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Abstract 
 

Diabetes is a chronic disease that affects over 8% of the population of the United 

States. New treatments and improvements upon current treatment options are constantly 

being sought in order to tackle this epidemic more successfully. Rosiglitazone, trade name 

Avandia, is a potent anti-diabetes drug that has recently been associated with increased 

risk of cardiovascular disease. Nitric oxide is a neurotransmitter and vasodilator that can 

improve cardiovascular health. We thus hypothesized that the efficacy of Rosiglitazone 

could be improved by linkage to a nitric oxide donor. Succinic acid, ferulic acid, and carbon 

chains with varied lengths were utilized as linkers. The synthesis and characterization of 

these adducts are described. 

Introduction 

Diabetes mellitus is the term given to a set of diseases related to the improper use 

and storage of blood glucose that result in hyperglycemia [1]. The three main types of 

diabetes are Type 1, Type 2, and gestational diabetes, with Type 2 being the most common. 

With Type 2 diabetes mellitus, cells become increasingly resistant to the action of insulin, 

which is the hormone responsible for cellular uptake of glucose. Over time, the pancreas 

becomes unable to produce enough insulin to overcome insulin resistance, resulting in an 

overall increase in blood glucose. Risk factors for Type 2 diabetes include weight, inactivity, 

family history, race, age, gestational diabetes, polycystic ovary syndrome, high blood 

pressure, abnormal cholesterol levels, and high levels of triglycerides in the blood. The 

long-term complications of diabetes can be life threatening and can increase over time 

without proper control of blood sugar. Significant long-term complications include 

cardiovascular disease, neuropathy, nephropathy, retinopathy, skin and mouth infections, 
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osteoporosis, and cancer. A dangerous complication is a significant increase in risk of 

cardiovascular disease leading to problems such as angina, atherosclerosis, myocardial 

infarction, and stroke. In fact, cardiovascular disease accounts for roughly 70% of all 

mortality in people with diabetes [2]. Compared to non-diabetics, men with diabetes are 

two to three times more likely to die from a cardiac event while women are three to four 

times more likely to die from cardiovascular disease. 

Since weight and inactivity are the two largest risk factors for Type 2 diabetes, 

lifestyle modifications such as healthy eating and exercise are the first recommended 

treatment options [1]. Exogenous insulin can be prescribed and delivered using an insulin 

pen, syringe, external pump, or artificial pancreas. Monitoring of blood sugar is essential 

with diabetes. Pancreatic transplant and bariatric surgery are other treatment options used 

in extreme situations. The treatment option relevant to this project is oral or injected 

medications, of which there are three main types: insulin secretagogues, α-glucosidase 

inhibitors, and insulin sensitizers. Insulin secretagogues stimulate insulin secretion from 

pancreatic β-cells by binding to sulphonylurea receptors. Common examples of this class 

include glyburide, glipizide, and glimepiride [2]. α-Glucosidase inhibitors such as acarbose 

and miglitol work to slow absorption of carbohydrates, thus reducing postprandial 

elevations in plasma glucose levels. Insulin sensitizers work by a variety of different 

mechanisms. Biguanides such as metformin increase sensitivity in the liver by inhibiting 

hepatic gluconeogenesis and enhancing glucose uptake in the muscle. Thiazolidinediones, 

or TZDs, are also insulin sensitizers and include drugs such as rosiglitazone and 

pioglitazone. The TZD rosiglitazone (RG), trade named Avandia, is the inspiration for and 

focus of this work.  
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Upon introduction to the clinical market 

Avandia (Figure 1), became a 

blockbuster earning GlaxoSmithKline 

roughly $3 billion in 2006 alone [3]. 

TZDs appear to improve lipid profiles, markers of inflammation, and fibrinolysis, exert 

beneficial effects on vascular reactivity, and decrease pancreatic β-cell injury [2]. The 

glitazones and TZDs are associated with the type II nuclear receptor peroxisome 

proliferator-activated receptor gamma, called PPAR-γ, which regulates adipogenesis [3]. 

The enzyme cyclin-dependent kinase 5 (CDK5) phosphorylates PPAR-γ on the serine 273 

residue, resulting in reduced expression of several genes that promote beneficial metabolic 

activity such as insulin sensitivity [4].  Activation of CDK5 is a likely part of signaling 

pathways that warn a cell of harmful metabolic conditions, and CDK5 is a potent stimulator 

of insulin secretion [5]. CDK5 can affect groups of proteins typically dysregulated in obesity 

and insulin resistance, including adiponectin, CD36, and adipsin [6]. Rosiglitazone binds to 

and activates PPAR-γ while also preventing serine residue phosphorylation by CDK5, 

resulting in the restoration of gene expression for adipocytes and adiponectin [4]. It will be 

important to determine if this inhibition is required for the insulin-sensitizing effects of 

rosiglitazone in order to develop an ideal PPAR-γ agonist that avoids negative side effects.  

Negative effects associated with Avandia include edema, anemia, weight gain, and 

congestive heart failure [2]. In July 2007 the FDA issued a warning label for rosiglitazone 

and restricted distribution due to observed side effects. Patients at the greatest risk of 

peripheral edema, pulmonary edema, fluid retention and weight gain, and congestive heart 

failure in association with rosiglitazone are those that use insulin or have New York Heart 

Figure 1. Structure of rosiglitazone (Avandia) 
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Association class II, III, or IV cardiac status, left-ventricular dysfunction, or renal 

insufficiency [2]. The most significant side effect for Avandia and all PPAR-γ agonists is 

edema, which is made worse with co-treatment with insulin. This effect is most serious in 

patients with pre-existing cardiac disease in which fluid accumulation can lead to increased 

incidence of chronic heart failure, and is the factor that limits dose [7]. Avoiding edema and 

reducing cardiotoxicity is crucial to the development of new Avandia derivatives.  

Weight gain is another negative association with Avandia, but could be a secondary 

result of edema or increased feeding efficiency [7]. PPAR agonists such as rosiglitazone 

have been shown to lower leptin hormone levels, leading to increased food intake and 

subsequent weight gain. Although this weight gain is undesirable, PPAR-γ is a fine 

regulator of adipogenesis, promoting adipocyte differentiation and lipid accumulation, and 

human studies demonstrate that TZD use leads to a beneficial redistribution of fat deposits.  

Additionally, PPAR agonists are, according to the FDA, “multi-species, multi-strain, 

multi-sex, multi-site carcinogens” [7]. A mechanism of action is still needed to explain 

tumor formation, but once known, compound development could optimize against 

carcinogenicity. The overall effectiveness combined with the concerning side effects 

inspired our project of rosiglitazone derivitiziation.  

Nitric oxide (NO) is a potent endogenous vasodilator derived from the five-electron 

oxidation of L-arginine [8]. The concentration of NO is maintained under normal 

physiological conditions. NO levels are dependent on the laminar, turbulent, or pulsatile 

flow rates of blood, and NO stops constituents in the blood from interacting with the vessel 

walls. Increased shear forces stimulate the endogenous production of NO from endothelial 
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cells lining vessels. NO also opposes the adherence and aggregation of platelets and 

monocytes within the cardiovascular system.  

Endothelial dysfunction is an early event in atherogenesis and coronary heart 

disease, with impairment of the NO synthase pathway being one of the earliest signs [8]. In 

fact, reduction in NO synthesis and activity likely contributes 

to the initiation and progressivity of atherosclerosis. Many 

factors can lead to inhibition or dysregulation of the NO 

synthase pathway, including lipoprotein-induced alterations 

in signal transduction, increases in superoxide generation 

followed by degradation of NO, reduced affinity of NOS for L-

arginine, and elevated levels of circulating antagonists.  

Since cardiovascular complications are a major 

deterrent from rosiglitazone use, enhancing NO activity and 

concentration may be useful in the prevention of that 

negative side effect. The synthesis completed here uses 

nitrate as the NO donor. Organic nitrates (RONO2) are the 

oldest class of NO donors that have been clinically applied [9]. 

The biological effects of nitrates are a result of the NO release 

that occurs via either enzymatic bioactivation or a non-

enzymatic three-electron reduction.  

We chose to use succinic acid and ferulic acid as 

linkers between rosiglitazone and the NO donor due to their 

chemical structures and safety profiles. Succinic acid is a water-

Figure 2. Linkers and 
main constituents used. 
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soluble solid that is commonly used as a chemical intermediate in medicinal synthesis and 

as an acidity regulator in food manufacture [10]. Succinic acid has also been approved for a 

wide range of uses by the FDA [11], leading us to choose it as a carbon donor and linker. 

Ferulic acid is highly abundant in nature, occurring as a preformed phenolic aromatic 

chemical derived from phenylalanine [12]. Ferulic acid is commonly viewed as a renewable 

chemical feedstock for biocatalytic conversions to other useful aromatic compounds. Also, 

ferulic acid has anti-oxidant and radical scavenging abilities that could prevent free-radical 

induced diseases such as atherosclerosis [13]. This makes it attractive for use in our work 

since we seek to reduce the negative cardiovascular effects of rosiglitazone. Succinic acid, 

ferulic acid, and dibromoalkanes are shown in Figure 2. The structures of the final products 

synthesized are shown in Figure 3.   

 

Figure 3. Chemical structures of goal compounds 
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Experimental and Methods 

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

without further purification. NO was purchased from Matheson or Air Liquide. Thin layer 

chromatography was carried out using Analtech silica gel GF (250 m) glass-backed plates. 

Eluted plates were visualized at 254nm. Flash column chromatography was performed 

using the indicated solvent system on Silica Gel 60(230-450 mesh size; Alfa Aesar). Unless 

otherwise noted, all work was performed at room temperature. Compounds were stored at 

4° C. 1H NMR was carried out on a Bruker DRX-500 instrument (500 MHz). Synthesis of RG-

S by Jingchao Liu was performed as described [14].  

FA-3Br. 1,3-dibromopropane (molar weight 202 g/mol, density 1.9822 g/cm3, 4 

equivalents, 2.448 mL) was added to a solution of ferulic acid (molar weight 193 g/mol, 1 

equivalent, 1.164 mg) in acetone (20 mL). Following 2 min of stirring on a hot plate, 

triethylamine (molar weight 101 g/mol, 2.8 equivalents, 2.328 mL) was added. Stirring was 

continued at 50° C for 4 h after which point the reaction was brought to room temperature. 

Completion of the reaction was monitored by TLC. After cooling, yellow and white solids 

were filtered out, and the remainder was washed with hexane. Column chromatography 

was performed to purify the product (500 mL hexane, 800 mL of 5% ethyl acetate in 

hexane, 1 L 10% ethyl acetate in hexane, and 1 L 25% ethyl acetate in hexane). Solvents 

were evaporated to yield a light-yellow oil (850 mg, 45%).  

FA-5Br. 1,5-dibromopentane (molar weight 230 g/mol, density 1.688 g/mL, 4 

equivalents, 2.448 mL) was added to a solution of ferulic acid (molar weight 193 g/mol, 1 

equivalent, 1.164 mg) in acetone (20 mL). Following 2 min of stirring on a hot plate, 

triethylamine (molar weight 101 g/mol, 2.8 equivalents, 2.328 mL) was added. Stirring was 
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continued at 50° C for 4 h after which point the reaction was brought to room temperature. 

Completion of the reaction was monitored by TLC. After cooling, yellow and white solids 

were filtered out and the remainder was washed with hexane. Column chromatography 

was performed to purify the product (500 mL hexane, 800 mL of 5% ethyl acetate in 

hexane, 1 L 10% ethyl acetate in hexane, and 1 L 25% ethyl acetate in hexane). Solvents 

were evaporated to yield a light-yellow oil (1.20 g, 68%).  

FA-6Br. 1,6-dibromohexane (molar weight 244 g/mol, 4 equivalents, 5.0 mL) was 

added to a solution of ferulic acid (molar weight 193 g/mol, 1 equivalent, 1.615 mg) in 

acetone (20 mL). Following 2 min of stirring on a hot plate, triethylamine (molar weight 

101 g/mol, 2.8 equivalents, 3.225 mL) was added. Stirring was continued at 50° C for 4 h 

after which point the reaction was brought to room temperature. Completion of the 

reaction was monitored by TLC. After cooling, yellow and white solids were filtered out and 

the remainder was washed with hexane. Column chromatography was performed to 

further purify the product (500 mL hexane, 500 mL 5% ethyl acetate in hexane, 1.5 L of 

10% ethyl acetate in hexane, and 2 L of 25% ethyl acetate), yielding a yellow oil (1.17 g, 

39.4%).  

FA-3ONO2. With room lights off, silver nitrate (molar weight 170 g/mol, 1.5 

equivalents, 607 mg) was added to a solution of FA-3Br (molar weight 315 g/mol, 1 

equivalent, 750 mg) dissolved in acetonitrile. The beaker was covered with foil to prevent 

light contamination, and the mixture was stirred for 2 h at 80° C under reflux in a dark 

hood. TLC was used to monitor reaction progress. The reaction mixture was brought to 

room temperature, acetonitrile was evaporated, silver bromide was filtered out, and the 

beaker and filtration system were washed by acetone. The acetone was evaporated and 
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column chromatography was used for further purification (20% ethyl acetate in hexane) to 

yield 480 mg (67.9%).  

FA-5ONO2. With room lights off, silver nitrate (molar weight 170 g/mol, 1.5 

equivalents, 432 mg) was added to a solution of FA-5Br (molar weight 343 g/mol, 1 

equivalent, 580 mg) dissolved in acetonitrile. The beaker was covered with foil to prevent 

light contamination and the mixture was stirred for 2 h at 80° C under reflux in a dark hood. 

TLC was used to monitor reaction progress. The reaction mixture was brought to room 

temperature, acetonitrile was evaporated, silver bromide was filtered out, and the beaker 

and filtration system were washed by acetone. The acetone was evaporated and column 

chromatography was used for further purification (20% ethyl acetate in hexane) to yield 

548 mg (58.3%).  

FA-6ONO2 With room lights off, silver nitrate (molar weight 170 g/mol, 1.5 

equivalents, 836 mg) was added to a solution of FA-6Br (molar weight 357 g/mol, 1 

equivalent, 1.17 g) dissolved in acetonitrile. The beaker was covered with foil to prevent 

light contamination and the mixture was stirred for 2 h at 80° C under reflux in a dark hood. 

TLC was used to monitor reaction progress. The reaction mixture was brought to room 

temperature, acetonitrile was evaporated, silver bromide was filtered out, and the beaker 

and filtration system were washed by acetone. The acetone was evaporated and column 

chromatography was used for further purification (20% ethyl acetate in hexane) to yield 

564 mg (50.8%).  

 RG-S-FA-3ONO2. RG-S (molar weight 487 g/mol, 1 equivalent, 200 mg) was added to 

FA-3ONO2 (molar weight 297 g/mol, 1.5 equivalents, 185 mg) dissolved in 

dichloromethane. DCC (molar weight 206 g/mol, 1.2 equivalents, 102 mg) was added, 
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followed by DMAP (molar weight 122 g/mol, 0.06equivalents, 3mg) and the mixture was 

stirred at room temperature overnight. The crude product was first purified by column 

chromatography using 25% ethyl acetate in hexane (v/v), solvent was evaporated, and 

silica gel column chromatography was performed using 0.2% methanol in DCM, 0.5% 

methanol in DCM, and 2% methanol in DCM. After evaporation of solvents the yield was 

145 mg (45%).  

RG-S-FA-5ONO2. RG-S (molar weight 487 g/mol, 1 equivalent, 200 mg) was added to 

FA-5ONO2 (molar weight 325 g/mol, 1.5 equivalents, 200 mg) dissolved in 

dichloromethane. DCC (molar weight 206 g/mol, 102 mg) was added, followed by DMAP 

(molar weight 122 g/mol, 3 mg) and the mixture was stirred at room temperature 

overnight. The crude product was initially purified by silica gel column chromatography 

run with 500 mL DCM, 1 L of 0.2% methanol in DCM, 500 mL of 0.5% MeOH/DCM, and 500 

mL of 2% MeOH/DCM. Solvent was evaporated and product further purified by column 

chromatography (1 L of 25% ethyl acetate, 500 mL of DCM, and 700 mL of 2% methanol in 

DCM) to yield a thick oil (165 mg, 50.6%).  

RG-S-FA-6ONO2 RG-S (molar weight 487 g/mol, 1 equivalent, 200 mg) was added to 

FA-6ONO2 (molar weight 339 g/mol, 1.5 equivalents, 209 mg) dissolved in 

dichloromethane. DCC (molar weight 206 g/mol, 102 mg) was added, followed by DMAP 

(molar weight 122 g/mol, 3 mg) and the mixture was stirred at room temperature 

overnight. The crude product was purified by silica gel column chromatography run with 

200 mL hexane, 1 L 25% ethyl acetate in hexane, 0.2% methanol in dichloromethane, and 

700 mL 1% methanol in DCM, yielding a thick oil (195 mg, 58.7%).  
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Results and Discussion 

 The purpose of this project was to link rosiglitazone and a nitric oxide donor using 

ferulic acid, succinic acid, and a carbon chain with varied length. Succinic acid was 

prepared by adding a chlorinated methane (1) to one carboxylic acid, that was then 

substituted to iodine (2), shown in Scheme 1. Rosiglitazone was transformed into 

rosiglitazone potassium salt using the scheme shown in Scheme 2.  Rosiglitazone and 

succinic acid where attached, yielding RG-S (Scheme 3). Meanwhile, ferulic acid was 

extended using dibromoalkane (Scheme 4), which then underwent a nitrate substitution 

yielding FA-nONO2 (Scheme 5). RG-S and FA- nONO2 pieces then were put together using a 

condensation reaction to yield RG-S-FA- nONO2, where “n” represents the number of 

carbons in the extension chain (Scheme 6). 
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Scheme 1 Preparation of succinic acid for future linkage to rosiglitazone 
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Scheme 2 Reaction scheme for synthesis of rosiglitazone-potassium salt 
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Scheme 3 Reaction scheme for synthesis and deprotection of RG-S 

Scheme 4 Synthetic schemes for FA-nBr 
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NMR profiles were taken for each of the products to determine if the desired 

structure was synthesized. The spectra include a 5.30 ppm shift for dichloromethane 

Scheme 5 Substitution of nitrate to create FA-nONO2 

Scheme 6 Reaction scheme for the final condensation reaction of RG-S-FA-5ONO2 
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(CH2Cl2) and 1.26 ppm for hexane. The spectra do, however, show all the expected peaks 

for our final products clearly. Figure 4 shows the predicted 1H NMR spectrum for RG-S-FA-

3ONO2 and Figure 5 shows the actual spectrum, which matches well.  

Figure 4 Predicted 1H NMR spectrum of RG-S-FA-3ONO2 
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Figure 5 Actual 1H NMR spectrum of RG-S-FA-3ONO2 

 The peaks at ~2.7 ppm and ~2.9 ppm belong to succinic acid’s center, with each 

peak showing an integration of two. The large singlet at 3.86 ppm present in both spectra 

represents the –OCH3 group of the ferulic acid portion of the compound and the large 

singlet at 3.2 ppm with an integration of three shows the three hydrogens on the –NCH3 

group of rosiglitazone. The alkane chain leading to the nitrate results in peaks at 4.6 ppm 

(protons nearest the oxygen), 4.3 ppm (protons nearest the nitrate group), and 2.15 ppm 

(protons in the center of the chain). We can also note the lack of peaks for unreacted 

reagents (hydrogen on unreacted ferulic acid, succinic acid, or rosiglitazone). Significant 

differences in the spectra can be attributed to CDCl3 at 7.25 ppm, DCM at 5.3 ppm, hexane 
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at 1.26 ppm, and a small amount of the impurity DCU, leftover from DCC, is seen as noise at 

the low end of the spectrum.  

 The predicted spectrum for RG-S-FA-5ONO2 is shown in Figure 6 and the actual 

spectrum is shown in Figure 7. Much like RG-S-FA-3ONO2, the spectra match up very well 

and most of the peaks are identical to those of RG-S-FA-3ONO2, with the only differences in 

peaks coming from the difference in number of carbons and protons in the chain leading to 

the nitrate group.  

Figure 6 Predicted H1 NMR spectrum of RG-S-FA-5ONO2 
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Figure 7 Actual H1 NMR spectrum of RG-S-FA-5ONO2 

The predicted H1 NMR spectrum for RG-S-FA-6ONO2 is seen in Figure 8 and the 

actual spectrum is seen in Figure 9. Like the previous compounds, the sample tested had 

some solvent remaining, but overall the spectrum shows that the desired product was 

synthesized successfully. 
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Figure 8 Predicted H1 NMR spectrum of RG-S-FA-6ONO2 

 

 

Figure 9 Actual H1 NMR spectrum of RG-S-FA-6ONO2 
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 Future work will involve linking organic nitrate and ferulic acid at different 

positions, varying the length of dibromoalkanes, varying synthetic schemes to maximize 

yields, and using alternative nitric oxide donors in order to maximize biological effects. 

Once all desired variations of the rosiglitazone, NO donor combination are synthesized, 

evaluation of their bioactivity will commence.  
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