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Introduction 
Until the last two decades of the 20th century, all known chemical 

transmitters were liquids that are solids in their pure form [1]. Furchgott 
and Zawadzki demonstrated that the relaxation of rabbit aorta following 
acetylcholine administration is dependent on the endothelium, and the 
substance responsible for the vascular relaxation was determined to be 
an endothelium derived relaxing factor [2]. Palmer et al. proved that this 
substance is pharmacologically identical to nitric oxide (NO) [3]. NO was 
then determined to be one of the most important signaling molecules in 
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Figure 1: The enzymatic production of H2S. 
CBS catalyzes the first step in H2S production through the transsulfuration of homocysteine to cystathionine. CGL in an elimination reaction catalyzes the formation of 
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H2S is a nucleophile, it can also react with electrophilic lipids [53]; 
and the thiolate anion, HS-, can also reduce disulfide bonds (Figure 2) 
[54]. Indeed, the exfoliation of skin cells in hot sulfur springs is due 
to H2S reducing the structural disulfide bonds of cellular junctions in 
keratinocytes [16]. While this can be harmful at high concentrations, 
the reduction of external disulfide bonds by H2S may, in some 
instances, reverse a deleterious posttranslational protein modification. 
Although still contentious, the S-sulfhydration of cysteine residues 
may represent an important sink for free H2S [55]. In theory, H2S can 
also reduce higher thiol oxidation states such as S-nitrosothiols and 
sulfenic acids [56]. H2S can also be methylated by the cytosolic enzyme 

thiol-S methyltransferase to form methane thiol [17]. As with virtually 
all molecules, H2S can react with other free radical species, as well as, 
a number of non-radical reactive oxygen (ROS) and nitrogen (RNS) 
species (Figure 2) [57]. Many of the oxidized sulfur species as well as 
sulfur-centered radicals formed are less reactive than their oxygen-
containing counterparts [58]. One of the most important oxidants 
responsible for the catabolism of H2S is O2. In the presence of molecular 
O2 and redox active metals, H2S will spontaneously oxidize [59]. In an 
oxygenated biological medium, metalloproteins catalyze H2S oxidation. 
This makes O2 tension a critical methodological consideration when 
conducting biologically relevant experiments. 

Figure 2: Proposed pathways of H2S removal in mammalian cells. 
The physiological steady-state concentration of H2
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detected significant tissue production of H2S from the brain and liver 
[27]. The detection of the volatile gasotransmitter is already difficult 
to ascertain and what adds to the challenge is the fact that the safety 
zone to separate toxicological level and physiological level of H2S is very 
narrow [27]. The toxic level of H2S reported by Warenycia et al. [69] is 
less than twofold higher than its endogenous level in rat brain tissues. 
At the time of death of mice who exposed to NaHS (60 µg/g), the sulfide 
concentration in brain, liver, and kidney only elevated from the baseline 
by 57, 18 and 64%, respectively [73]. Comparison between healthy 
human subjects and age matched patients with COPD only told a 49.4% 
increase in serum levels of H2
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adsorbed by the carbon nanotubes. Carbon nanotubes also absorb H2S 
by the van der Waals force. The interaction of H2S (hydrosulfide ions 
and protons) and oxygen on the nanotubes forms hydroxyl ions and 
sulfur. The protons neutralize the hydroxyl ions and produce water. But 
the spectra of fluorescence of sulfur on carbon nanotubes can be assayed 
with either a Raman or a confocal laser scanning microscope [95]. It was 
found that fluorescence intensity was increased, closely correlated with 
the increased concentrations of H2S in the solution. In this preliminary 
study, 10 µM H2S in water was successfully measured [94]. To take one 
step further toward the biological application of the carbon nanotube-
based H2S biosensor, Wu et al. [96] applied this carbon nanotube 
fluorescence technique to measure H2S level in serum and reported 
that the binding of H2S to nanotubes was not affected by the presence 
of proteins in rat serum. After removing endogenous H2S in the serum 
with hemoglobin, exogenous H2S added to the serum was successfully 
detected with a linear relationship between H2S concentrations (20, 50 
and 100 µM) and fluorescence intensities. The mechanism for using 
carbon nanotubes to detect H2S, even in the presence of proteins, is 
believed to be due to a continuous serum albumin film formed on the 
surface of carbon nanotubes. Other proteins or large molecules cannot 
pass the albumin film, but H2S can easily move and pass through this 
film to the surface of carbon nanotubes. What Wu and co-workers 
[94-96] did is the combination of carbon nanotube adsorption with 
the fluorescence emission detection, a chemical approach. A different 
strategy by detecting the conductance change of carbon nanotubes after 
binding with H2S was taken, an electrical approach [82]. 

The principle for this strategy is to conduct site-specific 
electrodeposition of gold nanoparticles on SWNT networks. The 
adsorption of H2
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and the existing methods improved and adapted to new applications 
[27]. The quick oxidation and scavenging of H2S in biological samples 
are the biggest challenges for accurate and rapid measurement of H2S 
levels. At this moment, the spectrophotometry- based method is still of 
the choice to determine tissue or cell production of H2S, whereas sulfur 
ion-specific electrodes and polarographic H2S sensors hold potential 
for real time measurement of H

2
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cells [38,104,105]. In isolated piglet cerebral arteriole SMCs, a recent 
study showed that H2S activated KATP channels at physiological steady 
state voltage (-50 mV), which was antagonized by glibenclamide [106]. 
Electrophysiological study provides direct evidence that exogenous 
H2S increases macroscopic or unitary KATP currents, which is blocked 
by glibenclamide in isolated rat aortic and mesenteric SMCs [38,107]. 
Zhao et al. confirmed an important role of KATP channels in high-dose 
H2S-induced vasorelaxation in isolated rat aortas [38]. Consistent 
with the role of KATP channels in mediating the effects of H2S, reduced 
endogenous synthesis of H2S decreased KATP channel activity [1]. 
Moreover, exogenous H2S administration activated KATP channels and 
hyperpolarized the membrane of vascular smooth muscle cells isolated 
from rat mesenteric arteries [107]. H2S-induced hyperpolarization of 
SMC membrane is also abolished by glibenclamide. The opening of 
KATP channels in myocardium has been seen to play a pivotal role in 
cardioprotection during I/R injury, which is specifically seen in cardiac 
ischemic preconditioning [108]. It was observed that in the perfused rat 
heart preparation, NaHS concentration-dependently limited the size of 
infarction induced by left coronary artery ligation, and this protective 
effect was abolished by KATP channel blockers glibenclamide and 
5-hydroxydecanoate [106]. Reperfusion of the isolated Langendorff-
perfused heart with NaHS after ischemia attenuated arrhythmias and 
improved cardiac function during I/R. 

These effects of NaHS were blocked by glibenclamide, which 
suggests that H2S produces a cardioprotective effect against I/R injury 
during reperfusion, at least in part by opening KATP channels [109]. 
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rat mesenteric artery beds (MAB) [125]. The vascular effects of H2S 
on MAB were related to the stimulation of charybdotoxin/apamin 
sensitive K+ channels in the vascular endothelium, in addition to the 
activation of KATP channels in vascular SMCs. Similarly, a combination 
of charybdotoxin and apamin abrogates the vasorelaxant effect of H2S 
in the endothelium intact rat aorta. These data suggest that small to 
medium conductance KCa channel (SKCa and IKCa) in MAB and aorta is 
activated by H2S. Therefore, H2S might fulfill the role of EDHF [115]. 
The stimulation of SKCa and IKCa channels by H2S was also indirectly 
demonstrated in isolated rat mesenteric arteries as well as in isolated 
vascular endothelial cells, based on the changes in membrane potential 
[122]. One recent patch-clamp study showed that NaHS arrested 
heterologously expressed BKCa channels in HEK-293 cells transfected 
stably with human BKCa channel –subunits [126,127]. NaHS decreased 
the open probability and shifted the BKCa-channel activation curve 
rightward without altering its conductance, suggesting that the 
inhibitory action of H2S on BKCa-channel. The same conclusion of H2S-
induced inhibition of BKCa channels was drawn in type I glomus cells 
of mouse carotid body [128]. In sharp contrast, a recent report showed 
that NaHS augments whole cell BKCa currents and enhances single-
channel BKCa activity in rat pituitary tumor cells (GH3) by increasing 
channel open probability [129]. The above three patch-clamp studies 
used NaHS at the same concentration range (~300µM), but the 
conclusions are opposite. 

No explanation has been given, but it might be related to specific 
BKCa channel subtypes in different types of cells [130]. Another study by 
Jackson-Weaver et al. [131] examined the myogenic tone of rat mesenteric 
arteries and cerebral arteries as well as the membrane potential of vascular 
SMCs. Although the authors did not directly record changes in KCa channel 
currents, their results nevertheless showed that exogenous H2S dilated and 
hyperpolarized rat arteries and that these effects of H2S were blocked by 
iberiotoxin and paxillin. Thus the stimulation of iberiotoxin sensitive BKCa 
channels by H2S is suggested [131].

H2S and chloride (cl-) channels

The ATP-binding cassette superfamily includes cystic fibrosis 
transmembrane conductance regulator (CFTR) Cl- channels and 
sulfonylurea receptors, which are components of KATP channels. Both 
subunits also share key sequence homologies [27]. The Cl- channel 
blockers 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and 
indyanyl oxyacetic acid (IAA-9) suppress protection by H2S, while 
levamisole, which is an opener of Cl- channels, competently stops 
glutamate toxicity [113]. This research purports that CFTR Cl- channels 
may also be involved in protection by H2S against oxidative stress. The 
recent findings that a decrease in transmembrane Cl- gradients causes 
cell death in hippocampal pyramidal neurons and that the expression 
of CFTR gene is reduced in the hypothalamus of patients with AD 
[132] suggest that homeostasis of transmembrane Cl- gradients is 
required for normal cell survival. Subsequently, the effect of H2S on Cl- 

channels in the CNS has been studied. In the research, H2S was seen 
to activate CFTR Cl- channels in HT22 neuronal cell lines which led 
to neuroprotection during oxytosis. This was demonstrated through 
dose-dependent suppression of neuroprotection due to H2S using 
specific CFTR blockers, NPPB and IAA-94, and confirmed using CFTR 
activator levamisole [113]. Together with the recent observation of H2S 
activating Cl-/HCO3

‑ transporters in smooth muscle cells [133], the 
results suggest possible regulation of Cl- fluxes by H2
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inflammation [164]. In patch-clamp studies using undifferentiated 
NG108 –15 cells, NaHS enhanced T-type VDCC currents, which 
may prove that H2S activates these channels [152]. These authors also 
reported that intraplantar [151,152] and intrathecal [151] injections of 
NaHS promptly induced hyperalgesia in rats through T-type VDCC 
activation. Further investigation suggested that the Cav3.2 isoform of 
T channels was activated by H2S, demonstrated by the abolishment 
of H2S induced-hyperalgesia using a general T-type channel blocker 
mibefradil, and similar results were produced using ZnCl2 (Cav3.2 
specific inhibitor) and also with intrathecal administration of Cav3.2-
specific antisense nucleotides to the rat [151]. Using high (4.5-13.5 
mM) concentrations of NaHS on undifferentiated NG108 –15 cells, 
the same group was able to demonstrate that H2S induced neurite 
outgrowth, which was found to be related to the activation of Cav3.2 
isoform T-type channels demonstrated with the abolishment of 
neurite outgrowth using general T-type channel inhibitor mibefradil, 
intracellular Ca2+ chelator BAPTA-AM, and Cav3.2 isoform specific 
blocker ZnCl2 [157]. Interestingly, they also discovered that H2S 
induced high-voltage-activated Ca2+ currents that were composites of 
L-type, N-type, and P/Q-type channel activation [157]. Therefore, by 
compiling the evidence by various authors, T-type channel activation, 
in particular the Cav3.2 isoform, by H2S appears to regulate rhythmic 
neuronal activity, pain sensation, and differentiation of neurons and 
boosting of synaptic communication, similar to putative processes 
regulated by H2S-related L-type channel activation.

H2s and transient receptor potential (trp) ion channels

The mammalian TRP superfamily consists of 28 different 
proteins that may be subdivided into six main subfamilies. They are 
TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP 
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used for precontraction and the concentration of H2S applied [1,104]. 
H2S relaxes small mesenteric arteries much more potent than aortic 
tissues [125]. Although rat aortic and mesenteric artery tissues produce 
similar levels of H2S, H2S is nearly six fold more potently in relaxing 
rat mesenteric artery beds than relaxing rat aortic tissues. The higher 
sensitivity of mesenteric arteries to H2S speaks for the importance of 
H2S in regulating peripheral resistance. The mechanisms for differential 
vasorelaxant effects of H2S are not clear yet, but several possibilities 
exist. One explanation is the tissue-type specific distribution of the 
molecular targets of H2S. For example, the expression of KATP channels 
possibly differs in various vascular tissues with different isoforms. 
The second explanation is that sensitivities of contractile proteins to 
H2S and to intracellular calcium level may vary between conduit and 
resistant arteries [125]. 

Also, different types of blood vessels face different sheer stress levels, 
possess different cellular components (smooth muscle cells, endothelial 
cells and connective tissues, etc.) and have different stiffness. Finally, 
oxygen-dependent sensitivity of blood vessels to H2S should also be 
considered. It has been reported that H2S induced vasorelaxation at 
physiological O2 levels and this vasorelaxation occurred much faster 
at below physiological O2 levels. With higher than physiological O2 
levels (200 mM), H2S has the tendency to induce vasoconstriction 
[72]. This could result from the product of H2S oxidation, which may 
mediate vasoconstriction. Blood in small peripheral vessels has lower 
oxygen partial pressure, and these small vessels consume oxygen at 
higher rate due to the high content of smooth muscle cells and low 
collagen. The situation is just opposite in large conduit arteries [72]. 
The difference in tissue oxygen level may explain different vascular 
effects of H2S. Another note worth taking is that the release of NO from 
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circulation, H2S may contribute to hypoxic vasoconstriction [204,205]; 
thereby helping to maintain a high arterial O2 saturation at the low 
ventilation rates [202,206]. 

H2S and vascular endothelial cell proliferation

The same physiological stimuli do not necessarily elicit the 
same functional responses from different types of cells. While H2S 
inhibits vascular SMC proliferation, the gasotransmitter stimulates 
the proliferation and migration of vascular endothelial cells either in 
culture or in the whole blood vessel walls. To this end, the stimulatory 
effect of H2S on ECs has been reported with cultured human umbilical 
vein endothelial cells (HUVECs) [207,208] and bEnd3 microvascular 
endothelial cells [209]. 

It should be noticed that the pro-proliferative effect of H2S donors 
on ECs could not be detected if the concentrations of H2S donors were 
higher than physiologically relevant levels. The signaling pathways 
underlying the stimulatory effect of H2S on EC proliferation are 
complex and inconclusive. The stimulation of PI-3K/Akt pathway, 
KATP channels, and MAPK and the inhibition of sGC/cGMP pathway 
by H2S have all been suggested in ECs [166]. Increased intracellular 
calcium concentration ([Ca2+]i) in cultured human saphenous vein 
endothelial cells by NaHS treatment has also been reported [210]. This 
increase in [Ca2+]i was mostly due to calcium release from ryanodine 
receptor-coupled endoplasmic reticulum and due to capacitative Ca2+ 
entry to a smaller extent. Also note that endothelial cells in intact blood 
vessels (not in culture) do not express functional ryanodine receptors, 
so this effect is irrelevant. To date, there is no report to link the effect 
of H2S on [Ca2+]i levels in ECs to H2S-stimulated EC proliferation 
[210]. H2S also protects ECs from the damages of different stressors. 
Hyperglycemia decreased the viability of ECs by increasing oxidative 
stress and nuclear DNA injury. This hyperglycemia stress results 
in impaired endothelium-dependent vasorelaxation. In cultured 
microvascular ECs, the hyperglycemia-induced EC damage was 
suppressed by supplementation of exogenous H2S to the culture media. 
CSE overexpression increased EC viability by 6% compared with the 
native ECs, facing the same hyperglycemic culture conditions. On the 
other hand, knocking down the expression of endogenous CSE with 
siRNA reduced hyperglycemia-enhanced oxidative stress in ECs [209]. 
Extending their observations from cultured endothelial cells, Suzuki 
et al. [209] overexpressed CSE gene in thoracic aortic rings isolated 
from Sprague-Dawley rats. This in vitro transfection preserved the 
endothelium-dependent vasorelaxant properties of the vascular rings in 
the presence of hyperglycemia [209]. The important role of CSE/H2S in 
protecting ECs from hyperglycemic damage was further demonstrated 
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linkage to diclofenac [219]. S-diclofenac induces a dose-dependent 
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