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ABSTRACT 

 

HYPERHOMOCYSTEINEMIA ACCELERATES THROMBOSIS THROUGH  

ICAM-1 DEPENDENT ENDOTHELIAL ACTIVATION AND DNA 

HYPOMETHYLATION 

Shu Meng 

Doctor of Philosophy 

Temple University School of Medicine, 2013 

Doctoral Advisory Committee Chair: Hong Wang, MD, PhD 

 

Background: Hyperhomocysteinemia (HHcy) is an established risk factor for thrombotic  

diseases yet the underlying mechanism remain unclear. In this study we investigated the 

effect of HHcy on endothelial cell-platelet interaction and its role in thrombosis. 

Methods and Results: We used a novel mouse model of HHcy (plasma homocysteine, 

Hcy 80 µM) in which a Zn2+ inducible human cystathionine β-synthase (CBS) transgene 

was introduced to circumvent the neonatal lethality of the Cbs gene deficiency (Tg-hCBS 

Cbs-/- mice). Hcy-lowering therapy was performed by giving ZnSO4 water to induce 

human CBS transgene expression in adult mice. Thrombus formation was examined by 

photo dye-induced cremaster microvasculature thrombosis using intravital microscopy, in 

which endothelium was preserved, and by FeCl3-induced carotid artery thrombosis, 

which denudated the endothelium. HHcy accelerated cremaster arteriolar thrombosis and 

decreased blood flow cessation time from 41.8 min in control mice to 30.5 min in Tg-

hCBS Cbs-/- mice. Venular blood flow cessation time was slightly decreased from 5.6 to 
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5.0 min. Hcy-lowering therapy reduced Hcy level from 80 µM to 6.8 µM after 2 weeks of 

ZnSO4 water and prolonged arteriolar blood cessation time from 30.5 to 37.8 min.  

Interestingly, FeCl3-induced carotid artery thrombosis did not change the occlusion time. 

Hcy did not potentiate the aggregation and secretion function in washed human platelets 

from healthy donor treated with Hcy (50, 100 µM) or from Tg-hCBS Cbs-/- mice. 

However, inter-cellular adhesion molecule 1 (ICAM-1) levels, but not vascular adhesion 

molecule 1 (VCAM-1), were increased in cremaster tissues from Tg-hCBS Cbs-/- mice by 

western blot. In cultured human umbilical vein ECs (HUVEC), Hcy (100 µM, 24h) 

promoted human platelet adhesion by 200% in static adhesion assay. Using western blot, 

FACS and RT-PCR, we found that Hcy increased protein and mRNA levels of ICAM-1, 

but not that of VCAM-1, in HUVEC. ICAM-1 blocking antibody partially reversed Hcy-

increased platelets adhesion to HUVEC. Hcy induced ICAM-1 expression and reduced 

DNA methylation on ICAM-1 promoter, which were mimicked by DNA 

methyltransferase inhibitor azacytidine, and histone deacetylase inhibitors sodium 

butyrate and trichostatin A. Hcy treatment also increased intracellular Hcy, S-

adenosylhomocysteine (SAH) accumulation and decreased SAM/SAH ratio in HUVECs. 

Hcy decreased methyl CpG binding protein 2 (MeCP2) binding and increased acetylated 

histone H3 (AcH3) binding to ICAM-1 core promoter region using chromatin 

immunoprecipitation. Pyrosequencing of ICAM-1 core promoter and adjacent region 

shows a decreased DNA methylation by Hcy treatment. In high methionine diet-induce 

HHcy in WT and Icam-/- mice, Icam-/- mice fed with HM diet only show moderately 

accelerated venular and barely accelerated arteriolar occlusion time compared with WT 

mice with CT diet using photo dye-induced thrombosis model.  
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Conclusion: HHcy accelerates arteriolar thrombosis and increases EC-platelet interaction 

via ICAM-1 induction partially through DNA hypomethylation.  
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CHAPTER 1 

INTRODUCTION 

 

Scientific rationale 

Hyperhomocysteinemia (HHcy), elevated plasma homocysteine (Hcy), is an independent 

risk factor for cardiovascular disease (CVD) and venous thromboembolism (Fowler, 

2005; Jacobson, 1996; Nygard et al., 1997). CVD and its complications, such as heart 

attack and stroke, usually happen after rupture of the atheroplaque and formation of local 

thrombus. Despite of the strong association between HHcy and thrombotic events, the 

mechanisms underlying HHcy related thrombosis are poorly understood.  

 

Previous in vitro studies largely focus on functional changes of proteins involved in 

anticoagulation and coagulation system in HHcy. These studies have suggested several 

possible mechanisms in HHcy; including factor V homocysteinylation  and decreased 

protein C induced inactivation (Undas, Williams, Butenas, Orfeo, & Mann, 2001), 

impaired binding of tissue-type plasminogen activator to annexin II (Hajjar, 1993), 

increased tissue factor (TF) activity on endothelial cells (EC) (Fryer, Wilson, Gubler, 

Fitzgerald, & Rodgers, 1993). An in vivo study (Dayal et al., 2006) suggested that HHcy 

accelerated arterial thrombosis are partially through oxidative stress and impairment of 

the protein C anticoagulant pathway in a dietary HHcy mouse model. However, an in 

vivo anti-thrombotic phenotype was observed in a genetic HHcy mice model (Dayal et al., 

2012). Thus there is an important knowledge gap in whether and how HHcy contributes 

to arterial and venous thrombosis in vivo. Our objective is to determine the thrombosis 
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susceptibility in a genetic HHcy mouse model and explore the potential mechanisms. Our 

laboratory has shown that Hcy has detrimental effects on ECs, including inhibiting EC 

proliferation in vitro (Jamaluddin et al., 2007), decreasing EC reendothelization in vivo 

(Tan et al., 2006) and impairing EC-dependent vasodilation (Jiang et al., 2005). In 

addition, monocytes can also be activated by Hcy to secrete proinflammatory cytokines 

such as monocyte chemotactic  protein 1 (MCP-1) and interleukin (IL)-8 (Zeng, Remick, 

& Wang, 2004). Our lab recently found that Hcy promotes proinflammatory monocyte 

subsets (Zhang et al., 2009b). However, how ECs, platelets and monocytes interact and 

contribute to the HHcy-induced thrombosis is not clear. Our Central Hypothesis is that 

HHcy accelerates thrombosis through increased adhesion of monocytes and platelets on 

injured/activated ECs (Figure 1.1). Adhesion molecules such as inter-cellular adhesion 

molecule 1 (ICAM-1) and pro- thrombotic cytokines such as IL-6 and tumor necrosis  

 
 
Figure 1.1. HHcy promoted thrombosis through increased interactions of EC, 

platelet and monocyte.  
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factor (TNF)-α may contribute to the EC-platelet/monocyte interactions and thrombus 

formation. Three major aspects were examined:  

1. Determine whether HHcy accelerates thrombosis in Tg-hCBS Cbs-/- HHcy mice in vivo.  

2. Determine Hcy’s effect on the interaction of EC, platelet and monocyte in vitro and the 

underlying mechanism.  

3. Determine the effect of Hcy-lowering therapy and Hcy-targeting therapy in Hcy-

accelerated thrombosis.   

 

Hcy metabolism 

Hcy, a sulfur-containing amino acid, is an intermediate product of methionine 

metabolism. Its concentration is usually maintained at 5~15 µmol/L in human plasma. 

Only 1% Hcy circulates as a free thiol in the blood. The majority of Hcy binds to plasma 

proteins such as albumin. About one fourth of Hcy combines with itself to form 

Homocystine or with other thiols to form disulphide (Makris, 2000). Methionine, a 

necessary amino acid, first condenses with ATP to form S-adenosylmethionine (SAM) 

through methionine adenosyltransferase (MAT). Then SAM converts to S-

adenosylhomocysteine (SAH) and donate its methyl group to intracellular methylation 

reactions. SAH is further hydrolyzed to Hcy and adenosine. Hcy can be eliminated either 

through the transsulfuration pathway to cysteine or through the remethylation pathway to 

methionine. The molecular structures of Hcy, cysteine and methionine are shown in 

figure 1.2. The key enzyme in the transsulfuration pathway is cystathionine β-synthase 

(CBS). CBS, with its cofactor pyridoxal-phosphate (active form of vitamins B6), 

condenses Hcy with serine to form cystathionine. Then cystathionine is transformed into  
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cysteine through cystathionine-γ-lyase (CSE). Cysteine would be further used for 

glutathione synthesis or transformed to glycogenic succinyl coenzyme A (Ulrey, Liu, 

Andrews, & Tollefsbol, 2005). The remethylation pathway requires a methyl group 

derived from either 5-methytetrahydrofolate (5-MTHF) through 5-

methyltetrahydrofolate-homocysteine S-methyltransferase (MTR) or betaine through 

betaine-homocysteine methyltransferase (BHMT) (Figure. 1.3) (Lee & Wang, 1999). 

MTR requires methylcobalamin (MeCbl), a derivative of cobalamin (vitamin B12), for its 

functional activity. The remethylation cosubstrate 5-MTHF is converted from 5,10-

methylenetetrahydrofolate (5,10-CH2-THF) through methylenetetrahydrofolate reductase 

(MTHFR). 5,10-CH2-THF itself is derived from tetrahydrofolate (THF), a folic acid 

derivative.  

 

The genetic defects of the key enzymes involved in transsulfuration or remethylation 

pathways lead to Hcy accumulation in the plasma. In human population, decreased 

activities of CBS, MTHFR and MTR all contribute to HHcy. Deficiencies of dietary 

 

           Homocysteine                          Cysteine                               Methionine 

 Figure 1.2. The molecular structures of homocysteine, cysteine and methionine. 
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vitamins B6, B12 and folic acid also contribute to elevated Hcy level. The American 

Heart Association terms 31~100 µmol/L plasma Hcy level as intermediate elevated and 

higher than 100 µmol/L as severe elevated Hcy level. Increased Hcy level is now 

established as an independent risk factor for CVD. In animal models, mice deficient of 

Cbs or Mthfr gene have plasma Hcy concentrations higher than 200 µM (Z. Chen et al., 

2001; Watanabe et al., 1995a). The dietary supplement of vitamin B6, B12 and folic acid 

has been shown to lower plasma Hcy level both in the clinic and in animal model studies 

(Maron & Loscalzo, 2009; Zhang et al., 2012) and thus regarded as a Hcy-lowering 

therapy. 

 

Hcy and cardiovascular disease 

McCully first observed premature atherosclerosis in HHcy patient in 1969 (K. S. 

McCully, 1969). Ever since, tremendous studies provide evidence to associate HHcy with 

CVD. CVD and its complications, such as heart attack and stroke, are major causes of 

death in developed countries (Persidis, 1999). Meta-analysis of 27 retrospective case-

control studies has shown that an increase of 5 µmol/L in plasma Hcy level enhances the 

risk of CVD by 1.6-1.8 fold, which is similar to the risk seen with an increase of 20 

mg/dL (0.52 mmol/L) in cholesterol concentration (Boushey, Beresford, Omenn, & 

Motulsky, 1995). Therefore, HHcy has been identified as a potent risk factor for CVD, 

equivalent to smoking and hyperlipidemia.  Meta-analysis from the Homocysteine 

Studies’ Collaboration has shown that a decrease of 3 µmol/L in plasma Hcy level 

reduces the risk of ischemic heart disease by 11% and the risk of stroke by 19% 

("Homocysteine and risk of ischemic heart disease and stroke: a meta-analysis," 2002). A 
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large population-based cohort study has shown significantly reduced stroke mortality by 

folic acid fortification induced Hcy lowering therapy (Q. Yang et al., 2006).  

 

Figure 1.3. Hcy metabolism and cellular methylation. Hcy is an intermediate 

metabolite of methionine, an essential amino acid. Hcy can be metabolized either 

through the transsulfuration pathway to cysteine or through the remethylation pathway 

to methionine. In the remethylation pathway, Hcy could receive a methyl group either 

through 5-MTHF or betaine. Increased Hcy level contributes to SAH accumulation. 

SAH is a potent inhibitor of methyltrasferase and thus inhibit the biological methyl-

transfer reaction. SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; CBS, 

cystathionine-β-synthase; THF, tetrahydrofolate; 5-MTHF, 5-methytetrahydrofolate; 

5,10-CH2-THF, 5,10-methylenetetrahydrofolate; MTR, 5-methyltetrahydrofolate-

homocysteine S-methyltransferase; MTHFR, methylenetetrahydrofolate reductase. 
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The causative role of HHcy in human CVD remains controversial especially when study 

of HHcy-lowering therapy by vitamin supplement showed no beneficial effect in CVD 

end point (den Heijer et al., 2007). Vitamin therapy has not shown improved CVD 

outcomes in several large-scale clinical trials for patients with mildly elevated Hcy level 

(Joseph, Handy, & Loscalzo, 2009). The Vitamin Intervention for Stroke Prevention 

(VISP) Randomized Controlled Trial finds that a 3 µmol/L lower Hcy level is associated 

with a 10% lower risk of stroke, a 26% lower risk of coronary heart disease, and a 16% 

lower risk of death in the low-dose vitamins treatment group; however, a 2 µmol/L 

reduction of Hcy level by vitamin B6, B12 and folic acid therapy does not change any 

cardiovascular end point (Toole et al., 2004). The Heart Outcomes Prevention Evaluation 

(HOPE) 2 trial achieves a 2.4 µmol/L decrease of Hcy level by vitamin treatment and 

shows no significant decrease of mortality of CVD (Lonn et al., 2006). The Norwegian 

Vitamin Trial (NORVIT) has shown the mean total Hcy level is lowered by 27% percent 

among patients given folic acid plus vitamin B12 but no significant effect on the primary 

end point. The treatment with vitamin B6 only does not show benefit with regard to the 

primary end point. However, in the group given folic acid, vitamin B12 and vitamin B6, 

there is a trend toward an increased risk (Bonaa et al., 2006). Hcy-lowering therapy with 

folic acid, vitamins B6 and B12 is only found to be beneficial in reducing the risk of 

overall stroke, but not stroke severity or disability in the HOPE 2 Trial (Saposnik, Ray, 

Sheridan, McQueen, & Lonn, 2009; Q. Yang et al., 2006). However, the no-beneficial 

findings of these clinical trials may reflect limitations on relative low initial Hcy level, 

minimal Hcy reduction, irreversible disease stage, comedication confounders and 

different nutritional condition in selected patient population. 
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Hcy and thrombotic disease  

Forty years ago, a series of case studies reported that severe HHcy individuals exhibited 

premature arteriosclerosis and thrombosis in their early 30s or 40s of life (Carson, Dent, 

Field, & Gaull, 1965; K. S. McCully, 1969; Schimke, McKusick, Huang, & Pollack, 

1965). Later meta-analysis from case-control studies support HHcy as a risk factor for 

venous thrombosis (Den Heijer, Rosendaal, Blom, Gerrits, & Bos, 1998). Meta-analysis 

has further established HHcy as an independent risk factor of CVD. The final events of 

CVD, heart attack and stroke, mainly stem from rupture of atherosclerotic plaques, local 

thrombus formation and artery occlusion (Mackman, 2008). A strong association between 

HHcy and vascular pathology has been established, indicating that vascular pathology 

may partially responsible for HHcy-induced thrombosis both in arteries and veins. An 

increase of 5 µmol/L in plasma Hcy level is associated with a 60% increased risk of 

venous thrombosis (Den Heijer, Lewington, & Clarke, 2005). However, there are 

contradictory results regarding Hcy-lowering therapy in reducing the thrombotic 

complications and CVD which render the causative role of HHcy in thrombosis 

questionable. One study found that Hcy lowering therapy by B vitamins and folate (5 mg 

folic acid, 50 mg B6, and 0.4 mg B12 supplementation) for 2.5 years did not prevent 

recurrent venous thrombosis such as deep vein thrombosis (DVT) and pulmonary 

embolism (PE) (den Heijer et al., 2007). However, in severe HHcy due to CBS deficiency, 

vitamin B supplement has been shown to decrease Hcy level and delay atherosclerotic 

and thrombotic events (Yap et al., 2001; Yap & Naughten, 1998) . Also, in animal studies, 

vitamin supplement has shown vascular benefits such as improving the EC-dependent 

vascular dilation (Eberhardt et al., 2000; Woo et al., 2002). Thus better understanding of 
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HHcy-related thrombosis and its underlying mechanism are urgent in prevention and 

therapeutic intervention of HHcy-related thrombotic disease. 

 

In HHcy, ECs are the first inner layer of vasculature chronically exposed to high 

concentration of plasma Hcy. Tremendous work from our laboratory and others has 

demonstrated that Hcy has detrimental effect on ECs and impairs vascular endothelium. 

EC injury in both arterial and venous wall would contribute to a prothrombotic phenotype. 

A direct activating effect of HHcy on platelet is less suspected based on the fact that the 

majority of clinical studies and animal studies have found no platelet hyperactivity in 

HHcy patients and HHcy animal models. Monocytes are the major source of TF in the 

blood. TF is mainly secreted by bloodstream monocytes and macrophages in the 

atherosclerotic plaque (Rittirsch, Flierl, & Ward, 2008). TF is regarded as the primary 

cellular initiator of the extrinsic coagulation pathway (Mackman, 2004). The TF: factor 

VIIa complex leads to fibrin deposition and activation of platelets. Monocyte is also 

involved in thrombus resolution, especially through monocyte-derived urokinase (Ellis, 

Scully, & Kakkar, 1989). Hcy has been shown to activate monocytes in many in vitro 

studies to secret proinflammatory cytokines (Meng et al., 2013). However, Hcy induced 

monocyte activation and their role in thrombosis in not determined. In all, a critical 

examination of EC, platelet and monocyte interaction and how their interactions 

contribute to thrombus formation in HHcy is highly required. 
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Thrombosis 

Thrombosis is a very complex procedure that recruits more than 100 proteins (Furie, 

2009) and there are remarkable differences between arterial and venous thrombosis. In 

pathologic conditions, the primary trigger for arterial thrombosis is the rupture of 

atherosclerotic plaque and release of underneath TF. The thrombi that form at ruptured 

plaques are rich in platelets and fibrin (Lippi, Franchini, & Targher, 2011). Platelets, one 

of the major components of arterial thrombi, are recruited to the rupture sites through the 

interaction of specific cell-surface receptors with collagen and von Willebrand factor 

(vWF) on the injured vascular wall. In contrast, venous thrombosis occurs as a result of 

increased blood coagulation, reduced blood flow and injured vessel wall. Thrombi 

formed in veins largely consist of fibrin and trapped red blood cells and are referred to as 

red clots. However, the head part of the red clot is usually rich in platelets, indicating the 

important role of platelets in initiation of venous thrombus. 

 

Platelets, coagulation system, anti-coagulation system and fibrinolysis system closely 

intervened with each other and the vasculature to control the thrombus formation and 

resolution. Previous concepts have defined primary hemostasis which is the formation of 

primary platelet plug and secondary hemostasis of fibrin network generation through the 

activation of coagulation pathway. Recent in vivo intravital microscopy study observed 

almost simultaneous accumulation of platelet aggregates and fibrins in the vessel wall in 

laser injury-induced thrombosis model (S. Falati, P. Gross, G. Merrill-Skoloff, B. C. 

Furie, & B. Furie, 2002).  
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Under physiological conditions, endothelium layer secretes platelet inhibitory products, 

such as prostacyclin (PGI2) and nitric oxide (NO), to prevent platelet activation. However, 

the genetic KO mouse models to wipe out PGI2 or NO biosynthesis are not available yet. 

The reduction of cyclooxygenase-2 (COX2) dependent PGI2 biosynthesis by COX2 

inhibitors has been implicated in the increased incidence of myocardial infarction (MI) 

(Grosser, Fries, & FitzGerald, 2006).  It has been reported that Nos-3 deficient mice have 

no effect on the FeCl3-induced thrombosis (Dayal et al., 2006); however, the FeCl3 model 

direct denudate ECs and thus barely possible to reveal the role of eNOS in thrombosis. In 

addition, NOS has 3 forms and tremendous compensatory effect, thus a triple knockout 

(KO) mouse model is required to reveal the role of NOS and NO-dependent vasodilation 

in thrombosis. However, in a photo dye-induced thrombosis model, the arterioles first 

constrict and then dilate after pinpoint exposure to UV excitation. The capacities of 

vessel dilation and the final diameter of the vessel have tremendous impact on the size of 

vascular lumen and in some extend on the fully occlusion time in arterioles. 

 

Platelets are generated from megakaryocytes from bone marrow and have a life span of 

eight to twelve days. Platelets are anucleus and have a diameter of 2-3µm. In the 

circulation, platelets exist in a quiescent condition which may be inhibited by NO and 

PGI2. The activation of platelets is mainly through the injury of the vessel wall and 

exposure of extracellular matrix such as collagen (Jurk & Kehrel, 2005). The interactions 

of collagen to GPVI and α2β1 integrin on platelets initiate the rolling and eventual stable 

adherence of platelets to the exposed collagen. Meanwhile, platelets start a shape-change 

and extend fiopodia and then lamellipodia. Platelets also secrete granules that contain 
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prothrombotic compound such as thromboxane A2 (TXA2) and activate αIIbβ3 integrin to 

express on the platelet surface. The activation of αIIbβ3 integrin allows fibrinogen to bind 

and form a bridge between adjacent platelets to form platelet plug. vWF has also shown 

to bind to both collagen and α2β1 integrin on platelets. In the vascular injury site, 

coagulation system is also activated to generate thrombin. Thrombin can directly activate 

platelets, causing platelet shape-change, secretion, TXA2 generation, and αIIbβ3 activation 

(Kahn et al., 1998). Thrombin acts on two receptors in human platelets, protease 

activated receptor-1 (PAR-1) and PAR-4. Another major prothrombotic autocoid secreted 

by the platelet is adenosine diphosphate (ADP) (Kunapuli, Dorsam, Kim, & Quinton, 

2003). Following secretion, ADP can bind to three receptors expressed on the platelet 

surface while two of them are G-protein coupled receptors namely P2Y1 and P2Y12 

(Daniel et al., 1998). Deficiency of these key receptor signaling contributes to a series of 

bleeding disorders.  

 

How platelets get initially activated may differ depending on the injury type of the vessel 

wall. In EC denudation conditions such as in FeCl3-induced thrombosis model, platelets 

get directly activated when they are exposed to the subendothelial matrix such as 

collagen. Glycoprotein VI (GPVI, the collagen receptor) and vWF are required in this 

type of thrombus formation. Then platelets get activated, secrete granules and aggregate 

with each other. Simultaneously, coagulation system activates through the TF initiated 

extrinsic pathway, contributing to thrombin generation and fibrin deposition.  TF-

mediated thrombin generation and platelet activation may be independent of collagen, 

GPVI and vWF (Dubois, Panicot-Dubois, Merrill-Skoloff, Furie, & Furie, 2006). 
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However, in non trauma conditions, EC may be activated or injured but not denudated, so 

the initiation of thrombus formation starts when the platelets adhere to the injured ECs 

and get activated. Although TF’s role in this kind of model is not clear, vWF, not P-

selectin has been implicated in mediating lipopolysaccharides (LPS) accelerated venular 

thrombosis in a photo dye-induced thrombosis model (Patel et al., 2008). Also, in LPS 

induced endotoxemia, the accelerated venous thrombosis is consistent with an early 

platelet adhesion to endothelium (Patel et al., 2008). In such cases, EC and platelet 

interactions serve critical role in thrombus initiation. It has been reported that in vitro EC-

platelet interactions are mediated by ICAM-1 and αVβ3, but not β1 integrin, E-selectin, P-

selectin, CD31 and vascular cell adhesion molecule-1 (VCAM-1) on ECs. On platelets 

part, αIIbβ3, fibrinogen, fibronectin, vWF mediate EC-platelets interaction but not β1 

integrin, GPIbα, GPIV, P-selectin and CD31 (Bombeli, Schwartz, & Harlan, 1998). 

 

The key events initiating platelet and coagulation system activation are extremely 

important as they serve as a control point of thrombus formation (Furie, 2009). One of 

the initiating molecules for thrombosis is TF. TF controls the activation of extrinsic 

coagulation pathway. The other primary trigger is vWF. vWF, mainly generated and 

stored in ECs and platelets, are released into plasma after stimulation. It directly binds to 

platelets and leads to platelets adhesion to EC or the underneath collagen. vWF usually 

exists as a large multimeric form in the plasma. Other platelet activators such as TXA2, 

ADP and aggregation initiator fibrinogen and fibronectin may be considered as the 

secondary trigger.  
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In vivo thrombosis models 

In vitro biochemical and enzymatic features of the key molecules involved in thrombosis 

used to be the major focuses in the thrombosis field; the reexamination of thrombosis in 

vivo using intravital microscopy system to directly monitor the thrombus formation has 

challenged many traditional concepts. Since more than a hundred proteins are involved in 

thrombosis, the characterization of a single molecule in in vivo thrombosis model is more 

relevant to physiological condition. Several injury models in animals have been 

developed to investigate the in vivo thrombus formation process including mechanical 

injury, electrical stimulation, biochemical injury, photo-dye injury, laser injury, collagen 

injection and ligation injury (Rumbaut, Randhawa, Smith, & Burns, 2004; Rumbaut, 

Slaff, & Burns, 2005).  

 

The photo dye-induced thrombosis model involves systemic administration of a 

fluorescent dye or dye-labeled macromolecule, followed by exposure of the vascular 

preparation to epi-illumination at the appropriate excitation wavelength. The mechanism 

of light/dye-induced phototoxicity appears to be mediated by release of reactive oxygen 

species (ROS), particularly singlet oxygen (Valenzeno, 1987), generated upon excitation 

of the fluorochrome. Given longer excitation time, this photo-injury could induce 

occlusive thrombi both in venules and arterioles. Electromicroscopy examination has 

demonstrated that this model is a non-EC denudation model. Venules from cremaster 

microcirculation are predispose to thrombus formation compared with arterioles and this 

is independent of wall shear rate, β2 integrin (CD18), ICAM-1 and P-selectin (Rumbaut 

et al., 2004). In endotoxemia such as intra-peritoneal injection of LPS, the enhanced 
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venular thrombosis is mediated by vWF but not P-selectin (Patel et al., 2008) and is 

dependent on TLR4 signaling but not neutrophils (Rumbaut et al., 2006). This model 

provides great opportunity to examine endothelial and platelet interaction both in venules 

and in arterioles. The combination of a photo-dye injury model and intravital microscopy 

allows the direct observation of thrombus formation and precise quantification of 

occlusion time. This model is a mild injury model and mainly used to induce 

microvascular thrombus such as those in mesentery and cremaster vasculature. 

 

FeCl3 injury, a biochemical injury, denudes the endothelial layer and exposes the 

subendothelial matrix such as collagen. TF is exposed and triggers the extrinsic 

coagulation system and thrombin generation. Thus FeCl3–induced thrombosis model is 

considered as a thrombin dependent model and can be used both in macrovessels such as 

carotid artery or microvessels such as mesentery or cremaster arterioles. This model is 

either directly visualized with help of indicator dye such as Rose Bengal or indirectly 

monitored by blood flow using a Doppler system. However, since the FeCl3 injury 

severely damages vessel wall and induces thrombus formation in a short time, this 

method is usually used to monitor thrombosis in arteries and in large veins such as the 

inferior vena cava (IVC) (X. Wang & Xu, 2005). 

 

The laser injury model uses laser as the stimulus of vascular injury. Sometimes a 

photosensitizer such as Rose Bengal or Evans Blue is used for induction of thrombi. 

Depending on the laser dose and exposure time, the laser injuries could cause EC 

denudation (Kovács, Tigyi-Sebes, Trombitas, & Görög, 1975) or only mild EC injury but 
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no denudation (Rosen et al., 2001). The models with low power laser and utility of a 

photosensitizer share a similar mechanism of photo-dye induced thrombosis. The 

mechanism of high power laser induced thrombosis remains to be defined, although local 

heat has been implicated to play a role (Rosen et al., 2001). The combination of a laser 

injury model and a confocal microscope system could simultaneously observe platelets, 

fibrin and TF accumulation during vessel injury using fluorescence conjugated antibody 

labeling (S. Falati, P. Gross, G. Merrill-Skoloff, B.C. Furie, & B. Furie, 2002).   

 

Mechanical injury, electrical stimulation and ligation injury are mainly performed to 

examine venous thrombus such as IVC (Day et al., 2005).  Mechanical injury is much 

less used now due to the low reproducibility of mechanical forces. Electrical and ligation 

induced venous thrombosis are still commonly used to assess thrombosis susceptibility 

by examining thrombus size and weight. It has been shown that E-selectin, P-selectin and 

IL-10 levels significantly increased after ligation of IVC while double KO mice of E-

selectin and P-selectin decreased the thrombus weight in IVC (Myers et al., 2002). 

 

Intravenous injection of collagen to mice causes massive pulmonary emboli and mice 

usually die within minutes. The thrombus formation in this model is not dependent on 

α2β1 integrin (He et al., 2003). Thrombosis susceptibility is quantified either by the 

pulmonary emboli numbers or the mortality rate and death time of animals after injection. 

This model is widely used in selection of anti-thrombosis drug due to its easy procedure 

and short thrombus formation time. 
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Tail bleeding assay is a method to monitor hemostasis and platelet function in vivo. In 

mouse model, this method is performed by cutting the mouse tail in a fixed position to 

damage the two tail arteries. This method is easy to perform and thus widely used in 

many laboratories to examine the bleeding disorders. This model is a mimic of trauma. 

 

Besides the injury thrombosis model, the spontaneous thrombus formation is a strong 

indicator for enhanced thrombosis susceptibility. The detection of spontaneous thrombus 

formation relies mainly on histology examination. 

 

Therapy of arterial and venous thrombosis 

The annual incidence of venous thromboembolism is approximately 0.1% (Silverstein et 

al., 1998). Risk factors for venous thromboembolism include antithrombin deficiency, 

protein C deficiency, protein S deficiency, factor V leiden mutation, G20210A 

prothrombin gene mutation, dysfibrinogenemia, cancer, advanced age, pregnancy, 

estrogen therapy, obesity, HHcy, elevated levels of factor VIII, factor IX and factor XI 

(Bates & Ginsberg, 2004). Clinical guidelines of venous thromboembolism management 

such as DVT and PE has been standardized by the American Heart Association (Hirsh & 

Hoak, 1996). Treatment of DVT is mainly composed of initial heparin followed by long 

term oral wafarin (Bates & Ginsberg, 2004). Generally speaking, both heparin and 

wafarin are anticoagulation drugs although the mechanisms are different. Heparin works 

as an antithrombin agonist while warfarin functions as vitamin K antagonist to inhibit 

coagulation proteins carboxylation. Beside the traditional anticoagulants, new 

anticoagulant agents are in development such as the thrombin inhibitors. The major side 
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effects of these drugs are the trend to bleed. However, conceptually, the vessel wall 

damage also promotes platelets adhesion and fibrin deposition. It has shown that platelets 

antagonists also have a beneficial effect to venous thrombosis although the effect is not as 

strong as anticoagulant drugs, which indicates that platelet activation may play a minor 

role than coagulation in venous thrombosis.  

 

Due to the different pathophysiology of arterial and venous thrombosis (Mackman, 2008), 

the clinical management of arterial thrombosis is quite different from that of venous 

thrombosis. Acute arterial thrombosis is the major cause of MI and about 80% of stroke. 

Since the majority of arterial thrombotic diseases are due to atherosclerotic plaque 

rupture, the delay of atherosclerosis development and atherosclerotic plaque stabilization 

are critical in preventing atherothrombotic disease. Atherosclerosis is an inflammatory 

disease characterized by endothelial activation, lipid accumulation, monocyte infiltration 

and differentiation, foam cell formation and fibrosis in the atherosclerotic lesion.  

Hypertension, hyperlipidemia, hyperglycemia, diabetes, obesity, cigarette smoking, age, 

and sex are well established risk factors for atherosclerosis (Berenson et al., 1998; Tegos, 

Kalodiki, Sabetai, & Nicolaides, 2001).  However, these well-defined risk factors do not 

account for all incidences of the disease.  Infectious disease, such as Chlamydia 

pneumoniae might also contribute to atherosclerotic plaque formation (Campbell & Kuo, 

2004).  HHcy is identified as a risk factor for atherothrombotic disease and CVD.   

 

The treatment of arterial thrombosis includes the standard therapy to decrease or delay 

atherosclerosis onset and stabilize the atherosclerotic plaque.  The primary treatment to 
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delay atherosclerosis would be decreasing the risk factors such as quit smoke and 

drinking, decrease hyperlipidemia, hyperglycemia, and control hypertension. The primary 

treatment to prevent thrombus formation is antiplatelet drugs. Antiplatelet drugs have 

been commonly used prophylactically to reduce the incidence of arterial thrombosis in 

patients with CVD (Meadows & Bhatt, 2007). The traditional antiplatelet drugs include 

COX inhibitors such as aspirin, ADP receptor antagonists such as clopidogrel and αIIbβ3 

inhibitors such as abciximab. Among them, aspirin has been shown to both reduces the 

incidence of MI but also reduces the risk in patients who already had a MI (Hennekens, 

Sechenova, Hollar, & Serebruany, 2006). Other platelet antagonists such as PAR-1 

antagonists are in development.  

 

Many metabolic disorders have been associated with arterial thrombotic disease. 

However, the interesting fact is that HHcy is the only one that has been associated with 

both arterial and venous thrombotic disease. Many other risk factors are mainly 

associated with arterial thrombotic events. For example, increased platelet activity, EC 

dysfunction, procoagulant and hypofibrinolytic state has been reported in the metabolic 

syndrome, a risk factor for acute CVD (Alessi & Juhan-Vague, 2008).  Hyperlipidemia, a 

major risk factor for CVD, has shown a prominent platelet hyperactivity which is 

mediated through CD36 (Podrez et al., 2007).  Hyperglycemia in acute coronary 

syndrome is associated with enhanced local thrombin generation and platelet activation, 

as well as unfavorably altered clot features in patients with or without a previous history 

of diabetes (Undas, Wiek, Stepien, Zmudka, & Tracz, 2008). 
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The current intervention for atherothrombotic disease and venous thrombosis are largely 

composed of anticoagulation and antiplatelet drugs. However, few drugs have been 

developed to target EC damage. Is EC damage a reversible process? Is there a possible 

way to restore EC’s antithrombotic phenotype from a pathologic prothrombotic 

phenotype?  These questions are largely open and lack of attention. 

 

Hcy and ECs  

HHcy patients showed severe vascular pathology in terms of early onset of 

atherosclerosis and thrombosis. The proinflammatory and prothrombotic phenotype could 

be partially initiated from injury or phenotypic changes in the vasculature and especially 

ECs which are the first layer chronically exposed to HHcy. Hcy’s effect on vascular EC 

has been well studied. Our laboratory has demonstrated that Hcy at a physiologically 

relevant concentration inhibits EC proliferation (Jamaluddin et al., 2007), decreases EC 

reendothelization (Tan et al., 2006) and causes EC dysfunction (Jiang et al., 2005). ECs 

play an important role in regulating and maintaining the integrity of the vascular system 

and are very sensitive, even to a mild increase in Hcy concentration. This sensitivity may 

be explained by the fact that human ECs do not express active CBS and thus cannot 

process Hcy catabolism well through transsulfuration pathway. The detrimental effect of 

chronic and acute Hcy exposure could possibly activate, further injury endothelium layer 

and finally contribute to a local or systemic prothrombotic phenomenon. 

 

ECs, the inner lining of vasculature, are directly exposed to the blood flow. ECs 

synthesize both anticoagulants including tissue factor pathway inhibitor (TFPI), heparin, 
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thrombomodulin, endothelial protein C receptor and tissue-type plasminogen activator, 

and procoagulants including plasminogen activator inhibitor-1, vWF, protease-activated 

receptors and TF (Aird, 2007). Recent investigation indicates that ECs may be one source 

of protein disulfide isomerase (PDI), a molecule identified to play an important role in 

thrombus initiation (Cho, Furie, Coughlin, & Furie, 2008). The Hcy-stimulated ECs may 

have an imbalance of anti- and pro-coagulants and trigger local thrombus formation. It 

has been shown that cultured ECs treated with Hcy in vitro express more procoagulant 

proteins (Fryer et al., 1993), and less anticoagulant proteins (Nishinaga, Ozawa, & 

Shimada, 1993). An in vitro study of cultured ECs has shown that Hcy inhibits cell 

surface thrombomodulin expression and irreversibly inactivates thrombomodulin and 

protein C. Undas et al. suggest that the prothrombotic tendency in HHcy may be related 

to impaired inactivation of S-homocysteinylated factor Va by activated protein C (Undas 

et al., 2001). However, in vivo study has demonstrated that protein C was identical in 

monkeys with Cbs deficient mice and in humans with acute HHcy (Lentz et al., 2002). 

Also, some clinical studies failed to demonstrate an association between HHcy and 

activated protein C resistance. Diet-induced HHcy in ApoE-deficient mice increases the 

expression of TF which is essential for the initiation of extrinsic coagulation. Another in 

vitro study has shown that Hcy can induce TF pro-coagulant activity (Fryer et al., 1993). 

Evidence indicates that the increase in TF expression and/or activity can enhance 

thrombin generation, thereby increasing thrombosis susceptibility and the risk of 

thrombotic complications.  Hcy has also shown to impair binding of tissue-type 

plasminogen activator to annexin II (Hajjar, 1993). An enhanced thrombin activatable 
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fibrinolysis inhibitor (TAFI)-related antifibrinolytic activity in mild HHcy has also been 

reported (Colucci et al., 2008). However, most of these findings are not confirmed in vivo. 

Activated ECs express many adhesion molecules such as ICAM-1, VCAM-1, P-selectin 

and E-selectin. These adhesion molecules recruit more monocytes and platelets binding 

and further trigger local thrombus formation. The adhesion of platelets to vascular ECs is 

the initiation step of thrombotic vascular diseases in non-trauma conditions. These 

interactions largely rely on the increased expression of adhesion molecules and 

prothrombotic molecules on ECs and platelets. Many adhesion molecules (ICAM-1, P-

selectin, PSGL-1, αVβ3) and prothrombotic molecules (vWF, TF, fibronectin, fibrinogen) 

on ECs and adhesion molecules (P-selectin, αIIbβ3) and prothrombotic molecules (vWF, 

TF, fibronectin, fibrinogen) on platelets have been critically implicated in tethering or 

firm retention of platelets. Double KO mice of E-selectin and P-selectin showed 

decreased thrombus weight in IVC (Myers et al., 2002). After platelet activation and 

interaction with ECs, the secondary platelet-platelet interactions start to serve major role 

in thrombus elongation.  The increased expression of MCP-1, VCAM-1, and E-selectin in 

the aortic endothelium has been reported in HHcy rats, suggesting a potential mechanism 

responsible for enhanced monocyte binding and recruitment. 

 

Tremendous numbers of in vivo and in vitro assays have demonstrated that HHcy 

contributes to EC dysfunction in terms of EC-dependent vasodilation and vascular 

permeability. Thus impairment of EC-dependent vasodilation by cardiovascular risk 

factors such as HHcy, hyperlipidemia or hyperglycemia may partially contribute to a 

prothrombotic phenotype. 
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Hcy has also shown to induce endoplasmic reticulum stress and promote ROS generation 

in ECs (Harker & Scott, 1977). The oxidative stress induced by HHcy is similar to other 

CVD risk factors such as hyperlipidemia and hyperglycemia. Exogenous ROS such as 

those generated in photo dye injury or laser injury is regarded as the initiator of thrombus. 

The question remaining open is that whether endogenous ROS contributes to the 

prothrombotic status and whether the oxidative stress induced EC activation is 

responsible for accelerated thrombus formation. 

  

Hcy and platelets 

Hcy’s effect on platelet function is controversial in both human and animal model studies. 

In human studies, platelets from either homocystinuria patients or healthy donors have 

been examined. Some studies suggest that Hcy has no obvious effect on platelet functions 

(J.E. Graeber, J.H. Slott, R.E. Ulane, J.D. Schulman, & M.J. Stuart, 1982; Harker & Scott, 

1977) while others argue that Hcy contributes to a hyperactive state of platelets (Luo, Liu, 

Wang, & Chen, 2006; Mohan, Jagroop, Mikhailidis, & Stansby, 2008). However, the 

molecular mechanism of HHcy related platelet activation is not clear and the specific 

signaling pathway not identified even if the hyperactivity of platelets existed in HHcy. 

Besides, the majority of platelet function studies only tests a single dose of agonist and do 

not examine the dose response of platelet activation to different agonists. A more critical 

examination would use several major platelet agonists in a dose-dependent manner. In 

addition, the activation surface marker of platelet, such as P-selectin and αIIbβ3 integrin, 

could be used to detect the platelet activation status both in resting and stimulating 

conditions. 
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TXA2 biosynthesis has shown a 30~40% increase after platelets exposure to Hcy (J. E. 

Graeber, J. H. Slott, R. E. Ulane, J. D. Schulman, & M. J. Stuart, 1982) and HHcy 

patients have increased TXA2 level (Di Minno et al., 1993). TXA2 mediates platelet 

activation and aggregation, so the enhanced biosynthesis of TXA2 by platelets is regarded 

as a major contributor to thrombosis. The increased TXA2 biosynthesis indicates a 

potential activating role of Hcy on platelets and thrombosis.  

 

A diet-induced HHcy mouse model study (Dayal et al., 2006) has shown no changes of 

platelet activation challenged by thrombin or thrombin plus convulxin. In addition, 

surface P-selectin, annexin V binding, coated platelet formation and platelet procoagulant 

activity did not change.  Hcy seems unlikely to directly activate platelets according to 

both clinical and animal studies; however, it is possible that the enhanced platelet active 

biomarkers in HHcy are due to a secondary response of platelets to EC injury or other 

cell type activation.  

 

Hcy and monocytes 

Many in vitro studies have demonstrated the activating role of Hcy on monocytes. Hcy 

could upregulate proinflammatory genes such as IL-8, MCP-1, IL-1β, IL-6, TNFα, IL-

12β, chemokine (C-C motif) receptor 2 (CCR2) and CD36 in human peripheral blood 

mononuclear cells (HPBMC) or Thp1 cells, a human monocytic leukemia cell line (Meng 

et al., 2013). Although data from either diet-induced HHcy or genetic HHcy animal 

models all indicate the increased monocytes binding to the vasculature, it is hard to 

distinguish the initial activating role of monocyte and endothelium. Our lab recently 
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demonstrated that Hcy promotes inflammatory monocyte subsets (Zhang et al., 2009b). 

All these studies suggest that Hcy has an activating effect on monocytes. However, 

whether HHcy promotes thrombosis through its effect on monocytes is not clear. 

 

The role of monocytes in thrombosis has been brought to attention during study of 

atherosclerotic plaque rupture in the last decade. As one of the major sources of TF in the 

blood, monocytes also interact with platelets and provide surfaces for platelet aggregation 

(von Bruhl et al., 2012). In atherothrombogenic disease, TF, one of the initiating 

molecules for thrombosis, is mainly secreted by bloodstream monocytes and 

macrophages in the atherosclerotic plaque (Rittirsch et al., 2008). TF is regarded as the 

primary cellular initiator of the extrinsic coagulation pathway (Mackman, 2004). 

Monocytes have also been implicated in thrombus resolution. 

                         

Hcy metabolism and hypomethylation 

Hcy has become the research focus in the past four decades mainly due to its association 

with cardiovascular and thrombotic diseases. Tremendous amount of epidemiology and 

clinical evidence have suggested a possible causal association of elevated plasma Hcy 

level with CVD (Joseph et al., 2009; Lee & Wang, 1999).  Hcy is not only an 

intermediate in the pathway of methionine metabolism to cystathionine and cysteine; it 

also serves as the major metabolite to replenish methyl groups through one-carbon unit 

and dietary choline. The role of Hcy in methylation regulation has been shown to be 

critically important in ECs, the inner layer of vasculature (Jamaluddin et al., 2007).  Our 

laboratory has demonstrated that Hcy treatment contributes to SAH accumulation, but not 
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SAM increase in human aortic EC (HAEC) using two-dimensional thin layer 

chromatography analysis; interestingly, this effect is only observed in ECs but not in 

human aortic smooth muscle cells (HASMC) indicating the hypomethylation mechanism 

is cell type specific (H. Wang et al., 1997a). Since SAH is a potent inhibitor of DNA 

methyltransferase 1 (DNMT1) (Hoffman, Marion, Cornatzer, & Duerre, 1980), Hcy is 

thus regarded as a global hypomethylation agent. 

 

SAM is the universal intracellular methyl donor. It is derived either from dietary 

methionine or from methionine resynthesized from the one carbon unit or dietary choline 

(Niculescu & Zeisel, 2002). SAM can be converted to SAH after donating its methyl 

group to DNA, RNA, protein or other biochemical molecules such as the creatine 

precursor through methyltransferases (Niculescu & Zeisel, 2002), see figure 1.4. 

Synthesis of creatine/creatinine normally consumes 75%-80% of the total SAM generated 

in a young adult (Mudd & Poole, 1975). SAM is also used for many other biological 

functions such as polyamine synthesis (Radford et al., 1988).  

 

SAH, the demethylation product of SAM, is hydrolyzed to adenosine and Hcy by S-

adenosylhomocysteine hydrolase (AHCY) (Baric et al., 2004). This reaction is reversible 

and favors synthesis of SAH. But under physiological conditions, adenosine and Hcy is 

rapidly removed to maintain SAH hydrolysis. In pathological conditions such as high 

Hcy level in the plasma, this reaction may go backwards and prefer SAH accumulation. 

SAH is a potent inhibitor for DNMT1 and many other methyltransferases. Many studies 

have suggested that intracellular SAM/SAH ratio (J. M. Kim, Hong, Lee, Lee, & Chang, 
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2009) is the indicator for DNA methylation level and high SAM/SAH ratio represents 

high methylation status.  Others argue that SAH concentration (Caudill et al., 2001; Ulrey 

et al., 2005; Yi et al., 2000) itself is a better indicator for DNA methylation based on the 

correlation between DNA methylation level and SAH concentration. However, 

considering the complexity of the methionine metabolism and many other factors 

impacting the methyl-transfer reaction, a critical examination of the methionine-Hcy 

metabolic cycle may be crucial in predicting the methylation status. 

 

Although liver tissues possess all the enzymes involved in methionine metabolism (figure 

1.4) and actively perform the methyl-transfer function to a variety of important 

biochemical precursors such as DNA and protein. Many tissues only possess a small 

fraction of the whole pathway and cannot efficiently metabolize methionine to cysteine. 

In general, liver is the major organ processing the metabolism of dietary methionine and 

methionine resynthesized from folate or choline to cysteine and further metabolism. In 

physiological conditions such as genetic deficiency of key enzymes or deficiency of 

cofactors such as vitamin B6, B12 and folate acid, liver fails to efficiently metabolize 

methionine to cysteine and Hcy starts accumulating in the liver and subsequently in the 

plasma. Although it is not clear  how the increased plasma Hcy level interfere with the 

vasculature metabolism in vivo, ECs, the inner vascular layer confronts to blood, get most 

easily impacted and proceed to aberrant methylation whenever there are accumulations of 

these methionine metabolism intermediates (Jamaluddin et al., 2007), this may stem from 

the constant confront of ECs to plasma Hcy and the inactive status of CBS in ECs. The  
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Figure 1.4. Hcy metabolism. 15 enzymes involved in the Hcy metabolism have been 

listed. 1. CBS, cystathioninine-β-synthase; 2, CSE, cystathionine-γ-lyase; 3, MAT, 

methionine adenosyltransferase; 4, AHCY, S-adenosylhomocysteine hydrolase; 5, 

BHMT, betaine:homocysteine methyltransferase; 6, MTHFR, 5,10-

methylenetetrahydrofolate reductase; 7, MTR, 5-methyltetrahydrofolate-homocysteine S-

methyltransferase; 8, AMD, S-adenosylmethionine decarboxylase; 9, DNMT, DNA 

methyltransferase; 10, HMT, histone methyltransferase; 11, RNMT, RNA 

methyltransferase; 12, ICMT, isoprenylcysteine carboxyl methyltransferases; 13, PEMT, 

phosphatidylethanolamine N-methyltransferase;  14, GNMT, glycine N-

methyltransferase; 15, GAMT, guanidinoacetate N-methyltransferase. THF, 

tetrahydrofuran; 5,10-CH2-THF, 5,10-methylenetetrahydrofolate; 5-MTHF, 5-

methyltetrahydrofolate; Met, methionine; Hcy, homocysteine; SAM, S-

adenosylmethionine; SAH, S-adenosylhomocysteine; PE, phosphatidylethanolamine; PC, 

phosphatidylcholine. 
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 methylation status change in vascular cells such as ECs may potentially contribute to the 

progression of vascular disease such as atherothrombotic disease and venous thrombosis.  

 Many questions still remain unanswered especially in in vivo conditions. Do vascular 

ECs or SMCs actively take up methionine, SAM, SAH or Hcy from blood? Does this 

uptake control metabolism status? Are there transporters on the plasma membranes or 

organelle membranes that control this process? Does pathological condition such as 

HHcy, hyperlipidemia or hyperglycemia change this process? These interesting questions 

still remain open and require extensive studies. 

 

Hcy and methionine metabolism  

MAT is involved in the first step of methionine metabolism and catalyzes the 

biosynthesis of SAM from methionine and ATP. Three forms of MAT have been 

identified in mammalian tissues. MAT I and MAT III, encoded by MAT1A gene, are 

synthesized primarily in the liver. MAT II, encoded by MAT2A, is found in fetal liver as 

well as extra hepatic tissues such as kidney, brain, testis, and lymphocytes. The majority 

of the hypermethioninemia subjects with presumably MAT deficiency were clinically 

well while only a few showed neurological deficiency when severe loss of MAT activity 

exists (Mudd et al., 1995). At 3 months, mice deficient in MAT1A (Lu et al., 2001) had 

reduced hepatic SAM and glutathione levels whereas hepatic SAH and DNA methylation 

were unchanged. Plasma methionine level increased 776% (442 vs. 48.2 µM) and other 

metabolites levels in plasma are not available. Liver weight increased 40% compared 

with control mice. Although hepatic methylation status in young mice did not change, 

methylation status in other tissues was not studied. SAM/SAH ratio in both plasma and 
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liver are not available. There are 3 fold inductions of Cbs and 4 fold inductions of Bhmt 

gene expression in the liver, suggesting a promotion of transsulfuration pathway and 

remethylation pathway. The active status of transsulfuration pathway may due to 

increased liver methionine. Interestingly, methionine itself does not inhibited 

remethylation pathway, and the decreased liver SAM level seems to induce remethylation 

pathway. The unchanged overall liver methylation indicates that MAT is not crucially 

involved in methylation status. However, there are 3~4 fold up-regulation of hepatic 

mRNA level of MAT2A and a 32% hepatic residual MAT activity in KO mice and 

therefore the role of MAT in methylation regulation cannot be ruled out. A better mouse 

model may be the double KO mice of MAT1A and MAT2A; however, due the critical 

role of MAT in SAM generation, it is highly possible that these mice will have 

development problems and aberrant methylation in many tissues. 

 

SAM can be converted to SAH after donating its methyl group to DNA, RNA, protein, 

phospholipids or other biochemical molecules (figure 1.4) through methyltransferases 

 

Figure 1.5. Biochemistry of methyl-transfer reaction to DNA. DNMT, DNA 

methyltransferase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine. 
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(Niculescu & Zeisel, 2002). Since this SAM-SAH reaction is one of the major methyl 

group transfer reaction, a variety of SAM-dependent methyltransferases are involved in 

this process including DNA methyltransferase (DNMT), histone methyltransferase, 

protein methyltransferase Glycine N-methyltransferase (GNMT), ganidinoacetate 

methyltransferase (GAMT) and phosphatidylethanolamine N-methyltransferase (PEMT). 

SAH has been shown to inhibit at least 39 SAM-dependent methyltransferases to a 

greater or lesser extent (Carmel & Jacobsen, 2001). DNMT1 is important for 

maintenance of DNA methylation while DNMT3a and DNMT3b are essential for de 

novo methylation in development, see figure 1.5. Histone methyltransferases mediate the 

histone methylation. Since DNA and histone methylation are essential for gene activation 

and silencing processes during development, mice knockout of genomic DNMT and 

HMT usually have severe development hindrance and embryonic lethal phenotype. 

Whether SAM and SAH could freely go through the nuclear pore is not clear. It is 

possible that nuclear SAM/SAH level is propotional to cytosol SAM/SAH. GNMT 

catalyzes the transfer of methyl group to glycine to synthesize sarcosine. This reaction is 

extremely important since it is the major reaction to metabolize excessive SAM. In the 

clinic, subjects deficient in GNMT manifest with hypermethioninemia, hepatomegaly and 

increase transamination enzyme level (Luka, Cerone, Phillips, Mudd, & Wagner, 2002) 

(Mudd et al., 2001). The Gnmt knockout mice show a similar phenotype to patients. 

Gnmt-/- male mice have slightly increased plasma methionine level (2.23 vs. 0.74 mg/dL) 

while liver SAM is tremendously increased and SAH level remain unchanged. Plasma 

tHcy did not change. At 17 months of age, 50% male and 100% female Gnmt-/- mice 

developed hepatocellular carcinoma along with global DNA hypomethylation and 
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decreased DNMT activity (Y. J. Liao et al., 2009). Although hypermethylation status has 

also been reported in Gnmt-/- mice (Martinez-Chantar et al., 2008), the development of 

hepatocellular carcinoma in these mice indicate that there was aberrant methylation status 

in liver. Another enzyme GAMT catalyzes the transfer of methyl group to 

guanidinoacetate to form creatine. Although synthesis of creatine/creatinine normally 

consumes 75%-80% of the total SAM generated in a young adult (Mudd & Poole, 1975), 

the critical role of GAMT may lies in its creatine synthesis function. In clinic, the major 

phenotype of GAMT deficiency was developmental delay and mental retardation. The 

Gamt-/- mice had markedly increased guanidinoacetate and reduced creatine and 

creatinine levels in brain, serum, and urine, similar to patients. The role of GAMT in 

methylation regulation has not been carefully examined. PEMT catalyzes 

phosphatidylcholine to phosphatidylethanolamine. Pemt-/- mice display relatively normal 

phenotype (Zhu, Song, Mar, Edwards, & Zeisel, 2003), indicating that PEMT may not be 

critically involved in methylation regulation at least in mice. Generally speaking, SAM is 

usually abundant in liver and several important SAM dependent methyltransferases 

deficiencies do not impact SAM levels except GNMT. Only GNMT deficiency 

contributes to a global hypomethylation and hepatocellular carcinoma. Other 

methyltransferases deficiency is more associated with developmental problems that are 

probably related to their biological functions but not related to the imbalance of 

metabolism. 

 

SAH is hydrolyzed to adenosine and Hcy by AHCY (Baric et al., 2004). This reaction 

favors SAH formation while in physiologic conditions, the quick removal of Hcy and 
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adenosine maintains the flux of SAH hydrolysis. SAH hydrolysis serves to sustain the 

flux of methionine sulfur toward cysteine and is regarded to play a critical role in the 

SAM-SAH methyl transfer reaction. In a Croatian boy with deficiency of AHCY, plasma 

SAH was 150-fold elevated and SAM 30 fold elevated (Baric et al., 2004). Plasma 

methionine concentrations elevated to 477–784 µM (normal level 13–45 µM), but tHcy 

level was only slightly above normal for an infant at 14.5–15.9 µM (normal < 10.7 µM). 

Activity of AHCY was approximately 3% of control values in liver and was 5 to 10% of 

control values in red blood cells and cultured fibroblasts. The patient had slow 

psychomotor development and hypotonia. Liver biopsy showed mild hepatitis with sparse 

rough endoplasmic reticulum. Leukocyte DNA was hypermethylated. DNA and protein 

methylation level in tissues other than leukocytes were not available. However, even with 

a plasma SAM/SAH ratio decrease and SAH level increase, hypermethylation in 

leukocytes have been observed. The Ahcy-/- mice model is not currently available but may 

provide a better understanding of AHCY’s role in regulation of methylation. 

Adenosylhomocysteinase-like 1 (AHCYL1) (Gomi et al., 2008) and 

adenosylhomocysteinase-like 2 (AHCYL2) have also been implicated to play a role in 

SAH hydrolysis but their function remain unclear, indicating that SAH removal is critical 

and human bodies possess tremendous compensatory genes and enzyme products to 

remove SAH. 

 

CBS condenses Hcy with serine to form cystathionine in an irreversible reaction. In the 

clinic, the deficiency of CBS leads to a severe accumulation of Hcy in the plasma and 

secretion into the urine which is called homocysteinuria. Patients with homozygous 
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mutation have severe CBS activity deficiency and very high fasting plasma Hcy levels 

(Kraus et al., 1999). At an older age, CVD, thromboembolic diseases, lens dislocations, 

and osteoporosis have been reported, and these patients usually die before thirty due to 

thromboembolism complications (Kraus et al., 1999). Cbs-/- mice have severe HHcy with 

concentrations of over 200 µmol/L and Cbs+/- mice have approximately twice as much 

the plasma Hcy levels as their wild-type littermates (Watanabe et al., 1995b). The 

heterozygous mice appear to grow normally and healthy, while the homozygous mice 

showed retarded growth, enlarged and multinucleated hepatocytes and would die within 5 

weeks postnatal, which indicates a developmental problem potentially caused by aberrant 

methylation. Cbs+/- mice have increased hepatic SAH and decreased SAM level 

compared with wild type (WT) mice (Caudill et al., 2001), indicating that the 

accumulation of Hcy in vivo prefer SAH formation but not SAH hydrolysis. 

 

Cystathionine γ-lyase (CSE) transforms cystathionine into cysteine. Cse-/- mice showed 

decreased Hcy/Cysteine ratio and glutathione level together with pronounced 

hypertension and diminished endothelium-dependent vasorelaxation at 12 weeks old (G. 

Yang et al., 2008). However, another group (Ishii et al.) reported that the plasma tHcy in 

Cse-/- mice increased to 145 µM while methionine level is not significantly changed. 

However, no SAM and SAH data were available in these experiments and the authors 

argued that the detrimental effect is the consequence of low cysteine diet and oxidative 

injury in heptatocytes and myocytes. In clinic, patients deficient in the CSE enzyme have 

varied phenotype indicating that this enzyme may play a minor role in regulating the 
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SAM, SAH level and methyl-transfer reaction and thus not crucial in methylation 

regulation. 

 

MTR, also called methionine synthase (MS), catalyzes the transfer of a methyl group 

from 5-MTHF to Hcy, generating THF and methionine (Y. N. Li et al., 1996). Mtr+/- 

mice (Swanson et al., 2001) have slightly elevated plasma Hcy and methionine compared 

to WT mice but seem to be otherwise indistinguishable. Homozygous knockout embryos 

die soon after implantation. Nutritional supplementation during pregnancy was unable to 

rescue embryos that were completely deficient in methionine synthase, indicating that 

MTR is extremely important in development; probably due to its role to control the 

methionine synthesis from one-carbon unit. Endothelium-dependent dilation of cerebral 

arterioles was blunted in Mtr+/- mice compared with WT mice fed the control diet 

although the plasma tHcy level were in the normal range and hepatic SAM and SAH 

levels were not significant different (Dayal et al., 2005).  

 

MTHFR catalyzes the conversion of 5,10-CH2-THF to 5-MTHF, the cosubstrate for Hcy 

remethylation to methionine. Mthfr-/- and Mthfr+/- mice have increased plasma tHcy level, 

increased SAH level and DNA hypomethylation in liver and brain tissues (Z. Chen et al., 

2001). Since MTHFR deficiency decreased the resynthesized methionine, the increased 

SAH level cannot be from the methionine metabolism but from the accumulated Hcy. 

The DNA hypomethylation may due to decreased methionine pool which cannot be 

replenished from 5-MTHF and increased SAH level which strongly inhibit DNA 

methyltransferases. In clinical conditions, populations with 677C-T mutation and a 
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decreased MTHFR enzyme activity are associated with a decreased risk for colon cancer 

and leukemia. Since the current understanding of cancer largely refers to aberrant 

hypermethylation status, a decreased risk for cancer may suggest a hypomethylation 

status in populations with 677C-T mutation. Thus it is strongly suggested that deficiency 

or decreased activity of MTHFR could reduce the methyl transfer from the one carbon 

cycle to methionine metabolism and contribute to global DNA hypomethylation. 

 

BHMT is a cytosolic enzyme that catalyzes the conversion of betaine to dimethylglycine 

while remethylate Hcy to methionine. BHMT activity is found at high levels in the liver 

and kidney. A common BHMT single nucleotide polymorphism rs3733890 is associated 

with reduced risk for breast cancer-specific mortality. Bhmt-/- mice (Teng, Mehedint, 

Garrow, & Zeisel) showed a 6-fold increase in hepatic and an 8-fold increase in plasma 

total Hcy concentrations, a 43% reduction in hepatic SAM and a 3-fold increase in 

hepatic SAH concentration. Bhmt-/- mice developed hepatocellular carcinoma or 

carcinoma precursors. BHMT deficiency is similar to MTHFR deficiency in that both 

Hcy accumulates and SAH level increases together with aberrant methylation level. 

These results indicate that BHMT has an important role in maintaining methionine 

metabolism and critical in sustain the methyl-transfer reaction. 

 

Methionine salvage pathway is also involved in methionine metabolism as it recycles 

sulfur-containing metabolites 5’-methylthioadenosine (MAT), a byproduct of polyamine 

synthesis to methionine (Albers, 2009). This pathway is universal in almost every tissue. 

It has been shown that one of the enzymes, methylthioadenosine phosphorylase (MTAP) 



37 

 

deficiency leads to the accumulation of its substrate, 5’-dideoxy-5’-methylthioadenosine, 

an inhibitor of SAM-dependent methyltransferases (Kamatani & Carson, 1981; Williams-

Ashman, Seidenfeld, & Galletti, 1982). Mtap-/- mice is embryonic lethal while Mtap+/- 

mice die prematurely of T cell lymphoma and DNA from Mtap+/- spleens has slightly 

reduced methylation than DNA from control animals (Kadariya et al., 2009). 

 

In summary, although the metabolites level such as SAM, SAH, Hcy and methionine in 

liver, plasma and other tissues especially vessels are not all available in a majority of 

studies, there seems to be a nice correlation of plasma metabolites level with liver 

metabolites level, indicating that liver is the major place of methionine metabolism and 

the accumulation of methionine metabolites will eventually release into blood. Increased 

Hcy level is always accompanied with increased SAH level and decreased SAM level in 

CBS, MTHFR and BHMT deficient mice, indicating that at least in liver, in vivo 

accumulation of Hcy prefers SAH generation. The decreased SAM level may stem from 

either a reduced remethylation process or the inhibition of methyltransferases and SAM-

SAH reaction by high level of SAH. Thus the accumulation of Hcy is associated with 

subsequent increase of SAH level and decreased methylation level. However, although 

the tissue metabolites levels are not available, it is possible that the accumulation of Hcy 

and SAH could interfere with the methionine metabolism in tissues especially in vessels. 

It would be very interesting to examine tissue metabolites levels, methylation status and 

their relationship with plasma and hepatic metabolites to dissect the role of methionine 

metabolism and methylation status in tissues. 
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Besides enzymes involved in methionine metabolic pathway, the genetic association 

study in large populations has shown that several genes involved in folate transporter or 

organelle specific metabolism of folate are also associated with plasma Hcy level 

(Wernimont et al., 2011). Interestingly, in the same study, GNMT, DNMT3b, 

adenosylhomocysteinase-like 2 (AHCYL2), sarcosine dehydrogenase (SARDH), 

methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1-like (MTHFD1L), 

solute carrier family 25 (mitochondrial folate carrier), member 32 (SLC25A32) have 

been associated with Alu element (transposable element) methylation; MTHFR only has 

been associated with LINE-1 element (retrotransposon element) methylation. Although 

there are some crosstalk of the genes associated with both plasma Hcy and transposable 

element methylation, the two distinct groups of genes indicate that both Hcy and DNA 

methylation are regulated in diverse and complex processes. And there is crosstalk of 

Hcy and DNA methylation. 

 

Hydrogen sulfide (H2S) is a product of cysteine catabolism with the help of CBS and 

CSE. H2S has been identified as one of a few endogenous gas that has signaling effect 

(Kamoun, 2004). H2S has also been shown to dilate SMC and protect vasculature. The 

injection of H2S donor has shown beneficial effect to vascular function and MI (Elrod et 

al., 2007). 

 

Hcy, hypomethylation and vascular disease 

DNA methylation is the best characterized epigenetic regulation and is involved in many 

biological processes such as genomic imprinting, X chromosome inactivation, 
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transposable element silencing and gene silencing (Wu & Zhang, 2010). DNA 

methylation and demethylation is dynamic during the developmental process while 

aberrant DNA methylation contributes to cancer, developmental malformation and 

vascular disease. DNA methyltransferases are responsible for DNA methylation pattern 

establishment. In the blastocyst stage, de novo DNA methylation is established by 

DNMT3a and DNMT3b (Okano, Bell, Haber, & Li, 1999). Then DNMT1 recognizes the 

semi-methylated DNA and maintain the methylation status during cell divisions 

(Hermann, Goyal, & Jeltsch, 2004). Recent study has found that human genome is 

densely methylated (Suzuki & Bird, 2008). 5% or more of the CpG islands are tissue-

specific differentially methylated regions (Song et al., 2005). Our laboratory has found 

that Hcy 50 µM decreased DNMT1 activity by 40% and demethylated two CpG sites in 

the core promoter of cyclin A in cultured ECs (Jamaluddin et al., 2007). This 

hypomethylation mechanism is responsible for cyclin A downregulation and cell cycle 

arrest in ECs. Thus the intracellular hypomethylation induced by Hcy and gene regulation 

has been indicated. 

 

Clinical studies strongly associate hypomethylation with vascular disease (Castro et al., 

2003; Clarke et al., 1991).  In atherosclerosis, the chronic vascular inflammatory disease, 

hypomethylation has been observed in both human and animal atheroma. A 9% decrease 

in cytosine methylation (hypomethylation) has been detected in advanced human 

atherosclerotic plaques and in the SMC proliferation area (Hiltunen et al., 2002). In 

animal studies, hypomethylation has been found in neointimal thickenings of New 

Zealand white rabbit aortas (Hiltunen et al., 2002) and in atheroma of ApoE-/- mice (Lund 
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et al., 2004). And the hypomethylation status is detected as early as 4 weeks in aorta of 

ApoE-/- mice and advancement of hypomethylation happens at six months (Lund et al., 

2004). Besides whole genome hypomethylation, hypomethylation has also been observed 

in the promoter region of specific genes such as cyclin A (Jamaluddin et al., 2007), 

P66shc (Geisel et al., 2007), eNOS (Y. Chan et al., 2004) and MMP2/9 (K. C. Chen et al., 

2011). Hypermethylation has been found in the promoters of FGF2 (Chang et al., 2008), 

iNOS (G. C. Chan et al., 2005), ER-α (Ying et al., 2000), and ER-β (J. Kim et al., 2007). 

Besides the changes of DNA methylation, histone methylation changes have also been 

reported in the promoter region of specific genes, such as loss of H3K4 methylation of 

ICAM-1 promoter in ECs (Hellebrekers et al., 2006), Di- and Tri-methylation at H3K4 of 

eNOS in ECs (Fish et al., 2005), and H3K9 methylation of iNOS in ECs (G. C. Chan et 

al., 2005). 

 

HHcy induced vascular pathology has been very well characterized. Clinical studies 

suggest HHcy induces global DNA hypomethylation. In healthy young women, increased 

plasma Hcy is associated with increased SAH and DNA hypomethylation in lymphocytes 

(Yi et al., 2000). Other studies also confirm the inverse relationship between plasma Hcy 

level and DNA methylation patterns (Castro, Rivera, Blom, Jakobs, & Tavares de 

Almeida, 2006; Friso et al., 2002). Increased Hcy levels and a reduced global lymphocyte 

DNA methylation pattern was reported in patients with renal functional impairment 

which augments the risk for vascular disease (Ingrosso et al., 2003).  
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Our laboratory also reported that Hcy functions as a global hypomethylation reagent and  

decreases the carboxyl methylation of Ras protein in ECs and arrests cell cycle in G1–S 

phase (H. Wang et al., 1997b). Carboxyl methylation of Ras is crucial for its attachment 

to the cell membrane (H. Wang et al., 2002), so Ras demethylation reduced cell 

membrane association of Ras and interfered the downstream Erk signaling in EC (H. 

Wang et al., 1997b). Furthermore, our laboratory found that Hcy reduces the binding of 

methyl CpG binding protein 2 (MeCP2) but increases the binding of acetylated H3 and 

H4 (AcH3 and AcH4) to the cyclin A promoter (Jamaluddin et al., 2007). Acetylation of 

histones is required to maintain chromatin in an open state which allows binding of 

transcriptional activators or suppressors to regulate gene expression. These results 

suggest that hypomethylation of CDE repressor site and high levels of histone acetylation 

are the primary events in Hcy-induced cyclin A gene downregulation, which modulate 

chromatin structure and facilitate the access of transcriptional suppressors to the promoter. 

 

Is SAH a biomarker for cardiovascular disease? 

SAH accumulation has been observed in HHcy condition. Since SAH is direct product of 

the methyl-transfer reaction and a strong inhibitor of majority of SAM-dependent 

methyltransferase, it has been suggested that SAH is a better biomarker of cardiovascular 

disease than Hcy. In ApoE deficient mice fed high dietary methionine, plasma SAH has 

better correlated with atherosclerosis than Hcy (Liu et al., 2008). Plasma SAH is a 

much more sensitive indicator of the difference between patients with cardiovascular 

disease and control subjects than is Hcy (Kerins, Koury, Capdevila, Rana, & Wagner, 

2001). Our lab’s unpublished data have shown the increase of plasma SAH in Tg-hCBS 
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Cbs-/- mice, ApoE-/- mice and dbdb mice. However, where does the increased plasma 

SAH come from and how does SAH become increased in hyperlipidemia and diabetes is 

not clear. It has been suggested that plasma SAH rather than Hcy is the metabolite 

primarily affected in renal disease (Jabs, Koury, Dupont, & Wagner, 2006). 

 

Vascular pathology, thrombosis and inflammation 

Hcy is an independent risk factor for vascular disease (K.S. McCully, 1996).  The 

vascular pathology of HHcy is manifested with early development of atherosclerosis and 

thrombosis in one’s 30s or 40s. Since atherosclerosis is now considered as a chronic 

inflammatory disease, Hcy induced vascular impairment has manifested with both 

inflammation and thrombosis. It has been shown that inflammation and thrombosis share 

some key molecular mechanisms. The intersection of inflammation and thrombosis has 

been implicated but not clearly defined. 

 

Atherosclerosis, a chronic vascular inflammatory disease 

A mature atherosclerotic plaque contains macrophages and SMCs laden with lipid, 

vascular ECs, and extracellular matrix.  The initial pathophysiological step in 

atherosclerosis is endothelial injury and monocyte infiltration.  Endothelial injury 

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

cytokine or chemokine expression and secretion.  In atherosclerotic animal models, 

VCAM-1 appears in the arterial endothelial cells during the initial vascular response to 

cholesterol accumulation in the intima.  VCAM-1 expressed in endothelial cells and very 

late antigen 4 (VLA4) expressed in leukocytes are important interacting mediators for 
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leukocytes to infiltrate into the subendothelial compartment of the vessel. Low density 

lipoprotein receptor deficient (Ldlr-/-) mice that express a truncated nonfunctional 

VCAM-1 develop less atherosclerotic plaques (Cybulsky et al., 2001).  ICAM-1 is 

constitutively expressed in ECs, and its expression increases in the plaque.  However, 

there are conflicting results of ICAM-1 having proatherosclerotic effects (Collins et al., 

2000; Cybulsky et al., 2001).  Selectins are also involved in the initial EC activation.  

ApoE-/- mice deficient in both E-selectin and P-selectin have less atherosclerosis (Dong et 

al., 1998).  MCP-1 and its receptor, CCR2 are noted to play an important role in the 

initiation of atherosclerosis, probably due to the increased monocyte and T-cell attraction 

and infiltration into the plaque.  Several studies have demonstrated that oxidized low 

density lipoprotein (oxLDL) is chemoattractant and its oxidized phospholipid 

components can induce endothelial activation as judged by expression of MCP-1 

(Cushing et al., 1990; Subbanagounder et al., 2002).  Other chemokines are also detected 

in atherosclerotic plaques, such as the cell-surface anchored CX3-chemokine ligand 1 

(CX3CL1), which is expressed on smooth muscle cells.  MCP-1 is crucial for recruiting 

monocytes to atherosclerotic lesions.  Crossing ApoE-/- or Ldlr-/- mice with mice lacking 

MCP-1 or CCR2 leads to significant lesion decrease (Boring, Gosling, Cleary, & Charo, 

1998; Gosling et al., 1999; Gu et al., 1998).  Many therapeutic drugs that have anti-

atherosclerotic effects work via their anti-inflammatory effects that specifically target 

leukocyte adhesion and/or chemotaxis.  CX3-chemokine receptor 1 (CX3CR1) is 

expressed on monocytes and macrophages.  The results from the compound deficient 

mice by crossing ApoE-/- mice with CX3CR1-/-  mice suggests that CX3CR1 may be 

involved in monocyte recruitment to the vessel wall, thereby promoting atherosclerotic 
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plaque formation (Combadiere et al., 2003).  These studies all suggest that chemokines 

and chemokine receptors are strongly involved in atherogenesis because they increase 

monocyte attraction and infiltration into the lesion areas in vessels.  Our recent study 

found that HHcy accelerates atherosclerosis by promoting inflammatory monocyte 

differentiation/macrophage accumulation in lesions in Tg-hCBS/ApoE-/-/Cbs-/- mice fed a 

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

serve to promote any of a number of inflammatory processes involved in the formation or 

progression of atherosclerotic plaques. 

 

Vascular cells and infiltrated cells have to be activated in response to stimulation by risk 

factors for atherosclerosis.  In the last ten years, identification of pathogen-associated 

molecular patterns (PAMPs) and their receptors (PRRs) has provided a bridge to link risk 

factors to initiation of inflammation and secretion of proinflammatory cytokines.  TLRs 

are a group of PRRs that can sense a broad range of PAMPs.  In addition to TLRs, PRRs 

also include Nod-like receptors (NLRs) (X. F. Yang, Yin, & Wang, 2008).  There may be 

many TLRs present in atherosclerotic plaques, mainly on macrophages and ECs (Edfeldt, 

Swedenborg, Hansson, & Yan, 2002).  Crosses of TLR4-/- and ApoE-/- mice show reduced 

atherosclerosis and altered plaque phenotype (Michelsen et al., 2004).  Other studies also 

showed that oxLDL and endogenous HSP60 can bind to the TLR4-CD14 complex and 

trigger inflammatory reactions with the features of proinflammatory cytokine secretion 

(Kol, Lichtman, Finberg, Libby, & Kurt-Jones, 2000; X. H. Xu et al., 2001), suggesting 

that PRRs not only recognize exogenous PAMPs but also may be activated by 

endogenous metabolic stress.   
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Thrombosis and inflammation 

Inflammation and thrombosis are different reactions of the vasculature to two distinct 

trigger signals. A typical inflammation response starts when tissue has exogenous 

invasion which provide signal to the vasculature and attracts leukocytes from the 

circulating blood to local tissues to get rid of infection. Thrombosis generally happens 

when the vasculature integrity is interrupted and blood is getting out of the circulation. 

Platelets and coagulation systems are immediately activated to clot the disrupted vessel. 

However, in metabolism disorders such as HHcy, hyperlipidemia or hyperglycemia, 

neither arterial nor venous thrombosis happens during a rupture of the vessel, but rather 

spontaneously happens within the vasculature without obvious outside trigger, indicating 

the aberrant activation of platelets and fibrin system.   

 

The crucial role of ECs in initiating inflammation and thrombosis has been very well 

recognized. Platelets, the major component of thrombosis, have been implicated in 

inflammation and later on tissue repair in recent studies. It has been shown that platelet 

response is necessary for acute inflammation and re-epithelialization in a corneal 

abrasion model (Z. Li, Rumbaut, Burns, & Smith, 2006). Platelets adhere to the ECs in 

early atheroma and blockade of platelet adhesion by antibodies against GPIbα 

significantly attenuated atherosclerotic lesion formation in ApoE-/- mice (Massberg et al., 

2002). CD40L-CD40 plays a crucial role in immune response and CD40L also expresses 

in activated platelets. It has also been shown that CD40L on activated platelets triggers an 

inflammatory reaction of ECs (Henn et al., 1998). CD40L-deficient mice exhibited 

delayed vessel occlusion and frequent embolization, which could be rescued by the 
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injection of recombinant soluble CD40L (Andre et al., 2002). vWF deficient mice are less 

responsive to inflammatory stimuli due to the less P- selectin storage in ECs (Denis et al., 

2001). Ldlr-/-/vWF-/- or ApoE-/-/vWF-/- double knockout mice showed a transient delay in 

atherosclerotic lesion development and fewer monocytes infiltration compared with 

control mice (Methia, Andre, Denis, Economopoulos, & Wagner, 2001). vWF, but not P-

selectin, plays a major role in mediating endotoxemia accelerated thrombosis (Patel et al., 

2008). 

 

Inflammation is a potent prothrombotic stimulus (Esmon, 2003). Many proinflammatory 

cytokines like IL-6, IL-1β, MCP-1 and TNF-α have been shown to increase during 

thrombogenesis (Shebuski & Kilgore, 2002). IL-1β is a mediator of enhanced 

microvascular thrombosis that occurs in extra-intestinal tissues during colonic 

inflammation (Yoshida, Russell, Senchenkova, Almeida Paula, & Granger, 2010). IL-6-/- 

mice were protected against particulate matter–induced intravascular thrombin formation 

and the acceleration of arterial thrombosis (Mutlu et al., 2007).  Angiotensin II induced 

hypertension is accompanied by enhanced thrombosis in arterioles, and this response is 

mediated by a mechanism that involves angiotensin (AT) 2, AT4, bradykinin 1, and 

endothelin 1 receptor–mediated signaling (Senchenkova, Russell, Almeida-Paula, 

Harding, & Granger, 2010). Besides cytokines, monocytes have been implicated in 

binding platelets and form platelets-monocytes aggregates. On the other hand, monocytes, 

the major infiltrating blood cells in atherosclerosis, have been shown to play a certain 

role in thrombosis. 
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Hypothesis 

Given the implication of HHcy in thrombosis in clinical studies and animal studies, we 

hypothesize that ECs may be the major target of HHcy induced vascular injury and the 

injured endothelium promotes platelet/monocyte adhesion. This hypothesis will be tested 

through five aspects: How does HHcy impact thrombus formation in an EC denudation 

model and an EC-platelet interaction model? What is the major cell target of HHcy in 

vitro? What is the molecular mechanism of the accelerated thrombosis in HHcy? Does 

hypomethylation play a role in HHcy-induced vascular pathology and thrombotic disease? 

Does Hcy-lowering method and Hcy-targeting method potentially rescue the accelerated 

thrombosis? 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 

 

CHAPTER 2 

MATERIALS AND METHODS 

 

Chemicals and antibodies 

All chemicals were purchased from Sigma-Aldrich (St Louis, MO) unless stated. Type I 

collagen was purchased from Chronolog (Havertown, PA). Convulxin was purified as 

described by Polgar et al (Polgár et al., 1997). Collagen related peptide (CRP) was 

purchased from Dr. Richard Farndale (Cambridge, UK). AYPGKF peptide was 

purchased from Genscript (Piscataway, NJ). Actichrome TF kit, rabbit-anti-human TF 

antibody was from American Diagnostics (Stamford, CT). STA® Neoplastine kit was 

from Stago (Parsippany, NJ). HemosIL ATPP-SP kit was from Instrumentation 

laboratory (Lexington, MA). Fetal bovine serum (FBS) was from Gibco (Carlsbad, CA). 

Calein AM dye was from Invitrogen (Carlsbad, CA). EMSA kit and NF-κB probe were 

from Licor (Lincoln, NE). Mouse cytokine array and recombinant human TNF-α were 

purchased from R&D systems (Minneapolis, MN). 

 

Rabbit-anti-mouse secondary antibody, goat-anti-rabbit secondary antibody, donkey-anti-

goat secondary antibody, NFκB Gel Shift Oligonucleotides were obtained from Santa 

Cruz Biotechnology (Santa Cruz, CA). vWF antibody was from Dako (Carpinteria, CA ). 

Rabbit-anti-human ICAM-1 antibody, rabbit-anti-human laminin B1 antibody were from 

Cell Signaling Technology (Beverly, MA). 
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Allophycocyanin (APC)-labeled mouse-anti-human ICAM-1 antibody, fluorescein 

isothiocyanate (FITC)-labeled mouse-anti-human VCAM-1 antibody, FITC-labeled 

mouse-anti-human P-selectin antibody, FITC-labeled mouse-anti-human E-selectin 

antibody were purchased from BD Biosciences. APC-labeled mouse-anti-human PSGL-1 

antibody and FITC-labeled mouse-anti-human αvβ3 antibody were from eBioscience (San 

Diego, CA).  

 

Mice 

Cbs+/- mice from Jackson Laboratory (Bar Harbor, ME) were backcrossed 12 generations 

in a C57BL/6 genetic background and genotyped by polymerase chain reaction (PCR) at 

postnatal day 10. Mice were weaned at four weeks of age. At six weeks, male Cbs+/- and 

their WT littermates were fed with either control diet (0.37% methionine, TD07793, 

Harlan Laboratories, Indianapolis, IN) or a high methionine diet (2% methionine, 

TD07794) for eight weeks. At 14 weeks old, mice were used for experiments. 

 

The transgenic mice, Tg-hCBS, were established as previously described (L. Wang et al., 

2005; Zhang et al., 2009b). All mice are in a C57BL/6 background. Pups were genotyped 

at day 10 for both human transgene CBS and mouse Cbs gene. These mice were fed with 

25 mM ZnSO4 containing water for the first four weeks postnatal. ZnSO4 was withdrawn 

after weaning at 1 month of age. For ZnSO4 water therapy group, mice were fed with two 

weeks of ZnSO4 water beginning at 10 weeks to lower their Hcy levels. Experimental 

animals were group-housed (5 per cage) on a 12-h light-dark cycle with access to food 

and water in a temperature and humidity controlled environment. Animals were fed with 
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standard rodent chow diet (0.67% methionine; 5001; Labdiet, Saint Louis, MO). Age-

matched male littermates were selected for experiments. Control mice for all experiments 

were sibling transgene-positive mice that were in either Cbs+/- or Cbs+/+ background.  

 

Icam-1 deficient mice (H. Xu et al., 1994) were purchased from Jackson Laboratories 

(Bar Harbor, ME). At six weeks, male Icam-/- mice were fed with either control diet 

(0.37% methionine, TD07793) or a high methionine diet (2% methionine, TD07794) for 

eight weeks. At 14 weeks old, mice were used for experiments. 

 

The mouse protocols were approved by the Temple University Institutional Animal Care 

and Use Committee. 

 

Mice genotyping 

Mouse toes were cut at postnatal day 10 and digested with a lysis buffer (100 mM Tris-Cl 

pH 8.0, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, 400 µg/mL proteinase K) and 

supernatant were extracted and precipitated using 100% ethanol. DNA was finally 

dissolved in TE buffer and used for PCR. 

 

Genotyping for the mouse Cbs allele was performed using a three primer PCR system 

developed by the Loscalzo Laboratory. The three primers used are 5’-

GAAGTGGAGCTATCAGAGCA-3’ (forward primer), 5’-

TGGCTCTTGGTTCTGAAACC-3’ (reverse primer, WT), 5’-

GAGGTCGACGGTATCGATA-3’ (reverse primer, KO). The PCR condition is 94°C for 
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1 min, 60°C for 1 min and 72°C for 1 min for a total of 30 cycles. The wild-type allele 

gives an 800 bp product, whereas the deleted allele gives a 450 bp product. Human CBS 

allele was examined using a primer pair developed by the Kruger Laboratory. The two 

primers used are 5’-ATGTAGTTCCGCACTGAGTC-3’ (forward primer), 5’-

AGTGGGCACGGGCGGCACCA-3’ (reverse primer). The human CBS gene product is 

380 bp. The PCR condition is 94°C for 30s, 60°C for 30s and 72°C for 30s for a total of 

30 cycles. The PCR products were separated by 2% agarose gel and examined by a Foto 

analyst image system (Hartland, WI). 

 

Genotyping for the mouse Icam-1 allele was performed using a three primer PCR system 

developed by the Jackson Laboratory. The three primers used are 5’- CAGCTA 

CCATCCCAAAGCTC-3’, 5’- GTAGACTGTTAAGGTCCTCTG-3’, 5’- TGGATG 

TGGAATGTGTGCGAG-3’. The PCR condition is 94°C for 1 min, 63°C for 1 min and 

72°C for 1 min for a total of 30 cycles. The wild-type allele gives a 280 bp product, 

whereas the deleted allele gives a 375 bp product. 

 

Photo dye-induced thrombosis model 

The photo dye-induced thrombosis model was modified from previously reported 

(Rumbaut et al., 2004). Mice were anesthetized with intraperitoneal injection of 

pentobarbital (50 mg/kg) and maintained at 37ºC on a thermo-controlled rodent blanket. 

The cremaster muscle was exteriorized as following. A midline incision was made 

through the skin and fascia and the cremaster muscle was dissected from the connective 

tissue. The exposed muscle was pinned gently on a pedestal. The testis and epididymis 
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were pushed back gently into the abdominal cavity and the cremaster was superfused 

continuously with bicarbonate-buffered saline (NaCl 127 mM, KCl 4.7 mM, CaCl2·2H2O 

2 mM, MgSO4 1.2 mM, NaHCO3 28 mM, and glucose 5 mM). The buffer was bubbled 

continuously with 95% N2–5% CO2 gas mixture to maintain a pH 7.35~7.45. The 

temperature of the buffer was maintained at 35ºC. 10 mL/kg of 5% FITC-dextran was 

slowly retro orbital injected and allowed to circulate for 10 min prior to photoactivation 

of the vessel. Then photoactivation was initiated by exposing 100 µm of vessel length to 

epi-illumination. Only vessels within the following criteria are included in the study: 

venule 40~50 µm, velocity 2.0~4.9 mm/s, shear rate 200~700; arterioles 30~40 µm, 

velocity 5~12 mm/s, shear rate 800~2000. Epi-illumination was applied continuously and 

the progress of platelet adhesion and thrombus formation. Microvessel data were 

obtained using an upright microscope (Olympus BX51, Japan) with water immersion 

objective and the image was recorded using a digital camera (Photometricis quant-EM, 

Tucson, AZ) and stored directly in the computer. Data were further analyzed by 

metamorph software. The occlusion time was determined at the time that the vessel 

lumen was fully occluded by the thrombus (occlusion time). 

 

FeCl3-induced thrombosis model 

The FeCl3–induced thrombosis model was performed as previously described (Chari et 

al., 2009). Mice were anesthetized with intraperitoneal injection of pentobarbital (50 

mg/kg) and maintained at 37ºC on a thermo-controlled rodent blanket. The left common 

carotid artery of the mice was exposed and a miniature doppler flow probe was placed 

underneath the artery. To induce injury, a 1 x 2 mm filter paper soaked with fresh-made 5% 
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FeCl3 was placed on the artery for 2 min. Then the filter paper was removed and followed 

by saline rinsing of the artery to get rid of extra FeCl3. Blood flow was monitored for a 

total of 30 min. The first time of a full occlusion (blood flow drops to zero) and 

stable/unstable thrombus ratio were observed. A stable thrombus was defined as one that 

fully occluded at 30 min after FeCl3 injury. 

 

Tail bleeding assay 

Mice were sedated for 7 min using a vaporizer to deliver 1.5% isoflurane with oxygen. 

After transecting a 2 mm segment of tail tip, the tail was placed in 12 mL of saline 

warmed to 37ºC in a thermal block.  The bleeding time was defined as the time blood 

flow ceased for 1min. 

 

Mouse blood cell count 

50 µL of blood was retrieved retroorbitally from each mouse using the capillary glass 

tube coated with EDTA. The hemostatic parameters such as platelet counts and red blood 

cell counts were directly measured using a Hemavet 950 FS blood cell counter (Drew 

Scientific, Dallas, TX). 

 

Prothrombin time (PT) and activated partial thrompl astin time measurement 

(APTT) 

Mouse blood was drawn via cardiac puncture into one-tenth volume of 3.2% sodium 

citrate. Blood was then spun at 3000 rpm for 15 min to separate the plasma. PT was 

measured using a STA® Neoplastine kit. 50 µL plasma was added into a well and 
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incubated in 37ºC for 50s. 100 µL PT reagent was added and the prothrombin time was 

directly read. APTT was measured using a HemosIL ATPP-SP kit as following: 50 µL 

plasma and 50 µL HEPES was added into each well. Then 25 µl APTT reagent was 

added and incubated in 37ºC for 2min. APTT was defined as clotted time after adding 

additional 25 µL 25 µM CaCl2. 

 

Plasma TF activity measurement 

Plasma TF activity was assessed with a chromogenic assay using an Actichrome TF kit 

from American Diagnostics. Mice plasma was derived using 3.2% sodium citrate as 

anticoagulant. 50 µL assay buffer (5% TF/TF pathway inhibitor (TFPI) depleted plasma) 

and 25 µL mouse plasma or TF standard (0-30 pM) were added to one well of a 96 well 

plate. Then 25 µL human factor VII and 25 µL human factor X were added to each well 

and incubated at 37ºC for 15 min. Then 25 µL spectrozyme FXa substrate was added to 

each well and incubated at 37ºC for 30 min. Reactions were stopped by glacial acetic 

acid and directly read under the microplate reader for OD405 nm and OD490 nm.  

  

Mouse platelet isolation and preparation 

Blood was drawn via cardiac puncture into one-tenth volume of 3.2% sodium citrate. 

Blood was then spun at 100g for 10 min and the platelet-rich plasma (PRP) was removed. 

Blood were mixed with 400 µL more 3.2% sodium citrate and spun for a further 10 min 

at 100g. Resulting PRPs were combined, 1 µM PGE1 added and centrifuged for 10 min 

at 400g. Platelet pellet was resuspended in HEPES buffered Tyrodes solution (10 mM 

HEPES pH 7.4, 137 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.42 mM NaH2PO4, 5 mM 
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glucose, 0.2% BSA and 0.2 U/mL apyrase). Platelet counts were adjusted using a Z1 

Coulter Particle Counter (Beckman Coulter, Brea, CA) or Hemavet 950 FS and adjusted 

to 2x108 cells/mL. 

 

Human platelet isolation and preparation 

Blood was drawn from informed healthy volunteers into one-sixth volume ACD (85 mM 

sodium citrate, 111 mM glucose, 71.4 mM citric acid) according to a protocol approved 

by the Institutional Review Board of Temple University. PRP was isolated by 

centrifugation at 200g for 15 min and incubated with 1 mM aspirin for 30 min at 37°C. 

Platelets were obtained by centrifugation for 10 min at 800g and resuspended in HEPES 

buffered Tyrodes solution. Platelet counts were adjusted using Hemavet 950 FS and 

adjusted to 2x108 cells/mL unless otherwise stated. 

 

Platelet aggregation and dense granule secretion measurement 

300 µL washed platelets were put into a lumi-dual aggregometer (Chronolog, Havertown, 

PA) set at a temperature of 37ºC with a stirring rate of 900rpm. Platelets were then 

directly treated with agonists or Hcy as indicated in each experiment in the result section. 

Light transmission was recorded by a chart recorder (Kipp and Zonen, Bohemia, NY) set 

at 0.2 mm/s to determine platelet activation and aggregation. ATP secretion was 

monitored using a luciferin-luciferase reagent (DuPont, Wilmington, DE). 1.6 mg/mL 

final concentration of the reagent was added prior to agonist treatment. 
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HPBMC isolation and culture  

Blood was drawn from informed healthy volunteers according to a protocol approved by 

the Institutional Review Board of Temple University. Human PBMCs were isolated by 

differential density gradient separation using histopaque 1.077 (Lechner, Liebertz, & 

Epstein). Mononuclear cells were allowed to adhere to culture dish for 1 hr. Attached 

cells were suspended in RPMI1640 medium supplemented with 10% FBS, 2 mM L-

glutamine, 10 mM HEPES, 0.1 mM nonessential amino acid, 1 mM sodium pyruvate, 

and 1% antibiotics (penicillin, streptomycin).  

 

Tissue preparation  

Mice were anesthetized by sodium pentobarbital. Carotid artery or cremaster tissue were 

excised, excess tissue was trimmed off and then fixed with 4% paraformaldehyde (PFA) 

for 1 hr. The tissues were embedded in optimal cutting temperature compound (OCT), 

sectioned at 7~12 µm thickness, and then immunofluorescence staining or other staining 

was performed.  

 

Hematoxylin and eosin (HE) staining 

Tissue slices were put in 1×PBS to get rid of OCT and cell nuclei were stained with 

Hematoxylin for 2 min. Slides were then rinsed in tap water for 3 min to rinse the excess 

stain. Slides were then counterstained with Eosin for 35s to stain the cytoplasm. Slides 

were then rinsed in tap water for 1 min, followed by being left in 70% ethanol, 90% 

ethanol and 100% ethanol for 5 min twice to dehydrate the tissue. Slides were put in 

xylene for overnight to get rid of ethanol and mounted with xylene based mounting 
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media. 

 

Immunostaining 

Slides were first blocked with 5% donkey serum for 30 min, then sequentially incubated 

with a rat anti-mouse CD31 monoclonal antibody (Chemicon, Ramona, CA), a donkey 

anti-rat-FITC antibody and finally with 4', 6-diamidino-2-phenylindole (DAPI) for 

nuclear staining. Normal rat IgG2b was used as the isotype control. 

 

EC culture 

Human umbilical vein ECs (HUVEC) and human aortic ECs (HAEC) were cultured in 

M199 medium supplemented with 20% fetal bovine serum, 50 g/mL EC growth 

supplement and 50 g/mL heparin. In some experiment, 50 µM adenosine and 10 µM 

erythro-9-(2-hydroxy-3-nonyl)-adenine (EHNA) were added to the medium. 

 

Plasma, tissue and intracellular SAM, SAH, Met and Hcy measurement 

4×105 HUVEC were seeded in 10 cm dishes and treated with Hcy for 24 hr. Then cells 

were washed with PBS and cell pellets were harvested. Then cell pellets were directly 

dissolved in 100 µL 0.1 M perchloric acid (PCA) or directly frozen in liquid nitrogen. 

Hcy, SAM, SAH, Met and other metabolites concentrations were measured by liquid 

chromatography/electrospray tandem mass spectrometry methods as described previously 

(D. Liao et al., 2006). 
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Primary mouse mesentery arteriolar EC isolation 

Mice were anesthetized by sodium pentobarbital and mesentery arteries were dissected 

and digested with 1 mg/mL collagenase type I for 45 min at 37ºC. Then the single cell 

suspension was labeled and selected with sheep anti-rat magnetic beads coated with anti-

CD31 antibody. Then selected cells were seeded in 50 µg/mL collagen type I coated 

plates with EGM-2MV EC growth medium supplemented with 10% FBS. After 

confluence, cells were subcultured for future experiments. 

 

Protein extraction and western blot analysis 

Cultured cells or tissue samples were homogenized in lysis buffer (50 mM Tris-Cl pH 

6.8, 100 mM NaCl, 1 mM DTT, 1 mM EDTA, 1 mM PMSF, 1% SDS, 3.25% glycerol 

and protease inhibitor), boiled for 10 min and followed with sonication. 50~100 µg 

protein were solubilized in sample buffer (0.1 M Tris-Cl, 2% SDS, 1% glycerol, 0.1% 

bromophenol blue, and 100 mM DTT), boiled for 10 min and loaded in SDS 

polyacrylamide gel. Proteins were separated by gel electrophoresis and transferred onto 

nitrocellulose membranes. Blots were stained with 1% Ponceau S for loading controls. 

Then blots were blocked with 5% nonfat milk in PBST (PBS + 0.1% Tween) for 1 hr at 

room temperature and probed with primary antibody overnight or longer time at 4°C. 

Blots were then washed 4 times with PBST for 10 min. HRP conjugated anti-mouse, 

rabbit or goat secondary antibodies were incubated for 1 hr at room temperature. Blots 

were washed for 4 times with PBST for 10 mins. Then antigen-antibody complexes were 

detected by film exposure and development. Densities were calculated with Image Gauge 

software (Fujifilm Medical Systems, Stamford, CT). 
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RNA extraction, semi-quantitative PCR and Real-Time PCR 

mRNA was extracted from cultured cells or tissues using Trizol followed with 

chloroform extraction and isopropyl alcohol precipitation. The mRNA was reverse 

transcribed into cDNA and then specific primers for targeted gene such as ICAM-1 and 

β-actin were used for PCR amplification. For real-time PCR, a SYBR-green PCR system 

was used and ran on StepOnePlus real-time PCR system from life technologies 

(Carlsbad, CA). 

 

Cytokine array 

A mouse cytokine array from R&D systems was used. The nitrocellulose membranes 

pre-spotted with 40 cytokines and chemokines antibodies were first blocked with 1× 

blocking buffer for 1hr. Then cell lysates or supernatant together with reconstituted 

antibody cocktail were directly added to the membrane and incubated overnight at 4ºC. 

Then membranes were washed with 1× wash buffer three times and incubated with 

Streptavidin-HRP for 30 min at room temperature, then wash three times with 1× wash 

buffer. Finally antigen-antibody complexes were detected by film exposure and 

development. 

 

Electrophoretic mobility shift assay (EMSA) and nuclear factor κκκκB (NFκκκκB) activity 

Nuclear proteins were prepared as described (Dignam, Lebovitz, & Roeder, 1983). 

Briefly, HUVEC treated in vitro by Hcy 50 µM or Hcy 50 µM for 24 hr and LPS 100 

ng/ml or TNF-α 10 ng/ml for the last hour.  ECs were washed once with ice-cold PBS,   

collected, and centrifuged at 5000 rpm for 30s. Supernatant was removed and 700 µL 
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buffer A (10 mM HEPES pH 7.8, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT and 0.2 

mM PMSF) was added to the pellet and it was left on ice for 10 min. Samples were 

centrifuged at 5,000 rpm for 30s and the pellet was dissolved in buffer C (20 mM HEPES 

pH 7.8, 1.5 mM MgCl2, 25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT and 

0.2 mM PMSF). After gentle mix and another 20 min on ice, samples were centrifuged at 

13,000 rpm for 2 min and the supernatants were collected as nuclear extract. Protein 

concentration was measured using BCA protein assay. 5 µg nuclear protein was 

incubated with 50 fM 5-IRD-700-labeled NF-κB oligo 5’- 

AGTTGAGGGGACTTTCCCAGGC – 3’. Incubation (1x binding buffer, 2.5 mM DTT, 

0.25% tween 20, 0.05 µg/µL poly dI·dC) were carried out in room temperature for 30 min 

using an EMSA kit. 100 fold of unlabeled consensus NF-κB oligo were added to the 

incubation for competition assay. 1 µg NF-κB p50 antibody were pre-incubated with 

nuclear extract for 3 hour at 4 ºC and then added to the incubation for super shift assay. 

After 30 min incubation at room temperature, the mixtures were loaded onto 5% 

polyacrylamide gel in 0.5xTris borate – EDTA (TBE) buffer and run at 100V for 1h at 

4ºC. The gels were directly scanned by the Licor Odyssey infrared imager. 

 

Static and flow adhesion assay 

Static adhesion assay was performed as following: HUVEC 4~6 passages were 

subcultured and seeded on 24 well plate. HPBMC or human platelets were isolated as 

previous described. Then PBMC or platelets were stained with calcein AM 2 µM for 30 

min at 37ºC. 1×106/mL HPBMC or 1×109/mL human platelets were suspended in either 

0.5 mL 1640 medium and 0.5 mL M199 medium or Tyrode’s buffer and added to 
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HUVEC monolayer. After 1 hr incubation in 37ºC, unattached cells were washed away 

by PBS and then the plate was read in a fluorescence microplate reader and images were 

taken under a fluorescence microscope for quantification. Flow adhesion assay was 

performed as following: HUVEC were seeded on 35 mm petri dish. 35 mm petri dish 

with HUVECs was assembled onto a flow chamber deck (GlycoTech). A syringe pump 

(Harvard Apparatus) was programmed to withdraw fluid through the flow chamber at a 

rate of 0.918 ml/min to achieve a shear rate of approximately 60s-1. 1×106/mL human 

PBMC isolated as previously described and used to perfuse over HUVECs for 10 min. 

The unattached PBMC were washed away by PBS and fixed with 4% PFA. The petri 

dishes were examined directly under a microscope and the HPBMC numbers in at least 

three 100× fields were counted.  

 

Reporter gene construction and promoter activity study 

The human ICAM-1 5’-flanking region was cloned. PCR fragments, 3 kb (-2614/386), 1 

kb (-606/386), 626 bp (-240/386) and 297 bp (89/386) were inserted into a promoterless 

luciferase reporter plasmid, pGL3-basic (Promega, Madison, WI). Promoter activity of 

the ICAM-1 constructs was examined in cultured HUVECs by transient transfection and 

luciferase assay as we previously described (H. Wang et al., 2002). Plasmid pCMV-

renilla expressing renilla luciferase was cotransfected to correct for variability in 

transfection efficiency. The ratio of firefly luciferase activity to renilla luciferase activity 

in each transfection served as a measure of normalized luciferase activity. 
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Chromatin immunoprecipitation (ChIP) assay 

HUVECs were cultured to 80% to 90% confluence on 150-mm plates and treated with 50 

µM DL-Hcy and 1 µM AZC for 48 hours, or histone deacetylase inhibitors trichostatinA 

(TSA, 300 nM) and sodium butyrate (NaBr, 5 mM) for 24 hours. ChIP assay was 

performed as previously described (Jamaluddin et al., 2007). Cells were treated with 1% 

formaldehyde for 8 min to cross-link proteins to DNA. Then cells were collected and 

washed with PBS containing 1 mM PMSF followed by ice-cold solution 1 (0.25% Triton 

X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM HEPES pH 7.5), and solution 2 (0.2 M 

NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM HEPES pH 7.5). Thereafter the pellet was 

resuspended in 0.5 mL of lysis buffer (150 mM NaCl, 25 mM Tris-Cl pH 7.5, 5 mM 

EDTA, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, and protease 

inhibitors) and sonicated. The lysate was diluted to 1 mL in lysis buffer, and a 20 µL 

aliquot was saved as input. The rest of the nuclear extracts was precleared with 2.5 µg 

rabbit IgG and then protein A–agarose, and subsequently immunoprecipitated with 

antibodies against methyl CpG–binding protein 2 (MeCP2), acetylated histone 3 (AcH3) 

or acetylated histone 4 (AcH4) overnight at 4°C. Immunoprecipitated complexes were 

collected by adding salmon sperm DNA/protein A–agarose slurry for 1 hour at 4°C and 

washed sequentially with radioimmune precipitation assay buffer (150 mM NaCl, 50 mM 

Tris-Cl pH 8.0, 0.1% SDS, 0.5% sodium deoxycholate, 1.0% Nonidet P-40), high salt 

wash (500 mM NaCl, 1.0% Nonidet P-40, 0.1% SDS, 50 mM Tris-Cl pH 8.0), LiCl wash 

(250 mM LiCl, 1.0% Nonidet P-40, 0.5% sodium deoxycholate, 1 mMEDTA, 50 mM 

Tris-Cl pH 8.0), and TE buffer (pH 8.0). The beads were then treated with RNase A (50 

µg/mL) and proteinase K (7.5 µL of 20 mg/mL) at 37°C for 30 min. Cross-links were 
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reversed at 65°C overnight. DNA was extracted with phenol/chloroform and 

coprecipitated with glycogen, dissolved in 25 µL TE buffer, and subjected to PCR 

amplification of ICAM-1 promoter. 

 

Pyrosequencing 

HUVECs were cultured to 80% to 90% confluence on 10 cm plates and treated with or 

without 50 µM DL-Hcy for 48 hr. Then DNA was collected using Qiagen Allprep 

DNA/RNA kit (Hilden, Germany). DNA concentration was measured in a Nanodrop 

machine. Bisulfite Conversion was performed using a Sigma Imprint Kit and purified 

with a Qiagen Allprep DNA/RNA kit. Then 50 µL of 20 µg/mL DNA of each sample 

was send out to EpigenDx, Inc for pyrosequencing of the ICAM-1 promoter region. 

 

Fluorescence activated cell sorting (FACS) analysis  

Single cell suspension was prepared from mouse peripheral blood, spleen and bone 

marrow. Bone marrow from both tibias and femurs were harvested by inserting needles 

into the bone and flush with HBSS supplemented with 2% FBS and filtered through 70 

µm cell strainer (BD Falcon, San Jose, CA). Peripheral blood was drawn via postorbital 

puncture with heparinized microhematocrit capillary tubes (BD, Franklin Lakes, NJ). 

Spleens were removed, homogenized gently between the frosted ends of the slides at 4°C, 

and filtered through a 70 µm cell strainer. Peripheral blood was lysed with ACK lysis 

buffer (0.15 M NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA). The resulting single-cell 

suspensions were counted in the Z1 Coulter Particle Counter. 100 µL of blood or 1×106 

of spleen and bone marrow cells were used for FACS analysis. Isolated peripheral blood, 
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spleen and bone marrow (BM) cells were co-incubated with monoclonal antibodies to 

CD11b (anti-CD11b, clone M1/70)–PE and Ly-6C (anti-Ly6C, AL21)-FITC (BD 

PharmingenTM, San Diego, CA). Flow cytometry analysis was performed on a 

FACSCalibur (BD Biosciences，San Jose, CA). Data were analyzed using the FlowJo 

software (Tree Star Inc., Ashland, OR). 

 

Data analysis 

Data were analyzed using a Student’s t-test. Statistical significance was determined at 

the alpha level of 0.05. Results are expressed as the mean±SEM. Statistical comparisons 

between 2 groups were performed via Student t test. One-way ANOVA was used to 

compare the means of multiple groups. P<0.05 was considered significant. 
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CHAPTER 3 

RESULTS 

 

HHcy’s role in eliciting thrombotic disease has been very well demonstrated in clinical 

studies where HHcy patients have thrombotic disease in their early 30s or 40s and in vitro 

studies. However, the role of the interactions of major cell types such as EC, platelet and 

monocyte are not well characterized in HHcy accelerated thrombosis. Here we 

demonstrate that HHcy’s prothrombotic effect is largely mediated through EC injury and 

endothelial attraction of platelets and monocytes, but not via a direct potentiating effect 

on platelet/monocyte. In addition, we present evidence that point to ICAM-1 as one of the 

major membrane molecules that mediates the increased platelets adhesion to HHcy 

injured ECs. Finally, we indicate that Hcy induced ICAM-1 gene expression through 

hypomethylation of its core promoter region, not through ROS signaling or direct 

transcription factors activation such as NFκB. 

 

Mouse genotyping  

Mouse genotype for the Cbs allele was tested using PCR. The PCR products were then 

separated by gel electrophoresis. As shown in Figure 3.1A, homozygous Cbs-deficient 

(Cbs-/-) mice have only one band with a size of 450 bp. Wild type littermate (Cbs+/+) has 

only one band with a size of 800 bp. Heterozygous Cbs deficient (Cbs+/-) mice have both 

the wild type 800 bp band and the KO 450 bp band. The homozygous Cbs allele 

deficient mice are used as experiment group and the heterozygous or wild type mice are 

used as control group in further experiments. Transgenic human CBS gene was 
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examined by a 380 bp band. Mice genotype for the Icam allele was tested using PCR. As 

shown in Figure 3.1B, Icam-1-/- mice have only one band with a size of 375 bp. Wild 

type littermate (Icam-1+/+) has only one band with a size of 280 bp. Heterozygous Icam-

1+/- mice have both the wild type 280 bp band and the KO 375 bp band.  

 

 
 

 
 

 

Figure 3.1. Genotyping of human CBS transgene, mouse Cbs gene and mouse 

Icam-1 gene by PCR analysis. DNA was extracted from mouse toe. PCR products 

were separated by 1.2% agarose gel. A. Genotype of human CBS and mice Cbs gene. 

The mouse wild type Cbs band is 800 bp while the KO Cbs band is 450 bp. Transgene 

human CBS is 380 bp. B. Genotype of mice Icam gene. Mouse wild type Icam-1 band 

is 280 bp while the KO Icam-1 band is 375 bp. M, mouse; KO, knockout; M, 

molecular marker. 
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HHcy accelerates photo dye-induced thrombus formation in cremaster arterioles 

(EC-platelet interaction model), but not FeCl3-induced thrombus formation (EC 

denudation model) in carotid artery 

Cbs-/- mice have a plasma Hcy level reaching up to 200 µM and most die within 5 weeks 

postnatal (Watanabe et al., 1995a). To circumvent this problem, a transgenic human CBS 

mouse was created in Dr. Kruger’s laboratory in Fox Chase Cancer Center. In these mice, 

the human CBS cDNA is controlled by a zinc-inducible metallothionein promoter. A Tg-

hCBS Cbs-/- mouse model was created by crossing Tg-hCBS mice with Cbs-/- mice. Mice 

were fed with water supplemented with 25 mM zinc sulfate (ZnSO4) during pregnancy 

and lactation to induce human CBS gene expression. 

 

Tg-hCBS Cbs-/- mice and their WT or heterozygous control mice were used for 

thrombosis studies. They were provided with 25 mM ZnSO4 containing water during the 

first month after birth and then replaced with common drinking water to induce HHcy 

status. At the end of three months, Tg-hCBS Cbs-/- mice had plasma total Hcy (tHcy) level 

ranging from 50~100 µM with mean plasma tHcy level about 80 µM, shown in figure 

3.2A. The WT mice and heterozygous littermates all had tHcy level less than 10 µM.   

 

To investigate the role of HHcy in thrombus formation in vivo, we first performed photo 

dye-induced thrombosis model in mouse cremaster vasculature. Photo dye-induced 

thrombosis is a well-established model and it allows for the examination of the EC-

platelet interaction in vivo. 3 months old Tg-hCBS Cbs-/- and their control littermates were 
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used in this study. HHcy accelerated cremaster arteriolar thrombosis and decreased blood 

flow cessation time from 41.8 min in control mice to 30.5 min in Tg-hCBS Cbs-/- mice 

(p<0.05) (figure 3.2B). Venular blood flow cessation time was slightly decreased from 

5.6 to 5.0 min (figure 3.2C); however, there is no statistical significance due to the large 

variations. Figure 3.3 shows typical thrombus formation in a cremaster venule and an 

arteriole in a Tg-hCBS Cbs-/- mouse. In the venule, after pinpoint exposure to UV light 

stimulation, platelets gradually adhered to activated ECs and finally formed a full 

occlusion within 10 min. Platelets were the major cellular components of a venular 

thrombus with occasional leukocytes.  In the arteriole, after exposure to UV light, the 

arteriole first constricted and then dilated. Platelets started to adhere to the endothelium at 

10 min and it usually took 25~40 min to form a full occlusion. The arteriolar thrombus 

mainly consisted of platelets. 

 

To further determine HHcy’s prothrombotic role required EC participation, we tested the 

thrombus formation in in vivo FeCl3-induced thrombosis model in carotid artery. FeCl3 

damages the vessel structure and denudates ECs to expose underneath extracellular 

matrix such as collagen. In this model, platelets quickly bind to collagen and get activated. 

To our surprise, HHcy did not significantly accelerate thrombosis in terms of both first 

occlusion time and stable/unstable occlusion ratio after two min application of 5% FeCl3 

to carotid artery in comparison to that in control mice, shown in figure 3.4. HE staining 

(figure 3.5) clearly demonstrates ECs denudation as well as damage of vessel structure 

and elastic lamina where vessels were exposed to FeCl3; as a morphological control, a 

nearby area that was spared from FeCl3 injury had intact EC layer with EC nucleus on the 
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top of the elastic lamina. Platelets were the major components of the FeCl3-induced 

thrombus. Taken together, our results demonstrated that HHcy accelerates thrombus 

formation in arterioles in an EC-dependent manner. 
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Figure 3.2.  HHcy accelerates photo dye-induced thrombus formation in cremaster 

arterioles. Photo-dye induced thrombus formation in cremaster microvasculature were 

examined in three groups of mice (n=12 in each group), Tg-hCBS Cbs+/+, Tg-hCBS 

Cbs+/-, and  Tg-hCBS Cbs-/-.  Tg-hCBS Cbs-/- is the HHcy group while the other two 

groups are control groups. A. Total plasma Hcy levels. B. Occlusion time of arterioles. 

C. Occlusion time of venules. D. Body weight. E. Diameter of arterioles. F. Diameter of 

venules. Values are mean±SEM. p values are from independent tests. * represents 

p<0.05. NS represents no significant difference. 
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Figure 3.3. Thrombus formation in a venule and an arteriole  using photo dye injury. 

A. Thrombus formation in a venule. B. Thrombus formation in an arteriole. The white 

arrows indicate thrombus formation. The blue arrow indicates a rolling leukocyte. 
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Figure 3.4.  HHcy did not change FeCl3-induced thrombus formation in carotid 

artery. Three groups of mice were examined: Tg-hCBS Cbs+/+ (n=7), Tg-hCBS Cbs+/- 

(n=8) and Tg-hCBS Cbs-/- mice (n=6). The FeCl3 injury was performed on the left 

common carotid artery to induce thrombus formation. A. One representative Doppler 

tracing of blood flow of carotid artery with FeCl3 injury. B. Baseline blood flow rate of 

carotid artery. C. The first occlusion time. D. Percentage of stable and unstable 

occlusion.  
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Figure 3.5.  HE staining of FeCl3 injured and intact carotid arteries.  In intact carotid 

artery, arrow points to the intact vessel with ECs. In injured vessel, arrow points to the 

damaged vascular structure and EC denudation while star shows the platelet rich 

thrombus. 
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HHcy did not change several important hemostatic parameters and did not 

potentiate human or mouse platelets 

To examine the role of platelets and coagulation system in HHcy condition, we also 

measured a series of hemostatic parameters in Tg-hCBS Cbs-/- and their controls mice. 

Tail bleeding time is a typical indicator of platelets function and homeostasis 

(Chrzanowska-Wodnicka, Smyth, Schoenwaelder, Fischer, & White II, 2005). PT and 

APTT are classical indicators to examine extrinsic and intrinsic coagulation pathway 

respectively. TF is the initiator of extrinsic coagulation and plasma TF activity was 

examined. Platelet numbers and mean platelet volume were also examined. As shown in 

figure 3.6, none of these parameters were significantly different in HHcy mice in 

comparison to that of control mice, indicating that coagulation system and platelets 

function is not the major contributor to HHcy-induced thrombosis.  

 

We then examined in vitro aggregation and dense granule secretion function in both 

human and mouse washed platelets using suboptimal and optimal concentrations of 

agonists such as CRP, AYPGKF peptide (a PAR4 specific agonist peptide) and 2-

MesADP (2-methylthioadenosine-5’-O-diphosphate, an agonist of the nucleoside 

diphosphate receptors including P2Y1, P2Y12 and P2Y13) (figure 3.7). Surprisingly, 

washed platelets from Tg-hCBS Cbs-/- mice had even inhibited aggregation and secretion 

function in response to CRP 2 µg/mL and 2-MesADP 30 nM compared to platelets from 

control mice. In addition, washed platelets from Tg-hCBS Cbs-/- mice showed similar 

aggregation and secretion at the optimal concentration of agonists such as CRP 10 

µg/mL, AYPGKF peptide 100 µM and 2-MesADP 100 nM (figure 3.7A). Interestingly, 
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Hcy-preincubated human wash platelets showed inhibited reaction to suboptimal 

concentration of CRP, AYPGKF peptide and 2-MesADP. Human platelets still had 

inhibited reaction to high concentrations of agonists such as CRP 10 µg/mL and 2-

MesADP 100 nM (figure 3.7B). Taken together, our results suggest that platelets are not 

the major cell type mediating HHcy’s prothrombotic effect. 
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Figure 3.6. HHcy did not change several important hemostatic parameters such 

as tail bleeding time, PT, APTT, plasma TF activity, platelets number and mean 

volume of platelets. Three months old male Tg-hCBS Cbs-/- mice and their control Tg-

hCBS Cbs+/+ and Tg-hCBS Cbs+/- littermates were used. A. Tail bleeding time. B & C. 

APTT and PT. 3.2% sodium citrate anticoagulant plasma were used. D. TF activity of 

mice plasma. E. Platelets count. F. Mean platelet volume. n=7~11 in each group. 
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Figure 3.7. HHcy did not promote mouse and human washed platelets aggregation 

and secretion.  A. mouse platelets from Tg-hCBS Cbs+/+, Tg-hCBS Cbs+/- and Tg-hCBS 

Cbs-/- were stimulated with CRP 2 or 10 µg/ml, AYPGKF peptide 100 or 500 µM and 2-

MesADP 30 or 100 nM. n=3~5 in each group. B. Human washed platelets were 

preincubated with Hcy 50 or 100 µM and then stimulated with CRP 2 or 10 µg/ml, 

AYPGKF peptide 100 or 500 µM  and 2-MesADP 30 or 100 nM.  
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To directly test EC-platelet interaction in vitro, we performed platelets aggregation assay 

in the presence of intact ECs or Hcy-treated ECs suspension, shown in figure 3.8. As 

reported (Enjyoji et al., 1999), intact ECs directly inhibited platelets aggregation. 

However, Hcy-treated ECs even further inhibited platelets aggregation, suggesting that 

the in vitro setting may not be physiologically relevant. 

 

 

 

 

 

 

 
 
 
Figure 3.8. Hcy treated ECs did not promote platelets aggregation. Washed human 

platelets were isolated as described in the method section and adjusted to a density of 

2×108/mL.  0.4 mL 2×108/mL of washed platelets were pre-incubated for 5 min with 200 

µL Tyrode buffer or 200 µL Tyrode buffer with 5 x105/mL of HUVEC treated with 200 

µM Hcy for 24 hr or control HUVEC and then stimulated with 2-MesADP 30 nM,  CRP 

2 µg/mL or AYPGKF peptide 150 µM. Changes in light transmission were measured.  
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HHcy did not directly activate platelets or monocytes  

We have previously demonstrated that HHcy did not potentiate platelets aggregation and 

secretion in vitro. But there is a possibility that the conditions of washed platelets were 

physiologically irrelevant. Here we directly tested Hcy’s effect on platelets and 

monocytes using adhesion assays. In platelets study, we treated washed human platelets 

with either Hcy 50 or 100 µM for 2 hr and let them adhere to intact HUVEC monolayer. 

No increased adhesion was found, see figure 3.9A.  This result was consistent with our 

previous finding that platelets are not the major cell type mediating HHcy’s 

prothrombotic effect. Using both static and flow adhesion assay, HPBMC activated by 

Hcy did not bind more to HUVEC, see figure 3.9B&C. To our surprise, we found that 

Hcy activated monocytes bind more to fibronectin (figure 3.10), indicating that Hcy may 

influence the cell surface expression of integrin α5β1 (White, Livant, Markwart, & 

Arenberg, 2001) or other adhesion molecules that mediate monocytes-extracellular 

matrix binding. 
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Figure 3.9. Hcy did not promote monocytes and platelets adhesion. HUVEC 

passage 6 were seeded in 24 well plate and grown to confluence for adhesion assay. A. 

Static platelets adhesion. Human platelets were isolated and suspended at a density of 

1×109/mL. Then platelets were pre-incubated with Hcy 50 or 100 µM for 2 hr. 

Platelets were then stained with 2 µM Calcein AM at 37ºC for 30 min and 1 ml of 

platelets was used in static adhesion assay. B. Static monocyte adhesion. HPBMC 

were isolated and suspended to a final concentration of 1×106/mL.  Then HPBMC 

were treated with Hcy 50 or 100 µM for 24 hr.  MCs were then stained with 2 µM 

Calcein AM and 1 ml monocytes were used in static adhesion assy. C. Flow 

monocytes adhesion. Similar to B, 1 ml of monocytes adhere to intact EC layer in flow 

condition as described in materials and method. 
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Figure 3.10. Hcy increased monocytes adhesion to fibronectin. HPBMC were isolated 

as described and treated with Hcy for 24 hr. Then PBMC were suspended in 1640 

medium to make a final concentration of 1×106/mL. PBMC attached to fibronectin coated 

plate for 1 hr and nonattached cells were washed away. Then the plate was stained with 

trypan blue and red under OD630 nm in a microplate illuminator. * represents p<0.05. 
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Hcy-treated ECs attracted more monocytes binding  

Previous results from in vivo thrombosis model points to an increased EC-platelet 

interaction while in vitro functional study shows that Hcy did not directly activate 

monocytes. Therefore we investigated Hcy’s effect on ECs using in vitro EC-monocyte 

adhesion assays. Using both static and flow adhesion assays, we found that Hcy 50 µM 

treatment of HUVEC for 24hr increased HPBMC adhesion by 20% in static condition 

and by 100% in flow adhesion assay, shown in figure 3.11. 

             
Figure 3.11. Hcy treated ECs promoted more monocytes binding. HUVEC 

passage 4-6 were seeded on 24 well plate and treated with adenosine 25 µM alone or 

Hcy 50 µM plus adenosine 25 µM for 24 hr. HPBMC were isolated, stained with 

calcein AM 2 µM for 30 min at 37ºC and used for adhesion assay.  A. Static adhesion 

assay. B. Flow adhesion assay. HUVECs were assembled onto a flow chamber deck. 

Syringe pump was programmed to withdraw fluid through the flow chamber at 0.918 

mL/min to achieve a shear rate of 60s-1. The petri dish was examined directly under a 

microscope and the HPBMC numbers in three 100× fields were counted. * represents 

p<0.05. 
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Hcy promoted ECs to attract platelet adhesion  

Previous results from in vivo thrombosis model points to Hcy’s prothrombotic effect to 

ECs and in vitro functions show that Hcy did not direct activate platelets. Here we further 

examined the hypothesis that HHcy accelerates thrombus formation by promoting ECs 

and EC dependent platelet adhesion. We investigated Hcy’s effect on ECs using in vitro 

EC-platelet adhesion assay. We found that Hcy increased platelets adhesion to HUVEC 

in a dose dependently manner (figure 3.12), indicating that ECs are the major target of 

Hcy that contributes to a prothrombotic condition. 

 

 

Figure 3.12. Hcy stimulation of EC promoted more platelets binding. HUVEC  

passage 4-6 were cultured and used. HUVEC were seeded on 24 well plate and treated 

with adenosine 25 µM alone or Hcy 50 µM plus adenosine 25 µM for 24 hr. Human 

platelets 1×106/mL were stained with Calein AM and adhered to ECs. A. Static adhesion 

assay. B. Typical picture in each treated group. * represents p<0.05. 
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Hcy increased cell surface expression of ICAM-1, but not VCAM-1, P-selectin, E-

selectin, PSGL-1 and αvβ3 in HUVEC, HCMEC and HAEC 

To explore the molecular targets of Hcy on ECs, we tested several adhesion molecules 

and integrins that have been reported to play a role in EC-platelet interactions or EC-

monocyte interactions including ICAM-1, VCAM-1, E-selectin, P-selectin, PSGL-1 and 

αvβ3 by FACS analysis. To exclude the cell type-specific effect, we used human primary 

ECs from veins, arteries and microvessels. To our surprise, only ICAM-1 cell surface 

expression was upregulated in HUVEC, HCMEC and HAEC after 24 hr treatment of Hcy 

50 µM, suggesting that ICAM-1 is the major target of Hcy on ECs, see figure 3.13. Hcy  

also upregulated PSGL-1 in HAECs. 
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Figure 3.13. Cell surface expression of adhesion molecules on ECs.  HUVEC, 

HAEC and HCMEC passage 4-6 were subcultured and seeded in 6 well plates. They 

were treated with Hcy 50 µM for 24hr. Then ECs were detached by dissociation 

reagent and stained with fluorescence-labeled antibody to adhesion molecules ICAM-

1, VCAM-1, P-selectin, E-selectin, PSGL-1 and αvβ3 for 30 min at 4ºC and analyzed 

with flowcytometry. Data were analyzed with flowjo. Shaded curves represent control 

ECs while red curves represent Hcy challenged ECs. 
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Hcy increased ICAM-1, but not VCAM-1, TF or vWF expression in HUVEC 

To further confirm the induction of ICAM-1 in ECs, we performed western blot to 

examine the protein expression of ICAM-1, VCAM-1, TF and vWF in HUVEC. In 

accordance with previous finding, only ICAM-1 was significantly upregulated in 

HUVEC, not VCAM-1. Other two coagulation initiation factors, TF and vWF expression 

were not significantly changed by Hcy treatment. We concluded that Hcy increased 

ICAM-1 expression in ECs. 

 

 

 
 

Figure 3.14. Hcy induced ICAM-1 expression in HUVEC. HUVEC passage 4-6 were 

treated with Hcy 50µM for 24 hr. Then protein were extracted and used for western blot 

assay to detect ICAM-1. VCAM-1, vWF, TF and β-actin.  
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ICAM-1 blocking antibody partially blocked Hcy enhanced EC-platelet interaction in in 

vitro adhesion assay 

To verify ICAM-1’s role in mediating increased platelets-ECs interaction, we first 

performed the siRNA knockdown of ICAM-1 in in vitro cultured ECs; however, the 

transfection reagents themselves tremendously increased ICAM-1 cell surface expression 

and siRNA cannot lower ICAM-1’s expression further. After trying out all the 

transfection reagents commercially available, we finally gave up and switched to using 

blocking antibody of ICAM-1. Figure 3.15 shows that ICAM-1 blocking antibody could 

partially block the increased platelet adhesion to HUVEC by Hcy, indicating ICAM-1 is 

one of major mediating molecules; however, other molecules such as prothrombotic 

cytokines may also play a role in this interaction. 
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Figure 3.15. ICAM-1 antibody blocked Hcy’s effect of enhanced platelets-ECs 

interaction. HUVEC passage 6 were seeded in 24 well plate and treated with Hcy 50 µM 

for 24 hr and used for adhesion assay. ICAM-1 blocking antibodies were added in the last 

hour of the treatment. Washed human platelets from healthy donor were stained with 2 

µM Calcein AM at 37ºC for 30 min. 1x109 platelets were seeded to each well and 

allowed for adherence for 1hr. Then the unattached platelets were washed away and the 

plate was directly read with a fluorescence plate reader. * represents p<0.05. 
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Zinc-induced Hcy lowering therapy rescues HHcy accelerated thrombus formation 

in cremaster arterioles 

Recent clinical trials failed to rescue CVD using Hcy-lowering therapy by supplement of 

vitamin B and folate acid. This challenges the causative role of HHcy in CVD and 

thrombosis. Our previous data showed that HHcy accelerated arteriolar thrombosis using 

a photo dye-induced thrombosis model in Tg-hCBS Cbs-/- mice. The Tg-hCBS Cbs-/- 

mouse model is very unique in that its transgene human CBS is under a zinc responsive 

promoter. In adult mice, supplement of 25 mM ZnSO4 for two weeks reduced Hcy level 

of Tg-hCBS Cbs-/- mice from 80 µM to normal (figure 3.16). And this supplement did not 

further decrease Hcy level in heterozygous CT mice. So this mice provide us a perfect 

model to examine HHcy’s role in elicitating thrombosis and in theory, HHcy lowering 

therapy by zinc water could reverse the accelerated thrombosis. 

 

To further demonstrate the causative effect of HHcy in thrombosis, Hcy-lowering therapy 

reduced Hcy level from 80 µM to 6.8 µM after 2 weeks of ZnSO4 water feeding and 

prolonged arteriolar blood cessation time from 30.5 to 37.8 min (figure 3.16B).  And 

venular occlusion time was prolonged from 5 min to 6.5 min (figure 3.16C). In contrast, 

the occlusion time in both arterioles and venules were not significantly changed in HHcy 

mice in comparison to control group with feeding of ZnSO4 water. 
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Figure 3.16. Hcy-lowering therapy rescued the accelerating thrombosis. Four group 

of mice were used. The Tg-hCBS Cbs-/- group is the HHcy group and its control group is 

the Tg-hCBS Cbs+/-. Hcy-lowering therapy groups were Tg-hCBS Cbs-/- and Tg-hCBS 

Cbs+/- mice supplemented with zinc water for the last two weeks prior to experiment.  A. 

Plasma total Hcy level.  n=5~12 in each group.  B. Occlusion time of arterioles.  n=9~12 

in each group. C. Occlusion time of venules. D. Body weight.  E.  Diameter of arterioles 

examined. F.  Diameter of venules examined. * represents p<0.05. 
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HHcy induced ICAM-1 expression in cremaster tissue, while Hcy-lowering therapy 

rescued it 

In vivo studies have demonstrated that HHcy accelerated thrombosis while Hcy-lowering 

therapy largely rescued this phenotype. ICAM-1 antibody blocked the increased EC-

platelets interaction in vitro. Here we examined the hypothesis that HHcy activates ECs 

by upregulating ICAM-1 transcription. To test this hypothesis, ICAM-1 expression levels 

in mouse cremaster tissue were examined in HHcy mice, control mice and Hcy-lowering 

therapy treated mice by western blot. Consistent to our hypothesis, HHcy mice had 

increased ICAM-1 expression compared with control mice and Hcy-lowering therapy 

decreased ICAM-1 expression level in Tg-hCBS Cbs-/- mice to almost unstimulated level, 

shown in figure 3.17. VCAM-1 and other two coagulation initiation factors, TF and vWF, 

were not significantly changed by HHcy, indicating that HHcy specifically increased 

ICAM-1 expression.  
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Figure 3.17. HHcy induced ICAM-1 expression in cremaster microvasculature 

while zinc water induced Hcy-lowering therapy could reverse this effect. Three 

months old male Tg-hCBS Cbs-/- mice were used while Tg-hCBS Cbs+/- male 

littermates were used as control group. Hcy-lowering therapy groups were fed with 

two weeks of 25 mM ZnSO4 starting from week 10. At 12 weeks, cremaster tissues of 

four groups of mice were isolated, homogenized for protein extraction. 100 µg of 

protein were used for western blot assay to detect ICAM-1, vWF, TF and β-actin. 
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Hcy upregulated ICAM-1 in primary mouse microvascular ECs 
 
To confirm ICAM-1 expression in vascular endothelium is upregulated by HHcy, the 

primary ECs from mouse mesentery microvascular ECs were isolated, challenged with 

Hcy in vitro and harvested to perform the cytokine array which includes 40 inflammation 

related cytokines adhesion molecules such as soluble ICAM-1 (sICAM-1) and 

prothrombotic cytokine IL-6. In supernatant, CCL5, CXCL1, CXCL2, sICAM-1, GM-

CSF, IL-6 and CXCL12 were upregulated in primary mice endothelium cells from HHcy 

mice compared with control mice. In cell lysate, CCL5, CXCL1, CXCL2, sICAM-1, 

GM-CSF, chemokine (C-C motif) ligand 2 (CCL2), G-CSF and CXCL10 were 

upregulated in primary mice ECs from HHcy mice compared with control mice, see 

figure 3.18. 
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Figure 3.18. Hcy upregulated sICAM-1 in primary mouse microvascular ECs. 

Primary mesentery microvascular ECs were isolated from either Tg-hCBS Cbs-/- or Tg-

hCBS Cbs+/- male mice and grown to 70% confluence. Then ECs were challenged with 

Hcy 50 µM for 24 hr and cell lysis and supernatant were used for cytokine array. Spot 

density was quantified using image J and significant different cytokines were shown. * 

represents p<0.05. 
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Hcy upregulated ICAM-1 gene expression through hypomethylation  

Both in vivo and in vitro data indicate that ICAM-1 is an important molecule mediating 

the increased EC-platelet interaction and accelerating thrombus formation by HHcy. The 

mechanism of Hcy induced ICAM-1 is largely unknown. First, ICAM-1 gene expression 

were examined by semi-quantitative PCR, ICAM-1 gene expression was upregulated by 

Hcy 50 µM or azycitidin (AZC, a DNA methyltransferase inhibitor) 1 µM treatment for 

24 hr. Actinomycin D blocks transcription and abolished Hcy induced ICAM-1 gene 

upregulation using real-time PCR (figure 3.19), suggesting that Hcy upregulates the 

transcriptional rate of ICAM-1. 

 

Several mechanisms have been proposed to mediate ICAM-1 regulation, including ROS 

signaling, direct transcription factor activation such as NFκB and hypomethylation of 

ICAM-1 gene. Hcy’s effect in ER stress and ROS generation has been demonstrated in 

many studies. To test whether ROS play a role in Hcy’s induction of ICAM-1, a series of 

inhibitors involving in the critical steps in ROS generation had been tested, including DIP 

(NADPH oxidase inhibitor) 10 µM, allopurinol (xanthine oxidase inhibitor) 300 µg/ml, 

PEG-catalase (H2O2 enzyme) 150 U/ml, Tempol (O2
- scavenger) 1mM and uric acid 

(ONOO- scavenger) 100 µM, see figure 3.20, however, none of the inhibitors could 

rescue HHcy induced ICAM-1 upregulation, indicating that ROS is not involved in 

ICAM-1 upregulation.  

 

Interestingly, Bay-11, a p-IκB inhibitor, partially blocked Hcy’s induction of ICAM-1, 

indicating that NFκB is involved in Hcy triggered ICAM-1 induction. Then we examined 
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nuclear NFκB level in HUVEC following Hcy treatment using both EMSA and western 

blot to detect nuclear NFκB p50. Figure 3.21B showed that Hcy neither directly 

promoted NFκB translocation to nucleus nor potentiated TNF-α activated NFκB 

translocation. Figure 3.21A shows that Hcy did not alter nuclear NFκB p50 level. Taken 

together, our results suggest that HHcy promotes ICAM-1 expression via a ROS- and 

NFκB-independent manner. We hypothesis that Hcy induced hypomethylation of ICAM-

1 promoter may be the major mechanism of ICAM-1 induction. Then we first performed 

methylation analysis using CpG island searcher, a methylation prediction software, and 

found a large CpG island spanning over 1000 bp in the ICAM-1 promoter. Further we 

treated HUVEC with Hcy 50 µM, methyltransferase inhibitor azacitidine (AZC) 1 µM 

and two histone deacetylase inhibitors sodium butyrate (NaBr) 5 mM and trichostatin A 

(TSA) 300 nM for 24hr. All three hypomethylation reagents significantly increased 

ICAM-1 cell surface expression similar to Hcy by FACS analysis, see figure 3.22. 
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Figure 3.19. Hcy increased ICAM-1 mRNA transcriptional rate in HUVEC. 

Semiquantitative PCR examination of ICAM-1 gene expression. mRNA extracted from 

HUVEC p6 treated with Hcy 25 and 50 µM, AZC 1 µM, actinomycin D 5 µg/mL or 

actinomycin D plus of Hcy 50  µM   for 24 hr were reverse transcripted to cDNA. Then 

primers were used to amplify ICAM-1 fragments and PCR products were separated on a 

2% agarose gel. A. Semi-quantitative PCR of ICAM-1 gene expression. B. Real time-

PCR of ICAM-1 gene expression with actinomycin D blocking. * represents p<0.05. 
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Figure 3.20. ROS inhibitors did not block Hcy’s induction of ICAM-1. HUVEC p4~6 

were subcultured and treated with or without Hcy 50 µM for  24hr. Bay-11 13 µM, DIP 

10 µM, allopurinol 300 µg/ml, PEG-catalase 150 U/ml, Tempol 1 mM and uric acid 100 

µM were added 1hr before Hcy treatment. At 24 hr, cells were harvested and stained with 

fluorescence labeled ICAM-1 antibody, ran on flowcytometry machine and analyzed with 

flowjo software. * represents p<0.05. 
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Figure 3.21. Hcy did not activate NFкB in ECs. A. Hcy did not change nuclear NFκB 

level. HUVEC p6 were subcultured and stimulated with or without Hcy 50 µM for 24hr. 

Then nuclear proteins were extracted and 30 µg were used for western blot analysis and 

blotted by NFκB p50 antibody. B. Hcy did not promote NFκB nuclear translocation. 

HUVEC p4~6 were subcultured  and stimulated in vitro by Hcy 50 µM for 24 hr, or Hcy 

50 µM 24 hr plus LPS 100 ng/ml or TNF-α 10 ng/ml for the last hour. Then nuclear 

proteins were extracted and 5 µg nuclear protein was incubated with 50 fM 5-IRD-700-

labeled NFκB oligo. 100 fold overdose of consensus NFκB oligo was used for 

competition assay and 1 µg NFκB p50 antibody was used for supershift assay. After 30 

min incubation at room temperature, the mixtures were loaded onto a 5% acrylamide gel 

and ran at 100V for 1 hr at 4ºC. The gels were scanned using the LiCor Odyssey infrared 

imager.   
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Figure 3.22. Hcy induced ICAM-1 expression in HUVEC, an effect that could be 

mimicked by AZC, a methyltransferase inhibitor and two histone deacetylase 

inhibitors NaBr and TSA. HUVEC passage 4~6 were subcultured and seeded in 6 well 

plates. They were treated with Hcy 50 µM with or without adenosine 25 µM, 

methyltransferase inhibitor azacitidine (AZC) 1 µM and two histone deacetylase inhibitor 

sodium butyrate (NaBr) 5 mM and trichostatin A (TSA) 300 nM for 24 hr. Then they 

were detached by dissociation reagent and stained with fluorescence-labeled antibody to 

adhesion molecules ICAM-1 for 30 min at 4ºC and ran on flowcytometry. Data were 

analyzed by flowjo. 
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Hcy increased ICAM-1 promoter activity and impaired its methylation status 

To examine Hcy’s role in modulating ICAM-1 promoter activity, truncated ICAM-1 

promoter regions of 3 kb, 1 kb, 0.6 kb and 0.3 kb were constructed into the PGL-3 firefly 

luciferase vector, see figure 3.23. Then these vectors were co-transfected with CMV-

renilla luciferase vector (transfection control) in HUVEC and challenged with Hcy to 

detect their individual activity. We found a 300 bp core promoter region of ICAM-1 that 

was responsive to Hcy treatment, see figure 3.24. ChIP assay revealed that this 300 bp 

region has decreased methyl CpG binding protein 2 (MeCP2) binding and increased 

acetylated histone H3 (AcH3) binding, indicating that this area has decreased DNA 

methylation status, see figure 3.26. To examine the intracellular methylation status after 

Hcy treatment, a series of metabolites involved in Hcy/methionine metabolism including 

intracellular SAM, SAH, methionine, Hcy and cystathionine levels in HUVEC were 

measured using HPLC-MS method, we found that Hcy 50 µM treatment to HUVEC for 

24hr increased levels of Hcy, SAH, cystathionine level and decreased level of SAM and 

SAM/SAH ratio, indicating that Hcy contributes to a hypomethylation status, see figure 

3.25. Pyrosequencing of the 300 bp core promoter region of ICAM-1 and the adjacent 

area shows a decreased DNA methylation in this area in Hcy-treated HUVECs, see figure 

3.27. These results suggest that Hcy induces hypomethylation status in ECs, which were 

well correlated with Hcy-induced upregulation of ICAM-1 transcription and expression. 
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Figure 3.23. ICAM-1 promoter construction and confirmation by enzyme digestion. 

Truncated ICAM-1 promoter fragments were constructed into the PGL-3 luciferase 

vector, digested to confirm the size and further sequenced to confirm the correct 

construction. M, molecular marker; U, undigested; D, digested. 
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Figure 3.24. Hcy increased ICAM-1 promoter activity. ICAM-1 promoter assay in 

HUVEC. HUVECs p6 were cotransfected with individual ICAM-1 promoter-PGL-3 

luciferase vector and CMV-renilla vector for 24hr. Then there cells were treated with or 

without Hcy 50 µM for 24 hr. HUVEC were lysed and detected for luciferase and 

renilla luminescence.  
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Figure 3.25. Intracellular SAM/SAH ratio, SAH level and Hcy level. HUVEC p6 

were subcultured to 10 cm dish and grown to 70% confluence. The HUVECs were 

treated with or without Hcy 50 µM for 24 hr. Then cells pellet were collected and either 

dissolved in 0.1 M PCA and measure for SAM, SAH, methionine, betaine and choline 

level or dissolved in 1 M DTT for Hcy and cystathionine level measurement. Protein 

concentration was measured with BCA assay. * represents p<0.05. 
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Figure 3.26. ChIP assay to examine ICAM-1 promoter methylation status. HUVEC 

p6 in 100 mm dishes were stimulated with Hcy 50 µM, AZC 1 µM for 48 hr. Then the 

cells were crosslinked by formaldehyde and sonicated. Then protein-DNA complexes 

were immunoprecipated by methyl CpG binding protein 2 (MeCP2) or acetylated histone 

H3 (AcH3). DNA recovered from the pellet was used as template for PCR amplification 

and ICAM-1 primers were used.  
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Figure 3.27. Pyrosequencing of ICAM-1 core promoter region. HUVEC p6 in 100 

mm dishes were stimulated with or without Hcy 50 µM for 48 hr. DNA were collected 

for direct pyrosequencing. A. ICAM-1 core promoter sequence. Arrow shows the 

transcriptional starting site. The 45 CG dinucleotides were bold and labeled with 

number. Potential transcriptional factor binding sites were also labeled. B. 

Pyrosequencing results showed demethylation of certain CG sites in Hcy treated 

HUVEC. 
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Icam-1 deficiency blocked HHcy-induced thrombosis in a diet induced HHcy mouse 

model 

Our previous results showed that ICAM-1 blocking antibody could partially block the 

increased EC-platelet interaction, indicating that ICAM-1 was one of the major mediating 

molecules of HHcy. We further hypothesis that ICAM-1 upregulation by HHcy plays an 

important role in mediating EC-platelet interaction and HHcy-induced thrombosis in vivo. 

To examine this hypothesis, we introduced HHcy in Icam-/- mice and WT control mice 

with high methionine dietary mouse model. At 6 weeks, Icam-/- mice and their WT 

control mice were fed with 2% high methionine (HM) diet or control diet for 8 weeks to 

induce HHcy. WT mice and Icam-/- mice with HM diet all had plasma tHcy level reach up 

to 20 µM. While WT mice and Icam-/- mice with CT diet had plasma tHcy level within 

normal range. Icam-/- mice and their WT control mice fed with CT diet had similar 

occlusion time in both venules and arterioles. As expected, WT mice fed with HM diet 

have accelerated venular and arteriolar occlusion time compared with CT diet. 

Interestingly, Icam-/- mice fed with HM diet have relatively less accelerated venular and 

arteriolar occlusion time compared with WT with HM diet mice, see figure 3.28. This 

result indicates that ICAM-1 upregulation by HHcy plays a critical role in mediating EC-

platelet interaction and HHcy-induced acceleration of thrombosis in vivo. 
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Figure 3.28. Icam-1 knockout mice abolished the accelerated arteriolar thrombosis 

in HHcy.  6 weeks old Icam-/- mice and their WT control mice were fed with 2% high 

methionine diet or control diet for 8 weeks to induce HHcy. At 14 weeks old, these mice 

were examined with photo dye-induced thrombosis model. Venular and Arteriolar 

occlusion time were quantified. n=12 in each group. A. plasma tHcy level. B. venular 

occlusion time. C. arteriolar occlusion time. * represents p<0.05. 
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HHcy did not promote Ly6Chi monocyte subsets in Tg-hCBS Cbs-/- mice 

Our lab previously demonstrates that Ly6Chi monocyte subset increased in Tg-hCBS Cbs-

/- ApoE-/- mice. Since this Ly6Chi monocyte subset is an inflammatory subset and has been 

shown to be the infiltrating subset that contributes to vascular inflammation, it is critical 

to examine whether this population changed in the Tg-hCBS Cbs-/- mice. However, the 

percentage of this population is not significantly changed in this mild HHcy mouse 

model, see figure 3.29. 
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Figure 3.29. HHcy did not promote Ly6Chi monocyte subsets in Tg-hCBS Cbs-/- mice.  

Three months old male Tg-hCBS Cbs-/- mice were used while Tg-hCBS Cbs+/- male 

littermates were used as control group. Single cell suspensions were prepared from mice 

blood, spleen and bone marrow. Fluorescence conjugated mouse Ly6C and CD11b 

antibody were used to stain and then ran on FACS. CD11b+Ly6Chi   cells were quantified 

and their percentages were shown in bar graph. 
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CHAPTER 4 

DISCUSSION 

 

Clinical, epidemiology and meta-analysis studies have established HHcy as an 

independent risk factor for atherothrombotic disease and venous thrombosis. Although 

HHcy’s role in vascular pathology has been established, the important question regarding 

whether HHcy-induced EC pathology contributes to a prothrombotic condition is not well 

defined. To address this important issue, our current study has used a wide spectrum of 

techniques in endothelial cell biology, platelet and thrombosis biology, DNA molecular 

biology, and novel survivable Tg-hCBS Cbs-/- mice HHcy mouse model and Icam-1-/- 

mouse model. We have made the following findings: 1) HHcy accelerates photo dye-

induced thrombus formation in cremaster arterioles in an EC-dependent manner. Hcy 

lowering therapy largely reverses HHcy-accelerated thrombosis. However, FeCl3-induced 

thrombus formation with EC denudation in carotid artery is not promoted by mild HHcy, 

suggesting that 1) HHcy accelerated thrombosis is EC-dependent. To our knowledge, 

using a survivable HHcy mouse model is the best so far in mimicking patients with HHcy, 

our results have demonstrated that HHcy accelerates thrombosis in vivo; 2) HHcy did not 

change several important hemostatic parameters and did not potentiate human or mouse 

washed platelets; 3) HHcy promoted EC-platelet adhesion by upregulating ICAM-1 

transcription and expression; 4) Hcy upregulated ICAM-1 gene expression through an 

ICAM-1 promoter hypomethylation mechanism; and 5) ICAM-1 deficiency partially 

blocked the accelerated thrombosis in a high methionine dietary-induced HHcy mouse 

model. 
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The majority of previous studies on HHcy related thrombosis focused on in vitro 

characterization of functional change of a single molecule involved in thrombus 

formation and most of the in vitro results have not been confirmed in vivo. Recently, anti-

thrombotic phenotype has been shown in a genetic HHcy mouse model (Dayal et al., 

2012), which is contradictory to the clinical prothrombotic manifestation of HHcy 

patients (Carson et al., 1965; K. S. McCully, 1969; Schimke et al., 1965) and findings 

from diet-induced HHcy mouse study. This observation also challenges the causative role 

of HHcy in thrombosis. On the other hand, recent clinical trials of vitamin B and folic 

acid failed to rescue CVD and DVT. This urges for the identification of the molecular 

mechanisms responsible for HHcy-related thrombosis and potential therapeutic 

interventions. In addition, EC injury/activation by HHcy has been reported by our lab and 

others. The issue whether HHcy’s prothrombotic effect is acting via HHcy-promoted EC 

activation and EC-platelet/monocyte interaction remained unknown. Thus, a critical 

examination of HHcy’s impact on the thrombosis-related system is necessary to identify 

the role of vascular endothelium, platelet, monocyte and their interaction in HHcy-related 

thrombosis.  

 

HHcy accelerates arteriolar thrombosis through increased EC-platelet interaction 

We first examined the thrombus formation in a genetic mild HHcy model Tg-hCBS Cbs-/- 

mice. At 3 months old, these mice have moderate level of Hcy (mean tHcy 80 µM). Two 

experimental thrombosis models were used, one is photo dye-induced thrombosis model 

which is initiated by ROS generation and examines EC-platelet interaction. Accelerated 

arteriolar thrombosis was observed in Tg-hCBS Cbs-/- mice which has HHcy, see figure 
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3.16. However, very surprisingly, using a FeCl3-induced thrombosis model in carotid 

artery, no difference was observed with low concentration of FeCl3 (5%)  (figure 3.2). 

Carotid artery had pretty similar thrombosis in terms of first occlusion time and 

stable/unstable thrombus ratio. Since FeCl3 model directly denudates endothelial cells 

(figure 3.5) and injury vascular wall, direct activates platelets binding to extracellular 

matrix collagen and TF initiated coagulation activation, thrombin generation and fibrin 

deposition. This model mimics the vascular trauma in a way that the vascular structure is 

damaged but still keeps blood within the vasculature. It suggests that TF initiated 

coagulation activation, thrombin generation and thrombin activated fibrin deposition 

together with platelets binding to collagen functions are in general, intact in HHcy mice 

and similar to heterozygous control mice with normal plasma Hcy level. The thrombosis 

model most relevant to trauma is mouse tail bleeding assay. However, this model actually 

measures bleeding time in two tail arteries. The mechanisms in stopping tail bleeding are 

artery constriction, shear rate decrease and platelets adhesion to the wounded vessel. Tail 

bleeding assay also did not show difference between HHcy mice and their control mice 

(figure 3.6A), indicating that hemostasis and platelets adhesion function are not 

significantly impaired in vivo. All of the results point to vascular pathology especially EC 

injury by HHcy as the major reason for HHcy induced thrombosis. The in vivo data 

suggests that the enhanced EC-platelet interaction contributes to the accelerated 

thrombosis in cremaster arterioles. 

 

To better examine EC and platelet/monocyte interaction in HHcy, an in vitro EC-

platelet/monocyte adhesion assay was used to identify the cell targets of Hcy. Hcy 
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stimulation to human platelet/monocyte only did not directly promote their activation and 

adhesion to intact ECs (figure 3.9). However, Hcy-challenged HUVECs significantly 

promote human platelets and monocytes binding, see figure 3.11&3.12. All these data 

suggest EC as the major target of Hcy and EC activation by Hcy mediates the increased 

interaction between ECs and other blood cells such as platelets and monocytes. Since our 

lab has previous found that CD11b+Ly6Chi monocyte population is a proinflammatory 

monocyte subsets and HHcy promotes this population in Tg-hCBS Cbs-/-ApoE-/- mice 

(Zhang et al., 2009b). We also tested CD11b+Ly6Chi monocyte population in the Tg-

hCBS Cbs-/- mice, however, we do not find any significant change of this 

proinflammatory population in blood, spleen and bone marrow (figure 3.29), indicating 

that HHcy does not impact on monocyte differentiation at least in 3 months old Tg-hCBS 

Cbs-/- mice. 

 

HHcy did not change several important hemostatic parameters and did not 

potentiate human or mouse washed platelets  

Since platelets and coagulation system are major components of hemostatic system, a 

critical examination of HHcy’s impact on both systems is critical. Our in vivo FeCl3-

injured thrombosis model has suggested a rather intact functions of platelets activation, 

TF-initiated extrinsic coagulation pathway and fibrin generation in HHcy mice compared 

with CT. The tail bleeding assay also suggests a normal platelet function in HHcy mice. 

To further exclude the roles of coagulation and platelets function in HHcy condition, we 

examined several important hemostatic parameters in HHcy and their control mice. 

Consistent with in vivo experiments, PT and APTT to monitor extrinsic and intrinsic 
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coagulation system, plasma TF activity, platelets number and mean platelets volume are 

not significantly altered in HHcy mice compared with their control, see figure 3.6. These 

data indicate further that vasculature but not coagulation and platelets are responsible for 

HHcy-accelerated thrombosis. 

 

Previous studies show conflicting results regarding platelet activity in HHcy condition. 

Since several clinical studies reported an activating effect of Hcy in platelets, we 

carefully examined the aggregation and secretion functions using both human and mouse 

platelets. We first examined aggregation and secretion functions of washed platelets from 

HHcy mice. To our surprise, an inhibitory but not activate effect to suboptimal 

concentration of CRP 2 µg/mL and 2-MesADP 30 nM were observed; while there is no 

difference in aggregation and secretion functions at optimal concentration of CRP 10 

µg/mL, 2-MesADP 100 nM and AYPGKF 500 µM. With Hcy pre-incubation, washed 

human platelets also shows an inhibitory effect to suboptimal concentration of CRP 2 

µg/mL, 2-MesADP 30 nM and AYPGKF 100 µM; even at optimal concentration, human 

platelets still show an inhibitory response to CRP 10 µg/mL and 2-MesADP 100 nM, 

indicating that collagen and ADP signaling is inhibited probably through GPVI, P2Y1 

and P2Y12 receptor. Platelets from HHcy mice response similar to high dose of agonists 

indicating platelets function are not significantly changed by HHcy, see figure 3.7. It is 

plausible when locally activated by ROS, the platelets get fully activated and response 

similar to platelets from WT mice. 

 

ICAM-1 is one of the major molecules mediating increased EC-platelet interaction 
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In vivo thrombosis experiments suggest increased EC-platelet interaction and in vitro EC-

platelet study shows increased interaction through Hcy’s effect on ECs. The molecular 

mechanisms mediating the increased interaction are unknown.  Two mechanisms may be 

involved in the EC-platelet interaction.  One is platelet-EC adhesion. It has been reported 

in vitro EC-platelet interaction is mediated by ICAM-1 and αVβ3, but not β1 integrin, E-

selectin, P-selectin, CD31 or VCAM-1 on ECs. On platelets part, αIIbβ3, fibrinogen, 

fibronectin and vWF mediate EC-platelet interaction but not β1 integrin, GPIbα, GPIV, P-

selectin or CD31 (Bombeli et al., 1998). A series of adhesion molecules that has been 

reported to mediate EC-platelet adhesion and EC-monocytes adhesion are examined in 

vitro cultured ECs. Among the six adhesion molecules and integrins examined on ECs by 

FACS, only ICAM-1 cell surface expression is upregulated in primary ECs from vein, 

artery, and microvasculature (figure 3.13). PSGL-1 is only upregulated in HAEC, not 

HUVEC or HCMEC. Further we examined protein expression levels in HUVEC, only 

ICAM-1 was tremendously increased with a 24 hr treatment of Hcy 50 µM, but not 

VCAM-1, TF or vWF, see figure 3.14. To further confirm ICAM-1’s role in EC-platelet 

interaction in vitro, we first performed EC-platelets adhesion assay using ICAM-1 siRNA 

to knockdown ICAM-1 in HUVECs; however, the transfection reagents only 

significantly upregulate ICAM-1 expression which cannot be further knockdown by 

ICAM-1 siRNA. Then we tested ICAM-1 blocking antibody and its role in EC-platelets 

interaction. It largely blocked the increased EC-platelets interaction (figure 3.15) by Hcy 

indicating that ICAM-1 is the major molecular target of Hcy. To support ICAM-1’s role 

in vivo, ICAM-1 expression was examined using cremaster tissues from HHcy mice and 

control mice. ICAM-1 expression is up-regulated in HHcy group. To further confirm the 
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induction of ICAM-1 on ECs, primary mouse mesentery microvascular ECs were isolated 

and cultured in vitro. After Hcy challenge for 24hr, primary ECs from Tg-hCBS Cbs-/- 

mice have increased expression of soluble ICAM-1, see figure 3.18. 

 

Another mechanism mediating EC-platelet interaction is chemokines and cytokines 

trafficking of platelets. Many cytokines have been reported to be prothrombotic, such as 

TNF-α, MCP-1, IL-6 and IL-1β. Our lab has reported the plasma TNF-α and MCP-1 

levels are increased in HHcy mice (Zhang et al., 2009b).  Cytokine array using primary 

mouse microvascular cells from Tg-hCBS Cbs-/- mice also shows the upregulation of IL-6. 

Besides, proinflammatory cytokines CCL5, CXCL1, CXCL2, sICAM-1, GM-CSF, CCL2, 

G-CSF and CXCL10 CXCL12 were also upregulated in cell lysate or supernatant of 

primary mice endothelium cells from HHcy mice compared with control mice (figure 

3.18).  These data indicate that Hcy could directly impact ECs to a prothrombotic and 

proinflammatory phenotype. 

 

Hcy-lowering therapy rescues the accelerated thrombosis in mice 

The unique Tg-hCBS Cbs-/- mouse model provides a chance for us to lower Hcy level in 

adult mice without dietary intervention of vitamin B and folic acid. Two weeks 

supplement of 25 mM ZnSO4 containing water induces the human CBS transgene 

expression and reduces Hcy level from 80 µM to 6.8 µM in 3 months old Tg-hCBS Cbs-/- 

mice. This Hcy lowering therapy prolonged arteriolar blood cessation time from 30.5 to 

37.8 min.  And venular occlusion time was prolonged from 5 min to 6.5 min. In contrast, 

the occlusion time in both arterioles and venules were not significantly changed in 
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control group, see figure 3.16. This prove of concept finding demonstrates that HHcy is 

responsible for the accelerated thrombosis. However, the reversible thrombosis time may 

due to the young mouse model we used and the short time they have been exposed to 

mild HHcy. According, the upregulation of ICAM-1 expression in cremaster vasculature 

in HHcy were largely rescued in zinc water supplement group, indicating that ICAM-1 is 

responsible for Hcy induced impairment (figure 3.17).  

 

Hcy upregulates ICAM-1 expression through hypomethylation mechanism 

The first question is that at which level Hcy upregulated ICAM-1. Semi-quantitative PCR 

revealed the ICAM-1 gene expression was induced by Hcy. Further, actinomycin D was 

used to block transcription. No ICAM-1 induction was observed after actinomycin D 

blocking, indicating that Hcy induces ICAM-1 transcriptional rate, not mRNA stability, 

see figure 3.19. 

 

Several mechanisms have been proposed in ICAM-1 induction, such as ROS signaling, 

direct transcription factor activation such as NFκB activation and aberrant methylation of 

ICAM-1 gene. Hcy’s effect in ER stress and ROS generation has been demonstrated 

elsewhere. To test whether ROS play a role in Hcy’s induction of ICAM-1, a series of 

inhibitors involving critical steps in ROS generation had been tested and ruled out, see 

figure 3.20, indicating that ROS is not involved in ICAM-1 upregulation. Interestingly, 

Bay-11, a p-IκB inhibitor, partially blocks Hcy’s induction of ICAM-1, indicating that 

NFκB is involved in ICAM-1 induction. But a further examination of NFκB nuclear 

translocation by EMSA reveals no significant change of nuclear NFκB with Hcy 
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stimulation only. Further, TNF-α induced NFκB translocation is not enhanced by Hcy 

priming. Western blot examination of nuclear protein also did not show an increased 

level of NFκB p50 and its precursor NFκB p105, see figure 3.21. Thus we conclude that 

Hcy does not directly activate NFκB in ECs. Since p-IκB inhibitor still plays a role in 

ICAM-1 induction, we hypothesis that the modification of ICAM-1 promoter regions 

would contribute to a more tightly interaction of NFκB and thus upregulate ICAM-1 gene 

expression. The responsible region may contain the NFκB binding site or its adjacent area.  

 

Hcy’s role in eliciting intracellular hypomethylation in ECs has been explored by our 

laboratory previously. Hcy induced DNA hypomethylation and chromatin modification 

such as histone acetylation has been reported in cyclin A promoter in ECs (Jamaluddin et 

al., 2007).  To test whether hypomethylation is the mechanism of Hcy-induced ICAM-1 

expression, first, a methylation prediction was performed to human ICAM-1 promoter 

and a large CpG island spanning over 1000 bp was found. Then we tested three 

hypomethylation agents, AZC, the methyltransferase inhibitor and two histone 

deacetylase inhibitors, NaBr and TSA. All three hypomethylation reagents significantly 

increased ICAM-1 cell surface expression similar to Hcy by FACS analysis (figure 3.22). 

This result indicates ICAM-1 gene is regulated by DNA methylation and chromatin 

modification. AZC has been shown to induce ICAM-1 gene expression. To confirm Hcy 

induces intracellular hypomethylation in ECs, we first tested methylation parameters such 

as SAH level and SAM/SAH ratio, in consistent with our previous finding, Hcy 50 µM 

treatment for 24hr significantly increases intracellular SAH, Hcy, cystathionine and 

betaine level and decreases SAM/SAH ratio, see figure 3.25. However, SAM, methionine 
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and choline level are not significantly changed. Since SAM/SAH represents cellular 

methylation status, Hcy contributes to a hypomethylation status potentially through the 

SAH accumulation and DNMT1 inhibition. To further pinpoint the demethylated ICAM-

1 promoter regions, truncated ICAM-1 promoters were constructed into PGL-3 luciferase 

vectors and cotransfected into HUVECs with CMV-renilla vector. A 300 bp region was 

found to be responsive to Hcy induction and this region contains a key NFκB binding site 

(figure 3.27A). A ChIP assay using a primer within this 300 bp region shows a decreased 

MeCP2 binding and increased AcH3 binding, which further supports hypomethylation of 

this region and chromatin remodeling, see figure 3.26. Pyrosequencing of this region and 

adjacent area has confirmed the demethylation effect of Hcy in ICAM-1 promoter, see 

figure 3.27B. We are also performing whole genome deep sequencing to confirm this 

effect and explore more Hcy impacted DNA methylation change. 

 

The biochemical changes of HUVEC by Hcy 50 µM treatment for 24hr shows significant 

increase of intracellular SAH, Hcy, cystathionine and betaine level and SAM/SAH ratio 

decrease, see figure 3.25. This data has challenged the traditional idea that CBS is 

inactivate in ECs and suggest that at least in Hcy overloading conditions, CBS could be 

activated to process the accumulated Hcy in the ECs to form cystathionine. Also, this 

result suggests that the betaine derived Hcy remethylation is inhibited through a 

mechanism unclear. It also suggests that in physiologic conditions, the ECs constant use 

betaine as a remethylation donor to Hcy. It would also be very interesting to further 

examine THF and 5-MTHF in the same setting to explore the one carbone pathway and 

their role in ECs 
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ICAM-1 deficiency largely blocks HHcy-induced thrombosis 

In vitro adhesion assay has suggested a protective role of ICAM-1 blocking antibody in 

preventing EC-platelet interaction. We further hypothesis that ICAM-1 upregulation by 

HHcy plays an important role in mediating EC-platelet interaction and HHcy-induced 

thrombosis in vivo. To examine this hypothesis, we introduced HHcy in Icam-/- mice and 

WT control mice with high methionine dietary mouse model. Icam-/- mice and their WT 

control mice were fed with a high methionine diet or control diet for 8 weeks to induce 

HHcy and to test their susceptibility to photo dye-induced thrombosis. WT mice with HM 

diet have plasma tHcy level reaching up to 20 µM. Icam-/- mice and their WT control 

mice fed with CT diet have similar occlusion time in both venules and arterioles. WT 

mice fed with HM diet have accelerated venular and arteriolar occlusion time compared 

with CT diet. Interestingly, Icam-/- mice fed with HM diet only show moderately 

accelerated venular and barely accelerated arteriolar occlusion time compared with WT 

mice with CT diet (figure 3.28). This data strongly suggest the upregulated ICAM-1 on 

vascular endothelium critically mediates the increased EC-platelet interaction and 

accelerated arteriolar thrombosis by HHcy in vivo. The barely rescued venular thrombosis 

time may stem from the variation of venular thrombosis time or may indicate the 

complex involvement of coagulation system. 

 

Summary and conclusion 

HHcy is an established risk factor for atherothrombogenic diseases. In this study we 

investigated the effect of HHcy on EC-platelet interaction and its role in thrombosis. We 

used a novel mouse model of HHcy (plasma tHcy 80 µM) in which a Zn2+ inducible 
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human CBS transgene was introduced to circumvent the neonatal lethality of Cbs 

deficiency (Tg-hCBS Cbs-/- mice). Hcy-lowering therapy was performed by giving ZnSO4 

water to induce human CBS transgene expression in adult mice. Thrombus formation was 

examined by photo-dye induced cremaster microvasculature thrombosis using intravital 

microscopy, which preserved the endothelium, and by FeCl3-induced carotid artery 

thrombosis, which denudated the endothelium. HHcy accelerated cremaster arteriolar 

thrombosis and decreased blood flow cessation time from 41.8 min in control mice to 

30.5 min in Tg-hCBS Cbs-/- mice. Venular blood flow cessation time was slightly 

decreased from 5.6 to 5.0 min. Hcy-lowering therapy reduced Hcy level from 80 µM to 

6.8 µM after 2 weeks of ZnSO4 water and prolonged arteriolar blood cessation time from 

30.5 to 37.8 min.  Interestingly, FeCl3-induced carotid artery thrombosis did not change. 

Hcy did not potentiate aggregation and secretion of washed human platelets from healthy 

donor treated with Hcy (50 and 100 µM) and from Tg-hCBS Cbs-/- mice. However, 

ICAM-1 levels, but not VCAM-1, were increased in cremaster tissues from Tg-hCBS 

Cbs-/- mice by western blot. In HUVEC, Hcy (100 µM, 24 hr) promoted human platelet 

adhesion by 200% in static adhesion assay. Using western blot, FACS and RT-PCR, we 

found that Hcy increased protein and mRNA levels of ICAM-1, but not that of VCAM-1, 

in HUVEC. ICAM-1 blocking antibody partially reversed Hcy-increased platelets 

adhesion to HUVEC. Finally, Hcy induced ICAM-1 expression and reduced DNA 

methylation on ICAM-1 promoter, which was mimicked by DNA methyltransferase 

inhibitor azacytidine, and histone deacetylase inhibitors sodium butyrate and trichostatin 

A. HHcy accelerates arteriolar thrombosis and increases EC-platelet interaction via 

ICAM-1 induction partially through promoter hypomethylation. 
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