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ABSTRACT 

EFFECT AND MECHANISM OF HYPERHOMOCYSTEINEMIA ON 

ENDOTHELIAL INSULIN SIGNALING 

Meghanaben Pansuria 

Doctor of Philosophy 

Temple University, 2013 

Doctoral Advisory Committee Chair: Hong Wang, MD, PhD, EMBA 

Hyperhomocysteinemia (HHcy) is an independent risk factor for cardiovascular disease 

(CVD). Both HHcy and insulin resistance (IR) are associated with atherosclerotic CVD. 

Recent studies have confirmed that insulin is not only a principle regulator of glucose 

homeostasis but also an important vasoactive hormone involved in the modulation of 

vascular tone. Epidemiological studies and animal studies have demonstrated the positive 

correlation of HHcy with IR and diabetes. Nevertheless, the effect and mechanism of 

HHcy on endothelial insulin signaling and insulin resistance has not been studied.  

In this study, we investigated the role and mechanism of HHcy on endothelial IR in vivo 

using transgenic mouse model of HHcy (Tg-hCBS Cbs -/- mice, plasma Hcy levels of 

102.6 ± 9.1µmol/L) and in vitro using human aortic endothelial cells (HAEC). Using 

bioinformatics approach, we found tissue differential expression of Insulin/PI3K pathway 

genes in human and mouse. Furthermore, we measured tissue Hcy, S-adenosyl 

methionine (SAM), S-adenosyl homocysteine (SAH) levels in Tg-hCBS Cbs +/+ mice 

and examined correlation of insulin signaling genes with tissue Hcy, SAH levels and 

SAM/SAH ratio. We found negative correlation of Insulin/PI3K signaling genes with 

Hcy and SAH levels and positive correlation of Insulin/PI3K signaling genes with 
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SAM/SAH ratio. These results led us to hypothesize that HHcy might negatively regulate 

insulin signaling and further contributes to IR. We found that HHcy impaired glucose 

metabolism (p<0.01 vs controls [CT]) and insulin sensitivity (p<0.05 vs CT) in Tg-hCBS 

Cbs -/- mice compared to their littermate controls (Tg-hCBS Cbs -/+ or +/+ mice). 

Furthermore, HHcy impaired insulin-induced vasorelaxation (31% vs CT, p<0.05) and 

endothelium-dependent relaxation (26% vs CT, p<0.05) in Tg-hCBS Cbs -/- mouse 

mesenteric arterioles. HHcy did not affect endothelium-independent relaxation and 

potassium chloride (KCl) & phenylephrine (PE)-induced contraction responses. 

Moreover, we found that HHcy significantly inhibited insulin-stimulated Akt and eNOS 

phosphorylation and activation in HAEC, mesenteric arterial tree, and in aorta. Pre-

treatment of mesenteric arterioles with Wortmanin (PI3K inhibitor) and L-NAME (Nitric 

oxide synthase inhibitor) significantly inhibited insulin-induced vasorelaxation in 

controls (p<0.05 vs vehicle pre-treatment) but not in Tg-hCBS Cbs -/- mice, suggesting 

that HHcy impairs insulin-induced PI3K/Akt/eNOS signaling pathway. Moreover, we 

found that HHcy augmented insulin-induced MAPK pathway in HAEC, mesenteric 

arteries, and in aorta. In addition, pre-treatment of mesenteric arterioles with MEK 

inhibitor (PD98059) and endothelin-1A receptor blocker (BQ123) significantly improved 

(p<0.05 vs vehicle pre-treatment) insulin-induced vasorelaxation in Tg-hCBS Cbs -/- 

mice. Further analysis of upstream insulin signaling genes show that HHcy 

downregulated insulin receptor substrates (IRS) 1/2 mRNAs and protein expression but 

did not affect insulin receptor mRNA expression. Moreover, reactive oxygen species 

(ROS) scavenger restored HHcy induced vascular IR.  
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In summary, our results suggest that HHcy impairs vasodilator actions of insulin by 

impairing IRS/PI3K/eNOS-dependent signaling pathway and amplifying MAPK-

dependent pathway leading to systemic IR and endothelial dysfunction via oxidative 

stress related mechanism. Our work will greatly improve our understanding by which 

HHcy contributes to diabetic vascular disease. Our work is supported by grants from the 

National Institute of Health (NIH). 
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CHAPTER 1 

GENERAL INTRODUCTION 

Hyperhomocysteinemia (HHcy) 

Homocysteine (Hcy) is a sulfur containing amino acid. It was first isolated in 1933 from 

urinary bladder stone by Prof. Vincent du Vigneaud. He named it "homocysteine" [homo 

= same in Greek] because its structure was similar to cysteine, an important constituent of 

all proteins, but has one more carbon atom than cysteine. Hcy is a metabolic intermediary 

derived from methionine, the essential sulfur containing amino acid. Chemical structure 

of homocysteine, cysteine, and methionine are shown in Figure 1. In 1969, Dr. Kilmer 

McCully, a Harvard pathologist first time proposed that elevated blood level of Hcy was 

a possible cause of premature vascular disease  (McCully, 1969). 

                                                             

 

Figure 1. Chemical Structures of Sulfur Containing Amino Acids. 

However, this hypothesis was neglected by the medical community until 1976, when 

Wilcken & Wilcken (Wilcken & Wilcken, 1976) first observed an abnormal increase in 

plasma Hcy after oral methionine loading in patients with coronary artery disease (CAD). 

Numerous studies have subsequently confirmed the positive association between 

Homocysteine Cysteine Methionine 
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hyperhomocysteinemia (HHcy) and increased cardiovascular disease (CVD) risk (Beier, 

1984; L. E. Brattstrom, Hardebo, & Hultberg, 1984; Harker, Harlan, & Ross, 1983). 

Today, it is widely accepted that an elevated level of Hcy (>15 μmol/L) is an independent 

risk factor for CVD. HHcy is observed in nearly 5% of the general population. Recent 

studies have also demonstrated a strong correlation between elevated Hcy levels and 

diseases such as diabetes (Buysschaert, Dramais, Wallemacq, & Hermans, 2000; de Luis 

et al., 2005; Hoogeveen et al., 1998; Hoogeveen et al., 2000; Meigs et al., 2001; E. Okada 

et al., 1999) Alzheimer’s (Morris, 2003; Seshadri et al., 2002), Osteoporosis (McLean et 

al., 2004; van Meurs et al., 2004), Inflammatory bowel disease (Morgenstern, 

Raijmakers, Peters, Hoensch, & Kirch, 2003), and Kidney disease (Nerbass et al., 2006). 

Increasing research data have established Hcy as an important indicator for overall health 

status. According to the American Heart Association, normal levels of fasting plasma 

Hcy are considered to be between 5 and 15µmol/L.  HHcy (Plasma Hcy level greater than 

15μmol/L) is categorized into 3 levels. 1) Moderate HHcy with plasma Hcy level 

between 16-30µmol/L. 2) Intermediate HHcy with plasma Hcy between 31-100µmol/L 

and 3) Severe HHcy with plasma Hcy level >100 µmol/L. Plasma Hcy levels are gender 

and age related. Men are likely to have higher tHcy level than women and it increases 

with age (Lin et al., 2002). Severe HHcy are usually caused by inborn error of Hcy 

metabolism. Cystathionine β-synthase (CBS) deficiency is one of the most common 

genetic causes of severe HHcy (estimated worldwide incidence 1:30,000) (Mudd et al., 

1985; Ubagai et al., 1995). Genetic deficiency of methylenetrahydrofolate reductase 

(MTHFR) also results in severe HHcy (Frosst et al., 1995; Goyette et al., 1994), 

(Boulanger et al., 1998). Moreover, inadequate plasma concentrations of one or more of 
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vitamin B6 (pyridoxine), B12 (cobalamin), or folic acid are also contributing factors in 

HHcy (Franken, Boers, Blom, Trijbels, & Kloppenborg, 1994; Selhub, Jacques, Wilson, 

Rush, & Rosenberg, 1993). 

Hcy Metabolism 

Hcy is a highly reactive amino acid formed during catabolism of the essential amino acid 

methionine by demethylation reaction. First methionine forms S-adenosylmethionine 

(SAM), a major donor of cellular methylation by methionine s-adenosyl transferases. By 

donating a methyl group SAM is converted to S-adenosylhomocysteine (SAH). SAH is 

then converted to Hcy. The intracellular Hcy concentrations are tightly regulated and any 

excess is transported to the plasma. Hcy can be further metabolized through two 

pathways to reduce total Hcy concentration in cells and in blood: Remethylation and 

Transsulfuration pathways (Welch & Loscalzo, 1998).  

Under negative methionine balance, Hcy is primarily metabolized through remethylation 

pathway. In a remethylation pathway, Hcy forms methionine by acquiring methyl group 

from betaine or methylenetetrahydrofolate (MTHF). In most tissues, remethylation of 

Hcy is catalyzed by enzymes methionine synthase (MS) or MTHFR, which uses vitamin 

B12 as a co-factor. The reaction with betaine is vitamin B12 independent, and is confined 

mainly to liver and kidney. Betaine Hcy methyltransferase (BHMT) converts Hcy to 

methionine using betaine as the methyl-group donor. Approximately 50% of available 

Hcy is remethylated to methionine in healthy individuals (Mudd & Poole, 1975). In a 

transulfuration pathway, Hcy is irreversibly converted to cystathionine by vitamin B6 

dependent enzyme, CBS. Cystathionine is then hydrolyzed by cystathionine γ-lyase (CSE 
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or CGL), an enzyme that also requires vitamin B6 as a co-factor, to form cysteine and α -

keto butyrate. Excess cysteine is then converted to sulfate and excreted via urine. When 

methionine is in excess, transulfuration pathway is favored by upregulation of CBS and 

down-regulation of remethylation pathway. An overview of Hcy metabolism is presented 

in Figure 2. 
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Figure 2. Hcy Metabolism Pathway. 

Hcy is formed by methionine metabolism in demethylation pathway, which contributes a 

methyl group for cellular methylation. Hcy can become cysteine by trans-sulfuration and 

can be converted back to methionine by remethylation receiving a methyl group from 

betaine or folic metaboblismetrahydrofolate reductase. Increased Hcy levels can lead to 

hypomethylation by forming SAH, a potent inhibitor of biological transmethylation. 

CBS, cystathionine β-synthase; CSE (or CGL), cystathionine γ -lyase; BHMT, betaine-

Hcy methyltransferase; MS,  methionine synthase; THF, tetrahydrofolate; MTHF, 

methyltetrahydrofolate; MTHFR, methyltetrahydrofolate reductase; DMG, dimethyl 

glycine; MAT, methionine adenosyl transferase; MTs, methyltransferases; ATP, 

adenosine-5’-triphosphate; B6, pyridoxal-5’-phosphate (PLP); B12, cobalamin; SAH, S-
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adenosylhomocysteine; SAM, S-adenosylmethionine. (Adapted and modified from Wang 

et al., Drug discovery today: Disease Mechanisms; Vol 2 ; No1; 2005) 
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HHcy and Cardiovascular Disease (CVD) 

Since Mcculy hypothesized the link between HHcy and CVD, many epidemiological 

studies and animal studies have investigated this association and showed a strong 

correlation between HHcy and CVD. 

Human Studies 

 In 1991, Clark et al. showed that independent of hypertension, hypercholesterolemia, 

and smoking, HHcy is a risk factor for CVD (Clarke et al., 1991). In 1995, Boushey  

reviewed the data mainly from cross-sectional and retrospective studies, in a meta-

analysis.  This study included 4000 subjects from 27 observational studies and analysis of 

the study indicated that a 5 µM increase in basal total plasma Hcy levels was associated 

with 60-80% increased risk of Coronary Heart Disease (CHD) in men and women 

(Boushey, Beresford, Omenn, & Motulsky, 1995). Another study, the European 

Concerted Action Project including 750 men and women with arterial vascular disease 

and 800 controls, demonstrated that an increase in plasma Hcy levels was an independent 

risk factor for CVD (Graham et al., 1997).  

A few years later, other meta-analysis studies showed only 20-30% increase in CVD risk 

by 5 µM increase in Hcy levels (Ueland, Refsum, Beresford, & Vollset, 2000). Few other 

prospective case- control studies did not show the strong association between Hcy and 

CHD (Alfthan et al., 1994; R. W. Evans, Shaten, Hempel, Cutler, & Kuller, 1997; 

Folsom et al., 1998; Verhoef et al., 1997). However, the overall summary of these studies 

still reveal high risk of CVD associated with HHcy.  
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A prevalence of partial CBS and MTHFR inherited defects is observed in patients 

suffering from CVD. Moreover, Boers et al. found that after methionine loading, 28% of 

patients with peripheral vascular and cerebrovascular disease, developed HHcy (Boers et 

al., 1985). Fermo et al. found moderate HHcy in 13.1% of patients with venous 

thrombosis and 19.2% of patients with arterial occlusive disease (Fermo et al., 1995). 

Numerous other retrospective case-controlled (L. Brattstrom et al., 1992; Mansoor, 

Bergmark, Svardal, Lonning, & Ueland, 1995; Pancharuniti et al., 1994; Verhoef et al., 

1994) and some prospective nested case-controlled studies (den Heijer et al., 1996; 

Stampfer et al., 1992) established the link between HHcy and occlusive coronary artery 

(Pancharuniti et al., 1994; Stampfer et al., 1992), cerebrovascular (L. Brattstrom et al., 

1992; Verhoef et al., 1994), and peripheral vascular diseases (Mansoor et al., 1995), as 

well as venous thrombosis (den Heijer et al., 1996). Overall prevalence of HHcy is shown 

in Table 1.  
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Table 1.  Prevalence of HHcy in Different Populations. 

Table indicates references (PubMed ID) of different studies and percentage (%) of HHcy 

in different population.  
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Animal Studies 

Animal studies using HHcy mouse model cbs
-/-

/Apolipoprotein E (ApoE)
-/-

 double 

knockout mice showed that atherosclerosis lesion was greatly accelerated in 6 month old 

severe HHcy cbs
-/-

/ApoE
-/-

 mice compared to ApoE
-/-

 mice (H. Wang et al., 2003). 

Studies from other groups also demonstrated increased atherosclerosis lesion (Zhou et al., 

2001) and enhanced vascular inflammation in diet-induced HHcy in ApoE
-/-

 mice 

(Hofmann et al., 2001). Additional animal studies data from our lab and others have 

demonstrated that elevated Hcy levels increase oxidative stress (Kanani et al., 1999), 

impair endothelial function (Lentz, 2005; J. S. Stamler et al., 1993), increase smooth 

muscle cell proliferation, inhibit endothelial cell growth and post-injury 

reendothelialization, and increase thrombogenicity (Lentz, 2005), which together 

promote atherosclerosis development. Furthermore, recent studies by our lab have 

demonstrated that severe HHcy induces pro-inflammatory monocyte subset 

differentiation which may also be responsible for increased CVD in HHcy (D. Zhang et 

al., 2009b).  

Genetic defects, nutritional deficiency of folate, pyridoxine, and cobalamin and other 

mechanisms can interfere with transsulfuration or remethylation pathway of Hcy and lead 

to HHcy (H. Wang, Tan, H.,  and Yang, F. , 2005). Severe and moderate HHcy can be 

treated with vitamin supplements of folate, B6, and B12 (Landgren et al., 1995; Ubbink 

et al., 1994). Hcy-lowering vitamin therapy (12 months) has suggested some clinical 

advantage in reducing the incidence of major adverse events after percutaneous coronary 

intervention (Schnyder, Roffi, Flammer, Pin, & Hess, 2002). Nevertheless, the long-term 
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effects of lowering plasma Hcy levels on CVD risk are still unidentified and conclusions 

about therapeutic benefits await the findings of ongoing clinical trials.  

Pathophysiological Mechanism of HHcy  

Clinical and animal studies have proposed that the atherogenic predisposition associated 

with HHcy results from endothelial injury and dysfunction followed by vascular smooth 

muscle cell (VSMC) proliferation, platelet and monocyte activation, and thrombus 

formation. These mechanisms might explain cardiovascular pathology associated with 

HHcy. 

1. Endothelial injury and endothelial growth inhibition- Endothelial injury, is considered 

as an early event in the development of atherosclerosis. Our lab were first to report that 

that Hcy, at a physiologically relevant concentration, inhibits human aortic endothelial 

cells (HAECs) growth through hypomethylation and cyclin A transcriptional inhibition 

(Jamaluddin et al., 2007). Endothelial injury and repair play a key role in the 

development of arteriosclerosis. Studies showed that severe HHcy promotes post-injury 

neointima formation, by impairing reendothelialization via inhibition of EC proliferation 

and migration (Tan et al., 2006). 

2. Endothelial dysfunction- Endothelial dysfunction is an antecedent to the development 

of atherosclerosis. Atherosclerosis is characterized by endothelial activation and 

dysfunction, lipid accumulation, monocyte infiltration and differentiation, T-cell 

infiltration and activation, foam cell formation and fibrosis in the lesion area.  Studies 

using various animal models have demonstrated that HHcy induces endothelial 

dysfunction via impairment of endothelium-dependent relaxation (Z. Cheng et al.; X. 
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Jiang et al., 2005). Our lab studies have demonstrated that HHcy impairs endothelial 

function and eNOS activity via protein kinase C (PKC) activation (X. Jiang et al., 2005). 

In elderly subjects, HHcy has been demonstrated to impair brachial artery endothelial-

dependent flow-mediated dilatation (Tawakol, Omland, Gerhard, Wu, & Creager, 1997).  

3. VSMC proliferation- Increased VSMC proliferation is also one of the hallmarks of 

atherosclerosis. Our lab were first to report that HHcy increases VSMC proliferation 

through cyclin A transactivation. Additionally, HHcy activates PKC pathway, increases 

myc and c-mycb expression, and increases collagen synthesis in VSMC (Tsai et al., 1994; 

Tsai et al., 1996). 

4. Monocytes differentiation and transmigration- The initial pathophysiological step in 

atherosclerosis is endothelial injury and monocyte infiltration. Atherosclerosis is an 

inflammatory disease that begins as fatty streaks underlying the endothelium of large 

arteries. Monocytes then transmigrate across the endothelial monolayer into the intima, 

where they proliferate and differentiate into macrophages and take up the lipids to form 

foam cells. With time, the foam cells die and, contribute their lipid-filled contents to the 

necrotic core of the lesion and atherogenesis (Glass & Witztum, 2001). Endothelial injury 

manifests itself as increased adhesion molecule expression on the cell surface and 

cytokine or chemokine expression and secretion. This monocyte activation hypothesis 

was supported by data showing that Hcy increases the expression and secretion of 

monocyte chemoattractant protein-1 (MCP-1) and interleukin-8 in human monocytes (X. 

Zeng, Dai, Remick, & Wang, 2003) and endothelial cells (ECs) (Poddar, 

Sivasubramanian, DiBello, Robinson, & Jacobsen, 2001). MCP-1 enhances the binding 
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of monocytes to the endothelium and their recruitment to the subendothelial cell space, a 

critical step in atherosclerotic lesion development. 

We reported that HHcy accelerates atherosclerosis by promoting inflammatory monocyte 

differentiation/macrophage accumulation in the lesion area in a new HHcy mouse model 

with an inducible human cystathionine β-synthase (CBS) transgene in the background of 

ApoE
-/-

 and CBS
-/-

 compound knock-out (Tg-hCBS/ApoE
-/-

/CBS
-/-

) mice fed a high fat 

diet (D. Zhang et al., 2009a).  Thus, it is seen that the risk factors for atherosclerosis serve 

to promote number of inflammatory processes involved in the formation or progression 

of atherosclerotic plaques. 

5. Thrombogenesis- Enhanced thrombogenesis might be responsible for increased 

occurrence of arterial and venous thromboembolism in HHcy patients. Additionally, high 

plasma Hcy levels are a risk for deep venous thrombosis in the general population (den 

Heijer et al., 1996). The pioneer work of Harker et al. suggests that endothelial cell injury 

associated with reduced platelet survival is involved in the initiation of vascular disorders 

induced by experimental HHcy (Harker, Ross, Slichter, & Scott, 1976). In humans and 

rats, HHcy leads to platelet activation and decreases von Willebrand factor (A 

thrombophilic protein) expression in woman with thrombosis (Perutelli et al., 2005) and 

decreases the activity of thrombomodulin- a thrombin co-factor responsible for PKC 

activation in monkey aorta (Lentz et al., 1996). 

Biochemical Mechanism of HHcy Induced CVD 

HHcy is a strong independent risk factor for CVD. Multiple mechanistic studies have 

demonstrated several biological mechanisms of HHcy induced CVD, which include 



14 

 

  

endothelial cell injury and dysfunction, increased VSMC proliferation, platelet activation, 

monocyte activation, cholesterol and triglyceride biosynthesis dysregulation, and 

thrombosis activation. However, biochemical mechanisms of HHcy induced CVD was 

not clearly identified. The four biochemical mechanisms of HHcy have been proposed to 

explain the vascular pathology of HHcy. These include 1) Auto-oxidation through the 

production of reactive oxygen species (ROS) (Welch, Upchurch, & Loscalzo, 1997); (2) 

Nitrosylation by binding to nitric oxide (NO) (Perna et al., 2003); (3) Protein 

homocysteinylation by incorporating Hcy into protein (Jakubowski, 2001); or (4) 

Hypomethylation by forming SAH, a potent inhibitor of biological transmethylation (Lee 

& Wang, 1999). 

1. Oxidation 

Oxidation has been considered as an important biochemical mechanism account for Hcy 

pathogenesis. Free sulfhydryl group in Hcy controls the redox property. Auto-oxidation 

of Hcy with another Hcy molecule generates disulfide and ROS (Figure 3). ROS consist 

of superoxide anion, hydroxyl radical, peroxynitrite, hydrogen peroxide or other 

peroxides and hypochlorous acid, and their organic analogues. ROS at moderate 

concentrations act as signaling molecules and play important role in the regulation of a 

variety of cellular functions. ROS contribute to vascular tone regulation, cell growth, 

oxygen sensing, proliferation, apoptosis, and inflammatory responses in the vasculature. 

ROS formation could also be toxic to the cells through lipid peroxidation of cell 

membranes, which could initiates inflammatory response and lead to impaired 

endothelial function. Studies have demonstrated pro-oxidant effects of Hcy on lipid 
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oxidation. Moreover, Hcy can also lead to oxidative injury via inhibition of anti-oxidant 

enzymes (Weiss, Keller, Hoffmann, & Loscalzo, 2002). Experiments using animal 

models of diet-induced and genetic mouse model of HHcy or in cultured endothelial cells 

under conditions of elevated Hcy levels, demonstrated the role of increased oxidative 

stress (Z. Cheng et al.; Weiss et al., 2002; D. Zhang et al., 2009b). Increased oxidative 

stress induced by HHcy promotes endothelial dysfunction by decreasing availability and 

activity of NO. Human studies show that HHcy is associated with impaired endothelium-

dependent vasodilation, presumably by decreased bioavailability of NO (Tawakol et al., 

1997; Welch et al., 1997).  
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Figure 3. Autoxidation – One of The Biochemical Mechanism of Hcy Pathology. 

 Hcy can be auto-oxidized with another Hcy molecule to generate disulfide and ROS, and 

cause oxidative injury. Hcy-SH, free Hcy; Hcy-S-SHcy, homocystine (disulfide); O2, 

oxygen; H2O, water; H2O2, hydrogen peroxide; O, singlet oxygen; OH, hydroxyl 

radical. (Adapted and modified from Wang et al., Drug discovery today: Disease 

Mechanisms; Vol 2 ; No1; 2005) 
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2.  Nitrosylation 

Oxidation of Hcy with NO forms S-nitroso-homocysteine. This S-nitroso-homocysteine 

has vasodilatory and anti-platelet aggregation properties. This nitrosylation mechanism 

serves as a protective mechanism against adverse effects of Hcy. S- nitrosylation of Hcy 

activate p21
ras  

(Heo & Campbell, 2004) and inhibits hepatic methionine adenosyl 

transferase (Perez-Mato, Castro, Ruiz, Corrales, & Mato, 1999). The scavenging effect of 

Hcy is overcome in chronic exposure to high Hcy, which leads to decreased 

bioavailability of NO and its production, unimpeded oxidative injury mediated by Hcy, 

and formation of peroxynitrite. 

3. Protein Homocysteinylation 

Hcy converts to thiolactone in consequence of an error-editing function of some 

aminoacyl-tRNA synthetases (Jakubowski, Zhang, Bardeguez, & Aviv, 2000), which is 

one of characteristic of Hcy metabolism that may account for adverse effects of elevated 

Hcy levels. Plasma proteins incubated with homcysteine thiolactone spontaneously form 

homocysteinylated proteins. Consequences of homocysteinylation are protein damage 

with altered electrophoretic mobility and loss of enzymatic activity. However, blood Hcy 

thiolactone levels cannot be measured either because of its low concentration or its high 

reactivity with plasma proteins. Nevertheless, protein homocysteinylation could also be 

mediator of Hcy toxicity (Jakubowski, 2000). 

4. Hypomethylation 

Cellular methylation is involved in phospholipids, nucleic acids, amines, and other 

neurotransmitters synthesis. It requires the appropriate function of methyltransferases to 
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regulate the gene expression and protein function. Methylation levels of DNA are 

maintained by DNA methyltransferases (DNMTs). A family of DNMTs: DNMT1, 

DNMT2, DNMT3A, and DNMT3B, regulates DNA methylation status. Thus, 

inactivation of DNMTs causes global hypomethylation or hypomethylation of specific 

families of repeated sequences (Bestor, 2000). Alterations in human DNA methylation 

patterns, a major epigenetic mechanism, are an important characteristic of cancer and 

play a significant role in other disease states such as atherosclerosis and autoimmune 

diseases. Selhub and Miller et al. have proposed the role and ability SAM in 

synchronized control of remethylation and transulfuration pathway of Hcy metabolism 

(Selhub & Miller, 1992). SAM is an allosteric inhibitor of MTHFR. Hcy can utilize 

adenosine, a normal constituent of body and efficiently converts to SAH, a potent 

inhibitor of methyltransferase reactions, thereby causes cellular hypomethylation 

(Reddington & Pusch, 1983). Most methyltransferases bind to SAH with higher affinity 

than with SAM. Therefore, one of the basic biochemical mechanisms of Hcy induced 

vascular injury that contributes to CVD is hypomethylation through accumulation of 

SAH (Hultberg, Andersson, & Isaksson, 2000). SAM/SAH ratio is an important indicator 

of cellular methylation status. Our lab were first to propose and demonstrate that 

clinically relevant concentrations (10–50µM) of Hcy, in the presence of adenosine, 

considerably inhibited endothelial cell proliferation and p21
ras

 methylation in ECs (H. 

Wang et al., 1997). Moreover, we found that Hcy but not cysteine significantly increased 

the SAH levels in ECs but had very minimal effect on VSMCs. Additionally, 

hypomethylation hypothesis was also supported by human studies signifying that 

elevated Hcy levels in patients are linked to increased SAH levels and impaired 
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erythrocyte membrane protein methylation (Perna et al., 1997; Perna et al., 1993). 

Furthermore, animal studies also confirmed hypomethylation theory by showing that 

CBS-deficient mice have increased SAH levels and decreased DNA methylation 

(Svardal, Refsum, & Ueland, 1986; L. Wang et al., 2005). 

Diabetes Mellitus (DM) 

The key clinical features of diabetes polyuria, polydipsia, and polyphagia were 

recognized as early as 1500 BC when Hindu scholar first illustrated that ants are attracted 

to the urine of people. Now, Diabetes mellitus (DM) is characterized as a chronic disease 

marked by high level of glucose in the blood. It is estimated that around 8% or 26 million 

people suffer from diabetes in the United States. It is predicted that the number of 

afflicted individuals will double by 2030. American diabetes association data (2011) 

showed that in 2007, DM costs around $174 billion in the United States ("American 

diabetes association. http://www.diabetes.org/diabetes-basics/diabetes-statistics/," 2011). 

The body normally regulates blood glucose level within a normal range. Insulin 

maintains blood glucose levels by allowing glucose to move out from blood into the cells, 

where glucose is converted to energy, and glucose homeostasis is maintained. DM 

develops when pancreas does not produce enough insulin or the body does not respond to 

insulin. There are 2 types of diabetes mellitus; Type 1 Diabetes mellitus (T1DM) and 

Type 2 diabetes mellitus (T2DM), both are characterized by hyperglycemia (Figure 4).  
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Figure 4. Blood Glucose Levels Regulation by Insulin and Glucagon. 

Normally, blood glucose levels are tightly regulated. When blood glucose level increases, 

pancreatic β-cells release insulin into the blood, which stimulate liver, fat, and muscle to 

absorb glucose in the blood and lower the blood glucose levels. In contrast, when blood 

glucose levels are low, pancreatic α-cells increase the release of glucagon, a hormone 

which stimulates glycogen breakdown and thereby increases the amount of glucose in the 

blood. When insulin secretion is declined, it leads to type 1 diabetes mellitus (T1DM) and 

when cells/tissue does not respond to insulin, it leads to type 2 diabetes mellitus (T2DM).  
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Type 1 Diabetes Mellitus (T1DM) 

 T1DM is a chronic disease, caused by absolute insulin deficiency, which results from 

progressive failure of pancreas to secrete insulin owing to autoimmune mediated 

destruction of pancreatic β-cells (Atkinson & Eisenbarth, 2001; Eisenbarth, 1986). As β -

cell mass decreases, insulin secretion declines to the point where there is no insulin being 

produced to maintain normal blood glucose levels. Subsequent to destruction of 80-90% 

of the β-cells, hyperglycemia develops and diabetes may possibly be diagnosed. People 

with T1DM need to take an exogenous insulin injection to prevent ketosis, to decrease 

hyperglucagonemia, to normalize lipid and protein metabolism, and to regulate blood 

glucose level within a normal range. The most common symptoms of T1DM are 

polyuria, polydipsia, and polyphagia, along with lassitude, nausea, and blurred vision, all 

of which are consequences of hyperglycemia itself.
 

A 2011 report from the US Centers for Disease Control and Prevention (CDC) 

anticipated that approximately 1 million Americans have T1DM. The CDC estimated that 

T1DM was newly diagnosed in 15,600 young people every year from 2002 to 2005. The 

annual rate of new cases in children younger than 10 years was 19.7 per 100,000 

populations; among those 10 years or older, the rate was 18.6 per 100,000 populations. At 

present, autoimmunity is regarded as the key factor in the pathophysiology of T1DM. 

Approximately 85% of patients with T1DM have circulating islet cell antibodies, and the 

greater part of them also have detectable anti-insulin antibodies before receiving insulin 

therapy. Furthermore, patients with other autoimmune diseases such as Graves’s disease, 

Hashimoto thyroiditis, and Addison disease have increased incidence of T1DM (Barker, 
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2006; De Block et al., 2001; Van den Driessche, Eenkhoorn, Van Gaal, & De Block, 

2009). Moreover, clinical study by Pilia et al. demonstrated that in patients with 

autoimmune thyroiditis, occurrence of islet cell antibodies (IA2) and anti-GAD 

antibodies was increased (Pilia et al., 2011).  

T1DM is the most common metabolic disease of childhood. About 1 in every 400-600 

children and adolescents have T1DM. T1DM is associated with increased morbidity and 

mortality, which are related to short and long- term complications including 

hypoglycemia, increased risk of infections, microvascular complications, neuropathic 

complications, and macrovascular complications (C. V. Desouza, Bolli, & Fonseca, 2010; 

Whitmer, Karter, Yaffe, Quesenberry, & Selby, 2009). It has been suggested that these 

impediments result in increased risk for ischemic heart disease (Malmberg et al., 2000), 

cerebral vascular disease (Abbott et al., 2003), peripheral vascular disease (Jude, Oyibo, 

Chalmers, & Boulton, 2001; Schainfeld, 2001), renal disease (Drummond & Mauer, 

2002), blindness (Harding, 2003), and autonomic (Vinik, Maser, Mitchell, & Freeman, 

2003) and peripheral neuropathy (Dyck et al., 1993). Patients with diabetes have a 

lifelong challenge to manage and maintain blood glucose levels near to normal range. 

However, with appropriate glycemic control, the risk of both microvascular and 

neuropathic complications can be reduced evidently. Additionally, hypertension and 

hyperlipidemia treatment reduces the risk of macrovascular complications. 
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Type 2 Diabetes Mellitus (T2DM) 

T2DM is the most common form of diabetes and it accounts for around 90-95% of 

patients with diabetes. Relative insulin deficiency in T2DM results first from peripheral 

IR followed by defective β-cell insulin secretion. The etiology of T2DM appears to 

involve complex interactions between environmental and genetic factors. Apparently, the 

disease develops when a diabetogenic lifestyle (i.e. excessive caloric intake, inadequate 

caloric expenditure, obesity) is overlaid on a vulnerable genotype. It is reported that in 

the United States, 11.3% of adults age 20 years and older have T2DM, this percentage 

increases to 26.9% in adults age 65 years and older (American diabetes association. 

http://www.diabetes.org/diabetes-basics/diabetes-statistics/ [2011]). Death rates in adults 

that have diabetes with pre-existing heart disease and stroke are about 2 to 4 times higher 

than adults without diabetes (Petersen & Shulman, 2006). T2DM develops over many 

years; it advances from an early asymptomatic phase with IR to mild postprandial 

hyperglycemia to frank diabetes entailing pharmacological intervention. In 1980, the 

World Health Organization (WHO) first coined the term impaired glucose tolerance 

(IGT) or pre-diabetic state, an intermediate between normal glucose tolerance and 

diabetes ("Classification and diagnosis of diabetes mellitus and other categories of 

glucose intolerance. National Diabetes Data Group," 1979). Later in 1997, the National 

Diabetes Data Group broadened this theory by including patients with impaired fasting 

glucose (IFG) in addition to those with IGT. Both classes (IGT and IFG) were referred to 

as pre-diabetes and are regarded as considerable risk factors for developing diabetes.  In 

this state, fasting blood glucose level can be maintained at close to normal level, while 

http://www.diabetes.org/diabetes-basics/diabetes-statistics/
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postprandial or post-glucose levels may possibly be mildly elevated ("Report of the 

Expert Committee on the Diagnosis and Classification of Diabetes Mellitus," 1997).   

In frank diabetes, the metabolic insulin actions on glucose uptake in skeletal muscle, 

glucose production in liver and kidneys, and lipolysis in adipose tissue are impaired. 

Overt hyperglycemia develops when β-cells fail to compensate for the impairment of 

insulin's action in peripheral tissues (Figure 5). Cross-sectional and longitudinal studies 

in Pima Indians, Nauruans, and later in other Pacific and Asian island populations have 

found that T2DM progresses to overt hyperglycemia (Dowse et al., 1990; Dowse, 

Zimmet, Finch, & Collins, 1991; Knowler, Bennett, Hamman, & Miller, 1978). T2DM 

has now reached epidemic proportions in many developing nations (P. Z. Zimmet, 1992) 

as well as in disadvantaged minorities in the developed countries. Examples of the latter 

include Australian Aboriginals and Torres Strait Islanders (P. Zimmet, Dowse, Finch, 

Serjeantson, & King, 1990), migrant Asian Indians (Dowse et al., 1990), and some 

groups in the Middle East Arab states (H. King & Rewers, 1993). 

Studies in Pima Indians (Pettitt et al., 1993; Weyer et al., 2001), Pacific Islanders (Sicree, 

Zimmet, King, & Coventry, 1987), and Mexican American (Gulli, Ferrannini, Stern, 

Haffner, & DeFronzo, 1992; Haffner, Miettinen, Gaskill, & Stern, 1995) found fasting 

plasma insulin levels as a predictor of DM. Moreover, subjects with fasting 

hyperinsulinemia have about a 7-fold increased risk of developing diabetes (Weyer, 

Hanson, Tataranni, Bogardus, & Pratley, 2000). Furthermore, studies using clamps in 

Pima Indians have confirmed that IR per se is an independent predictor of the 

development of T2DM (Lillioja et al., 1988). The fundamental cause of T2DM is an 
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impairment of insulin-mediated glucose uptake, i.e. IR or a defective secretion of insulin 

by pancreatic-β cells. And as age advances, insulin secretion is likely to be decreased in 

T2DM individuals. In T2DM subjects, insulin-mediated glucose metabolism is reduced 

by nearly 40% when compared with normal individuals (DeFronzo, 1988; Lillioja et al., 

1988). Moreover, reduced insulin- induced glucose metabolism was observed in 

normoglycemic patients with high risk for developing diabetes. Factors affecting IR are 

multi-factorial and are usually accelerated by genetic pre-disposition. For example, IR 

may be brought on by obesity and sedentary lifestyle acting on a substrate of genetic 

susceptibility (Grundy, Brewer, Cleeman, Smith, & Lenfant, 2004). When these 

individuals develop more IR, and pancreatic- β cell capacity cannot compensate for the 

increasing insulin production needed to overcome IR, hyperglycemia worsens and overt 

diabetes develops. 
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Figure 5. Nature History of Insulin Resistance and Type 2 Diabetes Mellitus. 

Genetic and environmental factors with metabolic/physiological changes in insulin levels, 

lipids, and blood pressure impact the initial stages of IR. In the course of insulin-resistant 

or pre-diabetic phase, metabolic and physiological changes advance in parallel with the 

initiation of silent atherosclerosis and CV complications in genetically susceptible 

people, before the onset of diabetes. The onset of diabetes involves the clinical 

presentation of hyperglycemia and hyperinsulinemia along with the metabolic 

/physiological disturbances present in IR and the acceleration of macrovascular and 

microvascular complications, the latter being exacerbated by hyperglycemia. The 

microvascular and macrovascular complications are the major causes of morbidity and 

mortality in patients with diabetes. The figure indicates that atherosclerosis and 

cardiovascular disease instigate before the proper onset of type 2 diabetes-therefore, this 

phase is termed as pre-cardiovascular disease (Pre-CVD). HDL, High-density 

lipoprotein; sd LDL, small dense Low-density lipoprotein; IFG, impaired fasting glucose; 

IGT, impaired glucose tolerance. (Adapted and Modified from PMID: 16492903) 



27 

 

  

T2DM and CVD 

T2DM, characterized by hyperglycemia, consists of a wide array of dysfunctions 

resulting from the amalgamation of IR and insufficient insulin secretion. It is also 

associated with a range of microvascular, macrovascular, and neuropathic complications. 

It has been demonstrated that even before frank hyperglycemia develops, cardiovascular 

risk begins to increase, most probably as a consequence of IR.  

DM has been established as a major independent risk factor for CVD (Cameron & 

Cruickshank, 2007). The Framingham Heart Study, a prospective, epidemiological, 

population-based study stated that diabetes increases risk of CHD of 1.5 and 1.8 fold for 

men and women, respectively, and relative risks for stroke of 1.4 and 1.7 fold for men 

and women, respectively (Kannel et al., 1999; Murabito, D'Agostino, Silbershatz, & 

Wilson, 1997; Wolf, D'Agostino, Belanger, & Kannel, 1991). Individuals with diabetes 

have a 2- to 4-fold increased risk of developing cardiovascular events than those without 

diabetes (Haffner, Lehto, Ronnemaa, Pyorala, & Laakso, 1998). Diabetic patients 

frequently show signs of accelerated atherosclerosis and suffer from acute coronary 

syndromes, myocardial ischemia with peripheral artery disease (PAD), and stroke 

(Spinetti, Kraenkel, Emanueli, & Madeddu, 2008). Peter and colleagues (Peter, Cox, & 

Evans, 2008) reported that compared with a non-diabetic individual, a person with T2DM 

has 2 to 4-fold increased risk of mortality from myocardial infarction (MI) or stroke and a 

10 to 15-fold increased risk of a lower extremity amputation. Diabetic patients also have 

an adverse effects following MI, with high rates of post-infarct failure and death 

(Goodfellow, 1997). Epidemiological studies have provided strong evidence of the 
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deleterious impact of diabetes on the occurrence, severity, and prognosis of CVD 

presenting as CHD, PAD, cardiac neuropathy, stroke, and cardiac heart failure (Julien, 

1997). It is also demonstrated that DM results in cardiac dysfunction and heart failure 

with reduced and preserved systolic function independent of the severity of coronary 

artery lesions (Grossman & Messerli, 1996). Furthermore, in a study involving 2,253 

patients undergoing diagnostic coronary angiography, T2DM patients displayed more 

severe and diffused coronary atherosclerosis with a higher prevalence of three-vessel 

disease (Eisenbarth, 1986).  

IR clusters with a multitude of cardiovascular risk factors that collectively form a 

syndrome known as the IR/metabolic syndrome (MetS). The metabolic abnormalities 

associated with IR have been associated individually with CVD and the metabolic 

syndrome has been found to greatly increase cardiovascular mortality (Alberti, Zimmet, 

& Shaw, 2005; Eschwege et al., 1985; Nigro, Osman, Dart, & Little, 2006). 

Dyslipidemia, hypertension, inflammation, and HHcy are potential mediators of the 

increased cardiovascular risk in T2DM. 

HHcy and T2DM 

Retrospective and prospective studies have demonstrated that HHcy is a risk factor for 

CVD that is independent of classic risk factors such as smoking, hypercholesterolemia, 

DM, and hypertension (McCully, 1969; Montalescot, 1996; Ueland & Refsum, 1989). 

Patients with DM have two to three times the occurrence of CVD compared to the 

general population. A Hoorn population based study shows that HHcy is stronger (1.6-
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fold) risk factor for CVD in subjects with T2DM than in subjects with normal or 

impaired glucose tolerance (Hoogeveen et al., 1998). 

Moreover, long term prospective study shows that plasma Hcy levels are strong 

independent risk factor for CHD events in T2DM patients (Soinio, Marniemi, Laakso, 

Lehto, & Ronnemaa, 2004). Meigs et al. found  that  HHcy  is  an  independent risk   

factor  of  CVD  incidence  in  diabetic  patients. Overall data demonstrated that pre-

diabetes individuals who demonstrated IR as well as type 2 diabetes patients have 

elevated plasma Hcy levels with increased CVD risk (Drzewoski, Czupryniak, Chwatko, 

& Bald, 2000; Loverro et al., 2002). These outcomes may add to the understanding of the 

increased prevalence and mechanisms of vascular disease in diabetes. 

Potential Mediators of Increased Cardiovascular Risk in T2DM 

Dyslipidemia and IR 

IR has been implicated in promoting dyslipidemia, a well-established risk factor of CVD. 

Although diabetes is considered primarily to be a disorder of glycemic control, 

dyslipidemia is common in diabetes and MetS, and is a known risk factor for coronary 

atherosclerosis (Hurst & Lee, 2003; Reusch & Draznin, 2007). Dyslipidemia is 

characterized by hypertriglyceridemia, elevated blood levels of apolipoprotein B and 

small, dense low-density lipoprotein (LDL) cholesterol, and decreased levels of high-

density lipoprotein (HDL) cholesterol. High circulating free fatty acid (FFA) levels 

enhance glucose output from the liver and reduce glucose disposal in skeletal muscle, 

thereby contributing to IR. The role of elevated circulating FFA has been emphasized as 

a major factor that connects IR and dyslipidemia (Porte, 1991). Moreover, increased FFA 
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stimulates liver to assemble very low density lipoprotein (VLDL). Increased plasma 

levels of VLDL accelerate VLDL accumulation in the blood vessel wall, which results in 

higher levels of small, dense LDL. They consequently deliver greater amounts of 

cholesterol to the vessel wall, directly bind to proteoglycans within the extracellular 

matrix, and can thereby contribute to plaque formation (Boden, Cheung, Stein, Kresge, & 

Mozzoli, 2002). 

Increase in plasma FFA levels contribute to IR by inhibiting glucose transport and/or 

phosphorylation with a subsequent reduction in the rates of glucose oxidation and muscle 

glycogen synthesis (Boden & Shulman, 2002). Cross-sectional study of young, normal-

weight offspring of T2DM patients has demonstrated an inverse relationship between 

fasting plasma fatty acid levels and insulin sensitivity, which suggest that altered fatty 

acid metabolism contributes to IR (Shulman, 2000). Excess FFA increases ROS 

generation, which can also contributes to the pathogenesis of IR. Data from the 

Framingham study shows that twice as many diabetic compared to non-diabetic 

individuals have low plasma levels of HDL-C and elevated triglycerides. Diabetic 

patients are observed to have more severe CAD and a 3-fold increase in MI (Austin et al., 

1988) compared to non-diabetics owing to small, dense LDL particles (Hurst & Lee, 

2003), which have been observed to demonstrate increased atherogenic potential. 

Elevated cellular levels of lipid metabolites such as diacyl glycerol (DAG), ceramide, and 

long-chain fatty acyl CoAs activate protein kinase C (PKC) and inhibitor of nuclear 

factor kappa B kinase β subunit (IKKβ) leading to serine phosphorylation of IRS-1 at 

amino acid position 307 (a negative regulation) and inhibit IRS-1 tyrosine 

phosphorylation in the skeletal muscle (Yu et al., 2002) and EC (F. Kim et al., 2005). 
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FFA increases ROS generation and impairs insulin/PI3K/PDK1/Akt/eNOS pathway in 

EC (Du et al., 2006; Y. B. Kim, Shulman, & Kahn, 2002). FFA infusion intensifies 

insulin mediated endothelin -1 (ET-1) release in IR individuals (Piatti et al., 1996). 

Diminishing forearm lipid oxidation decreases insulin-mediated ET-1 release and 

concurrently increases NO bioavailability and glucose uptake (Monti et al., 2006). 

Hypertension and IR 

Diabetes mellitus is commonly associated with hypertension and epidemiological data 

suggests that this association is due to IR and the resultant hyperinsulinemia (DeFronzo, 

1992). IR has been directly linked to the development of hypertension and other vascular 

abnormalities. Moreover, the Insulin Resistance Atherosclerosis Study (Wagenknecht et 

al., 1995) indicated that presence of IR can predict the development of hypertension. A 

total of 809 normotensive middle-aged adults with varying degrees of IR were followed 

over 5 years. Those with higher degree of IR were 35% more likely to develop 

hypertension (Wagenknecht et al., 1995). 

In 1966, study by Welborn et al. (Welborn, Breckenridge, Rubinstein, Dollery, & Fraser, 

1966) in 19 individuals diagnosed with essential hypertension demonstrated that patients 

with high blood pressure had significantly higher plasma insulin concentrations than the 

control population. Untreated patients with essential hypertension had higher fasting and 

postprandial insulin levels than age- and sex-matched normotensive persons regardless of 

body mass. These results suggest the existence of a direct correlation between plasma 

insulin levels and blood pressure (Sechi, Melis, & Tedde, 1992; Shao, Matsubara, Bhatt, 

& Dhalla, 1995; Sowers, 1997; Sowers, Epstein, & Frohlich, 2001). Additionally, IR and 
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hypertension coexist in rodents with genetic hypertension such as Zucker obese and 

Goto-Kakizaki rats (Z. J. Cheng et al., 2001; Ouchi et al., 1996; Standley, Rose, & 

Sowers, 1995). A number of potential mechanisms have been proposed by which IR may 

cause hypertension. These include resistance to insulin-mediated vasodilation (Cleland, 

Petrie, Small, Elliott, & Connell, 2000), abnormal endothelial signaling via NO-

dependent pathways (Steinberg, Brechtel, Johnson, Fineberg, & Baron, 1994; Utriainen 

et al., 1996), increased sympathetic nervous system activity (Anderson, Hoffman, Balon, 

Sinkey, & Mark, 1991; Egan, 2003), sodium retention (Resnick, 1992), and enhanced 

growth factor production and activation that lead to VSMC proliferation in the vessel 

wall (Hsueh & Law, 1999; Osei, 1999). Insulin-mediated vasodilation is suggested by the 

study showing that an intra-arterial infusion of insulin at physiologic doses causes 

forearm vasodilation (Cleland et al., 2000). This action may be partly intervened by 

insulin-induced stimulation of NO production. Insulin-induced activation of the 

sympathetic nervous system has been suggested as a mechanism to explain the 

association between IR and hypertension. This is because acute increases in plasma 

insulin have been shown to elevate sympathetic neural outflow (Anderson et al., 1991), 

thereby increasing sympathetic activity and vascular resistance (Egan, 2003). Insulin also 

potentiates the action of platelet-derived growth factors that stimulate VSMC 

proliferation (Osei, 1999), which can lead to increased matrix deposition and decreased 

arterial elasticity, further exacerbating hypertension. Finally, increased renal tubular 

reabsorption of sodium may also occur, leading again to exacerbation of hypertension 

(Resnick, 1992). 
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Studies have reported a relationship between IR and potential risk of hypertension. It has 

been suggested that in salt sensitive individuals, IR and compensatory hyperinsulinemia 

may increase renal sodium retention and impair pressure natriuresis, thereby leading to 

hypertension (Facchini et al., 1999). Conversely, higher sodium intake can lead to IR 

(Natali et al., 1997). In the IR states, the vasodilatory effect of insulin is lost, resulting in 

decreased NO bioavailability which leads to endothelial dysfunction and hypertension. 

Moreover, increased production of ET-1, an endothelial vasoconstrictor also causes 

hypertension. Results from clinical trials show a continuous and graded relationship 

between blood pressure and the risk of CVD in people with diabetes (Stamler, Vaccaro, 

Neaton, & Wentworth, 1993; "Tight blood pressure control and risk of macrovascular 

and microvascular complications in type 2 diabetes: UKPDS 38. UK Prospective 

Diabetes Study Group," 1998); therefore, increased incidence of hypertension in patients 

with T2DM play an important role in increased incidence of atherosclerotic vascular 

disease. 

Inflammation and IR 

Remarkable evidences have demonstrated that the atherosclerotic process is regulated by 

inflammatory mechanisms (Danesh et al., 2000; Howard et al., 1996). Vascular 

endothelium is both affected by and contributes to the inflammatory process. Besides, IR 

has been progressively associated with inflammatory state (Festa et al., 2000; Theuma & 

Fonseca, 2004); it may impair endothelial function and contributes to atherosclerosis.   

In atherosclerosis, activated macrophages and T cells infiltrate in to subendothelium and 

secrete pro-inflammatory cytokines and cytotoxic substances (Dickhout, Basseri, & 
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Austin, 2008), which play a vital role in the initiation of atherosclerotic lesion (Libby, 

2002). Epidemiological evidences demonstrated that patients with T2DM or obesity have 

augmented circulating levels of inflammatory markers including C-reactive protein 

(CRP), TNF-α , interleukin-6 (IL-6), and intracellular cell adhesion molecule-1 (ICAM-

1) (Meigs, Hu, Rifai, & Manson, 2004; Steinberg et al., 1996). These markers will predict 

cardiovascular risk in individuals with diabetes (Song et al., 2007). CRP (Libby, 2002) 

and pro-inflammatory cytokine TNF-α (Meigs et al., 2004) have been shown to reduce 

eNOS activation, increase vascular cell adhesion molecule (VCAM) and ICAM-1 

expression, enhance adhesion of monocytes to EC, and impair endothelium-dependent 

vasodilation in both animal and human studies (Song et al., 2007). 

It has been demonstrated that FFA, inflammatory cytokines, and the receptor for 

advanced glycation end products (RAGE) (Bierhaus et al., 2001; F. Kim, Gallis, & 

Corson, 2001) activate transcription factor NF-kappaB, a key regulator of endothelial 

activation that has been linked to the pathogeneses of IR (Read, Whitley, Williams, & 

Collins, 1994; Shoelson, Lee, & Goldfine, 2006). NF-kappaB activation involves 

phosphorylation, ubiquitination, and subsequent degradation of the inhibitory subunit IkB 

(by IkB kinase). It allows translocation of the regulatory subunits p50 and p65 to the 

nucleus, where they promote transcriptional expression of inflammatory genes. Genetic 

suppression or pharmacological inhibition of IKKβ with salicylates was demonstrated to 

prevent IR (Shoelson et al., 2006; Yuan et al., 2001). Several in vitro and in vivo studies 

using animal models and human studies support the relevance between NF-kappaB 

activation, progression of  inflammatory phenotype, IR, and impaired bioactivity of NO 

(F. Kim et al., 2005).   
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Furthermore, it is demonstrated that treatment of obese patients with non-steroidal anti-

inflammatory drug-Salsalate improves insulin sensitivity (Yuan et al., 2001). Insulin and 

thiazolidinediones (TZDs-insulin sensitizers) have suppressive effect on ROS generation, 

NADPH oxidase expression, intranuclear NFkB binding, and a stimulatory effect on IkB 

expression along with a reduction in plasma concentrations of ICAM-1, MCP-1, and 

plasminogen activator inhibitor-1 (PAI-1). TZDs also suppress the plasma concentrations 

of TNF-α and CRP. The suppressive effects of TZDs and insulin are relevant because 

PAI-1 concentration is elevated in pro-inflammatory states, such as the metabolic 

syndrome, obesity, and T2DM, with an increased risk of atherosclerosis and its 

complications, such as acute myocardial infarction and stroke (McVeigh et al., 1992). 

HHcy and IR 

Elevated plasma levels of Hcy are an independent risk factor for CVD. HHcy has been 

shown to increase oxidant stress, platelet aggregation, enhance activation of coagulation 

system, inhibit EC proliferation, and enhance VSMC proliferation (Tsai et al., 1996; 

Tyagi et al., 2005; M.-E. L. a. H. Wang, 1999). IR has been suggested to arise from 

similar mechanism and may be a possible link between HHcy and atherosclerosis (Oron-

Herman, Rosenthal, & Sela, 2003). It has been demonstrated that T2DM patients with 

CVD have elevated plasma Hcy levels (E. Okada et al., 1999). Furthermore, it has been 

shown that acute hyperinsulinemia leads to increased plasma Hcy levels in obese IR 

patients (Giltay et al., 1998; Meigs et al., 2001; Sanchez-Margalet et al., 2002). A clinical 

study suggests that IR and endothelial function are improved after folate and vitamin B12 

therapy in patients with metabolic syndrome, suggesting that prolonged folate 
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administration decreases Hcy and reduces insulin levels, thereby improves IR (Setola et 

al., 2004). Studies in cultured hepatoma cells indicated that Hcy thiolactone inhibits 

insulin signaling and its action by increasing oxidative stress (Najib & Sanchez-Margalet, 

2001, 2005). In a separate study using mouse hepatocytes indicated that hyperinsulinemia 

causes HHcy by decreasing activity of Hcy metabolizing enzymes such as CBS and 

MTHFR (Dicker-Brown, Fonseca, Fink, & Kern, 2001; Jacobs, House, Brosnan, & 

Brosnan, 1998). Furthermore, a high fat and sucrose diet induced obesity in rat is 

associated with hyperinsulinemia, IR, and HHcy, along with changes in CBS and 

MTHFR enzymes in liver (Fonseca et al., 2000). These studies suggest that HHcy may 

cause IR, or vice versa, and that this HHcy and IR connection plays an important role in 

the development of CVD. The relationship between Hcy and IR is still ambiguous and 

complicated, and remains to be uncovered.  

Insulin Receptor Signaling 

Insulin is a peptide hormone synthesized, secreted, and stored by pancreatic β-cells. In 

1922, Drs. Fredrick Banting and John Macleod discovered insulin and received a Noble 

Prize in 1923 for their discovery (Banting, Best, Collip, Campbell, & Fletcher, 1922). 

Insulin promotes the body’s utilization of glucose, synthesis of proteins, and formation 

and storage of neutral lipids – substances our bodies require to function properly and 

produce energy. 

Insulin is implicated in several biological processes, its actions are initiated by binding to 

insulin receptor, which is a heterotrimetric glycoprotein comprising of 2 extracellular α-

subunits and two transmembrane β-subunits held together by disulfide bonds. The insulin 
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receptor is expressed in most tissues including muscle, liver, adipose tissue, and 

endothelial cells. When insulin binds to the α-subunits of the insulin receptor, it results in 

autophosphorylation of the β-subunits of the insulin receptor and activation of its intrinsic 

tyrosine kinase activity (Nystrom & Quon, 1999; Saltiel & Kahn, 2001). The 

phosphorylated insulin receptor functions as a tyrosine kinase leading to activation of 2 

distinct pathways (Figure 6). Via the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, 

it phosphorylates insulin receptor substrate (IRS) family members IRS-1 to 4 (WhiteMF, 

2002 ) at tyrosine residues. Evidence has demonstrated that IRS contains several tyrosine 

phosphorylation sites and about 50 serine/threonine (Ser/Thr) phosphorylation sites 

(Gual, Le Marchand-Brustel, & Tanti, 2005). Tyrosine phosphorylation sites such as 

those found at amino acid positions 608 and 628 (Tyr
608 

and
 
Tyr

628
) have been shown to 

positively regulate IRS function. Whereas, Ser/Thr phosphorylation sites such as those 

found at amino acid positions 307, 612, and 632 (Ser
307

,
 
Ser

612
,
 
and

 
Ser

632
) have been 

shown to negatively regulate IRS function by increasing the release of IRS from its 

internal membrane pools and thus increases proteosomal degradation. However, evidence 

shows that Ser/Thr phosphorylation of IRS at amino acid position 789 (Ser
789

) can 

positively regulate IRS function (Qiao, Zhande, Jetton, Zhou, & Sun, 2002). Thus, the 

delicate balance that exists between positive tyrosine/serine phosphorylation sites and 

negative serine phosphorylation sites regulates IRS function (Gual et al., 2005).  

Tyrosine-phosphorylated IRS then binds to the Src homology 2 (SH2) domain-containing 

adaptor protein p85, a regulatory subunit of PI3K, resulting in activation of the catalytic 

p110 subunit of PI3K (Cantley, 2002). Activated PI3K converts phosphatidylinositol 4, 

5-bisphosphate (PIP2) to phosphatidylinositol 3, 4, 5-trisphosphate (PIP3). This initiates 



38 

 

  

a cascade of serine kinases where phosphoinositide dependent kinase-1 (PDK-1) is 

phosphorylated and activated in order to phosphorylate v-akt murine thymoma viral 

oncogene (Akt), also known as protein kinase B (PKB), which further phosphorylates and 

activates downstream substrates (Vanhaesebroeck & Alessi, 2000). This cascade 

eventually culminates in the pleiotropic biological actions of insulin and contributes to 

the metabolic action of insulin.  

Insulin signaling also plays a dual role within the cell to regulate gene expression through 

the mitogen-activated protein kinase (MAPK) signaling cascade. In MAPK pathway, an 

activated insulin receptor phosphorylates its intracellular substrate SH2 domain-

containing α-2 collagen-related protein (Shc), which binds to growth factor receptor-

bound protein 2 (Grb2), and results in activation of pre-associated guanosine triphsophate 

(GTP) exchange factor son of sevenless (Sos). Sos further activates the small GTP 

binding protein Ras, which then initiates a phosphorylation cascade involving Raf, 

MAPK/extracellular signal-regulated kinase kinase (MEK), and extracellular signal-

regulated kinase (Erk). There are two isoforms of Erk: Erk1 and Erk2 that are 

ubiquitously expressed. Erk 1/2 are often referred as p42/p44 MAPK (Scholl et al., 

2007). Erk1/2 regulates mitogenesis, growth, and differentiation. Apart from Erk1/2, 

MAPK subfamilies include two other MAPKs; the c-Jun NH2-terminal kinase (JNK) and 

p38 MAPK. JNK and p38 MAPK are called stress sensitive kinases (Johnson & Lapadat, 

2002). 
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Figure 6. Insulin Signaling Pathway.  

Insulin binds to its receptor and causes a conformational change, autophosphorylation of 

the receptor, and activation of two pathways; the PI3K/Akt pathway leads to IRS 

tyrosine phosphorylation, which further phosphorylates PI3K subunit p85 and 

heterodimerization of p85 and p110. Akt activation upon the heterodimerization leads to 

PIP3 generation, which causes tyrosine phosphorylation/activation of PDK1; leading to 

serine phosphorylation/activation of Akt (also termed PKB). Activated Akt/PKB leads to 

NO generation, GLUT4 membrane translocation/glucose uptake, anti-lipolysis, glycogen 

synthesis, protein synthesis, and reduced-apoptosis. The MAPK cascade leads to Ras 

signaling activation, cell proliferation, and apoptosis inhibition. IRS: insulin receptor 

substrate, PIP2: phosphoinositide 4,5 bisphosphate, PIP3: phosphoinositide 3,4,5 
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trisphosphate, PDK1: phosphoinositide-dependent kinase-1, PI3K: phosphatidylinositol 

3-kinase, PKB: protein kinase B, eNOS: endothelial nitric oxide synthase, GLUT 4: 

glucose transporter 4, Shc: sh2 domain-containing α-2 collagen-related protein, Grb2: 

growth factor receptor-bound protein 2, Sos: son of sevenless, MAPK: mitogen-activated 

protein kinase, MEK: mitogen-activated protein kinase kinase, Erk1/2: extracellular 

signal-regulated kinase1/2. 
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Insulin Signaling in Metabolic Tissues 

The PI3K/Akt pathway is predominant in the metabolic tissues which controls rapid 

stimulation of glucose uptake, lipid synthesis, and energy metabolism (Figure 6). Insulin 

stimulates glucose uptake in muscle and adipocytes via translocation of GLUT4 vesicles 

to the plasma membrane and induces glycogen synthesis by inhibiting glycogen synthase 

kinase -3. 

Pancreas 

Insulin is secreted uniquely by islet β-cells of the pancreas. Its secretion is closely 

regulated to maintain blood glucose levels within a narrow physiological concentration 

range. Maintenance of the β-cell mass is a dynamic process which involves an increase 

(replication/neogenesis) and decrease in the numbers (apoptosis) of β-cells in order to 

regulate blood glucose levels within a normal range (Weir & Bonner-Weir, 2004). 

Numerous pieces of evidence have demonstrated anti-apoptotic role of insulin in the 

pancreatic β-cells. In β-cells, insulin activates its own gene (T. Okada et al., 2007) and 

initiates the PI3K/Akt pathway, leading to anti-apoptosis and β-cells survival. Majority of 

data suggests that β-cell insulin signaling is essential for insulin exocytosis (Kulkarni et 

al., 1999). Study using β-cell insulin receptor deficient mice has demonstrated a marked 

reduction in islet number, β-cell mass, and insulin secretion (Otani et al., 2004). It has 

been shown that β-cell damage and IR are partially triggered by an inflammatory, 

oxidative, and endoplasmic reticulum stress-induced pathways (Hotamisligil, 2006). It is 

reported that activation of MAPK pathway [JNK (Hirosumi et al., 2002), p38 MAPK 
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(Sumara et al., 2009), and Erk (Maedler et al., 2004)] promotes IR, suppresses insulin 

production, secretion, and increases apoptosis of β-cells. 

Hence, insulin signaling plays an important role in the pancreatic β-cell and resistance to 

its actions contributes to β-cell failure, a pathogenesis of T2DM, which leads to 

consequent glucotoxicity. This is supported by the observations that elevated glucose 

concentrations induce β-cell apoptosis in cultured islets from diabetes-prone Psammomys 

obesus (Donath, Gross, Cerasi, & Kaiser, 1999) and from humans (Butler et al., 2003; 

Federici et al., 2001). In addition to glucotoxicity, lipotoxicity resulted from insulin 

signaling impairment in adipocytes can also cause β-cell dysfunction (El-Assaad et al., 

2003; Lupi et al., 2002). Lipotoxicity is commonly observed in obese, IR, and individuals 

with T2DM (Kahn, Hull, & Utzschneider, 2006). Therefore, at the later stage of T2DM, 

glucotoxicity and lipotoxicity further apply metabolic stress on β-cells leading to 

decreased insulin synthesis and β-cell dysfunction (Piro et al., 2002).  

Skeletal Muscle, Adipose Tissue, and Liver 

Following nutrients intake, plasma glucose triggers pancreatic β-cells to release insulin 

into the blood. This potent anabolic hormone regulates various post-prandial proceedings. 

Controlling the cellular localization of the GLUT-4 (a family of glucose transporters) in 

muscle and adipose tissue is crucial in the management of blood glucose homeostasis. 

Normally, in the basal state this transporter resides in an intracellular membrane 

compartment. Following insulin stimulation, it rapidly populates the plasma membrane. 

Arrival of GLUT-4 at the plasma membrane leads to cellular glucose influx (Figure 6). 
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Moreover, insulin also suppresses production of glucose and very low-density lipoprotein 

(VLDL) in the liver (Yki-Jarvinen, 2003). 

Insulin-induced GLUT-4 translocation requires PI3K-mediated signal involving upstream 

insulin receptor, IRS, downstream Akt, and PKC target enzymes, which induces 

phosphorylation of rab-GTPase-activating protein, AS160, leading to glucose uptake. 

Metabolic actions of insulin in liver, adipose tissue, and skeletal muscle rely on tyrosine 

phosphorylation of IRS proteins. Results from specific knockout models have 

demonstrated the roles of different IRS isoform in different tissues. IRS-1 proteins seem 

to be firmly associated with glucose homeostasis in skeletal muscle, adipose tissues, and 

pancreatic β-cells (Saltiel & Kahn, 2001), while IRS-2 is essential for liver metabolism 

and β-cell proliferation (N. Kubota et al., 2000). IRS-3 appears to play a role in the 

adipose tissue (N. Kubota et al., 2000).  

In adipose tissue, insulin reduces the release of FFA by PI3K/Akt signaling, results in the 

inhibition of HSL, enzyme that hydrolyzes triglycerides to release fatty acids (Boden, 

Chen, Ruiz, White, & Rossetti, 1994). IR leads to increased plasma FFA and consequent 

lipotoxicity. In addition, FFA induces hepatic glucose generation and reduces muscle 

glucose uptake, which contribute to elevated blood glucose levels (Boden, 2004; Boden 

et al., 2002). Moreover, it is reported that plasma adiponectin (secreted by adipose tissue) 

levels are reduced in T2DM patients (Fruebis et al., 2001), which regulates insulin 

sensitivity with energy metabolism and serves to link obesity with IR. AMPK activation 

by exercise, metformin or adiponectin, increases insulin-independent and insulin-

dependent muscle glucose uptake (Yamauchi et al., 2002), fatty acid oxidation (Fruebis et 
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al., 2001), and inhibits gluconeogenesis (Berg, Combs, Du, Brownlee, & Scherer, 2001), 

leading to increased insulin sensitivity. 

Impaired insulin signaling in liver may contributes to elevated plasma FFA levels 

(Boden, 2004). Increased release of FFA from adipose tissue reduces skeletal muscle 

FFA uptake. The net consequence of this may be an augmented influx of FFA to the 

liver, which leads to fatty liver and exacerbates IR (Avramoglu, Basciano, & Adeli, 

2006). In accordance with the above views, insulin actions in metabolic tissues play an 

essential role in regulating glucose homeostasis (N. Kubota et al., 2000). The consequent 

hyperglycemia, dyslipidemia, and inflammation underlie the reciprocal relationships 

between IR and atherosclerosis.   

Insulin Signaling in Vascular Cells 

Endothelial Cells (ECs) 

Insulin receptors were initially identified and characterized by 
125

I-insulin receptor 

binding studies in human umbilical vein endothelial cells (HUVEC) (Bar, Hoak, & 

Peacock, 1978). In recent years, a complete insulin signaling pathway leading to 

phosphorylation and activation of eNOS has been elucidated in EC. It has been 

established that insulin is a vasoactive hormone (Steinberg et al., 1994), which stimulates 

production of NO in EC (Montagnani & Quon, 2000; Steinberg et al., 1994) via 

IRS/PI3K/Akt pathway (Kuboki et al., 2000; G. Zeng et al., 2000). This reaction can be 

blunted in presence of PI3K-inhibitors, wortmannin and LY294002 (Kuboki et al., 2000). 

Down-regulation of Ras, an upstream mediator of MAPK signaling has little effect on 

insulin-induced NO production in EC (Montagnani, Chen, Barr, & Quon, 2001). Insulin-
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induced NO production amplifies blood flow and functional capillary recruitment to 

peripheral tissues. These result in increased delivery of insulin and glucose to skeletal 

muscle and adipose tissue, which contributes to insulin-mediated glucose uptake. In 

contrast, impaired insulin signaling inhibits NO production, vascular reactivity, and 

reduces the delivery of glucose and insulin to the peripheral tissues. It is reported that 

adiponectin expression is reduced in the aorta of leptin receptor–deficient db/db mice 

(T2DM mouse model) (H. Zhang, Park, & Zhang). Adiponectin protects against 

endothelial dysfunction by activating AMPK and producing NO. Moreover, it has 

demonstrated that AMPK activation reduces oxidative stress and improves endothelial 

function in hyperglycemic condition (Ouedraogo et al., 2006). Therefore, AMPK 

activation increases NO bioactivity and improves endothelial function in diabetics. 

Insulin can also activate MAPK-dependent signaling pathway which regulates biological 

actions related to growth, mitogenesis, and differentiation (Wheatcroft, Williams, Shah, 

& Kearney, 2003). Studies in bovine aortic EC (BAEC) and in rat mesenteric arteries 

have confirmed that insulin acutely stimulates ET-1 secretion via MAPK-dependent 

signaling pathway (Potenza, Marasciulo, Tarquinio, Quon, & Montagnani, 2006). 

Moreover, insulin stimulates phosphorylation of the α-subunit of farnesyltransferase 

(FTase) and geranylgeranyltransferase (GGTase), and activities of both 

prenyltransferases in EC (Montagnani et al., 2002). Activation of FTase and GGTase 

cause the prenylation of Ras and Rho proteins, which are increased in the aorta and liver 

of IR humans and animals. Prenylated Ras and Rho proteins are associated with increased 

mitogenetic responses (Draznin et al., 2000; Goalstone et al., 1999). Collectively, 
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impaired insulin-PI3K and -MAPK signaling in EC contributes to endothelial dysfunction 

and IR. 

Vascular Smooth Muscle Cells (VSMCs) 

The presence of insulin receptor was demonstrated by 
125

I-insulin binding studies in 

cultured human aortic smooth muscle cells (HASMC) (G. L. King et al., 1983). The 

number of insulin receptors is 10-fold lower in bovine aortic smooth muscle cell 

(BASMC) compared with BAEC (G. L. King et al., 1983). Both insulin and insulin-like 

growth factor-1 receptors (IGF-1R) are present on rat aortic smooth muscle cell 

(RASMC) and these receptors are distinct from each other in terms of binding affinity for 

insulin and IGF-1 (Bornfeldt et al., 1991). Insulin receptors on VSMC are structurally 

and functionally similar to those in metabolic tissues (Jialal et al., 1985; Nigro et al., 

2006). However, VSMC and metabolic cells use different types of glucose transporter, 

GLUT1 in VSMC and GLUT-4 in skeletal muscle (Klip, Tsakiridis, Marette, & Ortiz, 

1994).   

It has been shown that insulin maintains VSMC quiescence and differentiation via PI3K-

dependent mechanism and regulates proliferation and migration via MAPK-dependent 

signaling pathway (C. C. Wang, Gurevich, & Draznin, 2003; Xi, Graf, Goetze, Hsueh, & 

Law, 1997). A MEK1/2 inhibitor, PD98059 blocked the mitogenic responses to insulin 

(Xi et al., 1997) and PI3K-inhibitor; wortmannin reversed quiescent status in VSMC (C. 

C. Wang et al., 2003). 

In the vasculature, bioavailable NO mainly originates from the endothelium. 

Endothelium-derived NO diffuses into VSMC, where it activates guanylate cyclase to 
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augment cyclic guanosine monophosphate (cGMP) levels and leads to vasorelaxation. 

Insulin increases NOS activity (eNOS and iNOS) and NO dependent cGMP production in 

VSMC (Begum, Ragolia, Rienzie, McCarthy, & Duddy, 1998; Trovati et al., 1999).  Both 

genistein (a tyrosine kinase inhibitor) and wortmannin (a PI3K-inhibitor) block insulin-

induced NO production in VSMC, suggesting that the insulin receptor tyrosine kinase 

and subsequent activation of PI3K are both necessary for insulin-induced eNOS or iNOS 

activation in VSMC (Begum et al., 1998). 

In general, insulin has anti-atherogenic, anti-inflammatory, and anti-thrombotic effects, 

and these effects are reversed or blunted in the IR state.  

Coupling of Vascular and Metabolic Action of Insulin in Physiologic and 

Pathophysiologic Condition 

Insulin/PI3K signaling pathway in vascular endothelium regulates vasodilator action of 

insulin. Insulin  in a dose-dependent manner increases microvascular and total limb blood 

flow. At first, insulin dilates terminal arterioles and increases the number of perfused 

capillaries, leading to capillary recruitment. Subsequently, it leads to relaxation of larger 

resistance vessels, which augments overall limb blood flow (J. A. Kim, Montagnani, Koh, 

& Quon, 2006). It is demonstrated that insulin-induced capillary recruitment and total 

limb blood flow account for up to 40% of insulin-induced glucose uptake (Steinberg et 

al., 1994). Study has demonstrated that in healthy individuals, pretreatment of NOS 

inhibitor attenuates insulin enhanced capillary recruitment and total limb blood flow, 

suggesting that these effects are partly reliant on NO. Moreover, inhibitor of NOS also 

reduces glucose disposal in healthy individuals(Kashyap et al., 2005). Collectively, data 
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suggests that vasodilator actions of insulin help to couple metabolic and vascular 

homeostasis.  

A study using in vitro model of metabolic IR (by blocking PI3K/Akt-dependent 

signaling) with compensatory hyperinsulinemia (by exposing cells to high insulin 

concentration) in endothelium, shows decreased eNOS protein expression and NO 

production (Montagnani et al., 2002). While increased prenylation of Ras and Rho 

proteins via MAPK-dependent signaling increased the expression of ICAM-1, VCAM, E-

selection in EC, and the rolling interactions of monocytes with EC (Nigro et al., 2006). 

Moreover, it is reported that PI3K inhibitor- wortmanin decreases insulin-stimulated 

capillary recruitment, limb blood flow, and glucose uptake in rats (Bradley, Clark, & 

Rattigan, 2007). Furthermore, it is demonstrated that inhibition of MAPK pathway using 

MEK inhibitor- PD98059 blocks the vasoconstrictor effects of insulin and increases 

vasodilation in rat skeletal muscle arterioles (Eringa et al., 2004). This results suggest that 

in normal endothelium, activity of vasodilator insulin/PI3K/Akt/eNOS pathway is 

stronger than the vasoconstrictor MAPK/ET-1 pathway. An imbalance between PI3K and 

MAPK pathways may consequently result in reduced vascular and metabolic actions of 

insulin. 

Endothelial Dysfunction-Antecedent to the Development of Atherosclerosis 

The endothelium regulates vascular tone and homeostasis by maintaining the balance 

between vasodilation and vasoconstriction, inhibiting and stimulating VSMC 

proliferation and migration, thrombogenesis, and fibrinolysis (Kinlay, Libby, & Ganz, 

2001; Luscher & Barton, 1997). Research in the last 2-3 decades has established vascular 



49 

 

  

endothelium as a paracrine, autocrine, and endocrine organ with a role in the regulation 

of vascular tone. Endothelium regulates vascular tone by releasing numerous vasodilator 

and vasoconstrictor substances. One of the major vasodilator substance released by the 

endothelium is NO. Other vasodilator substances include prostacyclin and bradykinin. 

The endothelium also releases vasoconstrictor substance, for example ET-1, angiotensin-

II, and thromboxane-A2. Injury to the endothelium results in imbalance between 

vasodilation and vasoconstriction and initiates the processes of atherosclerosis.  

Endothelial dysfunction in a broad term implies to the disruption in the functional 

integrity of the endothelium. Impairment of endothelium function therefore results in a 

wide array of abnormalities including reduced bioavailability of endothelium-derived 

relaxing factors, in particular, NO and increased endothelium-derived contracting factors. 

Moreover, endothelial dysfunction results in increased adhesion and migration of 

leukocytes, platelet aggregation, and VSMC proliferation. All of these are key steps in 

atherosclerosis development (Endemann & Schiffrin, 2004; Pober, Min, & Bradley, 

2009). 

HHcy and Endothelial Dysfunction 

HHcy- an independent risk factor for CVD leads to endothelial dysfunction. Extensive 

experimental evidence suggest that endothelium injury is the primary mechanism of 

HHcy- related CVD. Our lab have demonstrated that Hcy at clinically relevant 

concentrations arrest endothelial cell growth and suppresses cyclin A transcription via 

hypomethylation related mechanism (H. Wang et al., 1997). And in vivo HHcy impairs 

endothelium-dependent relaxation and accelerates atherosclerosis (H. Wang et al., 2003) 
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in mice. Moreover, animal models of HHcy in guinea pigs, monkeys, rats, and mice 

(Dayal & Lentz, 2005; X. Jiang et al., 2005) and in children (Celermajer et al., 1993) and 

adults with moderate and severe HHcy (Tawakol et al., 1997; Woo et al., 1997), 

chronically elevated Hcy concentrations are associated with impaired endothelium-

dependent relaxation. Additionally, in the pig common carotid arteries pretreated with 

Hcy (50 and 100 μmol/L) for 24 hour and in rabbit thoracic aorta rings incubated with 

Hcy (0.1, 1, and 10 mmol/L) for 3 hour (Lang et al., 2000), endothelium-dependent 

relaxation response to acetylcholine (Ach) and bradykinin was impaired. These studies 

strongly support that HHcy impairs vascular tone by affecting endothelium-dependent 

vasodilator and vasoconstrictor substances, including decreased NO bioavailability, 

increased contractile prostanoids as well as interfered myoendothelial communication. 

Finally, several studies have described that Hcy lowering therapy using folic acid 

supplementation reduced Hcy levels and improved endothelial function (Chambers et al., 

2000; Doshi et al., 2002). This may provide a potential therapeutic advantage for HHcy-

related CVDs.  

IR, T2DM, and Endothelial Dysfunction 

The endothelium, a highly active organ, secretes number of vasodilators and 

vasoconstrictors and plays an important role in vascular homeostasis. Endothelial 

dysfunction or injury always precedes the development of atherosclerosis. Endothelial 

dysfunction is documented in patients with IR, obesity, and T2DM (Steinberg et al., 

1996; Tabit, Chung, Hamburg, & Vita, 2010). Moreover, numerous cross-sectional 

studies have found reduce endothelium-dependent vasodilation in coronary and 

peripheral arteries of T2DM patients (McVeigh et al., 1992; Steinberg et al., 1996; 
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Williams, Cusco, Roddy, Johnstone, & Creager, 1996). IR is the defining feature of 

T2DM and a number of studies have examined the association between IR and 

endothelial dysfunction. The Framingham Heart Study indicated that brachial artery 

flow-mediated dilation was inversely correlated with homeostasis model assessment-

insulin resistance (HOMA-IR) (Hamburg et al., 2008). Moreover, clinical studies in 

diabetic subjects found inverse correlation between HOMA-IR and skin blood flow 

responses to Ach (Caballero et al., 1999; Lteif, Han, & Mather, 2005) compared to non-

diabetic subjects as well as higher plasma insulin levels correlate inversely with brachial 

artery flow-mediated dilation (Caballero et al., 1999).  

Link between IR and endothelial dysfunction is further strengthened by interventional 

studies demonstrating improved endothelial function following treatments that improve 

insulin sensitivity. For instance, insulin sensitizers, rosiglitazone (Pistrosch et al., 2004), 

troglitazone (Caballero et al., 2003), and metformin (Mather, Verma, & Anderson, 2001) 

improve endothelium-dependent vasodilation and endothelial function in T2DM patients. 

Pioglitazone improves endothelial function in non-diabetic subjects with 

hypercholesterolemia or hypertension with or without baseline IR (Campia, Matuskey, & 

Panza, 2006). One of the important mechanisms that contribute to endothelial 

dysfunction in insulin resistant-T2DM is alteration of the signaling pathways that lead to 

eNOS inactivation in the endothelium. Clinical studies demonstrated that insulin infusion 

in healthy individuals stimulates vasodilation and increases blood flow to the peripheral 

tissues (Baron et al., 1995). These effects are blunted in IR and T2DM individuals. 

Specifically, PI3K/Akt pathway is blunted in IR states, which leads to eNOS inactivation 

and reduces NO production in EC (Cusi et al., 2000; Z. Y. Jiang et al., 1999). Mitogenic 
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MAPK pathway in EC and VSMC remains intact and its associated cellular effects may 

in fact be enhanced (J. A. Kim et al., 2006; Potenza et al., 2006). The blunted PI3K/Akt 

signaling and enhanced MAPK signaling contributes to impaired vascular function, 

which may lead to further atherogenesis. This is supported by human studies which 

demonstrate that insulin infusion in healthy individuals stimulates vasodilation and 

increases blood flow to peripheral tissues (Baron et al., 1995). These effects are blunted 

in IR and T2DM individuals (Steinberg et al., 1996). Impaired insulin receptor 

autophosphorylation, IRS-1 tyr phosphorylation, associated PI3K activity, and Akt 

activity were observed in blood vessels from homozygous Zucker fatty rats (fa/fa, a 

model of obesity-related IR) (Montagnani & Quon, 2000). However, MAPK 

phosphorylation was not changed (Montagnani & Quon, 2000). Reduced eNOS 

expression and NO production are found in aorta from endothelial cell specific insulin 

receptor knockout mice and in mice that express dysfunctional insulin receptor (Thr1134 

substituted with Ala in the kinase domain) (Vicent et al., 2003). Moreover, IR is 

accompanied with impaired endothelium-dependent vasodilation in IRS-1 deficient mice 

(Duncan et al., 2008). It has been shown that AMPK counteract the stress induced IR by 

increasing insulin-induced IRS/PI3K/eNOS pathway (H. Chen, Montagnani, Funahashi, 

Shimomura, & Quon, 2003; Qiao et al., 2002). These contribute in improving IR and 

vascular function in T2DM. 

Furthermore, in a study using insulin receptor and apolipoprotein E (ApoE) deficient 

mice indicated that endothelial IR may accelerate atherosclerosis via impaired eNOS 

activation, increased endothelial VCAM-1 expression, and increased leukocyte 

interaction with EC (Rask-Madsen et al.). It is also of interest to determine whether the 
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converse is true, whether endothelial dysfunction inherently confers IR. This is supported 

by the study using both eNOS and iNOS mouse knockout models (Shankar, Wu, Shen, 

Zhu, & Baron, 2000). Short-term insulin infusion under isoglycemic condition modestly 

decreases or has no effect on arterial blood pressure. However, hypertension (high blood 

pressure) occurs in IR, increases fluid volume, arterial stiffness, and even impaired 

insulin handling, leading to narrowed lumen diameter, which contributes to the 

development of atherosclerosis (Czernichow et al.). 

HHcy, IR, and Endothelial Dysfunction 

Endothelial dysfunction is an antecedent in the development of atherosclerosis (Ross, 

1995). Many established risk factors for CAD including dyslipidemia, HHcy, 

hypertension, diabetes, and obesity increase the risk of developing endothelial 

dysfunction. Similarly, many risk factors for developing CVD also enhance the risk of 

developing IR (J. A. Kim et al., 2006). IR is characterized as an impaired biological 

action of insulin. Recent studies have confirmed that insulin is not only a principle 

regulator of glucose homeostasis but also an important vasoactive hormone involved in 

the modulation of vascular tone (Muniyappa, Montagnani, Koh, & Quon, 2007). It has 

been known that metabolic risk factors like hyperglycemia, FFA, TNF-α, and interleukin-

6, impair insulin signaling in metabolic tissues as well in endothelial cells. Moreover, 

studies in cultured hepatoma cells and in hepatocytes indicated that HHcy inhibits insulin 

signaling by increasing oxidative stress (Najib & Sanchez-Margalet, 2005). Furthermore, 

rats fed a high fat and sucrose diet developed obesity which was associated with 

hyperinsulinemia, IR, and HHcy, along with changes in CBS and MTHFR enzymes in 
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liver (Dicker-Brown et al., 2001; Fonseca et al., 2000). Besides, non-diabetic patients 

with insulin-resistance syndrome found to have elevated plasma Hcy levels, which 

further confirm the association between HHcy and increased plasma insulin 

concentrations (C. Desouza, Keebler, McNamara, & Fonseca, 2002; Giltay et al., 1998). 

In an insulin-resistant states, a systemic deregulation of the insulin signal pathway leads 

to a combined dysfunction of glucose metabolism and vascular reactivity. Moreover, 

vascular insulin signaling plays an important role in CVD development in diabetes and in 

metabolic syndrome. These studies suggest that HHcy may cause IR, or vice versa, and it 

is likely that this HHcy and IR connection plays important role in the development of 

CVD.  

Rationale and Hypothesis of Dissertation 

HHcy is an independent risk factor for CVD. Epidemiological studies demonstrated that 

HHcy is related to IR and diabetes. Moreover, it has been demonstrated that insulin 

resistant T2DM patients with CVD have an elevated plasma Hcy levels (Meigs et al., 

2001). Several metabolic risk factors including HHcy contribute to the IR. These risk 

factors can also contribute to EC dysfunction, an early event in atherogenesis. 

Understanding the mechanism of HHcy-induced CVD in diabetes is important for the 

development of novel therapeutic strategies to reduce the morbidity and mortality of the 

disease. Clinical and animal studies have suggested positive relation between HHcy and 

IR, and that this HHcy and IR connection play important role in the development of 

CVD. However, the question of the relationship between Hcy metabolism and insulin 

signaling genes and whether HHcy impair vascular action of insulin and induce IR has 
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not been studied and remains to be answered. Vascular action of insulin is the key 

intermediate mechanism linking endothelial function with the insulin- induced glucose 

uptake. Thus, primary defects in the insulin signaling pathway may manifest themselves 

not only as relative metabolic defects but also as “vascular insulin resistance,” resulting 

in relative endothelial dysfunction and subsequent predisposition to atherothrombotic 

CVD. However, the knowledge gap of whether HHcy contributes to endothelial insulin 

resistance and leads to endothelial dysfunction still exists. Thus, we hypothesize that 

HHcy impairs glucose metabolism and endothelial insulin signaling, which leads to 

insulin resistance and endothelial dysfunction. The result of this study will greatly 

increase our understanding of the role and mechanism of HHcy-induced CVD in 

diabetes. Our hypothesis will be tested by using following three specific aims: 

Specific aim 1: Determine the tissue expression pattern of insulin signaling genes in 

human and mouse tissues and the correlation insulin signaling genes with tissue Hcy, 

SAH, and SAM/SAH ratio in mouse tissues. 

Study 1: Determine tissue expression profile of Ins/PI3K and MAPK signaling genes in 

human and mouse tissues. 

Study 2: Determine the correlation between Hcy metabolism and insulin signaling genes 

in mouse tissues. 

Specific aim 2: Determine the effect of HHcy on glucose metabolism and vascular 

reactivity to insulin in mesentery arterioles of Tg-hCBS Cbs mice.  

Study 1: Determine whether HHcy affects glucose metabolism and insulin sensitivity in 

Tg-hCBS Cbs mice. 



56 

 

  

Study 2: Determine the general metabolic parameters of Tg-hCBS Cbs mice. 

Study 3: Determine whether HHcy affects endothelial function and insulin-induced 

vasorelaxation in mesenteric arterioles of Tg-hCBS Cbs mice. 

Specific aim 3: Characterize the effects of HHcy on insulin signaling and identify the 

underlying mechanisms. 

Study 1: Determine whether HHcy affects eNOS activity and expression in vitro and ex 

vivo. 

Study 2: Determine the signaling pathways that mediate Hcy-induced IR in ECs (PI3K 

and MAPK). 

Study 3: Determine the molecular mechanisms of HHcy impaired endothelial insulin 

signaling. 

It is anticipated that this project will leads to fundamental new insights into the 

identification of mechanistic links between Hcy and diabetic vascular disease. If we can 

identify the key events in Hcy-induced vascular dysfunction in diabetes, genetic or 

biochemical approaches to block these steps could lead to new therapeutic approaches. 
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CHAPTER 2 

MATERIAL AND METHODS 

Insulin Signaling through PI3K and MAPK Pathway Genes (For Data mining) 

We have selected 15 genes involved in insulin signaling through PI3K pathway and 12 

genes involved in MAPK pathway, to determine tissue expression profile and correlation 

analysis with Hcy, S-adenosyl homocysteine (SAH), and S-adenosyl methionine 

(SAM)/SAH ratio. Insulin signaling through PI3K pathway genes includes insulin, 

insulin receptor, IRS1/2, PI3Kr1, PDK1, Akt1-3, Glut 4, AS160, eNOS, HSL, and BCl-x 

and MAPK pathway genes includes Grb2, Ras, Raf, MAP3K1-4, Erk1/2, JNK, 

p38MAPK, and ET-1. Their abbreviations and Unigene ID numbers are listed in Table 2. 

Unigene ID numbers were obtained from the National Institutes of Health (NIH)/National 

Center for Biotechnology Information (NCBI) UniGene database (http:// 

www.ncbi.nlm.nih.gov/sites/entrez?db=unigene). 

Tissue Expression Profiling of Insulin Signaling Genes in Human and Mouse 

Tissues 

A data mining strategy was used as previously described (N. C. Chen et al.; Yin et al., 

2009) to establish the tissue expression profiles of the insulin signaling genes (Figure 7). 

Fifteen human and fourteen mouse tissues were given tissue ID numbers (Table 2) and 

examined for mRNA expression (Figure 12A) by mining human and mouse expression 

sequence tag (EST) databases deposited in the NIH UniGene database. The EST database 

is created via cDNA cloning from various tissue cDNA libraries followed by DNA 

sequencing. As previously described (N. C. Chen et al.; Yin et al., 2009), we used relative 

http://www.ncbi.nlm.nih.gov/sites/entrez?db=unigene
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mRNA expression units (REU) of the gene, normalized by the transcript per million 

(TPM) of the gene of interest with that of β-actin (left-side y axis). Further, we 

determined median REU (mREU) of the human and mouse tissues in order to compare 

the gene expression. The ratio of REU/mREU is expressed as tissue median adjusted 

mRNA expression units and is presented in Figure 12 and 13 (right-side y axis). 

Confidence interval of the gene expression was generated using mean REU and 2 times 

the standard deviation (SD) [mean+ 2SD] of the REU of 3 randomly selected 

housekeeping genes [pituitary tumor-transforming 1 interacting protein (PTTG1IP), 

pyruvate kinase muscle (PKM2), and heterogeneous nuclear ribonucleoprotein K 

(HNRNPK)] in 15 human or 14 mouse tissues, normalized by β-actin in given tissues. If 

the expression variation of a given gene in the tissues was larger than the upper limit of 

the confidence interval (Mean +2SD) of the house keeping genes, the high expression 

levels of genes in the tissues were consider statistically significant. Any given gene 

transcript, if lower than one per million, was technically presented as no expression. 
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Table 2. PI3K and MAPK Signaling Genes in Human and Mouse (16 genes). 

A. PI3K and B. MAPK signaling genes identifications and NCBI/UniGene ID numbers 

are from the NIH/NCBI UniGene database (http://www.ncbi.nlm.nih.gov/unigene).

http://www.ncbi.nlm.nih.gov/unigene
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Figure 7. Insulin Signaling Cascade and Strategy of Data Mining. 

A. Insulin signaling pathway diagram. 16 gene groups involved in insulin signaling 

through PI3K and MAPK pathways were selected for tissue expression profile and 

regression analyses. All the gene abbreviation and their UniGene ID were listed in Table 

1. B. Strategies of database mining, analysis of gene expression profiles and correlation 

analysis. Ins/PI3K and Ins/MAPK pathway genes were selected for analysis. Tissue gene 

mRNA levels (TPM) were acquired from NIH EST database. Relative mRNA expression 

units (REU) and median REU (mREU) were generated.  Ratio of REU/mREU was then 

assessed, which is expressed as the tissue median adjusted mRNA expression units.  

Confidence interval of the housekeeping gene expression was determined and finally 

tissue gene expression profiles and correlation of insulin signaling genes and Hcy 

metabolites were evaluated. 
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Animals 

All procedures in animals were performed in accordance with the Experimental Animal 

Committee of Temple University School of Medicine and to Institutional Animal Care 

and Use Committee (IACUC) Guidelines and Authorization for the Use of Laboratory 

Animals.  

All mice are in a C57B/L6 strain background. The mice were housed in a facility under 

controlled temperature (23 ± 1°C) and 12-hours light-dark cycle, with free access to 

water and standard chow diet. To overcome the neonatal lethality of Cbs deficiency, 

transgenic-human CBS Cbs -/- (Tg-hCBS Cbs -/-) mice were established as described 

previously (L. Wang et al., 2004; D. Zhang et al., 2009b). In this novel transgenic mice, 

human CBS cDNA is under the control of a zinc inducible metallothionein promoter 

(Figure 8). The Tg-hCBS is crossed with mouse Cbs -/+ to generate Tg-hCBS Cbs -/+ 

mice. Tg-hCBS Cbs -/+ breeder were used to generate Tg-hCBS Cbs -/- mice and 25mM 

zinc sulfate (ZnSO4) is provided in the drinking water during pregnancy and lactation to 

induce transgene expression and to rescue the neonatal lethality of Cbs -/- mice. During 

weaning at 1 month of age, ZnSO4 is removed which stop the expression of transgene 

hCBS and mice develop severe HHcy. Age-matched (12 weeks) littermates with evenly 

distributed sex (Male) were selected for each experimental group. Control mice for all 

experiments were sibling transgene positive mice with either Cbs -/+ or Cbs +/+ 

background. Experimental study design is presented in Figure 9.  
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Figure 8. Transgenic Mouse Model of HHcy. 

Genetic deficiency of Cystathionine β- synthase (Cbs) leads to higher plasma Hcy levels. 

Due to neonatal lethality of Cbs deficient (-/-) mice, we and our collaborator created 

novel transgenic human CBS Cbs -/- (Tg-hCBS Cbs -/-) mice, which rescue neonatal 

lethality of Cbs -/- mice. The Tg-hCBS is crossed with mouse Cbs -/+ to generate Tg-

hCBS Cbs -/+ mice. Tg-hCBS Cbs -/+ breeder were used to generate Tg-hCBS Cbs -/- 

mice and 25mM zinc sulfate (ZnSO4) is provided in the drinking water during pregnancy 

and lactation, to induce transgene expression and to rescue the neonatal lethality of Cbs -

/- mice. During weaning at 1 month of age, ZnSO4 is removed which stop the expression 

of transgene hCBS and mice develop severe HHcy. A. Cbs catabolizes Hcy to cysteine. 

Deletion of Cbs gene induces HHcy. B. Zinc responsive metallothionein promoter 

(mMT-1). mMT-1 was induced by adding ZnSO4 in drinking water, which induces 

human CBS expression and rescues neonatal lethality of Cbs mice.  
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Figure 9. In Vivo and In Vitro Experiment Study Design. 

Tg-hCBS Cbs mice (Male) were provided with 25mM zinc sulfate (ZnSO4) in drinking 

water during pregnancy and lactation, to rescue neonatal lethality of Cbs mice. During 

weaning (after 4 weeks), ZnSO4 was removed which stop the expression of transgene 

hCBS and mice develop severe HHcy. Age-matched (12 weeks) littermates with evenly 

distributed sex (Male) were selected for glucose and insulin tolerance, vascular function, 

immunohistochemistry, and protein expression experiments. For in vitro experiments 

human aortic endothelial cells (HAECs) were grown to 80-90% confluence in M199 

medium. HAECs at 80-90% confluence were serum starved for 6 hour and then treated 

with DL-Hcy or vehicle control for 24 hour; during the last 15 minutes of treatment, cells 

were stimulated with insulin 100nM (Sigma) or vehicle control in M199 with 2% FBS 

medium and cells were then harvested  for  mRNA, protein, and eNOS enzymatic assays.  
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Mice Genotyping 

Mice were genotyped for transgene hCBS and mouse Cbs by polymerase chain reaction 

(PCR) assay. First, a small piece of ear tissue from each mouse was collected and the 

tissue was digested by incubating 600µL of tissue lysis buffer [10mM tris pH 8.0, 

100mM sodium chloride (NaCl), 10mM ethylence diamine tetra acetic acid (EDTA) pH 

8.0, and 0.5% sodium dodecyl sulfate (SDS)] containing 0.4 mg/ml proteinase-K at 55°C 

overnight. DNA was then precipitated in 100% ethyl alcohol and dissolved in ddH2O at 

37°C overnight.  The genomic DNA was then amplified with hCBS and CBS gene primer 

sets by PCR.  

Human CBS allele was examined using a primer pair developed by the Kruger’s 

Laboratory. The primers used were 5’-ATGTAGTTCCGCACTGAGTC-3’ (forward 

primer), 5’-AGTGGGCACGGGCGGCACCA-3’ (reverse primer). The human CBS gene 

product is 380 base pair (bp). The PCR condition is 94°C for 30 seconds, 60°C for 30 

seconds, and 72°C for 30 seconds for a total of 30 cycles. The PCR products were 

separated by 2% agarose gel. Genotyping for the Cbs allele was performed using a three 

primer PCR system developed by the Loscalzo Laboratory. The primers used were 5’-

GAAGTGGAGCTATCAGAGCA-3’ (forward primer), 5’-

TGGCTCTTGGTTCTGAAACC-3’ (reverse primer, wild type [+/+]), 5’-

GAGGTCGACGGTATCGATA-3’ (reverse primer, knockout [-/-]). The wild-type allele 

gives an 800-bp product, whereas the deletion allele gives a 450-bp product. The PCR 

condition is 94°C for 5 minutes, 60°C for 5 minutes and 72°C for 5 minutes for a total of 

5 cycles then 94°C for 1 minutes, 60°C for 1 minute and 72°C for 1 minute for a total of 
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30 cycles and at the end at 72°C for 6 minutes. The PCR products were separated by 

1.2% agarose gel and examined by a Foto analyst image system (Hartland, WI). 

Antibodies and Chemicals 

All reagents were purchased from Sigma (St. Louis, MO) if not indicated. Anti-phospho 

Akt (Ser473), Anti-Akt, Anti-phospho Erk1/2 (Thr202/Tyr204), Anti-Erk1/2, Anti-

phospho P38 (Thr180/Tyr182), Anti-P38, Anti-phospho JNK1/2(Thr183/Tyr185), Anti-

JNK1/2, anti-phospho eNOS (Ser1177), anti-β-actin, anti- Horseradish Peroxidase (HRP) 

conjugated anti-rabbit and anti-mouse immunoglobulin G (IgG) antibodies were 

purchased from Cell Signaling Technology (Beverly, MA). Anti-phospho eNOS 

(Thr495) and Anti-eNOS were from BD Biosciences Pharmingen (San Jose, CA). 

Endothelin-1A receptor blocker (BQ123) was purchased from EMD biosciences 

(Billerica, MA). Radiolabelled L-[2,3,4- 
3
H] Arginine monohydrochloride was purchased 

from Perkin Elmer (Waltham, MA). 

Tissue Hcy, SAH, and SAM Concentration Measurement 

Male, Tg-hCBS Cbs +/+ (Control) mice, at 12 weeks of age were anesthetized using 

ketamine/xylazine mixture and 6 tissues including brain, kidney, liver, spleen, heart, and 

lung were harvested. First, each tissue was divided in to 2 pieces (50-100mg each). For 

tissue Hcy measurement, one 50mg piece of each 6 tissues were collected and snap 

frozen to -80ºC. For tissue SAM and SAH measurement, 50-100mg of tissues were 

homogenized in 0.4 M perchloric acid (PCA) except that brain tissue was homogenized 

in 0.1M PCA and liver was homogenized in 0.04M PCA solution. Homogenates were 
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centrifuged to collect supernatant and stored at -80ºC. The concentrations of Hcy, SAH, 

and SAM were then determined by high pressure liquid chromatography (HPLC). 

Correlation Analysis of Tissue Hcy, SAH, and SAM/SAH Ratio with Insulin 

Signaling Genes 

Tissue Hcy, SAH and SAM/SAH ratio, obtained from Tg-hCBS Cbs +/+ mice were used 

for linear regression analyses. Simple linear regression were performed using Sigma Plot 

9.0 (Systat Software, Inc, San Jose, CA, USA) by plotting mRNA levels (REU) of insulin 

signaling genes involved in  PI3K and MAPK pathway against the concentrations of Hcy, 

SAH, and SAM/SAH ratios in six Tg-hCBS Cbs +/+ mouse tissues including brain, 

kidney, liver, spleen, heart, and lung. 

Glucose Tolerance Test (GTT) 

GTT was carried out in Tg-hCBS Cbs -/- mice (n=13) and their controls (n=12), fasted 

overnight (16 hour) as reported previously (Banerjee et al., 2004; Wu et al., 2011). Each 

animal was first weighed, and then tail was nicked at the very end to obtain 35-40µl of 

blood. After determination of fasted blood glucose levels, each animal received an 

intraperitoneal (i.p.) injection of 1g/kg body weight of D-Glucose (10% glucose; Sigma). 

Blood glucose levels were measured after 30, 60, 90, and 120 minutes from the tail of 

each mouse by gently massaging a small drop of blood onto a glucometer strip.  

Insulin Tolerance Test (ITT) 

ITT was carried out on random fed animals. Similar to GTT, mice were first weighed and 

tail was cut at very end to obtain 35-40µl of blood. Baseline blood glucose levels were 
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then measured. Subsequently, each animal received an i.p injection of 0.75 units/kg body 

weight of human insulin (Catalogue # I2643, Sigma). Blood glucose levels were detected 

after 30, 60, and 120 minutes. 

Histological Analysis and Immunohistochemistry 

Tg-hCBS Cbs-/- mice (n=4) and their controls (n=4) were sacrificed at 12 weeks of age. 

Pancreas tissue was harvested, fixed for 24 hour in aqueous bouin solution and embedded 

in paraffin. Seven-µM thick paraffin sections were obtained at 150-µM intervals on three 

levels and mounted on a Superfrost Excell microscope slides (Fisher Scientific, 

Pittsburgh, PA). Histology analysis was performed using Hematoxylin and Eosin (H & E) 

staining. In this, hematoxylin stains nuclei purple color and eosin stains cytoplasm pink 

color. For immunostaining, sections were deparaffinized in xylene, rinsed in ethanol, and 

rehydrated in decreasing concentrations of ethanol and processed for immunoperoxidase 

staining.  Immunoperoxidase labeling was used to determine the insulin positive β-cells 

in pancreatic islets. For antigen retrieval, the sections were boiled in 10mM sodium 

citrate buffer –an antigen-unmasking solution for 10-15 minutes, cooled, and washed in 

PBS containing 0.05% Tween 20 (PBST). Nonspecific binding was blocked by 

incubating sections with 5% goat serum for 40 minutes at room temperature. The sections 

were then incubated in a humidified chamber with the anti-rabbit insulin primary 

antibody (1: 100 dilutions) at 4ºC for overnight. The sections were subsequently washed 

with PBST and incubated with goat anti-rabbit horseradish peroxidase–conjugated 

secondary antibody (1:1000). Peptide immunoreactivity was localized with 3,3'-

diaminobenzidine-tetra-hydrochloride (DAB) using peroxidase substrate kit (DAB 
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peroxidase substrate kit; Vector Labs, SK-4100). First, DAB substrate was added to 

slides for approximately 10-14 minutes until brown color develops. Slides were then 

rinsed under tap water for 5 minutes. Sections were counterstained with hematoxylin for 

10 seconds, dehydrated in increasing concentrations of alcohol and then in xylene, and 

mounted under glass coverslips. Insulin positive staining was analyzed with Zeiss- 

Axioscop 40 Microscope (Carl Zeiss MicroImaging). Insulin positive β-cells areas were 

then determined using Image J software (NIH).  

Biochemical Assays 

Blood glucose levels were measured with Hemocue Glucometer. Plasma insulin levels 

were measured using EMD Millipore mouse insulin ELISA kit (Catalogue # EZRMI-

13K, EMD Millipore, Billerica, MA). Plasma Hcy levels were measured using Biochrom 

30 amino acid analyzer (Cambridge, UK) as previously described (L. Wang et al., 2004). 

Dissection and Preparation of Mesenteric Arterioles 

Tg-hCBS Cbs -/- mice and their control littermates at 12 weeks of age were used for 

vascular function studies. Figure 10 shows vascular relaxation function mechanism. 

Mice were anesthetized using ketamine/xylazine mixture and mesenteric vascular bed 

was excised. Mesenteric arterioles (2mM segments of 2
nd

 order branch of superior 

mesenteric artery: 150-200µM diameter) were dissected free of fat and connective tissues 

and mounted on Multi Wire Myograph System model 610M (Danish Myo Technology, 

Denmark) (Figure 11). Mesenteric arterioles were maintained at 37°C in physiologic 

Krebs buffer (pH 7.4) of the following composition: NaCl (119.0mM), sodium 

bicarbonate (NaHCO3; 25.0mM), glucose (11.1mM), calcium chloride dehydrate 
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(CaCl2.2H2O; 1.6mM), potassium chloride (KCl; 4.7mM), monopotassium phosphate 

(KH2PO4; 1.2mM), magnesium sulfate heptahydrate (MgSO4.7H2O; 1.2mM) aerated 

with 95% oxygen and 5% carbon dioxide. The rings were equilibrated for one hour at 

37°C at a resting tension of 1.5mN. The presence of intact endothelium in the vascular 

preparations was confirmed by observing the relaxation response to 1μM acetylcholine 

(Ach) in rings pre-contracted with 1μM phenylephrine (PE), as described previously (X. 

Jiang et al., 2005).  
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Figure 10. Vascular Relaxation Mechanism. 

Under normal conditions, nitric oxide (NO) is continuously being produced by 

endothelial nitric oxide synthase (eNOS). The activity of eNOS is calcium and 

calmodulin dependent. There are 2 pathways for eNOS stimulation 1. Shear forces acting 

on vascular endothelium generated by blood flow causes calcium release and eNOS 

activation. 2. Agonists like acetylcholine acting on its receptor on endothelial cell activate 

Ca
2+

 influx and eNOS activation. L-arginine is converted to L-citrulline by eNOS with 

subsequent production of NO. eNOS requires a number of cofactors including NADPH, 

FAD, calcium, calmodulin, and BH4. NO diffuses to the smooth muscle cells where it 

activates guanylyl cyclase (GC), with a resulting increase in cyclic guanosine 

monophosphate (cGMP), which initiates processes leading to vascular smooth muscle 

cell (VSMC) relaxation. Insulin also has been shown to induce endothelium-dependent 

relaxation via acting on its insulin receptor. SNP directly releases NO in VSMC and 

induces endothelium-independent relaxation. EC, endothelial cell; VSMC, vascular 
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smooth muscle cell; Ach, acetylcholine; BH4, tetrahydrobiopterin; FAD, flavin adenine 

dinucleotide; NADPH, nicotinamide adenosine diphosphate; Ca
2+

, calcium; eNOS, 

endothelial nitric oxide; NO, nitric oxide; SNP, sodium nitroprusside cGTP, cyclic 

guanosine triphosphate; GC, guanylyl cyclase; cGMP, cyclic guanosine monophosphate.  
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Figure 11. Multi Wire Myograph System. 
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Vascular Functional Studies on Mouse Mesenteric Arterioles 

Endothelium-dependent and -independent relaxation responses were determined by 

cumulative concentration responses to Ach (10nM-33μM) [Endothelium-dependent 

relaxation] and sodium nitroprusside (SNP; 1nM-10μM) [Endothelium-independent 

relaxation] in arterioles pre-contracted with 1μM PE. Vascular contractile responses to 

potassium chloride (KCl; 120mM) and PE (10nM to 10μM) were examined as controls. 

Vascular relaxation responses to insulin were studied by exposing arterioles segment to 

increasing insulin concentrations (0.1nM to 1μM) and the resulting changes in the 

isometric tension were recorded with the chart reader. In some experiments, vessels were 

preincubated with wortmanin (PI3K inhibitor; 100nM, 1hour), PD98059 (MEK1/2 

Inhibitor; 10μM, 30 minutes), BQ123 (Endothelin-1A blocker; 10μM, 1hour) or NG-

nitro-L-arginine methyl ester hydrochloride (L-NAME; 100μM, 30 minutes), a nitric 

oxide synthase (NOS) inhibitor, before obtaining cumulative dose response to insulin. 

Mesenteric Vasculature and Aorta Homogenates Preparation 

Tg-hCBS Cbs -/- mice and their littermate controls were sacrificed and whole mesenteric 

arterial tree and aorta were harvested free of fat and connective tissues. Mesenteric 

arterial tree and aorta were incubated with or without insulin in Krebs buffer for 15 

minutes at 37°C. Tissues were then snap frozen and stored at -80°C until protein 

extraction. Subsequently, mesenteric arterial tree and aorta were homogenized in lysis 

buffer containing EDTA (0.5M), phenylmethanesulfonylfluoride (PMSF; 10mg/ml), 

protease inhibitors, 10% SDS, Tris –HCL pH 6.8 (1M), glycerol, and phosphate buffered 

saline (PBS) and then sonicated for 10 seconds. Precipitates were then boiled at 95°C for 
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5 minutes and centrifuged at 14,000 RPM for 10 minutes. Supernatant was then collected 

for protein quantification and western blot analysis. 

Cell Culture 

Primary human aortic endothelial cells (HAECs) [Lonza, CC2535] were cultured in 

medium M199 (HyClone Laboratories, Logan, UT) containing 15% fetal bovine serum 

(FBS; HyClone), endothelial cell growth supplement (50μg/mL; BD Biosciences, 

Franklin Lakes, NJ), heparin (50μg/mL; Sigma-Aldrich, St. Louis, MO), penicillin 

(100units/mL), streptomycin (100μg/mL), and amphotericin (0.25μg/mL) (Invitrogen, 

Carlsbad, CA). HAECs were grown on 0.2% gelatin (Sigma) coated flasks, plates or 

dishes. HAECs were used between passages 8 to 9. Cells at 80-90% confluence were 

serum starved for 6 hour and then treated with DL-Hcy at indicated concentrations or 

vehicle control for 24 hour; during the last 15 minutes of treatment, cells were stimulated 

with insulin 100nM (Sigma) or vehicle control in M199 with 2% FBS medium. 

Experimental study design for in vitro experiments is presented in Figure 9.  

eNOS Activity Assay 

eNOS activity was determined as described previously (X. Jiang et al., 2005) by 

assessing the conversion of tritium labeled (
3
H) -arginine to 

3
H-citrulline in intact cells. 

Briefly, confluent HAECs were treated with DL-Hcy at indicated concentrations or 

vehicle control for 24 hour; during last 15 minutes of treatment, cell were stimulated with 

or without insulin, equilibrated with krebs buffer for 5 minutes, and incubated with 
3
H-

Arginine (3μCi) and 10mM L-arginine for 15 minutes. Reactions were terminated by 

adding 2 mL stop solution (5mM L- arginine and 5mM EDTA in PBS). Cell lysates were 
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applied to a cation exchange resin column (Catalogue# 143-5451, AG 50W-X8; Bio-Rad 

Laboratories). The neutrally charged citrulline was eluted, measured for radioactivity, 

and normalized via protein concentration.  

Bicinchoninic Acid (BCA) Assay for Protein Quantification 

Total proteins were quantified using a pierce BCA protein assay kit (Thermo scientific, 

Rockford, IL) with serial dilution of bovine serum albumin as a standard. 5µl of samples 

and standards were loaded in duplicates and incubated with 200µl of BCA reagent (200 

parts of solution A and 1 part of solution B) for 30 minutes at 37°C. The absorbance of 

each sample was measured at 490nm with an ELx800 Microplate reader (Bio-TEK 

Instrument Inc, Winooski, VT).  

Western Blot Analysis 

Protein extracts were prepared from mesenteric arterial tree, aorta, and cultured HAECs 

stimulated with or without insulin. Protein concentrations were determined using the 

BCA assay. Proteins were separated on 9% SDS-polyacrylamide gel and 

electrotransferred onto a nitrocellulose membrane. The membrane was blocked by 5% 

non-fat powdered milk in tris buffered saline containing 0.1 % Tween 20 (TBS-T; 50 

mM Tris, pH 7.5, 150 mM NaCl, and 0.1% Tween 20). The membrane was incubated 

with the primary antibody overnight at 4°C, washed extensively with TBS-T, and then 

incubated with the secondary anti-rabbit or anti-mouse horseradish peroxidase-labeled 

antibody for 60 minutes at room temperature and washed four times in TBS-T. Bands 

were visualized with enhanced chemiluminescence (ECL) method (Amersham 

Biosciences). The results were quantified using Image J software (NIH). 
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RNA Extraction 

Total RNA was isolated from HAEC with Trizol (Invitrogen). In brief, HAEC were lysed 

in 1ml of Trizol reagent and incubated for 5 minutes at room temperature for complete 

dissociation of nucleoprotein complex. Subsequently, 0.2 ml of chloroform was added 

and the mixture was vigorously shaken for 15 seconds. After centrifugation at 13,000 

RPM for 15 minutes at 4°C, the upper aqueous phase was collected and precipitated by 

adding an equal volume of isopropanol. The RNA pellets were washed twice with 75% 

ethanol. Pellets were allowed to air-dry for 5-10 minutes. After drying, the RNA was then 

solubilized in 30µl RNase free water (Qiagen, Valencia, CA). The quality and 

concentration of the isolated RNA was determined by Nanodrop 2000 (Thermo Fisher 

Scientific, San Jose, CA). Two μg of total RNA was used to generate complementary 

DNA (cDNA) using High-Capacity Reverse Transcription kits (Applied Biosystem, 

Foster City, CA). The cDNA products were stored at -80°C. 

Real time PCR 

The mRNA expression levels of genes were determined by quantitative Real-time PCR, a 

SYBR-green PCR system (SABiosciences, Frederick, MD) and the Real-time PCR was 

run on StepOnePlus Real-time PCR system (Applied Biosystems, Foster City, CA) to 

amplify Insr, IRS1, IRS2, PI3Kr1, Akt1, Akt2, Akt3, and β-actin cDNA from the 

samples. The primers for the other reactions were purchased from Applied Biosystems. 

The expression levels of each of the transcripts were normalized to the constitutive 

expression levels of β- actin mRNA. The sequences of the human primers used are shown 

in Table 3. 
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Table 3. Human Primer Sequences for Real –time PCR. 

Real-timer PCR human primers were designed with Integrated DNA Technologies, Inc.  
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Statistical Analysis 

All Statistical analyses were performed with the Graphpad Prism 5. For statistical 

comparison of single parameters, independent t-test was used for two groups and one-

way ANOVA with Bonferroni adjustment was performed for multiple groups. 

Correlations between the concentrations of plasma Hcy with insulin, glucose, and 

HOMA-IR were performed by linear regression analysis. Statistical significance was 

defined as p<0.05. In text and graphs, data are presented as the mean ± standard error of 

the mean (SEM). 
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CHAPTER 3 

RESULTS 

Ins/PI3K Pathway Genes Are Differentially Expressed in Human and Mouse 

Tissues 

Tissue mRNA expression profiles of 15 Ins/PI3K pathway genes in 15 human and 14 

mouse tissues are presented in Figure 12B, C. Confidence intervals are generated based 

on mRNA expression levels of 3 housekeeping genes (PTTG1IP, PKM2, and HNRNPK), 

which have relatively consistent mRNA levels across the selected tissues in both humans 

and mice. In Figure 12A PTTG1IP expression profiles are presented as representative of 

housekeeping genes. The confidence intervals of the housekeeping gene expression are 

X+2SD = 2.67 in human tissue and X+ 2SD = 2.64 in mouse tissue, and not significantly 

different between species. Lines indicating an upper limit of the confidence interval are 

put in all bar graphs of tissue expression profile in Figure 12 and 13 to establish the 

significance of gene expression. mRNA expression levels of a given gene in the tissues 

higher than the upper limit of the confidence interval (the mean plus 2 times the standard 

deviation) of the house-keeping genes are considered statistically significant higher 

expression. Distribution patterns of each insulin signaling genes involved in PI3K 

pathway appear to be differ between human and mouse tissues.  

In humans, among 15 genes, 8 Ins/PI3K pathway genes including, insulin, insulin 

receptor, IRS-1 PDK1, Akt1, Glut4, AS160, and RPS6KB1 are highly expressed in 

muscle. The other 2 genes such as PI3Kr1 and Glut4 genes are highly expressed in heart. 

The additional 2 genes such as Akt3 and IRS-1 are highly expressed in pancreas. Akt2 
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has high expression in thymus and eNOS has high expression high in spleen, HSL is 

highly expressed in human adipose tissue and BCL-x is highly expressed in liver (Figure 

12B). 

In mouse tissues, 7 out of 14 Ins/PI3K pathway genes including PI3Kr1, PDK1, Akt1, 

Akt3, AS160, RPS6Kb1, and HSL are highly expressed in lymph node. The additional 2 

genes including Akt2 and Glut4 are highly expressed in muscle. The other 2 genes such 

as Ins and IRS2 are highly expressed pancreas. eNOS and Bcl-x are highly expressed in 

spleen. Insulin receptor and IRS-1 have low expression in all mouse tissues examined. It 

appears that Ins/PI3K signaling genes have differential expression in human and mouse 

tissues (Figure 12C). 
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Figure 12. Tissue mRNA Expression Profile of PI3K Pathway Genes (EST 

Analysis). 

Fifteen human and fourteen mouse tissues were given tissue ID numbers and examined 

for mRNA expression using EST databases in NCBI /Unigene site. Left and right Y-axis 

represents relative mRNA expression (REU) and tissue-median adjusted mRNA 

expression levels (REU/mREU) respectively. REU of the genes is acquired by 

normalization of gene transcript per million with that of β-actin. Dashed lines represent 

upper limit of the confidence intervals (Human: mean X + 2x standard deviation (SD) = 
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2.67 and Mouse: Mean+2SD = 2.64) of the 3 housekeeping genes (Pituitary tumor-

transforming 1 interacting protein (PTTG1P), Pyruvate kinase muscle (PKM2), 

Heterogeneous nuclear ribonucleoprotein K (HNRNPK)). The expression variations of 

the given genes in the tissues, when higher than Mean + 2SD were defined as the 

expression levels with statistical significance. Solid bar represents gene expression in 

liver and vascular. A. Representative tissue mRNA expression profile of housekeeping 

gene PTTG1P in human and mouse. B. Tissue mRNA expression profile of 15 insulin 

responsive PI3K pathway genes in human tissues. C. Tissue mRNA expression profile of 

15 insulin responsive PI3k pathway genes in mouse tissues. 
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Ins/MAPK Pathway Genes Are Ubiquitously Expressed in Human Tissues and 

Differently Expressed in Mouse Tissues 

In humans, MAPK signaling components including Grb2, Ras, Raf, MAP3K1-4, Erk1 

and 2, JNK, p38MAPK, and ET-1 exhibited ubiquitous expression in most tissues. 

Among this, muscle has high expression of 6 MAPK genes including, Ras, Raf, and 

MAP3K1-4. Lymph node has high expression of MAPK3K1, Erk2, and JNK. MAPK3K4 

and p38MAPK are highly expressed in bone and ET-1 is highly expressed in vascular 

tissues (Figure 13B).  

In mouse tissues, similar to PI3K pathway genes 7 MAPK genes including, Grb2, Raf, 

MAP3K1, MAP3K2, MAP3K3, Erk2, and JNK are highly expressed in lymph node. Ras 

has significant expression in spleen and Erk1 exhibited high expression levels in lung, 

and MAP3K4 has higher expression in pancreas. P38MAPK and ET-1 have low 

expression in all mouse tissues examined. These results suggest that human tissues have 

ubiquitous expression of MAPK genes whereas mouse has differential expression of 

MAPK genes (Figure 13C). 
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Figure 13. Tissue mRNA Expression Profile of MAPK Pathway Genes (EST 

Analysis). 

Fifteen human and fourteen mouse tissues were given tissue ID numbers and examined 

for mRNA expression using EST databases in NCBI /Unigene site. Left and right Y-axis 

represents relative mRNA expression (REU) and tissue-median adjusted mRNA 

expression levels (REU/mREU) respectively. REU of the genes is acquired by 

normalization of gene transcript per million with that of β-actin. Dashed lines represent 

upper limit of the confidence intervals (Human: mean X + 2x standard deviation (SD) = 

2.67 and Mouse: Mean+2SD = 2.64) of the 3 housekeeping genes (Pituitary tumor-

transforming 1 interacting protein (PTTG1P), Pyruvate kinase muscle (PKM2), 

Heterogeneous nuclear ribonucleoprotein K (HNRNPK)). The expression variations of 
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the given genes in the tissues, when higher than Mean + 2SD were defined as the 

expression levels with statistical significance. Solid bar represents gene expression in 

liver and vascular. A. Tissue mRNA expression profile of 6 insulin responsive MAPK 

pathway genes in human tissues.  Gene abbreviations are listed in Table 2.  
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 Figure 13 (Continued). Tissue mRNA Expression Profile of MAPK Pathway Genes 

(EST analysis). 

 B. Tissue mRNA expression profile of 6 insulin responsive MAPK pathway genes in 

mouse tissues. Left and right Y-axis represents relative mRNA expression (REU) and 

tissue-median adjusted mRNA expression levels (REU/mREU) respectively. Dashed 

lines represent the upper limit of the confidence interval of the 3 housekeeping genes. 

Solid bar represents gene expression in liver and vascular. Gene abbreviations are listed 

in Table 1.  
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Ins/PI3K Signaling Requires Tissue Specific Regulation in Humans 

Because of MAPK pathway genes had ubiquitous expression in almost all human tissues; 

we only used Ins/PI3K signaling components for the tier expression profile. It is known 

that insulin signaling through PI3K pathway is responsible for the metabolic and vascular 

insulin action. Based on the tissue expression patterns of Ins/PI3K signaling components, 

human and mouse tissues are divided in to 2 tiers. Tissues that express all the Ins/PI3K 

pathway components are called 1
st
 tier tissues.  In human, adipose tissue, muscle, liver, 

brain, heart, kidney, lymph node, and thymus are tier 1 tissues. And in mouse, only 

pancreas is in tier 1. This result suggests that in humans, PI3K mediated insulin signaling 

is highly dependent and requires more tissue specific regulation. Tier 2 tissues include the 

tissues that miss 1 or more components of the PI3K pathway. In human, blood, bone 

marrow, lymph node, pancreas, spleen, and vascular are tier 2 tissues and lack one or 

more components of Ins/PI3K signaling. In mouse, except pancreas all 13 tissues miss 

one or more Ins/PI3K signaling components (Table 4). 
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Table 4. Classification of Human and Mouse Tissues Based on Ins/PI3K Signaling 

Genes Expression Status (EST Analysis). 

Two tiers of human and mouse tissues were categorized according to tissue expression 

profiles of key Ins/PI3K signaling genes Ins, IR, IRS1 and 2, PI3Kr1, PDK1, and Akt 1, 

2, and 3. A. Tier 1 tissues expresses all the Ins/PI3K signaling components; B. Tier 2 

tissues lacks of one or more components for Ins/PI3K signaling such as human vascular 

and immune tissues.  
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Tg-hCBS Cbs Mouse Genotyping 

It is known that genetic deficiency of the key enzymes such as cystathionine-β synthase 

(cbs) and methylenetetrahydrofolate reductase (MTHFR) leads to high plasma Hcy 

levels. Several HHcy mouse models including gene knockout mice, mice fed with 

vitamin deficient diet or fed with food rich in methionine were created to elucidate the 

role of HHcy. Among this, gene knockout mice especially Cbs gene deficient mice had 

consistent stable high plasma Hcy levels in both heterozygous and homozygous mice. In 

1995, Maeda and colleague (Watanabe et al., 1995) created this Cbs deficient (-/-) mouse 

model, in which mice develop severe HHcy with plasma Hcy levels around 200μmol/L. 

Moreover, Cbs deficiency is the most common inborn error of sulfur amino acid 

metabolism. It is characterized by severe HHcy and homocysteinuria, which result in 

premature arteriosclerosis and thromboembolism (Kluijtmans et al., 1999). However, Cbs 

-/- mice suffer from growth retardation and severe hepatopathy with 90% of Cbs -/- mice 

die before weaning (Watanabe et al., 1995). To circumvent the neonatal lethal phenotype 

of Cbs-/- mice, our collaborator Dr. Kruger’s laboratory has created a novel transgenic 

mouse (Tg-hCBS) in which, human CBS cDNA is under the control of a zinc inducible 

metallothionein promoter. The Tg-hCBS is crossed with mouse Cbs heterozygous (-/+) 

and 25mM ZnSO4 is provided in the drinking water, which rescued the neonatal lethality 

of Cbs -/- mice. At 4 weeks, ZnSO4 is removed which stop the expression of hCBS and 

mice develop severe HHcy (plasma Hcy~100 μmol/L). Genotyping PCR of Tg-hCBS Cbs 

mouse is shown the Figure 14. 
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Figure 14. Identification of Tg-hCBS Cbs -/- Mice by Genotyping PCR. 

Tg-hCBS Cbs mice were genotyped for transgene hCBS and mouse Cbs by polymerase 

chain reaction (PCR). A. Characterization of Cbs deficiency in Tg-hCBS Cbs mice by 

PCR. Genomic DNA was used to amplify Cbs gene by PCR and PCR products were 

separated by 1.2% agarose gel electrophoresis. B. Identification of hCBS expression in 

mice. Genomic DNA was used to amplify hCBS gene by PCR and PCR products were 

separated by 2% agarose gel electrophoresis. Representative genotyping PCR from three 

mice # 2.6, 2.7, and 2.8 is shown. Cbs, Cystathionine β-synthase;  hCBS, Human 

cystathionine β-synthase; PCR, Polymerase chain reaction; WT, Wild type; KO, 

Knockout; M.W., Molecular weight. 
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Ins/PI3K Pathway Genes Are Negatively Correlated with Tissue Hcy and SAH 

Levels 

To better understand the relation and mechanism between HHcy and IR, we hypothesized 

that Hcy might negatively regulate insulin signaling and may further contributes to IR by 

DNA hypomethylation mechanism. DNA methylation is the best characterized epigenetic 

mechanism regulating cancer, diabetes, and other disease pathology. Besides, one of the 

biochemical mechanism of HHcy induced vascular pathology is DNA demethylation. S-

adenosyl methionine (SAM) and S-adenosyl homocysteine (SAH) are the metabolites of 

Hcy. SAM is the substrate and SAH is a transmethylation product from SAM, which is 

made from methionine and ATP. To characterize methylation status, we assessed the 

correlation between insulin signaling genes with Hcy, SAH, and SAM/SAH ratio, which 

is an indicator of cellular methylation status. To determine the regulatory effect of insulin 

signaling genes on tissues Hcy, SAM and SAH metabolism and cellular methylation 

status, we measured tissue Hcy, SAM, and SAH levels in male Tg-hCBS Cbs +/+ 

(control) mice using HPLC (Table 5) and assessed the correlation between transcripts of 

PI3K and MAPK pathway genes with Hcy, SAH, and SAM/SAH ratio levels in 6 mouse 

tissues including kidney, live, brain, heart, lung, and spleen using linear regression 

analyses. We found that IRS1, PI3Kr1, Akt2 (R
2
 > 0.15) are negatively correlated with 

tissue Hcy levels. Moreover, 7 PI3K pathway genes including IRS2, Akt1, Akt3, Glut4, 

HSL, eNOS, and RPS6Kb1 are negatively correlated with tissue SAH levels (Figure 

15A, 16A). However, no significant correlation found between MAPK pathway genes 

with Hcy levels (Figure 15B, 16B). Of note, MAP3K2, MAPK3K4, Erk1, and ET-1 
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were negatively correlated and P38MAPK were positively correlated with tissue SAH 

levels (R
2
 > 0.15). 

Interestingly, 5 PI3K pathway genes including, AS160, eNOS, RPS6KB1, HSL, and 

BCl-x and MAPK genes MAP3K1, and JNK are positively correlated with SAM: SAH 

ratio. (Figure 17A, B). Hypotheses that are generated from this study have been tested by 

experiments using animals under physiological and pathophysiological conditions, which 

could provide novel insight in to the relationship between Hcy metabolism and insulin 

signaling. 
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Table 5. Hcy Metabolite Concentrations in Tg-hCBS Cbs +/+ Mice Tissues. 

Tg-hCBS Cbs +/+ mice (Male), at 12 weeks of age were anesthetized and 6 tissues 

including brain, kidney, liver, spleen, heart, and lung were harvested. Each tissue was 

divided in to 2 parts (50-100mg each). One 50mg part of tissue was directly snaps frozen 

at -80ºC for tissue Hcy measurement. Other 50-100mg part of tissue was homogenized in 

0.4 M percholoric acid (PCA) except that brain tissue was homogenized in 0.1M PCA 

and liver was homogenized in 0.04M PCA solution, homogenate was centrifuged to 

collect supernatant and stored at -80ºC for tissue S-adenosyl methionine (SAM) and S-

adenosyl homocysteine (SAH) measurement. The concentrations of Hcy, SAH, and SAM 

were then determined by high pressure liquid chromatography (HPLC). Hcy, 

Homocysteine; SAM, S-Adenosyl methionine; SAH, S-Adenosyl homocysteine; PCA, 

perchloric acid. 
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Figure 15. Correlations of Insulin Signaling Genes with Tissue Hcy Levels in Mouse 

Tissues. 

Tissue Hcy levels were obtained from Tg-hCBS Cbs +/+ mice were used for correlation 

analyses. Simple linear regression was performed by plotting mRNA levels (REU) of 

insulin signaling genes involved in PI3K and MAPK pathway against the concentrations 

of Hcy in six Tg-hCBS Cbs +/+ mouse tissues including brain, kidney, liver, spleen, 

heart, and lung. A. Correlation between mRNA levels of PI3K pathway genes and Hcy 

levels in mouse tissues including brain, heart, kidney, liver, lung, and spleen. B. 

Correlation between MAPK pathway genes and Hcy levels in mouse tissues. Linear 

regression analyses were performed between genes involved in insulin signaling and Hcy. 

R
2
> 0.15 is considered as correlated, represented by dashed lines. R

2
>0.15 and p<0.05 

considered as significant correlation indicated by thick solid lines. Gene abbreviations are 

listed in Table 2.  
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Figure 16. Correlations of Insulin Signaling Genes with Tissue SAH Levels in Mouse 

Tissues. 

Tissue SAH levels measured from Tg-hCBS Cbs +/+ mice were used for correlation 

analyses. Simple linear regression was performed by plotting mRNA levels (REU) of 

insulin signaling genes involved in  PI3K and MAPK pathway against the concentrations 

of SAH in six Tg-hCBS Cbs +/+ mouse tissues including brain, kidney, liver, spleen, 

heart, and lung. A. Correlation between SAH and mRNA of genes involved in PI3K 

pathway and B. Correlation between SAH and mRNA of genes involved in MAPK 

pathway. R
2
> 0.15 is considered as correlated, represented by dashed lines. R

2
>0.15 and 

p<0.05 considered as significant correlation indicated by thick solid lines. Gene 

abbreviations are listed in Table 2. 
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Figure 17. Correlations between Insulin Signaling Genes and SAM/SAH Ratio in 

Mouse Tissues. 

Tissue SAM and SAH levels measured from Tg-hCBS Cbs +/+ mice were used to 

calculate SAM /SAH ratio and used for correlation analyses. Simple linear regression 

was performed by plotting mRNA levels (REU) of insulin signaling genes involved in  

PI3K and MAPK pathway against the SAM/SAH ratio in six Tg-hCBS Cbs +/+ mouse 

tissues including brain, kidney, liver, spleen, heart, and lung. A. Correlation between 

SAM/SAH ratio and mRNA of genes involved in PI3K pathway and B. Correlation 

between SAM/SAH ratio and mRNA of genes involved in MAPK pathway. Gene 

abbreviations are listed in Table 2. 

  



103 

 

  

General Metabolic Parameters of Tg-hCBS Cbs Mice 

General metabolic parameters such as body weight, fasting blood glucose, fasting and fed 

plasma insulin, and plasma Hcy levels were examined in Tg-hCBS Cbs mice at 12 weeks 

of age. 

Homocysteine 

Plasma Hcy levels were measured using Biochrom 30 amino acid analyzer (Cambridge, 

UK) as previously described (L. Wang et al., 2004). At 3 months, Tg-hCBS Cbs -/- mice 

(n=13) had plasma Hcy level of 102.6 ± 9.1 and Tg-hCBS Cbs -/+ or Cbs +/+ (control, 

n=12) mice had plasma Hcy level of 7.3 ± 0.7 (Figure 18A), suggesting that mice have 

developed severe HHcy. 

Body Weight 

Tg-hCBS Cbs -/- mice did not exhibit statistical significant differences in body weight 

compared to their littermate controls (Figure 18B). 

Glucose and Insulin Levels 

To evaluate the effect of HHcy on insulin resistance in vivo using Tg-hCBS Cbs mice, we 

first determined blood glucose and insulin concentrations in Tg-hCBS Cbs mice. In brief, 

fasting blood glucose levels were measured with Hemocue Glucometer in mice fasted for 

16 hour. Fasting and fed plasma insulin levels (Figure 18E) were determined using a 

Mouse Insulin ELISA kit (EMD Millipore, MA). Fasting blood glucose levels were not 

altered in Tg-hCBS Cbs -/- mice when compared to their littermate controls (Figure 

18C). On the contrary, fasting plasma insulin levels were mildly elevated (p=0.07) in Tg-
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hCBS Cbs -/- mice (0.297 ± 0.03) compared to controls (0.216 ± 0.02) suggesting that 

HHcy leads to milder hyperinsulinemia (Figure 18D).  

Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) 

The Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) was first 

described by Matthews et al.(Matthews et al., 1985). It is a calculated estimate of relative 

insulin resistance. HOMA-IR is calculated based on plasma insulin and glucose values to 

assess contributions of IR. Specifically, an insulin resistance score (HOMA-IR) was 

calculated with the formula: fasting plasma glucose (mmol/L) times fasting serum insulin 

(mU/L) divided by 22.5. Low HOMA-IR values are indicative of high insulin sensitivity, 

whereas high HOMA-IR values indicate low insulin sensitivity (IR). We found that 

HOMA-IR index was significantly increased (p<0.05) in Tg-hCBS Cbs -/- mice (3.06 ± 

0.43) compared to their controls (1.99 ± 0.2) (Figure 18F). 
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Figure 18. General Metabolic Parameters of Tg-hCBS Cbs Mice. 

EDTA anti-coagulant plasma was collected from Tg-hCBS Cbs -/- and Tg-hCBS Cbs -/+ 

(control) mice at 12 weeks of age and metabolic parameters were assessed. A. Plasma 

Hcy levels, B. Body weight, and C. Fasting blood glucose levels of Tg-hCBS Cbs mice. 

Blood glucose levels were measured using Hemocue Glucometer D. Fed insulin and E. 

Fasting insulin levels of Tg-hCBS Cbs mice. Plasma insulin levels were measured by 

Mouse Insulin ELISA Kit (EMD Millipore, Billerica, MA). F. HOMA-IR index of Tg-

hCBS Cbs mice. HOMA-IR was calculated from fasting glucose and fasting insulin 

levels. Open bars indicate control mice and Red bars indicate Tg-hCBS Cbs -/- mice. All 
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error bar indicate standard error mean (SEM) (n= 12-13). EDTA, ethylene diamine tetra 

acetic acid; tHcy, total homocysteine; BW, body weight; BG, blood glucose; HOMA-IR, 

Homeostatic Model Assessment- Insulin Resistance.  

Severe HHcy Impaired Insulin Sensitivity and Glucose Homeostasis in Tg-hCBS Cbs 

Mice 

Increasing evidence suggests that HHcy causes IR (Setola et al., 2004). Elevated IR index 

has been observed in rats after administration of Hcy (Golbahar, Aminzadeh, Kassab, & 

Omrani, 2007; Jialal et al., 1985). We hypothesized that HHcy affects glucose 

metabolism and insulin delivery to the metabolic tissues. Briefly, glucose and insulin 

tolerance tests were performed as described in CHAPTER 2; Material and Methods. We 

found that Tg-hCBS Cbs -/- mice demonstrated significant (p<0.05) hyperglycemia upon 

administration of glucose (1g/kg of body weight) and plasma glucose (at 30, 60, 90, and 

120 min) levels were significantly higher (p<0.05) in Tg-hCBS Cbs -/- mice compared to 

their controls (Figure 19A), suggesting that HHcy impaired glucose tolerance and 

glucose metabolism in Tg-hCBS Cbs -/- mice. Similarly, insulin-stimulated glucose 

disposal was also significantly impaired in Tg-hCBS Cbs -/- mice (Figure 19B). 

Subsequently, area under the curve (AUC) was calculated for both glucose and insulin 

tolerance tests. We found that glucose and insulin tolerance AUC was significantly 

increased (p<0.05) in Tg-hCBS Cbs -/- mice than their controls (Figure 19C, D), which 

further supports that HHcy induces IR in Tg-hCBS Cbs -/- mice. Next, we tested whether 

HHcy impaired glucose metabolism in Tg-hCBS Cbs -/- mice is accompanied by 

pancreatic β-cell dysfunction. Morphological analysis of pancreatic islets by H&E 
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staining and pancreatic β-cell area quantification by insulin immunohistochemistry 

staining revealed no significant alteration between Tg-hCBS Cbs -/- mice and controls, 

further supporting the hypothesis that impaired glucose metabolism in Tg-hCBS Cbs -/- 

mice arises primarily from IR rather than impaired insulin production/secretion due to β-

cell dysfunction (Figure 20A, B). 
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Figure 19. HHcy Impaired Glucose Metabolism and Insulin Sensitivity in Tg-hCBS 

Cbs Mice. 

Male Tg-hCBS Cbs mice fed with rodent chow diet were examined for glucose and 

insulin tolerance tests at the 12 weeks of age. A. Glucose Tolerance Test (GTT). After an 

overnight fast, 1 g/kg body weight of glucose was administered intraperitoneally (i.p.) in 

to mice. Blood glucose was assayed immediately before and at 30, 60, 90, and 120 

minutes post-glucose administration. B. Data are presented as Area under the Curve 

(AUC) of GTT. C. Insulin Tolerance Test (ITT). It was performed on random fed mice. 
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Mice were injected i.p. 0.75U/kg of human insulin (Sigma, USA) and blood glucose was 

assayed immediately before and at 30, 60, 120 minutes post insulin administration. D. 

Data are presented as AUC of ITT. Open circles/bar represent Tg-hCBS Cbs -/+ and Red 

circles/bar represent Tg-hCBS Cbs -/- mice. The value shown are mean ±SEM (n=12-14). 

*p<0.05 vs control analyzed by one way ANOVA, Bonferroni t- test. 
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Figure 20. HHcy Does Not Affect Pancreatic β-cell Function in Tg-hCBS Cbs -/- 

Mice. 

Tg-hCBS Cbs -/- mice and their controls were sacrificed and pancreases were harvested, 

fixed for 24 hour in aqueous bouin solution, and embedded in paraffin. Seven-µM thick 

paraffin sections were obtained for histology and immunohistochemistry staining. A. 

Hematoxylin and eosin (H&E) staining of pancreas (n=3). Hematoxylin stains nuclei blue 

color and eosin stains cytoplasm pink color. B. Immunohistochemistry insulin staining. 
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Pancreatic sections were immunostained with antibody against insulin. Pancreatic β-cells 

area per pancreatic area was then determined in insulin-immunostained sections by Image 

J software (NIH). Value are Mean ± SEM (n=4).  

Correlation of Fasting Hcy with Insulin, Glucose, and HOMA-IR 

Our results demonstrate that HHcy contributes to IR. Therefore, we further assessed the 

correlation of plasma Hcy with fasting insulin, fasting glucose, and HOMA-IR in Tg-

hCBS Cbs mice. We found that plasma Hcy levels were positively correlated with those 

of glucose in fasting conditions (R
2
= 0.544, p<0.001), fasting insulin (R

2
= 0.199, p= 

0.06), and with HOMA-IR (R
2
= 0.224, p= 0.04) (Figure 21). 
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Figure 21. Plasma Hcy Levels Are Positively Correlated with Insulin, Glucose, and 

HOMA-IR. 

Correlation analysis of Plasma Hcy levels with A. Fasting Glucose, B. Fasting insulin, 

and C. HOMA-IR in Tg-hCBS Cbs mice. Each data point represents one mouse. Linear 

regression analysis was used to identify correlation. R
2
>0.15 and p<0.05 considered 

significant correlation. Values are Mean± SEM (n= 16-18).  
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Vascular Contractile Responses in Mesenteric Arterioles Was Not Changed in HHcy 

Mice 

We further characterized the role of HHcy on vascular insulin action and IR. First, we 

examined the vascular contraction responses in mesenteric arterioles of Tg-hCBS Cbs -/- 

mice and their controls. We used single dose of KCl (120mM) – to determine 

depolarization-induced vessel contraction and cumulative doses of PE (10nM to 10μM), a 

measurement of α1-adrenoceptor-induced contraction. Contraction responses to KCl and 

PE were similar in arterial ring segments from Tg-hCBS Cbs -/- mice (n=13) and their 

controls (n=12) (Figure 22A, B). 

Severe HHcy Impaired Endothelium-Dependent Relaxation in Mouse Mesenteric 

Arterioles 

Endothelial dysfunction is characterized as impairment in endothelium-dependent 

relaxation. It is an antecedent to the development of atherosclerotic-CVD. We examined 

endothelial dysfunction in Tg-hCBS Cbs mice, by assessing the endothelium –dependent 

relaxation to Ach in mesenteric arterioles (MAs). Endothelium-dependent relaxation was 

examined by the cumulative dose response to Ach (1nM–10μM) in MAs precontracted 

with PE. Dose-dependent relaxation produced by Ach was impaired in MAs of Tg-hCBS 

Cbs -/- mice compared to their controls (Figure 22D). Endothelium-dependent vascular 

relaxation responses to Ach, as evaluated by maximum relaxation, were 83% ± 2.4% in 

controls and were significantly (p<0.05) reduced to 57% ± 4.3% in Tg-hCBS Cbs -/- mice 

MAs (Figure 22D). Moreover, AUC of endothelium-dependent relaxation response was 

significantly (p<0.001) different in Tg-hCBS Cbs -/- mice (Figure 22E). Endothelium-
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independent vascular relaxation responses were assessed using cumulative responses to 

NO donor – SNP, which directly relaxes VSMCs. Relaxation responses to SNP were 

similar between Tg-hCBS Cbs -/- and controls mice (Figure 22C). These data signify that 

in MAs, HHcy impairs endothelium-dependent, but not endothelium-independent 

relaxation. 
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Figure 22. HHcy Impaired Insulin-Induced and Endothelial-Dependent Vascular 

Relaxation in Mesenteric Arterioles of Tg-hCBS Cbs Mice 

Mesenteric arterioles (MAs) were isolated from Tg-hCBS Cbs -/- mice and their controls 

and examined for vascular contraction and relaxation responses. A. Vascular contractile 

responses to potassium chloride (KCl; 120mM) B. Vascular contractile responses to 

cumulative additions of phenylephrine (PE). C. Endothelium-independent relaxation. 

MAs were precontracted with PE (1µmol/L) and examined for relaxation to cumulative 

additions of sodium nitroprusside (SNP). Values are means ± SEM (n=10-12 mice, 2 

vessel segments/mouse). p value analyzed by one way ANOVA, Bonferroni t- test. 
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Figure 22 (Continued). HHcy Impaired Insulin-Induced and Endothelial- 

Dependent Vascular Relaxation in Mesenteric Arterioles of Tg-hCBS Cbs Mice.  

Mesenteric arterioles (MAs) were isolated from Tg-hCBS Cbs -/- mice and their controls 

and examined for vascular relaxation responses. D. Endothelium-dependent relaxation. 

MAs of Tg-hCBS Cbs mice were precontracted with phenylephrine (PE; 1µmol/L) and 

examined for relaxation to increasing concentrations of acetylcholine (Ach). E. Data are 

shown as area under the curve (AUC) of Ach. F. Insulin-induced relaxation. MAs were 

precontracted with PE (1µmol/L) and examined for relaxation to cumulative additions of 
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insulin. G. Data are shown as AUC of insulin. Values are means ± SEM (n=10-12 mice, 2 

vessel segments/mouse). *p<0.05, ** p<0.01, *** p<0.001 compared with control mice, 

analyzed by one way ANOVA, Bonferroni t- test. 

Severe HHcy Impaired Insulin-Induced Relaxation in Mouse Mesenteric Arterioles 

The presence of insulin receptors on endothelial cells is well documented (G. Zeng & 

Quon, 1996); (Montagnani & Quon, 2000; Steinberg et al., 1994). It has been suggested 

that insulin-mediated vasodilatation contributes to glucose uptake by increasing its 

delivery to skeletal muscle (Steinberg et al., 1996). Moreover, the existence of the vicious 

cycle between IR and endothelial dysfunction in the development of diabetes and CVD 

has been documented in animal studies (T. Kubota et al., 2011) and in clinical 

investigations (Muniyappa et al., 2007; Pistrosch et al., 2004). Our lab has demonstrated 

that HHcy inhibits endothelial proliferation (Jamaluddin et al., 2007), impairs 

endothelial-dependent vasodilation (X. Jiang et al., 2005), and increases inflammatory 

monocytes generation (D. Zhang et al., 2009b), and thereby contributes to endothelial 

dysfunction and atherosclerosis. However, whether HHcy affects vascular insulin action 

and leads to systemic IR have not been studied. Our results suggest that HHcy impaired 

glucose metabolism and insulin sensitivity in mice. Therefore, we further examined 

vascular insulin action in mesenteric arterioles, microvasculature with <150µm in 

diameter. In brief, microcirculation includes arterioles, capillaries, and venules which 

regulate the delivery of nutrients and removal of waste products from all cells of the body 

in response to variations in demand. Animal and human studies suggested that 

vasodilator actions of insulin in microvasculature lead to capillary recruitment and 
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increase blood flow to skeletal muscle, which ultimately contribute in glucose uptake 

(Steinberg et al., 1994; Vincent, Barrett, Lindner, Clark, & Rattigan, 2003). Vascular 

relaxation responses to insulin were assessed by increasing concentrations of insulin in 

MAs precontracted with PE. As shown in Figure 22F, insulin-induced vascular 

relaxation was impaired in Tg-hCBS Cbs -/- mice compared to their controls. Maximum 

vascular relaxation produced by insulin was 83.5% ± 2.4% in control mice, which was 

significantly (p<0.05) reduced to 52% ± 3.5% in Tg-hCBS Cbs -/- mice. Moreover, AUC 

of vascular relaxation response to insulin was significantly (p<0.05) different in Tg-hCBS 

Cbs -/- mice (Figure 22G). These data indicate that HHcy impairs vasodilator insulin 

action in mesenteric microvasculature. 

HHcy Reduced Basal and Insulin-Induced eNOS Activation  

We suspect that HHcy impaired endothelium-dependent and insulin-induced relaxation 

by eNOS inhibition, a key player in these actions. Furthermore, insulin-signaling 

pathways in endothelium lead to vasodilatation by activation of Insr/PI3K/Akt/eNOS 

signaling pathway. 

HHcy Impaired Basal and Insulin-Induced eNOS Activity and Its Expression In Vitro and 

Ex Vivo 

In order to determine the effect of HHcy on basal and insulin-induced eNOS activation, 

eNOS enzymatic assay was performed in HAECs. This assay measures the conversion 

of L-[
3
H] arginine to L-[

3
H] citrulline in cultured cells. First, we used the dose sensitive 

effect of DL-Hcy (100-500µM) on eNOS activity under basal and insulin-induced 

condition. We found that DL-Hcy dose dependently blunt basal eNOS activation, with 
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DL-Hcy 500µM had greater effect (p =0.01) on impairment of basal eNOS activation. 

Subsequently, we examined the effect of Hcy on endothelial insulin signaling. For that, 

we pretreated HAECs with DL-Hcy 500µM for 24 hour and then stimulated with insulin 

(100nM) for 15 minutes. We found that insulin-induced eNOS activity was significantly 

(p<0.001) reduced by DL-Hcy 500μM. (Figure 23A, B) This result suggests that HHcy 

reduced insulin-induced eNOS activity in HAECs.  

Subsequently, we examined whether this reduced eNOS activity by DL-Hcy was due to 

the reduced eNOS activation. eNOS can be activated by phosphorylation at Ser1177 and 

dephosphorylation at Thr495 by multiple protein kinases and phosphatases. Thus, we 

evaluated the effect of DL-Hcy 500μM on basal and insulin-induced eNOS 

phosphorylation in HAECs. As shown in Figure 23C, DL-Hcy dose-dependently reduces 

eNOS phosphorylation at Ser1177. On the contrary, DL-Hcy dose-dependently increases 

eNOS phosphorylation at Thr495 (a negative regulatory site). In HAECs, Insulin-

stimulated eNOS phosphorylation at Ser1177 was significantly (p<0.05) inhibited by DL-

Hcy 500µM. 

Furthermore, these results were confirmed using protein extract from Tg-hCBS Cbs -/- 

and control mice mesenteric arteries and aorta. In brief, Tg-hCBS Cbs -/- and control 

mice were sacrificed and mesenteric arteries and aorta were harvested. Tissues were 

incubated with or without insulin for 15 minutes and snapped frozen for western blot 

analysis. We found that the basal level of eNOS phosphorylation at Ser1177 was not 

significantly different between Tg-hCBS Cbs -/- and control mice. However, basal level 

of eNOS phosphorylation at Thr-495 was increased in Tg-hCBS Cbs -/- mice, compared 
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to controls. Insulin significantly (p<0.05) increased phosphorylation eNOS at Ser1177 

site in both mesenteric arteries and aorta of control mice, and this insulin-induced eNOS 

Ser1177 phosphorylation was significantly impaired (p<0.05) in mesenteric arteries and 

aorta from Tg-hCBS Cbs -/- mice (Figure 24A). 

Insulin- Induced Relaxation in Mouse Mesenteric Arterioles and Nitric Oxide Synthase 

(NOS) Inhibition 

Further, to confirm whether HHcy impaired vascular insulin action was due to eNOS 

inhibition, we used L-NAME (NOS inhibitor) and examined vascular relaxation 

responses to insulin. We found that insulin-induced vasorelaxation was greatly 

diminished in Tg-hCBS Cbs -/- mice mesenteric arterioles preincuabted with L-NAME 

(100µM, 30 min; a NOS inhibitor). In absence of L-NAME, vascular responses to insulin 

was significantly lower in HHcy mice than that in the control mice, (p<0.05; Figure 

24B). When arterial rings were pretreated with L-NAME, insulin-evoked vasorelaxation 

was significantly decreased (p<0.001) in controls and Tg-hCBS Cbs -/- groups (Figure 

24B, C). 
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Figure 23. HHcy Impaired Insulin-Induced eNOS Activation and Expression in 

HAEC. 
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Human aortic endothelial cells (HAECs) were grown to 80-90% confluence on M199 

medium and examined for eNOS activity and protein expression. A, B.  eNOS activity. 

Confluent HAEC were serum starve for 6 hour and treated with DL-Hcy 100, 200, and 

500µM for 24 hour in M199 2% FBS medium. HAEC were also incubated with DL-Hcy 

500µM for 24 hour and stimulated with insulin for last 15 minutes, equilibrated with 

Krebs buffer for 5 minutes, and incubated with 
3
H-Arg (3 μCi) and 10 mmol/L-Arg for 

15 minutes. Reactions were terminated by adding 2 mL stop solution (5 mmol/L Arg and 

5 mmol/L EDTA in PBS). Cell lysates were applied to a cation exchange resin column 

(AG 50W-X8; Bio-Rad Laboratories). The neutrally charged citrulline was eluted, 

measured for radioactivity, and normalized via protein concentration (n=3). * p<0.05, ** 

p<0.01, *** p<0.001 analyzed by one way ANOVA, Bonferroni t- test. C. Representative 

western blot analysis and quantification of phospho-eNOS (Ser1177 and Thr495) and 

eNOS expression. HAECs treated with  DL-Hcy 500µM for 24 hour, stimulated with 

insulin 100nM for 15 minutes were subjected to immunoblotting. Bands were quantified 

by image J. Bar graphs depict ratio of phospho-eNOS/eNOS, normalized by β-actin. * 

p<0.05, ** p<0.01, *** p<0.001 analyzed by one way ANOVA, Bonferroni t- test. 

Values are means ± SEM (n=3).  
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Figure 24. HHcy Decreased Insulin-Induced eNOS expression in Mesenteric 

Arteries and Aorta. 
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Male Tg-hCBS Cbs mice fed with rodent chow diet were sacrificed at 12 weeks of age 

and mesenteric arteries and aorta were harvested. Tissues were treated either with vehicle 

or insulin (100nM) for 15 minutes, protein were extracted and subjected to western blot 

analysis. Mesenteric arterioles were also isolated and examined for vascular relaxation 

responses to insulin. A. Representative western blot analysis and quantification of 

phospho-eNOS (ser1177 and Thr495) and eNOS expression in mesenteric arteries and in 

aorta. Total tissue lysates were subjected to immunoblotting and images were quantified 

by image J. Bar graphs depict ratio of phospho-eNOS/eNOS, normalized by β-actin. * 

p<0.05. Values are means ± SEM (n=4). B. NOS inhibitor inhibited insulin-mediated 

relaxation. Mesenteric arterioles (MAs) from Tg-hCBS Cbs -/- and Cbs -/+ mice were 

pretreated with L-NAME (NOS inhibitor;100µM) for 30 minutes, precontracted with PE 

(1µmol/L) and examined for relaxation to cumulative additions of insulin. C. Data is 

shown as AUC of insulin-induced relaxation. Open bar- Tg-hCBS Cbs -/+ mice, Red bar-

Tg-hCBS Cbs-/- mice, Blue bar- Insulin-stimulated Tg-hCBS Cbs -/+ mice, Black bar- 

Insulin-stimulated Tg-hCBS Cbs -/- mice. * p<0.05, ** p<0.01, *** p<0.001 analyzed by 

one way ANOVA, Bonferroni t- test. Values are means ± SEM (n=10-12 mice, 2 vessel 

segments/mouse).  
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HHcy Induces Vascular Insulin Resistance by Altering PI3K/Akt/eNOS-Dependent 

Pathway  

Physiological actions of insulin in vasculature serve to couple regulation of metabolic and 

hemodynamic homeostasis. Studies have demonstrated that in the endothelium, insulin-

induced PI3K/Akt signaling pathway is important in regulating NO production and 

vasodilatation.  

HHcy Reduced Insulin-Induced Akt Activation In Vitro and Ex Vivo 

We examined the effect of HHcy on insulin-induced Akt activation in vitro (HAEC) and 

ex vivo (mesenteric arterial tree and aorta). In brief, protein was extracted from HAEC, 

mesenteric artery, and aorta as described in CHAPTER 2 Material and Methods and used 

for western blot analysis to examine gene expression of phospho-Akt ser473 and Akt 

(Cell signaling). First, we examined the dose sensitive effect of DL-Hcy on basal Akt 

phosphorylation in HAEC. DL-Hcy treatment for 24 hour did not significantly alter the 

basal Akt phosphorylation. Moreover, we also examined the mRNA expression levels of 

Akt 1, 2, and 3 by Real-time PCR in HAEC treated with DL-Hcy 500μM. We found no 

difference in mRNA expression (Figure 25A) of Akt1, Akt2, and Akt3 in HAEC treated 

with DL-Hcy 500μM compared to control, suggesting that Akt expression is not 

regulated at the transcription level. We then examined the effect of DL-Hcy on insulin-

induced Akt phosphorylation in HAEC. We found that insulin at 100nM potently 

stimulated the phosphorylation of Akt (p<0.05). Furthermore, we found that DL-Hcy 

500μM significantly (p<0.05) reduced insulin-stimulated Akt phosphorylation in HAEC 

(Figure 25B). The basal levels of Akt phosphorylation at Ser473 were similar in 
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mesenteric arteries and aorta of Tg-hCBS Cbs -/- and control mice. Insulin significantly 

(p < 0.05) increased Akt phosphorylation at ser473 in both mesenteric arteries and aorta 

of control mice. The insulin-induced Akt phosphorylation was significantly (p<0.05) 

impaired in mesenteric arteries and aorta of  Tg-hCBS Cbs -/- mice (Figure 26A).  

Effect of PI3K Inhibitor on Insulin- Induced Relaxation in Mouse Mesenteric Arterioles 

We further investigated the contribution of Ins/PI3K/Akt pathway in HHcy induced 

vascular insulin resistance. We used PI3K inhibitor –wortmanin and examined insulin-

induced relaxations in Tg-hCBS Cbs -/- and control mice. Cumulative concentrations of 

insulin were added to the arterial rings precontracted with PE in the presence of 

Wortmanin (PI3K inhibitor; 100nM, 1 hour). The vascular relaxation induced by insulin 

was significantly (p<0.05) weaker in control arterial rings treated with wortmanin 

(Figure 26B). In the Tg-hCBS Cbs -/- group, the insulin-induced relaxation was weaker 

in absence of wortmanin but not significantly different than Tg-hCBS Cbs -/- mice 

arterial rings pretreated with wortmanin (Figure 26B). Difference between control and 

Tg-hCBS Cbs -/- mice group disappeared after the addition of wortmanin. Data are also 

shown as AUC of insulin-induced relaxation (Figure 26C). This result demonstrates that 

HHcy impaired insulin-induced relaxation by impairing PI3K/Akt mediated signaling 

pathway. 
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Figure 25. HHcy Decreased Insulin-Induced Akt Expression in HAEC. 

Human aortic endothelial cells (HAECs) were grown to 80-90% confluence on  M199 

medium and examined for mRNA and protein expression. Total RNA and protein were 

extracted from confluent HAEC treated with DL-Hcy at indicated concentrations A. 

Real-timer PCR analysis of Akt1, Akt2, and Akt3 mRNA expression in HAEC (n=3). B. 

Representative western blot analysis and quantification of p-Akt Ser473 and Akt 
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expression. HAEC treated with 500µM DL-Hcy for 24 hour and stimulated with insulin 

100nM for 15 minutes were subjected to immunoblotting (n=3). Bands were quantified 

by image J. Open Bar- Control, Red Bar- DL-Hcy 500µM, 24 hour, Blue Bar- Insulin, 

Black Bar- Insulin + DL-Hcy 500µM. Bar graphs depict ratio of phospho-Akt/ total Akt, 

normalized by β-actin. *p<0.05 analyzed by one way ANOVA, Bonferroni t- test. Values 

are means ± SEM. 
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Figure 26. HHcy Reduced Insulin-Induced Akt Activation in Mesenteric Arteries 

and in Aorta. 

Male Tg-hCBS Cbs mice fed with rodent chow diet were sacrificed at 12 weeks of age 

and Mesenteric arteries and aorta were harvested. Tissues were treated either with vehicle 

or insulin (100nM) for 15 minutes, protein were extracted and subjected to western blot 
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analysis. Mesenteric arterioles were also isolated and examined for vascular relaxation 

responses to insulin. A. Representative immunoblot and quantification of phospho-Akt 

(Ser473) and Akt expression in mesenteric arteries and aorta. Total tissue lysates were 

subjected to immunoblotting and images were quantified by image J. Bar graphs depict 

ratio of phospho-Akt /total Akt, normalized by β-actin. *p<0.05. Values are means ± 

SEM (n=4). B. PI3K inhibitor inhibited insulin-mediated relaxation. Mesenteric arterioles 

(MAs) from Tg-hCBS Cbs -/- and Tg-hCBS Cbs -/+ mice were pretreated with 

Wortmanin [PI3K inhibitor (100nM) for 1 hour], precontracted with PE (1µmol/L), and 

examined for relaxation to cumulative additions of insulin. C. Data are shown as AUC of 

insulin-induced relaxation. Open Bar- Tg-hCBS Cbs -/+ mice, Red Bar-Tg-hCBS Cbs -/- 

mice, Blue Bar- Insulin stimulated-Tg-hCBS Cbs -/+ mice, Black bar- Insulin stimulated-

Tg-hCBS Cbs -/- mice. Values are means ± SEM (n=10-12 mice, 2 vessel 

segments/mouse). *p<0.05, **p<0.01, ***p<0.001 analyzed by one way ANOVA, 

Bonferroni t- test.  
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Insulin receptor substrates (IRS) 1 and IRS 2 Are the Targets of HHcy-Induced 

Vascular Insulin Resistance 

Studies have demonstrated that in normal conditions insulin-induced both vasodilatation 

and vasoconstriction. Insulin –induced vasodilatation is mediated by the IRS/PI3K/Akt 

dependent pathway, leading to endothelial NO production (Muniyappa et al., 2007). 

Moreover, study by Kubota et al. has demonstrated the role of IRS on endothelial insulin 

signaling, endothelial dysfunction, and glucose uptake (T. Kubota et al., 2011). Kubota et 

al. found that insulin-induced eNOS activation was significantly decreased in the 

endothelial cells of both the endothelial specific IRS-2 knock out (ETIrs2KO) mice and 

endothelial specific IRS-1 and IRS-2 double knock out (ETIrs1/2DKO) mice. This result 

suggests that IRS is a key player in insulin signaling and its defect is critical in the 

impairment of the insulin-induced glucose uptake by skeletal muscle. Therefore, we 

examined role of IRS on HHcy induced endothelial insulin signaling impairment and 

insulin resistance. First, we measured mRNA expression of insulin receptor (Ir), insulin 

receptor substrate 1/2, Phosphatidylinositol-4,5-bisphosphate 3-kinase, and regulatory 

subunit (PI3Kr1) in HAEC. No significant differences in the mRNA levels of Ir were 

found. Interestingly, mRNA (P<0.05) and protein expression levels of IRS-1 and IRS-2 

genes were reduced by DL-Hcy 500µM in HAEC (Figure 27A, B). As expected, we also 

found reduced mRNA expression of downstream insulin signaling gene PI3Kr1 (Figure 

27A). Furthermore, we also found that protein expression of IRS-1 and IRS-2 were 

reduced in mesenteric vascular extract from Tg-hCBS Cbs -/- mice compared to controls 

(Figure 27C). These results demonstrate that IRS1/2 transcription and translation 

repression by HHcy may be the key mechanism of HHcy-induced vascular IR. 
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Figure 27. HHcy Reduced Insulin Receptor Substrates (IRS) mRNA and Protein 

Expression Levels in HAEC and Mesenteric Artery.  

Human aortic endothelial cells (HAECs) were grown to 80-90% confluence on  M199 

medium and examined for mRNA and protein expression. A. Real-time PCR analysis of 

insulin receptor (insr), insulin receptor substrate (IRS)-1, IRS-2, and phosphoinositide-3-

kinase, regulatory subunit 1 (PI3Kr1) mRNA expression in HAEC treated with DL-Hcy 

500µM for 24hr and stimulated with insulin for last 15 minutes. *p<0.05 Values are 
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Mean ± SEM (n=2). B. Representative immunoblots of IRS-1 and IRS-2 expression in 

HAEC.  

 

Figure 27 (Continued). HHcy Reduced Insulin Receptor Substrates (IRS) mRNA 

and Protein Expression Levels in HAEC and Mesenteric Artery. 

Male Tg-hCBS Cbs mice fed with rodent chow diet were sacrificed at 12 weeks of age 

and Mesenteric arteries were harvested. Tissues were treated either with vehicle or 

insulin (100nM) for 15 minutes, protein were extracted and subjected to western blot 

analysis C. Representative immunoblots of IRS-1 and IRS-2 expression in mesenteric 

arteries protein extract from Tg-hCBS Cbs -/+ and -/- mice. Images were quantified by 

Image J. Bar graphs depict IRS expression, normalized by β-actin. Values are Mean ± 

SEM (n=2). IRS-1, insulin receptor substrate 1; IRS-2, insulin receptor substrate 2.. 
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HHcy Overdrove Unaffected MAPK Pathway Result in Imbalanced Vascular 

Insulin Action 

Insulin resistant states are characterized by a specific impairment in the PI3k/Akt 

dependent pathway, whereas MAPK dependent pathway is either not affected or may be 

further enhanced. This leads to imbalance between PI3K and MAPK-dependent function 

of insulin.  

HHcy Augmented P38 and Erk1/2 MAPK Pathway In Vitro and Ex Vivo 

To investigate the role of MAPK dependent signaling, we evaluated protein expression of 

MAPK genes phopsho-Erk1/2, Erk1/2, phospho-JNK1/2, JNK1/2, phospho-P38, and P38 

in vitro and ex vivo. We found that in HAEC, DL-Hcy significantly increased (p<0.05) 

basal and insulin-stimulated Erk1/2 and P38 phosphorylation (Figure 28A). We found 

that HHcy significantly increased (p<0.05) insulin-stimulated Erk1/2 and P38 

phosphorylation in mesenteric arteries and aorta of Tg-hCBS Cbs -/- mice, compared to 

control mice (Figure 28B). 

.  
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Figure 28. HHcy Augmented Insulin-Induced MAPK Pathway Activation in HAEC, 

Mesenteric Arteries, and Aorta. 

A. Representative immunoblot analysis and quantification of MAPK genes. Confluent 

HAEC were treated with DL-Hcy 100, 200, 500 µM for 24 hour and HAEC were also 

incubated with DL-Hcy 500µM for 24hour and stimulated with insulin for last 15 

minutes and subjected to western blot analysis for MAPK genes (n=3). Open Bar- Tg-

hCBS Cbs -/+ mice, Red Bar- Tg-hCBS Cbs -/- mice, Blue Bar- Insulin stimulated- Tg-

hCBS Cbs -/+ mice, Black bar- Insulin stimulated- Tg-hCBS Cbs -/- mice. Bar graphs 
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depict ratio of Phospho-MAPK/MAPK, normalized by β-actin. * p<0.05, ** p<0.01. 

Values are means ± SEM 

MAPK Inhibitors Improved HHcy Impaired Insulin-Induced Relaxation  

We next examined vascular responses to insulin in presence or absence of PD98059 

(Specific inhibitor of MEK1/2: 10μM, 30 minutes) and BQ123 (endothelin-1A receptor 

blocker: 10μM, 1 hour). We found that Tg-hCBS Cbs -/- mouse mesenteric arterioles, 

pretreated with PD-98059 significantly improved (p<0.05) the vasodilator actions of 

insulin (Figure 28B, C). These results provide an additional support to the concept that 

the impaired vasodilator response to insulin in Tg-hCBS Cbs -/- mice may be due to 

increased signaling through MAPK-dependent pathways. Furthermore, when we repeated 

these experiments using BQ-123 (ET-1 receptors blocker) in place of PD-98059, we 

observed similar results. That is, pretreatment of Tg-hCBS Cbs -/-mouse mesenteric 

arterioles with ET-1A receptor blocker also increased the sensitivity and responsiveness 

of mesenteric arterioles to the vasodilator actions of insulin (Figure 28B, C) 
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Figure 28 (Continued). HHcy Augmented Insulin-Induced MAPK Pathway 

Activation in HAEC, Mesenteric Arteries, and Aorta.  

Male Tg-hCBS Cbs mice fed with rodent chow diet were sacrificed at 12 weeks of age 

and mesenteric arterial tree and aorta were harvested. Tissues were treated either with 
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vehicle or insulin (100nM) for 15 minutes, protein were extracted and subjected to 

western blot analysis. Mesenteric arterioles were also isolated and examined for vascular 

relaxation responses to insulin. B. Representative immunoblot analysis and quantification 

of MAPK genes. Mesenteric arterial tree and aorta protein extract were subjected to 

immunoblotting for MAPK genes (n=4). Bar graphs depict ratio of phospho-

MAPK/MAPK, normalized by β-actin. * p<0.05, **p<0.01. Values are means ± SEM. C. 

Endothelin- 1A (ET-1A) receptor blocker and MEK1 inhibitor improved insulin- induced 

relaxation in Tg-hCBS Cbs -/- mice. MAs were pretreated with BQ123 (ET-1A receptor 

blocker; 1µM) and PD98059 (MEK1 inhibitor 10µM) for 1 hour,  precontracted with PE-

1µmol/L and examined for relaxation to cumulative additions of insulin. D. Data are 

shown as the AUC of insulin-induced relaxation. Open bar- Tg-hCBS Cbs -/+ mice, Red 

bar- Tg-hCBS Cbs -/- mice, Blue bar- Insulin-stimulated Tg-hCBS Cbs -/+ mice, Black 

bar- Insulin-stimulated Tg-hCBS Cbs -/- mice. Values are means ± SEM (n=10-12 mice, 

2 vessel segments/mouse. * p< 0.05 Vs control, * p <0.05, ** p<0.01.   



139 

 

  

ROS Scavenger Restored HHcy-Induced Vascular Insulin Resistance  

It has been shown that oxidative stress is involved in the progression of IR (J. L. Evans, 

Goldfine, Maddux, & Grodsky, 2002). HHcy has been also shown to increase ROS 

production and oxidative stress (H. Wang et al., 2003). To evaluate whether oxidative 

stress is involved in HHcy induced insulin signaling impairment and endothelial 

dysfunction, we used superoxide anion scavenger poly ethylene glycol-superoxide 

dismutase (PEG-SOD, 150U/ml; 1hour) and examined vascular relaxation responses to 

insulin in Tg-hCBS Cbs -/- mesenteric arterioles. We found that PEG-SOD significantly 

(p<0.05) improved vascular relaxation responses to insulin from 52% to 71% in Tg-hCBS 

Cbs -/- mouse mesenteric arterioles (Figure 29A, B). Furthermore, we found that, 

pretreatment of PEG-SOD (150U/ml; 1hour) significantly improved (p<0.05) DL-Hcy 

(500µM) impaired insulin-stimulated eNOS activation (Figure 29C) and Akt 

phosphorylation in HAEC (Figure 29D). Moreover, we found no changes in eNOS 

dimer:monomer ratio in HAEC, suggesting that uncoupling of eNOS may not be the main 

mechanism of HHcy induced vascular resistance (Figure 29E). Collectively, our data 

suggest that oxidative stress is the important mechanism of HHcy induced vascular 

insulin resistance and endothelial dysfunction and this increased oxidative stress 

promotes endothelial dysfunction mainly by decreasing availability and activity of NO 

but not through eNOS uncoupling.  
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Figure 29.  HHcy Impaired Insulin-Induced Vasorelaxation in Mesenteric Arterioles 

Was Restored by ROS Scavengers in Tg-hCBS Cbs -/- Mice. 
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A. Mesenteric arterioles (MAs) from Tg-hCBS Cbs -/- and Cbs -/+ mice were pretreated 

with PEG-SOD (150U/ml) for 1 hour, and vascular relaxation to increasing 

concentrations of insulin were observed in MAs precontracted with PE (1µmol/L). B. 

Data are also shown as AUC. Values are means ± SEM (n=6-7 mice), 2 vessel 

segments/mouse). C. eNOS activity assay. HAECs were pretreated with PEG-SOD 

(150U/ml) for 1 hour and eNOS activity was measured by citrulline assay as described 

(n=3), * p<0.05. D. Akt protein expression. HAEC were subjected to western blot 

analysis for p-Akt (Ser473) and Akt. E. eNOS coupling in HAECs. Non-denatured 

protein were subjected to low-temperature SDS-PAGE and eNOS coupling was measured 

by eNOS dimer and monomer ratio (n=3). F.  Summary of results. 
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CHAPTER 4 

DISCUSSION 

Clinical and meta-analysis studies in the general population have established HHcy as an 

independent risk factor for CVD. Apart from HHcy, T2DM is also a well-known risk 

factor for CVD. Moreover, it is demonstrated that IR- a fundamental defect in diabetics, 

is associated with increased risk of atherosclerosis. Though, both HHcy and T2DM are 

associated with the atherosclerosis, the correlation between the two has not been 

comprehensively studied. The prospective population based studies showed that HHcy 

further increases risk of CVD in patients with metabolic syndrome and diabetes 

(Hoogeveen et al., 1998). The Framingham Offspring study revealed a modest 

association between hyperinsulinaemia and fasting Hcy levels (Meigs et al., 2001). 

Similarly, IR was an independent predictor of total Hcy levels in Japanese diabetic 

patients (Anan et al., 2007). Moreover, Giltay et al. showed a positive association 

between Hcy and IR (Giltay et al., 1998). In this dissertation, we examined the hypothesis 

that HHcy impairs glucose metabolism and endothelial insulin signaling, leading to 

insulin resistance and endothelial dysfunction. The experiments of this dissertation using 

our novel Tg-hCBS Cbs -/- mice demonstrated that HHcy-impaired vasodilator action of 

insulin leads to IR and endothelial dysfunction.   

Ins/PI3K Signaling Genes Are Differentially Expressed in Human and Mouse and 

Negative Correlated with Mouse Tissue Hcy and SAH Levels 

Insulin has been known to regulate wide variety of metabolic and mitogenic events by 

activating PI3K and MAPK pathways. Moreover, it is demonstrated that post-
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translational modifications play important role in regulating the balance between PI3K 

and MAPK pathway, which is altered in IR states. However, there is a knowledge gap in 

whether the tissue specific expression patterns or DNA methylation, characterized as pre-

translational mechanism, may regulate insulin signaling and insulin action. We have used 

database-mining approach with statistical analyses to examine the tissue expression of 

insulin signaling genes involved in PI3K and MAPK pathway. We reported that mRNA 

of Ins/PI3K pathway genes are differentially expressed in human and mouse tissues; 

whereas, Ins/MAPK pathway genes are ubiquitously expressed in human and differently 

expressed in mouse tissues. For all the genes examined for Ins/PI3K and MAPK 

pathway, tissue distribution profiles of mice have different patterns than from humans. 

Furthermore, we demonstrated that insulin signaling through PI3K and MAPK pathway 

is subjected to epigenetic regulation including DNA methylation. We used the linear 

regression analyses of insulin signaling genes with the tissue Hcy, SAH, and SAM: SAH 

ratio. Tissue Hcy, SAH, and SAH levels were measured in 6 tissues from Tg-hCBS Cbs 

+/+ mice. By assessing the correlation, we found that IRS1, PI3Kr1, Akt2 (R
2
 > 0.15) are 

negatively correlated with tissue Hcy levels. Moreover, 7 PI3K pathway genes including 

IRS2, Akt1, Akt3, Glut4, HSL eNOS, and RPS6Kb1 are negatively correlated with tissue 

SAH levels. Positive correlation found between 5 PI3K pathway genes including AS160, 

eNOS, RPS6Kb1, HSL, and BCl-x, and 2 MAPK genes MAP3K1 and JNK with 

SAM:SAH ratio suggesting that hypomethylation suppresses expression of those genes. 

This suggests that HHcy might negatively affect insulin signaling pathway. DNA 

methylation may be important pre-translation mechanism by which insulin signaling is 

regulated. 
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Severe HHcy Impaired Glucose Metabolism and Induces Insulin Resistance 

To ascertain the role of HHcy on IR, we used male Tg-hCBS Cbs -/- mice at 12 weeks of 

age, a novel transgenic mouse model of HHcy. First, we examined fasting and fed plasma 

insulin levels from Tg-hCBS Cbs -/- and control mice. Our results show that HHcy 

increased fasting insulin levels but did not change fed insulin levels. Moreover, we did 

not observe a change in fasting glucose levels between Tg-hCBS Cbs -/- mice and their 

controls. Interestingly, HOMA-IR- a homeostatic model assessment of insulin resistance 

was significantly increased in Tg-hCBS Cbs -/- mice. We further examined glucose 

metabolism and insulin sensitivity using glucose and insulin tolerance test respectively. 

We found that HHcy impaired glucose metabolism in Tg-hCBS Cbs -/- mice. Similarly, 

we also found insulin-induced glucose disposal was significantly impaired in HHcy mice 

compared to controls. Our data suggest that HHcy impaired glucose metabolism and 

insulin sensitivity leading to IR. Our results are consistent with previous epidemiological 

studies supporting the positive association between HHcy and IR. Moreover, correlation 

analysis found significant positive correlation of plasma Hcy with plasma insulin, plasma 

glucose, and HOMA-IR. Both HHcy and hyperinsulinemia have been associated with 

atherosclerosis; however, how HHcy increases the risk of CVD in T2DM was not clearly 

understood. Our data clearly demonstrated that severe HHcy can induce IR leading to 

compensatory hyperinsulinemia; this may further amplify CVD risk in insulin resistant- 

type 2 diabetics. 
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Severe HHcy Leads to Vascular Insulin Resistance and Endothelial Dysfunction 

 In recent years, insulin has been acknowledged as a vasoactive hormone and insulin 

signaling in the endothelium has been demonstrated to regulate vasodilatation, blood 

flow, and capillary recruitment to peripheral tissues. Moreover, Baron and colleagues 

observed that in multiple clinical circumstances, metabolic IR was accompanied by 

vascular IR (Baron et al., 1995). This suggests that the impaired vascular responses to 

insulin might contribute to the impaired metabolic insulin response. Therefore, to further 

evaluate whether HHcy-induced systemic/metabolic IR is accompanied by vascular IR, 

we examined vasodilator actions of insulin in mesenteric arterioles using wire myograph 

system in Tg-hCBS Cbs mice. We found significant impairment of endothelium- 

dependent relaxation to Ach in mesenteric arterioles of HHcy mice. Our results are 

coherent with the previous finding suggesting that HHcy impairs endothelium-dependent 

relaxation and induces endothelial dysfunction. Next, we evaluated vascular relaxation 

responses to cumulative concentrations of insulin and found that HHcy impaired insulin- 

induced vasorelaxation responses in mesenteric arterioles. Taken together, we 

demonstrated for the first time that HHcy impairs vasodilator actions of insulin in 

mesenteric arterioles, which may contributes to endothelial dysfunction and metabolic 

insulin resistance. 

HHcy Impaired Insulin Signaling in Endothelial Cells  

It has been demonstrated that the Insr/IRS/PI3K/Akt/eNOS signaling pathway mediates 

vasodilator effects of insulin. Moreover, human studies indicated that intravenous 

infusion of insulin in humans stimulates capillary recruitment, vasodilation, and increases 
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blood flow in a NO-dependent manner (Vincent et al., 2004). We demonstrated that 

exposure of HAECs to DL-Hcy 500µM results in inhibition of insulin-stimulated eNOS 

activity and expression. Similar results were found ex vivo using Tg-hCBS Cbs mice 

mesenteric arterial tree and aorta. These events were associated with impairment of 

insulin-stimulated Akt activation/phosphorylation in HAECs treated with DL-Hcy 

500µM as well as in Tg-hCBS cbs -/- mice mesenteric arterial tree and aorta. 

Furthermore, we evaluated insulin-induced vasorelaxation in Tg-hCBS Cbs mice 

mesenteric arterioles preincubated with wortmanain (PI3K inhibitor) or L-NAME (NOS 

inhibitor). We found that after the administration of wortmannin or L-NAME, the altered 

insulin-induced vasorelaxation in Tg-hCBS Cbs -/- arteriole rings was abolished.  Thus, 

our results demonstrated that HHcy induces vascular IR by impairing PI3K/Akt/eNOS 

dependent signaling pathway. In support of this, studies by Vincent et al. demonstrated 

that NOS inhibitors which block insulin-mediated relaxation and capillary recruitment 

also cause a concomitant 40% reduction in glucose disposal (Vincent et al., 2003; 

Vincent et al., 2004). Overall, these studies suggest that PI3K/Akt/eNOS-dependent 

vascular actions contribute to promote glucose disposal under healthy conditions and help 

to couple metabolic and hemodynamic homeostasis. It is also demonstrated that upstream 

insulin signaling molecules insulin receptor and insulin receptor substrates (IRS) are the 

necessary component of insulin signaling pathway that leads to activation of PI3K 

pathway and increases production of NO. Our results demonstrated that HHcy 

significantly reduce IRS-1 and IRS-2 transcription and translation but doesn’t change 

insulin receptor mRNA expression, suggesting that HHcy either by inducing IRS-1/2 

degradation or altering its expression impaired insulin signaling in endothelial cells and 
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induces vascular IR. Our results suggest that impairment of insulin signaling may be 

important for the development of endothelial dysfunction. The present study for the first 

time has provided direct evidence that endothelial insulin signaling mediated by 

IRS/PI3K/Akt/eNOS pathway is impaired in Tg-hCBS Cbs -/- mice.  It has been 

suggested that insulin-resistant states is associated with impaired PI3K-dependent insulin 

signaling pathways, whereas MAPK branch of insulin signaling is either unaffected or 

may further enhanced (J. A. Kim et al., 2006). We found that HHcy significantly 

increased insulin-induced Erk1/2 and P38 MAPK phosphorylation in HAEC and in 

mesenteric arterial tree and aorta. Additionally, we demonstrated the cause-effect 

relationship between these two events. Indeed, we found that inhibition of Erk1/2 and 

ET-1 partly reversed the negative effects of HHcy on insulin-induced vasorealxation. Our 

data suggest HHcy results in imbalance between IRS/PI3K/Akt/eNOS and MAPK/ET-1 

dependent vascular actions of insulin, which may contribute in impairment of vascular 

and metabolic actions of insulin. That is, HHcy results in pathway-selective insulin 

resistance (in PI3K pathways) and activate unopposed MAPK pathways; this may leads 

to enhanced pro-hypertensive and atherogenic actions of insulin. Recent study by Kubota 

et al. demonstrated that defect in endothelial insulin signaling causes metabolic insulin 

resistance as consequences of impaired insulin-induced capillary recruitment and insulin 

delivery. Our results in accordance with this study suggest that HHcy-induced selective 

insulin signaling defect in endothelial cells, impaired functional capillary recruitment and 

insulin delivery to peripheral tissues, which lead to metabolic IR.  
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Figure 30. Schematic Showing the Mechanism of HHcy Induced Insulin Resistance 

and Endothelial Dysfunction. 

HHcy impairs vasodilator action of insulin in mesenteric arterioles and induces 

endothelial dysfunction and IR. HHcy via increased oxidative stress selectively impairs 

IRS-1/2 transcription and translation, leads to reduce insulin-induced PI3K/Akt/eNOS 

signaling, whereas augmenting MAPK dependent signaling. HHcy results in imbalanced 

IRS/PI3K/Akt and MAPK/ET-1 dependent signaling leading to IR. 
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Anti-Oxidant Restored HHcy Induced Vascular Insulin Resistance and Endothelial 

Dysfunction 

A variety of well-established risk factors for the development of atherosclerosis such as 

HHcy, hyperlipidemia, hyperglycemia, IR, hypertension, and local hemodynamic stresses 

are known to increase oxidative stress in the vasculature. Increased ROS production may 

influence endothelial cell dysfunction, VSMC growth, monocyte migration, and 

oxidation of LDL (oxLDL); fundamental mechanisms that contribute to atherosclerosis 

(Alexander, 1995; Berliner & Heinecke, 1996). Clinical studies have provided evidence 

that HHcy increases oxidative stress and endothelial dysfunction (Kanani et al., 1999). It 

has been shown that ROS which can damage cellular DNA, membranes, lipids, and 

proteins, and drive inflammatory gene expression, are involved in the progression of IR 

(Ceriello, 2000; Paolisso & Giugliano, 1996). 

Therefore, we investigated role of oxidative stress in HHcy induced insulin signaling 

impairment and endothelial dysfunction. We found that ROS scavenger (PEG-SOD, 

150U/ml) improved HHcy impaired insulin-induced vasorelaxation and endothelial 

dysfunction in mesenteric arterioles. Furthermore, ROS scavenger (PEG-SOD) 

significantly improved DL-Hcy 500µM inhibited insulin-induced Akt/eNOS activation in 

HAECS. Our study demonstrated that HHcy induces IR by impairing IRS/PI3K/eNOS 

dependent signaling via oxidative stress related mechanism (Figure 30). 
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Conclusion And Future Directions 

In conclusion, increasing evidence proposes that the vasculature is an insulin-responsive 

tissue and that one of the major vascular actions of insulin is its vasodilatory effect which 

is mediated by enhanced production of NO. Our results identified that HHcy induced 

vascular insulin resistance may play an important role in the pathophysiology of CVD 

associated with hypertension and T2DM. The characterization of the molecular 

mechanism involved in HHcy-induced insulin resistance may help to design efficacious 

pharmacological molecules to treat endothelial dysfunction associated with insulin 

resistance states. Moreover, impairment of IRS/PI3K-dependent and NO-mediated 

signaling of insulin in vascular endothelium may play a critical role in endothelial 

dysfunction and subsequent development of hypertension. Previous investigations have 

showed that insulin resistance in the small arteries and arterioles directly contributes to 

elevated peripheral vascular resistance and hypertension. Therefore, future directions are 

to examine the effect of HHcy on hypertension. It has been demonstrated that Hcy by 

utilizing adenosine, converts to SAH, a potent inhibitor of methyltransferase reactions, 

and causes cellular hypomethylation. Methyltransferases play an important role in the 

regulation of gene expression and function. Moreover, our data also demonstrated that 

HHcy reduces IRS1/2 gene expression in mesenteric arteries and in HAECs. Therefore, 

future directions will also characterize HHcy induced IRS1/2 transcription and translation 

repression mechanism.  
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