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Abstract

Hypertension is an important determinant of cardiovascular disease, and strict blood 

pressure regulation is beneficially associated with risk for cardiovascular events or all-

cause mortality. However, intensive anti-hypertensive treatment is not always sufficient 

to reach normotension. Hydrogen sulfide (H2S) is a gaseous signalling molecule with 

anti-hypertensive properties. It is endogenously produced, but can also be administrated 

exogenously. The current review provides an overview on H2S research performed in the 

context of hypertension and cardiovascular disease.

H2S has been increasingly found to contribute to different (patho-)physiological processes 

such as blood pressure regulation and scavenging of reactive oxygen species. Deficiency of H2S 

producing enzymes results in hypertension, and administration of H2S donors lowers blood 

pressure and protects against organ damage in the experimental setting. Thiosulfate, a H2S 

metabolite, can act as H2S donor, and is already clinically used for treatment of calciphylaxis in 

patients with end-stage renal disease. Treatment of hypertensive rats with thiosulfate results 

in lower blood pressure and reduces organ damage.

Although human data on H2S and hypertension are scarce, experimental data 

indicate that elevation of H2S levels using dietary sulfate or exogenous H2S (donors) could 

be a promising therapeutic strategy in the setting of hypertension.
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Introduction

Systemic and organ blood pressures are tightly regulated to maintain organ perfusion at 

required levels. Low blood pressures may lead to poor organ perfusion and hypoxia, finally 

resulting in organ damage characterized by organ dysfunction and necrosis, while high 

blood pressure may lead to fibrotic and inflammatory vessel and organ damage. Blood 

pressure, a function of cardiac output and peripheral resistance, is regulated by genetic, 

environmental and demographic factors. The kidney is crucial for blood pressure regulation 

through the production of renin, vascular relaxing factors (nitric oxide, prostaglandins), 

and regulation of sodium reabsorption and volume status. Essential hypertension is most 

probably a complicated interplay between interactions of mutations or polymorphisms in 

gene loci, and a variety of environmental factors. Elevated blood pressure is a leading risk 

factor for death and disability adjusted life-years lost in 2010.1 The detrimental effects 

of hypertension often relate to cardiovascular complications such as atherosclerosis. 

The pathophysiology of atherosclerosis is complex, and arterial stiffness, neointima 

formation, calcification, smooth muscle cell proliferation and migration, inflammation, 

and production of reactive oxygen species (ROS) are all involved.2 Various clinical trials have 

shown that pharmaceutical intervention in hypertension reduces the risk of cardiovascular 

outcome, including myocardial infarction, heart failure and stroke. It is recently shown 

that targeting the systolic blood pressure to less than 120 mmHg, as compared to less 

than 140 mmHg, results in significantly lower rates of non-fatal cardiovascular events 

and all-cause mortality.3 Despite intensive treatment, normotension is often not achieved 

indicating that novel avenues for blood pressure reduction have to be explored. Gaseous 

signalling molecules such as nitric oxide (NO) and carbon monoxide (CO) have been shown 

to contribute to maintaining blood pressure and flow. More recently hydrogen sulfide 

(H2S), a recently recognized gaseous signalling molecule, has shown to be involved in 

blood pressure regulation as well. Treatment with hydrogen sulfide donors is effective in 

experimental hypertension and renal damage, and may therefore be a substantial addition 

to existing antihypertensive therapies.
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Physiological functions, regulation and expression of H2S

The endogenous production of H2S is catalyzed by three enzymes. The pyridoxal 5’-phosphate 

(PLP)-dependent enzymes cystathionine beta-synthase (CBS), cystathionine gamma-lyase 

(CSE) and 3-mercaptopyruvate sulfurtransferase (3MST). The major substrates for the 

production of H2S through CSE and CBS are homocysteine and cysteine. 3-Mercaptopyruvate 

sulfurtransferase produces H2S from 3-mercaptopyruvate, which is produced by cysteine 

aminotransferase and D-amino acid oxidase from L-cysteine and D-cysteine, respectively. CSE 

is mainly associated with vascular physiology, while CBS is considered to be more involved 

in the neuromodulatory system. The dogma that plasma H2S is mainly derived from the 

above enzymes has recently been challenged by data indicating that the gut also contributes 

considerably to the H2S plasma content through sulfate-reducing bacteria. Indeed, plasma 

H2S levels are found to be significantly lowered in germ-free mice.4 This suggests that dietary 

sulfate or sulfur-containing amino acids in combination with the gut microbiome modulates 

plasma levels of H2S. Gut microbiota have previously been associated with hypertension.5 

Endogenous and exogenous H2S production is schematically depicted in Figure 1.

The validity of the reported plasma levels of H2S is controversial because there is in-

tense debate on suitable techniques to measure H2S.6 Since H2S is enzymatically oxidized 

in mitochondria to thiosulfate and sulfate by specific enzymes, i.e. sulfide quinone 

oxido reductase, persulfide dioxygenase, rhodanese and sulfite oxidase, both sulfate and 

thiosulfate can be used as biomarker for the production of H2S.7 Our group recently 

demonstrated that thiosulfate and sulfate have predictive values for all-cause mortality in 

patients after renal transplantation.8 Sulfate was a better predictor than thiosulfate, again 

suggesting a role for gut bacteria in the modulation of sulfide levels. Interestingly, both 

sulfate and thiosulfate are inversely associated with a variety of cardiovascular parameters. 

The beneficial effects of H2S have been explained by a variety of mechanisms including 

vasodilatation and ROS scavenging. H2S-mediated signalling occurs not only through 

the intact compound but also through its oxidized form, i.e. the polysulfides. The major 

signalling route is, however, mediated by the reaction with protein thiol groups after 

which persulfides are produced (protein S-sulfhydration). H2S also reacts with NO and 

related species such as nitrosothiols forming thionitrous acid (HSNO), nitrosopersulfide 

(SSNO-) and nitroxyl (HNO).9 Last, H2S can react with haemoproteins.
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Figure 1 - Schematic overview of endogenous and exogenous H2S production and the H2S 
metabolites. 3MST, 3-mercaptopyruvate sulfurtransferase; CAT, cysteine aminotransferase; CBS, 
cystathionine beta-synthase; CSE, cystathionine gamma-lyase; DAO, D-amino acid oxidase; SO, 

sulfite oxidase; SRB, sulfate reducing bacteria.
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Hydrogen sulfide and physiological blood pressure regulation

Despite the dominance of CSE over CBS expression in kidney and vasculature, phar-

macological inhibition of CSE or CBS by respectively DL-propargylglycine (PAG) or 

aminooxyacetic acid (AOA) does not affect blood pressure in rats.10,11 However, in 

combination, PAG and AOA induced hypertension.10 H2S can have sympathoinhibitory 

effects in the rostral ventrolateral medulla (RVLM). Local H2S production stimulates ATP-

sensitive potassium (KATP) channels that inhibit renal sympathetic nerve activity. CBS is the 

dominant enzyme involved in neuromodulation, and micro-injection of CBS inhibitors in 

the RVLM reduced arterial pressure in normotensive rats.12 Deletion of CSE was reported 

to have a hypertensive effect,13 however, this could not be confirmed in another CSE 

knock out mouse on another genetic background.14 Additionally, CSE transgenic/

apolipoprotein E (ApoE) knockout mice did not have a different systolic pressure than 

wildtype/ApoE knockout mice.15 Based on the current data, blood pressure response to 

modulated endogenous H2S production is inconclusive.

The signalling pathways by which H2S modulates arterial tone are complex. H2S is 

known to dilate blood vessels in synergy with NO.16 KATP channels were suggested to 

be responsible for this effect, since the KATP channel antagonist glibenclamide blocked 

the blood pressure lowering effects of exogenous H2S in vivo.17 Mustafa and coworkers 

found that the vasodilatory effects of H2S depend on cysteine-S-sulfhydration of these 

KATP channels, and subsequent hyperpolarization of membrane potential.18 This may not 

occur directly via H2S, but via nitroxyl (HNO) formed by the reaction of NO and H2S.19 

Another possibility is the unexpected activation of protein kinase G1alpha by H2S.20 This 

is also an indirect effect through formation of polysulfides, which in turn oxidize and 

activate PKG by inducing the PKG disulfide dimer.21 The key role of oxidation was proven 

by administration of sodium hydrosulfide (NaHS) to wildtype and redox-dead PKG1alpha 

knock-in mice. Only wildtype mice showed lowering of night-time (active phase) blood 

pressure during NaHS exposure.22 Recently, the soluble guanylyl cyclase/cyclic GMP 

(sGC/cGMP) pathway was also suggested to be involved in H2S related vasodilation. H2S 

acts as endogenous inhibitor of phosphodiesterase-5 (PDE-5), thereby decreasing the 

breakdown of cGMP.23,24 Figure 2 shows the various alleged mechanisms of H2S in blood 

pressure regulation.
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Figure 2 - Possible mechanisms of H2S in blood pressure regulation. KATP, ATP-sensitive potassium 
channels; PDE-5, phosphodiesterase-5; PKG1α, Protein Kinase G1 α.

Hydrogen sulfide in hypertension
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treatment with either NaHS or sodium thiosulfate completely prevented the development 

of hypertension.32 In Ang II-induced hypertertesive rats, intracerebroventricular treatment 

with NaHS also lowered blood pressure.29 Paradoxically, Ang II-induced hypertension was 

blunted (but not normalized) by concomitant administration of PAG.33 This unexpected 

observation suggests that inhibition of H2S production can mobilize another vasodilator. 

We have some evidence that this other vasodilator may actually be CO.11 In the NO synthase 

inhibition model of hypertension, treatment with either NaHS34,35 or diallyldisulfide,36 has 

been shown to ameliorate hypertension. In a similar model, inhibition of CSE with PAG 

paradoxically lowers systolic blood pressure even though H2S production in the kidney 

reaches undetectable levels. However, the increase in CO production in kidney tissue in 

these rats suggests a compensatory response.11

Hydrogen sulfide in cardiovascular damage

A decrease in blood pressure often coincides with beneficial effects on cardiovascular 

changes. Parallel to the drop in blood pressure induced by NaHS, renal function improved 

and oxidative stress decreased in SHR.26 Cardiac and aortic fibrosis also decreased in SHR 

treated with NaHS, while a similar antihypertensive action of hydralazine failed to improve 

cardiac and aortic morphology suggesting pressure-independent antifibrotic effects of H2S 

donors.27,28 In CSE deficient mice, lower H2S levels are accompanied with hypertension, 

hyperhomocysteinemia, and impaired vasorelaxation.13 The CSE deficit in these mice 

resulted in increased neointima formation, four weeks after carotid artery ligation; this 

effect was completely prevented by NaHS.37 In the NO synthase inhibition model of 

hypertension in rats, blood pressure lowering effects of NaHS and diallyldisulfide were 

accompanied by amelioration of left ventricular hypertrophy and fibrosis.34,36 Likewise, 

in Ang II-infused hypertensive rats, concomitant treatment with either NaHS or sodium 

thiosulfate ameliorated the development of left ventricular hypertrophy and fibrosis as well 

proteinuria and renal injury.32,38 The fact that thiosulfate can act as H2S donor by enzymatic 

reduction (by thiosulfate:thiol sulfurtransferase) is of particular interest, because thiosulfate 

is a drug which is already clinically used for the treatment of calciphylaxis and cyanide 

poisoning.39,40 Interestingly, CSE inhibition with PAG also had renoprotective effects during 

NO depletion and Ang II infusion.11,33 This may be due to mobilization of heme oxygenase-1 

(HO-1) and subsequent CO production as already mentioned above.

H2S is also a regulator in experimental models for cardiovascular disease without 

hypertension. Mice fed a high fat diet, predisposing to atherosclerosis, showed a 
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downregulated H2S metabolism, which was accompanied by upregulation of inflammatory 

cytokines.41 In a rat model of balloon-induced neointima hyperplasia, exogenous NaHS 

treatment decreased neointima formation, reduced smooth muscle cell proliferation and 

prevented impairment of balloon-induced vascular relaxation.42 Atherosclerotic plaque 

formation in ApoE knockout mice was altered by NaHS treatment together with reduced 

intercellular adhesion molecule 1 (ICAM-1) expression and decreased oxidized-LDL 

induced foam cell formation.43 Non-hemodynamic protection by H2S was also supported 

by the finding of reduced plaque size without affecting blood pressure in ApoE knockout 

mice with over-expression of CSE.15 Administration of gaseous H2S or H2S donors, has 

shown protective properties in cardiac injury as well. Either gaseous H2S or intravenous 

H2S donor sodium sulfide (Na2S) administration prior to myocardial ischemia, resulted in 

a reduced infarct size and improvement of ejection fraction.44,45 Even in a severe 2-hour 

middle cerebral artery occlusion model for stroke, inhalation of H2S in breathing air 

reduced infarct size, neurological deficits, and brain edema.46 All in all, H2S appears 

to attenuate cardiovascular damage in hypertensive and non-hypertensive conditions, 

revealing its broad spectrum of protective mechanisms.

Therapeutic interventions using H2S-based medication 

There are two fundamentally different approaches to support gasotransmitter function. 

One approach is to bypass the endogenous system and simply supply a precursor of the 

chosen gaseous molecule, e.g. NaHS for H2S. This method is attractive in its simplicity, 

but fails to take compartmentalization of the gas at either the tissue or subcellular level 

into consideration. Moreover, enhanced signalling induced by the exogenous product may 

down-regulate the endogenous system, which would be counterproductive. Alternatively, 

one can try to stimulate the endogenous system, for instance in the case of H2S by 

enhancing CSE activity. To this end, the precursors cysteine and methionine, the cofactor 

PLP, or a combination of these agents could be supplied.47 Similar approaches have been 

undertaken with arginine (as substrate for NO synthase),48 citrulline (as substrate for 

arginine succinate synthase),49 or tetrahydrobiopterin as cofactor for the NO system.50

Although H2S itself is nowadays not clinically in use, one phase I safety trial has 

been performed with H2S donor Na2S.51 This study revealed an increase in plasma 

H2S and thiosulfate levels within a few minutes after intravenous injection. The H2S 

oxidation product thiosulfate is also used as an H2S donor, by enzymatic reduction 

through thiosulfate:thiol sulfurtransferase.52,53 Thiosulfate is already in clinical use for 
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the treatment of calciphylaxis in patients with end-stage renal disease,54 and has also 

shown protective properties in different rat models of renal disease55,56 and hypertensive 

cardiac and renal injury.32,38 Prolonged treatment with thiosulfate is currently hampered 

by the fact that it has to be administrated intravenously. Oral administration results in 

rapid breakdown by gastric acids. A possible solution for this could be the use of gastric 

acid resistant capsules. H2S-releasing, as well as combined NO/H2S releasing nonsteroidal 

anti-inflammatory drugs (NSAIDs) are currently developed. New drugs like S-diclofenac,57 

S-naproxen,58 or NOSH-aspirin59,60 have been tested in different animal models of 

inflammation. Up to now, H2S-releasing NSAIDs have shown to be as effective as the 

usual NSAIDs in reduction of inflammation, but showed to have fewer and less severe 

side effects.60 Previous research reported additional beneficial effects of sulfhydrylated 

angiotensin-converting enzyme (ACE) inhibitors.61 Bucci and coworkers recently 

demonstrated that the beneficial effect of sulfhydrylated ACE inhibitors depends on 

H2S release.62 Finally, dietary addition of sulfate would be an interesting concept of H2S 

treatment. The intestinal microflora contains sulfate-reducing bacteria which produce 

H2S using dietary sulfate as substrate. In line with this, germ-free mice demonstrated 

significant lower H2S levels compared to conventional mice, indicating that dietary intake 

of sulfate or sulfur-containing amino acids can act as natural H2S donors.4

Concluding remarks

Hypertension is the results of a complicated interplay between g enetic and environmental 

factors making its adequate treatment challenging. Due to insufficient response to 

conventional antihypertensive treatment in a subset of patients, there is an ongoing 

need for new and additional therapies. Recently, the gaseous signalling molecule H2S 

has shown remarkable blood pressure lowering effects. Its therapeutic applications 

are multiple and may be achieved via various means, including H2S donors, enzyme 

precursors, and dietary interventions. H2S could well evolve as a novel additional therapy 

in the treatment of clinical hypertension and its devastating cardiovascular consequences.
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