin D,; PGF,,: prostaglandin Fy,.
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Recently, a third distinct COX isozyme, COX-3 was de-
scribed, and two smaller COX-1 derived proteins, which are
presented as potential targets for anti-inflammatory drugs. It
was proved that COX-3 mRNA has a significant expression
in human at the level of cerebral cortex and of the heart,
thus, COX-3 could be a selective target and a central mecha-
nism to control pain and fever [17, 18].

1.2. Absorption and Recommended Doses of Aspirin in
Cardiovascular Diseases Management

After oral administration, aspirin (including the enteric-
coated aspirin) is quickly absorbed in the upper gastrointes-
tinal tract and it inhibits platelet aggregation immediately; a
measurable effect manifesting after 60 minutes following
ingestion [14]. Intervening in primary hemostasis, bleeding
time increases. The effect of repeated doses of aspirin is cu-
mulative on platelets. If about 20% of cumulative effect from
platelets expresses normal COX, hemostasis returns to nor-
mal features [14].

The FDA (Food and Drug Administration) recommends
dosages of aspirin ranging from 50 mg/d to 1300 mg/d to be
comprised in the pharmacological management of athero-
sclerotic cardiovascular diseases. Actual data are consistent
with using aspirin in a dose of 75 — 100 mg daily in the area
of cardiovascular disease prevention [19]. Aspirin is efficient
at minimum effective dose in following cardiovascular enti-
ties [6]: (a) men at high cardiovascular risk, blood hyperten-
sion, stable angina, and unstable angina, and severe carotid
artery stenosis (75 mg/d), (b) transient ischemic attack and
ischemic stroke (50 mg/d); (c) acute myocardial infarction,
and acute ischemic stroke (160 mg/d).

1.3. Aspirin Resistance

The debate continues to understand why correctly pre-
scribed and administrated doses of aspirin remain with
less/no cardio-protective effect in certain patients. It is yet
unclear whether clinical resistance to aspirin is due to dose
and type of used antithrombotic agent or to individ-
ual/populational features [20]. Resistant patients to aspirin
may have one or more of the following [21]: (i) receive a
low dose of aspirin, (ii) are not compliant to treatment, (iii)
have different capacity to absorb aspirin, (iv) underlying
genetic condition leading to aspirin ineffectiveness.

At present, there is no accepted golden standard to define
aspirin resistance [21]. Potential mechanisms that may de-
termine the appearance of aspirin-resistant TXA, biosynthe-
sis are [6]: transient expression of COX-2 in newly formed
platelets in case of accelerated platelet turnover; extraplatelet
sources of TXA, (monocyte/macrophage COX-2); and con-
comitant administration of another traditional NSAID inter-
feres with aspirin at the level of platelets.

Krasopoulos et al. [21] identified 20 studies comprising
2930 patients with cardiovascular disease receiving aspirin
as antithrombotic agent. Patients’ aspirin status was assessed
by several methods: measuring serum TXA, in relation to
platelet hemostasis, a platelet or collagen adhesion assay,
platelet rich plasma aggregometry, whole blood platelet ag-
gregometry, or some combination or modification thereof.
28% of patients were labeled as resistant to aspirin, with
higher prevalence in women and in patients with previous
renal impairment. 39% of aspirin resistant patients had a

Current Computer-Aided Drug Design, 2009, Vol. 5, No.1 3

cardiovascular event (vs only 16% of sensitive patients,
OR=3.85, 95% CI: 3.08-4.80, p<0.001). One of the most
important findings of this meta-analysis is that mortality risk
in aspirin resistant patients was very high: OR=5.99 (2.28-
15.72, p<0.003).

The importance of sensitive platelets to aspirin derives
also from the fact that there is a 50% reduction in the risk of
myocardial infarction or death from vascular causes in pa-
tients with unstable angina receiving aspirin [6]. In acute
phases of ischemic stroke, there is an increased TXA, bio-
synthesis, with shorter duration than in acute coronary syn-
dromes, suggesting that other mechanisms intervene in
stroke development. However, aspirin started within 48
hours after the onset of symptoms of an acute ischemic
stroke brings immediate benefits in terms of clinical non-
fatal and fatal events, but not in same rates as in acute coro-
nary syndromes [22].

Snoep et al. [23] showed that patients receiving aspirin to
prevent recurrent cardiovascular events are still at high risk
to develop such events. This might be due to laboratory aspi-
rin resistance, a phenomenon concerning persistent platelet
reactivity despite aspirin therapy, which is more likely corre-
lated with clinical resistance to aspirin. The pooled odds ra-
tio of all cardiovascular events in the meta-analysis was 3.8
(95% ClI, 2.3-6.1). The estimated prevalence of aspirin resis-
tance in population ranged between 5 and 45% [24]. This
large interval is due to the variability of platelet function in
population and of biomarker testing, variability referred also
as resistance. It has been established that uninhibited platelet
COX activity persists in those patients taking aspirin who are
younger and heavier and also in those with previous myo-
cardial infarction [24, 25]. There is also gender difference in
platelet reactivity: distinct from men, aspirin lowers in
women the risk of stroke, with no impact on the risk of myo-
cardial infarction or cardiovascular mortality [24, 26].

Platelets are essential in acute thrombotic events and as-
pirin reduces by about 25% the risk to develop an acute
thrombotic event in high-risk subjects; there is also evidence
that about 10 — 20% of the patients receiving aspirin may
present one/more recurrences of the arterial thrombotic event
[6, 27].

To summarize, The Working Group on Aspirin Resistance
of The International Society on Thrombosis and Hemostasis
proposed following possible mechanisms of aspirin “resis-
tance” [27] in order: (i) Bioavailability: non-compliance, un-
derdosing, poor absorption, interference: NSAID coadminis-
tration, (ii) Platelet function: incomplete suppression of TXA,
generation, accelerated platelet turnover, stress-induced COX-
2 expression in platelets, increased platelet sensitivity to ADP
and collagen; (iii) Single nucleotide polymorphisms: recep-
tors: Gpllb-1lla, collagen receptor, TX receptor, enzymes:
COX-1 and 2, TX-synthase; (iv) Platelet interactions with
other blood cells: endothelial cells and monocytes provide
PGH, to platelets and also synthesize their own TXA;; (V)
Other factors: smoking, hypercholesterolemia, lack of exer-
cise, stress, etc.

1.4. Clinical Evidence of Aspirin

In low-risk patients, without known occlusive vascular
disease, five primary prevention trials demonstrated that as-
pirin reduces the risk of myocardial infarction by 30% [28-
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33], but with no significant effect on the risk of stroke [28].
Sanmuganathan et al. [34] have analyzed data deriving from
four primary prevention randomized controlled trials com-
prising 48540 subjects, of whom 25133 were receiving aspi-
rin, in a dosage of 75 — 500 mg daily. Only in the HOT study
[29] among patients were included women. There were sig-
nificant overall reductions in all cardiovascular events (by
15%) and in myocardial infarction (by 30%), a non-
significant reduction in all cause mortality (by 6%), and a
non-significant increase in stroke incidence (by 6%) [34]. At
coronary event risk 1.5%/year, the five year NNT was 44 to
prevent a myocardial infarction, and 77 to prevent a myocar-
dial infarction net of any important bleeding complication.
At coronary event risk 1%/year, the NNT was 67 to prevent
a myocardial infarction, and 182 to prevent a myocardial
infarction net of important bleeding [34]. So, the authors
concluded that aspirin has significant benefits (safety and
effectiveness) at coronary event risk > 1.5%/year [34].

In another meta-analysis published by Berger et al. [35],
among 51342 women, in the aspirin arm, there was a 12%
reduction in cardiovascular events (OR, 0.88; 95% CI, 0.79 —
0.99; p =0.03) and a 17% reduction in stroke (OR, 0.83; 95%
Cl, 0.70 - 0.97; p = 0.02). There was no significant effect on
cardiovascular mortality and myocardial infarction. Men were
44114: in those treated with aspirin, there was a 14% reduc-
tion in cardiovascular events (OR, 0.86; 95% ClI, 0.78 — 0.94;
p = 0.01) and a 32% reduction in myocardial infarction (OR,
0.68; 95% CI, 0.54 — 0.86; p = 0.001). There was no signifi-
cant effect on stroke or cardiovascular mortality.

In a recent analysis [36, 37], chemoprevention with aspi-
rin was cost-effective for men over 75 years regardless of the
number of cardiovascular risk factors and for 55- and 65-
years old men with at least two cardiovascular risk factors.
Women 75 years of age with a 2 times increased cardiovas-
cular risk and women 65 years of age with a 5 times in-
creased cardiovascular risk brought forward benefits for be-
ing treated with aspirin. By these means, the aspirin treat-
ment for primary prevention of cardiovascular disease is
cost-effective when global cardiovascular risk surpasses a
certain threshold: >10% for men and >15% for women.

The Antithrombotic Trialists’ Collaboration [38] studying
the efficiency of antiplatelet therapy established that the risk of
major cardiovascular events is reduced by 22% for the whole
study population (over 140000 subjects), but diabetic patients
(about 5000 patients) seem not to benefit maximally from this
kind of therapy: 7% reduction of the risk for major cardiovas-
cular events, but with no statistical significance. The US
guideline on diabetes and cardiovascular disease [39] recom-
mends aspirin in primary prevention in all individuals aged >
40 years or with additional risk factors [39]. Europeans do not
prescribe aspirin for the primary prevention of myocardial
infarction or cardiovascular death, while being indicated for
the prevention of stroke [40, 41]. Belch et al. [42] concluded
that aspirin is not effective in primary prevention of cardio-
vascular events and mortality in a diabetic population (1276
subjects). Further trials are needed to establish the role of aspi-
rin in diabetic cardiology (aspirin alone or a combination of
antiplatelet drugs, dosage) concerning primary prevention
issues. Randomized trials have established that aspirin, in sec-
ondary prevention, reduces the possibility of non—fatal cardio-
vascular events by 25 — 30% and fatal events by 15 — 20% [5].
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Stroke has been included in the large concept of cardio-
vascular disease; it is well-known that the great majority of
major cerebrovascular events are ischemic and about 15% of
them are preceded by a transient ischemic attack [43]. In the
Antithrombotic Trialists” Collaboration meta-analysis [38,
43], 18270 patients had a positive history for cerebrovascular
disease. Using antiplatelet therapy (a mean of almost 2 and a
half years), an absolute risk reduction (ARR) of 36 serious
vascular events per 1000 patients was obtained: ARR of 25
non-fatal strokes per 1000 patients (p < 0.0001), and smaller,
but significant reductions in non-fatal myocardial infarctions
(p = 0.0009), vascular (p = 0.04) and all-cause mortality (p =
0.002). Current antiplatelet options in secondary stroke pre-
vention are aspirin alone, aspirin and extended-release
dipyridamole, and clopidogrel.

Triple antiplatelet therapy in long term administration
leads to an increase of bleeding rates [44]. Aspirin is pre-
scribed in over 90% of patients after surgical myocardial
revascularization [45].

2. THE NEWS IN ANTI-INFLAMMATORY DRUGS

NCX 4016, 2-(acetyloxy)benzoic acid 3-
[(nitrooxy)methyl]phenyl ester, is a new molecule in which a
nitric oxide (NO)-releasing moiety is covalently linked to
aspirin. After enzymatic metabolism, NCX 4016 releases
both components [46]. This new class of pharmacologic ac-
tive agents is called NO-NSAIDs (Nitric Oxide Non Steroi-
dal Anti-Inflammatory Drugs) or CINODs (Cyclooxygenase-
Inhibiting Nitric Oxide Donors) [46]. Chemical structures
[46] of NCX 4016 and Aspirin are shown below:

N

00CCH,8 OOCCH,
i COOH é/cob/\ONo
2

Aspirin NCX4016

In their study on healthy subjects, Fiorucci et al. [47]
showed that NCX 4016 inhibits the cyclooxygenase activity
being equally effective with aspirin, with less gastric side
effects and preventing monocyte activation. NO aspirin de-
rivatives were meant to achieve a significant degree of gas-
tric protection, but there is the open possibility of vascular
protective effects of drug-derived NO [48]. Platelets have a
decreased capacity to release NO from organic nitrates. New
drugs with a furoxan group as NO-donating moiety with an
esteric linkage to the aspirin molecule have been developed
in order to overcome the gastric side effects. The NO-release
mechanism is unlikely to require the same cellular conditions
as that for organic nitrates, suggesting that they might offer a
degree of NO-mediated antiplatelet effects to complement
those of the aspirin entity [48]. Further on, Turnbull et al.
[49] showed that NO-aspirins have increased anti-
inflammatory properties being candidates in the management
of a wide range of inflammatory diseases.

3. APPLICATION OF RATIONAL DRUG DESIGN
STUDIES FOR DEVELOPING OF THE MOST SE-
LECTIVE COX-2 INHIBITORS BY 2D-QSAR

Several studies have been focused on a series of com-
pounds with selective COX-2 inhibitory properties because
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of their increased anti-inflammatory potency applicable in
many systemic inflammatory conditions, with a low-rate of
side effects (i.e., gastrointestinal bleeding). It remains of
high interest to perform QSAR/QSPR studies upon sets of
compounds with increased COX-1 inhibitory activity in or-
der to improve the cardiovascular outcome with as low as
possible rate of secondary effects.

Prasanna et al. [50] found in their work important re-
quirements (physicochemical and structural) in order to dif-
ferentiate the COX-1 and COX-2 inhibitory activity in vari-
ous ligands. Kalgutkar et al. [51] showed that derivatization
of the carboxylic acid moiety of NSAIDs determines the
annulling of the COX-1 inhibitory activity, while COX-2
inhibitory capacity is not significantly affected. The logical
consequence was to propose the conversion of classical non-
selective NSAIDs to selective COX-2 inhibitors enhancing
their anti-inflammatory and analgesic properties with a high
safety profile.

In their study, Kant et al. [52] showed that ester deriva-
tives of indomethacin have an increased COX-2 inhibitory
activity in correlation with thermodynamic and sterimol pa-
rameters underlying the fact that the steric effect is essential.
It suggests that a lipophilic bulkier group width-wise is re-
quired for a significant biological activity.

The phenyl sulfonamide moiety positioned in secondary
pocket of enzyme, which consists of amino acid residues
Phe518, GIn192, Arg513, Leu352, Ser353 and Val523, is
responsible for the selectivity. The unsubstituted phenyl ring
positions in a hydrophobic cavity are lined by Tyr385,
Trp387, Tyr348, Leu384 and Met522. Interestingly, the in-
dole C-5 CH3-substituent is located in a hydrophobic region
formed by 11e345, Val349, Ala527, Leu531 and Leu534. The
hydrophobic interactions of methyl group might be crucial
for the potency of 2-sulfonylphenyl-3-phenyl-indole analogs.
The study has revealed that atomic Van der Waals volume
and atomic masses explain COX-2 inhibitory activity of 2-
sulfonyl-phenyl-3-phenyl-indole analogs significantly [53].

The quantification of the structural features of 1,5-
diarylpyrazole analogs with various biological activities gave
some important structural insights, i.e. Hy (hydrophilic fac-
tor) and Morl7v (3D molecular representation of structure
based on electron diffraction code). These two physico-
chemical properties may be helpful in the development of
more selective dual COX-2/LOX-5 (lipooxygenase-5) in-
hibitors [54].

4. GENERAL OVERVIEW OF 3D-QSAR AND MO-
LECULAR DOCKING METHODS APPLIED TO DE-
VELOP CYCLOOXYGENASE INHIBITORS

3D-QSAR (three-dimensional quantitative structure ac-
tivity relationships) is an important component of computer-
aided drug design (CADD) methodology [55] to develop
new potent COX-2 specific inhibitors, acting as potential
anti-inflammatory or anti-cancer drug candidates [56-58].
The aim of 3D-QSAR methods is to identify the spatial
properties represented by the similarity or dissimilarity be-
tween 3D structure of active site of the enzymes and their
inhibitors when electronic and steric fields are considered.
3D-QSAR assumptions are represented by [59]: (i) the mod-
eled compound is directly responsible for the biological ef-
fect and not its metabolites or other transformation products,
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(ii) the binding of inhibitors to the active site takes place in
the same manner for all of them, (iii) the enthalpic processes
(steric, electrostatic, hydrogen bonding, etc) are considered.

In 3D-QSAR methods, the biological activity is ex-
pressed as the logarithm (with base 10) of the reciprocal of
the molar concentration required to produce a standard bio-
logical response [59]. In many QSAR studies applied to en-
zyme inhibitions, the reciprocal logarithm of the constant of
inhibition, Ki, is considered and this parameter is correlated
with various physicochemical descriptors like: hidrophobic-
ity, molecular volume and surface, Connolly Surface Area
[60], Molar Refractivity [61], or AGsolv (solvation free en-
ergies) [62].

4.1. 3D-QSAR-CoMFA/CoMSIA Methods

In COMFA (Comparative Molecular Field Analyses) [59]
method, the alignment (superposition) of bioactive conform-
ers is strongly required [59], with several alignment methods
being usually used: atom-to-atom, substructure-to-
substructure or field fitting. CoMFA considers that the steric
(Lennard-Jones) and electrostatic (Coulombic) components
are most important for the interaction between inhibitors and
receptor enzymes [59, 63]. The steric and the electrostatic
interactions between a probe atom, (sp3-carbon, oxygen and
nitrogen) and the ligands are calculated at uniform grid
points, and then tabulated (CoMFA matrix) for each mole-
cule. The multivariate statistics such as partial least squares
(PLS) method [64], is used to extract the orthogonal princi-
pal components of COMFA matrix [59]. The leave-one-out
cross-validation method gives the control criteria; PRESS
(Predictable Residual Sum Squares), SD (standard deviation)
and g° (cross-validate r?) [59]. The r? correlation factor [59],
SEE (standard error of estimate) [59] and F (Fisher) [59] are
performed by non-cross-validated method [59].

The CoMSIA method [65] includes five different prop-
erty fields like: steric, electrostatic, hydrophobic, hydrogen
bond donor, and acceptor properties. COMSIA considers the
interactions between the ligands (antagonist in our case) and
a probe atom having a radius of 1A, charge of +1 and hydro-
phobicity of +I, which is placed at the intersections of a sur-
rounding lattice.

Using the CoMSIA method, it is possible to separate the
contribution of the steric, electrostatic, hydrophobic, hydro-
gen bond donor/acceptor descriptors and, at the same time,
to evaluate these contributions to the biological activity.
Similarly to CoMFA, these five fields can be identified
graphically by a contour map. The CoMSIA method is more
intuitive and leads itself to a straightforward graphical analy-
sis, compared with the COMFA method.

4.2. Molecular Docking

Docking can be used to evaluate: (i) correlation between
the experimental biological activities with predicted biologi-
cal activities, (ii) identification of spatial distribution of the
inhibitors within the active site, and (iii) predicted binding
affinities of the inhibitors to the enzymes active site.

By molecular docking technique [66] a correct fitting of
the ligands in the active site of a protein (membrane receptor
or enzyme) and also, the prediction of the affinity of the
ligand to protein are obtained. When molecular docking is
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applied, the knowledge of crystallographic structures of the
ligand and also, of the enzyme, is critical. The crucial first
step in docking is represented by the identification of bind-
ing pockets on enzymes. After identifying the possible bind-
ing regions on the enzyme surface, one can then move on to
predict which small molecules will bind to a cleft and in
what orientation.

Most docking algorithms consider that the enzyme struc-
ture is rigid, according to the high computational cost in-
duced by the flexibility of big molecules, while the ligand is
free to move. Usually, in the first step, a library of ligand
conformers is generated and in the second step, these con-
formers are docked into the target, each conformer being
treated as a new ligand. Any algorithm able to generate in a
correct manner the ligand conformers could be used to gen-
erate this library. One of them is represented by genetic algo-
rithms. Genetic algorithms attempt to use the rules of natural
selection to subset computationally demanding tasks [67,
68].

4.3. Application of 3D-QSAR and Molecular Docking
Studies for Developing New COX-2 Inhibitors

Recently, many research groups have applied 3D-QSAR
(CoMFA/ CoMSIA) and molecular docking to develop new
inhibitors of COX-2. This review presents the most recent
applications of these techniques, when chemical structures
substances like thiazolidinedione, benzofuran, furanone and
ethers derivatives as COX inhibitors were studied.

In 2006, Mingyue Zheng et al. [69] performed a 3D-
QSAR and molecular docking analysis of 21 COX-2/5-LOX
dual inhibitors, namely, 7-tert-butyl-2,3-dihydro-3,3-
dimethylbenzofuran analogues (DHDMBF). In this study of
molecular docking, appropriate spatial orientation of
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DHDMBF analogs in COX-2 active site was performed.
Highly predictive 3D-QSAR models were then successfully
set up through CoMFA and CoMSIA techniques based on
the binding conformations discovered via molecular docking
to the crystal structure of COX- 2. The modeling results pro-
vide a satisfactory explanation for the binding mechanism of
DHDMBF analogs with the COX enzyme, and 3DQSAR
models lead to a better understanding of how to design a
potent dual inhibitor against the two enzymes. The chemical
scaffold of DHDMBF analogs is presented below:

Ri Ri
Rs
CHZ)n
O
R2

In this study, the authors considered that DHDMBF ana-
logs could be divided into two parts: a polar “anchor” (e.g.,
carbonyl, amide, amino or hetero ring structure) and a hy-
drophobic tail. Further, it has been discussed about the most
active inhibitor of this series, compound (3) (R1 = Me, R2 =
t-Bu, R3 = COphenyl, n = 1, -loglCs, = 8.15). By molecular
docking it was found that: (i) the phenyl “tail” of compound
3 is involved in interactions with hydrophobic amino acids
Ala516, 11e517, Phe518, and Val523 of COX-2; (ii) carbonyl
oxygen belonging to compound (3) is able to form two hy-
drogen bonds with polar residues His90 and Ser353 with
bond lengths of 2.59 and 2.62 A, respectively; (iii) hydro-
phobic R1 and R2 groups interact with sub-pockets PA2 and
PA3, respectively, these interactions being critical for the
power of inhibition (Fig. 3).

Fig. (3). The binding models of compound (3) with COX-2. The inhibitor is represented as ball-and-stick and residues within 4 A° around the
inhibitor are denoted as stick. Dash lines denote the hydrogen bonds (after M. Zheng [69]).
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It was shown that by removing R1 or R2, a drastic de-
crease of inhibition activity was recorded (e.g. compound (8
(n=1, R1 = H, R2 = t-Bu, R3 = CO(CHy)3-c-Pr, -loglCs, =
4.82)). All these remarks help us to conclude that the size
and shape of hydrophobic “tail” of these compounds play an
important role in COX2 inhibition. The final remark of dock-
ing study reveals that the phenyl or aliphatic chains with the
length of three or four carbon atoms lead to, at least, two
strong hydrogen bonds between the “anchor” and residues
His90 and Ser353, while too long hydrophobic tails result in
weaker hydrogen bonding.

In the same study, for COX-2, a two-component COMFA
model was obtained with cross-validated > of 0.782, con-
ventional r of 0.917, F value of 99.484, and standard error
of 0.348, while the CoMSIA model (of three descriptors:
steric, electrostatic, and hydrophobic) was obtained with a
cross-validated g® of 0.548 for two components and a con-
ventional r’ of 0.914. Considering the descriptor contribution
to the inhibitory activity, it was concluded that: (i) the sum
of steric and hydrophobic fields in the CoMSIA model is
approximately equal to the steric contribution in the corre-
sponding CoMFA model, (ii) the distribution of electrostatic
fields account for more than half of the total, indicating that
electrostatic interaction is essential to the binding of
DHDMBEF analogs with COX-2.

By displaying the CoMFA contour map for COX-2 inhi-
bition it was possible to conclude that large steric favored
areas around the R2 group of DHDMBF suggest that more
bulky substituents in these positions will significantly im-
prove the biological activity. Increase of biological activity
can be obtained when a hydrophobic interaction between the
bulky group and the site formed by hydrophobic residues
Phe518, Met522, VVal523, Gly526, and Ala527 occurs.

At the end of this study it was concluded that compounds
with higher COX-2 inhibitory activities, for example, com-
pound (1) (n =1, R1 = Me, R2 = t-Bu, R3 = CO(CH,)3CCH,
-loglCsy = 7.82 ), compound (3) (n =1, R1 = Me, R2 = t-Bu,
R3 = COphenyl, -loglCsq = 8.15 ), and compound (18) (n =
1, R1 = Me, R2 = t-Bu, R3 = 6-Imidazo[2.1-b]thiazolyl, -
loglCso = 7.82 ), generally bear a bulky group at this posi-
tion. As revealed, both the steric favorable region around
group R2 and the negative charge favorable region near the
carbonyl group of DHDMBF analogs should be crucial for
designing potent inhibitors against the COX enzymes.

Ahmed Ali et al. [70] reported the docking and also
three-dimensional qualitative structure selectivity relation-
ship (3D-SSR) studies performed on new 2/4-
thiazolidinedione derivatives as selective cyclooxygenase-2
inhibitors, with higher analgesic and anti-inflammatory ac-
tivity. The chemical scaffold of new 2,4-thiazolidinedione
derivatives (compound (9 (a-1)) and compound (10(a-p)) is
presented below.

In this study, the docking of the 2,4-thiazolidinedione de-
rivatives into the active site of COX enzymes was carried out
using the enzyme parameters obtained from crystallographic
structures of the complexes between COX-1 with flurbiprofen
(1CX1.pdb) and COX-2 with SC-558 (1CX2.pdb) [71]. The
docking results demonstrated that 2,4-thiazolidinediones de-
rivatives show comparable interactions at COX-2 as the co-
crystallized SC-558, with certain observations: (i) phen-
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ylmethylidene group of 2,4-thiazolidinediones derivatives fits
into the COX-2 secondary pocket having the same orientation
of sulfonamide group of SC-558, (ii) 2,4-thiazolidinedione
moiety adopts the position of the central pyrazole ring of SC-
558 whereas the second aromatic ring can be superimposed
with the bromo-phenyl ring of SC-558, (iii) the third aromatic
ring of 2,4-thiazolidinedione adopts the position of the CF3 of
SC-558, (iv) it was suggested that the synthesized 2,4-
thiazolidinediones derivatives are active COX inhibitors with
a clear preference for COX-2.

Ar

H—\ - S~ O
pag
O

SRS

CH3

(10)

Devendra Sharad et al. [72] identified a series of 5-aryl-
2,2-dialkyl-4-phenyl- -3(2H)-furanone derivatives as selec-
tive cyclooxygenase-2 (COX-2) inhibitors by 3D-CoMFA
/CoMSIA methods. Considering the importance of alignment
in developing 3-D QSAR models in this study, four different
alignments of the molecules using compound (26) as tem-
plate structure were proposed: alignment | - each analog was
aligned to the template by rotation and translation in order to
minimize the RMSD between atoms in the template and the
corresponding atoms in the analog ( g° = 0.502, r* = 0.922) :
alignment Il - the atoms of the molecules were used for RMS
(root mean square) fitting corresponding to the atoms in the
template (q° = 0.559, r* = 0.893); alignment 111 — centroids
rather than the exact superimposition of atoms of the rings
were used for RMS fitting to the template (q° = 0.652, r* =
0.914 ); alignment IV - both atoms and centroids were se-
lected for superimposition on the template (q* = 0.664, r* =
0.916).

Finally, the statistically significant model was established
for 36 molecules in the training set (COMFA model: g° =
0.664, r* (non-cross-validated square of correlation coeffi-
cient) = 0.916, F value = 47.341, standard error of prediction
= 0.360 and standard error of estimate = 0.180; CoMSIA
model: g® = 0.777, r* (non-cross-validated square of correla-
tion coefficient) = 0.905, F value = 66.322, standard error of
prediction = 0.282 and standard error of estimate = 0.185.
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(26) (-lOg 1C5o = 852)

\\

In this study, by displaying the CoMFA steric and elec-
trostatic contour maps, it was noticed that: (i) bulkier sub-
stituents at furanone ring are not favorable for steric interac-
tions but the 4-phenyl ring in the vicinity of 5’-F of com-
pound (26) revealed that an increase in activity is anticipated
due to the increased steric bulk, (ii) the presence of partial
negative charge in the vicinity of 4’-H and 5’-H is associated
with increased activity (80% contribution).

The CoMSIA model with the combination of steric, elec-
trostatic, hydrophobic and hydrogen bond donor fields
yielded the highest cross-validated r* = 0.777 with four com-
ponents, non cross-validated r? = 0.905, and F value 66.322.
The hydrogen bond donor contour maps of CoMSIA near
3’’-H of the 5-phenyl ring and also in the vicinity of 3’-F and
4’-H of the 4-phenyl ring indicated the disfavored regions
for hydrogen bond donor substituents while in the lower re-
gion of the 5-phenyl ring, in the vicinity of 5’’-H of com-
pound (26), favored regions for hydrogen bond donor sub-
stituents were indicated.

M. Anzini et al. [73] performed a complex study includ-
ing synthesis, biological evaluation and also molecular dock-
ing of 1,5-diarylpyrrole-3-alkoxyethyl ethers as selective
cyclooxygenase-2 inhibitors with anti-inflammatory and also
antinociceptive activities. The chemical scaffolds of com-
pound (5), compound (6), compound (7) and compound (8)
are presented below:

OEt OR
6]
[\ [\
N CH3 N CH3
H3CO,S H3CO,S
X X
(5) (6,7,8)

The potential anti-inflammatory and antinociceptive ac-
tivities of same compound ((7a), X = H, R = Et, ICsq = 0.015
microM), compound ((8a), X = H, R = n-Pr, ICsg = 0.018
microM) and compound ((8d) X = F, R = n-Pr, 1Csq = 0.030
microM) were evaluated in vivo, where they showed a very
good activity against both carrageenan-induced hyperalgesia
and edema in the rat paw test. In the abdominal constriction
test it was shown that compounds (7a), (8a), and (8d) were
able to reduce the number of writhes in a statistically signifi-
cant manner, leading to the conclusion that compounds (6-8)
can be considered interesting candidates for further preclini-
cal studies.
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In the present study, the enzyme docking simulations
demonstrated that the binding mode of such compounds is
characterized by the ether group located into the “carboxy-
late site” with its oxygen atom involved in a hydrogen bond
with the guanidino moiety of Arg120. Moreover, the alkyl
portion of the ether side chain was embedded into a lipo-
philic region defined by Leu93, Vall16, and Leu359 (Fig.
4).

The results of this study show that the presence of a 4'-
trifluoromethyl or a 4'-fluoro substituent at 1-phenyl ring as
in compounds ((6¢), X = CF3, R = Me, IC5, = 0.049 micro
M), compound ((6d) X = F, R = Me, IC5, = 0.018 microM),
compound ((7¢), X = CF3, R = Et, ICs5y = 0.085 microM) and
compound ((7d), X = F, R = Et, IC5y = 0.047 microM) and
compound ((8c) X = CF3, R = n-Pr, IC5, = 0.030 microM)
determines a slight decrease in the COX-2 inhibitory activity
with the increase in the side chain length, with the exception
of compound (8d), while the less bulky ether in the subseries
of the 4'-fluoro derivatives (compound (6d)) showed an I1Csq
of 0.018 microM. Also, it was noticed that the 1-aryl sub-
stituent showed the usual interaction pathway with the hy-
drophobic pocket of protein, as well as the aryl moiety at C5
that was in contact with the selectivity site with both hydro-
phobic interactions and hydrogen bonds.

Also, 1,5-diarylpyrrole derivatives as anti-inflammatory
and analgesic agents were kept in mind of M. Biava et al.
[74]. Authors tested same alcohol and ether derivatives of
compounds as possible COX-1/2 inhibitors in vivo in the
human whole blood (HWB) and in vivo for anti-
inflammatory activity in mice. The chemical scaffold of 1,5-
diarylpyrrole derivatives is presented below:

RO
COOEt
NS CHs
7
- Ri
HyCO,S N

\\

In this study, by docking it was possible to notice certain
observations like (i): all the compounds preferred the same
orientation within the COX-2 binding site, with the methyl-
sulfonyl group located into the selectivity site, (ii) the 5-
phenyl ring was accommodated into the hydrophobic pocket,
(iii) hydrogen bonds involving the sulfonyl oxygens and the
carbonyl group of the ligands, which interacted with Tyr518
and Argl120, respectively, were confirmed as important an-
chor points for the binding of COX-2 inhibitors; also, it was
proved that the additional interactions like hydrogen bond
with Ser353 and Van der Waals contacts with the hydropho-
bic region, are useful to modulate affinity of compounds
toward the enzyme, (iv) the side chain at position 3 of the
pyrrole ring matching the carboxylate site.

Recently, V. Rajakrishnan et al. [75] used the available
X-ray crystal structures of the complex of COX-2 with the
known inhibitors Diclofenac (PDB ID: 1PXX) and Flur-
biprofen (PDB ID: 1HT8) to carry out a molecular simula-
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Fig. (4). Graphical representation of the best pose found for compound (7a) (ball and stick notation) within the binding site of COX-2. Hy-
drogen bond interactions (involving the ether oxygen atom and one of the sulfone oxygens) are coded by black dashed lines. For the sake of
clarity, only a few amino acids of the binding site are displayed (after M. Anzini [73]).

tion (molecular modeling, molecular dynamic and molecular
docking) study of small peptide inhibitors as potent and se-
lective COX-2 inhibitors.

In this study. the docking methodology was first tested
on two known inhibitors (diclofenac and flurbiprofen),
which were docked in the crystal structure of active site of
COX-2. The docking results showed a free energy of binding
(AG) of -9.44 kcal/mol, corresponding at Ky value (at 298K)
of 0.11 microM for diclofenac and also a free energy of
binding of -9.46 kcal/mol, corresponding at K4 value of 0.16
microM for flurbiprofen; thus, the docking methodology
gives results that are consistent with the observations. Fur-
thermore, starting from nimesulide and celecoxib (the
chemical structures are presented below), the authors de-
signed several tripeptide sequences containing two aromatic
rings, and a charged residue at the C-terminal end and each
of these tripeptides being docked in COX-2 active site. It
was noticed that the tripeptide inhibitor occupies a position
similar to that of diclofenac and flurbiprofen, but with a
larger set of interacting residues of the COX-2 (Met522,
Tyr355, Ser353, Arg120, and His90). The most suitable one
(in terms of activity and interactions) was found to have the
tryptophan-tyrosine-aspartic acid sequence (WYD, amino
acids single-letter codes). The results of tryptophan-tyrosine-
aspartic acid tripeptide docking at COX-1/2 active site
showed that the tryptophan-tyrosine-aspartic acid tripeptide
is 2.6 million times selective for COX-2 over COX-1.

o§s40 HsC
RN
NH
o —
N_ Fs
o
L nimesulide celecoxib

FINAL REMARKS

We considered that the molecular simulation techniques
such as: 3D-QSAR (CoMFA, CoMSIA), rational drug de-
sign, docking or molecular dynamics will continue to give
important information about COX-2 inhibitors design. The
descriptors as hydrogen donor or acceptor, the electrostatic
or steric fields, the predicted binding energy can improve the
knowledge about COX-1/2 inhibition and its application in
clinical treatment. A useful approach is to separate the con-
tributions of steric, electrostatic or lipophylic fields to the
inhibitors affinity to COX-1/2.
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ABBREVIATIONS

NSAID = Non-steroidal anti-inflammatory drug

COX = Cyclooxigenase

PG = Prostaglandin

TXA, = Thromboxane A,

PGI, = Prostacyclin

PGE; = Prostaglandin E;

PGD, = Prostaglandin D,

PGF,, = Prostaglandin Fp,

RBF = Renal blood flow

OR = Qdds ratio

Cl = Confidence interval

NNT = Number needed to treat

QSAR = Quantitative structure-activity relationships

CoMFA = Comparative Molecular Field Analysis

CoMSIA = Comparative Molecular Similarity Indices

Analysis
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