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Highlights 

1. H2S is a powerful signalling molecule with a diverse physiological role. 

2. As a positive modulator of mitochondrial electron transport chain, H2S interact with many 
redox reactions and induce post translational modification to proteins via sulfhydration. 

3. With the growing interest and research in the H2S donors and pro-drugs hold a promising 
future for treating vascular diseases. 

 
Abstract 
 

Hydrogen sulfide (H2S), a gaseous signalling molecule, is important in numerous physiological 
and pathophysiological processes. Despite its initial identification as an environmental toxin, 
H2S is now well described as an essential physiological molecule that is finely balanced to 
maintain cellular functions, especially in modulating mitochondrial activity. Mitochondria are 
responsible for the oxidation of H2S and its safe elimination while maintaining mitochondrial 
biogenesis. H2S oxidation in mitochondria generates various reactive sulfur species that could 
post-translationally modify proteins by sulfhydration. Sulfhydrated proteins participate in 
many regulatory activities either by direct interactions in the electron transport chain or 
indirect regulation by epigenetics. These investigations explain the importance of research of 
H2S as a therapeutic molecule beyond the traditional understanding as a protective role 
through its anti-inflammatory and antioxidant properties. This review focuses on highlighting 
the significant involvement of the H2S pathway in vascular diseases and current H2S donors for 
therapeutic use under development.  

 

 

1. Introduction  
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The endothelium is formed by a monolayer of endothelial cells located in the inner layer of the 
vascular wall and continuously exposed to hemodynamic shearing forces, circulating molecules 
in the blood and mediators released from underlying smooth muscle cells. Disturbances to the 
physiological status of the endothelium lead to activated endothelial cells that culminate in 
vascular dysfunction [1]. Dysfunctional endothelium contribute to a pro-inflammatory and pro-
thrombotic phenotype, which causes disturbances to endothelial homeostasis and impair 
vasodilation-vasocontraction [1, 2]. Consequently, endothelial dysfunction has been described 
as a hallmark for developing several pathophysiological conditions, including atherosclerosis, 
diabetes, stroke and ageing-related diseases [1, 3, 4]. Endothelial dysfunction appears to be a 
consequence, at least in part, of increased production of highly reactive oxygen and nitrogen 
species, which are byproducts of normal metabolism of oxygen.  Endothelial cells are exposed 
to the highest oxygen levels in the blood and mainly generate ATP via aerobic glycolysis [5]. 
Therefore, endothelium is less dependent on mitochondrial oxidative phosphorylation than 
most cells using the tricarboxylic acid cycle, aiding cells to survive in highly oxygenated 
environment with a controlled production of mitochondrial reactive oxygen species (ROS). In 
this regulated environment, endothelium maintain the regulation of vascular relaxation and 
vascular smooth muscle dilation by sustained nitric oxide (NO) production. In addition to NO, 
there are two more gases: carbon monoxide (CO) [6] and hydrogen sulfide (H2S) have been 
subsequently identified as gasotransmitters. Many evidence suggest that the vasoprotective 
effect of H2S either as a direct antioxidant or via indirect mechanisms. The study of H2S as a 
physiological mediator began with discovering its endogenous production and bioactive 
properties in mammals [7-9]. Further developments in later years led to the re-evaluation of 
H2S from a toxic molecule to a protective gaseous signalling mediator when present at low 
concentrations [10], putting it on a par with the NO and CO [11, 12].  

H2S can be synthesized by both endothelial cells and vascular smooth muscle cells within the 
vascular wall. The production of H2S has shown to 100-1000 fold higher in smooth muscle 
(nanomolar) as compared to endothelial cell lines (picomolar) allowing H2S to act as a smooth 
muscle relaxant [13]. In mammals, the desulfhydration of the amino acid cysteine is 
considered as a major source of H2S through the transsulfuration pathway mediated by two 
cytosolic enzymes, cystathionine-ɴ-ƐǇŶƚŚĂƐĞ� ;��^Ϳ͕� ĐǇƐƚĂƚŚŝŽŶŝŶĞ� ɶ-lyase (CSE) and the 
mitochondrial enzyme, 3-mercaptopyruvate sulfurtransferase (3-MST). Once generated, H2S is 
believed to function as a secondary messenger, and its signalling functions have been 
explored, including its ability to reduce free radicals, interactions with metal centers in the 
active sites of proteins and post-translational modification of thiol groups in cysteine residues 
[14, 15]. Whilst the involvement of H2S has been described in almost every cell and tissue type, 
its ability to relieve endothelial dysfunction has gained much interest in physiology and 
pathophysiology [16-18]. 

 
2. Biogenesis and metabolism of H2S 

2.2 Biogenesis of H2S 

The intracellular H2S concentration is maintained at a low steady-state through a balance 
between its biogenesis and metabolism [19]. In mammals, endogenous H2S production is 
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catalysed primarily by the transsulfuration pathway (Figure 1A) [19]. While the pyridoxal-5´-
phosphate-dependent CBS and CSE are mainly located in the cytoplasm, the pyridoxal-5´-
phosphate-independent 3-MST enzyme resides in both mitochondria and cytoplasmic 
compartments [20], and utilizes a different enzymatic reactions to produce H2S. In addition, 
enzymatic activity of CAT produces 3-mercaptopyruvate, which is subsequently used by 
mitochondrial 3-MST for H2S production.  

In mammals, the activity of CBS is commonly found in the brain and central nervous system 
[21, 22]; preferentially expressed in the glia and astrocytes [23]. While CSE is the main H2S -
producing enzyme in the cardiovascular system, H2S-generating 3-MST enzyme is ubiquitously 
expressed in all tissues [24]. Unlike CBS and CSE, 3-MST is regulated in a redox-state 
dependent-manner rather than by transcriptional regulation [25]. 3-MST contains a redox-
sensitive cysteine in its active site (Cys247) that is modified to cysteine sulfenate, resulting 
activity loss under oxidative stress [26]. This also works in favor of restoring cellular redox state 
by increasing the availability of cysteine to produce cellular antioxidants such as thioredoxin 
(Trx) and glutathione (GSH), contributing for the cellular redox homeostasis. MST exhibits its 
activity in combination with another mitochondrial enzyme, cysteine aminotransferase (CAT), 
and there is a growing interest in the CAT: MST axis for H2S synthesis and cell metabolic 
rewiring [14, 15].  Especially, H2S synthesis through this pathway is shown to highly dependent 
on glutathione (GSH) levels [16] interconnecting cysteine bioavailability for protein synthesis 
and cellular redox status. The potential role of 3-MST and CAT on endothelial cell bioenergetics 
and metabolism has been recently reported through 3-MST inhibition studies [27]. Silencing 3-
MST suppressed the angiogenesis by decreasing mitochondrial respiration, mitochondrial 
adenosine triphosphate (ATP) production and perturbed the entire endothelial cell 
metabolome [27].  

Although there is an apparent overlap in tissue localization, the activity of these enzymes can 
vary under specific conditions. For instance, CSE can be translocated to the mitochondria 
under the regulation of Tom20 in mitochondrial membrane [28]. Since the cysteine level inside 
mitochondria is about three times that in the cytosol, mitochondrial translocation of CSE 
increases mitochondrial H2S production and ATP production [28]. The accumulation of CBS in 
mitochondria increased H2S, which prevented cytochrome c release from mitochondria and 
decreased hypoxia-induced ROS generation [29]. Therefore, endogenous H2S was identified as 
an important regulator of energy production in mammalian cells when the oxygen supply is 
limited, such as in hypoxic conditions. This action of H2S also observed in hibernating animals 
where metabolic depression is apparent. In addition to being formed enzymatically from the 
substrate cysteine, hibernating animals regenerate H2S from its oxidation products, including 
thiosulfate and polysulfides [30, 31]. This protective mechanism not only facilitated ATP 
production during hibernation, but also preserved free cysteine for synthesis of a major 
antioxidant, glutathione (GSH) [30]. 

In addition to the above-mentioned enzymes, recent reports show a fourth enzymatic pathway 
regulated by peroxisomal enzyme, D-amino acid oxidase (DAO) that uses D-cysteine instead of 
L-cysteine as a substrate to produce 3-mercaptopyruvate (3MP), which is a substrate for 3-
MST [24]. Since the expression of DAO is organ specific, the usage of D-cystine to produce H2S 
is high in tissues such as kidney and the cerebellum [24, 25]. For example, the production of 
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H2S from D-cysteine in the kidney is 60 times higher than that from L-cysteine [25]. Therefore, 
administration of D-cysteine has been suggested as a therapeutic approach to deliver H2S to 
specific tissues [32].  

The level of endogenous H2S production is variable depending on both the tissue and 
experimental conditions used. Endogenous levels of H2S have been measured as; 10-15 nM in 
murine brain, but higher concentrations of 1 µM were observed in the murine aorta [33]. In 
vascular tissue, the endogenous production in rat aorta and mesenteric artery are inferior 
compared to the rat tail artery and ileum [34]. In healthy humans, plasma levels were found to 
be between 70 -125 µM [35]. These variations in the H2S content suggest that specific tissues 
demand higher production, which is associated with effective metabolic machinery to avoid 
the accumulation of the gaseous molecule and ultimately toxicity [36].  

 

2.3 Metabolism and oxidation of H2S 

Mitochondrial enzymes play a central role in the catabolism and oxidation of H2S, which 
regulates its steady-state levels. The oxidation of H2S begins in the mitochondrial matrix and is 
completed in the inter-mitochondrial membrane space through tightly regulated 
mitochondrial sulfide oxidation pathway (Figure 1B) [37]. In the mitochondrial matrix, H2S is 
oxidised by a cluster of mitochondrial enzymes, otherwise known as sulfide oxidation unit 
(SOU) that consists of sulfide quinone oxidoreductase (SQR), ethylmalonic encephalopathy 1 
(ETHE1 or persulfide dioxygenase, PDO), Thiosulfate sulfurtransferase (TST) and sulfite oxidase 
(SO) [38, 39]. H2S is oxidised by SQR to generate a sulfane sulfur (S0) by forming a persulfide (R-
SSH). This reaction causes the release of two electrons, which are transferred to the electron 
transport chain (ETC) via coenzyme Q (CoQ). Persulfide is then oxidised by ETHE1 to produce 
sulfite and further oxidised to SO4

2- by SO or to S2O3
2- by TST [40].  

Apart from oxidation, H2S can also be catabolized through methylation, a cytosolic process that 
yields methanethiol that can be further methylated to dimethyl sulfide (non-toxic compound) 
via thiol S-methyltransferase (TSMT) [41]. Metabolically, dimethyl sulfide serves as a substrate 
for rhodanese forming thiocyanate (SCN¯) and sulfate, which is the major end-product of H2S 
clearance [42]. Another H2S catabolism pathway includes H2S-scavenging by metalloproteins 
such as methemoglobin, forming sulfhemoglobin or forming disulfides such as oxidised 
glutathione (GSSG) [43].  H2S biosynthesis and oxidation pathways are also connected to other 
metabolic pathways such as serine biosynthesis, the folate cycle, and the nucleotides 
metabolism [44]. Therefore, fine-tuned H2S synthesis and oxidation is important not only to 
maintain cellular bioenergetics but also for cellular metabolic profile.  
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Figure 1: Cellular pathways leading to H2S synthesis and oxidation. A) CBS catalyses the first 
step in transsulfuration by converting homocysteine to cystathione, which is subsequently 
ĐůĞĂǀĞĚ� ŝŶƚŽ� ĐǇƐƚĞŝŶĞ� ĂŶĚ� ɲͲŬĞƚŽďƵƚǇƌĂƚĞ� ďǇ� �^�͘� DŝƚŽĐŚŽŶĚƌŝĂů� ϯ-MST generates H2S via 
cysteine aminotransferase (CAT), using L-cysteine and requires the transfer of sulfur from a 
persulfide (RSSH). Persulfides can also act as a source of H2S with the aid of reductants such as 
glutathione (GSH). B) H2S oxidation occurs in mitochondria. H2S-reduced SQR generates 
persulfide by accepting a thiol (R-SH). This persulfide is then oxidised to short-lived sulfite 
(SO3

2-) via ETHE1 and rapidly convert to thiosulfate (S2O3
Ϯо) and sulfate (SO4

Ϯо) by thiosulfate 
sulfurtransferase (TST) and SO, respectively. 

3. Implications of H2S on redox balance  

It is now evident that there are a number of mechanisms whereby H2S can potentially 
influence redox balance. While some reactions occur over a relatively short timescale such as 
free radical scavenge and interactions with the electron transport chain, other H2S induced 
changes might operate on a longer timescale. Long-term effectors of H2S includes oxygen-
sensitive regulation of mitochondrial functions by translocating CSE or CBS under hypoxic 
conditions [29]. Rapid and long term effectors of H2S-mediated O2 sensing in cells and tissue is 
extensively reviewed in Olson, 2015 [45]. In addition, H2S-mediated post translational 
modification of cysteine thiol groups in target proteins via S-sulfhydration (also termed as 
persulfidation) will be described below. 

3.1 H2S as an antioxidant  

The regulatory mechanisms of H2S on endothelial cells as an antioxidant could be via several 
pathways; it can quench free radicals as a chemical reductant, increase intracellular 
antioxidants such as GSH and redoxins or scavenge free radicals by increasing the expression of 
enzymatic antioxidants such as nuclear factor erythroid 2-related factor 2 (Nrf2) , superoxide 
dismutase (SOD), CAT or glutathione peroxidase (GPx) [16]. Depending on the local 
concentration, H2S can acts as an antioxidant toward ROS and RNS such as hypochlorous acid, 
hydrogen peroxide, lipid hydroperoxides, superoxide and peroxynitrite [46]. Even though the 
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calculated rate constants for the reactions between HS- and ROS/ RNS are highly favorable, 
very low physiological concentrations [47] suggest that H2S has little importance as a direct 
antioxidant in humans. 

In addition to be a precursor for H2S, cysteine is also the source of GSH production. H2S in 
extracellular space has been shown to increase GSH production by inducing a reduction of 
cystine into cysteine [48]. H2S treatments is suggested to ĞŶŚĂŶĐĞ� ɶ-glutamyl cysteine 
ƐǇŶƚŚĞƚĂƐĞ�;ɶ-GCS) activity to increase cellular GSH synthesis and augments the localization of 
GSH to mitochondria. Since GSH is not synthesised in mitochondria, authors suggested an 
important role of H2S by enhancing cystine/cysteine transporters and redistribution GSH to 
mitochondria [48]. As described before, H2S induced GSH production also observed in other 
mammals during hibernation as a protective mechanism against oxidative stress [30]. 

H2S administrations has shown to increase other antioxidant proteins such as Trx-1 via Nrf-2 
pathway. H2S-dependent cardioprotection was observed in a mouse model of ischemia-
induced heart failure, where Trx-1 is upregulated at both gene and protein levels [49].  H2S is 
able to regulate the activity of several members of the sirtuin (SIRT) family that catalyses post-
translational modifications of both histone and nonhistone proteins. H2S increased the 
expression of SIRT 1 in an oxidative stress induced cardiomyocytes, endothelial cells [50, 51] 
and induced cardio protection in diabetic rat model [52]. Cardiomyocytes treated with the 
SIRT1 inhibitors reverted the antioxidant protection induced by H2S indicating the importance 
of SIRT pathway in cells [51]. H2S also shown to induce other members of SIRT family such as 
SIRT3; a major regulator of mitochondrial function [53] and nuclear located SIRT6 [54], to exert 
either physiological or pathophysiological effects. 

3.2 H2S and mitochondrial respiratory oxidation  

The influence on mitochondrial respiratory chain is one of the main pathways that H2S helps to 
maintain cellular redox balance. The absence or reduced ability of O2 to act as the terminal 
electron acceptor such as in hypoxic conditions could prevent electron flow along the 
respiratory chain followed by accumulation of H2S in mitochondria. A recent report described a 
genetic defect in SQR gene in patients with Leigh syndrome. Patients presented with 
abrogated SQR enzyme activity and decreased mitochondrial complex IV activity with 
intermittent accumulation of H2S [55]. Excess accumulation of H2S was also reported in 
patients with pathogenic variants in ETHE1 [56]. Both CoQ deficient in vitro and in vivo models 
caused a reduction in SQR levels and activity leading to an impairment of H2S oxidation with 
accumulation of H2S and depletion of the glutathione system [57]. However, the regulation 
and interplay between these pathways is still a developing field. Recent studies suggest CoQ 
supplementation increases SQR expression, thus inducing the H2S oxidation pathway whilst 
down-regulating CSE and CBS in the transsulfuration pathway [44].  

The pathological consequences of H2S accumulation are associated with its capacity to exhibit 
toxicity at high concentrations by binding the copper center and blocking cytochrome oxidase 
(complex IV), compromising the functioning of the mitochondrial electron transport chain 
(ETC) [36]. H2S interacts with ETC via two ways: firstly by transferring sulfide-derived electrons 
at the level of complex III via the reduced quinone and into the complex IV via reduced 
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cytochrome c (Cyt c) [58]; secondly by transferring electrons to ETC via Cyt c that bypass the 
complex III to increase ATP synthesis [59]. During the process of H2S mediated Cyt c reduction, 
generation of a mixture of reactive sulfur species (RSS) including SO3

ͻо, SO2
ͻо, H2S2

ͻо was 
observed [58]. Due to their highly reactive nature, these products readily reduce O2 to form 
superoxide and then H2O2. In turn, H2O2 and reactive sulfur species reoxidised Cyt c to its 
original state for further H2S removal [58].   

 

3.3 H2S-Induced protein sulfhydration  

Owing to its unique sulfur containing functional -SH, cysteine residues play a ubiquitous role 
in protein structure and function. Cysteine thiol groups react with ROS, RNS or reactive 
sulfur species (RSS) to produce various post translational modifications on proteins [60, 61]. 
While oxidative modifications such as S-nitrosylation (-SNO), S-sulfenylation (-SOH) are 
reversible modifications, higher modifications (sulfonic acids) result protein or enzyme 
deactivation [62]. Sulfhydration is a reversible post-translational modification resulting from 
the conversion of a thiol group (R-SH) to a persulfides (R-SSH) [63]. However, as reductants, 
H2S or HS- cannot directly react with protein thiols. Sulfhydration can occur by nucleophilic 
attack of an HS¯ anion on the sulfur atoms of disulfides, -SNOs or -SOH, as well as by 
transsulfation reactions. These reactive sulfur species (RSS) generated as a result of H2S 
oxidation can react with protein thiols to generate protein sulfhydrates (persulfidates). 
Sulfhydration could change the original function of proteins, serving as important switchers or 
regulators in many physiological and pathophysiological processes. 

3.3.1 Sulfhydration of cytosolic proteins 

Research now demonstrates that RSS could sulfhydrate proteins under physiological 
conditions, accounting for 10-25% of liver proteins, including actin, tubulin, and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [14]. This highly abundant post-
translational modification has shown to affect a variety of cellular signaling and biological 
pathways (Table 1). Sulfhydration can modify enzymatic activity of proteins, activity of ion 
channels, nuclear localization of proteins [10]. For example, endothelial nitric oxide synthase 
(eNOS), which causes vasodilation, can sulfhydrate the same cystine residue (Cys 443) that 
undergoes nitrosylation. H2S releasing donors increased eNOS activity by eNOS dimerization 
via sulfhydration dependent mechanism [64]. Another protein that loses its nitosylation site to 
sulfhydration in the presence of H2S is the phosphatase and tensin homolog deleted on 
chromosome ten (PTEN). PTEN is a phosphatase that suppresses the activity of the class I 
phosphoinositide 3-kinase/AKT signalling pathway. Sulfhydration of PTEN has shown to inhibit 
its enzymatic activity under physiological conditions [65]. The regulation of ion channels by 
means of post-translational modification enables cells to respond to changing environments. 
Sulfhydration activated ATP-sensitive potassium (KATP) ion channels that control membrane 
potential and cellular excitability [66]  and Ca2+ flux via  multiple Ca2+ transient receptor 
potential (TRP) ion channels [67]. H2S-induced sulfhydration has been reviewed previously in 
relations to its diverse roles in pathophysiological processes [68]. 

3.3.2 Sulfhydration of mitochondrial proteins 
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Change to mitochondrial activity were either observed as direct sulfhydration of mitochondrial 
proteins or through indirect actions of sulfhydrated cytosolic proteins.  Módis and 
collaborators found that sulfhydration of alpha subunit of ATP synthase (ATP5A1) at Cys244 and 
Cys294 in response to H2S exposure [69], where the modification increased ATP synthase activity 
and stimulated mitochondrial bioenergetics in HEK293 and HepG2 cells. This observation was 
also confirmed by reduced levels of sulfhydrated ATP5A1 and ATP synthase activity in the livers 
of CSE knockout mice [69]. While this is an interesting observation, it remains to be examined 
whether S-sulfhydration of ATP synthase occurs in other cell types and their exact functional 
role. S-sulfhydration of interferon regulatory factor 1 (IRF-1), a mitochondrial transcriptional 
factor that is involved in mitochondrial biogenesis pathway, enhances mitochondrial DNA 
replication and cellular bioenergetics via modification of TFAM promoter [70]. Thereby 
sulfhydration mediates epigenetic regulation of TFAM which leads to promotion of 
methylation and maintenance of mitochondrial DNA. SIRTs enzymes and PARPs can utilize 
NAD+, a cofactor required for mitochondrial function that is upregulated by H2S in the vascular 
endothelium [71]. Sulfhydration of SIRT3  enhance its catalytic activity leading to reduction of 
mitochondria dysfunction, improvement of mitochondrial ETC performance and ATP 
production in the vasculature [72] [73]. The Ca2+/calmodulin-dependent protein kinase II 
(CaMKII) is a key regulator of calcium signaling in health and disease. Treatment with H2S 
inducer drugs, S-propyl-L-cysteine (SPRC) or sodium hydrosulfide (NaHS), attenuated the 
development of heart failure in animals and preserved mitochondrial function via 
sulfhydration of CaMKII at Cys6 [74]. The intrinsic apoptotic pathway is initiated by the release 
of Cyt c, a mitochondrial intermembrane space protein, to the cytoplasm. H2S in known to 
regulate Cyt c release by maintaining mitochondrial ŵĞŵďƌĂŶĞ�ƉŽƚĞŶƚŝĂů�;ȴɎŵͿ�[75]. Vitvitsky 
et al, 2018 showed that reduction of Cyt c by H2S increased the formation of RSS allowing the 
proteins in close proximity, such as procaspase 9 to be sulfhydrated [58].  

Nonetheless, it is important to maintain intracellular sulfanesulfur homeostasis. In this context, 
redox systems such as thioredoxin (Trx)/ Trx reductase (TrxR1) and glutaredoxin 
(Grx)/glutathione reductase (GR)/GSH play a vital role. Elevated levels of protein sulfhydration 
was observed in mouse livers where hepatocytes lack both TrxR1 and GR suggesting the 
importance of reducing systems [76]. The increased Trx levels is associated with HIV-1 
infection and these patients had significantly lower total sulfanesulfur levels compared to 
patients treated with antiretroviral therapy. This evidence suggests a role for the 
mitochondrial Trx system as regulator of protein sulfhydration [77].   

Thus, by enhancing mitochondrial cellular function and bioenergetics via target protein 
sulfhydration, H2S helps to protect mitochondria against a variety of stressors. The advent of 
H2S releasing drugs, especially mitochondrial-targeted, should permit considerable insight into 
this field.  
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General 
Function 

Protein 
Sulfhydrated 

Modified 
Cysteine 

Cellular Effect Reference 
Ce

ll 
Si

gn
al

lin
g 

 
eNOS 443 Promotes eNOS phosphorylation and dimerization [64] 
GAPDH 150, 156, 

152 
Inhibition of GAPDH catalytic activity and enhanced 
nuclear translocation  

[14] 
[78] 

PC 265 Promotes gluconeogenesis [79] 
PTEN 71, 124 Inhibits s-nitrosylation of PTEN [65] 
PTP1B 215 Inhibits PTP1B activity and thereby promotes PERK 

activity under ER stress 
[80] 

PP1c 127 WƌŽŵŽƚĞ�Ğ/&ɲ�ƉŚŽƐƉŚŽƌǇůĂƚŝŽŶ�ƌĞƐƵůƚŝŶŐ�ŝŶ�ŝŶŚŝďŝƚŝŽŶ�ŽĨ�
general protein synthesis 

[81] 

WW�Zɶ 139 /ŶĐƌĞĂƐĞƐ� WW�Zɶ� ŶƵĐůĞĂƌ� ĂĐĐƵŵƵůĂƚŝŽŶ͕� ŝŶĚƵĐĞ�
adipogenesis 

[82] 

RAGE 259, 301 Prevents RAGE-mediated oxidant pathological effects [83] 
Sp1 68, 75 Enhances VEGFR2 expression and maintain vascular 

homeostasis 
[84] 

SUR1 subunit 
of KATP 

6, 26 Activates KATP channel  
[66] 

SUR2B subunit 
of KATP 

24, 1455 Reduces the tyrosine nitration of Kir6.1 
[85] 

TRPV6 172, 329 Induces Ca2+ influx and maintains bone homeostasis [67] 
Hrd1 115 Regulates VAMP3 ubiquitylation and prevents CD36 

translocation 
[86] 

Tr
an

sc
rip

tio
n 

Fa
ct

or
s 

SIRT1 NR Increases its deacetylase activity, reduced its 
degradation and endothelial inflammation 

[87] 
 

GATA3 84/182, 
84/248 

Inhibits GATA3 nuclear translocation and 
differentiation of splenocytes  

[88] 

Keap1 151 Activates Nrf2-target signalling and ameliorates cellular 
oxidative stress  

[89-91] 

Ap
op

to
si

s a
nd

 C
el

l p
ro

lif
er

at
io

n 

  

Kir6.1 subunit 
of KATP channel 

43 Stimulates vasorelaxation and hyperpolarization  [92] 

MEK1 341 Stimulates nuclear translocation of phosphorylated ERK 
leading to PARP-1 activation and repair DNA damage 

[93] 

AR 611, 614 Inhibits AR-DNA binding activity and AR dimerization, 
which suppress cancer proliferation [94] 

Akt  77 Contributes to ĂĐƚŝǀĂƚŝŽŶ�ŽĨ�ƉƌŽƚĞŝŶ�ŬŝŶĂƐĞ�'^<ϯɴ [95] 
Caspase 3 163 Inhibits protein activity  [96] 

p65 subunit of 
NF-KB 

38 Anti-apoptotic actions in liver and inhibits ox-LDL-
induced macrophage inflammation 

[97, 98] 

Runx2 123, 132 Promotes osteoblast differentiation and maturation  [99] 

M
ito

ch
on

dr
ia

l F
un

ct
io

n 

ATP5A1 244, 294 Stimulates ATP synthase activity [69] 
DJ-1 106 Prevents irreversible oxidation of DJ-1 to maintain 

mitochondrial redox balance 
[100] 

IRF-1 53 Increases TFAM expression to maintain mitochondrial 
DNA replication 

[70] 

LDHA 163 Stimulates LDH activity by increasing NAD+ generation 
and enhances mitochondrial bioenergetics  

[101] 

PP2A NR Inhibits PP2A activity, which leads to AMP kinase 
activation 

[102] 

p66Shc 59 Prevents mitochondrial reactive oxygen species 
production 

[103] 
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Parkin 59, 95, 
182 

Activates E3-ubiquitin ligase activity of parkin, which 
induces degradation of misfolded proteins and reduces 
neuron cell death 

[104] 

PPRC NR Promotes murine mitochondrial biogenesis [105] 
PGC-ϭɲ NR Stimulates mitochondrial biogenesis  [105] 
SIRT3 256, 259, 

280, 283 
Increases deacetylase activity and improves 
mitochondrial function 

[53] 

USP8 NR Increases association of parkin with USP8, which 
promotes mitophagy 

[106] 

Table 1. Sulfhydrated proteins involved in a range of cellular functions. Effects of sulfhydration 
on the activity of identified proteins involved and its cellular and subcellular function. 

 

4. Therapeutic strategies for H2S donors  

Considering the mounting evidence of potential therapeutic option in a range of conditions, a 
wide range of commercially available H2S donors including sulfide-containing salts, H2S-
releasing prodrugs and natural products containing sulfur have been investigated [107]. 
Common H2S donors and their specific vascular effects at the subcellular level are summarised 
in Table 2.  

4.1 General H2S donors 

Sulfide-containing salts such as sodium hydrogen sulfide (NaHS) and disodium sulfide (Na2S) 
are common fast releasing H2S donors used in vitro and in vitro. These donors have displayed 
cytoprotective actions in vascular models through direct modulation of mitochondrial 
biogenesis and function [105, 108, 109]. Lawesson's reagent has been widely used to generate 
H2S-releasing compounds. For example, commonly used GYY4137 (morpholin-4-ium-4-
methoxyphenyl phosphinodithioate) is synthesised upon reaction with morpholine [110]. 
GYY4137 is water soluble and is believed to release H2S at a controlled rate under physiological 
conditions. Furthermore, H2S release from GYY4137 is pH and temperature dependent, with a 
ŐƌĞĂƚĞƌ� ƌĞůĞĂƐĞ� Ăƚ� ĂĐŝĚŝĐ� Ɖ,͛Ɛ� ĂŶĚ� ŚŝŐŚĞƌ� ƚĞŵƉĞƌĂƚƵƌĞƐ� [110]. In vascular endothelium, 
GYY4137 can protect mitochondria and endothelial cells from oxidative stress  [111].  

Allium vegetables, such as garlic and onion are known to contain H2S generating molecules. 
'ĂƌůŝĐ� ĐŽŶƚĂŝŶƐ� ɶ-glutamyl-S-allyl-L-cysteine and S-allyl-L-cysteine sulfoxides able to generate 
H2S by chemical transformation [112]. Diallyl disulfide (DADS) and diallyl trisulfide (DATS) are 
both derived from garlic and act as H2S donors when they react with biological thiols including 
GSH. However, whereas cell treatment with DADS observed impaired mitochondrial function 
[113], DATS reduced mitochondrial ROS production [114]. 

A novel H2S prodrug, SG1002 has been observed to promote H2S bioavailability in heart failure 
patients [115]. In a murine model with induced transverse aortic constriction, SG1002 
preserved cardiac function following activation of a VEGF-Akt-eNOS-NO-cGMP signalling 
pathway in cardiomyocytes. Furthermore, mitochondrial functions were preserved, oxidative 
stress was attenuated, and increased myocardial vascular density were observed following the 
administration of SG1002. Studies demonstrate that H2S treatments could stimulates 
endothelial cell proliferation, migration and tube formation in vitro [116]. H2S interventions 
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were associated with an increase in vascular endothelial growth factor (VEGF) expression and 
activation of its receptor, stimulating angiogenesis in vivo [117].  

Previous work by Wang and colleagues demonstrated that the inhibition of CSE results in the 
increased production of antiangiogenic factors, such as soluble Fms-Like Tyrosine Kinase-1 
(sFlt-1) and soluble endoglin (sEng) and the administration of H2S donors had been shown to 
suppress sFlt-1 and sEng in endothelial cells [118]. Antiangiogenic factors such as sFlt-1 could 
inhibit the mitochondrial respiration and promote mitochondrial-specific superoxide 
production in endothelial cells [119]. Recently we described how H2S produced by CSE 
pathway maintains endothelial mitochondrial bioenergetics and loss of CSE increases the 
production of mitochondrial-specific superoxide [120]. MZe786, the ADTOH H2S donor linked 
with aspirin, has been explored and observed to improve outcomes in mice with a 
compromised CSE pathway and/or an increased expression of sFlt-1. MZe786 was employed in 
both HO-ϭ� ŚĂƉůŽŝĚ� ĚĞĨŝĐŝĞŶƚ� ;,ŵŽǆϭнͬоͿ� ƉƌĞŐŶĂŶƚ�ŵŝĐĞ� ŝŶ� Ă� ŚŝŐŚ� Ɛ&ůƚ-1 environment and a 
refined reduced uterine perfusion pressure (RUPP) model to mimic preeclampsia in C57Bl/6 J 
mice [121, 122]. MZe786 was found to correct the induced preeclampsia state by reducing 
blood pressure and renal damage. Additionally, the overexpression of sFlt-1 has been observed 
to inhibit cardiac mitochondrial activity in the same Hmoxϭнͬо�ŵouse model [123]. Moreover, 
MZe786 was found to rescue mitochondrial activity by stimulating cardiac mitochondrial 
ďŝŽŐĞŶĞƐŝƐ� ĂŶĚ� ĂŶƚŝŽǆŝĚĂŶƚ� ĚĞĨĞŶĐĞ� ŝŶ�,ŵŽǆϭоͬо�ŵŝĐĞ� ĂŶĚ� ŝŶ�,ŵŽǆϭнͬо�ŵŝĐĞ� ĞǆƉŽƐĞĚ� ƚŽ� Ă�
high sFlt-1 environment thus improving outcomes. 

Sodium thiosulfate in its role as a H2S producer shows beneficial properties and is currently 
being investigated in phase I trial for potential benefits in patients with acute coronary 
syndrome and undergoing coronary angiography [124]. Furthermore, anti-inflammatory and 
antioxidant effects of thiosulfate are linked to mitochondrial thiosulfate sulfotransferase 
induced sulfur transfer to GSH and thioredoxin, thus promoting thiol-dependent antioxidative 
mechanisms [125]. In addition to these H2S generators, currently available endogenous 
inducers of H2S-generating enzymes include S-adenosylmethionine (SAM), epidermal growth 
factors (EGF), S-nitroso-N-acetylpenicillamine (SNAP) and microRNAs-21 [21, 23, 126, 127]. 
Recently, it was reported that administration of SAM could potentially inhibit vascular 
endothelial growth factor-A-related diseases induced by adverse effects of long-term 
treatment of levodopa (L-dopa) [128].  

4.2 Mitochondrial targeted H2S donors 

More recently, special attention has been given to the mitochondrial targeted drugs. 
Mitochondrial-targeted H2S donors, including AP39 and AP123, improved mitochondrial 
function in glucose oxidase-induced oxidative stress in endothelial cells and restored vascular 
homeostasis [129]. AP39 treatment attenuated endothelial senescence and protects against 
oxidative stress in acute renal injury and hyperglycemic injury [130, 131]. Both AP39 and 
AP123 have been observed to decrease hyperpolarisation of the mitochondrial membrane and 
inhibit mitochondrial oxidant production whilst increasing the electron transport at respiratory 
complex III thus improving cellular metabolism [132]. Therefore, investigating the role of H2S 
on mitochondrial activity in endothelial cells should increase our understanding of future drug 
targets.  
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Compound Model Target Outcome References 

Na2S 
(10-500 µg 
kg-1) 
(1-50 µM) 

Mice 
cardiomyocytes 
 

Mitochondrial ETC, Mitochondrial 
Complex II 

ј�ŵŝƚŽĐŚŽŶĚƌŝĂ�ĨƵŶĐƚŝŽŶͬĂƉƉĞĂƌĂŶĐĞ� 
љŵǇŽĐĂƌĚŝĂů� ŝŶĨĂƌĐƚ� ƐŝǌĞ͕�
inflammation, apoptosis 

[108] 

GYY4137 
(12.5-100 
µM) 

EA.hy926 cells 
 

Redox steady state, SIRT3 expression, 
MAPK phosphorylation, Antioxidant 
enzymes 

јĞŶĚŽƚŚĞůŝĂů� ĨƵŶĐƚŝŽŶ͕� ŵŝƚŽĐŚŽŶĚƌŝĂ�
respiratory capacity/membrane 
potential 
љŽǆŝĚĂƚŝǀĞ�ƐƚƌĞƐƐ͕�ĂƉŽƉƚŽƐŝƐ 

[90] 
 
 
 

(100 µM) HPAEC cells PI3K pathway and Redox steady state ј� ĂůǀĞŽůĂƌ� ŶĞƚǁŽƌŬ� ĨŽƌŵĂƚŝŽŶ͕�
mitochondrial membrane potential 
љŽǆŝĚĂƚŝǀĞ�ƐƚƌĞƐƐ͕�ĂƉŽƉƚŽƐŝƐ 

[133] 
 

(0.25 mg kg-1 
250 µM) 

Mice 
glomerular 
endothelial 
cells 

NMDA-R1 subunit, mPTP channel  
Ca2+ channel 
Mitochondrial cyclophilin D  
 

љ�ƌĞŶĂů�ŝŶũƵƌǇ͕�ŽǆŝĚĂƚŝǀĞ�ƐƚƌĞƐƐ� 
Mitigate Ca2+   channel expression 
Prevent mPTP opening 

[134] 
 

NaHS 
(100-300 
µM) 

Rat 
cardiomyocytes 
 
 

Redox steady state, Antioxidant 
enzymes, Mitochondrial Complex IV 

љ� ŝƐĐŚĞŵŝĂͬƌĞƉĞƌĨƵƐŝŽŶ� ŝŶũƵƌǇ͕�
oxidative stress 
 

[135] 

(50-300 µM) 
 

b.End3 
microvascular 
endothelial cell 
diabetic rats 

Cellular DNA and PARP pathway, 
Mitochondrial membrane potential, 
Redox steady state  

ј�ŵŝƚŽĐŚŽŶĚƌŝĂů�ĂŶĚ�ĐĞůůƵůĂƌ�ĨƵŶĐƚŝŽŶ 
 

[109] 

(10 µM) 
 

HEK293 cell 
CSE KO mice 

ATP5A1 sulfhydration  ј�ŵŝƚŽĐŚŽŶĚƌŝĂů�ďŝŽĞŶĞƌŐĞƚŝĐƐ [69] 
 

(30 µM) 
 

CSE KO mice 
hepatocytes 
 

Mitochondrial DNA and Complex V, 
Nrf2/1- transcription factors, PPRC, 
PGC-ϭɴ͕�dĨĂŵ�ĞǆƉƌĞƐƐŝŽŶƐͬ�ĂĐƚŝǀŝƚǇ� 

ј�ŵŝƚŽĐŚŽŶĚƌŝĂů�ďŝŽŐĞŶĞƐŝƐ 
љ�ƚŝƐƐƵĞ�ĚĂŵĂŐĞ 
 

[105] 
 

(100 µM) Rat aortic 
endothelial 
cells 

Redox steady state, Antioxidant 
enzymes, Apoptosis pathway, 
Mitochondrial fission/fussion 
pathway, PINK1/Parkin signalling 

ј�ŵŝƚŽĐŚŽŶĚƌŝĂů�ŵĞŵďƌĂŶĞ�ƉŽƚĞŶƚŝĂů͕�
mitophagy  
љ�ŽǆŝĚĂƚŝǀĞ�ƐƚƌĞƐƐ͕�ĂƉŽƉƚŽƐŝƐ 
 

[136] 

AP39 
(30-300 nM) 
 

b.End3 mice 
microvascular 
endothelial 
cells 

Mitochondrial ETC activity and 
complexes II/III, Redox steady state, 
LDH pathway  

ј�ŵŝƚŽĐŚŽŶĚƌŝĂ�ĂĐƚŝǀŝƚǇ� 
љ� ŽǆŝĚĂƚŝǀĞ� ƐƚƌĞƐƐ͕� ŚǇƉĞƌŐůǇĐĞŵŝĐ�
injury  
 

[130], [129] 
 

(1 µmol kg-1) 
 

Sprague 
Dawley rats 
 

Akt/ eNOS phosphorylation, PTP 
channel 

љ�ŝŶĨĂƌĐƚ�ƐŝǌĞ͕�ƌĞŶĂů�ŝŶĨůĂŵŵĂƚŝŽŶ� 
ј�ƉŽƐƚ-ischaemic recovery 
 

[137] 
 

(10 ng/ml) HUVECs SRSF2 and CDKN2A genetic 
expression, Cytokines expression 

љ�ŝŶĨůĂŵŵĂƚŝŽŶ͕�ƐĞŶĞƐĐĞŶĐĞ� 
 

[131] 
 

AP123 
(30-300 nM) 

b.End3 mice 
microvascular 
endothelial 
cells 

Mitochondrial ETC activity and 
complexes II/III, Redox steady state, 
LDH pathway 

ј�ŵŝƚŽĐŚŽŶĚƌŝĂ�ĂĐƚŝǀŝƚǇ� 
љ� ŽǆŝĚĂƚŝǀĞ� ƐƚƌĞƐƐ͕� ŚǇƉĞƌŐůǇĐĞŵŝĐ�
injury  

[130] 
 

DADS 
(1 mM) 

CD-1 mice cells 
 

Redox steady state, Antioxidant 
enzymes 

јůŝƉŝĚ� ƉĞƌŽǆŝĚĂƚŝŽŶ͕� ŵŝƚŽĐŚŽŶĚƌŝĂ�
membrane depolarization, oxidative 
stress 

[113] 
 
 

50 mg kg-1 
25 µM 
 

Sprague-
Dawley rats 
H9c2 cells 
 

W'�ϭɲͬdĨĂŵͬEƌĨϮͬĞEK^� ĞǆƉƌĞƐƐŝŽŶƐ͕�
Apoptosis pathway, Antioxidant 
ĞŶǌǇŵĞƐ͕�ɲ-skeletan actin expression, 
Citric acid cycle 

јŵŝƚŽĐŚŽŶĚƌŝĂů� ĨƵŶĐƚŝŽŶͬĂƉŽƉƚŽƐŝƐͬ�
biogenesis, NO bioavailability  
љŽǆŝĚĂƚŝǀĞ� ƐƚƌĞƐƐ͕� ĐĂƌĚŝĂĐ�
hypertrophy 
 

[138] 

DATS 
(100 µM) 

HUVECs Redox steady state, Apoptosis 
pathway, AMPK pathway, 
mitochondrial dynamic and 
membrane potential   

ј�ŵŝƚŽĐŚŽŶĚƌŝĂ�ĨƵŶĐƚŝŽŶ 
љ�ŵŝƚŽĐŚŽŶĚƌŝĂů�ĂƉŽƉƚŽƐŝƐ 
× mitochondrial fission 
 

[114] 
 

SG-1002 
20 mg kg-1 

CSE KO mice 
 

Akt/eNOS phosphorylation, 
VEGF/NOX4/HO-1 expression 

љ� ŽǆŝĚĂƚŝǀĞ� ƐƚƌĞƐƐ͕� ĨŝďƌŽƐŝƐ͕� ĐĂƌĚŝĂĐ�
enlargement, mitochondria function [139] 
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20 mg kg-1 CSE KO mice 
H9c2 
cardiomyocytes 

AMPK phosphorylation, 
mitochondrial DNA, PGC-ϭɲ�ƉĂƚŚǁĂǇ 

ј� ŵŝƚŽĐŚŽŶĚƌŝĂ�
respiration/biogenesis/ content 
 

[102] 
 

ATB-337 
(10-50 µmol 
kg-1) 

Wistar rats  
 

COXs/ TNF-ɲ�ĂĐƚŝǀŝƚǇ� 
 

љ�ŝŶĨůĂŵŵĂƚŝŽŶ͘�WůĂƚĞůĞƚ�ĂŐŐƌĞŐĂƚŝŽŶ͕�
intestinal tissue damage, gastric 
mucosa injury 

[140] 
 

 

ATB-429 
(25-130 mg 
kg-1) 

Mice Cytokine expression љ�ŝŶĨůĂŵŵĂƚŝŽŶ͕�ƐĞǀĞƌŝƚǇ�ŽĨ�ĐŽůŝƚŝƐ� 

[141] 

ATB-346 
(16 mg kg-1) 

Mice COX-2 activity љ�ŝŶƚĞƐƚŝŶĂů�ŵĂŶŝƉƵůĂƚŝŽŶ͘� 
 [142] 

ATB-352 
(4.6-ϰϲരŵŐ�
kg-1) 

Mice Involvement of the endogenous 
cannabinoid system  

љ gastrointestinal toxicity and 
nociceptive response to noxious 
stimuli  
 

[143] 

SG-1002  
(20-40 mg 
kg-1 day-1) 

Mice VEGF-Akt-eNOS-NO-cGMP signalling 
pathway 

ј�ĐĂƌĚŝĂĐ�ĨƵŶĐƚŝŽŶ 
[144] 

GIC-1001 
(30-60 mg 
kg-1) 

Mice Activation of peripheral opioids 
receptors 

љ� ŶŽĐŝĐĞƉƚŝǀĞ� ƌĞƐƉŽŶƐĞ� ƚŽ� ŶŽǆŝŽƵƐ�
stimuli  [145] 

MZe786  
(20 mg kg-1) 

Mice Rescuing mitochondrial activity  љ�ŚǇƉĞƌƚĞŶƐŝŽŶ�ĂŶĚ�ƌĞŶĂů�ĚĂŵĂŐĞ 
ј� ĐĂƌĚŝĂĐ� ŵŝƚŽĐŚŽŶĚƌŝĂů� ďŝŽŐĞŶĞƐŝƐ�
and antioxidant defence 

[121, 146, 
147] 

Sodium 
thiosulphate 
(0.15 g/250 
ml over 15 
min) 

Humans Anti-inflammatory and antioxidant 
effects are linked to its reaction with 
mitochondrial thiosulfate 
sulfurtransferase  

љ� ƐǇƐƚŽůŝĐ� ďůŽŽĚ� ƉƌĞƐƐƵƌĞ� ĂŶ� ŚŽƵƌ�
after administration 
ј�ĐĂƌĚŝŽ�ƉƌŽƚĞĐƚŝŽŶ� [148] 

ACS94 
(20 mg kg-1) 

Sprague-
Dawley male 
rats  

Metabolic pathways relating to Hcys, 
Cys, GSH (by TSP pathway)  

ј�'^,�ĂŶĚ�ĐŝƌĐƵůĂƚŝŶŐ�,2S 
љ�,ŽŵŽĐǇƐƚĞŝŶĞ [149] 

ACS6 
(10pM-1µM) 

PAECs Adenylyl cyclase-PKA pathway ј�E��W,͕�Đ�DW 
љ^ƵƉĞƌŽǆŝĚĞ� ĨŽƌŵĂƚŝŽŶ� ĂŶĚ�
phosphodiesterase type 5 activity 

[150] 

ACS67 
(5 µl of 4 nM 
solution  

RGC-5 Attenuates the process of oxidative-
induced RGC-5 cell death 

ј�'^,� 
љ�,2O2-induced toxicity [151] 

ACS84  
(0.25-10 
µM)  

BV-2, neurons 
isolated from 
hippocampus 
of Sprague 
Dawley rats  

Phosphorylation of p38- and JNK ј�DŝƚŽĐŚŽŶĚƌŝĂ�ĨƵŶĐƚŝŽŶ 
љ�ĐǇƚŽƚŽǆŝĐŝƚǇ�ĂŶĚ�ŝŶĨůĂŵŵĂƚŝŽŶ 

[152] 

 

Table 2: H2S donors. Summary of H2S donors and their effects on cellular function with a focus 
ŽŶ�ŵŝƚŽĐŚŽŶĚƌŝĂů�ĂĐƚŝǀŝƚǇ͘�ј��ĞŶŽƚĞƐ�ĂĐƚŝǀĂƚŝŽŶ�Žƌ�ŝŶĐƌĞĂƐĞ͕�љ��ĞŶŽƚĞƐ�ĂƚƚĞŶƵĂƚŝŽŶ�Žƌ�ĚĞĐƌĞĂƐĞ 

   

5. Involvement of H2S in vascular diseases  

Endothelial dysfunction is ubiquitously observed in both arteries and small vessels in multiple 
vascular disorders. It is known that H2S contributes to vascular protection, specifically, reduced 
levels of plasma H2S have been observed in many pathological conditions such as stroke [153], 
diabetes [154], pulmonary hypertension [155], portal hypertension [156], chronic obstructive 
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pulmonary disease [157] and age-related diseases [158]. Evidence on the roles of H2S in these 
pathologies is also accumulating (Figure 2), as discussed below.  

 

Figure 2: The disease association with endothelial dysfunction and H2S. Endothelial cell 
dysfunction is characterized by disturbed redox balance and increased inflammatory reactions 
within the blood vessel wall. Other contributing factors such as induction of apoptotic pathways 
and disrupted mitochondrial function further exacerbate changes to vascular tone. Endothelial 
dysfunction reflects a phenotype that is attributed to many vascular and cardiovascular diseases 

5.1 Cardiovascular Diseases (CVDs) 

CVDs have been the leading cause of mortalities and are accounted for majority of all deaths 
worldwide [159]. Over the last decade, increasing evidence has demonstrated that H2S plays 
important roles in maintaining cardiovascular homeostasis [4, 41]. In vivo studies demonstrated 
that disruption of CSE pathway in mice, the major H2S producing enzyme in cardiovascular 
system, leads to, enhanced atherosclerosis [160] and endothelial dysfunction [2]. Clinical 
evidence showed that significant changes in CSE/ H2S pathway are associated with heart failure, 
atherosclerosis, myocardial ischemia and diabetes [161], suggesting that dysregulation of 
CSE/H2S pathway is implicated in the pathogenesis of CVDs. Furthermore, administration of H2S 
donor or manipulation of endogenous H2S production improves cardiovascular function and 
disease outcomes in a range of animal CVD models, including atherosclerosis, heart failure and 
myocardial infarction [162] [108]. The beneficial effects of H2S are mediated through its roles of 
anti-inflammation, anti-apoptosis, anti-oxidative stress and proangiogenic, highlighting the 
therapeutic potentials of H2S in CVDs.  

 
5.2 Atherosclerosis 
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Atherosclerosis is a leading risk factor for cardiovascular diseases, leading to narrowing and 
hardening of arteries as a consequence of fatty plaque formation in the artery wall; 
consequently H2S has been investigated as an attractive therapeutic option against 
atherosclerosis [163]. Mani et al. demonstrated that CSE knockout mice fed with a high-fat diet 
developed an endothelial dysfunctionʹrelated atherosclerosis phenotype which included 
oxidative stress and excessive expression of adhesion molecules [164]. In an ApoE -/- murine 
atherosclerotic experimental model, lower H2S levels and lower CSE expression were reported. 
These in vivo disturbances were significantly abolished by exogenous H2S administration [165]. 
Administration of H2S or overexpression of CSE decreased inflammatory markers through NF-ʃ��
downregulation that ameliorated the atherosclerotic lesion [166] and reduced pro-inflammatory 
cytokine production [152]. In addition, oxidative stress-induced mitochondrial dysfunction in 
vascular cells is considered to play a role in the pathogenesis of atherosclerosis [167]. The 
excessive superoxide production by mitochondria can trigger a pro-inflammatory response in 
the vascular wall that ultimately leads to atherosclerosis development [168, 169]. H2S releasing 
compound, diallyl trisulfide treatment reduced mitochondrial oxidative stress and improved 
vasculature offering therapeutic route against atherosclerosis [170]. Alternatively, treatment 
with H2S might protect the vascular wall by increasing NO bioavailability [160].   

5.3 Diabetes 
 
Endothelial dysfunction plays an important role in the pathogenesis of diabetic complications 
such as vascular dysfunction, nephropathy, retinopathy, neuropathy, and cardiomyopathy. 
Plasma levels of H2S were found to be significantly decreased in patients with type 2 diabetes 
(~100µM) when compared with age-matched normal control subjects (~130µM) [154]. The same 
study also reported a reduced H2S levels in streptozotocin (STZ)-treated diabetic rats compared 
with control SpragueʹDawley rats. Supplementation with H2S or L-cysteine prevented secretion 
of inflammatory cytokines ,IL-8 and MCP-1 in high-glucoseʹtreated human U937 monocytes 
[154]. In contrary, some studies reported that the expression levels and the activities of CSE and 
CBS in the pancreas beta cells, as well as plasma H2S concentrations are increased in STZ-treated 
rats [171]. The local increase of H2S levels prolonged pancreatic beta cell survival against high 
glucose induced cytotoxicity [171]. Therefore, more studies exploring this association are 
warranted. The potential of exogenous treatment with H2S donors has been explored, showing 
protection against hyperglycemic stress in both in vitro and in vivo models [154, 172, 173]. In 
these models, H2S improved diabetes-related complications by inhibiting mitochondrial 
oxidative stress [109].  
 

 

5.4 Hypertension 
 
Lower circulating levels of H2S have also been reported in other forms of hypertensive disorders, 
such as pulmonary hypertension [155] and portal hypertension [156]. These findings are further 
supported by evidence showing reduced endogenous H2S pathways in hypertensive patients, as 
demonstrated by Greaney et al. who reported reduced expression of CSE and 3-MST in 
cutaneous tissue in hypertensive patients [174]. As CSE is the most active H2S-producing enzyme 
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in the vasculature, it is possible that a defective CSE/H2S pathway is responsible for reduced H2S 
production and therefore, the key culprit in the onset of endothelial dysfunction leading to 
hypertension. Many authors have explored the potential for H2S donors to prevent/treat 
hypertension. In this regard, H2S donors have effectively shown to ameliorate hypertensive 
phenotype in many animal models. Intraperitoneal injections of GYY4137 reversed pulmonary 
hypertension in rats and demonstrated that H2S suppresses the oxidative stress by enhancing 
the activity of the intracellular antioxidants; catalase and mitochondrial SOD [175]. Furthermore, 
H2S protected against the production of mitochondrial reactive oxygen species and apoptosis in 
pulmonary artery smooth muscle cells exposed to hypoxia [175]. A high-salt diet, a contributing 
factor to clinical hypertension, results in vascular apoptosis. The molecular events associated 
with an enhanced mitochondrial protection in the presence of exogenous H2S were also 
demonstrated in HUVEC exposed to a high salt environment. This study showed that exogenous 
H2S inhibited apoptosis, reduced superoxide production, cytochrome c release, and caspases 
expression, as well as restoring mitochondrial membrane potential [176].  

 

5.5 Stroke 

Sharing a common defective pathway with other vascular disorders, ischemic stroke has been 
associated with high blood pressure and endothelial dysfunction [177]. Interestingly, the level of 
endogenous H2S in the brain has been estimated at 50 to 160 µM/L [178] and some early studies 
reported correlations with high levels of cysteine in serum and poor clinical outcomes in acute 
stroke patients [179, 180]. Moreover, Sun et al. demonstrated that plasma H2S was significantly 
lower in patients with stroke, accompanied by elevated blood pressure and hyperhomocysteine 
[181]. Studies performed in stroke-prone spontaneously hypertensive rats, showed that 
oxidative stress correlated with lower CBS activity and these events were prevented by the 
administration of H2S [182]. In terms of the potential mechanisms involved, it has been reported 
that the protective effect of H2S links to NO activity (eNOS/ NO signaling pathway) to protect 
against ischemic brain injury by attenuating oxidative stress and promoting mitochondrial 
homeostasis [183]. Apart from endothelial dysfunction, several other pathological processes 
contribute to this complex disease. Therefore, H2S may play different roles in the nervous 
system to the vascular system and further investigations might be needed to get a better 
understanding of H2S interactions [184]. These investigations emphasize the dual role of H2S and 
attention to fine balance of H2S for therapeutic use. 

 

5.6 Preeclampsia 

Preeclampsia clinically manifests as de novo hypertension often accompanied by proteinuria 
after the 20th week of gestation [185]. While the pathogenesis of preeclampsia is still not clear, 
some molecular mechanisms such as dysregulation of vascular factors such as sFlt-1 and 
placental growth factor (PIGF) are considered key events in the development and progression of 
preeclampsia [186]. It has been proposed that the carbon monoxide/heme oxygenase-1 
pathway together with H2S-CSE pathway are protective routes in pregnancy that when defective 
may result in preeclampsia pathogenesis [187]. Evidence provided by Wang and colleagues 
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showed that the expression of CSE was reduced in placentas from preeclamptic women [118]. In 
addition, the inhibition of CSE resulted in elevated circulating levels of sFlt-1 in mice, while 
GYY4137 abrogated these effects [118]. Exogenous H2S has also shown beneficial effects in 
protecting against sFlt-1-induced vascular damage. In a study by Holwerda et al., H2S restored 
sFlt-1-induced hypertension and proteinuria via induction of VEGF expression in rats [17]. The 
potential of H2S to modulate the angiogenic balance in models of preeclampsia has also been 
demonstrated by others [188, 189]. A link between preeclampsia, H2S and mitochondria was 
demonstrated by Covarrubias et al., who observed that the mitochondrial H2S donor AP39 
prevented antiangiogenic factors and oxidative stress response in trophoblasts exposed to 
hypoxia. These effects were credited to H2S-mediated protection of mitochondrial cytochrome c 
oxidase activity, reduction of superoxide, as well as sFlt-1 levels [190]. Recently, our lab 
demonstrated that CSE-derived H2S sustains mitochondrial bioenergetics and modulates the 
generation of mitochondrial reactive oxygen species in endothelial cells. In addition, using AP39 
as exogenous H2S donor, we showed that H2S was metabolized at SQR in mitochondria, 
contributes to the regulation of sFlt-1 levels [120].  

 

6. Conclusion  

It is evident that as a gasotransmitter, H2S plays a fundamental role in vascular function and 
redox biology. However, the field of H2S biology is still a developing area with many unanswered 
questions from H2S biochemistry to its biological functions. H2S can act as a substrate of and an 
inhibitor within biological pathways depending on concentration. Most research reports on the 
overall effect of H2S but overlook many intermediatory reactive sulfur species that may result 
during specific pathways. For example, the exact mechanism of the sulfhydration process (via 
H2S itself, or, more likely, via intermediary persulfide reactions) remains to be characterised. 
Given the key involvement of mitochondria in H2S oxidation pathway, further research is needed 
to understand the fine balance between H2S and ROS. The majority of studies focused on CSE 
knockout experiments to explore the H2S pathway but the roles of other H2S generating 
enzymes: CBS, 3-MST or DAO are less well defined in relation to mitochondrial function.  

Recently, there is increasing interest in using H2S as a therapeutic molecule and a drive to 
investigate better H2S pro-drugs with some specially designed to target mitochondria. These are 
very promising research avenues for treating many vascular, cardiac, and neurodegenerative 
diseases. Without a doubt, H2S-mitochondrial research will present interesting and important 
new findings in near future and these works will benefit understanding of biology and for future 
therapeutic targets. 

Declaration of interests 

 

 The authors declare that they have no known competing financial interests or personal ܈
relationships that could have appeared to influence the work reported in this paper. 

 

                  



18 
 

 The authors declare the following financial interests/personal relationships which may be܆
considered as potential competing interests:  
 

 
 
 

 

Acknowledgements 

HKID gratefully acknowledges support from the Royal Society research grant RGS\R1\201135. 

List of abbreviations 

AR, androgen receptor; �DW<͕� ϱ͛-adenosine monophosphate-activated protein kinase; Akt, 
protein kinase B; ATP5A1, ɲ-subunit of ATP synthase; ATP, adenosine triphosphate; b.End3 cells, 
brain-derived microvascular endothelial cells; Bax, apoptosis regulator BAX; Bcl-2, B-cell 
lymphoma 2; Ca2+, calcium; CDKN2A, cyclin-dependent kinase inhibitor 2A; CAT, catalase; CSE 
KO͕� ĐǇƐƚĂƚŚŝŽŶŝŶĞ� ɶ-lyase knockout; COX, cyclooxygenase; Cys, cysteine residues; DADS, diallyl 
disulfide; DATS, diallyl trisulfide; DNA, deoxyribonucleic acid; DJ-1, known as Parkinson disease 
protein 7 (PARK7); Drfp1, dynamin related protein 1; eNOS, endothelial nitric oxide synthase;  
EA.hy926 cells, human umbilical vein cell line; Fis1, mitochondrial fission 1 protein; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; GATA3, GATA binding protein 3; GSH, glutathione; 
GYY4137, mor- pholin-4-ium 4-methoxyphenyl-morpholino-phosphinodithioate; HEK293 cells, 
human embryonic kidney 293 cells; HUVECs, human umbilical vein endothelial cells;  HO-1, heme 
oxygenase-ϭ͖� />Ɛ͕� ŝŶƚĞƌůĞƵŬŝŶƐ͖� /&Eɶ͕� ŝŶƚĞƌĨĞƌŽŶ� ŐĂŵŵĂ͖ IRF-1, interferon regulatory factor-1; 
Keap1, Kelch-like ECH-associated protein 1; KATP ATP sensitive potassium channel; KLF5, 
krüppel-like factor 5; LDH, lactate dehydrogenase; MAPK, mitogen-activated protein kinase; Mn-
SOD, manganese-dependent superoxide dismutase; MEK1, map kinase-1; MitoROS, 
mitochondrial reactive oxygen species; mPTP, mitochondrial permeability transition pore; Na2S, 
sodium sulfide; NaHS, sodium hydrosulfide; Nrf1, nuclear respiratory factor 1; Nrf2, nuclear 
factor erythroid 2-related factor 2; NMDAR1 subunit, N-methyl-D-aspartate receptor; NOX4, 
NADPH oxidase 4; NF-KB, nuclear factor-k betta cells; NR, not reported; ox-LDL, oxidised low-
density lipoprotein; PARP, Poly (ADP-ƌŝďŽƐĞͿ� ƉŽůǇŵĞƌĂƐĞ͖� WW�Zɶ͕� ƉĞƌŽǆŝƐŽŵĞ� ƉƌŽůŝĨĞƌĂƚŽƌ-
activated receptor-ɶ͖� W/ϯ<͕� ƉŚŽƐƉŚŽŝŶŽƐŝƚŝĚĞ� ϯ-kinase; PINK1, PTEN-induced kinase 1; PGC, 
peroxisome proliferator-activated receptor-ɶ� ĐŽĂĐƚŝǀĂƚŽƌ͖� WWϭĐ͕� ƉƌŽƚĞŝŶ� ƉŚŽƐƉŚĂƚĂƐĞ-1; PC, 
pyruvate carboxylase; PTEN, phosphatase and tensin homolog deleted on chromosome ten; 
PTP1B, protein tyrosine phosphatase 1B; PP2A, protein phosphatase 2A; PPRC, peroxisome 

 

                  



19 
 

proliferator-activated receptor-ɶ� ĐŽĂĐƚŝǀĂƚŽƌ-related protein; RAGE ,receptor for advanced 
glycation end-products; Runx2, runt-related transcription factor 2; Sp-1, specificity protein 1; 
VEGFR, receptor of vascular endothelial growth factor; TRPV6, transient receptor potential 
cation channel subfamily V member 6; BMMSC, bone marrow mesenchymal; SIRT1, sirtuin 1; 
SIRT3, sirtuin 3; USP8, ubiquitin specific peptidase 8 USP8. 

 

References  

1. Vanhoutte, P.M., et al., Endothelial dysfunction and vascular disease. 2009. p. 193-222. 
2. Landmesser, U., B. Hornig, and H. Drexler, Endothelial Function: A Critical Determinant in 

Atherosclerosis? Circulation, 2004. 109(21_suppl_1): p. II-27-II-33. 
3. Park, S.Y.Y., et al., Age-related endothelial dysfunction in human skeletal muscle feed 

arteries: the role of free radicals derived from mitochondria in the vasculature. Acta 
Physiologica, 2018. 222(1): p. e12893-e12893. 

4. Sun, H.J., et al., Role of endothelial dysfunction in cardiovascular diseases: The link 
between inflammation and hydrogen sulfide. 2020, Frontiers Media S.A. 

5. Leung, S.W.S. and Y. Shi, The glycolytic process in endothelial cells and its implications. 
Acta Pharmacologica Sinica, 2021. 

6. Wu, L. and R. Wang, Carbon Monoxide: Endogenous Production, Physiological Functions, 
and Pharmacological Applications. Pharmacological Reviews, 2005. 57(4): p. 585-630. 

7. Binkley, F. and V. Du Vigneaud, The formation of cysteine from homocysteine and serine 
by liver tissue of rats. J. Biol. Chem, 1942: p. 144-507. 

8. Hanson, H. and G. Eisfeld, Intermediary sulfur metabolism. III. Formation of hydrogen 
sulfide from cystine and cysteine by the liver. Zeitschrift fur die gesamte innere Medizin 
und ihre Grenzgebiete, 1952. 7(17): p. 801-810. 

9. Ubuka, T., et al., Desulfuration of l-cysteine through transamination and transsulfuration 
in rat liver. Physiological chemistry and physics, 1977. 9(3): p. 241-246. 

10. Aroca, A., et al., Hydrogen sulfide: From a toxic molecule to a key molecule of cell life. 
2020, MDPI AG. p. 1-24. 

11. Wang, R., Two's company, three's a crowd: can H2S be the third endogenous gaseous 
transmitter? The FASEB Journal, 2002. 16(13): p. 1792-1798. 

12. Gadalla, M.M. and S.H. Snyder, Hydrogen sulfide as a gasotransmitter. Journal of 
neurochemistry, 2010. 113(1): p. 14-26. 

13. Scrivner, O., et al., Expanding the Reactive Sulfur Metabolome: Intracellular and Efflux 
Measurements of Small Oxoacids of Sulfur (SOS) and H2S in Human Primary Vascular Cell 
Culture. Molecules, 2021. 26(23): p. 7160. 

14. Mustafa, A.K., et al., H2S Signals Through Protein S-Sulfhydration. Sci Signal, 2009. 2(96): 
p. ra72-ra72. 

15. Paul, B.D. and S.H. Snyder, H2S: A Novel Gasotransmitter that Signals by Sulfhydration. 
Trends in biochemical sciences, 2015. 40(11): p. 687-700. 

16. �ĞųƚŽǁƐŬŝ͕� :͘� ĂŶĚ��͘� :ĂŵƌŽǌ-tŝƐȋŶŝĞǁƐŬĂ͕�Hydrogen sulfide and endothelium-dependent 
vasorelaxation. 2014, MDPI AG. p. 21183-21199. 

17. Holwerda, K.M., S.A. Karumanchi, and A.T. Lely, Hydrogen sulfide: Role in vascular 
physiology and pathology. Current Opinion in Nephrology and Hypertension, 2015. 
24(2): p. 170-176. 

18. Wang, R., et al., The role of H2S bioavailability in endothelial dysfunction. Trends in 
pharmacological sciences, 2015. 36(9): p. 568-78. 

19. Kabil, O. and R. Banerjee, Redox biochemistry of hydrogen sulfide. J Biol Chem, 2010. 
285(29): p. 21903-7. 

                  



20 
 

20. Rudolph, T.K. and B.A. Freeman, Transduction of redox signaling by electrophile-protein 
reactions. Science signaling, 2009. 2(90): p. re7-re7. 

21. Jhee, K.-H. and W.D. Kruger, dŚĞ� ZŽůĞ� ŽĨ� �ǇƐƚĂƚŚŝŽŶŝŶĞ� ɴ-Synthase in Homocysteine 
Metabolism. Antioxidants & Redox Signaling, 2005. 7(5-6): p. 813-822. 

22. Robert, K., et al., �ǆƉƌĞƐƐŝŽŶ�ŽĨ�ƚŚĞ��ǇƐƚĂƚŚŝŽŶŝŶĞ�ɴ�^ǇŶƚŚĂƐĞ�;��^Ϳ�'ĞŶĞ��ƵƌŝŶŐ�DŽƵƐĞ�
Development and Immunolocalization in Adult Brain. Journal of Histochemistry & 
Cytochemistry, 2003. 51(3): p. 363-371. 

23. Enokido, Y., et al., �ǇƐƚĂƚŚŝŽŶŝŶĞ� ɴ-synthase, a key enzyme for homocysteine 
metabolism, is preferentially expressed in the radial glia/astrocyte lineage of developing 
mouse CNS. The FASEB Journal, 2005. 19(13): p. 1854-1856. 

24. Shibuya, N., et al., A novel pathway for the production of hydrogen sulfide from D-
cysteine in mammalian cells. Nature Communications, 2013. 4(1): p. 1366-1366. 

25. Shibuya, N., et al., 3-Mercaptopyruvate Sulfurtransferase Produces Hydrogen Sulfide and 
Bound Sulfane Sulfur in the Brain. Antioxidants & Redox Signaling, 2009. 11(4): p. 703-
714. 

26. Nagahara, N. and A. Katayama, Post-translational regulation of mercaptopyruvate 
sulfurtransferase via a low redox potential cysteine-sulfenate in the maintenance of 
redox homeostasis. Journal of Biological Chemistry, 2005. 280(41): p. 34569-34576. 

27. Abdollahi Govar, A., et al., 3-Mercaptopyruvate sulfurtransferase supports endothelial 
cell angiogenesis and bioenergetics. Br J Pharmacol, 2020. 177(4): p. 866-883. 

28. Fu, M., et al., Hydrogen sulfide (H2S) metabolism in mitochondria and its regulatory role 
in energy production. Proc Natl Acad Sci U S A, 2012. 109(8): p. 2943-8. 

29. Teng, H., et al., Oxygen-ƐĞŶƐŝƚŝǀĞ� ŵŝƚŽĐŚŽŶĚƌŝĂů� ĂĐĐƵŵƵůĂƚŝŽŶ� ŽĨ� ĐǇƐƚĂƚŚŝŽŶŝŶĞ� ɴ-
synthase mediated by Lon protease. Proceedings of the National Academy of Sciences of 
the United States of America, 2013. 110(31): p. 12679-12684. 

30. Revsbech, I.G., et al., Hydrogen sulfide and nitric oxide metabolites in the blood of free-
ranging brown bears and their potential roles in hibernation. Free Radic Biol Med, 2014. 
73: p. 349-57. 

31. Jensen, B.S., et al., Suppression of mitochondrial respiration by hydrogen sulfide in 
hibernating 13-lined ground squirrels. Free Radical Biology and Medicine, 2021. 169: p. 
181-186. 

32. Kimura, H., Hydrogen sulfide and polysulfides as signaling molecules. 2015, Japan 
Academy. p. 131-159. 

33. Furne, J., A. Saeed, and M.D. Levitt, Whole tissue hydrogen sulfide concentrations are 
orders of magnitude lower than presently accepted values. Am J Physiol Regul Integr 
Comp Physiol, 2008. 295: p. 1479-1485. 

34. Zhao, W., The vasorelaxant effect of H2S as a novel endogenous gaseous KATP channel 
opener. The EMBO Journal, 2001. 20(21): p. 6008-6016. 

35. Karunya, R., et al., Rapid measurement of hydrogen sulphide in human blood plasma 
using a microfluidic method. Scientific Reports, 2019. 9(1). 

36. Hill, B.C., et al., Interactions of sulphide and other ligands with cytochrome c oxidase. An 
electron-paramagnetic-resonance study. Biochemical Journal, 1984. 224(2): p. 591-600. 

37. Caliendo, G., et al., Synthesis and Biological Effects of Hydrogen Sulfide (H <sub>2</sub> 
S): Development of H <sub>2</sub> S-Releasing Drugs as Pharmaceuticals. Journal of 
Medicinal Chemistry, 2010. 53(17): p. 6275-6286. 

38. Marutani, E. and F. Ichinose, Emerging pharmacological tools to control hydrogen sulfide 
signaling in critical illness. Intensive care medicine experimental, 2020. 8(1): p. 5-5. 

39. Szabo, C., et al., Regulation of mitochondrial bioenergetic function by hydrogen sulfide. 
Part I. Biochemical and physiological mechanisms. British journal of pharmacology, 
2014. 171(8): p. 2099-2122. 

40. Picton, R., et al., Mucosal protection against sulphide: importance of the enzyme 
rhodanese. Gut, 2002. 50: p. 201-205. 

                  



21 
 

41. Donnarumma, E., R.K. Trivedi, and D.J. Lefer, Protective actions of H2S in acute 
myocardial infarction and heart failure. Comprehensive Physiology, 2017. 7(2): p. 583-
602. 

42. Levitt, M.D., et al., Introduction Detoxification of hydrogen sulfide and methanethiol in 
the cecal mucosa. 1999. p. 1107-1114. 

43. Whiteman, M. and P.K. Moore, Hydrogen sulfide and the vasculature: a novel 
vasculoprotective entity and regulator of nitric oxide bioavailability? Journal of Cellular 
and Molecular Medicine, 2009. 13(3): p. 488-507. 

44. González-García, P., et al., Coenzyme Q10 modulates sulfide metabolism and links the 
mitochondrial respiratory chain to pathways associated to one carbon metabolism. 
Human molecular genetics, 2020. 29(19): p. 3296-3311. 

45. Olson, K.R., Hydrogen sulfide as an oxygen sensor. Antioxidants & redox signaling, 2015. 
22(5): p. 377-397. 

46. Nagy, P. and C.C. Winterbourn, Rapid Reaction of Hydrogen Sulfide with the Neutrophil 
Oxidant Hypochlorous Acid to Generate Polysulfides. Chemical Research in Toxicology, 
2010. 23(10): p. 1541-1543. 

47. Whitfield, N.L., et al., Reappraisal of H2S/sulfide concentration in vertebrate blood and 
its potential significance in ischemic preconditioning and vascular signaling. American 
journal of physiology. Regulatory, integrative and comparative physiology, 2008. 294(6): 
p. R1930-7. 

48. Kimura, Y., Y.I. Goto, and H. Kimura, Hydrogen sulfide increases glutathione production 
and suppresses oxidative stress in mitochondria. Antioxidants and Redox Signaling, 2010. 
12(1): p. 1-13. 

49. Nicholson, C.K., et al., Thioredoxin 1 is essential for sodium sulfide-mediated 
cardioprotection in the setting of heart failure. Arterioscler Thromb Vasc Biol, 2013. 
33(4): p. 744-51. 

50. Bai, B., et al., Endothelial SIRT1 prevents adverse arterial remodeling by facilitating 
HERC2-mediated degradation of acetylated LKB1. Oncotarget, 2016. 7(26): p. 39065-
39081. 

51. Wu, D., et al., Hydrogen sulfide protects against apoptosis under oxidative stress through 
SIRT1 pathway in H9c2 cardiomyocytes. Nitric Oxide, 2015. 46: p. 204-12. 

52. Zhang, J., et al., Hydrogen sulfide restores sevoflurane postconditioning mediated 
cardioprotection in diabeƚŝĐ�ƌĂƚƐ͗�ZŽůĞ�ŽĨ�^/ZdϭͬEƌĨϮ�ƐŝŐŶĂůŝŶŐͲŵŽĚƵůĂƚĞĚ�ŵŝƚŽĐŚŽŶĚƌŝĂů�
dysfunction and oxidative stress. Journal of Cellular Physiology, 2020: p. jcp.30214-
jcp.30214. 

53. Yuan, Y., et al., S-Sulfhydration of SIRT3 by Hydrogen Sulfide Attenuates Mitochondrial 
Dysfunction in Cisplatin-Induced Acute Kidney Injury. Antioxidants & redox signaling, 
2019. 31(17): p. 1302-1319. 

54. Hou, C.-L., et al., Protective Effects of Hydrogen Sulfide in the Ageing Kidney. Oxidative 
Medicine and Cellular Longevity, 2016. 2016: p. 7570489. 

55. Friederich, M.W., et al., Pathogenic variants in SQOR encoding sulfide:quinone 
oxidoreductase are a potentially treatable cause of Leigh disease. Journal of Inherited 
Metabolic Disease, 2020. 43(5): p. 1024-1036. 

56. Tiranti, V., et al., Loss of ETHE1, a mitochondrial dioxygenase, causes fatal sulfide toxicity 
in ethylmalonic encephalopathy. Nat Med, 2009. 15(2): p. 200-5. 

57. Luna-Sánchez, M., et al., CoQ deficiency causes disruption of mitochondrial sulfide 
oxidation, a new pathomechanism associated with this syndrome. EMBO Molecular 
Medicine, 2017. 9(1): p. 78-95. 

58. Vitvitsky, V., et al., Cytochrome c Reduction by H 2 S Potentiates Sulfide Signaling. ACS 
Chemical Biology, 2018. 13(8): p. 2300-2307. 

59. Módis, K., et al., Hydrogen sulfide-mediated stimulation of mitochondrial electron 
transport involves inhibition of the mitochondrial phosphodiesterase 2A, elevation of 

                  



22 
 

cAMP and activation of protein kinase A. Biochemical Pharmacology, 2013. 86(9): p. 
1311-1319. 

60. Iciek, M., et al., S-sulfhydration as a cellular redox regulation. Bioscience Reports, 2016. 
36: p. 304-304. 

61. Phillips, D.C., et al., Aberrant reactive oxygen and nitrogen species generation in 
rheumatoid arthritis (RA): causes and consequences for immune function, cell survival, 
and therapeutic intervention. Antioxid Redox Signal, 2010. 12(6): p. 743-85. 

62. Ratnayake, S., et al., Stabilising cysteinyl thiol oxidation and nitrosation for proteomic 
analysis. J Proteomics, 2013. 92: p. 160-70. 

63. Ono, K., et al., Redox chemistry and chemical biology of H2S, hydropersulfides, and 
derived species: implications of their possible biological activity and utility. Free Radic 
Biol Med, 2014. 77: p. 82-94. 

64. Altaany, Z., et al., The coordination of S-sulfhydration, S-nitrosylation, and 
phosphorylation of endothelial nitric oxide synthase by hydrogen sulfide. Science 
signaling, 2014. 7(342): p. ra87-ra87. 

65. Ohno, K., K. Okuda, and T. Uehara, Endogenous S-sulfhydration of PTEN helps protect 
against modification by nitric oxide. Biochemical and biophysical research 
communications, 2015. 456(1): p. 245-249. 

66. Jiang, B., et al., Molecular mechanism for H(2)S-induced activation of K(ATP) channels. 
Antioxidants & redox signaling, 2010. 12(10): p. 1167-1178. 

67. Liu, Y., et al., Hydrogen sulfide maintains mesenchymal stem cell function and bone 
homeostasis via regulation of Ca(2+) channel sulfhydration. Cell stem cell, 2014. 15(1): p. 
66-78. 

68. Zhang, D., et al., H2S-Induced Sulfhydration: Biological Function and Detection 
Methodology. Frontiers in Pharmacology, 2017. 8(608). 

69. Módis, K., et al., S-Sulfhydration of ATP synthase by hydrogen sulfide stimulates 
mitochondrial bioenergetics. Pharmacological Research, 2016. 113(Pt A): p. 116-124. 

70. Li, S. and G. Yang, Hydrogen Sulfide Maintains Mitochondrial DNA Replication via 
Demethylation of TFAM. Antioxidants and Redox Signaling, 2015. 23(7): p. 630-642. 

71. Das, A., et al., Impairment of an Endothelial NAD+-H2S Signaling Network Is a Reversible 
Cause of Vascular Aging. Cell, 2018. 173(1): p. 74-89.e20. 

72. Guan, R., et al., Hydrogen sulfide attenuates mitochondrial dysfunction-induced cellular 
senescence and apoptosis in alveolar epithelial cells by upregulating sirtuin 1. Aging, 
2019. 11: p. 11844-11864. 

73. Sun, Y., et al., Exogenous H2S reduces the acetylation levels of mitochondrial respiratory 
enzymes via regulating the NAD+-SIRT3 pathway in cardiac tissues of db/db mice. 
American Journal of Physiology - Endocrinology and Metabolism, 2019. 317(2): p. E284-
E297. 

74. Wu, D., et al., Amelioration of mitochondrial dysfunction in heart failure through S-
sulfhydration of Ca(2+)/calmodulin-dependent protein kinase II. Redox biology, 2018. 19: 
p. 250-262. 

75. Hu, L.-F., et al., Hydrogen Sulfide Inhibits Rotenone-Induced Apoptosis via Preservation of 
Mitochondrial Function. Molecular Pharmacology, 2009. 75(1): p. 27-34. 

76. Dóka, É., et al., A novel persulfide detection method reveals protein persulfide- and 
polysulfide-reducing functions of thioredoxin and glutathione systems. Sci Adv, 2016. 
2(1): p. e1500968. 

77. Wedmann, R., et al., Improved tag-switch method reveals that thioredoxin acts as 
depersulfidase and controls the intracellular levels of protein persulfidation. Chemical 
Science, 2016. 7(5): p. 3414-3426. 

78. Jarosz, A.P., et al., Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is inactivated 
by S-sulfuration in vitro. Free radical biology & medicine, 2015. 89: p. 512-521. 

                  



23 
 

79. Ju, Y., et al., H2S-induced S-sulfhydration of pyruvate carboxylase contributes to 
gluconeogenesis in liver cells. Biochimica et biophysica acta, 2015. 1850(11): p. 2293-
2303. 

80. Krishnan, N., et al., H2S-Induced sulfhydration of the phosphatase PTP1B and its role in 
the endoplasmic reticulum stress response. Science signaling, 2011. 4(203): p. ra86-ra86. 

81. Yadav, V., et al., Hydrogen sulfide modulates eukaryotic translation initiation factor 2 
(eIF2) phosphorylation status in the integrated stress-response pathway. Journal of 
Biological Chemistry, 2017. 292(32): p. 13143-13153. 

82. Cai, J., et al., CystathioŶŝŶĞ� ɶ� ůǇĂƐĞ-hydrogen sulfide increases peroxisome proliferator-
ĂĐƚŝǀĂƚĞĚ� ƌĞĐĞƉƚŽƌ� ɶ� ĂĐƚŝǀŝƚǇ� ďǇ� ƐƵůĨŚǇĚƌĂƚŝŽŶ� Ăƚ� �ϭϯϵ� ƐŝƚĞ� ƚŚĞƌĞďǇ� ƉƌŽŵŽƚŝŶŐ� ŐůƵĐŽƐĞ�
uptake and lipid storage in adipocytes. Biochimica et biophysica acta, 2016. 1861(5): p. 
419-429. 

83. Zhou, H., et al., Hydrogen sulfide reduces RAGE toxicity through inhibition of its dimer 
formation. Free radical biology & medicine, 2017. 104: p. 262-271. 

84. Saha, S., et al., Cystathionine b-synthase regulates endothelial function via protein S-
sulfhydration. dŚĞ�&�^���:ŽƵƌŶĂů�ͻ�ZĞƐĞĂƌĐŚ��ŽŵŵƵŶŝĐĂƚŝŽŶ͕�ϮϬϭϲ͘�30(1): p. 441-456. 

85. Kang, M., et al., Interaction between hydrogen sulfide-induced sulfhydration and tyrosine 
nitration in the KATP channel complex. American journal of physiology. Gastrointestinal 
and liver physiology, 2015. 308(6): p. G532-9. 

86. Yu, M., et al., Exogenous H2S induces hrd1 s-sulfhydration and prevents CD36 
translocation via VAMP3 ubiquitylation in diabetic hearts. Aging and Disease, 2020. 
11(2): p. 286-300. 

87. Du, C., et al., Sulfhydrated Sirtuin-1 Increasing Its Deacetylation Activity Is an Essential 
Epigenetics Mechanism of Anti-Atherogenesis by Hydrogen Sulfide. Antioxidants & redox 
signaling, 2019. 30(2): p. 184-197. 

88. Wang, P., et al., Age-Dependent Allergic Asthma Development and Cystathionine 
Gamma-Lyase Deficiency. Antioxidants & redox signaling, 2017. 27(13): p. 931-944. 

89. Yang, G., et al., Hydrogen sulfide protects against cellular senescence via s-sulfhydration 
of keap1 and activation of Nrf2. Antioxidants and Redox Signaling, 2013. 18(15): p. 1906-
1919. 

90. Xie, L., et al., Hydrogen sulfide induces Keap1 S-sulfhydration and suppresses diabetes-
accelerated atherosclerosis via Nrf2 activation. Diabetes, 2016. 65(10): p. 3171-3184. 

91. Hourihan, J.M., J.G. Kenna, and J.D. Hayes, The Gasotransmitter Hydrogen Sulfide 
Induces Nrf2-Target Genes by Inactivating the Keap1 Ubiquitin Ligase Substrate Adaptor 
Through Formation of a Disulfide Bond Between Cys-226 and Cys-613. Antioxidants & 
Redox Signaling, 2013. 19(5): p. 465-481. 

92. Mustafa, A.K., et al., Hydrogen Sulfide as Endothelial Derived Hyperpolarizing Factor 
Sulfhydrates Potassium Channels. Circ Res, 2011. 109(11): p. 1259-1268. 

93. Zhao, K., et al., S-sulfhydration of MEK1 leads to PARP-1 activation and DNA damage 
repair. EMBO reports, 2014. 15(7): p. 792-800. 

94. Zhao, K., et al., Hydrogen sulfide represses androgen receptor transactivation by 
targeting at the second zinc finger module. The Journal of biological chemistry, 2014. 
289(30): p. 20824-20835. 

95. Sen, T., et al., Sulfhydration of AKT triggers Tau-phosphorylation by activating glycogen 
ƐǇŶƚŚĂƐĞ� ŬŝŶĂƐĞ� ϯɴ� ŝŶ� �ůǌŚĞŝŵĞƌΖƐ� ĚŝƐĞĂƐĞ͘ Proceedings of the National Academy of 
Sciences of the United States of America, 2020. 117(8): p. 4418-4427. 

96. Marutani, E., et al., Thiosulfate Mediates Cytoprotective Effects of Hydrogen Sulfide 
Against Neuronal Ischemia. Journal of the American Heart Association, 2015. 4(11). 

97. Sen, N., et al., Hydrogen sulfide-linked sulfhydration of NF-ʃ��ŵĞĚŝĂƚĞƐ�ŝƚƐ�ĂŶƚŝ-apoptotic 
actions. Molecular cell, 2012. 45(1): p. 13-24. 

98. Du, J., et al., Hydrogen sulfide suppresses oxidized low-density lipoprotein (ox-LDL)-
stimulated monocyte chemoattractant protein 1 generation from macrophages via the 

                  



24 
 

ŶƵĐůĞĂƌ�ĨĂĐƚŽƌ�ʃ��;E&-ʃ�Ϳ�ƉĂƚŚǁĂǇ͘ The Journal of biological chemistry, 2014. 289(14): p. 
9741-9753. 

99. Zheng, Y., et al., �ǇƐƚĂƚŚŝŽŶŝŶĞ� ɶ-Lyase-Hydrogen Sulfide Induces Runt-Related 
Transcription Factor 2 Sulfhydration, Thereby Increasing Osteoblast Activity to Promote 
Bone Fracture Healing. Antioxidants & redox signaling, 2017. 27(11): p. 742-753. 

100. Zivanovic, J., et al., Selective Persulfide Detection Reveals Evolutionarily Conserved 
Antiaging Effects of S-Sulfhydration. Cell metabolism, 2019. 30(6): p. 1152-1170.e13. 

101. Untereiner, A.A., et al., H(2)S-induced S-sulfhydration of lactate dehydrogenase a (LDHA) 
stimulates cellular bioenergetics in HCT116 colon cancer cells. Biochemical 
pharmacology, 2017. 136: p. 86-98. 

102. Shimizu, Y., et al., Hydrogen sulfide regulates cardiac mitochondrial biogenesis via the 
activation of AMPK. Journal of molecular and cellular cardiology, 2018. 116: p. 29-40. 

103. Xie, Z.Z., et al., Sulfhydration of p66Shc at Cysteine59 mediates the antioxidant effect of 
hydrogen sulfide. Antioxidants and Redox Signaling, 2014. 21(18): p. 2531-2542. 

104. Vandiver, M.S., et al., Sulfhydration mediates neuroprotective actions of parkin. Nature 
Communications, 2013. 4(1): p. 1626-1626. 

105. Untereiner, A.A., et al., Stimulatory effect of CSE-generated H2S on hepatic 
mitochondrial biogenesis and the underlying mechanisms. Nitric oxide : biology and 
chemistry, 2016. 58: p. 67-76. 

106. Sun, Y., et al., Exogenous H(2)S Promoted USP8 Sulfhydration to Regulate Mitophagy in 
the Hearts of db/db Mice. Aging and disease, 2020. 11(2): p. 269-285. 

107. Zheng, Y., et al., Hydrogen sulfide prodrugsͶa review. Acta Pharmaceutica Sinica B, 
2015. 5(5): p. 367-377. 

108. Elrod, J.W., et al., Hydrogen sulfide attenuates myocardial ischemia-reperfusion injury by 
preservation of mitochondrial function. Proceedings of the National Academy of 
Sciences of the United States of America, 2007. 104(39): p. 15560-15565. 

109. Suzuki, K., et al., Hydrogen sulfide replacement therapy protects the vascular 
endothelium in hyperglycemia by preserving mitochondrial function. Proceedings of the 
National Academy of Sciences of the United States of America, 2011. 108(33): p. 13829-
13834. 

110. Li, L., et al., Characterization of a novel, water-soluble hydrogen sulfide-releasing 
molecule (GYY4137): new insights into the biology of hydrogen sulfide. Circulation, 2008. 
117(18): p. 2351-60. 

111. Xie, L., et al., SIRT3 Mediates the Antioxidant Effect of Hydrogen Sulfide in Endothelial 
Cells. Antioxidants & Redox Signaling, 2016. 24(6): p. 329-343. 

112. Amagase, H., Clarifying the Real Bioactive Constituents of Garlic. The Journal of 
Nutrition, 2006. 136(3): p. 716S-725S. 

113. Caro, A.A., et al., Effect of garlic-derived organosulfur compounds on mitochondrial 
function and integrity in isolated mouse liver mitochondria. Toxicology Letters, 2012. 
214(2): p. 166-174. 

114. Hao, Y., et al., Diallyl trisulfide attenuates hyperglycemia-induced endothelial apoptosis 
by inhibition of Drp1-mediated mitochondrial fission. Acta Diabetologica, 2019. 56(11): 
p. 1177-1189. 

115. Polhemus, D.J., et al., A Novel Hydrogen Sulfide Prodrug, SG1002, Promotes Hydrogen 
Sulfide and Nitric Oxide Bioavailability in Heart Failure Patients. Cardiovascular 
Therapeutics, 2015. 33(4): p. 216-226. 

116. Cai, W.-J., et al., The novel proangiogenic effect of hydrogen sulfide is dependent on Akt 
phosphorylation. Cardiovascular Research, 2007. 76(1): p. 29-40. 

117. Papapetropoulos, A., et al., Hydrogen sulfide is an endogenous stimulator of 
angiogenesis. Proc Natl Acad Sci U S A, 2009. 106(51): p. 21972-7. 

                  



25 
 

118. Wang, K., et al., �ǇƐƌĞŐƵůĂƚŝŽŶ� ŽĨ� ŚǇĚƌŽŐĞŶ� ƐƵůĨŝĚĞ� ƉƌŽĚƵĐŝŶŐ� ĞŶǌǇŵĞ� ĐǇƐƚĂƚŚŝŽŶŝŶĞ� ɶ-
lyase contributes to maternal hypertension and placental abnormalities in preeclampsia. 
Circulation, 2013. 127(25): p. 2514-2522. 

119. Sánchez-Aranguren, L.C., et al., Soluble Fms-Like Tyrosine Kinase-1 Alters Cellular 
Metabolism and Mitochondrial Bioenergetics in Preeclampsia. Frontiers in Physiology, 
2018. 9(83). 

120. Sanchez-Aranguren, L.C., et al., Bioenergetic effects of hydrogen sulfide suppress soluble 
Flt-1 and soluble endoglin in cystathionine gamma-lyase compromised endothelial cells. 
Scientific Reports, 2020. 10(1): p. 1-11. 

121. Saif, J., et al., Hydrogen sulfide releasing molecule MZe786 inhibits soluble Flt-1 and 
prevents preeclampsia in a refined RUPP mouse model. Redox Biology, 2021. 38. 

122. Rezai, H., et al., MZe786, a hydrogen sulfide-releasing aspirin prevents preeclampsia in 
heme oxygenase-1 haplodeficient pregnancy under high soluble flt-1 environment. 
Redox Biology, 2021. 38: p. 101768. 

123. Sanchez-Aranguren, L.C., et al., Mze786 rescues cardiac mitochondrial activity in high 
sflt-1 and low ho-1 environment. Antioxidants, 2020. 9(7): p. 1-16. 

124. de Koning, M.-S.L.Y., et al., Safety and Tolerability of Sodium Thiosulfate in Patients with 
an Acute Coronary Syndrome Undergoing Coronary Angiography: A Dose-Escalation 
Safety Pilot Study (SAFE-ACS). Journal of Interventional Cardiology, 2020. 2020: p. 
6014915. 

125. Kruithof, P.D., et al., Unraveling the role of thiosulfate sulfurtransferase in metabolic 
diseases. Biochimica et Biophysica Acta (BBA) - Molecular Basis of Disease, 2020. 
1866(6): p. 165716. 

126. Patel, P., et al., The endogenous production of hydrogen sulphide in intrauterine tissues. 
Reproductive Biology and Endocrinology, 2009. 7. 

127. Yang, G., et al., Specificity protein-ϭ�ĂƐ�Ă�ĐƌŝƚŝĐĂů�ƌĞŐƵůĂƚŽƌ�ŽĨ�ŚƵŵĂŶ�ĐǇƐƚĂƚŚŝŽŶŝŶĞ�ɶ-lyase 
in smooth muscle cells. Journal of Biological Chemistry, 2011. 286(30): p. 26450-26460. 

128. Yan, Y., et al., S-adenosylmethionine administration inhibits levodopa-induced vascular 
endothelial growth factor-A expression. Aging, 2020. 12(21): p. 21290-21307. 

129. Szczesny, B., et al., AP39, a novel mitochondria-targeted hydrogen sulfide donor, 
stimulates cellular bioenergetics, exerts cytoprotective effects and protects against the 
loss of mitochondrial DNA integrity in oxidatively stressed endothelial cells in vitro. Nitric 
Oxide - Biology and Chemistry, 2014. 41: p. 120-130. 

130. 'Ğƌƅ͕��͕͘�Ğƚ�Ăů͕͘�The novel mitochondria-targeted hydrogen sulfide (H2S) donors AP123 
and AP39 protect against hyperglycemic injury in microvascular endothelial cells in vitro. 
Pharmacological Research, 2016. 113(Pt A): p. 186-198. 

131. Latorre, E., et al., Mitochondria-targeted hydrogen sulfide attenuates endothelial 
senescence by selective induction of splicing factors HNRNPD and SRSF2. Aging, 2018. 
10(7): p. 1666-1681. 

132. 'Ğƌƅ͕��͕͘�Ğƚ�Ăů͕͘�The novel mitochondria-targeted hydrogen sulfide (H(2)S) donors AP123 
and AP39 protect against hyperglycemic injury in microvascular endothelial cells in vitro. 
Pharmacol Res, 2016. 113(Pt A): p. 186-198. 

133. Vadivel, A., et al., Exogenous hydrogen sulfide (H2S) protects alveolar growth in 
experimental O2-induced neonatal lung injury. PLoS ONE, 2014. 9(3). 

134. Papu John, A.S., et al., Hydrogen sulfide inhibits Ca(2+)-induced mitochondrial 
permeability transition pore opening in type-1 diabetes. American journal of physiology. 
Endocrinology and metabolism, 2019. 317(2): p. E269-E283. 

135. Sun, W.H., et al., Hydrogen sulfide decreases the levels of ROS by inhibiting 
mitochondrial complex IV and increasing SOD activities in cardiomyocytes under 
ischemia/reperfusion. Biochemical and Biophysical Research Communications, 2012. 
421(2): p. 164-169. 

                  



26 
 

136. Liu, N., et al., Hydrogen Sulphide modulating mitochondrial morphology to promote 
mitophagy in endothelial cells under high-glucose and high-palmitate. Journal of cellular 
and molecular medicine, 2017. 21(12): p. 3190-3203. 

137. Karwi, Q.G., et al., AP39, a mitochondria-targeting hydrogen sulfide (H(2) S) donor, 
protects against myocardial reperfusion injury independently of salvage kinase 
signalling. British journal of pharmacology, 2017. 174(4): p. 287-301. 

138. Khatua, T.N., et al., Novel sulfur metabolites of garlic attenuate cardiac hypertrophy and 
remodeling through induction of Na+/K+-ATPase expression. Frontiers in Pharmacology, 
2017. 8(JAN). 

139. Kondo, K., et al., ,Ї^� ƉƌŽƚĞĐƚƐ� ĂŐĂŝŶƐƚ� ƉƌĞƐƐƵƌĞ� ŽǀĞƌůŽĂĚ-induced heart failure via 
upregulation of endothelial nitric oxide synthase. Circulation, 2013. 127(10): p. 1116-
1127. 

140. Wallace, J.L., et al., Gastrointestinal Safety and Anti-Inflammatory Effects of a Hydrogen 
Sulfide-Releasing Diclofenac Derivative in the Rat. Gastroenterology, 2007. 132(1): p. 
261-271. 

141. Fiorucci, S., et al., Enhanced activity of a hydrogen sulphide-releasing derivative of 
mesalamine (ATB-429) in a mouse model of colitis. British Journal of Pharmacology, 
2007. 150(8): p. 996-1002. 

142. Van Dingenen, J., et al., The H2S-releasing naproxen derivative ATB-346 and the slow-
release H2S donor GYY4137 reduce intestinal inflammation and restore transit in 
postoperative ileus. Frontiers in Pharmacology, 2019. 10(February): p. 116-116. 

143. Costa, S.K.P.F., et al., Enhanced Analgesic Effects and Gastrointestinal Safety of a Novel, 
Hydrogen Sulfide-Releasing Anti-Inflammatory Drug (ATB-352): A Role for Endogenous 
Cannabinoids. Antioxidants & redox signaling, 2020. 33(14): p. 1003-1009. 

144. Polhemus, D.J., et al., A Novel Hydrogen Sulfide Prodrug, SG1002, Promotes Hydrogen 
Sulfide and Nitric Oxide Bioavailability in Heart Failure Patients. Cardiovascular 
Therapeutics, 2015. 33(4): p. 216-226. 

145. Cenac, N., et al., A novel orally administered trimebutine compound (GIC-1001) is anti-
nociceptive and features peripheral opioid agonistic activity and Hydrogen Sulphide-
releasing capacity in mice. European journal of pain (London, England), 2016. 20(5): p. 
723-730. 

146. Rezai, H., et al., MZe786, a hydrogen sulfide-releasing aspirin prevents preeclampsia in 
heme oxygenase-1 haplodeficient pregnancy under high soluble flt-1 environment. 
Redox Biology, 2021. 38: p. 101768-101768. 

147. Sanchez-Aranguren, L.C., et al., MZe786 Rescues Cardiac Mitochondrial Activity in High 
sFlt-1 and Low HO-1 Environment. Antioxidants (Basel, Switzerland), 2020. 9(7). 

148. de Koning, M.S.L.Y., et al., Safety and Tolerability of Sodium Thiosulfate in Patients with 
an Acute Coronary Syndrome Undergoing Coronary Angiography: A dose-escalation 
safety pilot study (SAFE-ACS). Journal of Interversional Cardiology, 2020. 2020: p. 
6014915-6014915. 

149. Giustarini, D., et al., The new H2S-releasing compound ACS94 exerts protective effects 
through the modulation of thiol homoeostasis. Journal of Enzyme Inhibition and 
Medicinal Chemistry, 2018. 33(1): p. 1392-1404. 

150. Muzaffar, S., et al., H 2S-donating sildenafil (ACS6) inhibits superoxide formation and 
gp91 phox expression in arterial endothelial cells: Role of protein kinases A and G. British 
Journal of Pharmacology, 2008. 155(7): p. 984-994. 

151. Osborne, N.N., et al., ACS67, a hydrogen sulfide-releasing derivative of latanoprost acid, 
attenuates retinal ischemia and oxidative stress to RGC-5 cells in culture. Investigative 
Ophthalmology and Visual Science, 2010. 51(1): p. 284-294. 

152. Liu, Y.Y., et al., ACS84, a novel hydrogen sulfide-releasing compound, protects against 
ĂŵǇůŽŝĚ�ɴ-induced cell cytotoxicity. Neurochemistry International, 2011. 58(5): p. 591-
598. 

                  



27 
 

153. Dou, Y., Z. Wang, and G. Chen, The role of hydrogen sulfide in stroke. Medical gas 
research, 2016. 6(2): p. 79-84. 

154. Jain, S.K., et al., Low levels of hydrogen sulfide in the blood of diabetes patients and 
streptozotocin-treated rats causes vascular inflammation? 2010, Mary Ann Liebert, Inc. 
p. 1333-1338. 

155. Sun, L., et al., Potential biomarkers predicting risk of pulmonary hypertension in 
congenital heart disease: the role of homocysteine and hydrogen sulfide. Chinese 
medical journal, 2014. 127(5): p. 893-899. 

156. Wang, C., et al., Role of hydrogen sulfide in portal hypertension and esophagogastric 
junction vascular disease. World journal of gastroenterology, 2014. 20(4): p. 1079-1087. 

157. Yang, G., et al., Hydrogen Sulfide Signaling in Oxidative Stress and Aging Development. 
Oxidative Medicine and Cellular Longevity, 2015. 357824: p. 2-2. 

158. Chen, Y.-H., et al., Endogenous hydrogen sulfide in patients with COPD. Chest, 2005. 
128(5): p. 3205-3211. 

159. Amini, M., F. Zayeri, and M. Salehi, Trend analysis of cardiovascular disease mortality, 
incidence, and mortality-to-incidence ratio: results from global burden of disease study 
2017. BMC Public Health, 2021. 21. 

160. Wang, Z.-J., et al., Atherosclerosis and the Hydrogen Sulfide Signaling Pathway - 
Therapeutic Approaches to Disease Prevention. Cellular physiology and biochemistry : 
international journal of experimental cellular physiology, biochemistry, and 
pharmacology, 2017. 42(3): p. 859-875. 

161. Shen, Y., et al., The Cardioprotective Effects of Hydrogen Sulfide in Heart Diseases: From 
Molecular Mechanisms to Therapeutic Potential. Oxidative Medicine and Cellular 
Longevity, 2015. 2015: p. 925167. 

162. Wang, Y., et al., Role of hydrogen sulfide in the development of atherosclerotic lesions in 
apolipoprotein E knockout mice. Arterioscler Thromb Vasc Biol, 2009. 29(2): p. 173-9. 

163. Wang, Y., et al., Role of Hydrogen Sulfide in the Development of Atherosclerotic Lesions 
in Apolipoprotein E Knockout Mice. Arteriosclerosis, Thrombosis, and Vascular Biology, 
2009. 29(2): p. 173-179. 

164. Mani, S., et al., Decreased endogenous production of hydrogen sulfide accelerates 
atherosclerosis. Circulation, 2013. 127(25): p. 2523-34. 

165. Zhang, H., et al., Hydrogen Sulfide Inhibits the Development of Atherosclerosis with 
Suppressing CX3CR1 and CX3CL1 Expression. PLoS ONE, 2012. 7(7): p. e41147-e41147. 

166. Cheung, S.H., et al., Anti-Atherogenic Effect of Hydrogen Sulfide by Over-Expression of 
Cystathionine Gamma-Lyase (CSE) Gene. PLOS ONE, 2014. 9(11): p. e113038. 

167. Madamanchi, N.R. and M.S. Runge, Mitochondrial dysfunction in atherosclerosis. 2007, 
Circ Res. p. 460-473. 

168. Marzetti, E., et al., Cellular Mechanisms of Cardioprotection by Calorie Restriction: State 
of the Science and Future Perspectives. 2009, Clin Geriatr Med. p. 715-732. 

169. Sena, L.A. and N.S. Chandel, Physiological roles of mitochondrial reactive oxygen species. 
2012, Cell Press. p. 158-167. 

170. Liu, L.L., et al., A role for diallyl trisulfide in mitochondrial antioxidative stress contributes 
to its protective effects against vascular endothelial impairment. European Journal of 
Pharmacology, 2014. 725(1): p. 23-31. 

171. Kaneko, Y., et al., Glucose-induced production of hydrogen sulfide may protect the 
pancreatic beta-cells from apoptotic cell death by high glucose. FEBS Lett, 2009. 583(2): 
p. 377-82. 

172. Ng, H.H., et al., Chronic NaHS treatment decreases oxidative stress and improves 
endothelial function in diabetic mice. Diab Vasc Dis Res, 2017. 14(3): p. 246-253. 

173. Wei, W.B., et al., GYY4137, a novel hydrogen sulfide-releasing molecule, likely protects 
against high glucose-induced cytotoxicity by activation of the AMPK/mTOR signal 
pathway in H9c2 cells. Mol Cell Biochem, 2014. 389(1-2): p. 249-56. 

                  



28 
 

174. Greaney, J.L., et al., Impaired hydrogen sulfide-mediated vasodilation contributes to 
microvascular endothelial dysfunction in hypertensive adults HHS Public Access. 
Hypertension, 2017. 69(5): p. 902-909. 

175. Li, J., et al., Hydrogen sulfide improves endothelial dysfunction by inhibiting the vicious 
cycle of NLRP3 inflammasome and oxidative stress in spontaneously hypertensive rats. 
Journal of Hypertension, 2019. 37(8): p. 1633-1643. 

176. Zong, Y., et al., Downregulation of Endogenous Hydrogen Sulfide Pathway Is Involved in 
Mitochondrion-Related Endothelial Cell Apoptosis Induced by High Salt. Oxidative 
Medicine and Cellular Longevity, 2015. 2015: p. 754670-754670. 

177. Rajendran, P., et al., The Vascular Endothelium and Human Diseases. Int. J. Biol. Sci, 
2013. 9(10): p. 1057-1069. 

178. Savage, J.C. and D.H. Gould, Determination of sulfide in brain tissue and rumen fluid by 
ion-interaction reversed-phase high-performance liquid chromatography. J Chromatogr, 
1990. 526(2): p. 540-5. 

179. Wong, P.T.H., et al., High Plasma Cyst(e)ine Level May Indicate Poor Clinical Outcome in 
Patients With Acute Stroke: Possible Involvement of Hydrogen Sulfide. Journal of 
Neuropathology & Experimental Neurology, 2006. 65(2): p. 109-115. 

180. Qu, K., et al., Hydrogen sulfide is a mediator of cerebral ischemic damage. Stroke, 2006. 
37(3): p. 889-893. 

181. Sun, N.-l., et al., Plasma hydrogen sulfide and homocysteine levels in hypertensive 
patients with different blood pressure levels and complications. Zhonghua xin xue guan 
bing za zhi, 2007. 35(12): p. 1145-1148. 

182. Juman, S., et al., Reduced production of hydrogen sulfide and sulfane sulfur due to low 
ĐǇƐƚĂƚŚŝŽŶŝŶĞ� ɴ-synthase levels in brain astrocytes of stroke-prone spontaneously 
hypertensive rats. Biological and Pharmaceutical Bulletin, 2016. 39(12): p. 1932-1938. 

183. Coletta, C., et al., Hydrogen sulfide and nitric oxide are mutually dependent in the 
regulation of angiogenesis and endothelium-dependent vasorelaxation. Proceedings of 
the National Academy of Sciences of the United States of America, 2012. 109(23): p. 
9161-9166. 

184. Zhang, X. and J.-S. Bian, Hydrogen Sulfide: A Neuromodulator and Neuroprotectant in the 
Central Nervous System. ACS Chemical Neuroscience, 2014. 5(10): p. 876-883. 

185. Wiles, K., et al., Serum Creatinine in Pregnancy: A Systematic Review. Kidney 
International Reports, 2019. 4(3): p. 408-419. 

186. Al-Jameil, N., et al., A brief overview of preeclampsia. Journal of clinical medicine 
research, 2014. 6(1): p. 1-7. 

187. Ahmed, A., Molecular mechanisms and therapeutic implications of the carbon 
monoxide/hmox1 and the hydrogen sulfide/CSE pathways in the prevention of pre-
eclampsia and fetal growth restriction. Pregnancy Hypertension: An International 
Journal of Women's Cardiovascular Health, 2014. 4(3): p. 243-244. 

188. Terstappen, F., et al., Sodium thiosulfate in the pregnant dahl salt- sensitive rat, a model 
of preeclampsia. Biomolecules, 2020. 10(2). 

189. Possomato-Vieira, J.S., et al., Sodium hydrosulfide prevents hypertension and increases 
in vascular endothelial growth factor and soluble fms-like tyrosine kinase-1 in 
hypertensive pregnant rats. Naunyn-Schmiedeberg's Archives of Pharmacology, 2016. 
389(12): p. 1325-1332. 

190. Covarrubias, A.E., et al., AP39, a Modulator of Mitochondrial Bioenergetics, Reduces 
Antiangiogenic Response and Oxidative Stress in Hypoxia-Exposed Trophoblasts: 
Relevance for Preeclampsia Pathogenesis. American Journal of Pathology, 2019. 189(1): 
p. 104-114. 

 

                  


