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ABSTRACT 

 

This dissertation focuses on chemical and biological evaluation of diazeniumdiolate 

based nitrogen oxide releasing prodrugs.  Three projects are described. 

i. Synthesis and biological evaluation of a series of new nitroxyl (HNO) releasing 

non-steroidal antiinflammatory drugs (NSAIDs) and comparison to related nitric 

oxide (NO) releasing NSAIDs  

A series of HNO releasing isopropylamine-based diazeniumdiolate adducts of NSAIDs 

and the NO releasing diethylamine diazeniumdiolate counterpart were synthesized. The 

aspirin derivatives were evaluated for antiinflammatory, cardioprotective and anticancer 

effects. Both prodrugs demonstrated similar antiinflammatory properties to aspirin but 

significantly lower gastrointestinal ulceration, which is a common side effect of aspirin. 

The HNO adduct also improved cardiac contractility.  The chemotherapeutic potential of 

the prodrugs was assessed in vitro and in vivo. Both the prodrugs inhibited growth of 

cultured carcinoma cells without inducing cytotoxicity towards non-tumorogenic cell 

lines. The higher cytotoxicity of the HNO adduct was in part due to increased production 

of reactive nitrogen and oxygen species leading to oxidative damage to DNA, inhibition 

of glyceraldehydes-3-phosphate dehydrogenase and upregulation of signaling pathways 

leading to caspase-3 mediated induction of apoptosis. The NO adduct is a promising 

candidate for reduction of metastasis by increasing E-cadherin levels, which influences 
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cellular adhesion. Both derivatives showed significantly reduced angiogenesis in cultured 

cells and tumor volume in nude mice. 

ii. Synthesis and characterization of primary amine based cyclic amine 

diazeniumdiolates and comparison to their acetoxy methyl ester derivatives.  

A series of HNO releasing cyclic amine diazeniumdiolates were synthesized to expand 

upon the few examples of primary amine diazeniumdiolates. An ester derivative of 

cyclopentylamine NONOate was also synthesized, to increase decomposition half-life 

and to improve HNO production and better cellular uptake. This modification increased 

its cytotoxicity compared to ionic NONOates. 

iii. Evaluation of mechanism of action of JS-K.  

JS-K (O2-(2,4-dinitrophenyl)-1-[(4-ethoxycarbonyl)-piperazin-1-yl]-diazeniumdiolate) 

has previously been found to be highly cytotoxic in many cancer cell lines compared to 

ionic diazeniumdiolates. Thus, the role of NO in cytotoxicity of JS-K was explored. A 

low intracellular NO flux in combination with a lack of any effect on cyclic guanosine 

monophosphate (cGMP) dependent pathway suggests that NO is not directly responsible 

for the cytotoxicity of JS-K.  
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CHAPTER 1 

INTRODUCTION 

This chapter presents an overview of cyclooxygenase (COX) and its involvement 

in various patho-physiological processes, and the development and side-effects of non-

steroidal anti-inflammatory drugs (NSAIDs), selective inhibitors of COX-2 (COXIBs) 

and nitric oxide releasing NSAIDs (CINODs) as COX-1 and/or COX-2 inhibitors.  

 

1.1. Cyclooxygenase 

COX, also known as prostraglandin H2 synthase (PGHS), is a membrane bound 

heme protein responsible for catalyzing the first two steps in biosynthesis of 

prostaglandins.1 Oxidation of arachidonic acid to hydroperoxy endoperoxide 

prostaglandin G2 (PGG2) is followed by subsequent reduction to produce hydroxyl 

endoperoxide prostaglandin H2 (PGH2). This prostaglandin is the substrate for formation 

of specific primary prostanoids (PGE2, PGF2, PGD2, PGI2, and TXA2, Figure 1.1), which 

are responsible for various physiological functions.2 Prostaglandins have short half-lives 

due to rapid metabolism, which limit their effects to the immediate vicinity of synthesis. 

Since its isolation in 1976, COX has been widely studied and was cloned in 1988.3,4 In 
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the early 1990s, a second gene was identified to produce a protein with COX activity and 

was thus named COX-2.5  

 

 

Figure 1.1. Synthesis of prostaglandins from arachidonic acid catalyzed by COX 

(modified from reference 1)  
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While the COX-1 isoform is constitutively present and is responsible for 

maintenance of normal physiological function, COX-2 is inducible and is involved in 

pathophysiological processes such as inflammation, angiogenesis and tumor progression. 

Recently COX-2 has also been shown to have house-keeping functions in some tissues.6-8 

In 2002, a third isoform was isolated that is encoded by the COX-1 gene but retains 

intron-1 in the mRNA.9 In humans, COX-3 mRNA is most abundant in the cerebral 

cortex and heart but its mechanism of action still needs to be elucidated.  

The three dimensional structure of COX-1 bound to flurbiprofen was determined 

in 1994 and showed the presence of three independent folding domains: an epidermal 

growth factor-like domain, a membrane binding domain and a catalytic domain.10 Human 

COX-1 and COX-2 are structurally similar with molecular weights of 71 kD and 

sequence homology of 63%. Canine COX-3 shares 90% similarity to human COX-1.11 

The interaction of drugs with ovine COX-112,13,10  and murine and human COX-214,15 has 

been elucidated. However crystal structure of COX bound to arachidonic acid is difficult 

to obtain due to its high susceptibility to trace amounts of peroxides and hydroperoxides 

leading to generation of tyrosyl and arachidonyl radicals, which can inactivate the 

enzyme. Thus, COX-1 was reconstituted with Co3+-protoporphyrin IX to simulate the 

native enzyme species that lacks both COX and peroxidase activities and does not form 

side products on incubation with arachidonic acid.16 The structure of arachidonic acid 

bound to murine COX-2 was determined by His207Ala variant of COX-2, which 

suggested the molecular basis for the stereospecificity of PGG2 synthesis (Figure 1.2). 
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Figure 1.2. Arachidonic acid bound co-crystal structure of (a) human COX-116 

reconstituted with Co3+-protoporphyrin IX (adapted from reference 16) and (b) 

His207Ala variant of murine COX-2.17 The two monomeric units are colored in green 

and blue. Arachidonic acid (red) is bound to both the COX and the peroxidase active site. 

Hemes at the active site are shown in orange while solvent molecules are in yellow. 

(Adapted from reference 17)  

 

The residues forming the substrate binding channel, the catalytic site and the 

portions immediately adjacent are identical in COX-1 and COX-2 with the exception of 

replacement of isoleucine by valine at positions 434 and 532. These substitutions result in 

a slightly large active site for COX-2,10,1 which affects the substrate and inhibitor binding 

properties.  

COX-1 is the predominant isoform in the stomach and kidneys, although COX-2 

is also expressed in low levels in these organs.18,19 In the stomach prostaglandins regulate 

mucosal production and integrity, acid secretion and blood flow20,21 while in the kidneys, 

they maintain glomerular filtration and electrolytic balance, and modulate water 

(A) (B) 
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retention.22  In these organs PGE2 is the most abundant product, followed by PGI2, PGF2α 

and TxA2.
23-26 In platelets COX-1 is the only detectable isoform and is responsible for 

synthesis of TXA2, which plays a major role in aggregation.  

COX-2 has long been associated with inflammation and fever.27-29 Expression of 

COX-2 is increased during both acute and chronic inflammation, which elevates 

interleukin, cytokine and chemokine levels, in turn leading to increased production of 

PGE2 and PGI2.
30 COX-2 also plays a key role in pathological conditions such as 

cancer,31-36 rheumatoid arthritis,37 Parkinson’s38,39 and Alzheimer’s disease.40-42 

Overexpression of COX-2 in cancer occurs both in cell culture43 and in animal models.44  

 

1.2. Inhibitors of COX  

The involvement of COX-2 in various patho-physiological processes has led to 

the development of a range of selective and non-selective inhibitors.  

 

1.2.1. Non-steroidal anti-inflammatory drugs  

Aspirin was introduced by Bayer more than a century ago and remains one of the 

most widely used drugs worldwide. Aspirin belongs to the class of non-steroidal anti-

inflammatory drugs (NSAIDs), which are commonly used to relieve pain and 

inflammation. Epidemiological studies also demonstrate the role of aspirin in various 

types of cancer.45 The origin of aspirin can be traced to as early as 4000 BC in the 

Sumerian period when willow bark and leaves were used to relieve pain and fever.46  In 
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1763, the effectiveness of willow bark as an anti-inflammatory agent was documented by 

Edward Stone,47 and in 1829 the French pharmacist Henri Leroux isolated salicin from 

the willow tree and demonstrated its antipyretic and analgesic properties.48 A decade 

later, the Italian scientist Raffaele Piria synthesized salicylic alcohol by hydrolysis of 

salicin (Scheme 1.1), which was the precursor for synthesis of salicylic acid.49 

 

Scheme 1.1. Synthesis of salicyclic acid by hydrolysis of salicin followed by oxidation  

 

In 1860 the large scale synthesis by Kolbe and Lautemann led to mass production 

of salicylic acid by the Kolbe Company as an analgesic.46 To reduce the unpleasant taste 

and stomach irritation associated with salicylic acid, in 1897 Felix Hoffman synthesized 

acetylsalicylic acid by acetylation of the phenolic group46 (Scheme 1.2). This compound 

was introduced to the market under the trade name of aspirin in 1899. 
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Scheme 1.2. Synthesis of aspirin from salicyclic acid 

 

The commercial success of aspirin, led to the synthesis of a wide variety of 

NSAIDs (Figure 1.3).  

 

Figure 1.3. Examples of first generation NSAIDs  

 

1.2.2. Mode of action of NSAIDs  

The initial mechanisms hypothesized for the action of aspirin was stabilization of 

the cell membrane to reduce arachidonic acid products or inhibition of proteases involved 

in inflammatory pathways.50 Vane and colleagues demonstrated in 1971 that aspirin 
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limits the formation of prostaglandins by inhibiting COX.51 In 1972 the existence of 

multiple isoforms of COX was hypothesized by Flower and Vane, based on the 

observation that the NSAID acetaminophen blocks prostaglandin synthesis in the central 

nervous system but not in peripheral tissues.52 This hypothesis was confirmed in 1991 by 

Simmons and coworkers with the isolation of COX-2.53 Aspirin was determined to 

irreversibly acetylate Ser530 of the active site of both COX-1 and COX-2 (Figure 

1.4),54,55 while other NSAIDs are competitive inhibitors.56  

 

Figure 1.4. (A) Irreversible inhibition by aspirin of COX by acetylation of Ser530 and 

(B) the structure of aspirin bound to COX (www.statemaster.com/encyclopedia/Aspirin).  

 

1.2.3. Side effects associated with NSAIDs  

Non-specific inhibition of COX by NSAIDs is associated with serious side 

effects, such as renal and peptic ulcers.57,58 The COX-1 isoform is responsible for 

synthesis of PGE2 and prostacyclin (PGI2), which enhances blood flow in the stomach 

due to induction of vasodilation.59 Blood has a high buffering ability, such that a near 

(A) (B) 
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neutral pH is maintained even in the presence of high levels of acid, thereby maintaining 

the integrity of the stomach lining. Moreover TXA2, which is synthesized mainly by 

COX-1 and is responsible for platelet aggregation, enhances the healing process by 

initiation of angiogenesis. NSAIDs have been shown to decrease production of vascular 

endothelial growth factor (VEGF), which is a key player in angiogenesis, and to increase 

endostatin levels, which is an anti-coagulator.60 When COX-1 is inhibited by aspirin, 

COX-2 expression is increased as a defense mechanism. Inhibition of both COX-1 and 

COX-2 thus leads to increased ulceration.26  

 

1.3.  Selective inhibition of COX-2  

Selective inhibitors of COX-2 (COXIBs) are a second generation of NSAIDs that 

target only COX-2. Since the discovery of COX-2 by Simmons in 1991,53 this enzyme 

has been a major target of drug development. Several important COX-2 inhibitors are 

shown in Figure 1.5. 

 

 

Figure 1.5. Selective COX-2 inhibitors (modified from reference 61)  
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1.3.1. Mode of action of COXIBs  

To overcome the side-effects of first generation NSAIDs, the structural difference 

in the active site of COX1 and COX-2, due to isoleucine or valine in positions 434 and 

532 was employed to synthesize selective inhibitors of COX-2 (Figure 1.6), which has a 

slightly bigger active site pocket.62 The design of compounds with increased steric bulk 

lead to selective inhibition of COX-2.  

 

 

Figure 1.6. Schematic depiction of structural difference between COX-1 and COX-2 

active sites (Figure from reference 62).  

 

1.3.2. Side effects of COXIBs  

COXIBs were shown to reduce pain and inflammation without the renal and 

gastrointestinal side effects shown by first generation NSAIDs.63,64 They also exhibited 

anticancer properties in mice.65 However, COXIBs are associated with new side effects 

including delayed wound healing and increased the incidence of heart attack and stroke.66 

In an effort to understand the side-effects of COXIBs, the impact of prostaglandins 



36 
 

derived from COX-1 and COX-2 were studied extensively.67 Recent developments point 

to a much more complex picture than originally perceived, with the COX-2 isoform being 

constitutively expressed in several tissues including brain68 and kidney.69  

 

1.3.3. Effect of inhibition of COX-2 in the heart 

The increased incidence of heart attacks upon chronic exposure to COXIBs (e.g., 

five-fold increase with chronic use of rofecoxib)70 has been traced to reduction in COX-2 

dependent synthesis of  PGI2, which is a potent inhibitor of the platelet aggregation 

caused by TXA2.
71 While TXA2 is synthesized mainly by COX-1 in platelets, PGI2 is 

synthesized by COX-2, and their balance is important for maintenance of cardiovascular 

homeostasis (Figure 1.7).67   

 

 

Figure 1.7. Schematic depiction of (A) importance of balance of PGI2 and TXA2 and (B) 

increased platelet aggregation upon inhibition of COX-2 in blood vessels. 
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1.3.4. Effect of inhibition of COX-2 in cancer 

Overexpression of COX-2 is an important marker in initiation and promotion of 

breast,31,72 pancreas,73 prostrate74,75 and colon cancer.76 In cancer, overexpression of 

COX-2 is associated with increased biosynthesis of prostaglandins and pro-angiogenic 

factors while aspirin decreases angiogenesis.77,78 In breast cancer, overexpression of 

COX-2 and increased prostaglandin biosynthesis show a strong correlation of 

carcinogenesis and metastasic ability of the cells79 with the hazards being highest in 

patients who are estrogen receptor negative (ER(−)) and human epidermal growth factor 

receptor 2 (HER2) positive.80 NSAIDs suppress tumor growth and metastasis not only by 

inhibiting angiogenesis but also by increasing apoptosis.81,82 This chemotherapeutic effect 

was initially demonstrated in animal models in the early 1980s.83 Epidemiological studies 

show that daily intake of NSAIDs, primarily aspirin, reduces the risk of colon (63%), 

lung (36%), prostate (39%), esophageal (73%), stomach (62%), ovarian (47%) and breast 

cancer (39%).84,85,86 Initial studies of malignant melanoma, Hodgkin's disease, and adult 

leukemia also found NSAIDs to be protective. The risk of cancer is reduced not only by 

aspirin but also by other NSAIDs including indomethacin,87-89,83 sulindac,90-92 and 

piroxicam.93-95   

 

1.4. Nitric Oxide 

Nitric oxide (NO) is an endogenously synthesized free radical messenger 

molecule that has promising applications as a therapeutic agent. NO modulates an array 
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of biological responses ranging from neurotransmission,96,97 vascular smooth muscle 

relaxation,98,99 inhibition of platelet aggregation,100,101 protection against gastic 

ulceration102 and many others.103   

Nitric oxide synthase (NOS) is responsible for biosynthesis of NO from L-

arginine (Scheme 1.3).103 NOS exists in three different isoforms: endothelial NOS 

(eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS).104,105  

 

 

Scheme 1.3. Biosynthetic pathway of NO production (modified from reference 103). 

 

eNOS is a membrane bound protein with a molecular weight of 134 kD.106,107 NO 

synthesis by eNOS is calmodulin/calcium dependent. While eNOS is expressed in many 

cell types, including neurons and platelets, it is most commonly located in both venous 

and arterial endothelial cells. eNOS is involved in regulating vascular tone by causing 

smooth muscle relaxation through  soluble gulanyl cyclase (sGC) mediated pathway. 

Upregulation of eNOS occurs during shear stress conditions,108 cell proliferation and 

chronic hypoxia.109,110  
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Another constitutive isoform of NOS, nNOS is a cytosolic protein (160 kD) 

constitutively expressed as a homodimer and is mainly expressed in neurons of the 

central and peripheral nervous system.111,112 Like eNOS, nNOS also depends on 

calmodulin/calcium for NO production. It is involved in the neurotransmission in the 

brain and peripheral nervous system. Upregulation of nNOS by stress or after injuries to 

the nervous system results in short bursts of NO production.  

In contrast, iNOS is the inducible isoform (130 kD) that contains bound 

calmodulin subunit and is expressed as an immune response in hepatocytes, 

macrophages, epithelial cells, fibroblasts, endothelial cells, keratinocytes and neutrophils 

upon stimulation by cytokine or endotoxin, iNOS produces sustained high levels of 

NO.113,114  

 

1.4.1. Donors of NO 

NO is used clinically to treat persistent pulmonary hypertension in premature 

neonates.115-118 However, formation of toxic NO2 via autoxidation of NO and the 

difficulty in handling a toxic gas limits use of NO. Given the potential pharmacological 

benefits that NO offers, there is a need for design and synthesis of compounds that can 

stabilize the NO until release is required.119 For that purpose various classes of NO 

donors have been developed. Four of the commonly used NO donors are discussed 

below. 
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1.4.1.1. Organic nitrates 

Organic nitrates or nitric acid esters of alcohols are among the most commonly 

used drugs for clinical treatment of pain associated with angina.120 Some of the common 

examples are glyceryl trinitrate (also known as nitroglycerin), isosorbide dinitrate, 

nicorandil, isosorbide-5-mononitrate and pentaerythrityl tetranitrate (Figure 1.8).  

 

Figure 1.8. Examples of organic nitrates  

 

Organic nitrates release NO upon three electron reduction, which can either occur  

enzymatically or non-enzymatically.121,122 However, these compounds are not 

spontaneous donors of NO.123 A serious limitation associated with use of organic nitrates 

is the development of tolerance upon chronic treatment.124   

 

1.4.1.2. Metal nitrosyl  

Metals such as iron are the principle target of NO under normal physiological 

condition. However metal nitrosyl complex can also act as an NO donor and have been 
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extensively studied for their NO release profile. Complexes such as Dinitrosyl iron thiol 

complexes (DNIC)125 are mononuclear iron nitrosyl complexes that have been detected in 

tissues and are known to be NO donor. Iron-sulfur cluster nitrosyls such as synthetically 

prepared Roussin’s black salt (RBS, [Fe4S3(NO)7]
-1) and Roussin’s red salt 

(RRS,[Fe2S2(NO)4]
2-) are nitrosyl complexes of iron-sulfur clusters that are known to 

release NO upon photoactivation (Figure 1.9).126 Complexes of NO with ruthenium has 

also attracted considerable attention as an alternative to other conventional NO donors 

due to high affinity of ruthenium ion for NO. The reduction potential of the Ru-NO 

complexes can be fine-tuned by varying the π-bonding with other ligands and modulating 

the trans effect, thus affecting the dissociation rates of the Ru-NO bond.127,128 Moreover 

air stability of ruthenium complexes compared to iron makes them an attractive 

alternative for therapeutic purposes. However the most studied and clinically used metal 

complex is sodium nitroprusside (SNP), which is a potent vasodilator used for treatment 

of high blood pressure.129  

 

Figure 1.9. Examples of metal nitrosyl complexes  
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The mechanism of NO release is complex and is yet to be fully elucidated. SNP does not 

release NO spontaneously under physiological condition and requires activation either by 

light or a tissue specific mode of release.130 The later may be mediated by sulfhydryl 

containing molecules.131 Release of NO can be accompanied by release of cyanide 

leading to cellular toxicity, and thereby limits therapeutic utility.132  

 

1.4.1.3. S-nitrosothiols (RSNO) 

S-Nitrosothiols (also known as thionitrites; RSNO) are formed by nitrosation of 

thiol groups including the cysteine residue of proteins and peptides (Figure 1.10). 

Degradation by ultraviolet light,133 ascorbic acid,134 heat135 or trace amounts of copper136 

produces NO and the corresponding disulfide. Enzymes such as xanthine oxidase,137 

superoxide dismutase,138 protein disulfide isomerase139 have also been shown to generate 

NO from RSNOs. S-Nitrosothiols also undergo transnitrosation in which NO+ is 

transferred to another thiol, particularly from low to high molecular weight thiols.140 

Synthetic RSNO such as SNAP have market potential as alternatives to organic nitrates 

due to lack of NO tolerance. However, the sensitivity to cellular environment impedes 

their usefulness because of difficulty in determining stability as well as the possibility of 

NO, NO+, NO- release on donation.141 
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Figure 1.10. Examples of s-nitrosothiols  

 

1.4.1.4. Diazeniumdiolate based NO Donors 

Diazeniumdiolates, often known as NONOates, have a core structural unit of X-

N(O)=NO(R), where X is a N, O or S nucleophilic center and R is bound in as ionic (e.g. 

Na+) or covalent (e.g. organic group) manner.  

 

Amine based diazeniumdiolates (X = RNH2, RR’NH), were synthesized as 

reported by Drago and co-workers in the 1960’s142-144 by exposing amines to a high 

pressure (40 psi) of NO (Scheme 1.4). An application for NONOates was found in the 

early 1990’s145 when Keefer and Wink recognized their potential to as NO donors.   

 

Scheme 1.4. Synthesis of NONOates 
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1.5. Nitroxyl 

Of all the nitrogen oxide species that are relevant to mammalian biology, 

including NO, nitrite, nitrate, nitrogen dioxide, peroxynitrite, the chemical biology of 

nitroxyl (HNO) has been least studied. However, over the last decade, discoveries of the 

unique effects in the cardiovascular system146 and in cancer biology147 have led to 

investigation of its chemical and pharmacological effects compared to NO.148,149,146,150,151 

Despite various suggestions for possible endogenous production pathways to HNO, to 

date there is no explicit evidence of HNO biosynthesis in mammalian systems. Due to the 

inherent instability of HNO arising from  rapid dimerization (8  106 M-1 s-1)152 to 

hyponitrous acid followed by irreversible dehydration to nitrous oxide (N2O) and water 

(H2O) (Eq. 1.1),153 the biological effects of HNO have been examined utilizing donor 

compounds.  

2 HNO    [HONNOH]    N2O  + H2O (1.1) 

 

1.6. Donors of HNO 

HNO is an unstable molecule that has only been observed 

in the gas phase154 and undergoes rapid dimerization.153 With increasing interest and 

importance both as pharmacological tools and as therapeutic agents,155,147,151 donors of 

HNO has emerged as an important tool to study chemical biology of HNO. For that 

purpose various classes of HNO donors have been developed. Some of the commonly 

used HNO donors are discussed below. 
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1.6.1. Angeli’s salt 

Originally synthesized by Angeli in 1896, Angeli’s salt (Na2N2O3)
156 is one of the 

most prevalent donors used to study the chemical and biological properties of HNO. It is 

stable as a solid and in basic solution, but spontaneously generates HNO at lower pH.   In 

the pH range of 4-8, the first order rate of decomposition is constant (4-5 × 10-3 s-1 at 

37oC).157,158 The mechanism of decomposition159 above pH 4 involves protonation of the 

dianion followed by tautomerization and heterolytic cleavage of the N-N bond to produce 

HNO and nitrite (Eq. 1.2). 

 

 

In spite of its extensive use as an HNO donor, the pharmacological utility of 

Angeli’s salt is limited, as the structure cannot be modified to fine tune its half-life of 

HNO release. Also, on decomposition, Angeli’s salt produces nitrite, which is biological 

active. 

 

1.6.2. Piloty’s acid 

Piloty’s acid (benzenesulfohydroxamic acid, C6H5SO2NHOH)160 decomposition 

is initiated in an opposite manner to Angeli’s salt in that the rate is accelerated in basic 

conditions (Eq. 1.3). Unlike Angeli’s salt, the organic moiety can be altered to produce a 

range of half-lives.161 
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However, Piloty’s acid is susceptible to one-electron oxidation in air, which converts it to 

an  NO donor (Eq. 1.4).162 Thus to function as an HNO donor, Piloty’s acid is used under 

anaerobic and reducing conditions.   

 

 

 

1.6.3. Diazeniumdiolate based HNO donors 

NONOates is an attractive class of donor compounds due to their spontaneous 

release of nitrogen oxides and their structural diversity, which impacts the rate of decay 

and solubility. The half-lives range from several seconds to days under physiological 

conditions.158 These compounds absorb at 250 nm (ε~8000 M-1cm-1) and the peak is often 

used to indicate formation and for concentration determination. An interesting aspect of 

NONOate chemistry is the ability to release NO, HNO or both (Scheme 1.5), depending 

on the parent amine and pH used.163 Primary amine NONOates can decompose to 

produce both NO and HNO, while secondary amines are primarily NO donors.159  

Tautomerization of the amine proton163 provides access to an HNO-donating 

pathway via N-N bond cleavage that is inaccessible to secondary amine NONOates. At 

lower pH (Scheme 1.5), the nitroso oxygen is protonated, followed by tautomerization to 
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an ammonium zwitterion, leading to production of NO by subsequent N-N bond 

cleavage. This mechanism is applicable to secondary amine NONOates as well.  

 

 

Scheme 1.5. Mechanism of NO and HNO release from NONOates (Modified from 

reference 163)  

 

NONOates also may be derivatized at the O2 position, which leads to 

stabilization, ready purification and controlled release enzymatically, photolytically, or 

by slower hydrolysis.164 These properties make this class of molecules suitable for 

therapeutic applications.165  

 

 

1.7. Biological roles of NO and HNO 

Recent research has demonstrated that NO is capable of duplicating the protective 

role played by prostaglandins in the stomach.166 Activation of soluble guanylate cyclase 
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(sGC) leads to vasodilation by NO; thus increasing mucosal blood flow and protection of 

the stomach lining.166 Inhibition of NOS increases the susceptibility to peptic 

ulceration.167,168 Also platelet aggregation plays an important role in wound healing by 

releasing VEGF, a key regulator of angiogenesis. Biosynthesis of NO is known to 

increase angiogenesis at physiological concentration.169 While HNO has also been shown 

to activate sGC,170,171 its role has not yet been investigated in protection of stomach 

lining.  

The protective effect of NO in myocardial ischemia has been extensively studied 

in vitro and in vivo.172 One of the most recent pharmacological actions of HNO appears to 

be as a unique cardiovascular agent. HNO donors such as Angeli’s salt, are powerful 

vasorelaxants.151 Although the mechanisms by which HNO donors induce vasorelaxation 

are unclear; release of calcitonin gene-related peptide (CGRP) has been proposed to play 

an important role.151 Paolocci and coworkers151 have reported that HNO increases left 

ventricular contractility while lowering cardiac preload and diastolic pressure without 

increasing arterial resistance. This HNO-mediated effect was not reproduced by NO 

donors and was completely inhibited in the presence of HNO scavengers such as thiol 

containing N-acetyl-L-cysteine, thereby indicating a clear HNO effect. Also, in contrast 

to other known inotropes, the effects of HNO are not abolished by sustained β-adrenergic 

blockade The mechanisms of HNO-induced positive inotropy (increased contractility) 

and lusitropy (enhanced relaxation) appear to be the result of cardiomyocyte intracellular 

Ca2+ cycling.173  
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NO can protect myocardial tissue by several mechanisms involving increased 

coronary flow, decreased neutrophil accumulation, maintenance of endothelial function, 

and reduction of myocardial oxygen consumption.174 HNO protects against subsequent 

reperfusion damage to a greater extent than NO donors. HNO increases ischemia 

reperfusion injury when administered during reperfusion, whereas NO has the opposite 

effect,172 thereby implicating discrete signaling for HNO versus NO.175 These findings 

indicate that HNO has promising potential beneficial properties in the treatment of heart 

failure. 

 

1.8. NO and HNO in cancer 

The role of NO in cancer is complicated. NO production can be mutagenic and 

can lead to DNA damage by methylation, deamination and oxidation.176 NO also affects 

apoptosis, proliferation, migration, adhesion, angiogenesis and vascular permeability. 

Whether NO promotes or inhibits tumor growth and metastasis is generally dependent on 

the level and duration of NO synthesis. For instance, expression of endothelial NOS, 

which produces sustained low levels of NO, is associated with maintenance of tumor.177 

Low to intermediate steady-state concentrations of NO (50–100 nM)178 induce activation 

of cancer-promoting pathways whereas considerably higher levels (>400 nM)179 cause 

p53 phosphorylation leading to apoptosis in malignant cells. Exogenous sources of NO 

have the potential to produce higher (e.g., micromolar) concentrations of NO, in 

simulation of the immune system, and thus to initiate tumor regression (Figure 1.11)  
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Figure 1.11. Role of NO in cancer (Adapted from Nitric Oxide, Biology and Pathology, 

Ignarro, L. (2000)) 

HNO donors such as Angeli’s salt are typically cytotoxic in the millimolar range 

both in vitro and in vivo.147 In V79 cells and neurons, HNO was able to cause double 

stranded breaks of DNA.180,181 HNO also inhibits tumor growth in breast cancer models 

in vivo by decreasing angiogenesis and inhibiting (GAPDH).147 This critical enzyme is 

involved in glycolysis, cell death and oxidative stress. The cysteine residue present at the 

active site, undergoes sulfinamide formation in the presence of HNO.148,182,183 Most solid 

tumors rely on glycolysis for their energy requirement.184 Inhibition of this process leads 

to apoptosis.185 Taken together, these results indicate that HNO has promising potential 

beneficial properties in the treatment cancer. 
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1.9. Nitric oxide releasing NSAIDs 

A new class of NSAIDs known as nitric oxide releasing NSAIDs (NO-NSAIDs) 

has recently been developed, in which small molecules with an NO releasing moiety is 

connected to a traditional NSAID. These molecules are known to retain the anti-

inflammatory properties of the parent NSAID and at the same time to overcome the side 

effects of NSAIDs.186 

 

1.9.1. Nitrooxy-acyl derivatives of salicylic acid 

This class of compounds was synthesized by merging nitrooxy-acyl moieties at 

the phenolic site of salicylic acid.187 They are stable over a wide range of pH, but undergo 

hydrolysis in the presence of serum. These compounds show anti-inflammatory activity 

in the carrageenan-induced paw edema model and reduced gastrotoxicity and at the same 

time shows chemotherapeutic potential.84,187 Furthermore, some derivatives can inhibit 

platelet aggregation induced by collagen in human plasma-rich platelets and induce 

cGMP-dependent vasodilation in precontracted rat aorta strips.188 However, prolonged 

use can lead to nitrate tolerance.189 
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1.9.2. Furoxan-based NO releasing aspirin 

1,2,5-Oxadiazole-2-oxide (Furoxan) is a heterocycle based thiol mediated NO 

donor that has been shown to induce cGMP dependent vasodilation190 and to inhibit 

platelet aggregation.191  

 

 

Furoxan-aspirin derivatives not only retain the anti-inflammatory activity of aspirin but 

show a preferential gastrotoxic protection and aspirin independent inhibition of platelet 

aggregation in both platelet rich plasma and washed platelet in vitro, suggesting an active 

role of NO.192,193 Also, this class of molecules does not depend on enzymatic activation 

for NO release. Intracellular release induced by glutathione is potentiated by ascorbic 

acid.9 

 

1.9.3. Isosorbide-based NO releasing aspirin 

Isosorbide, which is commonly used for the treatment of angina, works by 

inducing vasorelaxation, thus increasing blood and oxygen supply to the heart.194 This 

widely used drug was utilized for the synthesis of isosorbide based alkyl nitrate aspirinate 
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prodrugs, which have the ability to generate aspirin and a NO releasing group under 

physiological conditions.195 They also inhibited ADP and collagen induced platelet 

aggregation.196  

 

 

1.9.4. Diazeniumdiolate-based NO releasing NSAIDs 

Diazeniumdiolate-based NO releasing NSAIDs were first synthesized in 2005 by 

Velazquez et al.197 These prodrugs not only showed anti-inflammatory properties but 

significantly reduced the ulcerogenicity caused by traditional NSAIDs. 

 

This class of compounds provides the basis for this dissertation. 
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1.10. Conclusions 

Since the identification and structural analysis of COX-2, it became an important 

target for drug development due to involvement of COX-2 in various patho-physiological 

processes. COX-1 is traditionally considered as the homeostatic isoform while COX-2 is 

the inducible isoform responsible for pathogenesis. This led to development of NSAIDs, 

which are inhibitors of both the isoforms. Severe gastric ulceration and renal side-effects 

led to the development of COXIBs. In spite of appreciable decrease in gastric and renal 

side-effects, long term usage led to increased events of heart attack and stroke. This led to 

a more extensive investigation into the role of COX-1 and 2. It is now widely accepted 

that the physiological role of COX isoforms are not mutually exclusive. This led to the 

development of NO-aspirin, thus opening a new approach towards the treatment of 

various pathological conditions. 

The lack of HNO donors and HNO based NSAID derivatives in the literature, led 

to the synthesis and evaluation of chemical and biological properties of the 

diazeniumdiolate based nitrogen oxide releasing prodrugs as anti-inflammatory, 

anticancer and cardioprotective agents as part of this dissertation. 
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Abbreviations 

NO, nitric oxide; HNO, nitroxyl; COX, cyclooxygenase; PGHS, prostaglandin H2 

synthases; NSAID, non-steroidal anti-inflammatory drugs; COXIB, selective inhibitors of 

COX-2; CINOD, COX inhibiting nitric oxide donors; PGG2, prostaglandinG2; COX-1, 

cyclooxygenase-1; COX-2, cyclooxygenase-2; COX-3, cyclooxygenase-3; PGE2, 

prostaglandin E2; PGD2, prostaglandin D2, PGI2, Prostacyclin; TXA2, Thromboxane A2; 

PGF2α, prostaglandin F2α; VEGF , Vascular endothelial growth factor; ER(−), estrogen 

receptor negative; NOS, Nitric oxide synthase; eNOS, endothelial nitric oxide synthase; 

iNOS, inducible nitric oxide synthase; NOS, nNOS, neuronal nitric oxide synthase; SNP, 

sodium nitroprusside; RSNO, S-Nitrosothiols; N2O, nitrous oxide; Angeli's salt, sodium 

trioxodinitrate, Piloty’s salt, N-hydroxyl benzene sulfonamide; CGRP, calcitonin gene-

related peptide; DEA/NO, sodium 1-(N,N-diethylamino)diazen-1-ium-1,2-diolate; 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; cGMP, cyclic guanosine 

monophosphate; ADP, adenosine diphosphate. 
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CHAPTER 2 

NEW NITROXYL (HNO) RELEASING DIAZEN-1-IUM-1,2-DIOLATE ASPIRIN 

PRODRUGS 

2.1. Introduction  

Aspirin is one of the most common non-steroidal anti-inflammatory drugs 

(NSAIDs), which have analgesic, antipyretic and anti-inflammatory properties.1 NSAIDs 

inhibit the cyclooxygenase (COX)-mediated conversion of arachidonic acid to 

prostaglandins, which are involved in various physiological functions, such as protection 

of the stomach lining,2 contraction and relaxation of smooth muscles,3,4 platelet 

aggregation,5 renal,6 nerve7 and brain function,7,8 bone metabolism,9 as well as 

pathological conditions, such as pain and inflammation,10 Alzheimer’s disease11-13 and 

cancer.14 The constitutive isoform COX-1 is primarily responsible for baseline formation 

of prostaglandins while inducible COX-2 is involved in pathological responses. Aspirin 

preferentially inhibits COX-1 compared to COX-2,15 which can lead to serious 

gastrointestinal and renal side effects.16 Selective inhibitors of COX-2 (COXIBs) reduce 

the COX-1 dependent side-effects but increase the risk of heart attack and stroke.17,18  

COX inhibiting nitric oxide (NO) donors (CINODs)19 combine the anti-

inflammatory properties of NSAIDs and COXIBs with the NO donating moiety of 

nitroglycerine, which has been used for decades to treat angina and chronic heart 
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failure.20 Organic nitrite derivatives of aspirin reduce the side effects of NSAIDs and 

COXIBs and also have efficacy as cancer therapeutics.21,22 However, prolonged use can 

lead to nitrate tolerance as observed for nitroglycerine.23 Formation of quinone methide 

(Scheme 2.1), a potent electrophile, may partly be responsible for the anticancer 

mechanism of CINODs. Depletion of intracellular glutathione (GSH) initiates various 

signaling pathways causing cytotoxic and cytostatic effects.24 

 

 

Scheme 2.1. Mechanism of quinone methide formation (Adapted from reference 24)  

 

More recently, NO releasing NSAIDs have been produced by derivatization of 

secondary amine diazeniumdiolates, which are enzymatically cleaved to induce 

spontaneous release of NO from the diazeniumdiolate moiety without requiring metabolic 

pathways associated with organic nitrates.25  

HNO has emerged as an important pharmacological agent with beneficial effects 

in overcoming heart failure, as a preconditioning agent against myocardiac infarction,26 
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decreasing tumor growth,27 and treating alcohol abuse.28 Rapid dimerization of HNO to 

hyponitrous acid followed by dehydration to produce nitrous oxide (Eq. 2.1)29,30 

necessitates use of donor compounds to deliver HNO.  

2 HNO    [HONNOH]    N2O  + H2O (8  106 M-1 s-1)31 (2.1) 

The inorganic salt sodium trioxodinitrate (Na2N2O3; Angeli’s salt)32 and the 

organic compound N-hydroxyl benzene sulfonamide (C6H5SO2NHOH; Piloty’s acid)33 

have been extensively used as HNO donors. Recently, the primary amine based 

diazeniumdiolate IPA/NO has also been shown to behave as an HNO donor at pH ≥ 7 but 

to preferentially generate NO under acidic conditions (pH < 5).34 The base driven 

decomposition of Piloty’s acid and derivatives and the tendency to produce NO under 

aerobic conditions, limits the utility of these compounds under physiological conditions. 

The difficulty to purify both Angeli’s salt and IPA/NO and their short half-lives of ~2 

and 5.7 min respectively under physiological conditions,35 also limits the therapeutic use 

of these donors.  

Derivatization of diazeniumdiolates has been shown to both facilitate purification 

and to increase stability. While derivatization of Angeli’s salt has been attempted,30 

derivatives are not known to be HNO donors. However, several protecting groups 

including alkyl36 and acetoxymethyl37 have been added to IPA/NO. For O2-

(acetoxymethyl) 1-(isopropylamino)diazen-1-ium-1,2-diolate (IPA/NO-AcOM), 

derivatization has been shown to increase HNO production over the parent NONOate.37 

The synthesis (Scheme 2.2) of O2-(acetylsalicyloyloxymethyl)-1-(N-isopropylamino)-
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diazen-1-ium-1,2-diolate (IPA/NO-aspirin) and O2-(acetylsalicyloyloxymethyl)-1-(N,N-

diethylamino)-diazen-1-ium-1,2-diolate (DEA/NO-aspirin) and a comparison of their 

chemical and biological properties is reported here.  

 

2.2. Methods and materials  

Reagents  

Unless otherwise noted, chemicals were purchased from Sigma-Aldrich and were 

used without further purification. IPA/NO and DEA/NO were synthesized according to 

previously published procedures.38 Concentrations of NONOate stock solutions (>10 

mM), prepared in 10 mM NaOH and stored at –20°C, were determined directly prior to 

use from the extinction coefficients at 250 nm (ε of 8,000 M-1cm-1 was used for both 

DEA/NO and IPA/NO respectively).35 IPA/NO-aspirin and DEA/NO-aspirin were newly 

synthesized based on prior published procedure with minor modifications,39,25 and 1000× 

stock solutions were prepared in DMSO. Stock solutions other than of nitrogen oxide 

donors were prepared fresh daily at 100 in MilliQ or Barnstead Nanopure Diamond 

filtered H2O, unless specified. Typically, the assay buffer consisted of the metal chelator 

diethylenetriaminepentaacetic acid (DTPA, 50 µM) in calcium- and magnesium-free 

Dulbecco’s phosphate-buffered saline (PBS, pH 7.4). Addition of DTPA has been 

demonstrated to sufficiently sequester contaminating metals, such that the concentration 

of NO from Angeli’s salt is less than <0.1%.40 All reactions were performed at 37°C 
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except those measured with the NO-specific electrode and chemiluminescence, which 

were run at room temperature.  

 

Cell culture  

For cell culture, human alveolar adenocarcinoma A549 cells and estrogen 

receptor negative human breast cancer MDA-MB-231 cells (American Type Culture 

Collection, Manassas, VA) were grown as a monolayer in RPMI 1640 media 

supplemented with 10% fetal bovine serum (FBS, Hyclone), penicillin (50 units/mL) and 

streptomycin (50 units/mL; Life Technologies, Inc., Grand Island, NY) at 37°C in 5% 

CO2 and 80% relative humidity. Single cell suspensions were obtained by trypsinization 

(0.05% trypsin/EDTA), and cells were counted using a Beckman cell counter.  
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Instrumentation  

UV-visible spectroscopy was performed with an Agilent Hewlett-Packard 8453 

diode-array spectrophotometer equipped with an Agilent 89090A thermostat. 

Electrochemical detection was accomplished with a World Precision Instruments Apollo 

4000 system equipped with NO, O2 and H2O2 sensitive electrodes (Sarasota, FL). A 

Sievers NO analyzer (NOA 280i) was used for chemiluminescence measurements. A 

PerkinElmer HTS 7000 plate reader was utilized for absorbance and fluorescence 

measurements. Solution pH was determined by use of a ThermoElectron Orion 420A+ 

pH meter. 1H and 13C NMR spectra were acquired using a Bruker AM-500 spectrometer 

(500 MHz). JEOL HX110A instrument was used for high resolution mass spectroscopy. 

CHN microanalyses were performed at Columbia Analytical Services, Tucson.  

 

Synthesis 

Sodium 1-(N-isopropylamino)diazen-1-ium-1,2-diolate (IPA/NO)  (1)  

Isopropylamine (70 mL, 0.82 mol) was added to diethyl ether (100 mL) and 

cooled to −78ºC. This reaction mixture was flushed with argon for 10 min and then 

exposed to NO (Matheson or Air Liquide; CP grade) (40 psi) for 24 h. The solid 

precipitate was filtered and washed with diethyl ether to obtain the corresponding amine 

salt (14 g, 0.068 mol). Dissolution in methanol (50 mL) and addition of sodium 

methoxide (3.7 g, 0.068 mol) led to formation of sodium 1-(N-isopropylamino)diazen-1-

ium-1,2-diolate (9 g, 0.064 mol, 7.8%) upon precipitation with ether. 1H NMR (DMSO): 
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δ 0.98 [d, J = 6.5 Hz, 6H, CH3], 3.55 [septet, J = 6.5 Hz, 1H, CH], 6.06 [s, 1H, NH]. 13C 

NMR (DMSO): δ 21.36 [CH3], 47.73 [CH].  

 

O2-(Methylthiomethyl)-1-(N-isopropylamino)diazen-1-ium-1,2-diolate (2)  

Chloromethyl methyl sulfide (1.93 mL, 23.4 mmol) was added to a slurry solution 

of Na2CO3 (1.24 g, 11.7 mmol) in DMF (50 mL) at room temperature. The mixture was 

stirred for 2 min before the sodium salt of IPA/NO (3.29 g, 23.4 mmol) was added and 

then stirring was continued for 3 h. The reaction was quenched by addition of ethyl 

acetate (70 mL), and the solution was then filtered and subsequently washed with 10% 

NaCl solution (5×40 mL). The organic layer was then dried over sodium sulfate and 

evaporated to obtain the crude product, which was further purified by gradient column 

chromatography (20:80::ethyl acetate:hexane) to obtain (780 mg, 18.6%) of light yellow 

oil. 1H NMR (CDCl3): δ 1.22 [d, J = 6.5 Hz, 6H, CH3], 2.28 [s, 3H, CH3], 4.06 [septet, J 

= 6.5Hz, 1H, CH], 5.24 [s, 2H, CH2], 6.05 [b, 1H, NH]. 13C NMR (CDCl3): δ 14.70 

[CH3], 19.96 [SCH3], 48.78 [CH], 78.0 [OCH2S].  

 

O2-(Chloromethyl)-1-(N-isopropylamino)diazen-1-ium-1,2-diolate (3)  

A solution of 2 (0.761 g, 4.25 mmol) dissolved in dichloromethane (17 mL) was 

cooled to −78ºC, and sulfuryl chloride (4.67 mL of 1.0 M solution in CH2Cl2, 4.67 mmol) 

was added drop-wise with stirring. The reaction mixture was brought to room 
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temperature, and completion of the reaction was monitored by TLC. After 3 h, the 

reaction mixture was filtered and evaporated to yield a yellow oil that was then used 

immediately without further purification. 1H NMR (CDCl3): δ 1.22 [d, J = 6.5 Hz, 6H, 

CH3], 4.02 [septet, J = 6.5 Hz, 1H, CH], 5.8 [s, 2H, CH2], 6.23 [b, 1H, NH].  13C NMR 

(CDCl3): δ 20.39 [CH3], 49.37 [CH], 79.25 [CH2Cl].  

 

O2-(Acetylsalicyloyloxymethyl)-1-(N-isopropylamino)-diazen-1-ium-1,2-diolate 

(IPA/NO-aspirin) (4)  

Aspirin (765 mg, 4.25 mmol) was dissolved in DMSO (5 mL), triethylamine 

(0.592 mL, 4.25 mmol) was added, and the solution was stirred for 50 min at room 

temperature. A solution of 3 in DMSO (5 mL) was then added drop wise. The reaction 

mixture was stirred for 15 h then quenched with ethyl acetate (40 mL). The organic layer 

was washed with saturated a NaHCO3 solution (5 × 40 mL), dried over sodium sulfate 

and then evaporated to obtain the crude product. Further purification was performed by 

silica gel gradient column chromatography using ethyl acetate/hexane (1:4 v/v) to obtain 

IPA/NO-aspirin (460 mg, 37.8%) as a viscous clear oil. 1H NMR (CDCl3): δ 1.16 [d, J = 

6.5 Hz, 6H, (CH3)2], 2.33 (s, 3H, COCH3), 3.98(dq, , J = 6.5, 15.6 Hz, 1H, CH), 5.94 (s, 

2H, OCH2O), 6.16 (b, 1H, NH), 7.1 (dd, J = 8 Hz, 1 Hz, phenyl H-3), 7.30 (td, J = 3 Hz, 

1 Hz, phenyl H-5), 7.60 (td, J = 3.5 Hz, 1.5 Hz, phenyl H-4), 8.04 (dd, J = 8 Hz, 1.5 Hz, 

phenyl H-6). 13C NMR (CDCl3): δ 20.87 (COCH3), 21.4 [(CH3)2], 49.65 (CH), 88.16 

(CH2), 122.59 (aromatic C1), 124.34 (aromatic C3), 126.50 (aromatic C5), 132.5 
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(aromatic C6), 135.01 (aromatic C4), 151.47 (aromatic C2), 163.17 (C=O), 170.04 

(OC=OCH3) Elemental analysis (C13H17N3O6): C = 50.16; H = 5.50; N = 13.50 

(theoretical), C = 49.92; H = 5.42; N = 13.42 (experimental), MS (LCQ, ESI ionization 

method): 334.1 (MNa+ peak), UV: ε (λ237nm) = 10500 M-1cm-1.  

 

Sodium 1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA/NO) (5)  

Diethylamine (5.74 mL, 0.0555 mol) and sodium methoxide in methanol (12.0 

mL of 25% solution 0.0555 mol) was added to diethyl ether (150 mL) at room 

temperature. This reaction mixture was then flushed with argon for 10 min and then 

exposed to NO (40 psi) for 24 h. The solid precipitate formed was filtered and washed 

with diethyl ether to obtain sodium 1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (7.2 g, 

0.046 mol, 92%) as white solid. 1H NMR (D2O/-OD): δ 0.95 [t, J = 7.0 Hz, 6H, (CH3)2], 

2.90 [q, J = 7.0 Hz, 4H, CH2]. 
13C NMR (DMSO): δ 13.08 [(CH3)2], 48.59 [(CH2)2]. 

  

O2-(Methylthiomethyl)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (6)  

To a mixture of sodium carbonate (2.39 g, 22.5 mmol) and DMF (50 mL) was 

added chloromethyl methyl sulfide (1.86 mL, 22.5 mmol) and the reaction mixture was 

stirred at room temperature for 5 min. Then DEA/NO (3.50 g, 22.5 mmol) was added to 

the reaction mixture and stirring was continued for 3 h. The reaction mixture was 

quenched by addition of 70 mL ethyl acetate and filtered. The organic layer was washed 
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with 10% NaCl solution (5×40 mL), dried over sodium sulfate and evaporated to obtain 

the crude product, which was further purified by gradient silica gel column 

chromatography (20:80 = ethyl acetate: hexane) to give  a light yellow oil (2.61 g, 59.6%, 

Rf=0.48). 1H NMR (CDCl3): δ 1.05 [t, J = 7 Hz, 6H, CH3], 2.21 [s, 3H, SCH3], 3.09 [q, J 

= 7 Hz, CH2], 5.23 [s, 2H, OCH2]. 
13C NMR (CDCl3): δ 11.47 [(CH3)2], 15.11 [CH3], 

48.46 [(CH2)2], 78.32 [OCH2S]. Mass spec (HRMS) calculated M-H+ 194.0958, found 

194.0957.  

 

O2-(Chloromethyl)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (7)  

A solution of 6 (2.10 g, 11.5 mmol) was prepared in dichloromethane (120 mL), 

and the reaction mixture was cooled to −78ºC. Sulfuryl chloride (1.12 mL, 13.8 mmol) 

was added slowly using a dropping funnel, and the reaction mixture was brought to room 

tempterature. Reaction progress was monitored by TLC. The reaction mixture was 

washed with water, dried over MgSO4, filtered and evaporated, and then used 

immediately without further purification. 1H NMR (CD3CN): δ 1.10 [t, J = 7 Hz, 6H, 

CH3], 3.30 [q, J = 7 Hz, 4H, CH2], 5.97 [s, 2H, CH2]. 
13C NMR (CD3CN): δ 11.67 [CH3], 

48.52 [CH2], 80.94 [OCH2Cl].  
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O2-(Acetylsalicyloyloxymethyl)-1-(N,N-diethylamino)-diazen-1-ium-1,2-diolate 

(DEA/NO-aspirin) (8)  

Triethylamine (1.455 ml, 10.35 mmol) was added to a solution of acetylsalicylic 

acid (1.865 g, 10.35 mmol) in DMSO (20 mL), and the reaction mixture was stirred for 

30 min at room temperature. A solution of 7 (1.880 g, 10.35 mmol) dissolved in DMSO 

(20 mL) was added dropwise to the reaction mixture. After 24 h, the reaction was 

quenched with ethyl acetate (70 mL). The organic layer was washed with 10% NaCl 

solution five times and evaporated to give the crude product, which was purified by silica 

gel gradient column chromatography using ethyl acetate/hexane (3:7 v/v) to obtain a 

viscous yellow oil (2.2 g, 65%). 1H NMR (500 MHz, CDCl3): δ 1.08 [t, J = 4.5 Hz, 6H, 

(CH3)2], 2.33 (s, 3H, COCH3), 3.2(q, J = 7 Hz, 4H, CH2), 5.995 (s, 2H, OCH2O), 7.09 

(dd, J = 1, 8 Hz, phenyl H-3), 7.3 (td, J = 1, 7.5 Hz, phenyl H-5), 7.6 (td, J = 1, 8 Hz, 

phenyl H-4), 8.03 (dd, J = 1, 8 Hz, phenyl H-6). 13C NMR (500 MHz, CDCl3): δ 11.45 

[(CH3)2], 20.99 (COCH3), 48.00 [(CH3)2], 87.90 (CH2), 122.07 (aromatic C1), 123.98 

(aromatic C3), 126.0 (aromatic C5), 131.59 (aromatic C6), 134.521 (aromatic C4), 

151.119 (aromatic C2), 162.52 (C=O), 169.55 (OC=OCH3). Elemental analysis 

(C13H17N3O6): C = 51.69; H = 5.89; N = 12.92 (theoretical), C = 51.49; H = 5.13; N = 

12.73 (experimental), MS (LCQ, ESI ionization method): 348.1 (MNa+ peak).  
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Decomposition profile and half-life of NONO-aspirins  

The rate of NONO-aspirin prodrug decomposition in the presence or absence of 

2% guinea pig serum was measured spectrophotometrically at 238 nm. The 

spectrophotometer was blanked with assay buffer containing 20 µL of guinea pig serum 

at pH 7.4 and 37°C. A stock of NONO-aspirin derivatives in DMSO was added to the 

assay buffer to initiate the reaction. The spectra were collected at 30-600 s intervals for 1-

48 h or until A∞ < 0.05. Kinetic analysis was performed by fitting the data to an 

exponential decay (A = Ae-kt + A∞).  

 

Reaction of HNO with myoglobin  

The reaction buffer was purged with ultra-high purity argon at a rate of ≥1 min/ 

mL, and solutions were transferred using gas-tight Hamilton syringes to maintain 

deaerated conditions. The cuvette was maintained under an argon atmosphere for the 

duration of the experiment. Reductive nitrosylation of ferric myoglobin (metMb, 50 µM; 

ε502 = 10.2 mM-1cm-1; ε630 = 3.9 mM-1cm-1)41 to nitrosyl myoglobin (MbNO; ε543 = 11.6 

mM-1cm-1; ε575 = 10.5 mM-1cm-1)41 by HNO generated from IPA/NO-aspirin (100 µM) 

was monitored in assay buffer containing 2% guinea pig serum at pH 7.4 and 37°C under 

deaerated conditions for 3 h. Similarly, oxymyoglobin (MbO2 50 µM) (ε542 = 13.9 mM-

1cm-1; ε580 = 14.4 mM-1cm-1)41 was reacted with IPA/NO-aspirin or DEA/NO-aspirin (50 

µM) to form metMb (ε502 = 10.2 mM-1cm-1; ε630 = 3.9 mM-1cm-1).41  Formation of HNO 
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was further verified by inclusion of glutathione (GSH), which can quench HNO without 

interacting directly with low concentrations of NO.42  

 

Electrochemical detection of NO and HNO  

The NO electrode was stabilized in assay buffer of the desired pH containing 50 

µM DTPA and 2% serum at room temperature. IPA/NO-aspirin or DEA/NO-aspirin 

(1000×) was added to the assay buffer such that the final concentration was 100 µM 

(DMSO ≤ 0.1% v/v), and the maximum signal was recorded. After the signal returned to 

baseline, the process was repeated to obtain triplicate measurements. Addition of 1 mM 

sodium ferricyanide, which oxidizes HNO to NO, allows for indirect measurement of 

HNO upon oxidation to NO.43  

 

Chemiluminescence detection of NO and HNO  

The relative yields of NO and HNO from IPA/NO-aspirin were examined via NO-

selective chemiluminescence detection.44 The reaction buffer (5 mL) was purged with 

ultra-high purity argon at a rate of ≥1 min/ mL followed by addition of 2% guinea pig 

serum using gas-tight Hamilton syringes to maintain deaerated conditions. In the 

chemiluminescence assay, IPA/NO-aspirin dissolved in DMSO were added to a final 

concentration of 100 µM at room temperature. The NO signal was measured by injecting 

100 µL of headspace of the reaction mixture using gas-tight Hamilton syringes into the 
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argon-purged, reaction vessel at various time intervals (1-7 h). The experiment was 

repeated in the presence of 1 mM potassium ferricyanide for indirect measurement of 

HNO. To compensate for varied decay rates, the signal area was estimated by multiplying 

the maximum peak height (mV) by the peak width at half maximum peak height (s) 

(integration of the peak is also feasible).  

 

Intracellular release of NO and HNO  

A-549 cells were plated at a concentration of 30,000 per well in a 96 cell plate 

and grown for 12 h in RPMI 1640 media at 37°C in 5% CO2 and 80% relative humidity. 

A stock of 4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate45 (DAF-FM-2DA, 

Invitrogen, Carlsbad, CA) in DMSO (100×) was diluted to a final concentration of 10 µM 

using DTPA free assay buffer. The media was aspirated from each well and replaced by 

100 µL of 10 µM DAF-FM diacetate. The plate was incubated for 30 min at 37ºC. To 

examine the intracellular  NO and HNO release from the prodrugs in comparison to 

parent NONOates just within the cell, each well was then washed three times with PBS 

pH 7.4 to remove excess dye. NONO-aspirin derivatives dissolved in DMSO (1000×) 

and ionic NONOates dissolved in 10 mM NaOH (1000×) were then added to achieve a 

final concentration of 10 or 100 µM.  

To access total NO and HNO release from these compounds in the presence and 

absence of cells, the above experiment was carried out without washing with PBS pH 7.4. 
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The increase in fluorescence intensity was measured at an excitation of 485 nm and 

emission of 535 nm.  

 

Effect of NONO-aspirin on PGE2 levels  

A-549 cells were plated at a concentration of 50,000 per well and grown for 12 h 

in RPMI 1640 media as above. Then NONO-aspirin prodrugs (0, 25, 50, or 100 µM; 

DMSO ≤ 0.1%) were added, and the plate was incubated at 37ºC for 24 h. The supernant 

was then analyzed for PGE2 activity using a prostaglandin E2 EIA kit (Cayman Cat No. 

514010).  

 

Effect of NONO-aspirin on inflammation  

Anti-inflammatory properties were studied in vivo in a carrageenan induced rat 

paw edema assay model.46 Sprague-Dawley rats weighing 160-180 g (n = 3) were orally 

administered with aspirin, IPA/NO-aspirin or DEA/NO-aspirin suspended in water 

containing 1% methyl cellulose.  After 1 h each group was injected with 100 µL of 1% 

carrageenan suspension in 0.9% NaCl solution in the right hind paw to induce 

inflammation. The volume of the injected paw was measured at 0 and 3 h using a UGO 

Basile 7141 Plethysmometer (series no. 43201). After 3 h, anti-inflammatory activity was 

calculated using a response curve as the dosage required for 50% reduction in edema 

level.  
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Effect of NONO-aspirin on Ulcerogenicity  

Ulcerogenicity was evaluated  in Sprague-Dawley rats (n = 3).47 Aspirin (250 

mg/kg), IPA/NO-aspirin (433 mg/kg) or DEA/NO-aspirin (453 mg/kg) were suspended 

in 1.7 mL of a 1% methylcellulose solution. Food intake was not allowed 12 h before 

administration of the prodrugs. After 6 h, the rats were euthanized in a CO2 chamber, and 

their stomachs were removed and placed on ice. Ulceration was examined with a 

magnifying glass and scored based on  number and size (1 mm, rating of 1; 1-2 mm, 

rating of 2; and > 2 mm, rating according to their length in millimeters).25  

 

Effect of NONO-aspirin on contractility of cardiomyocytes  

Wild type 2-4 month old mice were anesthetized with intraperitoneal 

pentobarbital sodium (100 mg/kg/ip), and cardiomyocytes were isolated.48,49  Sarcomere 

shortening was determined by imaging the cells using fiseld stimulation (0.5 Hz) in an 

inverted fluorescence microscope (Diaphot 200; Nikon, Inc). Sarcomere length was 

evaluated by real-time Fourier transform (IonOptix MyoCam, CCCD100M) and 

expressed as the time from peak shortening to 50% relaxation. Calcium transient was 

measured by confocal laser scanning microscope (LSM510, Carl Zeiss) by loading 

myocytes with fluo-4/AM (Molecular Probes, 20 μM for 30 min). All measurements 

were carried out at room temperature.48,49  
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Effect of NONO-aspirin on cytotoxicity  

Cells were plated at a concentration of 8,000-10,000 per well in a 96 well plate 

and grown overnight. The cells were then treated with different concentrations (0-200 

µM) of the prodrugs for 48 h. After addition, of solution of 2 mg/ml 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to each well, the plate was 

incubated for 1 h. The media was then removed, 100 µL DMSO was added to each well, 

and the absorbance was recorded at 550 nm.  

 

Effect of NONO-aspirin on GAPDH  

Cells were plated at a concentration of 30,000 per well, grown overnight, and 

treated with 100 µM IPA/NO-aspirin or DEA/NO-aspirin for 1, 3, or 6 h. For 

measurement of GAPDH, a KDalert™ GAPDH assay kit from Applied Biosystems Cat # 

AM1639 was used. The cells were lysed by addition of 200 µL of KDalert lysis buffer to 

each well. The plate was incubated at 4ºC for 20 min to lyse the cells. Then 10 µL of cell 

lysate was transferred to a clean 96 well plate, and 90 µL of KDalert mastermix was 

added to each well, and fluorescence was measured at an excitation of 540 nm and 

emission of 570 nm.  

 

Real Time PCR 

A549 cells were plated at a concentration of 1×106 per plate on a 100 mm plate 

and grown overnight. After treatment with 100 µM of IPA/NO-aspirin, DEA/NO-aspirin, 
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IPA/NO, DEA/NO or aspirin for 1 to 24 h, the cells were harvested with TRIzol reagent 

(Invitrogen, Carlsbad, CA), and RNA was extracted by chloroform extraction. A high 

capacity cDNA Kit from Applied Biosystems Cat # 4322171 was used to produce cDNA. 

RNA was heated at 60ºC for 10 min prior to preparation of cDNA, and concentration was 

measured using nanodrop 1000 spectrophotometer. All samples were prepared such that 

each tube had 25 µL of RNA at a final concentration of 0.1 µg/µL. To each tube reverse 

transcription buffer (5.0 µL, 10×), dNTPs (2.0 µL, 25×), random primers (5.0 µL, 10×), 

multiscribe reverse transcriptase (50 U/µL, 2.5 µl) and nuclease-free H2O (10.5 µL) were 

added such that the final volume was 50 µL. A thermocycler was then used to make 

cDNA. The final concentration of cDNA was 100 ng/µL. Then 40 ng/µL (1.6 µL cDNA 

+ 2.4 µL H2O = 4µL) was aliquoted to a PCR tube. To each tube 4 µL of primer, 72 µL 

of H2O, 80 µL of Taq mastermix was added to obtain a total volume of 160 µL. 

Hypoxanthine phosphoribosyltransferase1 (HPRT1) was used as a house keeping gene. 

Aliquote of 40µL/well was dispensed in triplicate, and then the expression was recorded.  

 

Western Blot  

MDA-MB-231 cells were plated at a concentration of 1×106 and grown for 24 h. 

They were then serum starved overnight and treated with IPA/NO-aspirin (50 µM) or 

DEA/NO-aspirin (75 µM) for different time intervals (1-44 h). Protein cell extracts were 

prepared by washing cells in cold PBS, scraping each plates, centrifuging, and 

resuspending in lysis buffer (Cell Signaling Technology, Inc., Danvers, MA) containing 
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protease inhibitor mixture (Calbiochem, Gibbstown, NJ). After 30-min incubation on ice, 

the samples were centrifuged at 14,000 × g, and the supernatant protein concentration 

was determined by the bichoncinic acid method (Pierce, Thermo Fischer Scientific Inc., 

Rockford, IL) by recording absorbance at 560 nm. Protein samples (20 g) were 

subjected to polyacrylamide gel electrophoresis (120 V) on 15% Tris-glycine acrylamide 

gels (NOVEX–Invitrogen, Carlsbad, CA). After transfer to polyvinylidene fluoride 

Immunolon P membranes (Millipore), samples were probed with rabbit polyclonal or 

mouse monoclonal antibodies (Cell Signaling Technology, Inc., Danvers, MA). Bands 

were visualized with horseradish peroxidase-conjugated secondary antibodies (1:2,000–

10,000; Cell Signaling Technology, Inc., Danvers, MA) and chemiluminescent substrate 

(ECL plus Western blotting kit, GE, Piscataway, NJ). HPRT protein-loading controls 

were included on each gel. Gel images were scanned by using a FluoroChem SP imaging 

system using AlphaEase FC software (Alpha Innotech, San Leandro, CA, USA).  

 

Statistical analysis  

All data are expressed as mean ± SD, and one-way ANOVA was applied to 

determine the significance of the difference between control and treatment groups.  

 

2.3. Results and Discussion  

The decomposition rate and products of IPA/NO are both dependent on pH.34  At 

pH ≤ 5, IPA/NO is primarily an NO donor, while increased pH converts IPA/NO into an 
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HNO donor. pH-dependent release of NO/HNO can be an important feature for clinical 

use as blood has a pH of 7.4 while the gastric environment is at pH 2. While the NO is 

known to protect the stomach lining,25,50 the effect of HNO has not been determined. An 

important objective of this research was also to synthesize compounds with longer half-

lives to improve their therapeutic potential.  

 

2.3.1. Decomposition mechanism and half-life analysis  

O2-Derivatization is known to both stabilize primary amine NONOates and to 

increase HNO production under physiological conditions.37 The respective rate constants 

of IPA/NO-aspirin and DEA/NO-aspirin in assay buffer were determined to be 2.8 × 10-5 

and 5.6 × 10-6 s-1. In the presence of guinea pig serum, these rate constants decreased to 

6.8 × 10-4 and 1.8 × 10-3 s-1 (Figure 2.1). The peak shift from 250 nm, corresponding to 

the parent NONOates, to 238 nm for the protected derivatives is consistent with the prior 

detailed analysis of O2-acetoxymethyl protected IPA/NO (IPA/NO-AcOM).37 
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Figure 2.1. Spontaneous hydrolysis of (A) IPA/NO-aspirin, and (B) DEA/NO-aspirin, 

and guinea pig serum induced hydrolysis of (C) IPA/NO-aspirin and (D) DEA/NO-

aspirin in PBS containing 50 µM DTPA at pH 7.4 and 37°C (n ≥ 3). Scans are plotted at 

0, 30, 60, 150, 330, 960, 1620, 2250, 2790 min in (A); 0, 30, 60, 240, 540, 1050, 1650, 

2280, 2850, 3690 min in (B); 0, 2, 4, 8, 16, 26, 46, 70, 96 min in (C); and 0, 3, 6, 15, 33, 

60, 102, 159 min in (D). 

(A) (B) 

(C) (D) 
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In the absence of serum (Figure 2.1A), IPA/NO-aspirin is assumed to undergo a 

similar mechanism of decomposition (Scheme 2.3) as reported earlier for IPA/NO-

AcOM.37 Deprotonation of the amine proton leads to formation of a reactive species that 

can then undergo 1-4 acyl migration through a cyclic intermediate. Expulsion of 

formaldehyde leads to formation of an acylnitroso derivative, which produces HNO and 

salicylate upon hydrolysis with a half-life of 6.7 h. This pathway is not available for the 

secondary amine based DEA/NO-aspirin, which undergoes slow hydrolysis to form NO 

and salicylate with a half-life of 33.5 h (Figure 2.1B).  

 

Scheme 2.3. Mechanism of decomposition of IPA/NO-aspirin at pH 7.4 and 37°C. 
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In the presence of 2% guinea pig serum, which contains esterases, the half-lives 

of IPA/NO-aspirin and DEA/NO-aspirin decreased to 17 and 6 min, respectively (Figure 

2.1C-D), which are three fold longer than that of parent NONOates (~ 5.7 min or 2 min35 

respectively). Furthermore, the characteristic peak at 241 nm of both IPA/NO-aspirin and 

DEA/NO-aspirin is accompanied by rapid formation of a new peak at 306 nm. A slow 

shift to 295 nm occurred, while the 241 nm peak showed a first order decay (Figure 2.1C-

D). The final spectrum with peaks at 238 and 295 nm is consistent with salicylate. The 

mechanism of decomposition is proposed in Scheme 2.4 in which IPA/NO-aspirin or 

DEA/NO-aspirin undergo enzymatic hydrolysis leading to formation of HNO and/or NO 

and salicylate. 

 

Scheme 2.4. Mechanism of decomposition of IPA/NO-aspirin and DEA/NO-aspirin in 

the presence of serum at pH 7.4 and 37°C. 
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The effect of fetal bovine serum (FBS; HyClone) on the decomposition of 

IPA/NO-aspirin (Figure 2.2) was also examined as it is conventionally added to cell 

culture media. Interestingly, the rate (3 × 10-5 s-1) was relatively unaffected by the 

presence of FBS, and IPA/NO-aspirin showed a similar mechanism of decomposition to 

that in the absence of serum (Scheme 2.). This indicates that only specific esterases are 

capable of cleaving the ester bond.  

 

Figure 2.2. Fetal bovine serum induced hydrolysis of IPA/NO-aspirin in PBS containing 

50 µM DTPA at pH 7.4 and 37°C (n ≥ 3). Scans are plotted at 0, 15, 30, 60, 150, 180, 

555, 885 min. 

 

2.3.2. NO and HNO release from NONO-aspirin  

The methods available to detect NO are varied and adaptable, but direct detection 

of HNO requires highly specialized conditions,51 and quantitative determination is 
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currently not possible, in part due to the metastability of HNO (Eq. 2.1). The most 

common method for identifying HNO and establishing a lower concentration limit for the 

amount formed from a given donor is to trap HNO with metmyoglobin (metMb, Eq. 

2.2).52,53 This method was used earlier to suggest that IPA/NO is a donor of both NO and 

HNO.34 Thus, the effect of O2-derivatization was examined on HNO release of IPA/NO-

aspirin. For longer-lived donors of HNO such as IPA/NO-aspirin, the rate of autoxidation 

of MbNO back to metMb (Eq. 2.3) requires either use of guinea pig serum to reduce the 

half-life of decomposition or anaerobic conditions to detect HNO. IPA/NO-aspirin 

reductively nitrosylated metMb indicating HNO formation (Figure 2.3A), with the lack of 

complete conversion resulting from formation of NO along with HNO in the presence of 

guinea pig serum (Eq. 2.10-2.12; Scheme 2.4) and self-dimerization reaction of HNO 

(Eq. 2.1).  

Another biological target known to react rapidly with HNO is glutathione (GSH). 

To confirm the production of HNO in the enzymatic hydrolysis of IPA/NO-aspirin, the 

metMb assay was repeated in the presence of excess GSH, which reacts with HNO more 

rapidly than metMb (Eqs 2.2 vs 2.5) but does not interact appreciably with low 

concentrations of NO.54,55 

metMb        MbNO  +  H+ (8  105 M-1 s-1)42 (2.2)

MbNO        metMb  +  NO3
- (2  10-4 s-1)56 (2.3)

metMb        metMbNO (kon =  4.8  104 M-1 s-1, koff = 43 s-1)55 (2.4)

GSH         GSNHOH (2  106 M-1 s-1)42 (2.5)
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Figure 2.3. Detection of NO and HNO using metMb (50 µM) reacted with (A) 100 µM 

IPA/NO-aspirin, (B) in the presence of 1 mM GSH or MbO2 reacted with (C) 50 µM 

DEA/NO-aspirin, or (D) 50 µM IPA/NO-aspirin with and without 1 mM GSH, in the 

presence of 2% guinea pig serum at 37°C and deaerated conditions (n ≥ 2). 

 

Interestingly, under deaerated conditions, GSH enhanced MbNO formation from 

IPA/NO-aspirin in the presence of 2% guinea pig serum (Figure 2.3B). In deaerated 

(A) (B) 

(C) (D) 
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solution, GSH has been shown to enhance the interaction of NO with metMb (Eq. 2.4 and 

2.8).54  

The NO and HNO release profile was also studied using oxymyoglobin (MbO2; 

Eq. 2.6-2.7) due to its ability to react with both NO and HNO and the air stability of the 

final product. This method was used earlier to suggest that IPA/NO is a donor of both NO 

and HNO while DEA/NO is a donor of only NO under physiological conditions.34 Both 

IPA/NO-aspirin and DEA/NO-aspirin reacted with MbO2 to produce metMb (Figure 

2.3B-C), indicating formation of HNO and/or NO. HNO production from IPA/NO-

aspirin was further verified by reaction of MbO2 in the presence of 1 mM GSH (Figure 

2.3D). 

MbO2        metMb   
     (4 × 107 M-1S-1)57 (2.6) 

MbO2   H     metMb   
     (1 × 107 M-1s-1)42 (2.7) 

metMbNO    GSH    MbNO  +  products (47 M-1 s-1)54  (2.8) 

While NO release can be directly evaluated using an NO specific electrode, there 

is no simple direct method for detection of HNO. Thus, ferricyanide is often used as an 

oxidant to convert HNO to NO (Eq. 2.9), which can then be qualitatively detected using a 

variety of NO detection methods.43 

HNO  +  [Fe(CN)6]
3-  NO  +  [Fe(CN)6]

4-  +  H+  (2.9) 

As previously described for the parent diazeniumdiolates,34 significant current 

intensity from an NO-specific electrode was only observed during decomposition of 

IPA/NO-aspirin below pH 8 (Figure 2.4A, blue bars). The signal intensity was elevated in 
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the presence of ferricyanide at pH ≥ 7 (Figure 2.4A, green bars), indicating production of 

HNO. Below pH 7, the similar current intensity in the absence and presence of 

ferricyanide (Figure 2.4A) demonstrates that IPA/NO-aspirin is primarily an NO donor in 

the presence of 2% serum.  

  

                                                                                                                                                                        

Figure 2.4. NO and HNO release measured using an NO specific electrode from 100 µM 

of (A) IPA/NO-aspirin or (B) DEA/NO-aspirin in assay buffer containing 2% guinea pig 

serum in the presence and absence of 1 mM K3Fe(CN)6 (n ≥ 3). The data is expressed as 

mean ± SD. 

 

The amount of NO and HNO from IPA/NO-aspirin (Figure 2.4A, green bars) was 

significantly lower compared to DEA/NO-aspirin (Figure 2.4B, red bars). The maximum 

current intensity in the presence of ferricyanide is dependent on the rates of HNO 

production and consumption primarily by dimerization (Eq. 2.1) (8×106 M-1s-1) or 

reaction with NO (6×106 M-1s-1) (Eq. 2.10-2.12).31 

(A) (B) 
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HNO  +  NO    HN2O2 (6  106 M-1 s-1) (2.10) 

HN2O2  +  NO    HN3O3 (8  106 M-1 s-1) (2.11) 

HN3O3    N2O  +  HNO2 (2  104 M-1 s-1) (2.12) 

NO measured from DEA/NO-aspirin is reasonably constant between pH 6-9 but reduces 

below pH 6. This is likely due to decreased activity of the esterase responsible for 

cleavage of the ester bond.  

A commercial chemiluminescence instrument is often employed for detection of 

NO due to high sensitivity compared to other techniques. The ability of IPA/NO-aspirin 

to release both NO and HNO in assay in the presence of 2% guinea pig serum was again 

confirmed by this method (Figure 2.5).  

 

Figure 2.5. Detection of NO and HNO using chemiluminescence from head space of 

reaction of IPA/NO-aspirin (100 µM) with and without 1 mM ferricyanide, in the 

presence of 2% guinea pig serum in pH 7.4 buffer at room temperature (n ≥ 2).   
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To determine whether hydrolysis of IPA/NO-aspirin and DEA/NO-aspirin will 

occur intracellularly, DAF-FM-2DA was used as a reporter molecule in A-549 cells.58  

Both NO and HNO have been previously reported to increase the fluorescence of DAF.59 

The autooxidation product of HNO with DAF-FM-2DA produces a higher relative 

fluorescence compared to NO.  

 

 

Figure 2.6. NO and HNO release measured under physiological conditions from reaction 

of 10 µM DAF-2DA with 10 or 100 µM of DEA/NO-aspirin, IPA/NO-aspirin or aspirin 

in DMSO (<0.1%) and IPA/NO or DEA/NO in 10 mM NaOH (A) DAF-2DA loaded 

(A) 

(C) 

(B) 
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inside A549 cells; (B) with DAF-2DA loaded both inside and outside cells (C) without 

cells (n ≥ 4).  

 

Since DAF-FM-2DA is a cell permeable fluorescent dye, it is taken up by cells. 

Hydrolyis by intracellular esterases forms DAF-2, which is relatively non-fluorescent. 

Upon reaction with NO and HNO under aerobic conditions, the fluorescent DAF triazol 

(DAF-2T) is generated, which can be monitored at 535nm.  

Figure 2.6A shows a direct comparison of IPA/NO-aspirin and DEA/NO-aspirin 

to their parent NONOates in DAF loaded cells. The fluorescence generated in the A549 

cells is a function of direct uptake by the cell as well as spontaneous and esterase 

mediated decomposition kinetics (Scheme 2.3 and 2.4). The higher fluorescence of 

NONO-aspirin derivatives compared to IPA/NO and DEA/NO is likely due to facilitation 

of cellular uptake and decomposition in close proximity to DAF, thus reducing cellular 

scavenging of HNO or NO. As ionic compounds, IPA/NO and DEA/NO are expected to 

decompose outside the cell requiring diffusion of NO and HNO across the cellular 

membrane. Significantly higher fluorescence from IPA/NO-aspirin compared to 

DEA/NO-aspirin again suggests HNO release from IPA/NO-aspirin. Similar signal in the 

presence of 10 or 100 µM concentration of IPA/NO-aspirin is likely due to saturation of 

the DAF present in the cells.  

The total NO and HNO was examined by the presence of DAF-FM-2DA both 

inside and outside the cells (Figure 2.6B), and compared to the effect of NONO-aspirin 
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derivatives in the absence of cells (Figure 2.6C). The fluorescence intensity (Figure 2.6B) 

was ten times higher than that without cells (Figure 2.6C) indicating that though there is 

slight decomposition in the buffer, NONO-aspirin prodrugs penetrate cells readily before 

decomposing significantly. While total NO and HNO released (Figure 2.6B) show similar 

trends to NO and HNO released in cell (Figure 2.6A), they cannot be directly compared 

due to unequal amounts of DAF as mentioned above.  

It is now widely accepted that the role of NO in physiological systems is largely 

dependent on the level and duration of NO synthesis.60 After examining the cellular 

uptake of these molecules by DAF, the steady state concentration of NO in the cell was 

studied using various markers of NO.61,62 At low levels of NO (10-30 nM), 

phosphorylation of extracellular signal-regulated kinase (ERK) occur. The ERK cascade 

plays an important role in cell growth, differentiation and survival, and has been found to 

be up-regulated in cancer. When the concentration of NO is between 30-60 nM, 

phosphorylation of serine/threonine protein kinase Akt at serine-472 takes place. This 

provides a protective effect against apoptosis by phosphorylation of pro-apoptotic Bcl-2 

associated death promoter (BAD) and caspase-6. At an NO concentration of 100-300 nM, 

hypoxia-inducible factor HIF-1α stabilization occurs, providing protection against tissue 

injuries while at 400-800 nM NO, p53 phosphorylation induces cell cycle arrest and 

apoptosis. This quantized effect can also be used as molecular markers of NO production.  

DEA/NO-aspirin (75 µM) showed a time dependent increase in phosphorylation 

of ERK1/2 with a maximum at 6 h (Figure 2.7A), indicating an NO level ≥ 100 nM while 
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IPA/NO-aspirin (50 µM) did not indicate a significant change, indicating that NO 

production was negligible under cellular conditions. For HIF-1α, a 600% increase 

compared to DMSO treated control was observed after 6 h (Figure 2.7B) of treatment 

with 75 µM DEA/NO-aspirin, indicating an NO level ≥ 300 nM. Again, IPA/NO-aspirin 

had no effect. 

 

Figure 2.7. The effect of NONO-aspirin on molecular markers of NO level in cell in 

MDA-MB-231 cell line (A) p-ERK, (B) HIF-1α and (C) p-P53. Cells were treated with 

50 µM IPA/NO-aspirin or 75 µM DEA/NO-aspirin, and their effect was studied at 

different time points (1-44 h) using Western blot analysis. 

(A) (B) 

(C) 
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DEA/NO-aspirin (75 µM) also activated tumor suppressor protein, p53 (Figure 2.7C) 

indicating an NO level ≥ 800 nM. Late time point activation of p53 by IPA/NO-aspirin 

(50 µM; Figure 2.7C) may be due to apoptosis.  

DNA damage that cannot be repaired by DNA repair enzymes leads to the 

activation of DNA damage sensing proteins such as p53 and poly (ADP-ribose) 

polymerase (PARP), which ultimately induces apoptosis.63,64 Tumor suppressor gene p53 

has been found to be mutated in 50% of cancers, and in most of these mutated cases, 

function of p53 is abolished.65 NO can cause activation of p53 pathways, by causing 

accumulation of p53 due to the DNA damage induced by NO.66,67 Increase in 

phosphorylation of p53 by DEA/NO-aspirin and IPA/NO-aspirin indicate their potential 

as chemotherapeutic agents.  

 

2.3.3. Antiinflammatory properties of NONO-aspirin compared to aspirin  

To verify whether IPA/NO-aspirin and DEA/NO-aspirin retain the anti-

inflammatory properties of the parent NSAID, they were orally administered to rats with 

paw edema induced by carrageenan.25 IPA/NO-aspirin (ID50= 121 mg/kg) was found to 

be slightly more potent as compared to the parent drug (ID50= 129 mg/kg) while 

DEA/NO-aspirin (ID50= 169 mg/kg) was 1.3 times less potent.  

A549 cells are known to express high levels of COX-2, a key player in 

inflammation. Salicylate, a derivative of aspirin, which also shows anti-inflammatory 

properties, has been shown to down-regulate COX-2 and inducible nitric oxide synthase 
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(NOS-2) at pharmacological levels in macrophages.68 To understand the difference in 

anti-inflammatory properties of IPA/NO-aspirin and DEA/NO-aspirin, their effect on 

COX-2 was investigated. PGE2 levels are a direct measure of COX-2 activity.10,69 Only 

IPA/NO-aspirin led to significantly decreased PGE2
 levels (Figure 2.8A). The inhibition 

of COX-2 expression and activity by HNO may be due to reductive nitrosylation of the 

heme center42 or covalent modification of cysteine residues present at the active site.70 

This requires further investigation.  

Increased COX-2 expression in the presence of aspirin has been reported 

previously,71 and may be a response to compensate for required prostaglandin levels due 

to COX inhibition. Thus, the expression of COX-2 mRNA was also measured by RT-

PCR.  

 

 

Figure 2.8. (A) Effect of IPA/NO-aspirin and DEA/NO-aspirin (25, 50, 100 µM) on 

PGE2 levels after 24 h exposure, and (B) effect of 100 µM of aspirin prodrugs, aspirin, 

(A)  (B)
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IPA/NO and DEA/NO on COX-2 mRNA expression after 1 h of treatment, in A549 cells 

(n ≥ 3), ***p < 0.001 vs control. 

 

Both DEA/NO and DEA/NO-aspirin increased COX-2 mRNA compared to 

control and augmented the effect of aspirin while IPA/NO had little effect compared to 

control. Interestingly, IPA/NO-aspirin nullified the aspirin effect (Figure 2.8B). Although 

the mechanism of inhibition needs further investigation, this unique aspect to HNO may 

be useful in treatment of cancer. 

 

2.3.4. Effect of NONO-aspirin on ulcerogenicity  

One of the most common side effects of aspirin is gastrointestinal ulceration. NO 

releasing NSAIDs have previously been shown to protect the stomach lining,25 but the 

effect of HNO releasing NSAIDs is not known. To establish the safety profile of the 

prodrugs, the ulcerogenicity was measured as ulcer index by scoring the number and size 

of ulceration. Both IPA/NO-aspirin (3.3 ± 3) and DEA/NO-aspirin (0) showed a 

substantially lower ulcer index as compared to aspirin (57.4 ± 3.1).  

Gastrointestinal protection by NO is mediated by cyclic guanosine 

monophosphate (cGMP).72 Based on the accelerated decomposition of the parent 

NONOate at low pH, DEA/NO-aspirin and IPA/NO-aspirin may be metabolized to act as 

NO donors in the stomach. However, when the decomposition profile of DEA/NO-

aspirin or IPA/NO-aspirin was studied at pH 2, significant NO release was not observed. 
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Thus it is possible that the prodrugs may be absorbed by the stomach lining and then 

bioactivated to release NO and/or HNO or the whole prodrug by itself may act as a 

selective inhibitor of COX-2. 

 

2.3.5. Effect of IPA/NO-aspirin on heart function  

Long term use of NSAIDs is also associated with increase in cardiovascular 

events.73 One of the important pharmacological effects of HNO donors is increased 

contractility.26 The effect of IPA/NO-aspirin on contractility of isolated murine myocytes 

was investigated to determine its ability to protect against heart failure. A concentration 

of 500 µM was used to produce a significant flux of HNO given the long half-life of 

IPA/NO-aspirin and that isolated murine myocytes are stable only for a period of 20-30 

min. IPA/NO-apirin showed significantly increased contractility (p = 0.0007, n = 7) and 

relaxation (p = 0.04, n = 7) (Figure 2.9A-C). Like Angeli’s salt, IPA/NO-aspirin also 

increased the rate constant of diastolic calcium uptake, but showed no significant change 

in calcium transients (Figure 2.9 D-E).  
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Figure 2.9. IPA/NO-aspirin increases contractility and relaxation in isolated ventricular 

myocytes. Effect of IPA/NO-aspirin on (A) Sarcomere shortening, (B) cell shortening (p 

= 0.0007), (C) myocyte relaxation p = 0.04, (D) diastolic calcium uptake (p = 0.0001), 

and (E) calcium transient, in isolated mouse ventricular myocytes (p = 0.88); (n ≥ 7). The 

data is expressed as mean ± SD, and t-test was applied to determine the significance of 

the difference between control and treatment groups. 

 

2.3.6. Effect of NONO-aspirin on cytotoxicty  

One of the promising areas for these compounds is chemotherapy and prevention 

due to inhibition of COX-2 by IPA/NO-aspirin.  The presence of increased levels of 

COX-2 and NOS-2 is associated with chronic inflammation and results in more 

aggressive phenotypes.74,75  Prostaglandin E2, a prostaglandin synthesized by COX-2 in 

tumor cells,76 plays an important role in progression of different types of cancer77-80 by 

(E) (D) 



95 
 

increasing metastasis, cell proliferation81 and angiogenesis82-84 and reducing immune 

response85 and apoptosis.82  

Figure 2.10. The effect of different concentrations of NONO-aspirin and appropriate 

controls on cell survival of (A) A549, and (B) HUVECs cell lines. Cells were treated 

with different concentrations of prodrugs and controls and cell survival was determined 

using MTT assay after 48 h (n ≥ 4). 

 

Investigation of the cytotoxicity of aspirin in different cancer cells lines 

established its IC50 value to be in milli-molar range.86 NONOates also induces 

cytotoxicity in the low milli-molar range.34,87 The effect of IPA/NO-aspirin, DEA/NO-

aspirin and their controls on cell proliferation was studied using the MTT assay. As 

shown in Figure 2.10A, both the prodrugs showed a concentration dependent decrease in 

cell survival after 48 h of treatment with IPA/NO-aspirin showing slightly higher toxicity 

than DEA/NO-aspirin. Significant cell death was not observed in a normal endothelial 

cell line (HUVECs) (Figure 2.10B), which supports the potential clinical utility of these 

prodrugs unlike what has been suggested with IPA/NO alone.88 

(B)(A) 
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2.3.7. Effect of NONO-aspirin on GAPDH  

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a critical glycolytic 

enzyme that can play an important role in cancer therapy.89 Many tumor micro-

environments are hypoxic in nature.90 Under an inadequate supply of oxygen, cancer cells 

predominantly produce energy via glycolysis followed by lactic acid fermentation in the 

cytosol, rather than respiration.91 Thus, inhibition of GAPDH is a promising way to 

selectively target tumor cells.92 GAPDH possesses a sulfhydryl group at its active site 

that can be reversibly/irreversibly inhibited by HNO.93-96 GAPDH is also involved in 

initiation of apoptosis, DNA repair, endocytosis, nuclear membrane assembly, 

cytoskeletal dynamics.93 In an effort to decipher the mechanism of action of lower 

cytotoxicity of IPA/NO-aspirin compared to DEA/NO-aspirin, their effects on GAPDH 

activity were measured. IPA/NO-aspirin (100 µM) showed a time dependent decrease in 

GAPDH activity while DEA/NO-aspirin (100 µM) had no effect (Figure 2.11). In spite of 

the change in GAPDH activity by IPA/NO-aspirin, significant change was not observed 

on mRNA expression (data not shown). 

 

Figure 2.11. Effect of 100 µM of 

DEA/NO-aspirin and IPA/NO-Aspirin 

in DMSO (<0.1%) on GAPDH activity 

in A549 cells at different time points 

(n ≥ 3) ***p < 0.001. 

 

***

*** ***



97 
 

2.4. Conclusions  

Both IPA/NO and DEA/NO can be readily derivatized to form NSAID adducts 

resulting in more stable and readily purifiable compounds.  While NO releasing NSAIDs 

have been reported, this is the first example of any HNO releasing NSAID. The anti-

inflammatory properties demonstrated in paw edema model indicate that both prodrugs 

retain this property of aspirin. The marginally improved performance of IPA/NO-aspirin 

may be due to selective inhibition of COX-2 expression and activity (Figure 2.8). At the 

same time both prodrugs protect against aspirin induced gastric toxicity. IPA/NO-aspirin 

also shows increased contractility (Figure 2.9), thus demonstrating the ability to treat 

heart failure, one of the major side effects of long term usage of many NSAIDs and 

COXIBs.73 IPA/NO-aspirin also shows higher toxicity towards A549 cells compared to 

DEA/NO-aspirin (Figure 2.10), without appreciable toxicity to endothelial cells 

(HUVECs), implying selective cytotoxicity towards tumor cells. The mechanism of 

action of IPA/NO-aspirin may be mediated by inhibition of COX-2 and GAPDH. These 

long-lived HNO and NO donating aspirin prodrugs may have wide therapeutic 

applicability as anti-inflammatory, anticancer and cardioprotective agents. 
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Abbreviations 

Angeli's salt, sodium trioxodinitrate; Piloty’s salt, N-hydroxyl benzene 

sulfonamide; DTPA, diethylenetriaminepentaacetic acid; GSH, glutathione; HNO, 

nitroxyl; NO, nitric oxide; IPA/NO, sodium 1-(N-isopropylamino)diazen-1-ium-1,2-

diolate; DEA/NO, sodium 1-(N,N-diethylamino)diazen-1-ium-1,2-diolate NONOate, 

diazeniumdiolate; IPA/NO-AcOM, O2-(acetoxymethyl) 1-(isopropylamino)diazen-1-ium-

1,2-diolate; PBS, phosphate-buffered saline; IPA/NO-aspirin, O2-

(acetylsalicyloyloxymethyl)-1-(N-isopropylamino)-diazen-1-ium-1,2-diolate; DEA/NO-

aspirin, O2-(acetylsalicyloyloxymethyl)-1-(N,N-diethylamino)-diazen-1-ium-1,2-diolate; 

NONO-aspirin, adducts of aspirin with diazeniumdiolates; CINOD, COX inhibiting nitric 

oxide donors; COXIB, selective inhibitors of COX-2; NSAID, non-steroidal anti-

inflammatory drugs; COX, cyclooxygenase; DTPA, diethylenetriaminepentaacetic acid; 

A549, human alveolar adenocarcinoma; RPMI, Roswell Park Memorial Institute; EDTA, 

Ethylenediaminetetraacetic acid; metMb, ferric myoglobin; MbNO, nitrosyl myoglobin; 

MbO2, oxymyoglobin; DAF-FM-2DA, 4-amino-5-methylamino-2’,7’-difluorofluorescein 

diacetate; PGE2, prostaglandin E2; P53, tumor protein 53; HIF-1α, Hypoxia inducing 

factor alpha; AKT, serine/threonine protein kinase; ERK, extracellular signal-regulated 

kinases; PARP, poly (ADP-ribose) polymerase; cGMP, cyclic guanosine monophosphate, 

RT-PCR, real-time polymerase chain reaction; mRNA, messenger RNA. 
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CHAPTER 3 

CHEMOTHERAPEUTIC POTENTIAL OF DIAZENIUMDIOLATE-BASED 

ASPIRIN DERIVATIVES IN TREATMENT OF BREAST CANCER 

3.1. Introduction 

Breast cancer is one of the most common types of cancer among women, with 

more than 190,000 new cases reported in 2009 in the USA alone.1 While estrogen is 

essential for growth and development of breast tissues, it has also been associated with 

breast cancer.2 Patients with both early and metastatic estrogen receptor alpha positive 

(ER(+)) cancer can be treated with hormonal based therapies including tamoxifen3 and 

aromatase inhibitors.4 Tamoxifen is also prescribed prophylactically for women at high 

risk of developing breast cancer. Despite being highly effective against breast cancer, 

tamoxifen may induce serious side effects including blood clots, stroke and endometrial 

cancer.5 Also, persistent usage can eventually lead to development of resistance. 

Aromatase inhibitors can be extremely useful for treatment of early stage cancer as well 

as a chemopreventive option after tamoxifen treatment.4 But increase in blood clot, stroke 

and osteoporosis served as side-effects associated with this class of molecules.6  

Another class of breast cancer that has particularly poor patient prognosis is 

ER(−) cancer, although the frequency of occurrence is 3-fold lower than ER(+).7 ER(−) 

breast cancer is not dependent on estrogen for proliferation and is comparatively more 
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difficult to treat. Targeted therapy of ER(−) breast cancers has recently emerged as a 

viable treatment option which includes transformation of ER(−) to ER(+) cells8 so that 

they respond positively to anti-estrogen therapy. Targeting genes and proteins involved in 

cancer progression is also of interest.9  

Increased cyclooxygenase-2 (COX-2) expression is an important biomarker in 

breast cancer and can be detected in ductal carcinoma,10 invasive breast carcinoma11 and 

in metastatic lesions.12 Overexpression of COX-2 and increased prostaglandin 

biosynthesis strongly correlates to carcinogenesis and metastasis in breast cancer13 with 

the hazards being highest in patients who are ER(−) and human epidermal growth factor 

receptor 2 (HER2) positive.14 Epidemiological studies show that daily intake of NSAIDs, 

primarily aspirin, reduced risk of breast cancer by 39% while celecoxib, a selective COX-

2 inhibitor, induced a 71% reduction.15  

Elevated COX-2 and iNOS are associated with formation of metastatic lesions 

and leads to poor patient prognosis.16,14 Thus, they are targets for development of new 

chemotherapeutic drugs. Nitric oxide (NO) is an endogenous signaling molecule 

synthesized by NO synthase (NOS) and is involved in an array of physiological 

functions. Inducible NOS (iNOS), which is induced as part of the host defense and 

wound healing process during inflammation and tissue injury, can contribute to the 

pathogenicity of ER(−) breast cancers upon over-expression. 17,16 HNO has recently 

emerged as an important pharmacological agent18-20 with beneficial effects in decreasing 

tumor growth.19 While NO releasing organic nitrate ester based NSAIDs have been 
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successful to some extent, their cytotoxicity21 is believed to be partly due to quinone 

methide formation22 rather than NO mediated.  

As presented in chapter 2, IPA/NO-aspirin (Figure 3.1) decreases both COX-2 

activity and mRNA expression while DEA/NO-aspirin (Figure 3.1) augments COX-2 

mRNA levels in human alveolar adenocarcinoma A549 cells. Analysis of anticancer 

properties of HNO releasing IPA/NO-aspirin and NO releasing DEA/NO-aspirin along 

with investigation of signaling pathways to develop a better understanding of their 

mechanism of action can be a step forward towards treatment of cancer.  

 

Figure 3.1.  Structure of diazeniumdiolate based IPA/NO-aspirin and DEA/NO-aspirin 

(also referred as NONO-aspirin) 

 

3.2. Methods and Materials  

Reagents  

IPA/NO-aspirin and DEA/NO-aspirin were synthesized and purified as discussed 

in chapter 2, while aspirin was obtained from Sigma Aldrich (St. Louis, MO). The stock 

solutions (100×) were prepared in DMSO and stored at –20°C. The final concentration in 

the media or calcium- and magnesium- free Dulbecco’s phosphate-buffered saline was 
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adjusted to 0.1% DMSO. Stock solutions of IPA/NO or DEA/NO (1000×)) was prepared 

in 10 mM NaOH and concentrations were determined directly prior to use from the 

extinction coefficients at 250 nm ( of 8,000 M-1cm-1for IPA/NO or DEA/NO 

respectively).23  

 

Cell Culture  

Human breast carcinoma cells, MDA-MB-231, MCF-7 and MDA-MB-468 

(American Type Culture Collection, Manassas, VA), were grown as monolayers in RPMI 

1640 (Invitrogen, Carlsbad, CA) supplemented with 10% FBS (Hyclone, Thermo Fisher 

Scientific Inc., Waltham, MA), penicillin (50 units/ml), streptomycin (50 mg/ml; Life 

Technologies, Inc., Grand Island, NY), while the non-tumorogenic MCF-10A, breast 

cells (American Type Culture Collection, Manassas, VA) were grown as monolayers in 

endothelial growth media (Lonanza Inc., US-Allendale, NJ). Cells were seeded at a 

density of 1×106 cells/100 cm2 culture dish and incubated at 37°C in 5% CO2 and 80% 

relative humidity. Single-cell suspensions were obtained by trypsinization (0.05% 

trypsin/EDTA, Invitrogen, Carlsbad, CA), and cells were counted using a Beckman cell 

counter.  

 

Instrumentation  

UV-visible spectroscopy was performed with an Agilent Hewlett-Packard 8453 

diode-array spectrophotometer equipped with an Agilent 89090A thermostat. Number of 
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cells was counted using Beckman Coulter Z-2 cell and particle counter, absorbance and 

fluorescence measurements of 96 well plates were accomplished with a Perkin-Elmer 

HTS 7000 Bio Assay reader. DNA damage using comet assay was assessed using Comet 

Assay® Electrophoresis System (Trevigen Inc. Gaithersburg, MD). Cell viability and 

angiogenesis was monitored using Nikon eclipse TS-100 inverted microscope. Eppendorf 

thermocycler was used to prepare cDNA, the sequence detection was then carried out 

using 7300 Real-Time PCR System from Applied Biosystems. iBlot® gel transfer device 

from Invitrogen, Carlsbad, CA was used for dry transfer in Western blots.  

 

Cell growth inhibition assay  

The cytotoxicity of DEA/NO-aspirin, IPA/NO-aspirin, aspirin, IPA/NO and 

DEA/NO was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) (Sigma Aldrich, St. Louis, MO). Cells were plated at a concentration of 

8,000-10,000 cells per well in a 96 well plate and grown overnight. The cells were treated 

with varied concentrations of the prodrugs (0-200 µM) and controls for 48 h. After 

addition of a solution of 5 mg/ml MTT to each well, the plates were incubated at 37°C 

for 1 h. After removal of the media, 100 µL DMSO was added to each well, and the 

absorbance was read at 550 nm. Inhibition of growth is reported as a percentage of the 

corresponding control. Figures are representative data sets, each from n ≥ 3 individual 

experiments.  

 



104 
 

Caspase-3 activity assay  

Caspase-3 activity in the presence of IPA/NO-aspirin and DEA/NO-aspirin was 

measured using a caspase-3 fluorescence assay kit (Cat No. 10009135, Cayman 

Chemical). Cells were plated at a concentration of 50,000 per well in a 96 well plate and 

grown overnight. The cells were treated with different concentration of the prodrugs (0-

100 µM) and controls for 24 h. The plate was then centrifuged, and the media was 

aspirated. Lysis buffer (100 µL) was added to each well, and the plate was incubated for 

30 min at room temperature. Then, 100 µL of a caspase-3 substrate solution was added to 

each well and incubated for 30 min after which fluorescence was measured at excitation 

of 485 nm and emission of 535 nm.  

 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activity  

GAPDH activity in the presence of IPA/NO-aspirin (50 or 100 µM) and 

DEA/NO-aspirin (75 or 100 µM) was measured using a GAPDH assay kit (Cat No. 

AM1639, Applied Biosystems). Breast cancer cells were plated at a concentration of 

30,000 per well and grown overnight. They were then treated with 100 µM IPA/NO-

aspirin or DEA/NO-aspirin for 1, 3, or 6 h after which 200 µL of KDalert lysis buffer was 

added to each well. The plate was incubated at 4ºC for 20 min to lyse the cells, and 10 µL 

of cell lysate was transferred to a clean 96 well plate. After addition of 90 µL of KDalert 

mastermix, fluorescence was measured at excitation of 540 nm and emission of 570 nm.  
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Comet assay  

Cells were plated at a concentration of 50,000 per well in 12 well plate and grown 

overnight. They were then treated with 50 µM IPA/NO-aspirin or 75 µM DEA/NO-

aspirin for 12 h, and the assay was conducted using comet assay kit (Cat No. 4250-050-

K, Trevigen, MD) as described in their protocol (Figure 3.2).  

 

Figure 3.2. Schematic depiction of procedure of comet assay (www.trivegen.com) 

 

Measurement of reactive oxygen or nitrogen species  

Cells were plated at a concentration of 30,000 cells per well in a 96 cell plate and 

grown overnight in RPMI 1640 media containing 10% FBS and 1% penicillin-

streptomycin (100×). A stock of 4-amino-5-methylamino-2’,7’-dichlorofluorescein 

diacetate (DCF-2DA, Sigma Aldrich) in DMSO (1000×) was diluted to a final 

concentration of 10 µM using DTPA free assay buffer. The media was aspirated from 

each well, and was replaced by 100 µL of the DCF-2DA solution. The plate was 

incubated for 30 min at 37ºC. Each well was then washed three times with PBS pH 7.4 to 

remove excess dye. NONO-aspirin prodrugs dissolved in DMSO (1000×) were then 
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added to achieve a final concentration of 100 µM. The increase in fluorescence intensity 

with time was measured at an excitation of 485 nm and emission of 535 nm.  

 

Measurement of angiogenesis  

Matrigel (50 µL) was added to each well in a 96 well plate and incubated for 2 h 

at 37ºC to allow the gel to solidify. Then, a 100 µL cell suspension of 2×105 cells/mL 

with varied concentrations (0, 0.1, 1, 10 µM) of IPA/NO-aspirin, DEA/NO-aspirin or 

their controls was added to each well at a concentration of 20,000 cells per well, and 

pictures were captured after 12 h using an inverted microscope (Nikon eclipse TS-100).  

 

Measurement of mRNA level using RT-PCR  

Cells were plated at a concentration of 1×106 per plate on 100 mm plate and 

grown overnight. They were then treated with 100 µM of IPA/NO-aspirin, DEA/NO-

aspirin, IPA/NO, DEA/NO or aspirin for 1 to 24 h. The cells were harvested in TRIzol 

reagent, and RNA was extracted by chloroform extraction. cDNA was prepared and real-

time PCR was performed as described. A high capacity cDNA Kit from Applied 

Biosystems Cat # 4322171 was used to produce cDNA. RNA was heated at 60ºC for 10 

min prior to preparation of cDNA, and concentration was measured using nanodrop 1000 

spectrophotometer. All samples were prepared such that each tube had 25 µL of RNA at 

a final concentration of 0.1 µg/µL. To each tube reverse transcription buffer (5.0 µL, 

10×), dNTPs (2.0 µL, 25×), random primers (5.0 µL, 10×), multiscribe reverse 



107 
 

transcriptase (50 U/µL, 2.5 µl) and nuclease-free H2O (10.5 µL) were added such that the 

final volume was 50 µL. A thermocycler was then used to make cDNA. The final 

concentration of cDNA was 100 ng/µL. Then 40 ng/µL (1.6 µL cDNA + 2.4 µL H2O = 

4µL) was aliquoted to a PCR tube. To each tube 4 µL of primer, 72 µL of H2O, 80 µL of 

Taq mastermix was added to obtain a total volume of 160 µL. Hypoxanthine 

phosphoribosyltransferase1 (HPRT1) was used as a house keeping gene. Aliquote of 

40µL/well was dispensed in triplicate and then the expression was recorded. 

 

Western blot  

MDA-MB-231 cells were plated at a concentration of 1×106 and grown for 24 h. 

They were then serum starved overnight followed by treated with 50 µM or 75 µM of 

IPA/NO-aspirin or DEA/NO-aspirin respectively, for different time intervals (1-44 h). 

Protein cell extracts were prepared by washing with cold PBS, scraping the cells off the 

plates, centrifuging, and resuspending in lysis buffer (Cell Signaling Technology, Inc., 

Danvers, MA) containing and protease inhibitor mixture (Calbiochem, Gibbstown, NJ). 

After 30-min incubation on ice, the samples were centrifuged at 14,000 × g, and the 

supernatant protein concentration was determined by the bichoncinic acid method 

(Pierce, Thermo Fischer Scientific Inc., Rockford, IL) by recording absorbance at 560 

nm. Protein samples (20 g) were subjected to polyacrylamide gel electrophoresis (120 

V) on 15% Tris-glycine acrylamide gels (NOVEX–Invitrogen, Carlsbad, CA). After 

transfer to polyvinylidene fluoride Immunolon P membranes (Millipore), samples were 
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probed with rabbit polyclonal or mouse monoclonal antibodies (Cell Signaling 

Technology, Inc., Danvers, MA). Bands were visualized with horseradish peroxidase-

conjugated secondary antibodies (1:2,000–10,000; Cell Signaling Technology, Inc., 

Danvers, MA) and chemiluminescent substrate (ECL plus western blotting kit, GE, 

Piscataway, NJ). HPRT protein-loading controls were run for each gel. Gel images were 

scanned by using a FluoroChem SP imaging system using AlphaEase FC software (Alpha 

Innotech, San Leandro, CA, USA).  

 

Animal studies 

Nude mice (n = 40) were implanted with 7.5×105 MDA-MB-231 cells stably 

transfected with green fluorescent protein (GFP) per animal and allowed to grow for 14 

d. The animals were randomly divided into four groups and treated with DMSO as a 

control, aspirin, IPA/NO-aspirin or DEA/NO-aspirin. Groups were injected daily with an 

equimolar dose of DEA/NO-aspirin (16.3 mg/kg), IPA/NO-aspirin (15.8 mg/kg), aspirin 

(9.00 mg/kg) daily for the next five weeks, after which the tumor size was measured 

using in vivo fluorescent imaging for quantification of the GFP tag. The animals were 

subsequently sacrificed to assess metastasis in the brain. 

 

3.3. Results and Discussion  

While cancer is a complex process involving multiple signaling pathways, NO 

and HNO along with their chemotherapeutic properties have also been shown to follow 
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discrete signaling pathways in heart;20 thus broadening the prospect of affecting various 

types of cancer. The effect of diazeniumdiolate based aspirin adducts has not been 

studied on cancer. An important objective of this research was to assess the 

chemotherapeutic potential of IPA/NO-aspirin and DEA/NO-aspirin prodrugs against 

breast cancer. 

 

3.3.1. NONO-aspirin reduces the survival of breast cancer cells more effectively 

than their parent compounds without affecting non-tumorogenic cells  

The cytotoxicity (IC50) of aspirin in various cancer cell lines has been established 

to be in millimolar range.24 NONOates also have values in millimolar range.25,26 One of 

the promising areas for these compounds is chemotherapy and prevention due to 

inhibition of COX-2 by IPA/NO-aspirin.  The presence of increased levels of COX-2 and 

NOS-2 is associated with chronic inflammation and results in more aggressive 

phenotypes.27,28  Prostaglandin E2, a prostaglandin synthesized by COX-2 in tumor 

cells,29 plays an important role in progression of different types of cancer30-33 by 

increasing metastasis, cell proliferation34 and angiogenesis35-37 and reducing immune 

response38 and apoptosis.35 

The effect of IPA/NO-aspirin, DEA/NO-aspirin and their controls on cell 

proliferation was examined. As shown in Figure 3.3, both the prodrugs showed a 

concentration dependent decrease in cell survival after 48 h of treatment. The cytotoxicity 

of IPA/NO-aspirin and DEA/NO-aspirin is significantly higher than their parent 
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NONOates as well as aspirin. NONOates being ionic compounds may decompose outside 

the cell followed by diffusion of NO and HNO through cell membrane. Thus the flux of 

these short-lived molecules in the cell is lower while ester derivatives can be easily taken 

up by the cells leading to higher toxicity.39  

Figure 3.3. The effect of NONO-aspirin and appropriate controls on cell survival of A) 

MDA-MB-231, B) MDA-MB-468, C) MCF-7 and D) MCF-10A cell lines. Cells were 

treated with various concentrations (0-200 µM) of prodrugs and controls, and cell 

survival was determined using MTT assay after 48 h. 

 

Table 3.1. IC50 values of IPA/NO-aspirin and DEA/NO-aspirin in different cell lines 

Cell line IPA/NO-aspirin IC50 (µM) DEA/NO-aspirin IC50 (µM) 

(A) (B) 

(C) (D) 
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IPA/NO-aspirin induces close to one log of cell killing at 100 M in all the three 

different human breast carcinoma cell lines while DEA/NO-aspirin shows a cytostatic 

effect in MDA-MB-231 and MCF-7 cell line (Figure 3.3A and C). The higher 

cytotoxicity in MDA-MB-468 cells with DEA/NO-aspirin is due to higher susceptibility 

to NO (personal communication from Sharon Glynn). Thus, for chemotherapeutic 

purposes, IPA/NO-aspirin seems to be more potent that DEA/NO-aspirin.  

Interestingly, none of the prodrugs showed any significant cytotoxicity towards 

MCF-10A cells, which is a non-tumorogenic mammary epithelial cell line. It has been 

shown earlier that NO-induced cytostasis in breast cancer cells is due to protein kinase R 

(PKR) activation and increased phosphorylation of initiation factor 2-α (eIF2-α) leading 

to its inactivation.40 In non-tumorogenic mammary epithelial cells (MCF-10A), this 

pathway is unavailable due to the inaccessibility of PKR, which is bound to inhibitor 

p58.41 The effect of HNO has not been studied on these pathways.  

3.3.2. Mechanism of cell death 

Apoptosis, a process of programmed cell death, facilitates destruction and 

removal of unwanted cells in an organism, thereby maintaining normal homeostasis. This 

MDA-MB-231 95 90 

MDA-MB-468 80 85 

MCF-7 90 120 

MCF-10A > 100 > 100 
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process is tightly controlled by activity of many genes. Cancer cells usually undergo 

various mutations leading to dysfunction in apoptosis, thus escaping cell death. Thus, one 

of the goals of cancer therapy is to induce apoptosis in these cells. NO is an important 

regulator of apoptosis and shows a concentration dependent effect on induction of pro-

apoptotic and anti-apoptotic signaling pathways based on cell type and cellular redox 

status.42 Anti-apoptotic pathways can be mediated by inactivation of caspase by s-

nitrosylation.43 Fas ligand belonging to the family of tumor necrosis factor can in turn 

denitrosylate caspase leading to apoptosis.44 Upregulation of Bcl-2 and Bcl-XL by NO 

can also lead to inhibition of cytochrome c release from mitochondria.45,46 The effect 

HNO on apoptosis is not well understood. To evaluate the mechanism of action involved 

in cell death, the effect of NONO-aspirins was studied on caspase-3 activity and PARP 

cleavage as apoptotic markers.  

 

Caspase-3 activity as an apoptotic marker  

Caspases are cysteine proteases, which are cleaved after an aspartate residue to 

initiate two types of death signal transduction cascades mediated either by binding of 

death ligands to cell death receptor or mitochondria.47 Caspase-3 is a common mediator 

of both the pathways of apoptosis. 
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Figure 3.4. The effect of NONO-aspirin on caspase-3 activity of (A) MDA-MB-231, (B) 

MDA-MB-468 and (C) MCF-7 cell lines. Cells were treated with various concentrations 

(0, 25, 50, 100 µM) of prodrugs as described above. Caspase-3 activity was determined 

by fluorescence after 24 h. 

 

As shown in Figure 3.4, IPA/NO-aspirin induces a concentration-dependent 

increase in caspase-3 activity in all three carcinoma cell lines with DEA/NO-aspirin 

showing no significant change compared to control except in MDA-MB-468 cells at the 

highest concentration of 100 µM. This is consistent with or directly related to increased 

cell death shown in the cell survival assay due to sensitivity of this particular cell line 

(A) (B) 

(C) 
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towards NO (personal communication from Sharon Glynn). Thus, IPA/NO-aspirin 

induces caspase mediated apoptosis. The insignificant change in caspase-3 activity upon 

treatment to DEA/NO-aspirin suggests that the cytotoxicity can be attributed to late 

apoptosis as reported for NO donors48 or to necrosis due to formation of various reactive 

nitrogen oxygen species (RNOS) as side products at high concentration. This can lead to 

formation of nitrosating agents causing s-nitrosylation of caspase-3, thus blocking its 

activity.  

 

PARP cleavage as a marker of apoptosis  

The poly(ADP-ribose) polymerase (PARP) family of nuclear enzymes is involved 

in DNA repair.49 PARP is activated due to DNA strand breaks and catalyzes the transfer 

of ADP-ribose to nuclear proteins. DNA repair by PARP is an energy consuming 

process; for every mole of ADP-ribose transferred, four equivalents of ATP are 

consumed. Thus sustained activation of PARP rapidly exhaust cells of energy leading to 

impaired cellular metabolism, which eventually leads to cell death as observed in 

NO/ONOO- induced DNA strand breakage.50 PARP can also directly induce apoptosis by 

stimulating release of apoptosis-inducing factor (AIF), a mitochondrial oxidoreductase 

into cytoplasm, via activation of par polymer.51 When cells are undergoing apoptosis, the 

DNA repair mechanism is halted by cleavage of PARP, a downstream target of caspase-

3.52  
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As a zinc finger protein, PARP is a target for RNOS. The effect of Angeli’s salt, 

an HNO donor and DEA/NO, an NO donor has been previously studied on PARP 

activity.53 Both NO and HNO donors showed a concentration and time dependent 

inhibition in MCF-7 cells.  

Both NONO-aspirins increased the level of cleaved PARP indicating occurrence 

of apoptotic cell death with DEA/NO-aspirin showing an early onset of apoptosis and 

IPA/NO-aspirin showing delayed induction (Figure 3.5). The time scale observed for 

both caspase-3 activation and cleavage of PARP by IPA/NO-aspirin are comparable 

while for DEA/NO-aspirin there is a need to look into caspase-3 activation at earlier time 

point rather than 24 h as PARP cleavage occurs at 6 h. 

Figure 3.5. The effect of NONO-aspirin on PARP cleavage in MDA-MB-231 cell lines. 

Cells were treated with 50 µM or 75 µM of IPA/NO-aspirin or DEA/NO-aspirin, 

respectively and protein was collected at various time points (1-44 h). Cleaved PARP 

level was determined by Western blot. 
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3.3.3. IPA/NO-aspirin increases ROS level  

Reactive oxygen species (ROS) are a class of molecules including hydroxyl 

radicals (OH.), superoxide anions (O2
.-) hydrogen peroxide (H2O2) and peroxyl radicals 

(ROO.-) which are mainly formed from O2 metabolism in mitochondria.54 High 

concentrations of ROS are deleterious to cellular constituents and results in oxidative 

stress due to lipid peroxidation, protein oxidation, alteration of gene expression and 

mutagenesis.55,56 Although ROS are mostly considered to be toxic byproducts, at low 

concentration they are important mediators of various signaling pathways including 

initiation and regulation of apoptotic cell signaling pathways57-59 and are normally 

efficiently detoxified by cellular antioxidants. Expression of Fas, which belong to the 

family of tumor necrosis factor, is upregulated in the presence of elevated levels of H2O2 

leading to apoptosis.60  

In spite of being a free radical, at low concentrations NO is a regulatory molecule 

that can directly react with radicals or metal complexes containing primarily iron. At high 

concentrations, NO reacts with ROS leading to formation of RNOS causing nitrosative 

stress.56 HNO in the presence of H2O2 showed cytotoxicity towards MCF-7 cell lines due 

to RNOS formation, thus reiterating its importance in pathophysiological processes like 

inflammation and cancer.61  

The effect of both NO and HNO have been studied on DNA damage. Nitrosative 

stress resulting from the reaction of NO with ROS induces potential DNA damage and 

cell death. It occurs at high concentration of NO.56 Exposure of HNO in aerobic 
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conditions resulted RNOS mediated DNA double strand breaks in whole cells.62 While 

the product of reaction of HNO with O2 is not known, the product shows similarity to 

peroxynitrite under certain buffer conditions.63  

The formation of ROS and RNOS in breast cancer cell lines on exposure to 

IPA/NO-aspirin, DEA/NO-aspirin and their controls was examined in a time dependent 

manner using 2’,7’-dichlorofluorescein (DCF).64,65 IPA/NO-aspirin showed a significant 

increase in ROS level indicating a possibility of oxidative damage as cause of apoptosis 

while DEA/NO-aspirin is much lower as shown in Figure 3.6.  

Figure 3.6. The effect of IPA/NO-aspirin, DEA/NO-aspirin and their appropriate 

controls on ROS level of (A) MDA-MB-231, (B) MDA-MB-468, (C) MCF-7 and (D) 

MCF-10A cell lines. DCF loaded cells were treated with 100 µM of prodrug and control 

and the fluorescence was measured in a time-dependent manner. 

(A) (B) 

(D) (C) 
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3.3.4. IPA/NO-aspirin induces DNA damage  

The most important aspect of high ROS and RNOS is the ability to cause 

oxidative damage to DNA. The targets for attack by ROS are purine and pyrimidine 

bases as well as the deoxyribose chain.66 They can induce single and double stranded 

DNA breaks, abasic sites (bases are cleaved from deoxyribose) and DNA-protein cross 

links.67,68 Accumulation of DNA oxidation product depends on rate of ROS production 

and recruitment of DNA repair enzymes68  and can lead to apoptosis.  

To further investigate the possibility of ROS and RNOS induced DNA damage as 

a mechanism of cytotoxicity, the effect of NONO-aspirin was studied on DNA damage 

using the comet assay in MDA-MB-231 cells. Treatment with 50 M IPA/NO-aspirin 

showed significant DNA damage after 8 h of treatment similar to H2O2 treated cells as 

positive control. Exposure to 75 M DEA/NO-aspirin did not significantly differ from 

DMSO treated control (Figure 3.7), thus indicating that the slight ROS and RNOS 

production shown in the presence DCF assay is not enough to cause DNA damage 

(Figure 3.6). The DNA damage induced by IPA/NO-aspirin may be an important 

pathway of apoptosis as the DNA repair mechanism is blocked due to PARP cleavage. 
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Figure 3.7. The effect of NONO-aspirin on MDA-MB-231 cells was studied using comet 

assay after 8 h in the presence of (a) 50 µM IPA/NO-aspirin, (b) 75 µM DEA/NO-

aspirin, (c) DMSO or (d) 100 µM H2O2. 

 

3.3.5. IPA/NO-aspirin Inhibits Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) activity  

GAPDH is an enzyme involved in cell death and oxidative stress, which possesses 

a sulfhydryl group at its active site that can be reversibly/irreversibly inhibited by 

HNO.69-72 While NO does not react directly with reduced thiols,73 presence of excess NO 

can lead to formation of nitrosating agents that can react with thiols to generate s-

nitrosothiols; thus inhibiting the enzyme. GAPDH is a critical glycolytic enzyme that can 
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play an important role in cancer therapy as solid tumors are  known to utilize glycolytic 

pathways even during normoxia to meet their energy requirements.74 Thus, inhibition of 

GAPDH can diminish ATP availability for tumor cells. In MDA-MB-231 cells, IPA/NO-

aspirin (50 µM) showed a time dependent inhibition of GAPDH activity while DEA/NO-

aspirin (75 µM) was not inhibitory.  The effect of IPA/NO-aspirin and DEA/NO-aspirin 

(100 µM) in MDA-MB-468 and MCF-7 cells was similar to MDA-MB-231 cells while 

GAPDH activity was not affected in MCF-10A cells (Figure 3.8). This may be explained 

on the basis of the Warburg effect75 where rapidly growing tumor cells undergo 

glycolysis at a much higher rate than normal cells.  

  

 
 

Figure 3.8. The effect of NONO-aspirin on inhibition of GAPDH in (A) MDA-MB-231, 

(B)  MDA-MB-468, (C) MCF-7 at 1, 3 and 6 h and (D) MCF-10A cell lines at variable 

(A) (B) 

(C) (D) 
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concentration (0, 25, 50, 75, 100 µM). Cells were treated with prodrugs as described 

above. GAPDH activity was measured. 

 

3.3.6. NONO-aspirin Inhibits Angiogenesis  

Angiogenesis is a key step in tumor progression by initiating recruitment of blood 

vessels to supply nutrients and oxygen to growing cancer cells.76 Angiogenesis also plays 

an important role in development of metastatic tumors at secondary sites.77 NO shows a 

concentration effect on tumor growths42 with low concentrations promoting cell survival, 

migration and proliferation and angiogenesis,78 and higher concentrations causing 

vascular cell growth arrest and cell death.79 On the other hand, the HNO donor Angeli’s 

salt exhibits anti-angiogenic properties.19 Aspirin has also been shown to inhibit 

angiogenesis at a therapeutically relevant concentration.80 Prodrug treated human 

umbilical vein endothelial cells (HUVECs) were examined for tube formation after 12 h 

as a measure of angiogenesis (Figure 3.9). Both IPA/NO-aspirin and DEA/NO-aspirin 

show reduced angiogenesis as compared to control even at 1 M. 
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Figure 3.9. The effect of NONO-aspirin on inhibition of angiogenesis in HUVECs cell 

line. Cells in Matrigel were treated with (a) DMSO, (b) 1 µM or (c) 10 µM IPA/NO-

aspirin; (d) 1 µM or (c) 10 µM DEA/NO-aspirin, as described above and the extent of 

tube formation was measured after 12 h using a microscope. 

 

3.3.7. DEA/NO-aspirin increases E-cadherin expression  

E-cadherin is a prototype of calcium mediated membrane glycoprotein known as 

cadherin, which is expressed in epithelial cells.81 Previous literature shows that loss of E-

cadherin-mediated cellular adhesion is a prerequisite for invasion and metastasis of tumor 

cells. A low concentration of NO is known to promote the growth, invasion, and 

metastasis of murine mammary tumors.75,76,82 Recently, it has also been shown that low 

levels of NO results in increased ERK phosphoryltion  leading to proliferation and 

(A)  Control DMSO 

(B) 1 µM IPA/NO-aspirin (C) 10 µM IPA/NO-aspirin 

(D) 1 µM DEA/NO-aspirin (E) 10 µM DEA/NO-aspirin 



123 
 

angiogenesis followed by cell migration from primary to secondary sites.83,84 In contrast, 

high NO levels have been shown to suppress tumor growth and metastasis, with reduced 

angiogenesis and cell migration.85,86 To our knowledge, the effect of HNO on metastasis 

has not been studied. 

 

 

Figure 3.10. The effect of NONO-aspirin on E-cadherin in MDA-MB-231cell line. Cells 

were treated with 100 µM IPA/NO-aspirin or DEA/NO-aspirin and the (A) mRNA and 

(B) protein expression was measured, using RT-PCR and western blot technique 

respectively. 

 

While IPA/NO-aspirin does not show any significant change in E-cadherin levels, 

DEA/NO-aspirin increases E-cadherin expression at both mRNA and protein level. This 

can result in a reversal of tumor cells from an invasive, mesenchymal, to a benign, 

epithelial phenotype (Figure 3.10).81  

(A) (B)
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3.3.8. DEA/NO-aspirin increases ER-α expression in MDA-MB-231 cells  

One of the current approaches under laboratory investigations for treating ERα 

negative patients is to sensitize these patients by up regulating the expression of ERα 

proteins87 so that they may respond to currently effective and widely used drugs such as 

tamoxifen.88  

The effect of the NONO-aspirin prodrugs was studied on mRNA levels of ER-α 

in MDA-MB-231 cells. While IPA/NO-aspirin and IPA/NO do not induce significant 

change in mRNA levels of ER-α compared to DMSO treated control, both DEA/NO-

aspirin and DEA/NO increase expression. Thus, NO releasing prodrugs have the potential 

to change the phenotype of ER-α negative breast cancer cells, opening up the possibility 

of using combination therapy (Figure 3.11). 

 

Figure 3.11. The effect of NONO-aspirin on mRNA levels of ER-α in MDA-MB-231cell 

line. Cells were treated with 100 µM IPA/NO-aspirin and DEA/NO-aspirin and the 

mRNA and protein expression was measured using RT-PCR 
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3.3.9. Effect of NONO-aspirin on nude mice implanted with MDA-MB-231 cells  

HNO releasing IPA/NO-aspirin and NO releasing DEA/NO-aspirin, both showed 

tumorocidal properties without affecting non-tumorogenic cells in cellular 

experimentations (Figure 3.3). Different signaling pathways affected by the prodrugs can 

be advantageous towards treatment of cancer. Based on the positive results obtained from 

cellular experiments, the chemotherapeutic effect of IPA/NO-aspirin and DEA/NO-

aspirin was investigated on nude mice implanted with GFP transfected MDA-MB-231 

cells. Aspirin treatment did not significantly decrease tumor size compared to the control. 

However, both the derivatized analogues proved to be much for effective in reducing the 

tumor size with IPA/NO-aspirin being more effective (Figure 3.12A-B). MDA-MB-231 

cells have a propensity to formation of metastatic tumors. Thus, the effect of the prodrugs 

was also studied on brain of the mice after euthanization. While IPA/NO-aspirin and 

DEA/NO-aspirin both seem to decrease metastasis compared to aspirin treated and 

untreated controls, the results were not statistically significant (Figure 3.12C-D). To 

verify that the decrease in fluorescence is a result of tumor regression and not due to post-

translational modification of GFP by NO and HNO, the effect of IPA/NO and DEA/NO 

was studied in MDA-MB-231-GFP cells. A significant decrease in fluorescence was not 

observed, thus implying that the decrease fluorescence is a result of tumor regression by 

the prodrugs (Figure 3.12E).  
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Figure 3.12. The effect of NONO-aspirin derivatives and their controls in nude mice 

models implanted with MDA-MB-231-GFP cells. (A) qualitative image showing the 

effect of NONO-aspirin derivatives and their controls at primary tumor site, (B) 

quantitative analysis of fluorescence from tumor, (C) qualitative image showing the 

(A) (B) 

(C) 

(D) 

(E) 

* 
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effect of NONO-aspirin derivatives and their controls in brain, (D) quantitative analysis 

of fluorescence from brain, (E) effect of IPA/NO and DEA/NO was studied in MDA-

MB-231-GFP cells.  ***p < 0.001 vs control  

 

3.4. Conclusions  

NONO-aspirin derivatives are significantly more effective compared to aspirin 

both in vitro in human breast carcinoma cells without affecting the non-tumorogenic 

epithelial cells as well as in vivo in a nude mice model. Thus, this class of molecules is 

promising as chemotherapeutic agents against breast cancer. The high cytotoxicity of 

IPA/NO-aspirin was in part due to increased ROS and RNOS level leading to oxidative 

damage to DNA and GAPDH inhibition leading to caspase-3 mediated induction of 

apoptosis. On the other hand DEA/NO-aspirin is a promising candidate for reduction of 

metastasis by increasing E-cadherin level, responsible for cellular adhesion. Increased 

ER-α level by DEA/NO-aspirin treatment indicates possibility of combination therapy 

with existing chemotherapeutic agents.  
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Abbreviations   

HNO, nitroxyl; NO, nitric oxide; IPA/NO, sodium 1-(N-isopropylamino)diazen-

1-ium-1,2-diolate; DEA/NO, sodium 1-(N,N-diethylamino)diazen-1-ium-1,2-diolate 

NONOate, diazeniumdiolate; PBS, phosphate-buffered saline; IPA/NO-aspirin, O2-

(acetylsalicyloyloxymethyl)-1-(N-isopropylamino)-diazen-1-ium-1,2-diolate; DEA/NO-

aspirin, O2-(acetylsalicyloyloxymethyl)-1-(N,N-diethylamino)-diazen-1-ium-1,2-diolate; 

NONO-aspirin, adducts of aspirin with diazeniumdiolates; ERα, estrogen receptor alpha; 

ER(−), estrogen receptor negative; ER(+), estrogen receptor positive; HER2, human 

epidermal growth factor receptor 2; COX, cyclooxygenase; A549, human alveolar 

adenocarcinoma; MDA-MB-231, estrogen receptor negative human breast cancer cell 

line; MDA-MB-468, estrogen receptor negative human breast cancer cell line; MCF7, 

estrogen receptor positive human breast cancer cell; MCF-10A, non-tumorogenic 

epithelial breast cell line; HUVECs, human umbilical vein endothelial cells; RPMI, 

Roswell Park Memorial Institute; NSAID, non-steroidal anti-inflammatory drugs; GFP, 

green fluorescent protein; MTT,  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DCF-2DA, 4-amino-5-

methylamino- 2’,7’-dichlorofluorescein diacetate; PKR, protein kinase R; eIF2-α, 

initiation factor 2-α; PARP, poly (ADP-ribose) polymerase; RT-PCR, real-time 

polymerase chain reaction; mRNA, messenger RNA, ROS, reactive oxygen species; 

RNOS, reactive nitrogen and oxygen species, AIF, apoptosis inducing factor; ERK, 

extracellular signal-regulated kinases. 
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CHAPTER 4 

NEW NITROGEN OXIDE RELEASING DIAZEN-1-IUM-1,2-DIOLATE BASED 

NSAIDS 

4.1. Introduction   

Non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin and ibuprofen 

are the most frequently used drugs worldwide to treat pain, fever and inflammation.1 

These drugs inhibit cyclooxygenase (COX)-mediated conversion of arachidonic acid to 

prostaglandins as discussed in Chapter 1. NSAIDs show a broad range of relative 

selectivity for COX-1 (responsible for baseline levels of prostaglandins) and COX-2 

(inducible isoform involved in pathological responses).2 Aspirin is an irreversible 

inhibitor with higher binding affinity for COX-1, while ibuprofen and indomethacin are 

reversible inhibitors.3 Niflumic acid and diclofenac are more selective towards COX-2.4 

Recent data suggests COX-2 to be an important biomarker in detecting ductal 

carcinoma,5 invasive breast carcinoma6 and in metastatic lesions,7 and its over-expression 

is associated with increased invasiveness of breast cancer.8,9 Results from previous 

chapters suggests that both nitroxyl (HNO) releasing diazen-1-ium-1,2-diolate 

derivatized NSAIDs and NO releasing diazen-1-ium-1,2-diolate derivatized aspirin can 

be viable options for treatment of cancer. Based on the role of COX-2 over-expression in 

breast cancer,10,11 synthesis and NO and HNO release properties of IPA/NO and 
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DEA/NO derivatives of niflumic acid and indomethacin compared to their NONO-aspirin 

is reported.  

4.2. Methods and materials   

 Reagents  

Unless otherwise noted, chemicals were purchased from Sigma-Aldrich and used 

without further purification. IPA/NO (1) and DEA/NO (2) were synthesized according to 

previously published procedures.12 Compounds 3, 4, 5 and 6 were prepared as reported 

earlier in chapter 2. Concentrations of NONOate stock solutions (>10 mM), prepared in 

10 mM NaOH and stored at –20°C, were determined directly prior to use from the 

extinction coefficients at 250 nm (ε of 8,000 M-1cm-1 was used for both DEA/NO and 

IPA/NO respectively).13,14 IPA/NO-indomethacin, IPA/NO-niflumic acid, DEA/NO-

indomethacin and DEA/NO-niflumic acid were newly synthesized (Scheme 4.1) based on 

prior published procedure with minor modifications,15,16 and stock solutions (1000×) 

were prepared in DMSO and stored at –20°C. Stock solutions other than nitrogen oxide 

donors were prepared fresh daily at 100 (e.g, 100-fold higher stock concentration than 

the final reaction concentration) in MilliQ or Barnstead Nanopure Diamond filtered H2O, 

unless specified. Typically, the assay buffer consisted of the metal chelator 

diethylenetriaminepentaacetic acid (DTPA, 50 M) in calcium- and magnesium-free 

Dulbecco’s phosphate-buffered saline (PBS, pH 7.4). Addition of DTPA has been 

demonstrated to sufficiently sequester contaminating metals, such that the concentration 

of NO from Angeli’s salt is less than <0.1%.17 All reactions were performed at 37°C 
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except those measured with the NO-specific electrode which were run at room 

temperature.  

 

Cell culture 

For cell culture, estrogen receptor negative breast cancer cell line MDA-MB-231 

(American Type Culture Collection, Manassas, VA) were grown as monolayer in RPMI 

1640 media supplemented with containing 10% fetal bovine serum (FBS, Hyclone), 

penicillin (50 units/mL), streptomycin (50 units/mL; Life Technologies, Inc., Grand 

Island, NY) at 37°C in 5% CO2 and 80% relative humidity. Single cell suspensions were 

obtained by trypsinization (0.05% trypsin/EDTA) and number of cells was counted using 

a Beckman cell counter.  

 

Scheme 4. 1. Synthesis of NO/HNO releasing NSAIDs derivatives 
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Instrumentation  

UV-visible spectroscopy was performed with an Agilent Hewlett-Packard 8453 

diode-array spectrophotometer equipped with an Agilent 89090A thermostat. 

Electrochemical detection was accomplished with a World Precision Instruments Apollo 

4000 system equipped with NO, O2 and H2O2 sensitive electrodes (Sarasota, FL). A 

PerkinElmer HTS 7000 plate reader was utilized for absorbance and fluorescence 

measurements. Solution pH was determined by use of a ThermoElectron Orion 420A+ 

pH meter. 1H and 13C NMR spectra were acquired using a Bruker AM-500 spectrometer 

(500 MHz). JEOL HX110A instrument was used for high resolution mass spectroscopy. 

CHN microanalyses were performed at Columbia Analytical Services, Tucson.  

 

O2-(2-(3-(Trifluoromethyl)phenylamino)nicotinate)-1-(N,N-diethylamino)diazen-

1-ium-1,2-diolate (8)   

Niflumic acid (6.21 g, 22.0 mmol) was dissolved in DMSO (150 mL). 

Triethylamine (3.07 mL, 22.0 mmol) was then added and the reaction mixture was stirred 

for 30 min at room temperature. Then a solution of 6 (3.99 g, 22.0 mmol) in DMSO (50 

mL) was added drop wise to the reaction mixture. The reaction mixture was stirred for 24 

h and after completion of the reaction; it was quenched with ethyl acetate (150 mL). The 

organic layer was washed with saturated NaHCO3 solution (5 × 100 mL), dried over 

sodium sulfate and then evaporated to obtain the crude product. Further purification was 

performed by gradient column chromatography (30% ethyl acetate-hexane) to obtain 6.22 
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g (66.2%) of pure product. 1H NMR (CDCl3): δ 1.09 [t, J=3.5 Hz, 6H, (CH3)2], 3.18 [q, 

J=3.5 Hz, 4H, CH2), 6.08 (s, 2H, OCH2O), 6.78 [dd, J1= 5 Hz, J2=8 Hz, 1H arom] 7.29-

7.45 [m, 2H arom], 7.82 [d, J=8 Hz, 1H arom],  8.10 [s, 1H arom] 8.27-8.29[dd, J=2 Hz, 

8 Hz, 1H, arom] 8.42-8.43 [dd, J1=4.5 Hz, J2=2 Hz, 1H, arom], 10.19 [s, 1H, NH] 13C 

NMR (CDCl3): δ 11.37, 48.14  87.68, 106.14, 114.07, 117.32, 117.35, 119.28. 119.32, 

123.70, 129.18, 139.98, 140.50, , 153.89, 156.01, 165.91 Elemental analysis 

(C13H17N3O6): C=50.59; H=4.72; N=16.39 (theoretical), C=50.82; H=4.55; N=16.16 

(experimental), MS (LCQ, ESI): 450.1 (MNa+ peak). 

 

O2-(Methyl-2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)acetate)-1-

(N,N-diethylamino)diazen-1-ium-1,2-diolate (12)   

Indomethacin (12.4 g, 34.6 mmol) was dissolved in DMSO (150 mL). 

Triethylamine (4.84 mL, 34.6 mmol) was then added and the reaction mixture was stirred 

for 30 min at room temperature. Then a solution of 6 (6.26 g, 34.6 mmol) in DMSO (50 

ml) was added drop wise to the reaction mixture. The reaction mixture was stirred for 24 

h and after completion of the reaction; it was quenched with ethyl acetate (150 mL). The 

organic layer was washed with saturated NaHCO3 (5 × 100 mL), dried over sodium 

sulfate and then evaporated to obtain the crude product. Further purification was 

performed by gradient column chromatography (30% ethyl acetate-hexane) to obtain 6.67 

g (38.2%) of pure product. 1H NMR (CDCl3): δ 1.04 [t, J=7 Hz, 6H, (CH3)2], 2.35 [s, 3H, 

ArCH3], 3.16 [q, J= 7Hz, 4H (CH2)2] 3.70 [s, 2H, ArCH2], 3.83 [s, 3H, OCH3], 5.83 

[s,2H, OCH2O], 6.67[dd, J=9Hz, 2.5 Hz, 1H, Indonyl], 6.86 [d, J= 9 Hz, 1H, Indonyl], 
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6.93[d, J= 2.5 Hz, 1H Indonyl] 7.46-7.48 [dd, J= 2 Hz, 7 Hz, benzoyl], 7.64-7.66 [dd, J= 

2H, 7Hz,  benzoyl] 13C NMR (CDCl3): δ 11.29, 13.32, 30.19, 47.85, 55.70, 87.75, 

101.12, 111.60, 111.85, 114.93, 129.13, 130.40, 130.79, 131.16, 133.85, 136.10, 139.31, 

156.14, 168.23, 169.16. HRMS calculated (MH+ peak) 503.1692, found 503.1690.  

 

O2-(2-(3-(Trifluoromethyl)phenylamino)nicotinate)-1-(N-isopropylamino)-diazen-

1-ium-1,2-diolate (7)   

Niflumic acid (3.34 g, 11.8 mmol) was dissolved in DMSO (30 mL). 

Triethylamine (1.66 mL, 11.8 mmol) was then added, and the reaction mixture was 

stirred for 50 min at room temperature. Then a solution of 5 in DMSO (25 mL) was 

added drop wise to the reaction mixture. The reaction mixture was stirred for 15 h and 

after completion of the reaction; it was quenched with ethyl acetate (80 mL). The organic 

layer was washed with dil. HCl (5 × 60 mL), dried over sodium sulfate and then 

evaporated to obtain the crude product. Purification was performed by column 

chromatography, first using 22% ethyl acetate: hexane and then with 1% ethyl acetate: 

dichloromethane  to obtain 7 (1.10 g, 2.66 mmol, 37.8%) as  light yellow solid. 1H NMR 

(CDCl3): δ 1.15 [d, J=6.5 Hz, 6H, (CH3)2], 3.98 [septet, J=6.5 Hz, 1H, CH), 5.99 [s, 2H, 

OCH2O], 6.108 [b, 1H, NH] 6.785 [dd, J1= 5Hz, J2=8Hz, 1H arom] 7.28-7.44 [m, 2H 

arom], 7.82 [m, 1H arom],  8.07 [s, 1H arom] 8.27-8.30 [dd, J=2Hz, 8Hz, 1H, arom] 

8.41-8.43 [dd, J1=5 Hz, 2 Hz, 1H, arom], 10.17 [s, 1H, NH]. 13C NMR (CDCl3): δ 20.41, 

49.27,  87.56, 106.20, 114.14, 117.38, 117.42, 119.37, 119.40, 123.75, 129.22, 139.99, 



135 
 

140.64, 153.94, 156.05, 166.01 Mass spec (HRMS) calculated M-H+ 414.1384, found 

414.1389, UV: ε (λ240nm) = 7.87mM-1cm-1 

 

O2-(Methyl-2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)acetate)-1-

(N-isopropylamino)-diazen-1-ium-1,2-diolate (11)   

Indomethacin (1.53 g, 4.29 mmol) was dissolved in DMSO (15 mL). 

Triethylamine (0.598 mL, 4.29 mmol) was then added and the reaction mixture was 

stirred for 50 min at room temperature. Then a equimolar solution of 5 in DMSO (15 ml) 

was added drop wise to the reaction mixture. The reaction mixture was stirred for 15 h 

and after completion of the reaction; it was quenched with ethyl acetate (50 mL). The 

organic layer was washed with dil. HCl (5 × 40 mL), dried over sodium sulfate and then 

evaporated to obtain the crude product. Purification was performed by column 

chromatography, first using 22% ethyl Acetate: hexane and then with 1% ethyl acetate: 

dichloromethane to obtain 11 (46 mg, 0.094 mmol, 2.2%) as  light yellow liquid. 1H 

NMR (CDCl3): δ 1.13 [d, J=6.5 Hz, 6H, (CH3)2], 2.35 [s, 3H, ArCH3],  3.70 [s, 2H, 

ArCH], 3.81 [s, 3H, OCH3], 3.88 [sep, J=6.5 Hz, 1H, CH] 5.75 [s,2H, OCH2O], 6.03 [b, 

1H, NH], 6.66 [dd, J=9 Hz, 2.5 Hz, 1H, Indonyl ring], 6.86 [d, J= 9 Hz, 1H, Indonyl], 

6.93 [d, J= 2.5Hz, 1H indonyl] 7.44-7.46 [dd, J= 2 Hz, 7 Hz, 2H, benzoyl], 7.62-7.64 [dd, 

J= 2 Hz, 7 Hz, 2H, benzoyl] 13C NMR (CDCl3): δ 13.32, 20.30, 30.25, 49.07, 55.74, 

87.40, 101.33, 111.59, 111.67, 114.92, 129.12, 130.37, 130.78, 131.17, 133.75, 136.15, 
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139.32, 156.00, 168.25, 169.26. Mass spec (HRMS) calculated M-H+ 489.1535, found 

489.153 

 

 Decomposition profile and half-life of NONO-NSAIDs  

The rate of NONO-niflumic acid prodrug decomposition in the presence of 2% 

guinea pig serum was measured spectrophotometrically at 240 nm. The 

spectrophotometer was blanked with assay buffer containing 20 µL of guinea pig serum 

at pH 7.4 and 37°C. A stock of NONO-aspirin derivatives in DMSO was added to the 

assay buffer to initiate the reaction. The spectra were collected at 30-600 s intervals for 1-

48 h or until A∞ < 0.05. Kinetic analysis was performed by fitting the data to an 

exponential decay (A = Ae-kt + A∞). 

 

 Reaction of HNO with myoglobin  

The reaction buffer was purged with ultra-high purity argon at the rate of ≥1 min/ 

mL and solutions were transferred using gas-tight Hamilton syringes to maintain 

deaerated conditions. The cuvette was maintained under an argon atmosphere for the 

duration of the experiment. Reductive nitrosylation of ferric myoglobin (metMb, 50 µM; 

ε502 = 10.2 mM-1cm-1; ε630 = 3.9 mM-1cm-1)18 to nitrosyl myoglobin (MbNO; ε543 = 11.6 

mM-1cm-1; ε575 = 10.5 mM-1cm-1)18 by HNO generated from IPA/NO-NSAIDs (100 µM) 

was monitored in assay buffer containing 2% guinea pig serum at pH 7.4 and 37°C under 

deaerated conditions for 10 h. Similarly, oxymyoglobin (MbO2 50 µM) (ε542 = 13.9 mM-
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1cm-1; ε580 = 14.4 mM-1cm-1)19 was reacted with compounds DEA/NO-indomethacin and 

DEA/NO-niflumic acid (50 µM) to form metMb (ε502 = 10.2 mM-1cm-1; ε630 = 3.9 mM-

1cm-1) 19 in assay buffer containing 2% guinea pig serum at pH 7.4 and 37°C under 

deaerated condition.   

 

 Electrochemical detection of NO and HNO  

The NO electrode was stabilized in assay buffer of the desired pH containing 50 

µM DTPA and 2% serum at room temperature. NONO-NSAIDs were added to a final 

concentration of 100 µM (DMSO ≤ 0.1%), and the maximum NO signal was recorded. 

After the signal returned to baseline, the process was repeated to obtain triplicate 

measurements. Addition of 1 mM sodium ferricyanide, oxidizes HNO to NO, allows for 

indirect measurement of HNO upon oxidation to NO.20 

 

 Intracellular release of NO and HNO  

Estrogen receptor alpha negative MDA-MB-231 cells (American Type Culture 

Collection, Manassas, VA) were plated at a concentration of 30,000 per well in a 96 cell 

plate and grown for 12 h in RPMI 1640 media containing 10% fetal bovine serum 

(hyclone) and 1% penicillin-streptomycin (100×) (Life Technologies, Inc., Grand Island, 

NY) at 37°C in 5% CO2 and 80% relative humidity. A stock of 4-amino-5-methylamino- 

2’,7’-difluorofluorescein diacetate21 (DAF-FM-2DA, Invitrogen, Carlsbad, CA) in DMSO 

(100×) was diluted to a final concentration of 10 µM using assay buffer. The media was 
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aspirated from each well, and was replaced by 100 µL of the DAF-2DA solution. The 

plate was incubated for 30 min at 37ºC. Each well was then washed three times with PBS 

pH 7.4 to remove excess dye. NSAIDs and NONO-NSAIDs derivatives dissolved in 

DMSO (1000×) were then added to achieve a final concentration of 10 µM. The increase 

in fluorescence intensity was measured at an excitation of 485 nm and emission of 535 

nm. 

 

4.3. Results and Discussion 

Aspirin, indomethacin and niflumic acid were chosen based on their differential 

binding towards COX-1 and COX-2. While aspirin is an irreversible inhibitor of COX-1, 

indomethacin is a reversible inhibitor; niflumic acid shows a higher binding affinity 

towards COX-2. As mentioned earlier, overexpression of COX-2 is associated with poor 

patient prognosis in cancer. An important part of this research was to synthesize a library 

of HNO and NO releasing NSAIDs with variable COX-1 and COX-2 binding ability for 

chemotherapeutic purposes.  

 

4.3.1. Decomposition mechanism and half-life analysis  

O2-derivatization is known to stabilize NONOates and to increase HNO 

production from primary amine based NONOates under physiological condition (chapter 

2).22 O2-derivatization of IPA/NO and DEA/NO with niflumic acid significantly 

increased the stability of NONOates from ~5.7 and ~2 min13 to 1.5 h and 9.6 h, 
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respectively in assay buffer at 37oC. Compared to their aspirin counterparts, the half-lives 

were found to be 5 and 82 fold higher. Due to the long half-life even in the presence of 

guinea pig serum, their decomposition was not studied in the absence of serum. The peak 

shift on derivatization, from 250 nm corresponding to the parent NONOates to ~240 nm 

for the protected derivatives is consistent with the prior detailed analysis of O2-

acetoxymethyl protected IPA/NO (IPA/NO-AcOM)22 and NONO-aspirin derivatives in 

chapter 2. The 240 nm peak for both IPA/NO- and DEA/NO-indomethacin was not 

noticeable probably due to masking effect of indomethacin by itself. 

 

4.3.2. NO/HNO release from NONO-NSAIDs   

The methods available to detect NO are varied and adaptable, but direct detection 

of HNO requires highly specialized conditions,23 and quantitative determination is 

currently not possible, in part due to the metastability of HNO (Eq. 4.1).  

2 HNO    [HONNOH]    N2O  + H2O (8  106 M-1 s-1)24 (4.1) 

The most commonly used method for identifying HNO and establishing a lower limit for 

the amount formed from a given donor is to trap HNO with metmyoglobin (metMb)25,26 

(Eq. 4.2). This method was used earlier to suggest that IPA/NO is a donor of both NO 

and HNO14  and in chapter 2, to verify HNO releasing properties of IPA/NO-aspirin. For 

longer-lived donors of HNO such as IPA/NO-niflumic acid, the rate of autoxidation of 

MbNO back to metMb (Eq. 4.3) requires either use of guinea pig serum to reduce the 

half-life of decomposition or anaerobic conditions to detect HNO. Both IPA/NO-

indomethacin and IPA/NO-niflumic did not show reductive nitrosylation of metMb. This 
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may be due to two possible reasons; firstly, the products of reaction of metMb with HNO 

are not air stable27 and slow rate of decomposition even in the presence of serum may be 

interfering with the assay or IPA/NO-indomethacin and IPA/NO-niflumic acid may not 

be releasing HNO.  

metMb        MbNO  +  H+   (8  105 M-1 s-1)28 (4.2)

MbNO        metMb  +  NO3
-   (2  10-4 s-1)29 (4.3)

The NO release profile of DEA/NO-NSAIDs (8 and 12) was studied using 

oxymyoglobin (MbO2) (Eq. 4.4) due to its ability to react with NO. This method was 

used earlier to suggest that DEA/NO is a donor of only NO under physiological 

conditions14 and in chapter 2 to demonstrate NO release from hydrolysis of DEA/NO-

aspirin. Both DEA/NO-indomethacin and DEA/NO-niflumic acid reacted with oxyMb to 

convert it to metMb (Figure 4.1A-B) indicating formation of NO.  

     MbO2        metMb   
         (4 × 107 M-1S-1)30               (4.4) 

  

Figure 4. 1. Detection of NO using 50 µM MbO2 reacted with (A) 50 µM DEA/NO-

niflumic acid and (B) 50 µM DEA/NO-indomethacin in the presence of 2% guinea pig 

serum at 37°C and deaerated condition. (n ≥ 2) 

(A) (B) 
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While NO release can also be directly evaluated using an NO specific electrode, 

there is no simple direct method for detection of HNO. Thus, ferricyanide is often used as 

an oxidant to convert HNO to NO (Eq. 4.5), which can then be qualitatively detected 

using a variety of NO detection methods.20 

HNO  +  [Fe(CN)6]
3-  NO  +  [Fe(CN)6]

4-  +  H+  (4.5) 

As previously described for the parent diazeniumdiolates,14 NO and HNO release 

was examined from the prodrugs. IPA/NO-indomethacin and IPA/NO-niflumic acid both 

show NO formation at physiological pH similar to IPA/NO-aspirin (Figure 4.2A, blue 

bars). The signal intensity was elevated in the presence of ferricyanide (Figure 4.2A, red 

bars), indicating production of HNO. Low signal intensity from IPA/NO-niflumic acid 

may be due to it slow decomposition kinetics. IPA/NO-indomethacin demonstrated the 

highest ratio of HNO to NO release (Figure 4.2A) indicating better HNO release. 

DEA/NO-NSAIDs also show similar NO release profile (Figure 4.2B) as IPA/NO-

NSAIDs (Figure 4.2A, blue bars) with NO release increasing from DEA/NO-niflumic 

acid < DEA/NO-indomethacin < DEA/NO-aspirin.  
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Figure 4.2. NO and HNO release measured using an NO specific electrode from 100 µM 

of (A) IPA/NO-NSAIDs and (B) DEA/NO-NSAIDs in DMSO (<0.1%) in phosphate 

buffer pH 7.4 containing 2% guinea pig serum in the presence and absence of 1 mM 

K3Fe(CN)6, n ≥ 3. 

 

To determine whether hydrolysis of IPA/NO-NSAIDs and DEA/NO-NSAIDs will 

occur intracellularly, DAF-FM-2DA was used as the reporter molecule in MDA-MB-231 

cells.31  Both NO and HNO have been previously reported to increase the fluorescence of 

DAF. The autooxidation product of HNO with DAF-FM-2DA produces a higher relative 

fluorescence compared to NO.32 Since DAF-FM-2DA is a cell permeable fluorescent 

dye, it is taken up by cells. Hydrolyis by intracellular esterases forms DAF-2, which is 

relatively non-fluorescent. Upon reaction with NO and HNO under aerobic conditions, 

the fluorescent DAF triazol (DAF-2T) is generated, which can be monitored at 535nm. 

(A) (B) 
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DAF data clearly shows that IPA/NO derivatized NSAIDs (Figure 4.3B) were 

able to penetrate the cell membranes while only DEA/NO-indomethacin showed relative 

fluorescence close to DEA/NO-aspirin. DEA/NO-niflumic acid did not produce any 

significant fluorescence within the cells which may be due to its slow decomposition 

profile (Figure 4.3A). 

 

 

 

Figure 4.3. NO and HNO release measured under physiological conditions from reaction 

of 10 µM DAF-2DA loaded inside MDA-MB-231 cells with 10 µM of (A) DEA/NO-

NSAIDs and (B) IPA/NO-NSAIDs in DMSO (<0.1%) (n ≥ 4). 

 

(A) 

(B) 
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4.4. Conclusions   

Four new NO/HNO releasing NSAIDs were synthesized, and their decomposition 

profile along with NO/HNO release was examined. The IPA/NO-NSAID adducts were 

readily taken up by the cells while only DEA/NO-niflumic acid and DEA/NO-aspirin 

showed significant cellular NO levels. In future there cytotoxicity in different cell lines 

along with their anti-inflammatory properties will be determined. 
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Abbreviations 

Angeli's salt, sodium trioxodinitrate; NSAID, non-steroidal anti-inflammatory 

drugs; HNO, nitroxyl; NO, nitric oxide; IPA/NO, sodium 1-(N-isopropylamino)diazen-1-

ium-1,2-diolate; DEA/NO, sodium 1-(N,N-diethylamino)diazen-1-ium-1,2-diolate 

NONOate; NONO-NSAIDs, adducts of NSAIDs with diazeniumdiolates; metMb, ferric 

myoglobin; MbNO, nitrosyl myoglobin; MbO2, oxymyoglobin; DTPA, 

diethylenetriaminepentaacetic acid; PBS, phosphate buffered saline; MDA-MB-231: 

estrogen receptor alpha negative breast cancer cell line; RPMI, Roswell Park Memorial 

Institute; DAF-FM-2DA, 4-amino-5-methylamino- 2’,7’-difluorofluorescein diacetate; 

IPA/NO-AcOM, O2-(acetoxymethyl) 1-(isopropylamino)diazen-1-ium-1,2-diolate; 

IPA/NO-indomethacin, O2-(methyl2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-

indol-3-yl)acetate)-1-(N-isopropylamino)-diazen-1-ium-1,2-diolate; DEA/NO-

indomethacin, O2-(methyl-2-(1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-

yl)acetate)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate; IPA/NO-niflumic acid, O2-(2-

(3-(trifluoromethyl)phenylamino)nicotinate)-1-(N-isopropylamino)-diazen-1-ium-1,2-

diolate; DEA/NO-niflumic acid, O2-(2-(3-(trifluoromethyl)phenylamino)nicotinate)-1-

(N,N-diethylamino)diazen-1-ium-1,2-diolate 
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CHAPTER 5 

COMPARISON OF HNO AND NO DONATING PROPERTIES OF CYCLIC 

AMINE DIAZENIUMDIOLATE AND THEIR ESTER DERIVATIVES 

5.1.  Introduction 

Nitric oxide (NO) is a well studied pharmacologically relevant molecule whose 

properties include regulation of smooth muscle relaxation and prevention of clot 

formation.1-6 Nitroxyl (HNO), one electron more reduced than nitric oxide (NO), has 

recently emerged as a promising pharmacological agent with important cardiovascular7-10 

and tumorocidal properties.11 HNO donors have been successfully used in treatment for 

alcoholism by inhibiting key enzyme aldehyde dehydrogenase (ALDH) involved in 

alcohol metabolism.12 Due to irreversible dimerization,13,14 HNO cannot be stored, and as 

such donor compounds are necessary for in situ production of HNO. The most commonly 

used donors of HNO are Angeli’s salt (Na2N2O3)
15 and Piloty’s acid (C6H5SO2NHOH)16 

and derivatives. Angeli’s salt has a short half-life of ~2 min17 and derivatization to form a 

stable HNO donor has been unsuccessful to date. At the same time it produces nitrite 

which also shows biological activity.18 Piloty’s acid is a hydroxide dependent HNO 

donor but tends to generate NO under aerated condition, thus limiting its use for 

biological studies. Secondary amine based diazeniumdiolates (NONOates) are mostly 
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used as an NO donor with half-life drastically changing  from 2 s (PROLI/NO) to 20 h 

(DETA/NO) with the structure of the amine backbone.19-21 Recently it has been shown 

that primary amine based NONOates release HNO.22 However, isopropylamine and 

cyclohexylamine diazeniumdiolates are currently the only examples of primary amine 

NONOates in the literature.23 Isopropyl amine based diazeniumdiolate (IPA/NO) has 

been shown to be an effective HNO donor at physiological condition, but has a half-life 

of decomposition of only 5.7 min at 37°C. In order to expand the current list of HNO 

donors, herein the synthesis and characterization of a series of primary amine based 

cyclic amine NONOates and their HNO and NO donor profiles are reported.  

 

5.2.  Methods and materials  

Reagents  

Unless otherwise noted, chemicals were purchased from Sigma-Aldrich and used 

without further purification. CHA/NO was synthesized according to previously published 

procedure.23  Concentrations of NONOate stock solutions (>10 mM), prepared in 10 mM 

NaOH and stored at –20°C, were determined directly prior to use from the extinction 

coefficients at 250 nm ( of 8,000 M-1cm-1 used for NONOates in general). Stock 

solutions of CPA/NO-AcOM (1000×) was prepared in EtOH and stored at –20°C. 

Typically, the assay buffer consisted of the metal chelator diethylenetriaminepentaacetic 

acid (DTPA, 50 M) in calcium- and magnesium-free Dulbecco’s phosphate-buffered 

saline (PBS, pH 7.4). Addition of DTPA has been demonstrated to sufficiently sequester 
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contaminating metals, such that the concentration of NO from Angeli’s salt is less than 

<0.1%.24 All reactions were performed at 37°C except those measured with the NO-

specific electrode, which were run at room temperature. Figures are representative data 

sets, each from n ≥ 3 individual experiments. 

 

Cell culture 

For cell culture, estrogen receptor negative human breast cancer cell line MDA-

MB-231, and estrogen receptor positive human breast cancer cell line MCF-7 (American 

Type Culture Collection, Manassas, VA) were grown as monolayer in RPMI 1640 media 

supplemented with containing 10% fetal bovine serum (FBS, Hyclone), penicillin (50 

units/mL), streptomycin (50 units/mL; Life Technologies, Inc., Grand Island, NY) at 

37°C in 5% CO2 and 80% relative humidity. Single cell suspensions were obtained by 

trypsinization (0.05% trypsin/EDTA) and number of cells was counted using a Beckman 

cell counter.  

 

Instrumentation  

UV-visible spectroscopy was performed with an Agilent Hewlett-Packard 8453 

diode-array spectrophotometer equipped with an Agilent 89090A thermostat. 

Electrochemical detection was accomplished with a World Precision Instruments Apollo 

4000 system equipped with NO, O2 and H2O2 sensitive electrodes (Sarasota, FL). A 

PerkinElmer HTS 7000 plate reader was utilized for absorbance and fluorescence 

measurements. Solution pH was determined by use of a ThermoElectron Orion 420A+ 
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pH meter. 1H and 13C NMR was carried out on a Bruker DRX-500. Mass spectrometry 

was not routinely used for the ionic NONOates due to its sensitive to decomposition prior 

to fragmentation. Additionally, the sodium ion present in these NONOates can interfere 

with detection. For elemental analysis, sodium similarly interferes with oxygen 

determination, and NO2
- being a common contaminant in NONOates makes the 

determination inaccurate. For CPA/NO-AcOM, JEOL HX110A instrument was used for 

high resolution mass spectroscopy. 

 

General procedure for the preparation of cyclic amine NONOates.  

All cyclic amine NONOates were synthesized from primary amines via typical 

NONOate synthesis previously described. A solution of the appropriate cyclic amine in 

diethyl ether was flushed with argon and cooled to -78°C. Then the solution was exposed 

to 40 psi NO. After 24-48 h, the solid precipitate formed was filtered and washed with 

diethyl ether to obtain corresponding amine salt. It was then dissolved in methanol and 

equivalent amount of sodium methoxide to carry out the cation exchange. Sodium salt 

was obtained as a white solid by adding diethylether to precipitate out the product. 

 

Sodium 1-(N-cyclopentylamino)diazen-1-ium-1,2-diolate (CPA/NO) (1)  

3.7 g (14% yield) of CPA/NO was obtained starting from 0.15 moles of 

cyclopentylamine. 1H NMR (DMSO):  1.48-1.50 [m, 4H], 1.56-1.66 [m, 6H], 3.86-

3.88[m, 1H], 6.00-6.01 [b, 1H]  13C NMR (DMSO) : δ 24.67 [CH2], 31.27 [CH2], 58.19 

[NCH] UV max 250 nm ( = 8,200 M-1cm-1).  
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Sodium 1-(N-cycloheptylamino)diazen-1-ium-1,2-diolate (CheptA/NO) (3) 

4.2 g (19% yield) of CheptA/NO was obtained starting from 0.22 moles of 

cycloheptylamine. 1H NMR (DMSO):  1.43-1.66 [m, 13H], 3.31-3.42 [m, 1H], 5.89-

5.90 [b, 1H]; 13C NMR (DMSO): δ 23.79, 28.00, 31.63, 56.00; UV max 250 nm ( = 

8,680 M-1cm-1). 

 

Sodium 1-(N-cyclooctyllamino)diazen-1-ium-1,2-diolate (COA/NO) (4)  

2.9 g (17% yield) of COA/NO was obtained starting from 0.11 moles of 

cyclooctylamine. 1H NMR(DMSO):  1.46-1.65 [14H, m], 3.31-3.46 [1H, m], 5.86-5.87 

[b, 1H] ; 13C NMR (DMSO): δ UV max 250 nm ( = 8,290 M-1cm-1) 

 

O2-(Acetoxymethyl)-1-(cyclopentylamino)diazen-1-ium-1,2-diolate (5). A solution 

of bromomethyl acetate (867 mg, 5.67 mmol) in 10 mL of DMSO was reacted with a 

slurry of CPA/NO (948 mg, 5.67 mmol, in 10 mL of dimethyl sulfoxide) at room 

temperature. The reaction mixture was stirred overnight, whereupon 15 mL of water was 

added to quench the reaction. The residue was extracted with ethyl acetate and the 

organic layer was washed with pH 5 HCl solution and dried over anhydrous MgSO4, 

filtered, and evaporated. Gradient column chromatography was performed using 

hexane:ethyl acetate (5:1) to give the desired product 5 (375 mg, 30%) as a pale yellow 

oil. UV (ethanol) λmax (ε) 238 nm (8.72 mM-1 cm-1); 1H NMR (CDCl3): δ 1.4-2.0 [m, 9H, 

residual solvent], 2.1 [s, 3H], 4.15 [m, 1H], 5.73 [s, 2H], 6.20-6.21 [b, 1H]; 13C NMR 
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(CDCl3): δ 20.82 [CH3], 23.88 [CH2], 31.1 [CH2], 58.7 [CH], 87.08 [OCH2O], 169.42 

[C=O] MS (LCQ, ESI ionization method): 240.1 (MNa+ peak). 

 

Decomposition profile and half-life of cyclic NONOates and CPA/NO-AcOM  

The rate constants of decomposition for ionic NONOates were measured 

spectrophotometrically by monitoring the decrease in absorbance near 250 nm at the 

appropriate pH and 37°C. The spectrophotometer was blanked after warming the cuvette 

containing PBS in the instrument heat block for 5 min (37°C). The NONOate (<10 μL of 

stock) was added, mixed, and spectra were collected at 30 s intervals for time periods of 

20-120 min, or until A∞ < 0.05, with constant stirring. The rate of CPA/NO-AcOM 

decomposition in the presence and absence of 2% guinea pig serum was measured 

spectrophotometrically at 238 nm at various pH and 37°C. A solution of CPA/NO-AcOM 

in EtOH (≤ 0.1%) was added to initiate the reaction and spectra were collected at 30 s 

intervals for 30-120 min or until A∞ < 0.05. Kinetic analysis was performed by fitting the 

data to an exponential decay (A = Ae-kt + A∞). 

 

Reaction of HNO with myoglobin  

The reaction buffer was purged with ultra-high purity argon at the rate of ≥1 min/ 

mL and solutions were transferred using gas-tight Hamilton syringes to maintain 

deaerated conditions. The cuvette was maintained under an argon atmosphere for the 

duration of the experiment. Reductive nitrosylation of ferric myoglobin (metMb, 50 µM); 
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(ε502 = 10.2 mM-1cm-1; ε630 = 3.9 mM-1cm-1)25 to nitrosyl myoglobin (MbNO) (ε543 = 11.6 

mM-1cm-1; ε575 = 10.5 mM-1cm-1)25 by HNO generated from CPA/NO-AcOM (100 µM) 

was monitored in assay buffer containing 2% guinea pig serum at pH 7.4 and 37°C under 

deaerated condition for 3 h. For ionic NONOates, it was done in assay buffer at pH 7.4 

and 37oC under deaerated conditions. 

 

Electrochemical detection of NO and HNO  

The NO electrode was stabilized in assay buffer of the desired pH containing 50 

µM DTPA and in case of CPA/NO-AcOM with 2% serum at room temperature. 

Compounds were added with final concentrations of 5, 50 and 100 µM (EtOH ≤ 0.1% for 

CPA/NO-AcOM data), and the maximum NO signal was recorded. After the signal 

returned to baseline, the process was repeated to obtain triplicate measurements. Addition 

of 1 mM sodium ferricyanide, oxidizes HNO to NO, while 1 mM GSH quenched HNO 

production, allowing for indirect measurement of HNO upon oxidation to NO.26  

 

Intracellular release of NO and HNO  

Estrogen receptor negative human breast cancer cell line MDA-MB-231 

(American Type Culture Collection, Manassas, VA) were plated at a concentration of 

30,000 per well in a 96 cell plate and grown for 12 h in RPMI 1640 media containing 

10% fetal bovine serum (hyclone) and 1% penicillin-streptomycin (100×) (Life 

Technologies, Inc., Grand Island, NY) at 37°C in 5% CO2 and 80% relative humidity. A 
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stock of 4-amino-5-methylamino- 2’,7’-difluorofluorescein diacetate27 (DAF-FM-2DA, 

Invitrogen, Carlsbad, CA) in DMSO (100×) was diluted to a final concentration of 10 µM 

using DTPA free assay buffer. The media was aspirated from each well, and was replaced 

by 100 µL of the DAF-FM-2DA solution. The plate was incubated for 30 min at 37ºC. 

Each well was then washed three times with PBS pH 7.4 to remove excess dye. 

CPA/NO-AcOM dissolved in EtOH (1000×) was then added to achieve a final 

concentration of 10 µM or 100 µM. The increase in fluorescence intensity was measured 

at an excitation of 485 nm and emission of 535 nm. 

 

Cell growth inhibition assay 

Clonogenic cell survival assay 

Cells were plated at 400,000 cells per dish on 60 mm dish and grown for 48 hr. 

The cells were treated in growth media containing different concentrations of NONOates 

for 24 hr. After treatment, the cells were washed twice with phosphate buffered saline, 

trypsinized, counted and plated at a density of 100, 1000 and 10,000 per 60 mm plate to 

form colonies. For each dose determination, cells were plated in triplicate and each 

experiment was repeated at least two times. After 10-12 d, the colonies were stained with 

crystal violet (0.5% w/v) and counted using stemi microscope. 

 

MTT assay 

The cytotoxicity of CPA/NO-AcOM was measured using 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma Aldrich, St. Louis, MO). Cells 
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were plated at a concentration of 8,000-10,000 cells per well in a 96 well plate and grown 

overnight. The cells were treated with different concentration of the prodrugs (0-100 µM) 

and controls for 48 h. A solution of 5 mg/ml MTT was added to each well and incubated 

for 1 h. After removal of the media, 100 µL DMSO was added to each well, and the 

absorbance was read at 550 nm. Inhibition of growth is reported as percentage of the 

corresponding control. Figures are representative data sets, each from n ≥ 3 individual 

experiments. For combination drugs assay, 100 µM of aspirin respectively were used 

along with variable concentrations (0-100 µM) of CPA/NO-AcOM for 48 h. 

 

5.3. Results and Discussion 

Recently, the therapeutic potential of HNO has become of significant interest. A 

key goal of this research is to synthesize an array of agents that display a broad range of 

half-lives for HNO release while minimizing the simultaneous generation of NO that is 

generated from spontaneous decomposition of IPA/NO under physiological conditions.22  

Cyclic amine based NONOates were synthesized (Scheme 5.1) and characterized 

by UV-visible spectroscopy with maximum wavelength at 250 nm, characteristic of 

NONOates. Calculated extinction coefficient for these compounds (7,900-8700 M-1cm-1) 

were in good agreement with literature values reported for IPA/NO (250, =8,000M-1cm-

1).22  
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Scheme 5.1.  Synthesis of cyclic amine NONOate  

 

5.3.1. Study of decomposition profile and half-life.  

While all four ionic NONOates are stable as solids, spontaneous decomposition 

occurs in aqueous medium. The pH dependent decomposition of NONOates was first 

order. The absorbance maximum at 250 nm decreases while a new band around 206 nm 

increases with time showing an isosbestic point at 221 nm (Figure 5.1). 

 

 

(A) 
(B) 
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Figure 5.1. Decomposition of (A) CPA/NO, (B) CHA/NO, (C) CheptA/NO, (D) 

COA/NO at 37°C in PBS containing 50 μM DTPA at pH 7.4. Spectra are shown for (A) 

at 0, 1, 2, 3, 4, 6, 10, 14, 18, 20 min, for (B) at 0, 2, 4, 6, 8, 10, 12, 17, 22, 30, 44, 56 min, 

for (C) at 0, 1, 2, 3, 4, 6, 10, 14, 18, 20 min and for (D) at 0, 2, 4, 6, 8, 10, 14, 20, 28, 36, 

47 and 58 min. 

 

The observed rate constants (kobs) of decomposition and calculated half-lives at 

pH 7.4 and 37oC are summarized in Table 5.1. Ring size had little effect on half-life.  

 

Table 5.1. Half-life of cyclic amine NONOates at pH 7.4 and 37°C 

Compound  kobs × 10-3 (s-1) Half-life (min) 

CPA/NO 3.1 3.7  

CHA/NO 1.8 6.4 

CheptA/NO 1.9 5.9 

(C) (D) 
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COA/NO 2.2 5.2 

 

Typically, NONOates decomposition is accelerated by lowering the pH. At pH 10 

the rate constant for all the four NONOates was two orders of magnitude lower than that 

at pH 5 (Figure 5.2). These results are consistent with previously proposed decomposition 

mechanism of diazeniumdiolates.28  

 

Figure 5.2. The pH-dependence of the first-order rate constants of decomposition of 

CPA/NO (    ), CHA/NO (    ), CheptA/NO (    ) and COA/NO (    ) at 37°C in PBS 

containing 50 μM DTPA measured at 250 nm (mean ± SD, n ≥ 3)  

 

5.3.2. NO/HNO release profile  

The product of NONOates decomposition depends strongly on pH and the parent 

amine identity.22 A detailed mechanism involving NO/HNO production was previously 

determined for the decomposition of Angeli’s salt and IPA/NO through density 

functional theoretical (DFT) methods and CBS-QB3 calculations.29 Experimental29,30 
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studies for IPA/NO suggests that in pH ranging from 5-13, the mechanism involves 

tautomerization of the NH proton to oxygen of the nitroso group, which decomposes to 

produce HNO while decomposition at lower pH involves production of two moles of NO 

and parent amine (Scheme 5.2).  

 

 

Scheme 5.2.    Mechanism of NO and HNO release from NONOates (Modified from 

reference 28)  

 

The methods available to detect NO are varied and adaptable, but direct detection 

of HNO requires highly specialized conditions,31 and quantitative determination is 

currently not possible, in part due to its metastability (Eq. 5.1).13,32  

2 HNO    [HONNOH]    N2O  + H2O (8  106 M-1 s-1)      (5.1)

While NO release can be directly evaluated using an NO specific electrode, there is no 

simple direct method for detection of HNO. Thus, ferricyanide is often used as an oxidant 

to convert HNO to NO (Eq. 5.2), which can then be qualitatively detected using a variety 

of NO detection methods.26 

 HNO  +  [Fe(CN)6]
3-  NO  +  [Fe(CN)6]

4-  +  H+     (> 104 M-1 s-1)              (5.2) 
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Figure 5.3. The maximum current intensity from an NO-specific electrode from 

decomposition of CPA/NO, CHA/NO, CheptA/ NO and COA/NO at pH 7.4 in PBS 

containing 50 μM DTPA measured in the presence and absence of 1 mM ferricyanide and 

1 mM GSH (mean ± SD, n ≥ 3).  

 

As previously described for the parent diazeniumdiolates,22 significant current 

intensity from an NO-specific electrode was observed during decomposition of the ionic 

NONOates at pH 7.4 (Figure 5.3, blue bars). The signal intensity was elevated in the 

presence of ferricyanide (Figure 5.3, green bars), indicating production of HNO from 

these newly synthesized NONOates. Highest ratio of NO to HNO was evident from 

CPA/NO (Figure 5.3, Blue vs green bars). 

Faster rate of reaction of HNO with NO and self-dimerization compared to the 

reaction of HNO with ferricyanide may lead to appreciable amounts of side reactions. As 

such this method is only for qualitative detection of HNO (eq. 5.1, 5.3-5.5). 32  

HNO  +  NO    HN2O2 (6  106 M-1 s-1) (5.3) 
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HN2O2  +  NO    HN3O3 (8  106 M-1 s-1) (5.4) 

HN3O3    N2O  +  HNO2 (2  104 M-1 s-1) (5.5) 

HNO release from these NONOates were also analyzed (red bars, Figure 5.3) in the 

presence of 1 mM glutathione (GSH), which is a scavenger of HNO (Eq. 5.6). 

     GSH         GSNHOH          (k =  2  106 M-1 s-1)33           (5.6) 

 Both, self-consumption of HNO and reaction with NO will be insignificant due to 

high GSH concentration used. In the presence of GSH, the cyclic amine NONOates 

showed comparative signal suggesting similar NO production. Comparison of the red 

bars to the corresponding blue bar demonstrates quenching of NO signal due to reaction 

with HNO. The highest difference in bar height was observed for CPA/NO, with a direct 

correlation to the high kobs. At a given time CPA/NO has the highest local concentration 

of HNO leading to faster reaction to NO and thus decreasing the peak height of the blue 

bars. 

 As previously shown for IPA/NO,22 the cyclic amine NONOates also shows a pH 

dependent NO/HNO release profile. At physiological pH, these cyclic amine NONOates 

release mostly HNO, whereas at lower pH NO was the major decomposition product 

(Figure 5.4A-C). 



161 
 

  

 

 

Figure 5.4. The pH profile of maximum current intensity using an NO-specific electrode 

from decomposition of 5 μM of A) CPA/NO, B) CHA/NO and C) CheptA/NO in PBS 

containing 50 μM DTPA in the presence and absence of 1 mM ferricyanide at room 

temperature (mean ± SD, n ≥ 3). 

 

5.3.3. Cell survival assay  

Clonogenic survival assay were done with the synthesized cyclic NONOates on 

the MCF-7 cells to examine their cytotixicity (Figure 5.5). All the four synthesized 

NONOates are toxic only in the millimolar range, a common property of NONOates. 

With the ring size their toxicity increased but in micromolar range, none of them showed 

(A) (B) 

(C) 
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any significant cytotoxicity. Thus, cyclic NONOates have potential therapeutic utility as 

they are non-toxic within pharmaceutical levels.  

 

 

Figure 5.5. Toxicity towards MCF-7 cells of A) cyclic NONOates, B) decomposed 

NONOates. Cells were treated with different concentrations (0-20 mM) of NONOates 

and cell survival was determined using colonogenic assay (mean ± SD, n ≥ 3).  

 

5.3.4. CPA/NO-AcOM 

In spite of their utility as HNO donor compounds in the laboratory, primary amine 

based diazeniumdiolates have limited therapeutic applicability due to their spontaneous 

decomposition in aqueous medium outside the cell, as such the level of HNO within the 

cell will be controlled by diffusion and self-dimerization. An acetoxy methyl ester 

derivative of cyclopentylamine NONOate (CPA/NO-AcOM) was also synthesized 

(Scheme 5.3) to facilitate direct uptake of these molecules by the cells34 followed by 

enzymatic decomposition and at the same time increasing the half-life of HNO 

(A) (B) 
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production compared to its parent NONOate. CPA/NO was the choice for derivatization 

due to its better HNO donor profile and  lesser cytotoxicity even in millimolar range.  

 

Scheme 5.3. Synthesis of CPA/NO-AcOM 

 

5.3.4.1. Decomposition half life 

O2-derivatization is known to both stabilize primary amine NONOates and to increase 

HNO production under physiological condition.35 The same trend was evident for 

CPA/NO-AcOM which had a relatively longer half-life of 21 min at pH 7.4 and 37°C 

compared to CPA/NO. In the presence of serum the half-life decreased to 5.8 min, similar 

to the parent NONOate. Interestingly with increase in pH, the half-life of CPA/NO-

AcOM decreased (Table 5.2) in contrast to that of parent NONOate, which were stable 

under alkaline conditions (Figure 5.2).  
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Table 5.2. The pH-dependence of the first-order rate constants of decomposition of 

CPA/NO-AcOM at 37°C in PBS containing 50 μM DTPA measured at 238 nm (n ≥ 3)  

 

 

When the decomposition was studied in presence of serum, there was an initial 

peak shift from 238 nm to 250 nm (Figure 5.6A), which was due to cleavage of ester 

bond (Scheme 5.4) leading to formation of NONOate followed by its decomposition. 

While under physiological conditions, a first order decay of the peak at 238 nm was 

observed (Figure 5.6B), In the absence of serum the mechanism of decomposition for 

CPA/NO-AcOM is shown in Scheme 5.5.35 Deprotonation of the amine proton leads to 

formation of a reactive species that can then undergo 1-4 acyl migration through a cyclic 

intermediate. Expulsion of formaldehyde leads to formation of an acylnitroso derivative, 

which produces HNO and acetic acid upon hydrolysis. This mechanism also accounts for 

the decreased stability of protected compound at higher pH (Table 5.2) as has been 

shown for O2-(acetoxymethyl) 1-(isopropylamino)diazen-1-ium-1,2-diolate (IPA/NO-

AcOM).35 
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Figure 5.6.  Hydrolysis of CPA/NO-AcOM  A) In the presence of 2% guinea pig serum 

and B) in the absence of serum in PBS containing 50 μM DTPA at pH 7.4 and 37°C 

(n≥3). Scans are plotted at 0, 1, 2, 3, 4, 6, 10, 14, 18, 20 min in A and 0, 7, 13, 20, 27, 33, 

40, 50, 60, 70, 100 min in B 

 

 

Scheme 5.4. Mechanism of decomposition of O2-(acetoxymethyl)-1-(cyclopentylamino) 

diazen-1-ium-1,2-diolate at PBS pH 7.4 and 37°C in the presence of serum. 

(B) (A) 
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Scheme 5.5. Mechanism of decomposition of O2-(acetoxymethyl)-1-(cyclopentylamino) 

diazen-1-ium-1,2-diolate in PBS pH 7.4 and 37°C.  

 

5.3.4.2.  NO and HNO release profile 

The most common method for identifying HNO and establishing a lower limit for 

the amount formed from a given donor is to trap HNO with metmyoglobin (metMb)36,25 

(Eq. 5.7). This method was used earlier to suggest that IPA/NO is a donor of both NO 

and HNO.22 Thus, the effect of O2-derivatization was examined on HNO release of 

CPA/NO-AcOM. 

   metMb        MbNO  + H+ (8  105 M-1 s-1)  (5.7)

Metmyoglobin (50 µM) undergoes reductive nitrosylation with all the prepared 

cyclic NONOates as shown in Figure 5.7A by CPA/NO, a representative example. These 

spectral changes are in agreement with the one obtained for the product of the reaction 

between metMb and Angeli’s salt (pure HNO donor at pH 7.4)29 under similar 
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experimental conditions, suggesting HNO production during decomposition of 

NONOates. It also suggested that NONOates are donors of both NO and HNO. 

Quenching of the signal in the presence of GSH further confirmed HNO production 

Figure 5.7B. In the presence of CPA/NO-AcOM (100 µM) the change in absorbance was 

comparable to that of Angeli’s salt, suggesting it to be a pure HNO donor. HNO release 

was quenched completely in the presence of 1 mM GSH (Figure 5.7C), further verifying 

the decomposition mechanism shown in Scheme 5.5.  

  

 

Figure 5.7. Detection of NO and HNO using metMb (50 μM) reacted with A) CPA/NO 

(100 μM) compared to Angeli’s salt (100 μM), B) CPA/NO (100 μM) in the presence of 

(C) 

(A) (B)
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1 mM GSH and C) CPA/NO-AcOM (100 μM) ± GSH in assay buffer at 37°C and 

deaerated conditions (n ≥ 2). 

NO and HNO release studies were also evaluated for the CPA/NO-AcOM 

derivative using an NO sensitive electrode in the presence and absence of 1 mM 

ferricyanide at variable pH in the presence of 2 % guinea pig serum (Figure 5.8A) and 

comparison to CPA/NO (figure 5.4A) showed similar profile as expected in the presence 

of serum based on its decomposition mechanism (Scheme 5.3). Figure 5.8B shows the 

direct comparison of CPA/NO and CPA/NO-AcOM at physiological pH and room 

temperature, indicating similar NO and HNO production. 

 

Figure 5.8.  Assessment of NO and HNO release using an NO specific electrode from A) 

CPA/NO-AcOM (100 μM) at different  pH in presence of 2% guinea pig serum in PBS 

containing 50 μM DTPA and B) CPA/NO (50 μM) and CPA/NO-AcOM (50 μM) at pH 

7.4 and room temperature in PBS containing 50 μM DTPA and 2 % guinea pig serum 

plotted as mean ± SD, n ≥ 3 (1 mM GSH was used to quench HNO release while 1 mM 

ferricyanide was used to oxidize HNO to NO).  

(A) (B) 
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5.3.4.3. Intracellular NO and HNO release  

To determine whether hydrolysis of CPA/NO-AcOM will occur intracellularly, 

DAF-FM-2DA was used as a reporter molecule in MB-231 cells. Diaminofluorescein 

(DAF) is one of the most common NO-sensitive fluorescent probes employed.27 

However, DAF has also been shown to react with HNO as well.37 The diacetate (DAF-

FM-2DA) form is readily taken up by cells. Hydrolysis of the ester bonds by intracellular 

esterase releases the non-permeable DAF, which is relatively non-fluorescent. Upon 

reaction with NO and HNO under aerobic conditions, the fluorescent DAF triazol (DAF-

2T) is generated, which can be monitored at 535nm. The autooxidation product of HNO 

with DAF-2DA produces a higher relative fluorescence compared to NO. An increase in 

fluorescence intensity from the cells in a time dependent manner indicated NO /HNO 

production from CPA/NO-AcOM within the cells (Figure 5.9). 

 

Figure 5.9. Relative fluorescence unit measured from the reaction of NO/HNO released 

from 10 µM CPA/NO-AcOM with DAF loaded in MDA-MB-231 cells at physiological 

pH and temperature plotted as mean ± SD, n ≥ 3. 
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5.3.4.4. Cytotoxicity  

HNO has earlier been shown to be cytotoxic towards MCF-7 cells in the presence 

of H2O2 due to reactive nitrogen oxide species (RNOS) formation. Exposure of HNO in 

aerobic conditions can result in RNOS mediated DNA double strand breaks.38 HNO is 

also known to irreversibly inhibit enzymes having a sulfhydryl (SH)39,40 group at their 

active sites such as glyceraldehyde phosphate dehydrogenase (GAPDH), which plays a 

key role in glycolysis and tumor cell survival. Angeli’s salt, which is a pure HNO donor 

at physiological pH, has been shown to be cytotoxic towards MCF-7 and MDA-MB-231 

breast cancer cells with IC50 value of ~ 2 mM. Angeli’s salt and cyclic NONOates being 

ionic compounds are expected to decompose and release HNO extracellularly. Based on 

the DAF data which shows promising intracellular HNO release, toxicity of CPA/NO-

AcOM was evaluated using MTT cell survival assay (Figure 5.10) and unlike its parent 

NONOate CPA/NO or pure HNO donor Angeli’s salt, it was found to be cytotoxic in 

micromolar range (IC50 ~  100 µM) for MCF7 and MDA-MB-231 cell lines. This 

enhanced cytotoxicity as compared to ionic NONOates can be explained in part by the 

uptake of derivatized compound by the cells as evident from DAF assay. Higher 

intracellular concentration of HNO by CPA/NO-AcOM compared to CPA/NO could lead 

to inhibition of key glycolytic enzyme GAPDH thus starving the cell. Thus CPA/NO-

AcOM serves as a first HNO donor molecule which is cytotoxic in micromolar range 

contrary to what has been reported for other HNO donor.  
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Figure 5.10. Toxicity of CPA/NO-AcOM towards A) MCF-7 and B) MDA-MB-231 

cells by MTT cell survival assay at 37°C (mean ± SD, n ≥ 3).  

 

5.3.4.5.  Combination drug 

The effect of CPA/NO-AcOM was next examined in combination to aspirin, 

which does not show any significant cytotoxicity by itself in micromolar range. The 

cytotoxicity (IC50) of aspirin in various cancer cell lines has been established to be in 

millimolar range.41 Figure 5.11 demonstrates the efficacy of different concentrations of 

CPA/NO-AcOM in combination to aspirin (100 µM) towards estrogen receptor alpha 

negative (ER(-)) MDA-MB-231 breast cancer cells. In combination with 100 µM aspirin, 

the IC50 value was determined to be ~ 45 µM. CPA/NO-AcOM is able to sensitize the 

cells, thus non-toxic levels of aspirin can be used for treatment. 

 

(A) (B) 
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Figure 5. 11. The effect of CPA/NO-AcOM on cell survival of 100 µM of aspirin (  ) in 

MDA-MB-231 cells was studied using MTT cell survival assay at 37°C (mean ± SD, n ≥ 

3). 

 

5.4. Conclusions 

In an attempt to add to the list of currently existing diazeniumdiolate based HNO 

donor, three new cyclic amine based NONOates were synthesized, with a goal of having 

a set of compounds with variable characteristics. Unlike what is known for secondary 

amine based diazeniumdiolates, these compounds have pretty much similar half-lives of 

decomposition. As reported for IPA/NO, the release of NO/HNO was pH-dependent. 

They were cytotoxic in millimolar range towards cancer cells. Being ionic compounds, 

they decompose outside cells requiring diffusion of HNO across the cell membrane. In 

order to facilitate direct uptake, acetoxy methyl ester derivative of CPA/NO was 

synthesized. This protection resulted in an increased half-life and altered the mechanism 

for spontaneous hydrolysis compared to serum-mediated cleavage. For the first time it is 

shown that acetoxy methyl ester derivatives, which can act as a pure HNO donor in the 
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absence of esterase, to be cytotoxic in micromolar range unlike millimolar range reported 

for other HNO donor molecules. In combination with 100 µM aspirin, the IC50 decreased 

to 45 µM, thus opening the possibility of a combination therapy approach to sensitize 

cancer cells to chemotherapies. In future more compounds will be synthesized with 

variable backbone and protecting groups to generate a library of HNO donors with wide 

spectrum of half-life of decomposition and their effect on cytotoxicity will be examined.  
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Abbreviations 

Angeli's salt, sodium trioxodinitrate; Piloty’s salt, N-hydroxyl benzene 

sulfonamide; DTPA, diethylenetriaminepentaacetic acid; GSH, glutathione; HNO, 

nitroxyl; NO, nitric oxide; IPA/NO, sodium 1-(N-isopropylamino)diazen-1-ium-1,2-

diolate; PBS, phosphate-buffered saline; CPA/NO, sodium 1-(N-

cyclopentylamino)diazen-1-ium-1,2-diolate; CHA/NO, sodium 1-(N-

cyclohexylamino)diazen-1-ium-1,2-diolate; CheptA/NO, sodium 1-(N-

cycloheptylamino)diazen-1-ium-1,2-diolate; COA/NO, sodium 1-(N-

cyclooctylamino)diazen-1-ium-1,2-diolate; CPA/NO-AcOM, O2-(acetoxymethyl)-1-

(cyclopentylamino)diazen-1-ium-1,2-diolate; DTPA, diethylenetriaminepentaacetic acid; 

RPMI, Roswell Park Memorial Institute; EDTA, ethylenediaminetetraacetic acid; 

metMb, ferric myoglobin; MbNO, nitrosyl myoglobin; DAF-2DA, 4-amino-5-

methylamino- 2’,7’-difluorofluorescein diacetate; MTT,  3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; 

EtOH, ethanol; FBS, fetal bovine serum; ERα, estrogen receptor alpha; ER(−), estrogen 

receptor negative; ER(+), estrogen receptor positive; MDA-MB-231, estrogen receptor 

negative human breast cancer cell; MCF-7, estrogen receptor positive human breast 

cancer cell; GSH, glutathione. 
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CHAPTER 6 

 

CHEMOTHERAPEUTIC EFFECT OF JS-K IN BREAST CANCER: ROLE OF 

NITRIC OXIDE 

 

6.1. Introduction 

JS-K (O2-(2, 4-dinitrophenyl)-1-[(4-ethoxycarbonyl) piperazin-1-yl] 

diazeniumdiolate), synthesized by reaction of sodium 1-[4-carboxamido) piperidin-1-yl] 

diazen-1-ium-1, 2-diolate with 1-fluoro-2, 4-dinitrobenzene1 (Scheme 6.1), has been 

shown to be very effective against various cancer cell lines with IC50 values ranging from 

0.2-1.2 µM.2,3 It has also been studied in vivo in leukemia3, prostate cancer3 and liver 

cancer4 xenografts.  

 

Scheme 6.1. Synthesis of JS-K 

 

JS-K can also increase the accumulation of chemotherapeutic drugs like cisplatin in 

resistant cell lines by activation of the MAPK (mitogen activated protein kinase) 
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pathway.5 It has been shown to increase toxicity in colon cancer with knockdown of 

thioredoxin reductase,6 an essential enzyme involved in cell growth and survival.  

JSK is believed to release NO upon reaction with GSH to form GS-2,4-DNP 

within the first 30 min with a second order rate k2 = (1.02 + 0.04) M-1 s-1 with GSH 

(Scheme 6.2).3  

Nitric oxide (NO) is an endogeneous signaling molecule synthesized by NO 

synthase (NOS)7 and is involved in a broad spectrum of physiological and pathological 

processes. The role of NO in tumor biology is concentration dependent.8 Inducible NOS 

(iNOS) which is induced as part of the host defense and wound healing process during 

inflammation and tissue injury,  has recently been shown to contribute to the 

pathogenicity of estrogen receptor (-) (ER(−)) breast cancers on over-expression.9,10  

Reaction of JS-K with GSH is catalyzed by glutathione-S-transferase 

(GST)11,5,12,4,3,13 under physiological conditions.   

 

Scheme 6.2. Mechanism of activation of JS-K by GST 
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GSTs are a class of enzymes that can react with both endogenous and xenobiotic 

substrates. They have the capability to catalyze fuctionalizations of chemotherapeutics 

with GSH, thus facilitating the removal of these drugs from cells. Many tumor cells are 

known to over-express GST,14 thus to be less susceptible than normal cells to 

chemotherapeutics.15 GST have emerged as a promising anticancer target over the years 

with approaches varying from designing of inhibitors to GST activated prodrugs.16 Since 

JS-K is activated by GST, it can utilize the increased concentration of GST in tumor cells 

that leads to site-directed activation and thus reduces the side effects on normal cells.  

 It is noteworthy that diazeniumdiolates typically becomes cytotoxic only at a  

millimolar concentration.17 Effective delivery of NO might be one of the reasons for the 

enhanced cytotoxicity of JS-K but NO mediated cytotoxicity may not be the only effect. 

The purpose of the present study is to explore whether the cytotoxicity of JS-K is due to 

an NO effect. 

 

6.2. Methods and materials 

 

 Reagents  

JS-K and its controls were kindly provided by Dr. Keefer and Saavedra at NCI-

Fredrick. Stock solutions (1000×) of JS-K and its controls were prepared in DMSO and 

stored at -20oC. Concentrations of NONOate stock solutions (>10 mM), prepared in 10 

mM NaOH and stored at –20°C, were determined directly prior to use from the extinction 
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coefficients at 250 nm. Stock solutions other than of nitrogen oxide donors were prepared 

fresh daily at 100 in MilliQ or Barnstead Nanopure Diamond filtered H2O, unless 

specified. Typically, the assay buffer consisted of the metal chelator 

diethylenetriaminepentaacetic acid (DTPA, 50 M) in calcium- and magnesium-free 

Dulbecco’s phosphate-buffered saline (PBS, pH 7.4). Addition of DTPA has been 

demonstrated to sufficiently sequester contaminating metals, such that the concentration 

of NO from Angeli’s salt is less than <0.1%.18 

 

Cell culture  

For cell culture, estrogen receptor negative human breast cancer cell line MDA-

MB-231 and positive cell line MCF-7 were obtained from ATCC (American Type 

Culture Collection, Manassas, VA) and were grown as monolayer in RPMI 1640 media 

supplemented with containing 10% fetal bovine serum (FBS, Hyclone), penicillin (50 

units/mL), streptomycin (50 units/mL; Life Technologies, Inc., Grand Island, NY) at 

37°C in 5% CO2 and 80% relative humidity. Single cell suspensions were obtained by 

trypsinization (0.05% trypsin/EDTA) and number of cells was counted using a Beckman 

cell counter. 

 

Instrumentation  

UV-visible spectroscopy was performed with an Agilent Hewlett-Packard 8453 

diode-array spectrophotometer equipped with an Agilent 89090A thermostat. Number of 

cells was counted using Beckman Coulter Z-2 cell and particle counter, absorbance and 
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fluorescence measurements of 96 well plates were accomplished with a Perkin-Elmer 

HTS 7000 Bio Assay reader. Cell viability was monitored using Nikon eclipse TS-100 

inverted microscope. Eppendorf thermocycler was used to prepare cDNA, the sequence 

detection was then carried out using 7300 Real-Time PCR System from Applied 

Biosystems. iBlot® gel transfer device from Invitrogen, Carlsbad, CA was used for dry 

transfer in Western blots. 

  

Clonogenic Cell survival 

Cells were plated at 400,000 per dish on 60 mm dish and grown for 48 h. The 

cells were treated in growth media containing different concentrations of JS-K, EPC/NO 

and GS-2,4-DNP for 24 h. After treatment, the cells were washed twice with phosphate 

buffered saline, trypsinized, counted and plated at a density of 100, 1000 and 10,000 per 

60 mm plate to form colonies. For each dose determination, cells were plated in triplicate 

and each experiment was repeated at least two times. After 10-12 d, the colonies were 

stained with crystal violet (0.5% w/v) and counted using stemi microscope.  

 

 Intracellular release of NO  

Cells were plated at a concentration of 30,000 per well in a 96 well plate and 

grown for 12 h in RPMI 1640 media containing 10% fetal bovine serum (hyclone) and 

1% penicillin-streptomycin (100×) (Life Technologies, Inc., Grand Island, NY) at 37°C 

in 5% CO2 and 80% relative humidity. A stock of 4-amino-5-methylamino- 2’,7’-

difluorofluorescein diacetate19 (DAF-FM-2DA, Invitrogen, Carlsbad, CA) in DMSO 
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(100×) was diluted to a final concentration of 10 µM using DTPA free assay buffer. The 

media was aspirated from each well, and was replaced by 100 µL of 10 µM DAF-FM 

diacetate. The plate was incubated for 30 min at 37ºC. Each well was then washed three 

times with PBS pH 7.4 to remove excess dye. JS-K dissolved in DMSO (100×) was then 

added to achieve a final concentration of 10 µM or 100 µM. The increase in fluorescence 

intensity was measured at an excitation of 485 nm and emission of 535 nm.  

 

 Western Blot 

Cells were plated at a concentration of 1×106 and grown for 24 h. Then they were 

serum starved overnight followed by treatment with 1 µM JS-K for different time 

intervals (1-44h). Protein cell extracts were made by washing cells in cold PBS, scraping 

each plates, centrifuging, and resuspending in lysis buffer (Cell Signaling Technology, 

Inc., Danvers, MA) containing protease inhibitor mixture (Calbiochem, Gibbstown, NJ). 

After 30-min incubation on ice, the samples were centrifuged at 14,000 × g, and the 

supernatant protein concentration was determined by the bichoncinic acid method 

(Pierce, Thermo Fischer Scientific Inc., Rockford, IL) by recording absorbance at 560 

nm. Protein samples (20 g) were subjected to polyacrylamide gel electrophoresis (120 

V) on 15% Tris-glycine acrylamide gels (NOVEX–Invitrogen, Carlsbad, CA). After 

transfer to polyvinylidene fluoride Immunolon P membranes (Millipore), samples were 

probed with rabbit polyclonal or mouse monoclonal antibodies (Cell Signaling 

Technology, Inc., Danvers, MA). Bands were visualized with horseradish peroxidase-

conjugated secondary antibodies (1:2,000–10,000; Cell Signaling Technology, Inc., 
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Danvers, MA) and chemiluminescent substrate (ECL plus Western blotting kit, GE, 

Piscataway, NJ). HPRT protein-loading controls were included on each gel. Gel images 

were scanned by using a FluoroChem SP imaging system using AlphaEase FC software 

(Alpha Innotech, San Leandro, CA, USA). 

 

 RT-PCR 

Cells were plated at a concentration of 1×106 per plate on a 100 mm plate and 

grown overnight. After treatment with 100 µM of IPA/NO-aspirin, DEA/NO-aspirin, 

IPA/NO, DEA/NO or aspirin for 1 to 24 h, the cells were harvested with TRIzol reagent 

(Invitrogen, Carlsbad, CA), and RNA was extracted by chloroform extraction. A high 

capacity cDNA Kit from Applied Biosystems Cat # 4322171 was used to produce cDNA. 

RNA was heated at 60ºC for 10 min prior to preparation of cDNA, and concentration was 

measured using nanodrop 1000 spectrophotometer. All samples were prepared such that 

each tube had 25 µL of RNA at a final concentration of 0.1 µg/µL. To each tube reverse 

transcription buffer (5.0 µL, 10×), dNTPs (2.0 µL, 25×), random primers (5.0 µL, 10×), 

multiscribe reverse transcriptase (50 U/µL, 2.5 µl) and nuclease-free H2O (10.5 µL) were 

added such that the final volume was 50 µL. A thermocycler was then used to make 

cDNA. The final concentration of cDNA was 100 ng/µL. Then 40 ng/µL (1.6 µL cDNA 

+ 2.4 µL H2O = 4µL) was aliquoted to a PCR tube. To each tube 4 µL of primer, 72 µL 

of H2O, 80 µL of Taq mastermix was added to obtain a total volume of 160 µL. 

Hypoxanthine phosphoribosyltransferase1 (HPRT1) was used as a house keeping gene. 

Aliquote of 40µL/well was dispensed in triplicate, and then the expression was recorded.  
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6.3. Results and discussion  

JS-K, a class of diazeniumdiolate based NO releasing prodrug, was developed to 

be activated by GST. The purpose of the present study was to examine the role of NO in 

the cytotoxicity shown by JS-K towards various cancer cells.  

 

6.3.1. Cytotoxicity of JS-K in breast cancer cells 

In an effort to investigate the role of NO in cytotoxicity of JS-K, growth 

inhibitory activities of JS-K, its parent diazeniumdiolate moiety (EPC/NO) and major 

metabolite (GS-2,4-DNP) was examined in estrogen receptor negative MDA-MB-231 

and estrogen receptor positive MCF-7 cells. The cytotoxicity was studied as a measure of 

the ability of a single cell to form a colony on treatment. JS-K was significantly cytotoxic 

towards both the cell lines tested, with IC50 value of 2 or 1 µM for MCF-7 or MDA-MB-

231 cells, respectively (Figure 6.1). EPC/NO and GS-2,4-DNP (shown in Scheme 6.2) 

were relatively non-toxic. The low cytotoxicity of EPC/NO is in accordance to that of 

ionic diazeniumdiolates, which are toxic only in millimolar range.   

  

Figure 6.1. The effect of JS-K, EPC/NO and GS-2,4-DNP was examined on cell survival 

of A) MCF-7, B) MDA-MB-231cell lines. Cells were treated with different 

(A)  (B) 
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concentrations of prodrugs and controls and cell survival was determined using 

clonogenic cell survival assay after 24 h. 

 

 6.3.2. Effect of JS-K on cGMP pathway in MCF-7 cells 

Soluble guanylate cyclase (sGC) is an important target protein of signaling 

molecule NO and accounts for some of the major physiological effects of NO such as 

vasodialation and platelet aggregation.20,21 Binding of NO leads to activation of sGC, 

which in turn catalyzes the formation of cyclic guanosine-3',5'-monophosphate (cGMP), 

a secondary messenger molecule, which then activates specific downstream effectors 

such as kinases, phosphodiesterases and ion channels.22 1H-[1,2,4]Oxadiazolo[4,3-

a]quinoxalin-1-one (ODQ) is a potent inhibitor of soluble guanylyl cyclase (sGC) with an 

IC50 value of 20 nM. ODQ can inhibit the NO-cGMP signaling pathway by irreversible 

oxidation of sGC heme moiety.23  

 

It has been previously shown that apoptosis induced by NO in pancreatic B-cell 

line, HIT-T15 involves cGMP. Thus, the effect of JS-K was studied on MCF-7 cells by 

clonogenic cell survival assay in the presence and absence of ODQ to investigate the role 

of NO-cGMP mediated cytotoxicity (Figure 6.2). A significant difference in cell survival 
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was not observed, suggesting that an NO-cGMP signaling pathway does not play a major 

role in the cell death caused by JS-K. 

 

Figure 6.2. The effect of JS-K, EPC/NO and GS-2,4-DNP was examined on cell survival 

of MCF-7 in the presence of ODQ. Cells were treated with different concentrations of 

prodrugs and controls and cell survival was determined using clonogenic cell survival 

assay after 24 h. 

 

6.3.3. NO release from JS-K 

To determine whether hydrolysis of JS-K will occur intracellularly, DAF-FM-

2DA was used as a reporter molecule in MDA-MB-231 cells to examine NO release 

within the cells.24  NO has been previously reported to increase the fluorescence of DAF-

FM-2DA, which is a cell permeable fluorescent dye.25 Within cells DAF-FM-2DA is 

hydrolyzed by intracellular esterases to form DAF-2, which is relatively non-fluorescent, 

this upon reaction with NO generates fluorescent DAF triazol (DAF-2T) that can be 

monitored using fluorescence spectroscopy.  
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Figure 6.3. NO released in MDA-MB-231 cells from JS-K measured using DAF-2DA A) 

in phosphate buffer and B) in media. 

 

JS-K shows a signal comparable to the control at cytotoxic levels (2 µM) in the 

presence of RPMI 1640 media. However the signal is expected to be lower than actual 

NO level due to the fact that media contains GSH, which can react with JS-K before it 

can enter the cells (Figure 6.3B).  This was further verified by examining the effect of JS-

K in the presence of phosphate buffer, which showed slightly higher signal compared to 

media. On special note even in the buffer, the signal was only marginally higher than the 

contol signifying minimal amount of NO production from JS-K.   

It’s now widely conceived that the role of NO in physiological system is largely 

dependent on the level and duration of NO synthesis.8 After examining the cellular 

uptake of these molecules by DAF, the steady state concentration of NO in the cell was 

studied using various markers of NO.26,27 At low levels of NO (10-30 nM), 

phosphorylation of extracellular signal-regulated kinase (ERK) occur. The ERK cascade 

plays an important role in cell growth, differentiation and survival, and has been found to 

be up-regulated in cancer. When the concentration of NO is between 30-60 nM, 

(A)  (B)
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phosphorylation of serine/threonine protein kinase Akt at serine-472 takes place. This 

provides a protective effect against apoptosis by phosphorylation of pro-apoptotic Bcl-2 

associated death promoter (BAD) and caspase-6. At an NO concentration of 100-300 nM, 

hypoxia-inducible factor HIF-1α stabilization occurs, providing protection against tissue 

injuries while at 400-800 nM NO, p53 phosphorylation induces cell cycle arrest and 

apoptosis. This quantized effect can also be used as molecular markers of NO production.  

To further investigate the role of NO released from JS-K, its effect was studied on 

ERK, and HIF-1α in MDA-MB-231 cells (Figure 6.4), which are activated at low levels 

of NO.  

 

 

Figure 6.4. The effect of 1 µM JS-K on A) HIF-1α and B) ERK phorphorylation in 

MDA-MB-231 cell lines. Cells were treated with 1 µM JS-K and protein was collected at 

variable time points. Protein levels were determined by western blot. 

(A) 

(B) 
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HIF-1α level showed a time dependent increase with a maximum protein level at 

10 h while p-ERK peaked at 6 h suggesting that the flux of NO was greater than 300 nM 

(Figure 6.4). Effect of J-SK on phosphorylation of p53 and AKT has yet to be 

determined. 

 

6.3.4. Effect of JS-K on PARP as a marker for apoptosis  

The poly(ADP-ribose) polymerase (PARP) is family of nuclear enzymes involved 

in DNA repair.28 It is activated due to breaks in DNA strand and catalyzes the transfer of 

ADP-ribose to nuclear proteins. DNA repair by PARP is an energy consuming process 

and for every mole of ADP-ribose transferred, four equivalents of ATP are consumed. 

Thus a sustained activation of PARP rapidly exhaust cells of energy leading to impaired 

cellular metabolism that eventually leads to cell death as observed in NO/ONOO- induced 

DNA strand breakage.29 PARP can also directly induce apoptosis by stimulating release 

of apoptosis-inducing factor (AIF), a mitochondrial oxidoreductase into cytoplasm, via 

activation of par polymer.30 When the cells are undergoing apoptosis, the DNA repair 

mechanism is halted by cleavage of PARP, a downstream target of caspase-3.31 

As a zinc finger protein, PARP is a target for reactive nitrogen oxide species 

(RNOS). The effect of DEA/NO, an NO donor has been previously studied on PARP 

activity.32 It showed a concentration and time dependent inhibition in MCF-7 cells. To 

understand the mechanism of JS-K mediated apoptosis, cleavage of PARP was studied. 

During apoptosis, PARP is cleaved by caspases into an 89 kDa fragment (Figure 6.5). JS-
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K treatment showed a significant increase in cleaved PARP level after 20 h indicating 

apoptosis.  

 

 

Figure 6.5. The effect of 1 µM JS-K on cleavage of PARP in MDA-MB-231 cell lines. 

Cells were treated with 1 µM JS-K and protein was collected at variable time points. 

Protein levels level were determined by western blot. 

6.3.5. Effect of JS-K on JNK signalling pathway 

To further elucidate the signaling pathways involved, the effect of JS-K was also 

studied on the JNK pathway, which is a stress activated signaling pathway.33 Induction of 

JNK pathway causes release of cytochrome c from mitochondria and activation of apaf-1. 

This ultimately leads to cleavage of caspase-9 thereby initiating apoptosis. To examine 

JS-K mediated stress MDA-MB-231 cells were treated with 1 µM JS-K. Increased levels 

of p-JNK signified cellular stress (Figure 6.6). The maximum p-JNK level was observed 

at a time point of 3 h, which is in correlation with the DAF assay. Thus, phosphorylation 

of JNK leading to caspase mediated apoptosis may be mediated by NO. 
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Figure 6.6. The effect of 1 µM JS-K on phosphorylation of JNK in MDA-MB-231 cell 

lines. Cells were treated with 1 µM JS-K and protein was collected at variable time 

points. Protein levels were determined by western blot. 

 

 The role of JNK in apoptosis was further investigated in MCF-7 cells using an 

inhibitor of the JNK, SP60012. Inhibition is specific for JNK (IC50 of 100 nM) compared 

to ERK or p38 (IC50  ≥ 1 µM) .34 

NHN

O

SP600125  

In the presence of low concentration (0-1 µM) of JS-K the colony count increased 

as compared to the control (Figure 6.7), which gradually went down with increasing 

concentration of JS-K. This effect may be due to NO, which has been shown to have an 

important role in cell growth, differentiation and survival at low concentration.8 On 

normalization, JNK inhibitor showed a protective effect against JS-K induced toxicity, 

which further verified the role JNK in JS-K induced toxicity.  
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Figure 6.7. The effect of JS-K on survival of MCF-7 cells in the presence and absence of 

JNK inhibitor. Cells were treated with (0-10 µM) of prodrugs and controls and cell 

survival was determined using clonogenic cell survival assay after 24 h 

 

6.3.6. Effect of JS-K on TSP-1 activity 

Thrombospondin-1 (TSP1) is an extracellular matrix glycoprotein that is involved 

in a wide range of biological processes including platelet aggregation and coagulation.35 

In breast cancer cells TSP1 can alter adhesion, motility, proliferation, protease activity 

and invasion capabilities resulting in altered metastatic and tumor angiogenic 

properties.36 Expression of TSP1 has been shown to inhibit tumor progression in mice.37 

TSP-1 expression is suppressed by low concentrations of NO and is mediated by ERK 

phosphorylation.38 However, at higher NO levels, TSP-1 levels increase partly due to 

MKP-1 mediated dephosphorylation of ERK and are consistent with the demonstration of 

growth inhibition. JS-K (1µM) significantly increased TSP-1 expression in MCF-7 cells 

(Figure 6.8) while DETA/NO (1µM), a diazeniumdiolate based NO donor with half-life 
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of 20 h, showed significant decrease. However, EPC/NO results were statistically not 

significant. These results indicate a possible role of NO in JS-K mediated increased 

expression of TSP-1. 

 

Figure 6.8. The effect of 1 µM JS-K on mRNA levels of TSP-1 in MCF-7 cell treated for 

24 h. mRNA expression was measured using RT-PCR. 

 

6.4. Conclusions 

In conclusion, the amount of NO release from JS-K was measured by DAF-FM-

2DA is extremely low. Molecular markers of NO showed an NO flux ≥ 300 nM for 1 µM 

JS-K. However, clonogenic survival in the presence of ODQ ruled out involvement of 

NO-cGMP signaling pathway in JS-K function. The high cytotoxicity of JS-K was in part 
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due to increased PARP and p-JNK levels leading to caspase mediated induction of 

apoptosis.  

In chapter 2, it has been shown that NO releasing DEA/NO-aspirin has an IC50 

value of ~ 75 µM, which is significantly higher than JS-K (IC50 = 1 µM) in MDA-MB-

231 cells. From these results we can conclude that even though NO may be playing an 

important role in the chemo-preventive effects of JS-K, it is not the only player. The 

possible role of 2,4-DNP in modification of key proteins need to be further investigated.   
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Abbreviations   

NO, nitric oxide; iNOS, inducible nitric oxide synthase IPA/NO, sodium 1-(N-

isopropylamino)diazen-1-ium-1,2-diolate; JS-K, O2-(2, 4-dinitrophenyl)-1-[(4-

ethoxycarbonyl) piperazin-1-yl] diazeniumdiolate); MAPK, mitogen activated protein 

kinase; PBS, phosphate-buffered saline; GSH, glutathione; GST, glutathione-S-

transferase; EPC/NO, sodium 1-(4-ethoxycarbonylpiperazin-1-yl)diazen-1- 

ium-1,2-diolate; GS-2,4-DNP, 2-amino-5-(1-(carboxymethylamino)-3-(2,4-

dinitrophenylthio)-1-oxopropan-2-ylamino)-5-oxopentanoic acid; ERα, estrogen receptor 

alpha; ER(−), estrogen receptor negative; ER(+), estrogen receptor positive; MDA-MB-

231, estrogen receptor negative human breast cancer cell line; MDA-MB-468, estrogen 

receptor negative human breast cancer cell line; MCF7, estrogen receptor positive human 

breast cancer cell; RPMI, Roswell Park Memorial Institute; EDTA, 

ethylenediaminetetraacetic acid; RT-PCR, real-time polymerase chain reaction; HPRT, 

hypoxanthine-guanine phosphoribosyltransferase; cGMP, guanosine 3',5'-

monophosphate; ODQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one; sGC, soluble 

guanylyl cyclase; GTP, guanosine-5'-triphosphate; ERK, extracellular signal-regulated 

kinases; HIF-1α, hypoxia-inducible factors 1-alpha; Bad, Bcl-2-associated death 

promoter protein; PARP, poly (ADP-ribose) polymerase; AIF, apoptosis inducing factor; 

RNOS, reactive nitrogen and oxygen species; JNK, c-Jun N-terminal kinases; TSP1, 

thrombospondin-1; mRNA, messenger RNA . 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

A series of HNO releasing cyclic amine diazeniumdiolates were synthesized to 

expand upon the few examples of existing primary amine diazeniumdiolates.1 As anions, 

these compounds decompose outside cells requiring that HNO diffuses across cellular 

membranes. In order to facilitate direct uptake of these molecules by cells, the acetoxy 

methyl ester derivative of cyclopentylamine NONOate was synthesized.  This protection 

resulted in an increased half-life as compared to the parent diazeniumdiolate. The 

cytotoxicity of the ionic NONOates was in the millimolar range, as is typical,2-4 while the 

ester based derivative of CPA/NO had an IC50 value of approximately 100 µM towards 

breast cancer cell lines. In combination with 100 µM aspirin, the IC50 decreased to 45 µM 

in estrogen receptor alpha negative (ER(-)) MDA-MB-231 breast cancer cells, thus 

opening up the possibility of a combination therapy approach to sensitize cells with HNO 

donor for treatment of breast cancer. 

A series of HNO releasing isopropylamine-based diazeniumdiolate adducts of 

NSAIDs and the NO releasing diethylamine diazeniumdiolate counterpart were 

synthesized. The aspirin derivatives were evaluated for anti-inflammatory, 

cardioprotective and anticancer effects. A comparative study of HNO versus NO 

releasing aspirin successfully demonstrated improved anti-inflammatory properties of 

HNO releasing aspirin (IPA/NO-aspirin) compared to the NO counterpart (DEA/NO-

aspirin) and at the same time significantly reduced ulcerogenicity relative to the parent 
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NSAID. IPA/NO-aspirin also increased contractility, thus demonstrating the ability to 

treat heart failure, which is one of the major side effects of long term usage of many 

NSAIDs and COXIBs.  

Increased COX-2 activity has been shown to be a poor prognostic indicator in 

various types of cancer. IPA/NO-aspirin showed reduction in COX-2 mRNA as well as 

lower activity measured in terms of the amount of PGE2 produced. The effect of both 

aspirin adducts was also investigated in vitro and in vivo. IPA/NO-aspirin substantially 

reduced breast tumor growth in a nude mouse model compared to the parent NSAID and 

with higher potency than the related NO donor conjugate. Both the HNO and NO adducts 

were tolerated well with repeated dosing even at high concentration. To understand the 

mechanism of action, their effect on GAPDH, a key enzyme involved in glycolysis, was 

studied. Hypoxic regions, which are especially prevalent in later stages and in higher 

tumor grades, present challenges to treatment and can instigate development of more 

aggressive phenotypes. These regions are chronically under inflammatory conditions and 

depend extensively on anaerobic glycolysis for energy needs due to a lower capacity for 

mitochondrial respiration. IPA/NO-aspirin showed a dose dependent inhibition of 

GAPDH. The high cytotoxicity of IPA/NO-aspirin was also due to increased reactive 

oxygen or nitrogen species levels leading to oxidative damage to DNA and caspase-3 

mediated induction of apoptosis. On the other hand, DEA/NO-aspirin, in spite of lower 

cytotoxicity, was found to be a promising candidate for reduction of metastasis shown by 

increased mRNA and protein level of E-cadherin, which is responsible for cellular 

adhesion. Increased ER-α levels in ER(-) cell lines by DEA/NO-aspirin treatment 
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indicated the possibility of combination therapy with existing chemotherapeutic agents. 

NONO-aspirin derivatives have also increased phosphorylation of p-53, a tumor 

suppressor factor, and reduced angiogenesis, thus reducing nutrients and oxygen to the 

growing cancer cells. As such, both HNO and NO releasing NSAIDs showed promise 

toward treatment of cancer and inflammation without apparent side-effects while 

IPA/NO-NSAIDs also increased contractility of murine cardiomyocytes, thus showing 

the ability to protect a failing heart. 

JSK (O2-(2, 4-dinitrophenyl)-1-[(4-ethoxycarbonyl) piperazin-1-yl] 

diazeniumdiolate) has been shown to be very effective in many cancer cell lines at a 

micro-molar concentration. To establish whether the cytotoxicity of JS-K is NO 

mediated, the NO signal was measured in cells loaded with DAF. A significant signal 

was not observed till a concentration of 3 µM of JS-K. Survival data with and without 

1H-[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), an inhibitor of soluble guanylyl 

cyclase (sGC), did not show any significant change. In MB-231 cells, HIF-1α showed a 

time dependent increase with a maximum protein level at 10 h while p-ERK peaked at 6 

h, which implies that the flux of NO in cells is greater than 300 nM for 1 µM JS-K. 

Clonogenic assay demonstrated an IC50 of >2 µM in MCF-7 cells and <1 µM in MDA-

MB-231 cells, while its controls were not toxic. To establish the mechanism of action, the 

effect of JS-K and controls was studied on different signaling pathways. An increased 

level of cleaved poly(ADP-ribose) polymerase (PARP) demonstrated mitochondria 

mediated intrinsic apoptosis. Phosphorylation of JNK was also noticed at an early time 
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point. This studies suggest that even though NO is not directly responsible for the 

cytotoxicity of JS-K, it may have a secondary role.  

In the future, the toxicity of CPA/NO-AcOM will be examined in different cancer 

cells along with drug resistant cancer cells in combination with known anticancer agents 

such as cis-platin and doxorubicin. Angeli’s salt, an ionic HNO donor at physiological 

pH has been shown to decrease the level of HIF-1α.5 CPA/NO-AcOM has been 

demonstrated to release only HNO on decomposition in phosphate buffer and to be 

effectively uptaken up by cells. Thus, the effect of CPA/NO-AcOM on HIF-1α levels will 

be investigated using Western blot analysis. 

Future work in this direction also includes expansion of the library of HNO 

donors based on aliphatic primary amine and polyamines to achieve longer half-lives. 

Diazeniumdiolates of primary amines with other functional groups will also be 

synthesized and derivatized with various protecting groups to improve site specific 

delivery. Since amines are associated with side-effects on long term exposure, synthesis 

of amino acid based diazeniumdiolate based HNO donors will also be investigated to 

achieve better safety profile. These ionic and derivatized compounds will be evaluated 

for their role in treatment of alcoholism,6 cancer5 and as preconditioning agent.7  

Based on the promising in vitro and in vivo results with NONO-aspirin 

derivatives, study of indomethacin and niflumic acid based derivatives may produce 

interesting results. Another aspect of the project is to extensively investigate the effect of 

synthesized NONO-NSAIDs on tumor invasiveness and metastasis, which remains a 
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major cause of breast cancer related deaths. The effects of these compounds on invasion 

can be examined by using a Matrigel invasion assay.8 One of the current lines of 

treatment under investigation for ERα(-) cancer is to convert them into ERα(+) type.9 

DEA/NO-aspirin was able to increase ERα mRNA expression. The next logical step in 

this direction is to investigate ERα protein levels and activity. Also the NONO-NSAID 

prodrugs may be studied in colon and gastric cancer cell lines, which show high 

susceptibility to NSAID therapy.  

The inhibition profile towards purified COX-1 and COX-2 enzymes will be 

evaluated along with effect on platelet aggregation. Amide derivatization of 

indomethacin has been reported to selectively inhibit COX-2.10 So the goal will be to 

synthesize diazeniumdiolate based NSAID adducts with appropriate amide based linkers.  

It would also be interesting to look into targeted delivery of NONO-NSAIDs, 

which would lead to selective ester hydrolysis, thus reducing side-effects of HNO such as 

neurotoxicity.11 In that direction we plan to use two different delivery methods;  

1- A liposome based technique, in which the drug can be loaded at a 

considerably higher concentration in the lipid bilayer, which is known 

to be taken up by the cells in an effective way.12  

2- Covalent attachment of prodrugs to nanoparticle. We also plan to 

attach antibodies raised against particular type of cancer to induce 

specificity for cancer cells.13 
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Figure 7.1. (a) Liposome and (b) nanoparticle based delivery system for site-specific 

delivery of NONO-NSAIDs. 

 

Even though some mechanistic studies has been completed for IPA/NO-aspirin, 

there is a need to perform a systematic mechanistic study to better understand the 

molecular pathways affected. A microarray analysis14 of NONO-aspirin and their 

controls may be performed, which can provide a better knowledge of the genes being 

altered by treatment and the pathways affected. Then, these genes can be verified using 

RT-PCR analysis. 

In the JS-K project, one of the possible reasons for the high cytotoxicity may be 

modification of various enzymes by the 2,4-dinitrobenzene moiety in a similar manner as 

GSH modification at cysteine residue leading to formation of GS-2,4-DNP. In the future, 

the effect of 2,4-dinitrobenzene moiety on various proteins may be studied by 

immunoprecipitation with a anti-2,4-dinitrobenzene antibody followed by mass 

spectroscopy.  
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NO mediated apoptosis is mostly initiated by release of cytochrome c from 

mitochrondria.15 In order to evaluate NO mediated cytotoxicity of JS-K, release of 

cytochrome c will be studied. Also phosphorylation of p-53 and AKT will be investigated 

to determine the flux of NO. 
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APPENDIX A: NMR DATA 

NMR-Spectra Page Number 
DEA/NO-1H 202 
DEA/NO-13C 203 
IPA/NO-1H 204 
IPA/NO-13C 205 
DEA/NO-SCH3-

1H 206 
DEA/NO-SCH3-

13C 207 
IPA/NO-SCH3-

1H 208 
IPA/NO-SCH3-

13C 209 
DEA/NO-Cl-1H 210 
DEA/NO-Cl-13C 211 
IPA/NO-Cl-1H 212 
IPA/NO-Cl-13C 213 
DEA/NO-Indomethacin-1H 214 
DEA/NO-Indomethacin-13C 215 
DEA/NO-Niflumic acid-1H 216 
DEA/NO-Niflumic acid-13C 217 
DEA/NO-aspirin-1H 218 
DEA/NO-aspirin-13C 219 
IPA/NO-Indomethacin-1H 220 
IPA/NO-Indomethacin-13C 221 
IPA/NO-Niflumic acid-1H 222 
IPA/NO-Niflumic acid-13C 223 
IPA/NO-aspirin-1H 224 
IPA/NO-aspirin-13C 225 
COA/NO-1H 226 
CheptA/NO-1H 227 
CheptA/NO-13C 228 
CHA/NO-1H 229 
CHA/NO-13C 230 
CPA/NO-1H 231 
CPA/NO-13C 232 
CPA/NO-AcOM-1H 233 
CPA/NO-AcOM-13C 234 
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