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Aspirin (ASA, acetylsalicylic acid ATC code: NO2BAO1, DrugBank ID: DB00945, brand names: Arthritis Pain, Aspi-
Cor, Aspirin 81, Aspirin-Low, Bayer Plus, Bufferin, Ecortin, Eciprin, Miniprin, Vazalore), is one of the first drugs to be

obtained by synthesis. It is regarded as, being the most used drug with the longest lasting commercial success.

aspirin (ASA) ASA formulations ASA derivatives

| 1. Introduction

Aspirin (ASA, acetylsalicylic acid ATC code: N02BA01 [, DrugBank ID: DB00945 [, brand names: Arthritis Pain,
Aspi-Cor, Aspirin 81, Aspirin-Low, Bayer Plus, Bufferin, Ecortin, Eciprin, Miniprin, Vazalore &), is one of the first
drugs to be obtained by synthesis. It is regarded as, being the most used drug with the longest lasting commercial
success 4. ASA was originally used predominantly as an anti-inflammatory medication . Nowadays, ASA is still a
favorite of patients with a consumption of 44,000 tons of ASA each year, which is equivalent to approximately 120
billion aspirin tablets [,

So far, there have been a significant number of publications written about ASA—researchers have focused on the
uniqueness of the structure—and want to bring it closer to the reader. The use of aspirin-like drugs in modern
medicine is very broad and includes the treatment of inflammation, pain and various cardiovascular diseases .
Many studies show that the benefits of using ASA far outweigh the potential risk of side effects. Like other

medicines, ASA is toxic in high doses (over 150 milligrams per kilogram of body weight) [&],

| 2. History of ASA

The first use of willow bark containing salicin as analgesic was described in the Ebers Papyrus in 1534 BC 2.
Hippocrates also used an infusion of willow bark to treat pain. The key precursor for the synthesis of ASA was
salicylic acid (SA). SA was chemically described and synthesized in 1859 by Hermann Kolbe 1911 However, the
pharmacological use of SA was significantly limited due to its side effects such as nausea, gastric irritation and
tinnitus. An important step in history of ASA was first synthesis of pure and stable form achieved by Felix Hoffmann
(12 The date of this synthesis (10 August 1897) is considered as the birthday of ASA 13l Sales of ASA in tablet
form began in 1904 and contributed to immediate commercial success of these drugs. It is worth emphasizing that
ASA is one of the first industrial drugs available in the form of tablets in the world. On 1 February 1899, Bayer

registered the trademark name in Berlin. ASA was then patented (patent no. 644077) in the United States in 1900.
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After this, ASA started its great triumph and became the most popular painkiller worldwide 24!, Already in 1904, the
annual production of ASA was 25,823 kg. The outbreak of World War | in 1914 interrupted the international trade in
pharmaceuticals and caused the ASA to become available without prescription 2. From this time, the history of
ASA has been very rich. It seems that the breakthrough for this drug was the discovery of its anticoagulant activity.
Lawrence Craven used ASA in primary cardiovascular prevention in 1953. ASA's mechanism of action was

discovered in 1971 by Vane, Samuelsson and Bergstrém who then received the Nobel Prize for the work [14116],

A cursory search of the PubMed database reveals that 70,694 articles about ASA have been published, while
Google Scholar indicates 1,360,000 scientific and medical papers on ASA. Nonetheless, ASA is still a very
attractive drug for scientists who are looking for an antidote to new threats 7. Even today, it is one of the most
studied drugs in the world 8. The U.S. Food and Drug Administration (FDA) Clinical Trials Register (CTR)
databased found 2287 studies 19, while the EU CTR currently contains 431 clinical trials for ASA with the EudraCT
protocol, of which 69 are clinical trials conducted in people under 18 years of age [2%, and the Australian and New
Zealand CTR databases found only 87 studies 21, As mentioned above, another important factor is that this
substance is produced in great amount, i.e., in 2020 year it synthesized approx. 44,000 tons of ASA [€. In the
United States alone, more than 50 million people regularly take 10 to 20 billion ASA tablets to help prevent

cardiovascular disease (CAVDs) and celebrovascular disease (CEVDs) [6122],

| 3. ASA Structure

A total of 30 crystal structures of ASA are deposited in the Cambridge Structural Database (CSD) [22l. They have
been assigned as ref codes from ACSALA to ACSALA29. The first crystal structure was obtained in 1964 24l and
was subsequently confirmed with greater accuracy about 20 years later 23 (Figure 1). ASA is O-acetyl (Ac)
derivative of SA [28. ASA has three bonds about which rotation is possible (27, |t was proven in computational study

that form | has the lowest energetic minima [28: due to this fact, it is the most stable ASA structure 28],
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Figure 1. The basic crystal structure of ASA (CSD refcode ACSALA); compared 3D molecular view of the forms, |
(CSD refcode ACSALA), Il (CSD refcode ACSALAL3) and IV (CSD refcode ACSALA24); the orientation of OH
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moiety with respect to the Ac group is on the near side in form | and Il, but in form 1V, the inverse arrangement of

mentioned moieties can be observed; calculated molecular electrostatic potential map of ASA forms.

The phenomenon referred to as polymorphism relates to an organic molecule that can crystallize in more than one
way or form 228129130 Nowadays, it is assumed that ASA has four polymorphs B, From the pharmaceutical
industry perspective, polymorph control is a very important issue due to the fact that each crystal form has different
physical and chemical features, such as thermodynamic, kinetic, packing, surface, mechanical and spectroscopic
properties. It determines the solubility, stability and bioavailability of the selected chemical as a drug B2. In this
way, the polymorphism directly affects the performance and functionality of the active ingredient in the drug
product. The first crystal structure of form Il was obtained in 2005 23! (Figure 2).

form Il form IV

Figure 2. The crystal packing of ASA, form | (CSD refcode: ACSALA), form Il (CSD refcode: ACSALA13) and form
IV (CSD refcode: ACSALA24) along the b axis; formed through O-H ---:O hydrogen bonds. The key difference
between the structures | and Il lies in the way the layers are arranged and bonded. Form | shows molecules in
direct contact across the layer boundary forming the hydrogen bonded centrosymmetric acetyl groups (Ac) dimer.
Form Il shows the contraccatemericCO,H dimer and interlayer acid dimers are connected via catemeric methyl C—
H ---:O and phenyl C-H ---O hydrogen bonds interactions. The two arrangements are related to each other by a
relative shift of adjacent layers along the crystallographic ¢ axis in space group P21/c. The known crystal structure
of ASA. In the structure of form IV, the plane of the Ac group is nearly perpendicular to the aryl ring plane, as in

form | and Il (see Figure 1). Color code: H = white, C = grey, O = red.

The form Ill was crystallized from form | through the transformation at high pressures (2 GPa) and was identified by
means of Raman spectroscopy in 2015 B4, Nevertheless, ASA crystal form Il has not been obtained so far.
Additionally, upon release of the pressure, form Il transforms back to form I, indicating that the high-pressure
phase is not stable at ambient conditions. Form IV was crystallized from the melt, and its structure was determined
using a combination of X-ray powder diffraction analysis and crystal structure prediction algorithms in 2017 (3],
Optimized structure of ASA form IV (CSD refcode: ACSALA24) indicates that the orientation of the OH group of the
CO,H moiety is on the far side with respect to the Ac group (Figure 1) 3. The computational studies have
suggested n — T* interaction between the aromatic COOH and the -C=0 carbon of the Ac group B8, Even after
the discovery of the crystalline structure of ASA form Il, the existence of the polymorph is still controversial due to

the unique mutual growth phenomenon observed between the two polymorphic domains. However, it is clear that
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the two polymorphs exhibit significantly different solid state properties such as dissolution rate, mechanical

properties, crystal habit, melting point and pKa 7,

3.1. The Basic Physical, Chemical and Biological Properties of ASA

Transport of pharmaceuticals in biologic tissues includes solvation in and distribution between environments of
different properties in terms of lipophilicity, basicity, etc. 383349 The drug solubility testing in solvents present in
the body is necessary to determine bioavailability, and the dose of the drug that should be administered to produce
a specific therapeutic effect. The solubility of drugs depends on the pH of the environment in which the drug is
absorbed and on the dissociation coefficient-pKa “3l. The solubility of a biologically active compound in water, i.e.,
in the main component of every organism, is checked for almost every compound. Other important solvents are
ethanol (a model responsible for the transport of the drug in the body) and octanol (a model lipid, a component of
biological cell membranes). SA is among the drugs that have been best studied in terms of their solubility in both
organic and inorganic solvents 42, The solubility of this drug was tested in such solvents as water, methanol or
acetic acid. SA is poorly soluble in water. However, its sodium salt dissolves very well. ASA is more soluble in
ethanol, ethyl ether, chloroform, sodium hydroxide solution and sodium carbonate solution than in water. However,
with the access of moisture, it undergoes hydrolysis to SA and AcOH. It easily decomposes in aqueous solutions,
and an increase in pH significantly accelerates both dissolution of the compound in water and its decomposition
(39 Table 1 presents the basic chemical, physical and biological properties of ASA compared to selected non-

steroidal anti-inflammatory drugs (NSAIDSs).

Table 1. The basic physical, chemical and biological properties of ASA compared to selected NSAIDs.

Solubility of ASA at  Solubility of SA at ICgp *
Solvent  “>98K,gl100g[a] 298K, g/100 g PKa  cox.1 cox-2
H,O 0.46 [d,e] 0.22 [f] ASA 3.5 1.67 [b] 278 [b]
>100.00 14.08
EtOH 20 32.54 SA 3
! ] c]
n_

CgHy70H 3 1.25[g] paracetamol 9.7 42.23[c]  10.69[c]
MeOH 33 38.46 [h] ibuprofen 4.4 5.9 [c] 9.9 [c]
CO(CHa3), 29 33.33 [h] diclofenac 3.9 0.26 [c] 0.01[c]
AcOH 12 7.59 [h] ketoprofen 3.9 0.11 [c] 0.88 [c]
CHCI; 6 2.22 [h] piroxicam 6.3 2.68 [c] 2.11 [c]
O(EY), 5 32.82 * [h] celecoxib 111 15 [b] 0.04 [b]
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ycldnxygenmsea (B@Xpnized state. Only the undissociated molecule is lipophilic enough to pass through the
stomach or intestinal wall by passive diffusion. Due to its chemical structure acetylsalicylic acid shows a pH-
dependent equilibrium of the ionized (hydrophilic) and the non-ionized (lipophilic) form of the salicylate BY. ASAis a
weak acid that is poorly dissociated in setting the pH of gastric fluid, and therefore rapidly resorbed by various
gastric cell membranes 1. ASA dissociates to a greater extent in the intestine due to the higher pH in this part of
the GI, thus improving its solubility 2. The higher ionized rate determines the better absorption of ASA in the small
intestine than in the stomach at the same pH range. At pH 3.5 or 6.5, the intestinal absorption of ASA is greater
than the absorption of the compound in the stomach. The stomach does not absorb ASA at a pH of 6.5 (e.g., the
gastric pH of infants ranges from 6 to 8).

3.2. Mechanism of Action for ASA

At present, no one doubts that the known mechanisms of action for ASA fall into two categories, they are
cyclooxygenase (COX, alternate name Prostaglandin H, synthase PGHS, EC.1.14.99.1 [8) j.e., COX-dependent
and COX-independent pathways [B4. When ASA is absorbed into the blood, it breaks down into two
pharmacologically important molecules: active acetate and salicylate 7. From a chemical point of view, the
primary mechanism of action for ASA is the transfer of the Ac group to -OH and -NH, functionalities present in
biological macromolecules 12, |t has been proven that ASA reacts with nucleophilic groups on proteins (such as
Lys and Arg (with -NH, group), Ser, Thr, Tyr (with -OH group, and Cys (with -SH group)) resulting in irreversible
acetylation. From a biological point of view, the key mechanism of action for ASA is the irreversible inhibition of
prostaglandin peroxide synthase 1 (COX-1), 2 (COX-2) and 3 (COX-3)) of the prostaglandin precursor and
thromboxane producing enzymes B3B8I57Y COX is a membrane enzyme endowed with a long and narrow
hydrophobic enzyme tunnel that runs from the surface of the membrane into the interior of the protein molecule 8]
(Figure 3). COX-1 is structurally and enzymatically similar to COX-2 5,
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Figure 3. Comparison of 3-D crystal structures of human cyclooxygenase COX-1 (PDB 6y3c, 3.36 A) [ and
COX-2 (PDB: 5ikr; 2.34 A) 84 highlighting the bound ligands, important protein domains (such as EGF: epidermal
growth factor domain, MBD: membrane binding domain and CD: catalytic domain) and amino acids (Arg120,
Ser530, Tyr385). Enlarged area showing structural elements around acidic ligand binding site. Residues forming
hydrogen bonds (dashed lines) with the crystalized ligand are shown in spherical form with interatomic distances in
A. Residues forming Van der Waals interactions with ligands are shown as labeled arcs with radial spokes pointing

toward the ligand atoms.

The small difference in size between the active sites of COX-1 and COX-2 has been exploited by pharmaceutical
companies to develop selective COX-2 inhibitors, such as celecoxib 2, rofecoxib €2 and meloxicam B4 which
reduce inflammation without damaging the stomach mucosa 66] cox-3is a splicing variant of COX-1 which has
retained intron-1 during translation and which is found in human tissues in a polyadenylated form. Selective
inhibition of COX-3 will discover potent and valuable new drugs for controlling pain and fever 66 ASA acetylates
SER-530 COX-1 thereby block prostaglandins (PGs) and thromboxane A2 (TxA2) synthesis in platelets and reduce
platelet aggregation. A vasoconstrictor, TxA2, also aids in the aggregation of platelets during hemostasis (Figure
4). This mechanism of action explains the effect of ASA in preventing thrombosis of the coronary arteries and
cerebral vessels B8] These result in a decreased chance of thrombosis or thrombotic events, but the exact role

of ASA in primary prevention in still uncertain 2862,
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Figure 4. Two major mechanisms of action for ASA. Depending on the cell type COX-dependent mechanism
affects synthesis of different prostaglandins (PGs) including PGH,, PGE2, PGF2a, prostacyclin PGI2 and
tromboxane A2 (TXA2). Through various COX-independent mechanisms, ASA may modulate carcinogenesis and
alter growth rate of the intestinal tumor. These pathways, including inhibition of nuclear factor (NF)-kB signaling
and the extracellular signal-regulated kinase (ERK) signaling, cells and may arrest cell growth by inhibiting cyclin
dependent kinase CDKs, inhibition of the Wing-like glycoproteins, i.e., Wnt signaling, 3-Catenin phosphorylation,
activation adenosine monophosphate activated protein kinase (AMPK), decreasing mechanistic target of
rapamycin (mTOR) signaling, acetylation many proteins such as histones, cytoskeletal and heat shock proteins
(HSP), glycolytic and pentose pathway enzymes, proteasomal subunits and mitochondrial proteins, proteins
involved in translation, wild-type and mutant a tumor suppressor protein (p53), and multiple other mechanisms,

e.g., inhibition hydroperoxy fatty acid peroxidase in the lipoxygenase pathway of arachidonic acid metabolism.

ASA is the only NSAID that covalently modifies the COX enzymes. ASA binds to SER- 516 residue on the active
site of COX-2 in the same fashion as its binding to the active site of COX-1. SER-530 is located near COX-1 active
site and the Ac group added to this SER residue hinders the access of substrate (arachidonic acid, AA) to the
active site 9 COX-1 and COX-2 are isoenzymes (60% sequence identity) and their active site structure are
similar too ZH. COX-2 is inducible, and its expression is enhanced by the same prostaglandins that are
synthesized by COX-1 in platelets and epithelial cells 3. However, COX-2 has a side pocket in the substrate
channel that is not in COX-1. Additionally, the substrate channel of COX-2 is larger and more flexible. These
structural differences make ASA (at high doses, i.e., micromolar to millimolar) about 60-fold more potent to inhibit
platelet COX-1 than monocyte COX-2 (as measured on prostanoid biosynthesis by washed human platelets
(expressing COX-1) and isolated monocytes (expressing COX-2)) [48)) and 170 times more effective at inhibiting
COX-1 anti-inflammatory activity of a COX-isozyme activity as IC50 ratio of COX-2/COX-1 12, COX-2 gene
expression is induced by myriad stimuli and is sustained by a positive feedback mechanism via prostaglandins
(PGE2 and PGI2). These prostaglandins activate adenylyl cyclase (GC), thereby increasing intracellular cyclic AMP
levels and enhancing COX-2 transcription via the protein kinase cAMP-dependent (PKA) pathway 3] (Figure 4). A

third cyclooxygenase, COX-3, is selectively inhibited by low concentrations of some NSAID including ASA.
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Blocking or changing COX activities are the result of acetylation by the active acetate released from the ASA
molecule and not by salicylate 4. This has been shown in platelet studies, where a low concentration of ASA is
sufficient to irreversibly block COX-1, while salicylate is inactive. In humans, deacetylation is so intense in the
intestinal lumen, portal circulation and liver that it is assumed that only about 50% of the ASA dose reaches the
systemic circulation unchanged B[S, |ow-dose ASA provides a paradigm of COX isozyme-selective and cell-
specific inhibition, by virtue of its short half-life and its ability to inactivate COX irreversibly. Other NSAIDs lack
these unique pharmacokinetic and pharmacodynamic features and do not usually achieve the same degree of
persistent platelet COX-1 inhibition as is obtained with low-dose ASA [8],

However, other COX independent ASA mechanisms have gradually been identified. Subsequent studies aimed to
identify additional effects of this drug (such as chemopreventive or other) that could help explain its
pharmacological properties. ASA can modulate many different signaling pathways. It was found to inhibit activated
B cell nuclear factor k-light chain enhancer (NF-kB) without affecting other transcription factors. It was first
demonstrated in 1994 1. ASA inhibits the activation of NF-kB, thus prevents the degradation of the NF-kB
inhibitor, | kappa B, and therefore is retained in the cytosol. ASA also inhibits NF-kB in B-dependent transcription
from the Ig kappa (lgk) enhancer and the human immunodeficiency virus (HIV) long terminal repeat (LTR) in
transfected T cells X4, It has also been demonstrated that ASA alone is capable of stimulating hippocampal
plasticity. It was observed that ASA binds to PPARa at the Tyr314 residue of its ligand-binding domain (LBD).

On binding to the PPARa LBD, ASA induces activation of PPARa to upregulate transcription of the cyclic adenosine
monophosphate response element-binding protein (CREB) and associated hippocampal plasticity and associated
hippocampal plasticity 8. Furthermore, low-dose of ASA treatment increased the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)-and N-methyl-D-aspartate (NMDA)-mediated calcium current in hippocampal
slices and improved memory and learning in the FAD5X, but not FAD5X/Ppara-null, mice /8. However, analgesic
doses of ASA do not cause psychiatric disturbances such as hypnosis or rapid mood changes, relieve pain without
affecting other sensory modalities and do not modify excitatory mechanisms involving the brainstem reticular
formation. Therefore, it seems very likely that any central mechanism is probably subcortical, perhaps at the level
of the hypothalamus. The small number of such effects in the CNS also suggests that the analgesic action of

salicylates is largely through their peripheral action 2,

So far, many mechanisms have been proposed in which it has been proven that ASA influences transcription
factors [B4IBUBLIE2 ce|l signaling B384 and mitochondrial function 3, as well as the activity of various enzymes
by many different action types (Figure 4, Table 2) [88187] ASA induces autophagy and stimulates mitophagy.

However, not all of the exact mechanisms by which ASA works are not still known and understood.

Table 2. Compilation of different therapeutic targets and their action type for ASA [2[BI[70I[88][89][90][91][92]

Drug Targets Name Action Type

Prostaglandin G/H synthase 1, Prostaglandin G/H synthase 2, Aldo-keto reductase family 1 Inhibitor
member C1, Endothelin-1 receptor, Ribosomal protein S6 kinase alpha-3, NF-kappa-B
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Drug Targets Name Action Type
inhibitor alpha, tumor necrosis factor-inducible gene 6 protein, Caspase-1, Caspase-3, Solute
carrier family 22 member 6, Solute carrier family 22 member 8

5'-AMP-activated protein kinase, Activator
Cellular tumor antigen p53, Cytochrome P450 2C19, P-glycoprotein 1, Inducer
Cytochrome P450 2C9, UDP-glucuronosyltransferase 1-6, Arylamine N-acetyltransferase 2,
. Substrate
P-glycoprotein 1
78 kDa glucose-regulated protein, Binding
P-glycoprotein 1 Modulator

Tumor necrosis factor-inducible gene 6 protein, Caspase-1, Caspase-3, G1/S-specific cyclin-

. . ) . i Downregulator
D1, Myc proto-oncogene protein, Proliferating cell nuclear antigen, Cyclin A, eguiato
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