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Abstract 

The objective of this work was to synthesize and evaluate the biological 

properties of a new series of nitric oxide-releasing non-steroidal anti-

inflammatory drugs (NO-NSAIDs) possessing a tyrosol linker between the 

carboxylic acid present in classical NSAIDs and a NO-releasing group (PROLI/NO) 

derived from the naturally occurring amino acid L-proline; however, initial 

screening of ester intermediates without the PROLI/NO group showed the 

desired efficacy/safety ratio. The NSAID prodrugs were potent selective COX-2 

inhibitors and showed equipotent anti-inflammatory activity compared to the 

corresponding parent NSAIDs, but showed a markedly reduced gastric toxicity. 

Furthermore, simple NSAID ester prodrugs were able to increase the activity of 

phase II carcinogen-metabolizing enzymes (NQO1); however, unlike NCX-4016 

(NO-aspirin), NSAID esters were not effective inhibitors of platelet aggregation. 

These results provide complementary evidence to assume that the use of NO-

releasing groups in hybrid NSAID prodrugs is not required to decrease the 

ulcerogenic profile of classical NSAIDs. 
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Chapter: Introduction 

Over a century has passed since the  synthesis of acetylsalicylic acid (aspirin) as 

the first non steroidal anti-inflammatory drug (NSAID) by Felix Hoffman, working 

at Bayer Industries1-2. Since then, NSAIDs have become one of the most widely 

prescribed group of drugs worldwide, and drugs of first choice to treat pain, 

fever, and inflammation. Apart from the traditional use, recent studies have 

shown that NSAIDs can also be used (alone or in combination) to treat other 

disorders such as atherosclerosis,3 thrombosis,4 Alzheimer’s disease,5-8 and 

disorders for which chronic inflammation is an etiological factor. In this regard, 

there is increasing evidence suggesting potential use of NSAIDs in the 

prophylactic treatment of some types of cancer, for example colon cancer, 

breast cancer and prostate cancer9-12. 

The major pharmacological mechanism of action of NSAIDs is to inhibit the 

production of prostaglandins (PGs) and thromboxanes (TXs) (Figure 1). PGs have 

a wide variety of physiological effects. TXs are vasoconstrictors and facilitate 

platelet aggregation, thus, they induce a potent hypertensive effect. 

Cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) enzymes convert  

arachidonic acid (AA) to produce various PGs and TXs13.  

COX-1 is generally regarded as a constitutive enzyme which is present in most 

tissues; it is involved in the physiological production of PGs and provides 

maintenance functions such as cytoprotection in the stomach. In contrast, COX-2 

is regarded as an inducible enzyme (induced by cytokines, growth factor, 

interleukin-1-β, and carrageenan) and is expressed in inflammatory cells14. 

However, recent reports have challenged these “traditional” roles of COX-1 and 

COX-2 enzymes, emphasizing the importance of re-evaluating not only their roles 

1 
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in the inflammatory process15, but also their contribution to the underlying 

mechanisms of NSAID-induced side-effects. In this regard, epidemiological 

studies have shown a significant risk of gastrointestinal,16-17 renal,18 and hepatic19 

side-effects apparently associated with the inhibition of the COX-mediated PG 

synthesis20.  

 

Figure 1: Cyclooxygenase Pathway 

Aspirin has emerged as one of the most widely used antiplatelet agents (it 

inhibits COX-1derived thromboxane A2) in the primary and secondary 

prevention of cardiovascular disease, reducing the risk of myocardial infarction 

and stroke21. However, even at the low doses (10–100 mg per day) that are 

recommended for these purposes, aspirin can significantly increase the risk of 

gastrointestinal (GI) bleeding and ulceration22. Like aspirin, prolonged 

administration of other NSAIDs is also associated with a higher incidence of GI 

side-effects such as stomach irritation and ulceration. NSAID-related toxicity has 

been documented, and recognized for over 60 years23, and has been referred to 

as an “epidemic”24. Over the years, introduction of more potent NSAIDs with an 

even greater propensity for toxic side-effects increased the awareness about 
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NSAID-induced gastro-duodenal ulceration, and provided impetus to the 

development of effective NSAIDs with a more favourable GI safety profile. 

The development of gastrointestinal tract (GIT)-safe anti-inflammatory drugs has 

presented a unique challenge. Even after so many years of research, it has been 

difficult to separate the therapeutic advantages of NSAIDs from their GI side 

effects. In this regard, there have been adopted different strategies to design 

safer NSAIDs. To reduce their mechanism-based GI toxicity, one of the most 

successful alternatives developed in the early 90’s were the selective COX-2 

inhibitors, generically known as Coxibs. Their commercial success was based on 

the hypothesis that COX-1 derived eicosanoids promote gastroprotective 

mucosal defences; by sparing COX-1, COX-2 specific inhibitors will provide 

effective anti-inflammatory and analgesic activity while substantially reducing 

the risk of gastric and peptic ulcers and GI bleeding compared to traditional 

NSAIDs25. However, this approach is now under scrutiny due to conflicting 

evidence regarding the cardiovascular safety of the COX-2 inhibitors2 26-28.  

Another alternative to counteract the GI toxicity of NSAIDs was to form hybrid 

prodrugs with the ability to release biological mediators such as nitric oxide (NO) 

and hydrogen sulphide (H2S)29-30. NO and H2S are endogenously produced 

cellular mediators which now have been widely recognized to exert many of the 

same actions as PGs in the GIT. It has been proposed that co-administration of 

NO counteracts most of the adverse events related to NSAID-induced COX-1 

inhibition, including decreased prostanoid synthesis, reduction in mucosal blood 

flow, and the over-expression of inflammatory mediators such as plasma tumor 

necrosis factor alpha (TNF-α) and leukocyte–endothelial cell adherence31-32. 

In the search of safer NSAIDs, “simple” prodrugs of NSAIDs have been studied, 

too. A wide variety of different prodrugs have been developed to temporarily 

mask the acidic group of NSAIDs. Generally, these Prodrugs have an ester or 
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amide group instead of the carboxylic acid group. They have become promising 

agents, which can be used to reduce the GI toxicity due to the local action of the 

carboxylic acid group. There have been reports that these ester or amide 

prodrugs of NSAIDs have a better therapeutic profile than their parents, 

examples of which are discussed later. These prodrugs still have to be further 

evaluated33-34. 

1.1 The Bigger Picture of the Problem 

 
1.1.1 NSAID Gastropathy 

In 2007, the US Poison Control Centers (American Association of Poison Control 

Centers, National Poison Data System [AAPCC NPDS]) described 307,590 cases of 

NSAID-related toxicity; 205,245 of these cases were correlated with single 

exposures to NSAIDs35. Financial loss due to gastric complications caused by 

NSAIDs is estimated to be in billions of dollars36. It has been reported that 15–

35% of all peptic ulcer complications are caused by NSAIDs and the increase of 

hospitalization and deaths due to GI-related disorders parallels the increased use 

of NSAIDs37-38. It is estimated that each year more than 100,000 Americans are 

hospitalized and between 15,000 and 20,000 Americans die from ulcers and GI 

bleeding linked to NSAID use39. According to a study published by González et al., 

it is difficult to estimate the actual damage exerted by NSAIDs. They suggested 

that the risk of upper GI bleeding/perforation varies between individual NSAIDs 

at the doses commonly used in the general population. They also reported that 

drugs with a long plasma half-life or those which are administered in sustained-

release formulations are associated with a higher degree of inhibition of both 

COX isozymes and with a greater risk of upper GI bleeding/perforation40. Recent 

studies using capsule endoscopy and double-balloon endoscopy allowed better 

visualization and diagnostic evaluation of the entire small intestine. These 

techniques have also shown that NSAIDs can cause a wide variety of 



5 | P a g e  
 

abnormalities in the small intestine, such as ulcerations, perforation, and 

bleeding41-42.  

1.2 Pathogenesis of NSAID-Induced Gastropathy 

 

1.2.1 Cyclooxygenase Enzymes 

COX converts AA, which is released from the cell plasma membrane by the action 

of phospholipase A2, into several types of eicosanoids. There are at least two 

different types of COX isoforms, namely COX-1 and COX-2; the clinical relevance 

of COX-3 as a drug-target is still under debate43-44. COX-1 is considered as a 

“housekeeping” enzyme due to constitutive expression in most cell types and 

tissues. High levels of constitutive expression of COX-1 have been detected in the 

stomach and platelets45. The inducible isoform COX-2 is expressed during 

inflammatory states by inflammatory mediators such as interleukin (IL)-1β, IL-2, 

IL-6, interferon (IFN)γ and TNF-α46. Most NSAIDs act by inhibiting both COX 

isoenzymes at different rates and extents. 

The GI toxicity produced by NSAIDs is a complex process involving several 

etiological factors23 47, some of which are: 

a) Suppression of prostaglandin synthesis (mainly PGE2 and PGI2) throughout the 

GI tract 

b) Direct irritation of the epithelial layer of gastric mucosa 

c) Effects on the microcirculation by recruiting leukocytes  

d) Oxidative stress and cell membrane damage 
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1.2.2 Inhibition of Gastric Prostaglandins 

Prostaglandins play an important role in the GIT; they mediate several 

components of mucosal defence (blood flow, mucus and bicarbonate secretion, 

epithelial cell replication and mucosal immunocyte function)48. Thus, the 

inhibition of PG synthesis greatly increases gastric mucosa’s susceptibility to 

damage induced by acid, pepsin or other luminal irritants49. 

 

1.2.3 Direct Irritation of Gastric Mucosa 

Most NSAIDs, including aspirin, are carboxylic acid derivatives and consequently 

are not ionized in the acidic pH of the stomach. The non-ionized drug is readily 

absorbed across the gastric mucosa into the pH-neutral mucosa where it is 

ionized and temporarily trapped within the epithelial cells. The high intracellular 

concentration of the drug may induce cellular injury via mitochondrial 

respiration disruption, which ultimately causes cell death and produces sites of 

local tissue damage. These topical irritant properties were subsequently found to 

be predominantly associated with NSAIDs that have a carboxylic acid residue50.  

 

1.2.4 Effects on the Microcirculation 

The ability of NSAIDs to reduce gastric mucosal blood flow has been recognized 

for several decades51. Prostaglandins of the E and I series are potent vasodilators 

that are continuously produced by the vascular endothelium. The inhibition of 

their synthesis by an NSAID leads to a reduction in vascular tone49 51. Several 

lines of evidence have suggested that damage to the local vascular endothelium 

is an early event following the administration of NSAIDs to experimental animals. 

Endothelial injury is also an early event in the pathogenesis of GI damage 
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associated with ischemia reperfusion, in which neutrophils have been 

demonstrated to play a critical role52. 

 

1.3 Selective COX-2 Inhibitors 

The development of selective COX-2 inhibitors was based on the hypothesis that 

the inducible COX-2 isoform is associated with inflammatory conditions, whereas 

the constitutively expressed COX-1 is responsible for the cytoprotective effects 

of PGs; however, this assumption is now under scrutiny15. The prediction that 

only COX-2 plays a role in inflammation and hyperalgesia, whereas COX-1 is 

involved in gastric cytoprotection led to the idea that a selective COX-2 inhibitors 

would exhibit all the beneficial anti-inflammatory and analgesic properties 

associated with NSAIDs without causing any gastric disturbances53-54. The 

introduction of coxibs to the market in the mid-1990s came with bold promises 

of improved GI safety that have not been completely fulfilled55-56. 

Celecoxib, rofecoxib and valdecoxib (Figure 2) were approved by the FDA on the 

basis of trials that typically lasted three to six months and in which the end point 

was a clinical surrogate—endoscopically visualized gastric ulceration57. While 

producing less GI ulceration and bleeding than conventional NSAIDs, coxibs were 

still capable of triggering significant GI adverse events when given concomitantly 

with low-dose aspirin, in which case their GI safety over a conventional NSAID is 

lost58-59. Of course, cardiovascular toxicity issues were the main concern with 

these compounds and led to the withdrawal of rofecoxib (Vioxx) from the market 

(2004). This increased the awareness of similar cardiovascular toxicity with the 

entire NSAID class28 60-61. Thus, despite the big (but short-lived) commercial 

success of some selective COX-2 inhibitors, after the withdrawal of rofecoxib and 

other highly selective inhibitors, patients and clinicians faced the problem of 

having limited therapeutic options for the treatment of pain and inflammation. 
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This justifies the current need for safer and effective anti-inflammatory drugs 

with improved safety profiles over existing NSAIDs. 

 

Figure 2: Molecular Structures of Valdecoxib, Rofecoxib and Celecoxib 

 

1.4 Nitric Oxide (NO)-Releasing NSAIDs 

Another widely explored and promising approach towards the development of 

GI-sparing NSAIDs is the formation of hybrid drugs by linking an organic nitrate 

NO-releasing moiety. The rationale behind the design of this class of drugs is 

that, small quantities of NO exert beneficial effects in the GIT by enhancing 

mucosal defence. In the stomach, NO modulates epithelial fluid and mucus 

secretion; it is an important mediator of the vascular tone of the gastric 

microcirculation and stimulates mucosal healing by enhancing collagen 

deposition through fibroblasts and by angiogenesis62-63. A case-control study 
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found that the use of medications that release NO, such as nitroglycerin and 

other nitro-vasodilators, is associated with a reduction in the incidence of gastric 

lesions in patients taking any type of NSAIDs62 64-65. 

Classical NSAIDs such as naproxen, ibuprofen, flurbiprofen, ketoprofen, and 

aspirin have been coupled to NO-donating moieties; the biological evaluation of 

NO-NSAIDs has been extensively explored in a wide variety of experimental 

models over the past fifteen years, demonstrating their efficacy, potency, 

improved safety, and broad spectrum of activities which extend beyond anti-

inflammatory and analgesic applications. NO-NSAIDs such as NO-aspirin (NCX 

4016), NO-diclofenac (NITROFENAC)66, and NO-naproxen (NAPROXCINOD/HCT 

3012/AZD 3582)67-68 (Figure 3) have been shown either pre-clinically or clinically 

to cause minimal or insignificant gastric damage with equivalent analgesic and 

anti-inflammatory activity in comparison to their respective parent NSAIDs57. 

These studies provided proof of concept that is in agreement with their intended 

design and application (Table 1). 
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Figure 3: Molecular Structures of NCX-4016, Nitrofenac and Naproxcinod 

 

Table 1: Current Status of Nitric Oxide (NO)-Releasing Nonsteroidal Anti-
Inflammatory Drugs in Clinical Trials69-70 

Drug Company Status71 

NO-Aspirin (NO-acetylsalicylic 
acid) 

Nicox Program abandoned 

NO-Diclofenac Nicox Preclinical 

NO-Naproxen AstraZeneca & 
Nicox 

Reapplied  for 

Regulatory Review 

NCX 434 Nicox Preclinical 

NCX 1236 Nicox Preclinical 

S-NO-Diclofenac NitroMed Preclinical 

NO-Ibuprofen Nicox Phase I 
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One critical issue in understanding the clinical efficacy of NO-NSAIDs is the 

pharmacological contribution that the NO-releasing moiety plays. There is 

enough evidence showing that NO-NSAIDs release NO when added to biological 

fluids (blood, liver homogenates, and others) via esterase hydrolysis and redox 

enzymes72-74. Recently, a study published by Kashfi et al. proposed that the in 

vivo metabolism of NO-aspirins (three regioisomers) involves the formation of 

quinone methides from its para and ortho isomers, and a carbo-cation from the 

meta isomer, with the NO-releasing group functioning as a leaving group. 

According to their study, quinone methide formation is responsible for NO-

aspirin’s anti-cancer activity75 (Scheme A).  

 

Scheme A: Mechanism of Quinone Methide Formation 

Although organic nitrates were the first NO-donor groups to be reported in the 

literature, they are not the only ones. In 2005, Velázquez et al. reported the 

synthesis and biological evaluation of a new series of NO-NSAIDs possessing a N-

diazen-1-ium-1,2-diolate. Because diazeniumdiolates (also called NONOates) 

have the ability to release twice as much NO as compared to organic nitrates, 

these new molecules were regarded as NONO-NSAIDs76-78. The first generation 
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of NONO-NSAIDs possessed diazeniumdiolates derived from secondary amines 

such as pyrrolidine and N,N-dimethylamine. Safety concerns about the release of 

carcinogenic nitrosamines obtained as secondary products in the metabolism of 

secondary amines led to the development of second-generation NONO-NSAIDs 

having diazeniumdiolates obtained from naturally occurring L-proline (the 

corresponding N-nitrosamine of L-proline is generally regarded as safe79). 

However, even though NONO-NSAIDs of this class were effective anti-

inflammatory agents and their design addressed the safety concerns related to 

the generation of carcinogenic nitrosamines, they released two equivalents of 

formaldehyde (HCHO) per mol of drug upon metabolism, which precluded their 

use as potential drug candidates (Scheme B). 

 

Scheme B: Formation of Toxic Metabolites from Second-Generation NONO-
NSAIDs 
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Recently, a study was reported that compared NO-aspirin (NCX-4016) to NONO-

aspirin (CVM-01)80. This study showed that both hybrid prodrugs were 

equipotent analgesic and anti-inflammatory agents. Importantly, this study also 

concluded that the gastroprotection provided by both hybrid prodrugs was not 

entirely dependent on the amount of NO released by them. Despite the 

observed higher levels of NO released from the N-diazeniumdiolate ion present 

in NONO-aspirin (confirmed by the measurement of plasma nitrate/nitrite 

levels), the extent of gastric protection was practically identical for both 

prodrugs80, and consequently, any potential benefit related to the release of two 

moles of NO could not be established, and questioned if NO was really involved 

in the reduced ulcerogenic profile of NO-NSAIDs. 

 

1.5 Hydrogen Sulfide-Releasing Prodrugs 

The endogenous production of H2S has recently gained the interest of the 

scientific community81. It has been considered the third gas with biomodulatory 

actions, along with NO and carbon monoxide (CO). Three enzymes catalyze the 

formation of H2S: cystathionine β-synthase (CBS), cystathionine γ-lyase 

(cystathionase, CSE), and 3-mercaptopyruvate sulfurtransferase (MST). In the 

liver, kidney, enterocytes, vascular smooth muscle cells, and endothelial cells, 

H2S is synthesized by CSE, whereas in the brain its production is attributed to 

CBS. MST is operative at cardiac, kidney, and brain levels. H2S in the 

cardiovascular system is mainly produced by CSE82. The biological actions of H2S 

have been uncovered in the past 10 years, which include roles in the regulation 

of blood pressure, inflammation, cell viability, cellular oxygen consumption, pain 

processing, and insulin secretion83. Exogenously administered H2S, at micromolar 

concentrations, can induce vasorelaxation in vitro and in vivo84. The blood 

pressure lowering action is mediated by the activation of ATP-sensitive 

potassium channels in the vascular smooth muscle and seems to be independent 
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from the activation of guanylate cyclase81. H2S can facilitate the vasorelaxant 

action of NO. All these applications of H2S led to the investigation of various H2S-

releasing molecules85. 

The synthesis of H2S-releasing derivatives of NSAIDs has been reported recently. 

As is the case of NO-NSAIDs, a H2S-releasing derivative of diclofenac and 

naproxen was substantially better tolerated in terms of gastric damage than the 

parent drugs 85-87. With administration of the same dose of the compound three 

times over 24 h, very low levels of intestinal damage were observed, at least 90% 

less than those observed in rats given diclofenac at an equimolar dose85. 

Moreover, there was no change in haematocrit in rats treated with the H2S-

releasing derivative, while diclofenac administration resulted in decrease in 

haematocrit of about 50%, consistent with the widespread bleeding that was 

evident in the gastrointestinal tract 85 87. The addition of a H2S-releasing moiety 

also resulted in a detectable increase in anti-inflammatory potency of the H2S-

diclofenac compound as compared to diclofenac and naproxen85 87. While the 

development of H2S-releasing anti-inflammatory drugs is still ongoing, the pre-

clinical data available thus far provide cause for optimism.  

 

1.6 Prodrugs of NSAIDs 

Considerable attention has been focused on the development of bio-reversible 

derivatives, such as prodrugs, to temporarily mask the acidic group of NSAIDs as 

a promising means of reducing or abolishing the GI toxicity due to topical 

irritation. Prodrugs are pharmacologically inactive derivatives of active agents, 

which undergo chemical and/or enzymatic biotransformation, resulting in the 

release of the active drug after administration. The metabolic product 

subsequently elicits the desired pharmacological response. Most prodrugs of 

NSAIDs have been prepared by derivatization of the carboxyl group. The esters 
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have dominated prodrug research, because they have the ideal characteristic of 

exhibiting reasonable in vitro chemical stability which allows them to be 

formulated with adequate shelf lives. In addition, by virtue of their ability to 

function as esterase substrates, esters are suitably labile in vivo. With this aim, 

different promoeities have been taken into consideration to design new 

efficacious NSAID prodrugs33 88. In the following sections, various ester, amide, 

and anti-oxidant derivatives of NSAIDs will be discussed. 

 

1.6.1 Esters 

Khan et al. have evaluated the glycolamide ester prodrugs of ibuprofen, 

diclofenac, naproxen, and indomethacin89-90. Polyoxyethylene esters of 

ketoprofen, naproxen, and diclofenac showed good stability in phosphate buffer 

(pH 7.4), and simulated gastric fluid (pH 2.0), and were readily hydrolyzed by 

human plasma (Figure 4). Anti-inflammatory and analgesic activities of these 

esters were equivalent to the parent drugs, with significantly reduced gastric 

irritation even at high doses91. Ibuprofen β-D-glucopyranoside has been reported 

by Khan et al. to possess superior anti-inflammatory and analgesic activities over 

the parent drug with significantly less ulcerogenicity92. Alkyl ester prodrugs of 

ibuprofen have been reported by Bansal et al. with significant improvement in 

the oral delivery of ibuprofen in terms of reduced gastro ulcerogenicity and 

maintenance of pharmacological activity. These esters were also evaluated for 

their physicochemical properties and anti-inflammatory activity in topical 

carrageenan induced rat paw edema. The benzyl ester prodrug showed a 

significantly reduced gastric ulcerogenicity at equimolar doses with retention of 

anti-inflammatory and analgesic activities93-94. 
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Figure 4: Polyoxyethylene Esters of Ketoprofen, Naproxen and Diclofenac 

Ester prodrugs of ibuprofen which were synthesized using α-methyl, ethyl, and 

propyl glucopyranosides have been reported to undergo rapid cleavage inside 

the biological system and elicit a pharmacological profile quite similar to that of 

ibuprofen after oral administration, but unlike the parent drug, they display 

reduced gastric ulceration95. Ibuprofen ester prodrugs possessing a 1,2,3-

trihydroxypropane-1,3-dipalmitate/stearate were also prepared and evaluated96. 

Mohan et al. synthesized a wide variety of alkyl ester prodrugs of flurbiprofen 

with significant reductions in ulcerogenicity. The reduction of the ulcer index (UI) 

in rats indicates that n-propyl, isopropyl, benzyl, and cyclopentyl prodrugs of 

flurbiprofen are significantly (p < 0.05) less irritating to the gastric mucosa as 

compared to the parent drug flurbiprofen97. Curcio et al. recently reported the 

anti-inflammatory activity of NSAID prodrugs formed by esterification of 

ketorolac with D-galactose98. This approach yielded ketorolac prodrugs with 

markedly reduced ulcerogenic side-effects compared to unprotected ketorolac. 

Curcio’s approach involved the formation of labile molecules which upon in vitro 
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activation (esterase-mediated hydrolysis) release ketorolac and inactive D-

galactose. 

 

1.6.2 Amides 

Mishra et al. synthesized ten prodrugs of ketorolac by amidation with ethyl 

esters of amino acids glycine, L-phenylalanine, L-tryptophan, L-valine, L-

isoleucine, L-alanine, L-leucine, L-glutamic acid, L-aspartic acid, and β-alanine. 

Marked reduction in UI and comparable analgesic, anti-inflammatory activities as 

compared to ketorolac were obtained in all cases99. Galanakis et al. synthesized 

and evaluated amide derivatives of indomethacin and naproxen with an L-

cysteine ethyl ester. The derivatives are reported to be potent anti-

inflammatory, antioxidant, and hypocholesterolemic-hypolipidemic agents, with 

considerably reduced gastrointestinal toxicity100 (Figure 5).  

 

Figure 5: Amide Derivatives of Indomethacin and Naproxen with L-Cysteine Ethyl 
Ester 
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Kalgutkar et al. reported the synthesis and biological evaluation of a series of 

non-ulcerogenic indomethacin amide derivatives101. Shanbhag et al. reported 

several non-ulcerogenic amino alkyl esters of ibuprofen and naproxen102. Verma 

et al. synthesized acylimidazole derivatives of carboxylic acid group containing 

NSAIDs. All the compounds were found to retain analgesic and anti-inflammatory 

activities with much fewer NSAID-induced GI complications when compared to 

the standard103. Rasheed et al. synthesized mefenamic acid (MA) prodrugs of 

tyrosine and glycine. The glycine prodrug showed maximum analgesic activity of 

86%, and both tyrosine and glycine prodrugs showed better anti-inflammatory 

activity of 74% and 81%, respectively, when compared to the 40% of MA. 

Further, the prodrugs showed fewer gastric ulcers compared to MA; the tyrosine 

and glycine prodrugs had an average UI of 9.1 and 4.5, respectively, while an 

average UI of 24.2 was observed with MA104.  

 

1.6.3 Anti-Oxidants 

During inflammation, reactive oxygen species (free radicals) are produced in an 

uncontrolled way, causing tissue damage. Melatonin, an antioxidant, was 

reported to show protective effects in indomethacin induced gastric injury by 

virtue of its radical scavenging activity105. Based on this observation, Kourounakis 

et al. found it interesting to synthesize and evaluate amide derivatives of 

diclofenac, ibuprofen and indomethacin with a well known antioxidant, 

cysteamine; the derivatives exhibited good anti-inflammatory and antioxidant 

activities and showed a significant reduction in ulcerogenicity106. Doulgkeris et al. 

has designed and synthesized a series of novel molecules having a residues of 

classical NSAIDs (naproxen/indomethacin) and an antioxidant moiety, both 

attached through amide bonds to known nootropic structures like L-proline, 

trans-4-hydroxy-l-proline or dl-pipecolinic acid. The compounds retained anti-
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inflammatory and antioxidant activities, acquired hypocholesterolemic action, 

and possessed greatly reduced gastrointestinal toxicity107 (Figure 6). 

 

Figure 6: Molecular Structures of Naproxen & Indomethacin, Attached with an 
Antioxidant Moiety 

In 2009 Spadaro et al. synthesized naproxen esters containing tocopherols. The 

synthesized prodrugs exhibited anti-inflammatory activity and antioxidant 

activity with a significant reduction in gastropathy108. In 2005 Zhang et al. 

reported phenolic ester prodrugs of indomethacin. These prodrugs showed 

significant anti-oxidant activity with remarkably low gastric toxicity109. Jiang et 

al. synthesized a series of novel conjugates of aspirin with natural phenolic acid 

antioxidants connected through a diol linker. These conjugates were found to be 

efficient antioxidants and many of them demonstrated much more potent anti-

inflammatory activity than aspirin. They were further confirmed to significantly 

reduce ulcerogenic potency and toxicity in mice in comparison to aspirin. 



20 | P a g e  
 

However, it is evident that the anti-inflammatory activity in vivo of these dual-

acting molecules was not simply consistent with their antioxidant ability in 

vitro110. 

Despite the overwhelming amount of information describing the potential 

benefits of hybrid prodrugs possessing NO- or H2S-releasing moieties, the search 

for an ultimate NSAID with superior therapeutic advantage but devoid of 

complications hasn’t been successful to date. In spite of extensive efforts, further 

research is needed to design and identify prodrugs that are appropriate for 

clinical use in terms of stability, metabolism, toxicology, and side effects. 

 

1.7 Drug Design 

We proposed the design and biological evaluation of new nitric oxide-releasing 

non-steroidal anti-inflammatory drugs (NONO-NSAIDs) possessing: 

 A NO-donor (PROLI/NO) derived from a naturally occurring amino acid (L-

proline) 

  A naturally occurring diol as linker between the NSAID and the NO-donor 

This strategy would allow us to obtain a new series of NONO-NSAIDs which upon 

metabolism would release the active components (NSAID and NO) as well as 

innocuous metabolites (L-proline, a naturally occurring alcohol, and a 2,3,4,6-

tetra-O-acetyl-β-D-glucopyranosyl moiety). We expected these hybrid prodrugs 

to be at least as effective as the parent NSAIDs, but devoid of GI side-effects 

(Figure 7). 
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Figure 7: Design of NONO-NSAIDs Possessing N-diazeniumdiolates (PROLI/NO) 

and a Simple Phenol Linker (Tyrosol) Between the NSAID and the NO-Releasing 

Moiety. 

The nature of the alcohol linker was the key to our design. In this regard, we 

considered the use of a wide variety of diols including sugars and polyphenols; 

however, because sugar chemistry represented a challenging approach, and the 

use of polyphenols would probably require a cumbersome protection-

deprotection synthetic strategy, initially we decided to use simple phenols such 

as 4-(2-hydroxyethyl)phenol (tyrosol). Tyrosol was selected as the prototype 

naturally occurring diol, and two hydroxybenzyl alcohols (3-HBA, 4-HBA) as 

comparative additional linkers. All these alcohols will act as linkers between the 

carboxylic acid group of the corresponding NSAID and the carboxylic acid group 

present in PROLI/NO, a known NO-releasing diazeniumdiolate. Tyrosol and 

hydroxybenzyl alcohols (3-HBA, 4-HBA) are structurally related to hydroxytyrosol 

(Figure 3), a well studied natural anti-inflammatory and anti-oxidant compound. 
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Additionally, tyrosol and hydroxytyrosol are two common constituents found in 

olives and olive oil111-112. 

The rationale behind the design of new NONO-NSAIDs possessing a naturally 

occurring PROLI/NO moiety as the source of NO and a simple phenol such as 

tyrosol as linker, is based on the assumption that, upon metabolic activation, 

these ester prodrugs would release the anti-inflammatory NSAID, cytoprotective 

NO, and innocuous metabolites such as L-proline, tyrosol, and a 2,3,4,6-tetra-O-

acetyl--D-glucopyranosyl moiety (Scheme C). The naturally occurring simple 

phenols are expected to show synergistic mechanism(s) of action other than, or 

in addition to, COX inhibition by the NSAID. This synergistic action is supposed to 

improve anti-inflammatory, analgesic, anti-thrombotic, and/or chemopreventive 

potency, while avoiding gastrointestinal and cardiac side-effects commonly 

observed with classical NSAIDs. 
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Scheme C: Theoretical metabolic activation of NONO-ibuprofen. Compounds 

marked with a solid rectangle represent the two active components (ibuprofen 

and NO) released by metabolic activation; compounds marked with a broken-line 

rectangle represent innocuous metabolites produced after ester and glycosidase 

hydrolysis. R2 represents a protecting 2,3,4,6-tetra-O-acetyl--D-glucopyranosyl 

moiety. 

The chemical synthesis of novel NONO-NSAID prodrugs possessing a tyrosol 

moiety involved three steps; the first one was the preparation of the 

corresponding ester intermediates by reacting NSAID acid chlorides with tyrosol 

(Scheme D1). Under the experimental conditions used for these reactions 

(THF/TEA, at 25 C), the phenol group reacted much faster than the aliphatic 

alcohol, which was in agreement with the reports describing similar esterification 

reactions using a structurally related 3-hydroxybenzyl alcohol113. The second step 

involved in the preparation of O2-protected PROLI/NO derivatives is described in 

Scheme D2; in this regard, it has been reported in the literature that is not 

possible to obtain O2-alkylation products by simple nucleophilic displacement 

(SN2) using PROLI/NO (O2-sodium salt of iv) and electrophiles; therefore, the 
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preparation of intermediate (iv) would require an indirect route involving the 

synthesis of O2-sodium PROLINOL/NO (ii), O2-alkylation with 1-bromo-2,3,4,6-

tetraacetoxyglucose to obtain (iii), and subsequent oxidation to the alcohol 

group in L-prolinol to obtain the target carboxylic acid (iv)114. The last step 

involved the esterification reaction between intermediate ester prodrugs with 

(iv) to yield the corresponding NONO-NSAIDs (Scheme D3). 
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Scheme D: Proposed chemical synthesis of NONO-NSAIDs possessing a tyrosol 

linker between NSAID and the NO-releasing group PROLI/NO. 1) Preparation of 

intermediate ester prodrugs; 2) Synthesis of O2-protected PROLI/NO derivatives 

(iv); 3) Synthesis of NONO-NSAIDs by esterification of carboxylic acids (iv) and 

intermediate ester prodrugs. The broken arrows represent proposed reactions 

which were not carried out (see discussion about in vitro and in vivo evaluation 

below). 
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Chapter: Synthesis and 

Biological Evaluation of Aspirin 

and Ibuprofen Ester Prodrugs 

2.1 Objective 

The purpose of this part of the project was to synthesize and evaluate the in vitro 

and in vivo anti-inflammatory profile of NONO-NSAIDs and compare it to that 

obtained with intermediate ester prodrugs described in Scheme D. Additionally, 

we assessed the ulcerogenic profile of intermediates and final products, in order 

to obtain essential structure-activity relationship data that would allow us to 

establish the minimal requirements needed to maintain potency, efficacy, and 

safety. 

2.2 Introduction 

We screened six ester intermediates of aspirin and ibuprofen ester prodrugs 

possessing tyrosol, 3-HBA or 4-HBA (Figure 3) as COX-1/COX-2 inhibitors in vitro 

using an enzyme immunoassay kit (Cayman, cat. 560131). The results of simple 

esterification of carboxyl groups in aspirin and ibuprofen produced an improved 

inhibitory activity compared to the parent NSAID and change in selectivity 

towards COX-1 or COX-2 depending on the alcohol moiety. Further, we tested 

these intermediate prodrugs on carrageenan-induced paw edema assay, which 

has long been used to assess the anti-inflammatory properties of NSAIDs. The in 

vitro results of COX inhibition were reciprocated in the in vivo carrageenan-

induced paw edema assay. The results acquired with in vitro and in vivo anti-

inflammatory assay made us very keen and we evaluated the ability of these 

drugs to produce gastric damage by using the acute ulcerogenesis assay. 

 

2 
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2.3 Chemistry 

Ibuprofen acid chloride (7) was formed by the dropwise addition of 1.2 

equivalents of oxyalyl chloride to a solution of ibuprofen in tetrahydrofuran 

(THF) at room temperature following a reported procedure115 (Scheme E). The 

corresponding ester prodrugs were synthesized by simple nucleophilic 

displacement reactions between tyrosol, 3-HBA, or 4-HBA and aspirin acid 

chloride (1) or ibuprofen acid chloride (7) dissolved in THF at room temperature 

in the presence of triethylamine (TEA) (Scheme F). 

 

Figure 8: Molecular Structures of Aspirin Acid Chloride, Ibuprofen, and Various 
Phenols 

Scheme E: Synthesis of Ibuprofen Acid Chloride 
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Scheme F: Synthesis of Prodrugs (8-12) 
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2.4 Results 

 

2.4.1 In vitro COX-1/COX-2 Enzyme Inhibition 

Esterification of carboxyl groups in aspirin and ibuprofen produced an improved 

inhibitory activity compared to the parent NSAID, and selectivity toward COX-1 

or COX-2 depending on the alcohol moiety (Table 2).  Ibuprofen prodrugs (12) 

and (13) were not active towards either of the enzymes at the highest test 

compound concentration used (100 µM). One could interpret from the data that 

the use of tyrosol – a known molecule with weak anti-inflammatory 

properties116-117, conferred prodrugs (8) and (11) with a significantly improved 

COX inhibitory profile. The ibuprofen prodrug (11) was 5500 times more active 

than ibuprofen against COX-2, and about two times less potent against COX-1; 

this shows a selectivity index = 32200, which is remarkable for a simple ester 

prodrug. The complete COX inhibition assay results are shown in Table 2.  
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Table 2: Results of In Vitro COX-1/COX-2 Enzyme Inhibition for Prodrugs (8-13) 

Compounds COX-1 

IC50 (µM)a 

COX-2 

IC50 (µM) a 

Selectivity Index 
(S.I)b 

8 0.03 0.38 0.078 

9 1.49 > 100 <0.01 

10 > 100 1.17 >85.47 

11 6.44 0.0002 32220 

12 > 100 > 100 - 

13 > 100 > 100 - 

Aspirin78 0.3 2.4 0.12 

Ibuprofen78 2.9 1.1 2.63 

aThe test compound concentration required to produce 50% inhibition of COX-1 

or COX-2 in vitro. The result (IC50, μM) is the mean of two determinations 

acquired using an ovine COX-1/COX-2 assay kit (Catalogue No. 560101, Cayman 

Chemicals Inc., Ann Arbor, MI), and the deviation from the mean is <10% of the 

mean value. bSelectivity index (SI) = COX-1 IC50/COX-2 IC50. 
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2.4.2 Carrageenan-Induced Rat Paw Edema Assay 

The test compounds were evaluated by using the in vivo rat carrageenan-

induced foot paw edema model. The test drugs were administered at equimolar 

concentrations to those required for the reference compound to elicit about 50% 

inhibition (their corresponding ID50 values were published before) 78. We noticed 

improvement in the anti–inflammatory activity of the test compounds (9), (11) & 

(13) compared to the parent NSAIDs (Table 3). These data correlate with the in 

vitro test results of COX inhibition. 
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Table 3: Results of Carrageenan-Induced Rat Paw Edema Assay for 

 Prodrugs (8-13) 

Compounds Dose (µmol/kg) % Inhibition 

8 705 58.6 ± 0.1 

9 705 85.0 ± 8.9 

10 705 27.9 ± 9.3 

11 325 63.2 ± 5.6 

12 325 41.8 ± 5.6 

13 325 67.1 ± 5.6 

Aspirin78 705 50 

Ibuprofen78 325 50 

Inhibitory activity in a carrageenan-induced rat paw edema assay. The results are 

expressed as the ID50 value (mg/kg) at 3 h after oral administration of the test 

compound. Test drugs were administered at an equimolar dose of the parent 

NSAIDs required to decrease the inflammatory response by 50%. Results are 

expressed as ± mean SEM (n = 3). 
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2.4.3 Acute Ulcerogenesis Assay 

One of the most common side effects correlated to NSAID therapy is 

gastrointestinal irritation and bleeding. It was therefore essential to evaluate 

prodrugs (8) – (13) for undesirable ulcerogenic effects, and compare them to 

those induced by their parent drugs. All test drugs were suspended in 1% 

methylcellulose solution. The severity of gastric damage was expressed as an UI. 

Prodrugs (8), (9), (10), (12) and (13) showed minimum ulcerogenicity in 

comparison to their parent drugs (Table 4). In Figure 9, the visual comparison of 

gastric damage caused by prodrugs and the parent NSAIDs can be observed. This 

observation was rather surprising and it was not in accordance with our original 

approach, because ester prodrugs were intermediate molecules, which were 

needed to synthesize the final NONO-NSAIDs by attaching the NO-releasing 

moiety PROLI/NO. These results suggested that the NO-releasing moiety was not 

essential to counteract the ulcerogenic effects of the parent NSAIDs, and 

dramatically changed our approach, because suddenly, it seemed that we may 

not need to add NO-donor groups. 
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Table 4: Result of Acute Ulcerogenesis Assay for prodrugs (8-13) 

Compounds Ulcer Indexa 

8c 2.6 ± 0.9 

9c 2.6 ± 3.2 

10c 0.3 ± 0.3 

11d 35.6 ± 9.3 

12d 2.3 ± 4.0 

13d 9.6 ± 3.7 

Aspirinb 57.4 

Ibuprofenb 45.8 

aThe average overall length (in mm) of individual ulcers in each stomach, at 5 h 

after oral administration of prodrugs. b250 mg/kg dose. cEquimolar amount to 

250 mg of Aspirin/kg. 
dEquimolar amount to 250 mg of 250 mg of Ibuprofen/kg. 

Results are expressed as ± mean SEM (n = 3). 
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Figure 9: Acute Ulcerogenesis Assay for Prodrugs (8, 9, 11, 12 and 13). Pictures 
for Aspirin and Ibuprofen were Obtained From Archives Used in Previous 
Reports78. 

 

2.5 Discussion 

It has been reported in the literature that esterification or amidation of the 

carboxylic acid group of NSAIDs may change the selectivity for COX inhibition 118-

119 (Figure 10). Our results are in agreement with these reports. Compounds (8), 

(9) and (11) showed selective inhibition of COX-2 (Table 2). Compound (11) was 

the most potent (IC50 = 0.2 nM) and selective (SI = 32,220). Most prodrugs 

showed a modest improvement in their in vivo anti-inflammatory effect 

compared to their parent counterparts (except for compound (11) which was 

less potent than ibuprofen). It is important to consider that tyrosol, 4-HBA, and 

3-HBA are three phenols with reported anti-oxidant and mild anti-inflammatory 

activity120-121, which may explain the modest increase in anti-inflammatory 

activity.  
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Figure 10: Molecular Structures of Various Indomethacin Ester and Amide 
Derivatives 

In this regard, Jiang et al. recently reported the synthesis and biological 

evaluation of a series of novel conjugates of aspirin having one “phenolic acid 

antioxidant group (p-coumaric acid, ferulic acid or caffeic acid)” connected 

through a diol linker to the carboxylic acid group present in aspirin (Figure 11). 

These prodrugs showed considerable anti-inflammatory activity without 

significant GI side-effects122. One of the diol linkers used by Jiang’s group was 

tyrosol, which is the protecting group we used in this work to form NSAID esters. 

Our work concludes that it is not essential to have additional phenolic acid anti-

oxidants linked to tyrosol, to maintain the anti-inflammatory profile of the 

corresponding NSAID or to decrease its ulcerogenic effects. 
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Figure 11: Molecular Structures of Conjugates of Aspirin with Phenolic 
Antioxidants 

Results obtained in the acute ulcerogenesis assay showed a significant but 

unexpected reduction in ulcerogenicity by most ester prodrugs. Literature 

reports describe that the approach to counteract the gastroenteropathy induced 

by NSAIDs is by protecting NSAIDs with a biological mediator either a NO or H2S-

releasing moiety. The biological mediators were expected to counteract the 

ulcerogenic side-effects of the NSAID 32 57 123-124. However, our results showed 

that “simple” ester prodrugs possessing a natural phenol such as tyrosol may be 

able to prevent the formation of ulcers. This challenged our initial approach with 

regard to the use of NO-releasing diazeniumdiolates (or any other NO-donor 

group). It has been reported in the literature that co-administration of free 

radical scavengers produced a decrease ulcerogenic response from NSAIDs125-126; 

therefore, it is reasonable to assume that the decreased ulcerogenic effect 

observed with tyrosol prodrugs may be due to the anti-oxidant properties 

exerted by the phenol moiety. 

To obtain additional evidence in support of these observations, we decided to 

synthesize and evaluate tyrosol esters of indomethacin. 
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Chapter: Synthesis and 

Biological Evaluation of 

Indomethacin Ester Prodrugs 

3.1 Objective 

In this part of the project, our aim was to synthesise and evaluate tyrosol ester 

prodrugs of indomethacin and obtain additional evidence in support of the 

observation that ester formation is sufficient to decrease the ulcerogenic profile 

of indomethacin. 

 

3.2 Introduction 

To compare the potential anti-oxidant effect exerted by tyrosol in NSAID ester 

prodrugs, we synthesized three indomethacin esters possessing tyrosol as a 

reference, phenol as a representative analogue without the hydroxyethyl side 

chain, and ethylene glycol as a linear non-aromatic diol (Figure 12). 

Indomethacin was chosen based on its potent anti-inflammatory effect, and 

considering that it has been associated with a high incidence of gastric toxicity. 

Unlike aspirin or ibuprofen, indomethacin is available to patients by prescription 

only. Phenol and ethylene glycol are not known for their anti-oxidant activity, so 

their effect on causing ulcers would give us essential structure-activity 

relationship data needed to understand the role of ester moieties in the 

mechanism by which these prodrugs acquire a non-ulcerogenic profile. 

3 
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Figure 12: Molecular Structures of Various Alcohols and Indomethacin 

 

3.3 Chemistry 

Ester prodrugs were formed by the same synthetic method as described for 

aspirin and ibuprofen ester prodrugs. Phenols were reacted with indomethacin 

acid chloride to form the corresponding prodrugs. Indomethacin acid chloride 

(17) was formed by the dropwise addition of oxyalyl chloride to a solution of 

indomethacin in dichloromethane (CH2Cl2) at room temperature; Indomethacin 

acid chloride was used in the crude form in further reactions. The yield of this 

reaction was 96 % (Scheme G). The ester prodrugs were synthesized by reaction 

between phenol, ethylene glycol, and tyrosol with indomethacin acid chloride 

dissolved in CH2Cl2 at room temperature or at – 80 °C in the presence of TEA 

(Scheme H). 
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Scheme G: Synthesis of Indomethacin Acid Chloride. 

Scheme H: Synthesis of Indomethacin Ester Prodrugs. 
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3.4 Results 

 

3.4.1 In Vitro COX-1/COX-2 Enzyme Inhibition 

The in vitro COX-1/COX-2 enzyme inhibition data obtained with indomethacin 

prodrugs showed a similar trend to that obtained with aspirin and ibuprofen 

tyrosol esters (Table 5). Prodrugs (18) and (19) showed selectivity towards COX-2 

(selectivity index = 69.44 and 21.69 respectively). As described for tyrosol 

prodrugs of aspirin and ibuprofen, the use of this moiety conferred 

indomethacin-tyrosol (prodrug 20) an improved COX inhibitory profile. Also, 

prodrug (20) was about 1239 times more selective towards COX-2 than 

indomethacin; however, prodrug (20) showed a markedly reduced inhibitory 

potency on COX-1 (IC50  100 M) compared to indomethacin (IC50 = 0.1 M). 

Interestingly, prodrug (19) possessing an ethylene glycol moiety was not active 

on either enzyme at the highest test compound concentration used (100 µM), 

which highlights the essential role of the aromatic group in COX inhibition. The 

decreased potency observed for prodrug (19) shows another structural feature 

needed to exert enzyme inhibition; Marnett’s group had shown high potency and 

selectivity for amino ethyl derivatives of indomethacin, which suggests that 

amino groups may confer additional and/or stronger binding affinity to ethyl 

indomethacin prodrugs.   
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Table 5: Result for In Vitro COX-1/COX-2 Enzyme Inhibition for prodrugs (18-20). 

Compounds  COX-1 

IC50(µM)a 

COX-2 

IC50(µM) a 

Selectivity Index 
(S.I)b  

18 > 100 1.44 >69.44 

19 > 100 > 100 - 

20 > 100 4.61 >21.69 

Indomethacin29 0.1 5.7 0.0175 

aThe in vitro test compound concentration required to produce 50% inhibition of 

COX-1 or COX-2. The result (IC50, μM) is the mean of two determinations 

acquired using an ovine COX-1/COX-2 assay kit (Catalogue No. 560101, Cayman 

Chemicals Inc., Ann Arbor, MI), and the deviation from the mean is <10% of the 

mean value. bSelectivity index (SI) = COX-1 IC50/COX-2 IC50. 

 

3.4.2 Carrageenan-Induced Rat Paw Edema Assay 

The indomethacin prodrugs were given in the concentration required for 

indomethacin to produce a 38.35 % inhibition. Remarkably, all the simple ester 

prodrugs showed improved anti–inflammatory activity in comparison to 

indomethacin (Table 6). Compounds (18), (19) and (20) showed an improved 

anti-inflammatory activity in vivo (57.35, 60.62 and 61.32% decrease in the 

inflammatory response respectively), which represents 1.5 to 1.6-fold increase in 

potency compared to indomethacin (38.35% inhibition at equimolar dose). This 

result correlated with the in vitro test for COX-1/2 enzyme inhibition. In the 

literature, there is sufficient evidence to support an anti-oxidant-based 
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moderate anti-inflammatory activity exerted by 3-hydroxybenzyl alcohol, 4-

hydroxybenzyl alcohol, and tyrosol116-117 127; however, since compounds (18) 

(indomethacin-phenol) and (19) (indomethacin-ethylene glycol) also showed  

improved activity in vivo, this mechanism is unlikely to be significant because 

phenol and ethylene glycol are not reported as anti-inflammatory compounds. 

Table 6: Results of Carrageenan-Induced Rat Paw Edema Assay for Prodrugs (18-

20) 

Compounds Dose (µmol/kg)  % Inhibition  

18 81  57.35 ± 7.1 

19 81  60.62 ± 8.3 

20 81  61.32 ± 9.2 

Indomethacin 81 38.35 ± 8.3 

Inhibitory activity of ester prodrugs, in carrageenan-induced rat paw edema 

assay. The results are expressed as the ID50 value (mg/kg) at 3 h after oral 

administration of the test compound. Test drugs were administered at a dose 

equimolar of to the dose of indomethacin required to decrease by 50% the 

inflammatory response. Results are expressed as ± mean SEM (n = 3). 
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3.4.3 Acute Ulcerogenesis Assay 

The indomethacin prodrug with tyrosol was significantly non-ulcerogenic (U.I. = 

2.3 ± 2.5) in comparison to indomethacin (U.I. = 34.4 ± 4.2) or its prodrugs with 

phenol or ethylene glycol (U.I. = 19.0 ± 1.8and 20.3 ± 2.1 respectively). The 

severity of gastric damage was expressed as UI. The fact that prodrugs 

containing phenol and ethylene glycol (devoid of anti-oxidant activity) are 

considerably more ulcerogenic than indomethacin-tyrosol provides additional 

evidence to support our approach. Anti-oxidant ester prodrugs may play a role in 

preventing gastric ulceration caused by NSAIDs (Table 7). 

Overall, the results obtained with indomethacin prodrugs, as well as those 

observed with aspirin and ibuprofen tyrosol prodrugs, strongly suggest that NO-

releasing groups are not essential to decrease the ulcerogenic profile of NSAIDs. 

In this regard, it seems that simple esterification of aspirin, ibuprofen or 

indomethacin with an anti-oxidant phenol group is sufficient to significantly 

decrease the ulcerogenic response observed after an acute dose of the 

corresponding NSAID. 
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Table 7: Results of Acute Ulcerogenesis Assay for prodrugs (18-20) 

Compounds  Ulcer Indexa 

18c 19.0 ± 1.8 

19c 20.3 ± 2.1 

20c 2.3 ± 2.5 

Indomethacinb 34.4 ± 4.278 

aThe average overall length (in mm) of individual ulcers in each stomach, at 5 h 

after oral administration of prodrugs. b29 mg/kg dose. cEquimolar amount to 29 

mg/kg of Indomethacin. Results are expressed as ± mean SEM (n = 3). 

 

3.5 Discussion 

Our results showed that “simple” ester prodrugs possessing a natural anti-

oxidant phenol such as tyrosol are significantly less ulcerogenic than unprotected 

NSAIDs. This statement is supported by the observation that prodrugs (18) 

(possessing phenol) and (19) (possessing ethylene glycol) exerted an ulcerogenic 

profile resembling that of indomethacin; however, prodrug (20) (possessing a 

tyrosol moiety) was significantly less toxic. There are a few possible explanations 

to rationalize this. One of the reasons could be related to increased lipophilicity 

of the esters compared to free carboxylic acids. Increased lipophilicity may be 

correlated to an increased rate and extent of absorption (improved 

bioavailability), which would decrease the time of local exposure of epithelial 
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cells to the NSAID. Another possible explanation could be related to the lower 

degree of toxicity of the ester compared to the ionizable free acid; the pH 

changes involved in the transport of acid drugs from the gastric lumen (highly 

acidic) to intracellular neutral environments creates equilibrium of ionized/non-

ionized species, which has been reported to interfere with normal mitochondrial 

respiration. A third possible cytoprotective mechanism might involve decreased 

oxidative stress by the NSAID ester compared to the parent acid. In this regard, 

the phenols used (tyrosol, 4-HBA and 3-HBA) are reported to have mild anti-

oxidant activity 120-121. It has been reported in the literature that use of free 

radical scavengers with NSAIDs may decrease the ulcerogenicity of NSAIDs 125-126. 

Some polyphenols create a local environment where free radical formation is 

inhibited. This would certainly be a contributing factor by preventing the 

cytotoxic effects of superoxide anion23, which has been reported as one of the 

mechanisms of NSAID-induced toxicity. This part of the project proved that we 

don’t need NO-releasing moieties to reduce ulcerogenicity. 

Furthermore, we decided to compare NCX-4016 (22, a well established NO 

releasing aspirin) and aspirin with our prodrug (8). This part of the project gave 

us a direct insight into the differences between using the benefits of using a NO 

moiety or an anti-oxidant moiety.  
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Chapter: Comparison of 

Tyrosol Ester with NO-releasing 

prodrug 

 

4.1 Objective 

The objective of this part of the project was to compare tyrosol prodrug (8) with 

NCX 4016 and aspirin in different experimental set ups. 

 

4.2 Introduction 

Considering that NO-releasing groups would be non-essential to decrease the 

ulcerogenic profile of NSAIDs, we decided not to synthesize the original 

diazeniumdiolate-containing NSAIDs proposed at the beginning of our program. 

However, considering that NO-NSAIDs might still be significantly better than 

conventional NSAIDs for applications other than treatment of inflammation and 

pain, we decided to screen a representative NO-aspirin (NCX-4016) and 

compared its profile to that of aspirin and tyrosol prodrugs. 

As aspirin and NO-aspirin have shown potential applications in preventing 

thrombosis,128-131 we wanted to evaluate the collagen- and AA-induced platelet 

aggregation inhibitory profile of NSAID prodrugs (8) (aspirin-tyrosol) and (21) 

(aspirin-3HBA) (Figure 13). This experiment would provide essential information 

that would allow us to evaluate the role of anti-oxidant tyrosol moieties 

compared to the well established effects of NO in cardiovascular pharmacology. 

 

4 
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Figure 13: Molecular Structure of Aspirin and Its Various Derivatives. 

 

4.3 Chemistry 

The synthesis of prodrug (8) was described previously in the thesis. To synthesise 

NCX–4016, the intermediate ester prodrug (21) was formed by a simple 

nucleophilic displacement reaction between 3-Hydroxybenzyl alcohol (5) with 

aspirin acid chloride dissolved in acetone, using potassium carbonate as base. 

Compound (21) was nitrated by a reaction with fuming nitric acid to get NCX–

4016.  The yield of these reactions was 55% and 73.5% respectively (Scheme I). 
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Scheme I: Synthesis of Prodrug (21) and NCX-4016 

 

4.4 Results 

 

4.4.1 Carrageenan-Induced Rat Paw Edema Assay 

 

Prodrug (8) and aspirin showed a concentration-dependent in vivo anti-

inflammatory activity. These drugs exerted 58.2% and 50% inhibitory activity 

respectively, when administered orally at a dose of 705 µmol/Kg concentration, 

and 67.7% and 86.2% inhibition at 999 µmol/Kg concentration. The tyrosol 

prodrug showed better anti-inflammatory effect than NCX-4016; NCX-4016 

decreased inflammation by 26.31%, whereas prodrug (8) exerted 67.7 % 

inhibition (Table 8). 
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Table 8: Results of Carrageenan-Induced Rat Paw Edema Assay for Prodrugs (8), 

(22) and Aspirin 

Compounds Dose (µmol/kg)  % Inhibition  

8  999  67.71 ± 4.7 

22 999 26.31 ± 1.68 

Aspirin 999  86.23 ± 5.7 

Inhibitory activity in a carrageenan-induced rat paw edema assay. The results are 

expressed as the ID50 value (mg/kg) at 3 h after oral administration of the test 

compound. Test drugs were administered at an equimolar dose of Aspirin. 

Results are expressed as ± mean SEM (n = 3). 

 

4.4.2 Acute Ulcerogenesis Assay 

The aspirin prodrug possessing tyrosol (8) was notably non-ulcerogenic and 

similar results were observed with NCX-4016; however, as expected, this was not 

the case for aspirin, which produced a significant ulcerogenic effect. For 

example, NCX-4016 showed an U.I. = 3.5 ± 1.9, prodrug (8) = 1.2 ± 0.9, and 

aspirin = 34.5 ± 6.2. These results provided complementary evidence to support 

the hypothesis that NO-releasing groups are not required to counteract the 

gastric ulcerogenic profile of NSAIDs produced by an acute dose of aspirin, 

ibuprofen, or indomethacin. Details of the assay are given in Table 9. 
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Table 9: Results of Acute Ulcerogenesis Assay for Prodrugs (8), (22) and Aspirin 

Compounds  Ulcer Indexa 

8c 1.3 ± 0.9 

22c 3.8 ± 1.9 

Aspirinb 34.5 ± 6.3 

aThe average overall length (in mm) of individual ulcers in each stomach at 5 h 

after oral administration of prodrugs. b180 mg/kg dose. cEquimolar amount to 

180 mg of Aspirin. Results are expressed as ± mean SEM (n = 3). 

 

4.4.3 Platelet aggregation assays (in vitro) 

We evaluated the collagen and AA-induced platelet aggregation inhibitory profile 

of NSAID prodrug (8) (aspirin-tyrosol) and compared it to that obtained with 

aspirin and NCX-4016. Platelet aggregation was initiated by collagen (1 µg /mL) 

or AA (0.5 mM) and monitored by AGGRO-LINK software for 6 min. Human 

platelets were incubated with the corresponding test compound (100 M) at t = 

0; then collagen or AA was added exactly after 2 minutes (t = 2) and the light 

transmittance was measured for 4 more minutes (total t = 6 minutes).  

 

Additionally, we included another aspirin prodrug possessing a 3-hydroxybenzyl 

group (21); this prodrug is structurally related to NCX-4016 except that it does 

not have an organic nitrate (-ONO2). Prodrug (21) would give an indication of the 
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anti-aggregatory properties of a non-NO-releasing aspirin which is similar to both 

NCX-4016 and prodrugs (8).  

In the collagen-induced platelet aggregation experiment prodrugs (8) and (21) 

and aspirin exerted almost same amount of platelet aggregation (14.1 to 19.8). 

However, NCX-4016 showed only 4% of platelet aggregation, which is notably 

better than the other drugs (Table 10 and Figure 14).  

The second experiment involved the use of AA (0.5 mM) as the aggregating 

agent. In this case we observed a similar inhibitory profile to that obtained with 

collagen, the NCX-4016 was the most potent platelet aggregation inhibitor 

(61.2%  and mean aggregation 31.8), followed by prodrug (8) (mean aggregation 

76.025), aspirin (mean aggregation 77.9); the least potent was prodrug (21) 

(mean aggregation 83.05) (Table 11 and Figure 15). 

These results prove that the presence of NO-releasing groups (organic nitrates) is 

required to enhance the cardioprotective properties of aspirin (inhibition of 

agonist-induced platelet aggregation). 

 

Table 10: Results of Collagen Aggregations 

 

Drug  Mean 
aggregation  

SEM  N  

Control  100  0  5  

8  19.8  3.5 5  

21  18.9  4.3 5  

22  4  1.8 5  

Aspirin 14.1  3.7 5  
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Table 11: Result of Arachidonic Acid Aggregations 

 

Drug Mean 
aggregation 

SEM N 

Control 100 0 4 

8 76 15.3 4 

21 83 4.6 4 

22 31.8 14.3 4 

Aspirin 78 7.4 4 

 

Figure 14: Collagen Aggregations 
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Figure 15: Arachidonic Acid Aggregations 

 

 

 

4.5 Discussion 

The comparison between the NO-releasing aspirin and a phenolic (tyrosol) 

prodrug of aspirin proved that we don’t need a NO- releasing moiety to produce 

a NSAID with a better GI safety profile. A simple esterification of NSAIDs can be 

an alternative to deal with the relatively high incidence of several 

gastrointestinal toxic side-effects associated with long-term anti-inflammatory 

therapies. We observed that neither tyrosol nor 3-HBA had an additional effect 

on platelet aggregation inhibition (other than that exerted by aspirin). The 

increased inhibition of platelet aggregation observed with NCX-4016 was 

potentiated by the release of NO from the organic nitrate (-ONO2) group, which 

highlights the potential applications of hybrid prodrugs in preventing stroke and 

other cardiovascular disease states. The use of hybrid molecules possessing NO-
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releasing moieties offers an advantage compared to simple prodrugs possessing 

only a phenol group because bioactive NO complements the COX-1 dependent 

platelet aggregation inhibitory activity of aspirin132. So, “simple” NSAID ester 

prodrugs possessing phenol moieties are not a suitable replacement to NO-

aspirins for the prophylactic treatment of cardiovascular events. 
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Chapter: Lipoxygenase 

Inhibition and Induction of 

NQO1 by Ester Prodrugs 
 

5.1 Objective 

The last part of the project had two objectives. The first was to evaluate the 

potential inhibitory profile of tyrosol ester prodrugs on 5-LOX, since LOX 

enzymes have also been involved in the inflammatory process in addition to the 

COX pathway. And the second was to determine the potential chemopreventive 

properties of tyrosol prodrugs via induction of phase II carcinogen-metabolizing 

NQO1 enzyme. 

 

5.2 Introduction 

There have been reports in literature describing that gastric ulceration can be 

minimized by dual COX/LOX inhibitors134, but the mechanism by which these 

drugs exert a decreased gastric toxicity is not yet completely understood133-134. 

We decided to test our tyrosol ester prodrugs for potential LOX inhibition, 

considering that anti-oxidant groups might confer inhibitory activity by 

complexing with the heme moiety within the active site of the enzyme.   

Additionally, NSAIDs are now considered to be one of the most promising classes 

of drugs with potential cancer chemopreventive properties135-142. For this reason, 

it was important for us to test tyrosol ester prodrugs. The NAD(P)H:quinone 

oxidoreductase (NQO1)-mediated detoxification of quinones plays a critical role 

in cancer prevention. Xenobiotic metabolizing enzymes are classified as phase I 

(oxidation, reduction) and phase II (conjugation) enzymes; the balance between 

5 
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phase I (sometimes acting as carcinogen-activating enzymes) and the phase II 

detoxifying enzymes is important to assess an individual’s risk for developing 

cancer143. In this regard, NQO1 protects cells against toxic electrophilic quinones 

and their metabolic precursors by reducing quinones to semiquinones; 

therefore, it has been suggested that modulation of drug-metabolizing enzymes 

could lead to facilitated elimination of endogenous and environmental 

carcinogens144. For this reason we chose to test the activity of the ester prodrugs 

towards NQO1 enzyme.  

 

5.3 Results 

 

5.3.1 LOX Inhibition Assay 

 The ester prodrugs did not show significant inhibition of 5-LOX (enzyme 

immunoassay, Cayman cat. number = 760700). Out of nine prodrugs only three 

were active. However, two out of these three compounds were molecules 

containing tyrosol i.e. prodrugs (8) and (11). Prodrug (8) showed an IC50 of 213.9 

µM whereas prodrug (11) showed an IC50 of 6.1 µM. Tyrosol itself showed a 

remarkable inhibitory profile, with the lowest IC50 (1.2 µM). This shows that 

tyrosol is an important moiety required for the LOX inhibition, but linkage of the 

phenol group to a carboxylic acid decreases its inhibitory effect. The results were 

not conclusive enough to establish a potential role of LOX inhibition in the 

overall anti-inflammatory profile of tyrosol esters. The details of the LOX 

inhibition assay are summarized in Table 12. 
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Table 12: Results of LOX Inhibition Exerted by Prodrugs 

Compounds  5-LOX IC50
a(µM) 

8 213.9 

9 N.A. 

10 N.A. 

11 6.1 

12 N.A. 

13 9.2 

18 N.A. 

19 N.A. 

20 N.A. 

21 N.A. 

22 N.A. 

Tyrosol 1.2 

3-HBA N.A. 

4-HBA 7.71 

aThe in vitro test compound concentration required to produce 50% inhibition of 

potato 5-LOX (Cayman Chemicals Inc. Catalog No. 60401). The result (IC50, µM) is 

the mean of two determinations acquired using a LOX assay kit (Catalog No. 

760700, Cayman Chemicals Inc., Ann Arbor, MI, USA) and the deviation from the 

mean is <10% of the mean value. N.A. = Not Active, IC50>500µM 
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5.3.2 Determination of Cell Viability (Prior to NQO1 Activity) 

 

To determine the optimal concentrations to use in cell-based studies, 

prodrugs were tested for potential cytotoxicity. The cell line used was liver 

cancer HepG2. The effect of prodrugs on HepG2 cell viability was determined by 

measuring the capacity of reducing enzymes present in viable cells to convert 

MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)) 

to formazan crystals. The MTT assay showed that 10 µM was the highest test 

compound concentration safe enough to work with (except for compound 19) 

(Figure 16).  
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Figure 16: Effect of Prodrugs on Cell Viability. 

 

 

HepG2 cells were treated for 24 h with prodrugs (1, 10, 25, 50, and 100 µM). Cell 

cytotoxicity was determined using the MTT assay. Data are expressed as 

percentage of untreated control (which is set at 100%) ± SE (n = 8). P < 0.05, 

compared to control. 
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relevant because it should offer new evidence suggesting that NSAID ester 

prodrugs could potentially induce phase II xenobiotic-metabolizing enzymes.  

Previous work reported with NO-aspirins showed that NQO1 induction is 

dependent on the presence of good leaving groups such as nitrates (-ONO2) or 

bromides (Br-)146. Considering that tyrosol prodrugs designed in our work do not 

possess leaving groups, we would not expect a significant induction of 

NQO1activity. We determined the ability of our ester prodrugs (8)-(13), (18) & 

(20) to increase the enzymatic activity of NQO1 in HepG2 cells. Surprisingly, all 

our prodrugs induced an increase in the activity of NQO1 enzyme in vitro, 

compared to control cells receiving dimethyl sulfoxide (DMSO) as vehicle (Figure 

17).  
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Figure 17: Determination of NQO1 Activity 

 

NQO1 activity was determined by the continuous spectrophotometric assay to 

quantitate the reduction of its substrate, 2,6-dichlorophenolindophenol  (DCPIP). 

The rate of DCPIP reduction was monitored over 1.5 min at 600 nm with an 

extinction coefficient (ϵ) of 2.1 mM–1 cm–1. The NQO1 activity was calculated as 

the decrease in absorbance per minute per milligram of total protein of the 

sample.  The concentration used for the ester prodrugs was 10 µM. A one-way 

analysis of variance (ANOVA) was carried out to assess statistical significance. 

The differences were significant when * = p < 0.01 compared to DMSO; n = 3. 

The solvent used for all prodrugs was DMSO. 

 

5.4 Discussion 

Dunlap et al. reported structure-activity relationship studies for NO-aspirin 

possessing 2-, 3-, or 4-hydroxybenzyl alcohols, assessing the importance of the 

nitrate group (-ONO2) on anti-inflammatory, antiproliferative, and 

chemopreventive activity. Dunlap’s group concluded that “conisogenic” 

structures possessing good leaving groups (bromine) instead of nitrates are 
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equipotent agents to those possessing nitrate groups, because both types of 

prodrugs generate electrophilic quinone methides in vivo. Quinone methides 

rapidly react with intracellular glutathione (GSH) and thiol-rich sensor proteins to 

activate antioxidant responsive element (ARE) and induce NQO1 enzyme 

activity146-147. Considering that our prodrugs do not possess good leaving groups, 

we did not expect the formation of quinone methides, and therefore, our 

prodrugs would not be expected to exert the same mechanism of action as that 

reported for NO-aspirins or “conisogenic” compounds having good leaving 

groups. However, tyrosol prodrugs increased the enzymatic activity of NQO1 in 

HepG2 cells. These results indicate that simple NSAID ester prodrugs possessing 

anti-oxidant moieties such as tyrosol may be considered potential 

chemopreventive agents, despite the absence of good leaving groups (including 

organic nitrates). It is difficult to evaluate this statement without having 

additional data involving cell growth inhibition in specific cancer cell lines, or 

studies specially designed to evaluate chemoprevention; however, results 

obtained in this work suggest that NSAID esters should be studied along with 

classical NSAIDs, not only on the expression and activity of phase I and phase II 

metabolizing enzymes, but also in models of induced cancer (future directions). 
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Chapter: Conclusion, 

Limitations and Future 

Directions 

 

6.1 Conclusion 

The results reported in this thesis present simple ester prodrugs, which have the 

potential to be regarded as safe in comparison to NSAIDs in clinical use. Simple 

esterification of aspirin, ibuprofen, and indomethacin with phenolic antioxidant 

groups such as tyrosol, 3-hydroxybenzyl alcohol, and 4-hydroxybenzyl alcohol 

yields potent and selective COX-2 inhibitors in vitro with improved anti-

inflammatory activity in vivo. 

The work presented in this thesis offers conclusive evidence to support that NO-

releasing groups are not required to decrease the ulcerogenic profile of classical 

NSAIDs, regardless of whether they are available over-the-counter (aspirin, 

ibuprofen) or by prescription only (indomethacin). Considering that H2S-releasing 

NSAIDs were designed based on a similar approach as that of NO-NSAIDs, this 

observation might be applicable to H2S-releasing prodrugs as well; in other 

words, H2S-releasing groups may not be required to decrease gastric toxicity 

associated with acute doses of NSAIDs; this would have significant implications 

for several ongoing clinical trials involving some of these compounds.  

With regards to the indomethacin prodrugs (18), (19) and (20) the work 

presented, gives support to the fact that anti-oxidant moieties play a significant 

role in the prevention of ulcer formation. It is evident from the results obtained 

 6 
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with prodrugs (18) and (19), which didn’t contain an anti-oxidant moiety, that 

future designs should consider careful evaluation of the nature of this moiety. 

Results obtained in this work, along with those reported previously by other 

groups, constitute a good body of evidence to propose the use of NSAID 

prodrugs (esters, and probably amides as well) instead of unprotected 

molecules. The significance of this statement is evident considering that NSAIDs 

are one of the most highly used group of drugs world-wide, and the relatively 

high incidence of gastrointestinal side-effects associated with their long-term 

use. In this regard, it is essential to open the debate within the scientific 

community to re-evaluate the potential use of new and/or existing NSAID 

prodrugs as a safer alternative to the use of classical NSAIDs. 

This work also concludes that the advantages of using NO- and H2S-releasing 

moieties in the design of hybrid NSAIDs are justified when the purpose of such 

prodrugs involves:  

 Accelerating the healing of pre-existing ulcers. 

 Disease states other than the conventional anti-inflammatory/non-

ulcerogenic profile; for example, to potentiate the anti-thrombotic 

activity of aspirin, or the prophylactic prevention of similar 

cardiovascular disorders, in which the beneficial effects of NO are 

(until now) clearly evident. 

The potential application of NSAID ester prodrugs as chemopreventive agents is 

still controversial. Our work showed that aspirin, ibuprofen, and indomethacin 

esters possessing simple phenol groups increased the activity of the carcinogen-

metabolizing enzyme NQO1, which is not in agreement with previous 

observations correlating this effect with the extent of NO-release from NO-

aspirins. This constitutes a future topic for research to determine the role of 

good leaving groups (including organic nitrates) in the expression and activity of 
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phase I and phase II metabolizing enzymes, using a more robust experimental 

protocol design focused exclusively on chemoprevention. 

 

6.2 Limitations 

It is worth mentioning that the anti-inflammatory profile of NSAID prodrugs 

discussed above constitutes only one of the biological effects attributed to these 

molecules, and the presence of NO-releasing moieties as well as anti-oxidant 

groups may have a significant effect on other potential applications, for example 

the use of aspirin for the prophylactic treatment of cardiovascular disorders and 

cancer4. Therefore, the scope of the current work is only limited to discussing the 

role of ester groups in decreasing the gastric toxicity of NSAIDs while maintaining 

their efficacy in vivo. 

Moreover, this study used relatively high (acute) doses of NSAIDs administered 

only once, rather than the administration of lower amounts over a long period of 

time, which would provide data regarding the effects of NSAID ester prodrugs 

when administered on a long-term basis. Furthermore, another interesting 

setting on which simple esters could be compared to NO-NSAIDs in future 

experiments is on chronic animal models designed to measure the effect of 

drugs on healing of pre-existing ulcers148.  
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6.3 Future Directions 

1. Review the pharmacokinetic and pharmacodynamic profile of reported 

“simple” ester and amide NSAID prodrugs. 

2. Conduct a structure-activity relationship study to determine the structural 

requirements which are essential to maintain safety and efficacy of simple 

prodrugs which may substitute NSAIDs associated with a high incidence of 

gastrointestinal side-effects. 

3. Determine the inhibition of COX-1/COX-2 expression and activity by 

prodrugs using a cell-based assay. 

4. Evaluate the chemopreventive properties of NSAID ester prodrugs in an in 

vivo model (Min Mice Model). 

5. Evaluate the ulcerogenic properties of prodrugs in a chronic (long-term) 

ulcerogenic model. 

 

 

 

 

 

 

 



68 | P a g e  
 

Chapter: Experimental 

Procedures 
 

7.1 Chemistry 

Melting points were determined with an Electrothermal Mel-Temp® melting 

point apparatus (Dubuque, IA, USA) and are uncorrected. Infrared (IR) spectra 

were recorded as films (chloroform solutions or neat compounds) on NaCl plates 

using a Nicolet 550 series II Magna FTIR spectrometer. 1H-NMR spectra were 

measured on a Bruker AM-300 spectrometer with TMS as internal standard, 

where coupling constants (J) are estimated in Hertz (Hz). Mass spectra (MS) were 

recorded on a Waters micromass ZQ 4000 mass spectrometer using the ESI 

mode. All the compounds showed a single spot on RediSep® silica gel glass plates 

(UV254, 0.2 mm) using a high, medium, and low polarity solvent mixture and no 

residue remained after combustion, indicating a purity higher than 95%. Column 

chromatography was performed on a CombiFlash Retrieve system using RediSep 

Rf silica gel (40-60 M) cartridges. Ibuprofen acid chloride (7, racemic) 

76,Indomethacin acid chloride (17)76, and NO-releasing Aspirin (NCX-4016)149 

were synthesized according to reported literature procedures. Acetyl salicyloyl 

chloride (1) was obtained from TCI America (Portland, OR); all other reagents 

were purchased from Aldrich chemical company (Milwaukee, WI) and were used 

without further purification. The in vivo anti-inflammatory and UI assays were 

carried out using protocols approved by the Health Sciences Animal Welfare 

Committee at the University of Alberta. 
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4-(2-Hydroxyethyl)phenyl acetylsalicylate (8).  

A solution of tyrosol (4, 1.4 g, 7.2 mmol) and TEA (0.2 g, 1.9 mmol) in dry THF (10 

mL) was stirred for 10 minutes under a nitrogen atmosphere before adding 

(dropwise) a solution of acetyl salicyloyl chloride (1, 1.0 g, 7.2 mmol) previously 

dissolved in dry THF (5 mL). This reaction mixture was stirred 25 °C for 5 h; all 

solids (triethylammonium chloride) were filtered out and the solvent was 

evaporated under vacuum. The residue was purified by silica gel column 

chromatography using EtOAc/hexane (2:8) as eluent to give (8) as white solid 

(1.1 g, 50.6 % yield); mp: 66-69°C; IR (NaCl) 3370 (OH), 2936 (C-H aromatic), 2867 

(C-H aliphatic), 1740 (CO) cm-1; 1H-NMR (300 MHz, CDCl3):  = 1.51 (bs, 1H, OH), 

2.31 (s, 3H, CH3), 2.89 (t, J = 6.7 Hz, 2H, PhCH2), 3.88 (t, J = 6.7 Hz, 2H, CH2OH), 

7.12 (d, J = 8.5 Hz, 2H, phenyl H-2, H-6), 7.17 (dd, J = 7.9 Hz, 1.2 Hz, salicyloate H-

3), 7.28 (d, J = 8.5 Hz, 2H, phenyl H-3, H-5), 7.39 (td, J = 7.3, 1.2 Hz, salicyloate H-

5), 7.64 (td, J = 7.3, 1.8 Hz, salicyloate H-4), 8.22 (dd, J = 7.3, 1.2 Hz, salicyloate H-

6). 13C-NMR (300 MHz, CDCl3)  = 21.0, 38.6, 63.5, 115.4, 121.7, 122.5, 124.0, 

126.1, 130.1, 132.2, 134.5, 136.4, 149.1, 151.1, 163.0; MS: 301.0[M+1]+. 

 

3-(2-Acetoxybenzoyloxy)benzyl 2-acetoxybenzoate (9).  

A solution of 3-hydroxylbenzyl alcohol (5, 1.72g, 13.88 mmol) and TEA (1.5 g, 

15.2 mmol) in dry THF (20 mL) was stirred for 10 minutes under a nitrogen 

atmosphere before adding (dropwise) a solution of aspirin acid chloride (1, 2.5 g, 

13.88 mmol) in dry THF (10 mL). This reaction mixture was stirred for 6 h at 25 

°C; all solids (triethylammonium chloride) were filtered out and the solvent was 

evaporated under vacuum. The residue was purified by silica gel column 

chromatography using EtOAc/hexane (2:8) as eluent to obtain (9) as a white solid 

(2.6 g, 41.8 % yield); mp: 115-118°C;IR (NaCl)  2081 (C-H aromatic), 2851 (C-H 

aliphatic), 1772 (CO) cm-1; 1H-NMR (300 MHz, CDCl3):  = 2.19 (s, 3H, CH3), 2.3 (s, 
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3H, CH3), 5.3 (s, 2H, PhCH2), 7.1 (dd, J = 7.9, 1.2 Hz, phenyl H′-6), 7.18 (dd, J = 7.9, 

1.2, phenyl H′-2), 7.41(m, H=3), 7.56 (td, J = 7.3, 1.8 Hz, salicyloate* H-4), 7.65 

(td, J = 7.3, 1.8 Hz, salicyloate H-4), 8.07 (dd, J = 7.3, 1.2 Hz, salicyloate* H-6), 

8.22 (dd, J = 7.3, 1.2 Hz, salicyloate H-6). 13C-NMR (300 MHz, CDCl3)  = 20.8,21.0, 

66.2, 121.5, 121.7, 122.4, 123.0, 123.8, 124.0, 125.88, 126.04, 126.17, 129.82, 

131.92, 132.17, 134.0, 134.63, 137.45, 150.71, 151.18, 162.81, 164.19, 169.65; 

MS: 449[M+1]+. 

 

4-(2-acetoxybenzoyloxy)benzyl 2-acetoxybenzoate (10). 

A solution of 4-hydroxylbenzyl alcohol (6, 1.31 g, 10.57 mmol) and TEA (1.28 g, 

12.7 mmol) in dry THF (20 mL) was stirred for 10 minutes under a nitrogen 

atmosphere before adding (dropwise) a solution of aspirin acid chloride (1, 2.1 g, 

10.57 mmol) in dry THF (10 mL). This reaction mixture was stirred for 6 h at 25 

°C; all solids (triethylammonium chloride) were filtered out and the solvent was 

evaporated under vacuum. The residue was purified by silica gel column 

chromatography using EtOAc/hexane (2:8) as eluent to obtain (10) as a white 

solid (2.2 g, 46.4 % yield); mp: 108-110°C;IR (NaCl)  3081 (C-H aromatic), 2890 (C-

H aliphatic), 1772 (CO) cm-1; 1H-NMR (300 MHz, CDCl3):  =  2.19 (s, 3H, CH3), 2.3 

(s, 3H, CH3), 5.3 (s, 2H, PhCH2), 7.09 (dd, J = 7.9 Hz, 1.2 Hz, salicyloate* H-3), 7.12 

(m, 3H), 7.33 (td, J = 7.3, 1.2 Hz, salicyloate* H-5), 7.39 (td, J = 7.3, 1.2 Hz, 

salicyloate H-5), 7.49 (d, J = 8.5 Hz, 2H, phenyl H-3, H-5), 7.56 (td, J = 7.3, 1.8 Hz, 

salicyloate* H-4), 7.65 (td, J = 7.3, 1.8 Hz, salicyloate H-4), 8.07 (dd, J = 7.9, 1.2 

Hz, salicyloate* H-6), 8.23 (dd, J = 7.9, 1.2 Hz, salicyloate H-6). 13C-NMR (300 

MHz, CDCl3)  = 21.0, 38.6, 63.5, 115.4, 121.7, 122.5, 124.0, 126.1, 130.1, 132.2, 

134.5, 136.4, 149.1, 151.1, 163.0; MS: 449[M+1]+. 
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4-(2-Hydroxyethyl)phenyl 2-(4-isobutylphenyl)propanoate (11).  

A solution of tyrosol (4, 1.5, 11.1 mmol) and TEA (3.3 g, 13.3 mmol) in dry THF 

(15 mL) was stirred for 10 minutes under a nitrogen atmosphere before adding 

(dropwise) a solution of ibuprofen acid chloride (7, 2.5 g, 11.1 mmol) in dry THF 

(10 mL). This reaction mixture was stirred at 25 °C for 5 h; all solids 

(triethylammonium chloride) were filtered out and the solvent was evaporated 

under vacuum. The residue was purified by silica gel column chromatography 

using EtOAc/hexane (2:8) as eluent to give (11) as white solid (1.9 g, 53.2 % 

yield);  mp: 47-50°C;  IR (NaCl) 3383 (OH), 2955 (C-H aromatic), 2867 (C-H 

aliphatic), 1740 (CO) cm-1; 1H-NMR (300 MHz, CDCl3)  = 0.91 (d, J = 6.6 Hz, 6H, 

CH(CH3)2), 1.60 (d, J = 7.3 Hz, 3H, PhCHCH3), 1.85 (nonet, J = 6.7 Hz, 1H, 

CH2CH(CH3)2), 2.47 (d, J = 7.3 Hz, 2H, PhCH2), 2.83 (t, J = 6.7 Hz, 2H, PhCH2), 3.82 

(t, J = 6.7 Hz, 2H, CH2OH), 3.93 (q, J = 7.3 Hz, 1H, PhCH), 6.93 (d, J = 8.5 Hz, 2H, 

phenyl H-2, H-6), 7.14 (d, J = 7.9 Hz, 2H, Tyrosol phenyl H-2, H-6), 7.18 (d, J = 8.5 

Hz,  2H, phenyl H-3, H-5), 7.29 (d, J = 7.9 Hz, 2H, Tyrosol phenyl H-3, H-5); 13C-

NMR (300 MHz, CDCl3)  = 18.5, 22.3, 30.1, 38.5, 45.0, 45.2, 63.5, 121.2, 121.4, 

127.1, 129.2, 129.3, 129.4, 129.8, 135.9, 137.1, 140.7, 149.4, 173.3; MS 327 

[M+1]+. 

 

3-(Hydroxymethyl)phenyl 2-(4-isobutylphenyl)propanoate (12).  

A solution of 3-hydroxylbenzyl alcohol (5, 1.38 g, 11.1 mmol) and TEA (1.3 g, 13.3 

mmol) in dry THF (15 mL) was stirred for 10 minutes under a nitrogen 

atmosphere before adding (dropwise) a solution of ibuprofen acid chloride (7, 

2.5 g, 11.1 mmol) in dry THF (10 mL). This reaction mixture was stirred for 5 h at 

25 °C; all solids (triethylammonium chloride) were filtered out and the solvent 

was evaporated under vacuum. The residue was purified by silica gel column 

chromatography using EtOAc/hexane (2:8) as eluent to obtain (12) as a white 
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solid (1.8 g, 53.2 % yield); mp: 47-50°C; IR (NaCl) 3383 (OH), 2955 (C-H aromatic), 

2860 (C-H aliphatic), 1753 (CO) cm-1; 1H-NMR (300 MHz, CDCl3)  = 0.91 (d, J = 6.6 

Hz, 6H, CH(CH3)2), 1.60 (d, J = 6.7 Hz, 3H, CH3), 1.85 (nonet, 1H, CH2CH(CH3)2), 

2.47 (d, J = 7.3 Hz, 2H, PhCH2), 3.92 (q, J = 6.7 Hz, 1H, PhCH), 4.66 (s, 2H, CH2OH), 

6.91 (dd, J = 7.3, 2.4 Hz, 1H, phenyl H′-6), 7.01 (distorted t, 1H, phenyl H′-2), 7.14 

(d, J = 7.9 Hz, 2H, phenyl H-2, H-6), 7.18 (d, J = 7.9 Hz, phenyl H′-4), 7.29 (d, J = 

7.9 Hz, 2H, phenyl H-3, H-5), 7.32 (t, J  = 7.9 Hz, 1H, phenyl H′-5); 13C-NMR (CDCl3) 

 = 18.4, 22.3, 30.1, 45.0, 45.2, 63.6, 119.7, 120.4, 124.0, 127.1, 129.3, 129.4, 

137.1, 140.7, 142.5, 150.9, 173.2; MS: 313 [M+1]+. 

 

4-Hydroxymethylphenyl 2-(4-isobutylphenyl)propanoate (13).  

A solution of 4-hydroxybenzyl alcohol (6, 1.38 g, 11.1 mmol) and TEA (1.3 g, 13.3 

mmol) in dry THF (15 mL) was stirred for 5 minutes under a nitrogen atmosphere 

before adding (dropwise) a solution of Ibuprofen acid chloride (7, 11.1 mmol) 

previously dissolved in dry THF (10 mL). This reaction mixture was stirred at 25 °C 

for 5 h; all precipitated solids (triethylammonium chloride) were filtered off and 

the solvent was evaporated under vacuum. The residue was purified by silica gel 

column chromatography using EtOAc/hexane (2:8) as eluent to give (13) as an oil 

(1.9 g, 54.7% yield); IR (NaCl) 3383 (OH), 2955 (C-H aromatic), 2860 (C-H 

aliphatic), 1753 (CO) cm-1; 1H-NMR (300 MHz, CDCl3)  = 0.91 (d, J = 6.6 Hz, 6H, 

CH(CH3)2), 1.60 (d, J = 6.7 Hz, 3H, CH3), 1.85 (septet, 1H, CH(CH3)2), 2.47 (d, J = 7.3 

Hz, 2H, PhCH2), 3.93 (q, J = 7.3 Hz, 1H, PhCH), 4.66 (s, 2H, CH2OH), 6.98 (d, J = 8.5 

Hz, 2H, phenyl H′-2, H′-6), 7.14 (d, J = 7.9 Hz, 2H, phenyl H-2, H-6), 7.21 (d, J = 7.9, 

2H, H-3, H-5), 7.33 (d, J = 8.5 Hz, 2H, phenyl H′-3, H′-5); 13C-NMR (300 MHz, 

CDCl3)  = 18.5, 22.3, 30.1, 45.0, 45.2, 64.7, 121.4, 127.1, 127.9, 129.3, 129.4, 

137.1, 138.3, 140.7, 150.2, 173.2; MS: 312 [M+1]+. 
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Phenyl 2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)acetate (18). 

A solution of phenol (15, 0.12 g, 1.3 mmol) and TEA (0.16 g, 1.5 mmol) in dry THF 

(5 mL) was stirred under a nitrogen atmosphere for 10 minutes before adding 

(dropwise) a solution of indomethacin acid chloride (17, 0.50 g, 1.3 mmol) in dry 

THF (5 mL). This mixture was stirred at 25 °C for 3 h; all precipitated solids 

(triethylammonium chloride) were filtered out and the solvent was evaporated 

under vacuum. The residue was purified by silica gel column chromatography 

using EtOAc/hexane (3:7) as eluent to give (18) as a white solid (0.41 g, 71.1% 

yield); IR (NaCl): 2930 (C-H aromatic), 2829 (C-H aliphatic), 1753 (CO), 1683 (CO) 

cm-1; 1H-NMR (300 MHz, CDCl3)  = 2.46 (s, 3H, CH3), 3.84 (s, 3H, OCH3), 3.91 (s, 

2H,PhCH2CO2), 6.70 (dd, J = 9.1, 2.4 Hz, 1H, indolyl H-6), 6.91 (d, J = 9.1 Hz, 1H, 

indolyl H-7), 7.04-7.07 (m, 1H, phenyl H-4), 7.07 (d, J = 2.4 Hz, 1H, indolyl H-4), 

7.26 (m, 2H, phenyl H-2, H-6), 7.36 (t, J = 7.9 Hz, 2H, phenyl H-3, H-5), 7.47 (d, J = 

8.5 Hz, 2H, benzoyl H-3, H-5), 7.68 (d, J = 8.5 Hz, 2H, benzoyl H-2, H-6). 13C-NMR 

(300 MHz, CDCl3)  = 13.4, 30.6, 55.7, 101.2, 111.8, 112.0, 115.0, 121.3, 125.1, 

129.4, 130.5, 130.8, 131.8, 133.8, 136.1, 139.3, 150.7, 156.1, 168.2, and 169.23; 

MS: 379.1 [M+1]+. 

 

2-Hydroxyethyl2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-

yl)acetate (19).  

A solution of ethylene glycol (16, 0.99 g, 15.9 mmol) and TEA (0.19 g, 1.9 mmol) 

in dry THF (5 mL) was stirred under a nitrogen atmosphere for 10 minutes before 

adding (dropwise) a solution of indomethacin acid chloride (17, 0.60 g, 1.5 mmol) 

in dry THF (5 mL). This reaction was stirred at 25 °C for 3 h; all precipitated solids 

(triethylammonium chloride) were filtered out and the solvent was evaporated 

under vacuum. To remove unreacted (excess) ethylene glycol, the residue was 

dissolved in EtOAc (100 mL), washed with brine (3 x 20 mL), and dried over 

sodium sulfate, then the solvent was evaporated under vacuum. The residue was 
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purified by silica gel column chromatography using EtOAc/hexane (4:6) as eluent 

to give (19) as a grey/green solid (0.49 g, 76% yield); mp: 77-79 C; IR (NaCl): 

3471(OH), 2923 (C-H aromatic), 2829 (C-H aliphatic), 1734 (CO), 1690 (CO) cm-1; 

1H-NMR (300 MHz, CDCl3)  = 2.35 (s, 3H, CH3),  3.68 (s, 2H, PhCH2), 3.77 (t, J = 

4.8 Hz, 2H, CH2OH), 4.20 (t, J = 4.8 Hz, 2H, CO2CH2), 6.64 (dd, J = 9.1 Hz, 2.4 Hz, 

2H, indolyl H-6), 6.84 (d, J = 9.1 Hz, 1H, indolyl H-7), 6.94 (d, J = 2.4 Hz, 1H, indolyl 

H-4), 7.43 (dd, J = 8.5 Hz, 2.4 Hz, 2H, benzoyl H-3, H-5), 7.63 (dd, J = 8.5 Hz, 2.4 

Hz, 2H, benzoyl H-2, H-6). 13C-NMR (300 MHz, CDCl3)  = 13.3, 30.2, 55.6, 61.0, 

66.5, 101.2, 111.6, 112.2, 114.9, 129.0, 130.4, 130.7, 131.1, 133.8, 135.9, 139.2, 

156.0, 168.2, and 171.0; MS: 402 [M+1]+. 

 

4-(2-Hydroxyethyl)phenyl2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-

3-yl)acetate (20). 

A solution of tyrosol (4, 0.18 g, 1.3 mmol) and TEA (0.16 g, 1.5 mmol) in dry THF 

(10 mL) was stirred under a nitrogen atmosphere at -80 °C for 10 minutes before 

adding (dropwise) a solution of indomethacin acid chloride (17, 0.50 g, 1.3 mmol) 

in THF (5 mL). This reaction mixture was stirred at -80 °C for 5 h; the precipitated 

salts (triethylammonium chloride) were filtered out and the solvent was 

evaporated under vacuum. The residue was purified by silica gel column 

chromatography using EtOAc/hexane (3:7) as eluent to give (20) as a dark green 

viscous liquid (0.12 g, 19.46 % yield); IR (NaCl): 3458 (OH), 2999 (C-H aromatic), 

2904 (C-H aliphatic) X (CO), Y (CO) cm-1; 1H-NMR (300 MHz, CDCl3)  = 2.29 (s, 3H, 

CH3), 2.81 (t, J = 6.7 Hz, 2H, PhCH2), 3.62 (s, 2H, CH2CO2), 3.82 (s, 3H, OCH3), 4.27 

(t, J = 6.7 Hz, 2H, CH2OH), 6.64 (dd, J = 9.1 Hz, 2.4 Hz, 2H, indolyl H-6), 6.65 (d, J  = 

8.5 Hz, 2H, phenyl H-2, H-6), 6.84 (d, J = 9.1 Hz, 1H, indolyl H-7), 6.91 (d, J = 8.5 

Hz, 2H, phenyl H-3, H-5), 6.94 (d, J = 2.4 Hz, 1H, indolyl H-4), 7.43 (dd, J = 8.5 Hz, 

2.4 Hz, 2H, benzoyl H-3, H-5), 7.63 (dd, J = 8.5 Hz, 2.4 Hz, 2H, benzoyl H-2, H-6); 

13C-NMR (300 MHz, CDCl3)  = 13.3, 30.4, 34.1, 55.7, 65.5, 101.4, 111.6, 112.5, 
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114.9, 115.3, 129.1, 129.6, 129.8, 130.6, 130.8, 131.1, 133.9, 135.7, 139.2, 154.1, 

156.0, 168.3, 170.7; MS: 477 [M+1]+. 

 

7.2 Biological Evaluation 

Cyclooxygenase Inhibition Assay (in vitro) 

All experimental compounds and reference compounds (aspirin, ibuprofen, and 

indomethacin) were evaluated for their ability to inhibit human recombinant 

COX-2 and ovine COX-1 using a cyclooxygenase inhibitor screening assay kit 

(catalog number 560131, Cayman Chemical, Ann Arbor, MI, USA) following the 

procedure suggested by the manufacturer. Cyclooxygenase catalyzes the first 

step in the biosynthesis of AA to PGH2. PGF2R, produced from PGH2 by reduction 

with stannous chloride, is measured by enzyme immunoassay (ACE competitive 

EIA). Stock solutions of test compounds were dissolved in a minimum volume of 

DMSO. Briefly, to a series of supplied reaction buffer solutions (960 µL, 0.1 M 

Tris-HCl pH 8.0 containing 5 mM EDTA and 2 mM phenol) with either COX-1or 

COX-2 (10 µL) enzyme in the presence of heme (10 µL) was added 10 µL of 

various concentrations of test drug solutions (0.001, 0.01, 0.1, 1, 10, 100, and 

500 µM in a final volume of 1mL). These solution were incubated for a period of 

2 min at 37 °C after which 10 µL of AA (100 µM) was added, and the COX 

reaction was stopped by the addition of 50 µL of 1 M HCl after 2 min. PGF2R, 

produced from PGH2 by reduction with stannous chloride, was measured by 

enzyme immunoassay. This assay is based on the competition between PGs and 

a PG-acetylcholinesterase conjugate (PG tracer) for a limited amount of PG 

antiserum. The amount of PG tracer that is able to bind to the PG antiserum is 

inversely proportional to the concentration of PGs in the wells since the 

concentration of the PG tracer is held constant while the concentration of PGs 

varies. This antibody-PG complex binds to a mouse antirabbit monoclonal 
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antibody that had been previously attached to the well. The plate is washed to 

remove any unbound reagents and then Ellman’s Reagent, which contains the 

substrate to acetylcholinesterase, is added to the well. The product of this 

enzymatic reaction produces a distinct yellow color that absorbs at 405 nm. The 

intensity of this color, determined spectrophotometrically, is proportional to the 

amount of PG tracer bound to the well, which is inversely proportional to the 

amount of PGs present in the well during the incubation: absorbance α [bound 

PG tracer] α 1/PGs. Percent inhibition was calculated by comparison of 

compound treated to various control incubations. The concentration of the test 

compound causing 50% inhibition (IC50, µM) was calculated from the 

concentration-inhibition response curve (duplicate determinations). 

 

Anti-inflammatory Assay (in vivo) 

The experimental compounds (8-13, 18-20 and 22) were evaluated using the 

carrageenan-induced rat foot paw edema model reported previously150. Animals 

were fasted and weighed 24 hours prior to the experiment. All test compounds 

were suspended in 1.2 mL of a 1% methylcellulose aqueous solution and 

administered at the following doses: Group 1) aspirin and aspirin derivatives 

(compounds 8, 9, 10) = 710 mol/kg; Group 2) ibuprofen and ibuprofen 

derivatives (compounds 11, 12, 13) = 325 mol/kg; Group 3) indomethacin and 

indomethacin derivatives (compounds 18, 19, 20) = 80 mol/kg; Group 4) 

Control (1% methylcellulose solution). Test compounds were administrated 

orally by gavage before subplantar injection of 0.1 mL of a 1% solution of 

carrageenan in 0.9% saline on the left hind paw. Paw volumes were measured by 

plethysmometer immediately before induction of oedema and after 3 hours. The 

increase in paw volume was calculated by subtracting the initial paw volume 

(basal) to the paw volume measured, and was expressed as percentage 
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increased in paw volume.  This assay was carried out using protocols approved 

by the Health Sciences Animal Welfare Committee at the University of Alberta. 

 

Acute Ulcerogenesis Assay151 

 

Ulcerogenic activity was evaluated after oral administration of Aspirin 

(250mg/kg), Ibuprofen (250mg/kg), Indomethacin (29mg/kg) or an equivalent 

amount of the corresponding test compound (12-18). All drugs were suspended 

and administered in 1.2 mL of a 1% methylcellulose solution. Control rats 

received oral administration of vehicle (1.2 mL of 1.0% methylcellulose solution). 

Food, but not water, was removed 24 h before administration of test 

compounds. Six hours after oral administration of the drug, rats were euthanized 

in a CO2 chamber and their stomachs were removed, cut out along the greater 

curvature of the stomach, gently rinsed with water, and placed on ice. The 

number and the length of ulcers observed in each stomach were determined 

using a magnifier lens. The severity of each gastric lesion was measured along its 

greatest length (1 mm = rating of 1, 1–2 mm = rating of 2, >2 mm = rating 

according to their length in mm). The UI for each test compound was calculated 

by adding the total length (L, in mm) of individual ulcers in each stomach, divided 

by the number of animals in each group (n = 3): UI = (L1 + L2 + L3)/3. 

 

Platelet Aggregation Assays (in vitro) 

Prostacyclin-washed platelet suspensions were prepared as previously 

described152-154. Briefly, upon isolation platelets were counted and resuspended 

(2.5 x 108/mL) in Tyrode’s buffer and allowed to rest at room temperature (1 

hour) for the inhibitory effects of the prostacyclin on platelets to wear off. 

Subsequently, platelets were pre-incubated for 2 minutes at 37 oC in a lumi-

aggregometer in the presence of the corresponding prodrug, and then platelet 
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aggregation was induced with either collagen (10 mg/mL) or thrombin (0.3 

U/mL). To give uniform platelet responses, both chosen agonist concentrations 

were at the top of their respective concentration-response curves. Aggregation 

was monitored for a further 4 minutes and the extent of aggregation was 

determined by AggrolinkTM software. 

 

Expression of NQO1 (in vitro) 

The enzymatic activity of the xenobiotic-detoxifying enzyme NQO1 was assessed 

using previously reported procedures155. Briefly, HepG2 cells were grown for 

24 h in six well plates before incubation with the test compounds for another 24 

h. Thereafter, cells were washed with PBS and kept in 0.5 mL of homogenization 

buffer at -80 оC for at least 24 h; thawed cells were extracted and homogenized 

with a Kontes homogenizer and then centrifuged at 10,000×g for 20 min. The 

supernatant fractions were then removed and protein concentrations in the 

supernatant were determined by the method of Lowry et al. using bovine serum 

albumin as the standard156. The enzymatic activity of NQO1 was determined 

following the spectrophotometric assay described by which quantitates the 

reduction of 2,6-dichlorophenolindophenol (DCPIP) by 0.01 mg of cell 

homogenate protein in the presence of β-nicotinamide adenine dinucleotide 

phosphate (NADPH; 200 μM) and flavin adenine dinucleotide (FAD; 5 μM). The 

rate of reduction of DCPIP (40 μM) in 1 mL of Tris–HCl buffer (pH 7.8, 25 mM) 

containing 0.1% (v/v) Tween 20 and 0.023% bovine serum albumin was 

monitored for 90 seconds at 600 nm with ε = 2.1 mM−1 cm−1,  in presence and 

absence of 10μM dicumarol. The NQO1 activity was calculated as the decrease in 

absorbance per min per mg of total protein of the sample. 
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5-Lipoxygenase Inhibition Assay 

The ability of the test compounds to inhibit potato 5-LOX (Catalog No. 60401, 

Cayman Chemical, Ann Arbor, MI, USA) (IC50 values, μM) was determined using 

an enzyme immuno assay (EIA) kit (Catalog No. 760700, Cayman Chemical, Ann 

Arbor, MI, USA) according to the manufacturer’s instructions. The Cayman 

Chemical lipoxygenase inhibitor screening assay detects and measures the 

hydroperoxides produced in the lipoxygenation reaction using a purified 

lipoxygenase. Stock solutions of test compounds were dissolved in a minimum 

volume of DMSO and were diluted using the supplied buffer solution (0.1 M, 

Tris–HCl, pH 7.4). To a 90 μl solution of 5-LOX enzyme in 0.1 M, Tris–HCl, pH 7.4 

buffer, 10 μl of various concentrations of test drug solutions (0.01, 0.1, 1 and 10 

μM in a final volume of 210 μl) were added and the lipoxygenase reaction was 

initiated by the addition of 10 μl (100 μM) of linoleic acid (LA). After maintaining 

the 96-well plate on a shaker for 5 min, 100 μl of chromogen was added and the 

plate was retained on a shaker for 5 min. The lipoxygenase activity was 

determined after measuring absorbance at a wavelength of 500 nm. Percent 

inhibition was calculated by the comparison of compound-treated to various 

control incubations. The concentration of the test compound causing 50% 

inhibition (IC50, μM) was calculated from the concentration–inhibition response 

curve (duplicate determinations). 
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