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Hydrogen sulfide (H2S) has traditionally been viewed as a highly toxic gas; however, recent studies have implicated H2S as a
third member of the gasotransmitter family, exhibiting properties similar to NO and carbon monoxide. Accumulating
evidence has suggested that H2S influences a wide range of physiological and pathological processes, among which blood
vessel relaxation, cardioprotection and atherosclerosis have been particularly studied. In the cardiovascular system, H2S
production is predominantly catalyzed by cystathionine γ-lyase (CSE). Decreased endogenous H2S levels have been found in
hypertensive patients and animals, and CSE−/− mice develop hypertension with age, suggesting that a deficiency in H2S
contributes importantly to BP regulation. H2S supplementation attenuates hypertension in different hypertensive animal
models. The mechanism by which H2S was originally proposed to attenuate hypertension was by virtue of its action on
vascular tone, which may be related to effects on different ion channels. Both H2S and NO cause vasodilatation and there is
cross-talk between these two molecules to regulate BP. Suppression of oxidative stress may also contribute to antihypertensive
effects of H2S. This review also summarizes the state of research on H2S and hypertension in China. A better understanding of
the role of H2S in hypertension and related cardiovascular diseases will allow novel strategies to be devised for their treatment.
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Abbreviation
2K1C, two-kidney-one-clip; Ang II; angiotensin II; AOA, aminooxyacetic acid; AT1 receptor, angiotensin II type 1
receptor; CBS, cystathionine-β-synthase; CO, carbon monoxide; CSE, cystathionine-γ-lyase; DBP, diastolic BP; eNOS,
endothelial NOS; H2S, hydrogen sulfide; I/R, ischaemia/reperfusion; L-NAME, NG-nitro-l-arginine methyl ester; MAP,
mean arterial pressure; MPST, 3-mercaptopyruvate sulfurtransferase; MWT, medial wall thickness; PAAT, pulmonary
arterial acceleration time; PAG; DL-propargylglycine; PHT, pulmonary hypertension; RVET, right ventricular ejection
time; RVH, right ventricular hypertrophy; SBP, systolic BP; SHR, spontaneously hypertensive rat; SMCs, smooth muscle
cells; VEGFR-1, soluble fms-like tyrosine kinase 1; VD, vas deferens
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Introduction

In recent years, the ‘gasotransmitters’ NO, carbon monoxide
(CO) and hydrogen sulfide (H2S) have been the object of
intense research (Papapetropoulos et al., 2014). In the last
two decades, NO has been extensively studied; and in more
recent times, the importance of H2S in cardiovascular regu-
lation has become increasingly apparent (Polhemus and
Lefer, 2014). Until the H2S content within the brain was
first measured in postmortem studies in 1989, H2S was
traditionally viewed as a highly toxic gas devoid of benefi-
cial biological or physiological functions (Goodwin
et al., 1989). Subsequently, H2S quickly emerged as an
important signalling molecule with widespread physiologi-
cal functions.

Three enzymatic pathways have been identified which
produce H2S in mammals: cystathionine-β-synthase (CBS),
cystathionine-γ-lyase (CSE) and 3-mercaptopyruvate sulfur-
transferase (MPST). CBS and CSE are believed to be the criti-
cal enzymes for H2S generation in the modulation of
neurological and cardiovascular functions, respectively,
while expression of MPST has also been found in vascular
endothelium (Wang, 2012). Accumulating evidence has
confirmed that a wide range of physiological and pathologi-
cal processes can be mediated by H2S, especially in the car-
diovascular system, including blood vessel relaxation,
cardioprotection and atherosclerosis (Wang, 2011; Tang
et al., 2013; Yang et al., 2013; Bos et al., 2014; King et al.,
2014; Mani et al., 2014). This review will focus on the
roles of H2S in hypertension and related cardiovascular
diseases.

Deficiency of H2S production and
hypertension development

Several studies have shown that H2S may play important roles
in the pathogenesis and development of hypertension in
humans. In patients with grade 2 and 3 hypertension, plasma
H2S concentrations were found to be lower than in subjects
with normal BP (Sun et al., 2007). In patients with portal
hypertension, endogenous H2S levels have been reported to
be lower than in healthy controls; and an inverse relationship
was seen between disease severity and lower plasma H2S
levels, the latter being inversely correlated with portal vein
diameters and Child-Pugh score (Wang et al., 2014). In
patients with pulmonary hypertension (PHT), levels of H2S
and expression of CSE have been found to be reduced; based
on evaluation of the receiver-operating characteristic curve,
CSE had the most significant sensitivity and specificity to
predict dynamic PHT (Sun et al., 2014). H2S deficiency might
be mainly ascribed to reduce CSE activity or expression,
although little is known about transcriptional regulation or
post-translational modification of CSE.

Genetic modulations of CSE, CBS or MPST levels are effec-
tive means to experimentally investigate the cardiovascular
actions of H2S. However, complete genetic deficiency of CBS
(as in a homozygote knockout mouse) exhibits a neonatally
lethal phenotype because of liver dysfunction (Watanabe
et al., 1995). It is possible to circumvent this lethality problem
by insertion of a transgene that expresses a cDNA encoding
for a human CBS protein that contains the I278T mutation
under control of a zinc-inducible metallothionein promoter
(Wang et al., 2005). Indeed, expression of this mutant CBS
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protein was able to prevent the neonatally lethal phenotype,
but failed to normalize the elevated total homocysteine levels
(Gupta et al., 2014). Some evidence suggests that, in the
context of hyperhomocysteinemia, homocysteine can inacti-
vate CSE by homocysteinylation, a phenomenon seen in
hypertension and other cardiovascular diseases (Sen et al.,
2010). On the other hand, MPST knockout is not lethal to
mice, but there exists a paucity of information regarding any
possible effect of genetic deficiency of MPST on cardiovascu-
lar disease (Nagahara, 2013). It is worth noting that CSE
mutant mice with a C57BL/6J × 129SvEv mixed genetic back-
ground develop hypertension with age. Systolic BP (SBP) in
the mutant mice has been reported to increase at more than
135 mmHg at 12 weeks of age, which was almost 18 mmHg
higher than in control mice. The BP of CSE−/− mice was about
10 mmHg higher than that of CSE−/+ mice after 10 weeks of
age, all of which suggests that a deficiency of CSE/H2S may
contribute to BP augmentation (Yang et al., 2008). However,
it has been controversially reported that C57BL/6J mice with
CSE deficiency actually exhibit normal BP (Ishii et al., 2010).
This discrepancy may be due to differences in their genetic
background. However, it should also be noted that, in the
earlier studies, BP was measured using a standard tail-cuff
non-invasive measurement system or by intra-arterial cath-
eterization method rather than by telemetric BP recordings,
and the latter is much less prone to error than either of the
former methods. An augmented level of less than 20 mmHg
in CSE−/− mice might also be subjected to error and possible
bias. An electronic BP monitor is the only reliable method for
analysing systemic BP nowadays. Additionally, there is a limi-
tation that all of the phenotypes are observed in mice with an
overall CSE deficiency, not just a conditional knockout in the
cardiovascular system. Therefore, the true effect of CSE defi-
ciency on BP remains unclear at present. Lucock et al. found
that both genetic variants of CSE-G1364T and CBS-844ins68
are biological determinants of H2S synthesis and are aetiologi-
cally important in the regulation of BP (Lucock et al., 2013).
In addition, it has been observed that mean arterial pressure
(MAP) in rats is not enhanced after treatment with either the
CSE inhibitor DL-propargylglycine (PAG) or the CBS inhibitor
aminooxyacetic acid (AOA) alone for 4 weeks; however, MAP
increased gradually from 99 ± 2 to 130 ± 1 mmHg during 4
weeks of treatment with the combination of PAG and AOA
(Roy et al., 2012). The balance of evidence therefore suggests
that H2S plays an important role in regulating BP.

H2S supplementation attenuates
hypertension

It has been reported in many studies that H2S supplementa-
tion decreases BP in different hypertensive models. The pro-
tective effects of H2S in different conditions are discussed in
the succeeding text.

Role of H2S in the spontaneously hypertensive
rat (SHR)
Many of the cardiovascular changes in the SHR are similar to
those in hypertensive human subjects. Levels of H2S in
plasma, urinary and gene expression and activity of CSE in

thoracic aorta are all suppressed in SHR (Yan et al., 2004;
Ahmad et al., 2014). A profound antihypertensive effect of H2S
in SHR has been identified by several groups. Yan et al. and
Zhao et al. found that exogenous administration of NaHS
(56 μmol·kg−1 day−1) for 5 weeks attenuated the elevation of
pressure and lessened aortic structural remodelling and colla-
gen accumulation during the development of hypertension
(Yan et al., 2004; Zhao et al., 2008). Shi et al. reported that
NaHS treatment for 3 months at doses of 30 and 90 μmol·kg−1

day−1 reduced SBP, diastolic BP (DBP) and MAP to similar
extents in SHR. Moreover, NaHS at 10 μmol·kg−1 day−1 reduced
DBP and MAP, indicating that lower doses of NaHS can reduce
BP if treatment if given for a long enough period (Shi et al.,
2007). These findings indicate that NaHS at doses between 10
and 90 μmol·kg−1 day−1 reduce BP in SHR. On the other hand,
it is well established that NaHS promotes apoptotic cell death
of cultured fibroblasts and smooth muscle cells (SMCs; Baskar
et al., 2007) and additionally releases copious amounts of H2S
over a short time frame (s), which does not effectively mimic
physiological concentrations of H2S in vivo and might be
harmful. The studies have not evaluated specifically for pos-
sible toxicity of NaHS; therefore, whether the antihyperten-
sive effect was simply a manifestation of H2S toxicity remains
to be clarified. Because NaHS is not an ideal H2S donor, several
other H2S donors, including GYY4137 (a slow-releasing H2S
donor), has been synthesized to evaluate the true physiologi-
cal role of H2S. GYY4137 did not cause detectable cytotoxicity
or alter the cell-cycle profile or p53 expression of cultured rat
vascular SMCs; additionally, it releases low amounts of H2S
slowly and persistently and does not trigger signalling path-
ways leading to cell death. Chronic treatment of conscious
animals with GYY4137 at 133 μmol·kg−1 reduced SBP in SHR,
the fall in BP being apparent after 2 days and persisting after
14 days of treatment. On cessation of drug therapy, the BP of
Wistar-Kyoto (WKY) rats returned to pre-injection values
within 7 days; while for SHR, the BP was still well controlled
at this time point, with BP of all animals returning to pretreat-
ment levels 14 days after cessation of treatment. Despite such
lack of toxicity, GYY4137 similarly gave rise to a BP reduction
(Li et al., 2008a). In a word, an H2S supplement is more or less
beneficial in reducing BP in SHR.

Role of H2S in PHT
In tissue bath preparations of small peripheral airways
(<5 mm in diameter) from porcine lungs precontracted with
the muscarinic ACh receptor agonist carbachol, both H2S
donor NaHS and the precursor L-cysteine causes a large
relaxation of the airways (Rashid et al., 2013). Ariyaratnam
et al. found that 500 μM NaHS causes a reduction in both
pulmonary artery and bronchial airway pressures
(Ariyaratnam et al., 2013). Moreover, Na2S, GYY4137 and
L-cysteine also cause relaxation of airways (Parkinson et al.,
1988; Castro-Piedras and Perez-Zoghbi, 2013).

Collectively, these data suggest that H2S is a potent dilator
of human pulmonary arteries in vitro. However, the influence
of H2S on pulmonary blood flow in vivo is extremely complex.
The notion that H2S has powerful therapeutic potential for
PHT, therefore, needs further confirmation in vivo. Rats
exposed to 21 days of hypoxia exhibit decreased plasma H2S
concentration and H2S production in their lungs (Wei et al.,
2008). Administration of NaHS (10 μmol·kg−1·day−1) has been
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found to reduce the mean pulmonary artery pressure by
31.2%, but this protective effect was largely abolished by PAG,
indicating that H2S might be involved in the development of
hypoxia-induced PHT. H2S supplementation can also attenu-
ate hypoxia-induced hypertension in broilers (Yang et al.,
2012). Up-regulating the endogenous H2S pathway also
reduces pulmonary arterial pressure in rats with PHT induced
by high pulmonary blood flow (Luo et al., 2013). After aorta-
veno cava shunting for 11 weeks, rats exhibit PHT and pul-
monary artery collagen remodelling in association with a
decrease in lung tissue H2S content, suggesting that a reduced
level of H2S may contribute to the detrimental effect of shunt-
ing (Li et al., 2008b). PHT is also considered as a complication
of severe bronchopulmonary dysplasia. Neonatal rats exposed
to chronic hyperoxia develop PHT, as demonstrated by a
significant decrease in the pulmonary arterial acceleration
time/right ventricular ejection time (PAAT/RVET) and an
increase in medial wall thickness (MWT) of small pulmonary
arteries and right ventricular hypertrophy (RVH); GYY4137
attenuates these functional and structural features of PHT
with an increase in mean PAAT/RVET, a decrease in MWT and
a reduction in RVH (Vadivel et al., 2014). In human subjects,
basal exhaled H2S is higher than the ambient concentration of
H2S in room air, indicative of endogenous H2S production in
humans; after i.v. administration of Na2S, a rapid elevation of
exhaled H2S concentration was observed, the amount of
exhaled H2S rapidly decreases after discontinuation of the
Na2S infusion, suggesting that exogenously administered H2S
diffuses to the bronchial tissue (Toombs et al., 2010). Collec-
tively, these findings suggest that H2S may offer a novel thera-
peutic target for PHT. However, disagreement exists in H2S
concentration and the possibility of lung injury. Inhalation of
80 ppm H2S has been reported to ameliorate lung pathology
in lipopolysaccharide-induced (Faller et al., 2012) and in
ventilator-induced (Faller et al., 2010) lung injury. On the
other hand, Francis et al. observed that 1 or 5 ppm H2S did not
alter ventilation-induced lung injury, while 60 ppm H2S wors-
ened it (Francis et al., 2011). It is clear that non-specific tox-
icity may in itself evoke a decrease in BP. The equipotent
inhalation concentration of different H2S donors by injection
has not been evaluated. In other words, further work needs to
be done to investigate possible H2S lung toxicity in relation to
dose.

Role of H2S in other types of hypertension
Pre-eclampsia is a hypertensive syndrome that affects 4–7% of
all pregnancies and is a major contributor to maternal and
fetal morbidity and mortality worldwide. Plasma H2S levels
and CSE mRNA expression in the pre-eclamptic placenta have
been found to be reduced in pre-eclampsia compared with
normotensive controls (Wang et al., 2013). After PAG treat-
ment of pregnant C57Bl6/J mice from E8.5 to E17.5, a dose-
dependent decrease in circulating H2S levels was observed;
importantly, MAP increased in response to PAG in a dose-
dependent manner, an effect which was attenuated by
co-administration of 0.25 mg·kg−1 GYY4137 (Wang et al.,
2013). On the other hand, Holwerda et al. observed that
placental CBS mRNA expression decreased in the early-onset
pre-eclampsia, whereas CSE mRNA in placenta was
unchanged in severe pre-eclampsia (Holwerda et al., 2012).
Cindrova-Davies et al. reported CSE level to be reduced in

placentas from pregnancies with severe early-onset growth
restriction and pre-eclampsia displaying abnormal umbilical
artery Doppler waveforms, compared with both pre-
eclamptic placentas with normal waveforms and controls
(Cindrova-Davies et al., 2013). These contradictory findings
regarding placental expression of H2S-synthesizing enzymes
may be explained by a lack of significant results because of
the small sample sizes in these studies (Patel et al., 2009;
Holwerda et al., 2012; Cindrova-Davies et al., 2013) and high-
light the need for larger studies to be performed. Soluble
fms-related tyrosine kinase 1 (VEGFR-1), a circulating anti-
angiogenic protein, contributes to the development of pre-
eclampsia; treatment with NaHS (50 μmol·kg−1, twice daily)
for 8 days reduced VEGFR-1-induced hypertension by
up-regulating VEGF expression in rats, although whether this
effect is sustained at later time points is presently unknown
(Holwerda et al., 2014). Collectively, these data suggest that
endogenous H2S is required for healthy placental vascular
function and that a decrease in CSE/H2S activity may contrib-
ute to the pathogenesis of pre-eclampsia.

Following induction of hypertension in Wistar rats by
oral administration of the L-arginine analogue NG-nitro-l-
arginine methyl ester (L-NAME) in drinking water for 6
weeks, NaHS treatment decreased in SBP by 19%; further-
more, the observed inhibition of H2S generation and CSE
activity in these rats was also greatly attenuated by NaHS
treatment (Zhong et al., 2003). Li et al. also found that acute
i.v. pre-injection of GYY4137 (133 μmol·kg−1), but not of
NaHS (2.5 μmol·kg−1) or saline, reduced the L-NAME-
mediated hypertension (Li et al., 2008a). This suggests that
there is likely to be an optimal balance between H2S and NO
to maintain a dynamic equilibrium and that, if the balance is
disturbed for example by L-NAME administration, H2S sup-
plementation can redress the disturbance in BP.

Tan et al. reported that CCl4 reduces serum H2S levels,
hepatic H2S production and CSE expression in rats; exog-
enous NaHS was found to attenuate CCl4-induced hepatotox-
icity, liver cirrhosis and portal hypertension, indicating that
targeting H2S may present a promising approach, particularly
in relation to prevention, against portal hypertension (Tan
et al., 2011). Rats with cirrhosis induced by bile duct ligation
for 4 weeks were treated daily with NaHS for 5 days, then
isolated livers were perfused first with NaHS for 20 min fol-
lowed by noradrenaline (NA). It was found that bile duct
ligation resulted in down-regulation of CSE mRNA/protein
levels and activity, indicating that a reduction of CSE
expression in the liver with cirrhosis contributes to the devel-
opment of increased intrahepatic resistance and portal hyper-
tension. NA administration resulted in a dose-dependent
increase of portal pressure and this effect was restored by H2S
treatment (Fiorucci et al., 2005). However, inhibition of CSE
prevents acute inflammatory liver failure by augmenting
thiosulfate levels and up-regulating antioxidant and anti-
apoptotic defence in the liver (Shirozu et al., 2014). It is
possible that excess or even an exogenous supplement of H2S
might result in liver injury. That is, there is a possibility that
the attenuating effect of H2S on portal hypertension is not
due to its pharmacological characteristics but is due merely to
non-specific toxic effects. A more accurate conclusion can
only be made on the precondition that the H2S supplement is
not harmful to the liver.
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To date, few data are available on the effect of H2S on renal
hypertension, a type of secondary hypertension. Renal hyper-
tension can be induced with two-kidney-one-clip (2K1C, a
clip constricting one renal artery) in animals. One group
found that NaHS treatment (5.6 mg·kg−1·day−1) over 4 weeks
reversed the BP elevation in 2K1C rats but not in one-kidney-
one-clip rats, suggesting that the antihypertensive effect of
H2S may be greater in hypertension associated with higher
plasma renin activity (Lu et al., 2010). Zhang et al. found that
H2S also prevented H2O2-induced activation of epithelial
sodium channels, through which sodium can be reabsorbed
in the distal renal tubules to regulate salt-sensitive hyper-
tension, through a phosphatase and tensins homologue
(PTEN; previously known as phosphatidylinositol 3,4,5-
trisphosphate-dependent) pathway (Zhang et al., 2013).
Further investigation of the effect of H2S on epithelial sodium
channel activity in animal models may therefore be relevant
to the clinical management of salt-sensitive hypertension.
Recently, it has been reported that exogenous administration
of an H2S donor attenuates angiotensin II (Ang II)-induced
hypertension (Snijder et al., 2014). Although Zhao et al.
found that NaHS decreases the binding affinity of the angio-
tensin II type 1 (AT1) receptor and attenuates AT1 receptor
activation (Zhao et al., 2008), the mechanism by which H2S
regulates Ang II-induced hypertension is not clear because of
the involvement of complex interacting networks including
renal sympathetic nerve activity and the cardiac sympathetic
afferent reflex.

Principal possible mechanisms of the
antihypertensive effect of H2S

Relaxation of vascular smooth muscle
One of the earliest proposed beneficial physiological effects of
H2S was its action on vascular tone. The endothelium-
dependent vasorelaxation induced by H2S shares many
common mechanistic traits with that of endothelium-derived
hyperpolarizing factor (Edwards et al., 2012). Deficiency in
CSE expression diminishes endothelium-dependent relaxa-
tion of resistance arteries (Yang et al., 2008). Tang et al. also
found that CSE-knockout mice exhibit elevated resting mem-
brane potential of SMCs, and lack a methacholine-induced
endothelium-dependent relaxation of mesenteric arteries,
whereas that of aorta is preserved; methacholine caused
hyperpolarization of SMC in endothelium-intact mesenteric
arteries from wild-type mice, but this effect was abolished in
CSE-knockout mice, and treatment with exogenous H2S
hyperpolarized vascular SMCs and endothelial cells from
both wild-type and CSE-knockout mice, suggesting that H2S is
indeed an endothelium-derived hyperpolarizing factor (Tang
et al., 2013). Loss of endothelium attenuates the relaxation
of rat aortic tissues induced by H2S and shifts the H2S
concentration-response curve to the right (Zhao and Wang,
2002). The endothelium dependence of the H2S effect is more
pronounced in isolated and perfused rat mesenteric artery
bed, such that removal of functional endothelium reduced
H2S-induced relaxation of rat mesenteric artery bed by about
sevenfold, with an increase in EC50 of H2S from 25 to 161 μM
(Cheng et al., 2004). This tissue-selective endothelium-

dependent effect of H2S is similar to that of endothelium-
derived hyperpolarizing factor. However, NaHS (0.1–3.0 mM)
has been found to elicit concentration-dependent relaxation
of rat middle cerebral arteries, which is unaffected by
endothelium removal (Streeter et al., 2012). NaHS relaxes
coronary arteries precontracted by U46619 (a thromboxane
A2 agonist), this relaxation is similarly unaffected by endothe-
lium removal (Cheang et al., 2010). Expression of CSE and
CBS protein has been observed in vascular endothelial cells
(Wen et al., 2013). However, it remains unclear why the
endothelium dependence of H2S-mediated relaxation appears
to vary from one blood vessel type to another. Specific targets
in the endothelium are still not available nowadays.

A large part of H2S-induced vasorelaxation appears to be
dependent on the activation of ATP-sensitive K+ channel
(KATP) in vascular smooth muscle (Liu et al., 2011; Wang,
2011) by increasing whole-cell KATP currents to hyperpolarize
membrane potentials and improving single-channel activity
by enhancing permeability of single KATP channels (Tang
et al., 2005). Using the whole-cell and single-channel patch-
clamp technique, direct evidence was obtained that exog-
enous H2S activates KATP channels and hyperpolarizes cell
membrane of rat aorta and mesenteric artery SMCs, and that
inhibition of endogenous H2S production with PAG reduces
whole-cell KATP currents (Zhao et al., 2001). In the concentra-
tion range 100 nM–100 μM, GYY4137 elicits a concentration-
dependent relaxation of phenylephrine-induced contraction
in isolated posterior ciliary arteries, which is attenuated by
the KATP channel blocker glibenclamide, suggesting that vas-
cular smooth muscle relaxation induced by H2S is mediated,
at least in part, by KATP channels (Chitnis et al., 2013).
Reduced expression of CSE and increased miR-21 in placentas
are also associated with increased vascular resistance. Perfu-
sion of normal placentas with NaHS, after preconstriction
with a thromboxane mimetic, results in a dose-dependent
vasorelaxation, which can be partially blocked by glibencla-
mide (Cindrova-Davies et al., 2013). Nevertheless, the
detailed mechanism by which H2S activates KATP channels
remains to be elucidated. After treatment of mouse aortic
rings with NaHS, cGMP-dependent PKG activation and
NaHS-stimulated relaxation were evoked in a time-dependent
manner, which could be attenuated by DT-2 (a PKG1 inhibi-
tor), although interestingly, vasodilator responses to a slow-
releasing H2S donor (GYY4137) were unaffected by DT-2,
suggesting that this donor dilates mouse aorta through PKG-
independent pathways. Dilator responses to NaHS were
reduced in vessels of PKG−/− mice, and moreover, glibencla-
mide inhibited NaHS-induced vasorelaxation in vessels from
wild-type animals, but not PKG-I−/− mice, suggesting that
there is cross-talk between KATP and PKG (Bucci et al., 2012).
Besides PKG, there may also be other as yet undiscovered
H2S-induced signal-transduction pathways mediating KATP

channel activation.
Several other studies have found that H2S may also induce

vasodilatation by affecting other ion channels besides KATP.
Suppression of L-type calcium channels with nifedipine or
inhibiting potassium conductance with 50 mM K+ reduce the
maximum relaxation elicited by NaHS in rat middle cerebral
arteries; however, selective blockers of KATP, calcium-sensitive
(KCa), voltage-dependent (KV) or inward rectifier (Kir) potas-
sium channels alone or in combination did not affect the
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response to NaHS, indicating that H2S-mediated relaxation is
partly mediated by inhibition of CaV1.1-1.4 (L-type) calcium
channels, with an additional contribution by K+ channels
which are not of the KATP, KCa, KV or Kir subtypes (Streeter et al.,
2012). NaHS elicits concentration-dependent vasorelaxation
in mesenteric arteries and aortas, which can be blocked by
the KV7.x channel (KCNQ) inhibitor XE991, and the vasodi-
lator capacity of the KCNQ channel opener retigabine
is preserved following inhibition of H2S generation
(Schleifenbaum et al., 2010). Li et al. reported that CBS and
CSE are functionally expressed in vas deferens (VD) and that
H2S mediates VD smooth muscle relaxation; transient recep-
tor potential and KATP channels do not appear to contribute
to the NaHS-induced relaxant effect, whereas the large-
conductance Ca2+-activated potassium (BKCa) channel block-
ers iberiotoxin or tetraethylammonium largely reverse the
relaxant effect, suggesting that H2S may target BKCa channels
in VD smooth muscle (Li et al., 2012). NaHS-induced relaxa-
tion and membrane hyperpolarization in coronary arteries
were found to be reduced by 4-aminopyridine but unaffected
by glibenclamide (Cheang et al., 2010). NaHS has been
reported to dilate cerebral arteries from Sprague-Dawley rats
with the same potency following precontraction by either
5-hydroxytryptamine or 60 mmol·L−1 KCl, which were unaf-
fected by several K+ channel blockers. Patch clamp recordings
showed that NaHS reduced the amplitude of L-type Ca2+ cur-
rents in single myocytes isolated enzymatically from the cer-
ebral artery, indicating that NaHS relaxes cerebral arteries
primarily through inhibiting Ca2+ influx via Ca2+ channels
(Tian et al., 2012). These data suggest that different ion chan-
nels may be responsible for mediating vasorelaxation in dif-
ferent vascular beds. How they may interact with each other,
and whether they play different roles in the vasodilator
response, needs further investigation in future studies.

Taken together, the results show that the effects of H2S on
ion channels varies in different physiological or pathological
situations. KATP channels and other ion channels play differ-
ent roles in the relaxation of vascular smooth muscle. But is
there any specific contributions caused by H2S? If this is true,
which ion channel plays the crucial role? Is the relaxant effect
on vascular smooth muscle just an artifact or a complicated
response? More precise mechanisms need to be studied in the
future.

Interaction with NO and CO
Although H2S and NO exhibit independent signalling, and
H2S but not NO targets KATP channels, both of these gasotrans-
mitters mediate vasodilatation. Previous studies suggest that
a cross-talk exists between these two molecules. H2S content
in lung tissue is increased by L-arginine treatment after aorta-
veno cava shunting, whereas mean pulmonary artery pres-
sure and relative median area of pulmonary arteries are
attenuated (Yanfei et al., 2006). Several lines of evidence have
reported that H2S therapy results in cardioprotection follow-
ing transverse aortic constriction via up-regulation of
endothelial NOS (eNOS) and NO bioavailability (Kondo et al.,
2013; Polhemus et al., 2013). We have found that GYY4137
partially restores aortic endothelium-dependent relaxation in
apoE−/− mice, which may be related to increased phosphor-
ylation of eNOS in aorta (Liu et al., 2013). Altaany et al.
reported that incubation of HUVECs with NaHS stimulates

the phosphorylation of eNOS and enhanced NO production;
blockade of NO production by eNOS-specific siRNA or
L-NAME is seen to reverse, and eNOS overexpression to
potentiate, the proliferative effect of H2S on HUVECs (Altaany
et al., 2013). Mice lacking CSE exhibit dysfunctional eNOS,
diminished NO levels and exacerbated myocardial ischaemia/
reperfusion (I/R) injury; acute H2S therapy restores eNOS
function and NO bioavailability and attenuates I/R injury,
however, does not protect against I/R injury in eNOS
phospho-mutant mice (King et al., 2014). Coletta et al.
showed that inhibition of eNOS attenuates H2S-stimulated
vasorelaxation (Coletta et al., 2012). These data demonstrate
that that H2S-mediated cytoprotective signalling is dependent
largely on eNOS activation and NO generation. However,
there is no direct evidence that NO is involved in the anti-
hypertensive effect of H2S. In the future, this possibility could
be investigated by examining the effects of H2S in an animal
model with both NO deficiency and hypertension, for
example the eNOS knockout mouse.

The regulation of eNOS phosphorylation is complex. We
have previously found that association of globular actin with
eNOS plays an essential role in agonist-induced eNOS activa-
tion through enabling its phosphorylation by Akt at serine
residue 1177 (Mi et al., 2011). Several agents, such as pyridox-
ine (Xie et al., 2012) and 17β-estradiol (Han et al., 2012),
regulate eNOS activity through effects on its phosphoryla-
tion. Several lines of evidence suggest that H2S activates PI3K/
Akt, thereby increasing eNOS phosphorylation at Ser1177
and enhancing vascular endothelial NO production
(Predmore et al., 2011; Coletta et al., 2012). However, one
study found that NaHS induced phosphorylation of eNOS at
the phosphoserine residue Ser1179 in a manner not affected
by PI3K/Akt inhibition in endothelial cells (Kida et al., 2013).
In addition, silencing of the CSE abolishes NO-stimulated
cGMP accumulation and attenuates the ACh-induced vasore-
laxation, indicating a partial requirement of H2S in the vas-
cular activity of NO (Coletta et al., 2012). Homocysteine also
induces inducible NOS, reduces eNOS in endothelial cells and
reduces bioavailability of NO through the formation of nitro-
tyrosine, which may exacerbate hyperhomocysteinemia-
associated hypertension (Sen et al., 2010). Collectively, these
results suggest that NO and H2S may play mutually comple-
mentary roles in the physiological control of vascular tone.
Although sulfhydration of some proteins by H2S appears to be
a physiological determinant of transcriptional activity (Sen
et al., 2012), no data currently exist on possible sulfhydration
of eNOS after H2S treatment.

Treatment with a slow H2S releasing donor (named as
ADTOH) has been shown to inhibit oxidative stress in retinal
ganglion cells and increase haem oxygenase 1 (HO1), the
main enzyme responsible for endogenous CO generation
(Majid et al., 2013; Polhemus and Lefer, 2014). Constitutively,
produced CO inhibits CBS physiologically (Kajimura et al.,
2010) and hypoxia diminishes CO generation and thereby
leads to increasing H2S which mediate the vasodilatation of
precapillary arterioles, suggesting that hypoxic regulation of
the cerebral microcirculation is mediated by a CO-sensitive
H2S pathway (Morikawa et al., 2012). Reducing CO levels in
Brown-Norway rats increases H2S generation, restores O2

sensing and prevents hypoxia-induced pulmonary oedema.
Increasing CO levels in SHR has been found to enhance
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carotid H2S generation, prevent hypersensitivity to hypoxia
and control hypertension in SHR (Peng et al., 2014). H2S has
also been demonstrated to be an effective and specific novel
therapy for acute CO poisoning (Yu et al., 2011). Collectively,
these data provide evidence for H2S-CO cross-talk. Neverthe-
less, the vast majority of biologically produced CO is exhaled
via the lungs, and inhalation of H2S is very difficult to achieve
in practice, therefore, an in-depth study of their interaction is
problematic.

Suppression of oxidative stress
The application of H2S may trigger a number of protective
actions through its antioxidative effects. Moreover, redox-
sensitive signalling pathways play an important role in
hypertension (Shao et al., 2012). NaHS can elicit vasoprotec-
tion by both scavenging O2

− and reducing vascular NADPH
oxidase-derived O2

− production, in an acute oxidative stress
model with xanthine oxidase or with the O2

− generator pyro-
gallol (Al-Magableh et al., 2014). H2S has also been found to
inhibit H2O2-mediated mitochondrial dysfunction in human
endothelial cells by preserving the activities and protein
expression levels of the antioxidant enzymes superoxide dis-
mutase, catalase, glutathione peroxidase and glutathione-S-
transferase (Wen et al., 2013). The protective effect of H2S on
endothelial cells in the presence of high glucose may also
involve an antioxidative stress mechanism (Guan et al.,
2012). In cultured H9C2 myoblasts, exogenous H2S exerts a
protective effect against H2O2-induced or high glucose-
induced cell injury by inhibiting activation of the p38 MAPK
and ERK1/2 pathways and preventing oxidative stress (Szabo
et al., 2011; Xu et al., 2013). As a strong reducing agent, the
above-mentioned antioxidative effects of H2S in vitro are to a
large extent predictable. Additionally, in vivo studies have
found that H2S acts as an antioxidant in the context of oxi-
dative stress associated with hypoxic PHT and the mecha-
nism appears to be partly through attenuating cellular
content of oxidized glutathione (Wei et al., 2007). Treatment
with NaHS decreases BP and oxidative stress in SHR, and
combined NaHS and tempol therapy in SHR decreases BP to a
greater extent (Ahmad et al., 2014). GYY4137 decreases super-
oxide generation in aorta of high-fat-fed apoE−/− mice, while
CSE-knockout mice fed with atherogenic diet exhibit
increased lesional oxidative stress (Liu et al., 2013; Mani et al.,
2013). Zhou et al. found that H2S protects against chronic
alcohol-induced left ventricular remodelling via attenuating
oxidative stress (Zhou et al., 2013). Another group showed
that chronic NaHS treatment for 3 months prevents hyper-
trophy of intramyocardial arterioles and ventricular fibrosis,
as well as decreases myocardial reactive oxygen species in SHR
(Shi et al., 2007). These findings collectively suggest that H2S
decreases BP and suppresses oxidative stress; however,
whether the antioxidative ability of H2S in itself is important
in reducing the BP in concert with other BP-lowering actions
needs to be further investigated.

Research on H2S and hypertension
in China

Professor Chaoshu Tang in Peking University was the first to
study the effects of H2S on hypertension in China. His group

were the first to find, in 2003, that a lack of endogenous H2S
was involved in the pathogenesis of hypoxic PHT and that
exogenous H2S could exert a beneficial effect in this context
(Chunyu et al., 2003). Subsequently, other groups found that
exogenous H2S effectively prevents the development of dif-
ferent forms of hypertension, such as L-NAME-induced
hypertension, SHR, high blood flow-induced PHT and portal
hypertension (Zhong et al., 2003; Yan et al., 2004; Yanfei
et al., 2006; Shi et al., 2007; Tan et al., 2011). They proposed
several possible mechanisms, such as vasorelaxation, induc-
tion of apoptosis of pulmonary artery SMCs, attenuation of
Ang II-induced AT1 receptor activation and inhibition of oxi-
dative stress (Shi et al., 2007; Zhao et al., 2008; Fang et al.,
2009; Li et al., 2009). An important breakthrough occurred
with the finding of Zhang et al. that H2S also prevents H2O2-
induced activation of epithelial sodium channels, through
which sodium can be reabsorbed in the distal nephron to
regulate salt-sensitive hypertension through a PTEN(phos-
phatidylinositol 3,4,5-trisphosphate)-dependent pathway
(Zhang et al., 2013). Their findings raise the possibility that
the effect of H2S on epithelial sodium channel activity seen in
animal models may further be exploited clinically for the
management of salt-sensitive hypertension. A major focus of
future work on H2S in China will be on discovery of novel
drugs targeting the H2S pathway and on subsequent clinical
translation.

Concluding remarks and
future perspectives

Over the last few decades, significant progress has been
achieved in delineating the antihypertensive effect and
molecular mechanisms underlying the actions of H2S
(Figure 1). However, several questions remain to be answered.
The precise mechanisms underpinning H2S-induced vasodila-
tation need to be better delineated. Moreover, some studies
suggest that H2S can in fact exert vasoconstrictor effects
(Koenitzer et al., 2007; Polhemus and Lefer, 2014). This
apparent discrepancy needs further investigation to specifi-
cally determine whether this depends on factors such as con-
centration of H2S, vascular bed or the oxygen tension. The
precise biological roles of H2S in amelioration of oxidative
stress also remain unclear. Moreover, the vasodilator actions
of H2S may be a result, at least in part, of eNOS-generated NO
promoted by H2S signalling. However, the exact manner of
cross-talk between H2S and NO is incompletely understood
and deserves to be better elucidated; an improved under-
standing of how these two molecules cooperate will allow
better design of clinically useful therapies. Finally, precisely
how CSE activity is regulated at the post-translational level
needs to be better defined.

Clinically, it remains to be determined whether the
research findings described earlier can be translated to prac-
tice for the management of hypertension and other related
cardiovascular diseases; and most importantly, whether H2S
releasing agents and CSE/H2S activators will prevent or treat
hypertension and its complications. As well as such efficacy
considerations, the safety of such agents needs to be rigor-
ously confirmed, as well as the dose relationship of any toxic
effects.
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