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Abstract

High level of homocysteine (hyperhomocysteinemia, HHcy) is associated with increased risk for 

vascular disease. Evidence for this emerges from epidemiological studies which show that HHcy is 

associated with premature peripheral, coronary artery and cerebrovascular disease independent of 

other risk factors. Possible mechanisms by which homocysteine causes vascular injury include 

endothelial injury, DNA dysfunction, proliferation of smooth muscle cells, increased oxidative 

stress, reduced activity of glutathione peroxidase and promoting inflammation. HHcy has been 

shown to cause direct damage to endothelial cells both in vitro and in vivo. Clinically, this 

manifests as impaired flow-mediated vasodilation and is mainly due to a reduction in nitric oxide 

synthesis and bioavailability. The effect of impaired nitric oxide release can in turn trigger and 

potentiate atherothrombogenesis and oxidative stress. Endothelial damage is a crucial aspect of 

atherosclerosis and precedes overt manifestation of disease. In addition, endothelial dysfunction is 

also associated with hypertension, diabetes, ischemia reperfusion injury and neurodegenerative 

diseases. Homocysteine is a precursor of hydrogen sulfide (H2S) which is formed by 

transulfuration process catalyzed by the enzymes, cystathionine β-synthase and cystathionine γ-

lyase. H2S is a gasotransmitter that has emerged recently as a novel mediator in cardiovascular 

homeostasis. As a potent vasodilator, it plays several roles which include regulation of vessel 

diameter, protection of endothelium from redox stress, ischemia reperfusion injury and chronic 

inflammation. However, the precise mechanism by which it mediates these beneficial effects is 

complex and still remains unclear. Current evidence indicates H2S modulates cellular functions by 

a variety of intracellular signaling processes. In this review, we summarize the mechanisms of 

HHcy-induced endothelial dysfunction and the metabolism and physiological functions of H2S as 

a protective agent.
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INTRODUCTION

The vascular endothelium is a single layer of dynamic cells which through a variety of 

stimuli produces vasoactive substances to maintain vascular tone and regulates blood flow to 

the tissues. Early work by Furchgott and Zawadzki showed that the presence of endothelium 

was vital to acetylcholine induced vasorelaxation in isolated artery preparations and this 

effect was attributed to a substance(s) released by the endothelium [1] which was 

subsequently identified as nitric oxide (NO) [2]. The endothelium also mediates smooth 

muscle relaxation by endothelium-derived hyperpolarizing factor [3] and prostacyclin [4, 5] 

and vasoconstriction by endothelin [6], superoxide and thromboxane [7]. In addition to its 

role as a vasoregulator, the release and control of these bioactive molecules has been shown 

to counteract thrombosis [8], inflammation [9] and vascular smooth muscle cell migration 

and proliferation [10]. A balance in the above interacting factors is crucial for maintaining 

homeostasis.

Endothelial dysfunction results from a disruption in the cellular integrity leading to impaired 

endothelium-dependent relaxation mainly due to a reduction in the NO bioavailability. NO is 

produced from its precursor L-arginine by endothelial nitric oxide synthase (eNOS). Under 

physiological conditions, following production, NO diffuses across the endothelial cell 

membrane into the vascular smooth muscle cells to activate guanylate cyclase leading to 

subsequent cyclic guanosine-3′,5-monophosphate (cGMP) mediated vasodilation. Several 

molecules such as acetylcholine, bradykinin, serotonin and substance P can induce eNOS. 

Another important stimulus is the shear stress exerted by the flowing blood which can cause 

ion channel activation for a rapid response or through a process of phosphorylation induce 

sustained release of NO to maintain vasodilation [11].

Current evidence implicates endothelial dysfunction in several diseases including 

hypertension, diabetes, atherosclerosis, renal and cardiac failure and neurodegeneration 

[12-15]. An early event in this process is endothelial activation wherein cells are primed for 

a series of events which include leucocyte recruitment and degranulation, expression of 

adhesion molecules, release of cytokines, and change in the phenotype to an invasive and 

proliferative type [16]. Under pathophysiological conditions the activation of endothelium 

entails suppression of NO signaling and an increase in redox signaling by reactive oxygen 

species [17]. Normally, a system of antioxidant mechanisms control the production of 

reactive oxygen species (ROS), however, during adverse and chronic conditions, an 

imbalance in the system causes disruption of NO and ROS generation leading to endothelial 

dysfunction. Elevated level of homocysteine increases the risk for developing hypertension, 

coronary artery disease, myocardial infarction and strokes [18, 19]. The overall mortality for 

patients with homocysteine level greater than 15 (μM/L in the plasma is reported to be 

24.7% compared to 3.8% in patients with values less than 9 (μM/L [20]. Oxidative stress, 

thiolactone formation and protein homocysteinylation are directly related to endothelial 

toxicity [21-23].

Hydrogen sulfide (H2S) is a pungent gas synthesized in mammalian tissues from L-cysteine 

by enzymatic and non-enzymatic reactions [24]. In the body, H2S is produced in (μM 

concentrations and is known to exert a variety of physiological functions by influencing 
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several intracellular signaling mechanisms. A decrease in the production of H2S has been 

implicated in several diseases such as hypertension, atherosclerosis, diabetes, cardiac and 

renal failure [25-27]. In the recent years, H2S has gained importance for its multiple effects 

on individual body systems such as cardioprotection and prevention of ischemia/reperfusion 

injury.

In this review, we summarize the mechanism of endothelial dysfunction caused by 

hyperhomocysteinemia (HHcy). In addition, we also discuss the synthesis, metabolism and 

potential role of hydrogen sulfide (H2S) as a therapeutic agent to ameliorate HHcy-induced 

endothelial injury.

HOMOCYSTEINE METABOLISM AND PATHOGENESIS OF 

HYPERHOMOCYSTEINEMIA

Homocysteine is a thiol-containing amino acid derived from the metabolism of methionine 

in dietary protein and is situated at the junction of remethylation and transulfuration 

pathways (Fig. 1). Under physiological conditions, the remethylation pathway aims to 

conserve methionine and recycle methyltetrahydrofolate, a process dependent on vitamin 

B12 as a cofactor or betaine as a substrate [28]. Methionine is then converted to S-

adenosylmethionine (SAM) which serves as a methyl donor for several reactions involving 

DNA, RNA, and proteins. The hydroxylation of SAM regenerates homocysteine.

The transulfuration process is catalyzed by two vitamin B6-dependent enzymes, 

cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE). In the first reaction 

involving CBS, homocysteine condenses with serine to form cystathionine, in the next step, 

this is converted to cysteine and α-ketobutyrate by the enzyme, CSE.

There are three main causes of HHcy, 1) genetic defects of Hcy metabolism enzymes, 2) 

malnutrition and 3) impaired renal clearance. Several genetic variants responsible for HHcy 

have been described, one of the most common mutation involves 5,10-

methylenetetrahydrofolate reductase (MTHFR) 677C→T. This defect causes a decrease in 

the conversion of homocysteine to methionine causing HHcy and is reported to be a risk 

factor for the development of essential hypertension [29]. A combination of T133C mutation 

in the CBS gene and C677T mutation in the methyle-netetrahydrofolate reductase (MTHFR) 

gene has been reported to result in HHcy in certain populations [30]. Other gene variants 

associated with hypercysteinuria include p.I278T and p.T191M mutations in CBS gene [31].

Nutritional causes of HHcy include a deficiency of folate or vitamin B12 in the diet. Folate 

is a precursor of 5-methyl tetrahydrofolate which is necessary for remethylation of 

homocysteine by methionine synthase (Fig. 1). Folate transfers 1-carbon groups for purine 

biosynthesis essential for cellular process such as growth and differentiation [32]. Folate 

deficiency can occur due to malabsorption syndromes, alcoholism and liver diseases. Since 

the source of vitamin B12 is meat and dairy products, vegans are increasingly susceptible to 

B12 deficiency. Like folate, B12 is required for methionine synthase activity. At low levels 

of B12, the formation of MTHFR is impaired resulting in buildup of homocysteine [33]. 

Additionally, low levels of pyridoxal phosphate, a cofactor for CBS enzyme are inversely 
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related to homocysteine levels and has been shown to be an independent risk factor for 

coronary artery disease [34].

HHcy is a common finding in patients suffering from chronic kidney disease and end-stage 

renal failure and is a major risk factor for mortality from cardiovascular events in this 

population [35]. Although the exact mechanism of homocysteine accumulation in patients 

with renal disease is incompletely understood, impaired clearance and/or reduction in the 

extrarenal Hcy metabolism has been suggested as probable causes [36, 37]. Studies 

conducted using an isotope for sulfur containing amino acid metabolism in end-stage renal 

disease (ESRD) patients revealed a reduction in the rate of remethylation and 

transmethylation whereas transulfuration remained normal [38]. Several clinical trials have 

used vitamin B6 or B12 to study the effect of lowering Hcy levels on vascular events in 

ESRD patients. In patients undergoing dialysis, a combination of B6 and B12 was more 

effective in reducing plasma Hcy than B6 alone [39]. Despite a moderate reduction in Hcy 

levels by these treatments, no improvement was seen in endothelial dysfunction [40] or 

mortality rates from cardiovascular events [41]. In a separate study, high dose of folic acid 

and B vitamins did not reduce the incidence of myocardial infarction, strokes, or vascular 

complications in ESRD patients [42] leading to the speculation that the possible causes for 

this failure in improvement could be due to advanced stage of the disease and the presence 

of other associated risk factors [42].

Homocysteine-Induced Oxidative Stress and Endothelial Dysfunction

Elevated plasma homocysteine (Hcy) known as HHcy is well recognized as a risk factor for 

cardiovascular [43, 44], renal [45] and cerebrovascular diseases [46]. HHcy-induced 

endothelial damage is a crucial initiating event in the above diseases followed by 

inflammation. Early studies in our laboratory showed impaired endothelial function in the 

endocardium and coronary arteries in patients and animal models of HHcy [47, 48]. In the 

coronary arteries, HHcy caused inhibition of collagenase activity leading to collagen 

accumulation and fibrosclerosis [48].

Nicotinamide adenine dinucleotide phosphate oxidases (NADPH oxidases) are a group of 

proteins which generate superoxide during the process of transferring electrons across cell 

membranes [49]. The NOX family as they are known, comprise seven members sharing 

homology with gp91phox, the catalytic component of NADPH oxidase [49, 50]. Within the 

vascular compartment, endothelial cells express NOX4, NOX1, NOX2 and NOX5 isoforms 

and are the main source of ROS [51, 52]. The other sources include mitochondrial 

respiration, uncoupled eNOS and the xanthine oxidase pathway. The activation of Nox 

generates hydrogen peroxide causing sequestration of NO and tyrosine phosphorylation of 

key proteins thereby altering cellular function [53]. Several studies have shown that 

homocysteine causes endothelial damage by increasing oxidative stress [54-56]. HHcy 

enhances ROS production by autoxidation process catalyzed by metal cation such as copper 

and the resulting superoxide anion reacts with NO to form peroxynitrate adducts which 

reduces the bioavailability of NO [57]. Furthermore, HHcy-induced oxidative stress is 

known to activate matrix metallo-proteinases (MMPs) causing disruption of extracellular 

matrix (ECM) metabolism and increases collagen deposition leading to vascular fibrosis 
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[58]. In an earlier study, our lab demonstrated that HHcy causes dose dependent injury to 

cardiac microvascular endothelial cells by a mechanism involving activation of protease-

activated receptor-4 which upregulates nicotinamide adenine dinucleotide phosphate 

(NADPH) for ROS production [59]. In the same study, HHcy was also associated with a 

reduction in thioredoxin expression and NO bioavailability [59]. Both in vitro and in vivo 
experiments have shown that HHcy can suppress intracellular glutathione peroxidase activity 

and heme oxygenase 1 leading to oxidative stress and endothelial dysfunction [60, 61]. 

HHcy has also been shown to impair NO synthesis by a separate mechanism involving 

inhibition of dimethylargininedimethylaminohydrolase (DDAH), an enzyme involved in the 

metabolism of asymmetric dimethylarginine (ADMA), an endogenous inhibitor of nitric 

oxide synthase [62].

In the mammalian cells, mitochondria are a major source of ROS production during electron 

transport. Although ROS was originally thought as molecules causing cellular damage, in 

the last decade, a variety of ROS signaling mechanisms have also been described 

contributing to cellular homeostasis [63]. In response to stimuli such as inflammatory 

cytokines, chemical compounds, transition metals, radiation etc., the generation of ROS 

from mitochondria exceeds its scavenging capacity resulting in mitochondrial damage. A 

synergistic effect of Hcy and hydrogen peroxide (H2O2) was shown to cause mitochondrial 

damage by decreasing the expression of mitochondrial RNA levels of cytochrome c oxidase 

III/ATPase 6, 8 and heat shock protein 60 [64]. Similarly, other reports also indicate 

increased sensitivity of mitrochodrial DNA to superoxide, H2O2, and peroxynitrite causing 

damage and development of atherosclerosis [65, 66]. In a recent study, folate deficiency and 

consequent increase in plasma Hcy was shown to cause mitochondrial DNA mutations along 

with a significant reduction in their content in the heart, brain and liver [67]. These changes 

were associated with elevated oxidative DNA damage and mitochondrial biogenesis [67]. 

Furthermore, Hcy has been reported to increase mitochondrial biogenesis in human 

endothelial cells, an activity dependent on ROS mediation and occurs by increasing the 

expression of nuclear respiratory factor-1 and mitochondrial transcription factor A [68]. A 

consequence of oxidative stress-induced increase in mitochondria content could further 

increase ROS production worsening cell damage [69].

Homocysteine Promotes Endothelial Inflammation and Coagulation

The proinflammatory effect of HHcy is related to ROS generation and involves the 

activation of nuclear transcription factor κB (NF-κB) which controls the genes for the 

expression of adhesion molecules, cytokines and chemokines [70]. Under normal conditions, 

NF-κB is present in an inactive form in the cytosol. Stimuli such as homocysteine and ROS 

cause phosphorylation of the inhibitory protein IκB alpha for degradation and NF-κB is 

translocated into the nucleus where it activates the target genes. HHcy-induced activation of 

NF-κB has been shown to increase the expression of intercellular adhesion molecule-1 

(ICAM-1), monocyte chemoattractant protein-1 (MCP-1), vascular adhesion molecule-1 

(VCAM-1) and E-selectin which promote the interaction of inflammatory cells with the 

endothelium leading to the development of atherosclerosis [71-73]. In response to cell 

activation, the translocation of NF-κB into the nucleus is accompanied by translocation of 

subunits p47phox, p67phox and G protein Rac from the cytosol to complex with two other 
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subunits, gp91phox and p22phox located in the cell membrane [74]. The assembled oxidase 

produces superoxide by one-electron reduction of oxygen by using NADPH as electron 

donor [75, 76]. Furthermore, HHcy induces redox factor-1 (Ref-1) expression which in turn 

upregulates monocyte chemoattractant protein-1 (MCP-1) expression via activation of NF-

κB [77].

The endothelium achieves hemostasis by maintaining a balance in the production of pro- and 

anti-coagulant factors. In in vitro studies, HHcy has been shown to promote activation of 

factor V, inhibit thrombomodulin-dependent protein C activation, impair secretion of 

vonWillebrand factor (VWF) and induce tissue factor all of which propagate coagulation 

[78]. Activation of coagulation cascade has also been described in HHcy patients with a 

history of venous thrombosis and acute coronary artery disease [79, 80].

In the quiescent state, the endothelium maintains an antithrombotic surface for blood flow 

by regulating several molecules which include thrombomodulin, heparan sulfate and 

glycosaminoglycans. HHcy has been shown to affect the expression and activity of these 

molecules. When porcine aortic endothelial cells were treated with various concentrations of 

Hcy, there was a reduction in the antithrombin III binding activity in a dose and time 

dependent manner [81]. In a primate study involving diet-induced HHcy, Lentz et al. 
reported a significant decrease in endothelium-dependent vasodilation along with reduction 

in the thrombomodulin anticoagulant activity [82]. Furthermore, homocysteinuria patients 

were found to have low levels of antithrombin III [83]. Similarly, other studies involving 

HHcy have reported a reduction in activated protein C and irreversible inhibition of 

thrombomodulin which promotes procoagulant state [84, 85]. HHcy has also been shown to 

enhance the binding of lipoprotein (a) to fibrin suggesting a link between thrombosis and the 

development of atherosclerosis [86]. Additionally, HHcy has been shown to reduce the 

binding of tissue-plasminogen activator to cultured endothelial cells in a dose and time 

dependent manner thereby decreasing the fibrinolytic activity [87].

Interaction of Endothelium, Leukocytes and Platelets

Incubation of human umbilical vein endothelial cells (HUVECs) with L-Hcy has been 

reported to increase ROS production along with upregulation of intercellular adhesion 

molecule-1 (ICAM-1) expression via activation of NF-κB leading to adhesion of monocytes 

[71]. Similarly, increased expression of P-selectin has been observed in the aorta of mildly 

hyperhomocysteinemic CBS+/- mice [88] and increased vascular cell adhesion molecule 

(VCAM) and E-selectin in HHcy rats [73]. When CBS+- mice were treated with L-2-oxo-4-

thiazolidine carboxylate (OTC), a compound which increases reduced glutathione and total 

thiols, the expression of P-selectin was reduced suggesting that increased P-selectin was the 

result of Hcy-induced oxidative stress [88]. HHcy has also been shown to promote the 

expression of chemokines, MCP-1 and IL-8 in monocytes along with increased expression 

of chemokine receptor type 2 (CCR2) [89, 90]. The abolishment of this effect by the 

addition of superoxide dismutase suggested that it was mediated mainly by Hcy-induced 

ROS production [91]. The production of the above molecules and the interaction of 

endothelium and inflammatory cells can stimulate the development of atherosclerosis.
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Hcy-induced vascular inflammation involves migration of leukocytes from the vascular 

compartment into the tissue in a multistep process. In the initial step, neutrophils are 

recruited by margination along the vessel wall followed by rolling. Under appropriate 

stimuli, both neutrophils and endothelial cells express adhesion molecules and their ligands 

which enables adhesion and eventual migration into the tissues [92]. Hcy induces the 

expression of CD11B/CD18 proteins which form a docking complex enabling interaction 

between inflammatory cells and the endothelium [93]. The sum effect of these processes 

cause damage and loss of endothelial cells. HHcy increases ROS generation in neutrophils 

by activation of Nox family as described above. Recent studies have suggested that this 

involves mitogen-activated phosphokinases (MAPKs) activation in neutrophils and c-Jun 

NH(2)-terminal kinase in the vascular endothelial cells [94, 95].

Platelet activation during HHcy leads to increased secretion of growth factors, chemokines 

and production of coagulation factors [96]. In patients with peripheral vascular disease, mild 

HHcy was shown to increase the sensitivity of platelets to adenosine diphosphate (ADP) and 

thrombin leading to platelet activation [97]. In addition, the sensitivity to ADP significantly 

increased the expression of P-selectin [97]. In rats treated with high methionine diet, 

moderate HHcy increased the aggregation of platelets and enhanced thromboxane synthesis 

creating pro-thrombotic state [98]. Several pathways have been shown to be involved in the 

activation of platelets by HHcy which include phosphorylation of p38 mitogen-activated 

protein kinase (p38 MAPK), cytosolic phospholipase A2 (cPLA2) and more recently 

phospholipase C gamma 2 (PLCγ2) [99, 100].

HYDROGEN SULFIDE SYNTHESIS AND METABOLISM

Hydrogen sulfide (H2S) is a colorless gas with a rotten egg odour. For a long time, H2S was 

known only for its neurotoxicity and as an environmental hazard. In the recent years 

however, H2S has been named as the third endogenous gasotransmitter along with nitric 

oxide and carbon monoxide. It has a very short half-life (minutes) and is easily diffusible 

through the plasma membrane because of its high lipid solubility. The majority of H2S in the 

mammalian tissues is produced by pyridoxal-5′-phosphate dependent enzymes in four ways 

- a) cystathionine β synthetase (CBS, EC 4.2.1.22) acts on L-cysteine to give H2S, b) 

cystathionine γ lyase (CSE, EC 4.4.1.1) forms thiocysteine from cystine and then yields 

H2S, c) cysteine aminotransferase (CAT, EC 2.6.1.3) first forms 3-mercaptopyruvate from L-

cysteine and then by a process of desulfuration by 3-mercaptopyruvate sulfurtransferase (3-

MST, EC 2.8.1.2) yields H2S, and finally d) cysteine lyase (CL, EC 4.4.1.10) converts L-

cysteate to H2S (Fig. 2) [24].

The distribution of CBS, CSE and 3-MST enzymes are-tissue specific but both CBS and 

CSE have been identified in several mammalian tissues including liver, kidney and brain 

[101]. The expression of CSE has been demonstrated in thoracic aorta, portal vein and 

mesenteric artery [102, 103] including other vascular beds and has been shown in both 

smooth muscle cells and the endothelium [103, 104]. Within the cells, CBS and CSE are 

localized in the cytosol whereas 3-MST is localized in the mitochondria. Current knowledge 

regarding the fate of H2S following synthesis is limited. However, in many tissues and 

within the mitochondria, H2S undergoes several oxidation steps to form thiosulfate, sulfite 
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and finally sulfate (Fig. 2). In the cytosol, it can be methylated by thiol-S-methyltransferase 

to form methanethiol and a less toxic compound dimethylsulfide (Fig. 2) [105, 106]. In 

addition, because of its strong reducing capacity, H2S can be utilized for scavenging 

members of the reactive oxygen species [107, 108].

Physiological Effects and Mechanism of Action of H2S

The principal physiological effects of H2S are diverse depending on the organ/tissue. The 

recognized targets for H2S include enzymes, intracellular signaling proteins, transcriptional 

factors and ion channels. In the vascular system, H2S has been shown to dilate several 

vessels such as aorta, portal vein, gastric artery [102, 103, 109] mesenteric artery [110], and 

human internal mammary artery [111]. The mechanism by which H2S induces vasodilation 

is attributed to the opening of vascular smooth muscle KATP channels as evidenced by a 

similar result seen using pinacidil, an agonist of KATP channels [102, 103]. Further 

confirmation of the involvement of KATP channels was demonstrated by observing increased 

electrical conductance across the channels in aortic and vascular smooth muscle cells 

following H2S treatment [103]. Despite these results, the exact mechanism of how KATP 

channels are activated by H2S still remains to be elucidated.

Exogenous administration of sodium hydrogen sulfide (NaHS) has been shown to act 

directly on smooth muscle cells causing a reduction in blood pressure independent of 

endothelial function [103, 112]. Conversely, a reduction in the expression of CSE and thus 

H2S has been implicated in hypoxic and high blood flow induced models of pulmonary 

hypertension [113, 114]. Furthermore, CSE knockout mice have shown a variety of 

pathological effects including severe hypertension, decreased endothelium-mediated 

vasorelaxation and delayed wound healing secondary to inhibition of angiogenesis [104, 

115].

In a study involving children with essential hypertension, Chen et al. found an inverse 

relationship between plasma homocysteine and hydrogen sulfide suggesting a deficiency or 

functional impairment of H2S generating enzymes [116]. In spontaneously hypertensive rats, 

H2S treatment prevented the development of myocardial hypertrophy and fibrosis and also 

reduced ROS production [117]. The abolishment of these effects by glibenclamide suggested 

the involvement of ATP-sensitive potassium channels [117]. H2S treatment has also been 

shown to modulate aortic remodeling in spontaneously hypertensive rats by decreasing type 

I collagen accumulation [118]. In in vitro studies on vascular smooth muscle cells, NaHS 

treatment attenuated Angiotensin-II induced collagen synthesis by inhibiting 

phosphorylation of extracellular signal-regulated kinases 1/2 (ERK1/2) [118]. The 

antiatherogenic effect of H2S treatment in the aorta of apoE(-/-) mice has been attributed to 

the inhibition of expression and secretion of ICAM-1 [119]. Although H2S treatment inhibits 

platelet aggregation, the exact mechanism is still not clear. However, current evidence 

suggests that platelet activation involves disulfide metabolism and because H2S reduces 

disulfide bonds in proteins, it is possible that the anti aggregating effect could be secondary 

to modulation of disulfide metabolism [120].
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Modulation of Inflammation by Hydrogen Sulfide

H2S has a dual role in inflammation. In endotoxic shock and pancreatitis, H2S exhibited a 

pro-inflammatory role by increasing myeloperoxidase activity and upregulation of TNFα 
[121, 122]. However, other studies suggest a protective role in lipopolysaccharide-induced 

inflammation evidenced by decreased myeloperoxidase activity, reduction of IL-1β and 

TNFα and increase in IL-10 [123, 124]. Indeed, H2S-releasing drugs have shown beneficial 

role in ulcerative colitis by reducing leukocyte infiltration and production of inflammatory 

cytokines such as TNFα and IFN-γ [125]. The anti-inflammatory effect of H2S treatment 

was demonstrated to be due to the activation of KATP channels and includes modulation of 

leukocyte-endothelial interaction, reduction of inflammatory cell infiltration and edema 

[126]. In ischemia/reperfusion injury of kidney and heart, NaHS treatment prevented the 

degradation and translocation of NF-κB [127, 128]. A reduction in the activation of NF-κB 

translates to decreased production of inflammatory cytokines and chemokines by 

downregulation of their respective genes.

Hydrogen Sulfide and Oxidative Stress

H2S has a protective role during oxidative stress and its effects have been attributed to the 

opening of KATP and Cl-channels and upregulation of glutathione [129]. A similar 

mechanism has been shown to offer mitochondrial protection from oxidant stress [130]. 

Interestingly, several studies involving HHcy have also shown beneficial effects of H2S 

therapy. In a rat model of HHcy, oxidative stress resulted in significant impairment of CSE 

activity causing an imbalance in Hcy and H2S leading to myocardial injury, whereas, 

treatment with H2S protected the myocardium from HHcy-induced damage to mitochondrial 

respiratory chain and from endoplasmic reticulum stress [108]. A previous study from our 

lab has showed that H2S supplementation protects the kidneys from HHcy induced damage 

by reducing apoptosis, normalization of matrix metalloproteinase activity and also by 

scavenging ROS [131]. In another study, we demonstrated that the administration of H2S 

protected brain endothelial cells from methionine-induced oxidative injury. Similarly, Yan et 
al. showed that HHcy causes vascular smooth muscle cell injury in a time and dose-

dependent manner and treatment with H2S (30 or 50 μM) reduced superoxide, hydrogen 

peroxide, and peroxynitrite formation thereby reducing cell damage [132].

Cross-Talk Between Hydrogen Sulfide and Nitric Oxide in the Endothelial Cells

Since H2S and NO are both synthesized by the endothelial cells, it is possible that some of 

their functions are mediated by constant interaction between these molecules. Studies have 

suggested that this cross-talk may occur prior to the production of NO at the level of nitric 

oxide synthase (NOS), or NO can modulate CSE activity and the subsequent production of 

H2S which interacts with NO to form a nitrosothiol species. Supporting evidence for such 

nitrosothiol-like species was demonstrated by Whiteman et al. who showed that treatment of 

RAW264.7 cells with NaHS in the presence of NO donors resulted in the formation of new 

molecule which did not induce cyclic guanosine monophosphate (cGMP) normally seen 

after cells are exposed to NO [133]. In aortic smooth muscle cells, NO has been shown to 

increase the expression and activity of CSE [103]. The effect of H2S on NOS has shown 

mixed results. In some studies, NaHS was shown to inhibit nNOS and iNOS more than 
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eNOS [134]. In another study, NaHS inhibited protein expression of eNOS but not nNOS or 

iNOS in isolated rat aortic preparation and human umbilical vein endothelial cells [135]. 

The observation that KATP channel agonist, pinacidil showed a similar effect whereas, its 

antagonist, glibenclamide blocked the inhibition of eNOS activity suggested an important 

role of these channels in H2S regulated eNOS activity [135]. Kubo et al. demonstrated that 

NaHS played a dual role causing contraction and vasodilation in the mouse and rat aorta 

[136]. In the rat aorta, vasoconstriction was secondary to direct inhibition of eNOS by H2S 

decreasing NO production, whereas, vasorelaxation involved both KATP channel-dependent 

and -independent mechanisms [136]. In in vitro studies using lipopolysaccharide treated 

macrophages, H2S was shown to induce heme oxygenase-1 (HO-1) expression which 

suppressed iNOS thereby decreasing NO production [137]. In addition, treatment with 

carbon monoxide a product of (HO-1) inhibited phosphorylation of IkB, a necessary step for 

the activation of NF-κB suggesting that H2S-induced reduction in NO involves HO-1/CO 

pathway [137]. In contrast to the above studies, under hypoxic conditions, NaHS has been 

reported to stimulate NO production by increasing NOS expression and activity and also by 

mediating nitrite reduction to NO via xanthine oxidase pathway [138]. Additionally, H2S 

treatment was shown to increase endothelial hypoxia-inducible factor (HIF) -1α and VEGF 

mediated angiogenesis in ischemic tissues by NO-dependent mechanism [138]. Another 

recent report also indicated that NaHS treatment increases NO production in endothelial 

cells by phosphorylation of eNOS; furthermore, NaHS was shown to promote angiogenesis 

as evidenced by the formation of endothelial cell tube and proliferation by both NO-

dependent and -independent mechanisms [139].

Researchers have also investigated the effect of NO on H2S synthesis in normal and disease 

conditions. Sodium ni-troprusside (SNP) was shown to upregulate CBS expression in brain 

tissues increasing H2S production by NO-independent mechanism [140]. Treatment of 

vascular tissues with SNP, a NO donor, significantly increased H2S production in aorta, rat 

tail artery and mesenteric artery [103]. In the rat aorta, SNP-induced increase in H2S appears 

to be mediated by cGMP pathway [141]. In a rat model of endotoxic shock, treatment with 

nitroflurbiprofen, a NO donor, suppressed liver H2S synthesis along with other 

proinflammatory molecules in a dose-dependent manner to reduce inflammation [142].

Taken together, the above studies suggest a complex interaction between H2S and NO with 

distinct effects depending on tissues and animal models. Nevertheless, as research in this 

area progresses and more data becomes available with better measurement techniques, it will 

help us to better understand the underlying mechanisms.

CONCLUSIONS AND FUTURE PERSPECTIVES

To summarize, this review provides the evidence to support the role of HHcy in causing 

endothelial dysfunction and outlines several important mechanisms by which it occurs. 

HHcy-induced ROS production decreases NO production and bioavailability triggering 

increased redox signaling. Impaired NO production during HHcy can also occur due to 

inhibition of DDAH causing ADMA accumulation. HHcy-induced damage to mitochondrial 

DNA causes dysfunction and enhances mitochondrial biogenesis which may form a vicious 

cycle to worsen oxidative stress. In addition, HHcy and ROS activate NF-κB triggering 
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inflammation which is accompanied by the activation of coagulation system. The production 

of adhesion molecules, cytokines and chemokines ensues eventually leading to endothelial 

dysfunction.

A deficiency of CBS enzyme causes HHcy leading to the development of premature 

peripheral, cardiac and cerebrovascular disease. This genetic defect can also result in low 

levels of H2S. In recent years, H2S has been increasingly studied and several functions have 

been identified including vasodilation, anti-inflammation, anti atherogenesis, 

proangiogenesis and organ protection. Due to the fact that H2S is a potent vasodilator, it is 

possible that its deficiency can predispose to the development of cardiovascular disease such 

as hypertension. Whether low levels of H2S are causative, contributory or incidental effect 

on the pathological conditions requires further study. Although H2S is reported to have a 

dual role as a pro- and anti-inflammatory agent, the underlying mechanisms are still not 

clear. Further studies are required to better understand the signaling mechanism including its 

effects on other molecular targets. Because NO and H2S are produced by the same cells and 

released into similar environment, it is likely that they may interact with each other to 

potentiate or suppress their own biological effect. Current data regarding the cross-talk 

between NO and H2S have shown controversial results requiring careful interpretation. 

Finally, studies are required to delineate the role of gasotransmitters in the presence or 

absence of each other to understand their complex interaction during normal and 

pathological conditions.
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ABBREVIATIONS

ADMA Asymmetric dimethylarginine

CBS/CβS Cystathionine β-synthase

CSE/CTH Cystationine γ-lyase

cGMP Cyclic guanosine-3′,5-monophosphate

DDAH Dimethylarginine dimethylaminohydrolase

eNOS Endothelial nitric oxide synthase

ESRD End-stage renal disease

H2S Hydrogen sulfide

Hcy Homocysteine
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HHcy Hyperhomocysteinemia

HO-1 Heme oxygenase-1

ICAM-1 Intracellular adhesion molecule-1

IL Interleukin

IkB alpha I-kappa-B-alpha

iNOS Inducible nitric oxide synthase

MAPK Mitogen-activated phosphokinase

MCP-1 Monocyte chemoattractant protein-1

MTHFR Methylenetetrahydrofolate reductase

NADPH Nicotinamide adenine dinucleotide phosphate

NaHS Sodium hydrogen sulfide

NF-κB Nuclear transcription factor κB

nNOS Neuronal nitric oxide synthase

NO Nitric oxide

NOS Nitric oxide synthase

PLP Pyridoxal-5′-phosphate

ROS Reactive oxxygen species

SAM S-adenosylmethionine

TNFα Tumour necrosis factor alpha

VCAM Vascular cell adhesion molecule
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Fig. (1). 
Schematic representation of homocysteine metabolism pathway. B12, vitamin B12; CβS, 

Cystationine β-synthase; CSE, Cystathionine γ-lyase; PLP, pyridoxal-5′-phosphate; 5-

Methyl TH4-Folate, 5-Methyl tetrahydrofolate.
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Fig. (2). 
Schematic representation of hydrogen sulfide synthesis and degradation. CβS, Cystationine 

β-synthase; CSE, Cystathionine γ-lyase; 3-MST, 3-mercaptopyruvate sulfurtransferase; 

CAT, cysteine aminotransferase; PLP, pyridoxal-5′-phosphate, GSSG, oxidized glutathione, 

GSH, reduced glutathione, R-SH, thiol-bearing intermediate; SO, sulfite oxidase; and 

TSMT, thiol S-methyltransferase.
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