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Abstract

Significance: Diabetes and its complications represent a major socioeconomic problem. Recent Advances:
Changes in the balance of hydrogen sulfide (H2S) play an important role in the pathogenesis of b-cell dys-
function that occurs in response to type 1 and type 2 diabetes. In addition, changes in H2S homeostasis also play
a role in the pathogenesis of endothelial injury, which develop on the basis of chronically or intermittently
elevated circulating glucose levels in diabetes. Critical Issues: In the first part of this review, experimental
evidence is summarized implicating H2S overproduction as a causative factor in the pathogenesis of b-cell death
in diabetes. In the second part of our review, experimental evidence is presented supporting the role of H2S
deficiency (as a result of increased H2S consumption by hyperglycemic cells) in the pathogenesis of diabetic
endothelial dysfunction, diabetic nephropathy, and cardiomyopathy. Future Directions: In the final section of
the review, future research directions and potential experimental therapeutic approaches around the pharma-
cological modulation of H2S homeostasis in diabetes are discussed. Antioxid. Redox Signal. 17, 68–80.

Introduction

Hydrogen sulfide (H2S) is a colorless, flammable, water-
soluble gas with the characteristic smell of rotten eggs.

Until recently, H2S was viewed primarily as a toxic gas and
environmental hazard. However, research conducted over the
last decade demonstrates that H2S is synthesized by mamma-
lian tissues, and it serves various important regulatory func-
tions (8, 41, 60, 61). There are multiple lines of evidence
showing that H2S modulates the function of b cells as well as
that H2S modulates and possibly mediates the injury of b cells,
which underlies the pathogenesis of type 1 diabetes. Similarly,
multiple lines of evidence implicate that changes in H2S ho-
meostasis contribute to the pathogenesis of endothelial dys-
function induced by elevated extracellular glucose. Endothelial
dysfunction is a central process in the pathogenesis of diabetic
complications, because it is directly connected to the patho-
genesis of various diabetic complications, including vascular
dysfunction, neuropathy, nephropathy, retinopathy, and heart
failure (27, 62). The current article provides an overview of the
experimental evidence implicating H2S as a pathophysiological
effector in the pathogenesis of type 1 diabetes and in the
pathogenesis of diabetic complications in vitro and in vivo.

H2S Regulates b Cell Function and Vascular Function

A growing body of data accumulating over the last decade
shows that H2S is synthesized by mammalian tissues via two

cytosolic pyridoxal-5¢-phosphate-dependent enzymes respon-
sible for metabolism of l-cysteine—cystathionine b-synthase
(CBS) and cystathionine c-lyase (CSE)—as well as by a mito-
chondrial third pathway involves the production from
l-cysteine of H2S via the combined action of 3-mercapto-
pyruvate sulfurtransferase and cysteine aminotransferase (8,
41, 60, 61) (Fig. 1). As a gaseotransmitter, H2S rapidly travels
through cell membranes without utilizing specific trans-
porters and exerts a host of biological effects on a variety of
biological targets resulting in a variety of biological re-
sponses. Similarly to the other two gaseotransmitters (nitric
oxide and carbon monoxide), many of the biological re-
sponses to H2S follow a biphasic dose–response: the ef-
fects of H2S range from physiological, cytoprotective
effects (which occur at low concentrations) to cytotoxic
effects (which are generally only apparent at higher con-
centrations) (60). Depending on the experimental system
studied, the molecular mechanisms of the biological actions
of H2S include antioxidant effects, both via direct chemical
reactions with various oxidant species, as well as via in-
creased cellular glutathione levels via activation/expression
of gamma-glutamylcysteine synthetase; modulation of in-
tracellular caspase and kinase pathways; stimulatory effects
on the production of cyclic AMP and modulation of intra-
cellular calcium levels; as well as opening of potassium-
opened ATP channels (KATP channels) (41, 60, 61).

The biological roles of endogenous H2S are multiple and
rapidly expanding. Its regulatory functions span the central
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and peripheral nervous system, the regulation of cellular
metabolism, regulation of immunological/inflammatory re-
sponses, and various aspects of cardiovascular biology (21, 41,
60, 61). For the purpose of the current article, we restrict our
discussion to a brief overview the physiological roles of H2S
in the endocrine pancreas (relevant for the pathogenesis
of diabetic b-cell injury) and in the vascular endothelium
(relevant for the pathogenesis of diabetic cardiovascular
complications).

In the pancreas, both CSE and CBS are involved in the
production of H2S (40). The production of high levels of H2S
has been demonstrated in pancreatic b-cell lines (1, 40, 76).
For instance, H2S production in homogenates of rat (INS-1E)
and hamster (HIT-T15) b-cell lines was demonstrated in the
presence of l-cysteine (1, 76). Significant H2S production
was also reported in the mouse insulin-secreting cell line
MIN6 (40). Interestingly, expression of CSE, but not CBS,
dramatically increased in the islet cells after glucose stimu-
lation, resulting in increased H2S production in these cells
(39). In contrast, glucose stimulation has been reported to
decrease the H2S-producing activity in the homogenates of
INS-1E cells (76). The contradictory effects of glucose on H2S
production may be due to species-specific differences in the
conditions for gene induction of CSE and/or cell-type dif-
ferences. Although the precise functional role of H2S in
pancreatic b-cells remains to be investigated in additional
detail, according to most studies, intraislet H2S exerts a
physiological inhibitory effect on insulin release (1, 40, 41,
76]. This inhibition occurs via multiple mechanisms (opening
of KATP channels, decrease of cellular ATP levels, and
regulation of intracellular Ca2 + concentration) (1, 46): the
relative contribution of these mechanisms remains to be
clarified.

In the cardiovascular system, the principal enzyme in-
volved in the formation of H2S is CSE, expressed in vascular
endothelial cells, smooth muscle cells, and cardiac myocytes
(41, 60, 61). The vascular regulatory roles of H2S include va-
sodilatation, vascular protection, and the stimulation of an-
giogenesis (59, 75). The multiple roles of H2S in vascular and

cardiac physiology have been subject of recent reviews (41,
59–61).

Role of H2S in the Pathogenesis of Autoimmune b-Cell
Death in Type 1 Diabetes

Type 1 diabetes (or insulin-dependent diabetes mellitus) is
an autoimmune disease occurring predominantly in children
and young adults resulting in destruction of the pancreatic b-
cells. It is characterized by prolonged periods of hyperglyce-
mia, via reduced uptake of glucose and relative increase in
glucagon secretion and gluconeogenesis. The destruction of
the islet b-cells is caused by an autoimmune attack involving
an initial hyperexpression of class I major histocompatibility
complex (MHC) molecules by all of the islet endocrine cells,
which is followed by b-cell exclusive expression of MHC class
II molecules. Expression of the MHC proteins induces an in-
sulitis, whereby the islet is islet infiltrated by mononuclear
cells, including lymphocytes, macrophages, and plasma cells.
The actual trigger for the process of b-cell destruction is still
unknown, but it has been proposed that it is an external factor
(viral, chemical) or an internal stimulus (cytokines, free radi-
cal) which damages a proportion of the b-cells, leading to
release of specific b-cell proteins, which can be taken up by
antigen presenting cells and processed to antigenic peptides
(37, 38, 70).

The potential role of H2S in the pathogenesis of type 1 di-
abetes was initially investigated using in vitro model systems.
These investigations yielded somewhat conflicting results,
presumably due to the substantial differences in the experi-
mental conditions employed, as well as the biphasic nature of
the pharmacological actions of H2S that include cytoprotec-
tion at lower concentrations, as well as cytotoxicity at higher
local levels (60). Yang and colleagues have demonstrated that
H2S administration or CSE overexpression results in the ex-
pression of endoplasmatic reticulum (ER)-stress-related mol-
ecules and apoptosis in rat insulinoma INS-1E cells, and
showed that this effect was mediated by p38 MAP kinase
activation (76). The same group later demonstrated that

FIG. 1. Schematic presentation of the
three hydrogen sulfide (H2S)-producing
enzymes. H2S is synthesized by mam-
malian cells tissues via two cytosolic pyr-
idoxal-5¢-phosphate-dependent enzymes
responsible for metabolism of l-cysteine:
cystathionine b-synthase (CBS) and cy-
stathionine c-lyase (CSE), as well as by a
mitochondrial third pathway involves the
production from l-cysteine of H2S via the
combined action of 3-mercaptopyruvate
sulfurtransferase (3-MST) and cysteine
aminotransferase (CAT).
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streptozotocin-induced death of the same insulinoma cells can
be prevented by pharmacological inhibition of CSE, indicat-
ing an active pro-apoptotic role of endogenously produced
H2S in this system and it occurs via the activation of ER stress
as well as mitogen-activated protein (MAP) kinases (76). In
contrast, other groups have reported that H2S may act as a
cytoprotective hormone in mouse islets and in MIN6 cells
exposed to high glucose, fatty acids, or a mixture of cytotoxic
cytokines (39, 64). The cytoprotective effects included both a
protection from loss of viability, and a prevention of the de-
terioration of insulin secretion in response to elevated glucose
(64).

Only a limited number of studies have investigated the role
of H2S in the pathogenesis of type 1 diabetes in vivo. Moore
and colleagues demonstrated the induction of H2S-producing
enzyme CBS (but not of CSE) in the pancreas of animals
treated with the b-cell toxin streptozotocin (79). Moreover, in
Zucker diabetic fatty rats (a diabetic model with obesity and
hyperinsulinemia), CSE expression was found to be upregu-
lated in the islets (73). Overall, these observations suggested
that intrapancreatic or intraislet H2S production is increasing
in various models of diabetes. The question, then arose,
whether this increase in intraislet H2S biosynthesis is part of a
protective mechanism (whereby increased H2S levels coun-
teract the increased oxidative/nitrosative stress conditions
during the process of islet cell death), or, alternatively, is it
part of the pathophysiology of the disease (suppressing in-
sulin production and contributing to b-cell destruction)?
Studies from Wang’s laboratory have recently provided
evidence for the latter pathomechanism (74). Using pharma-
cological tools (dl-propargylglycine, a pharmacological in-
hibitor of CSE) an improvement of glycemic control was
demonstrated in the Zucker diabetic model (73). Similarly,
treatment of mice subjected to streptozotocin-diabetes with
the CSE inhibitor dl-propargylglycine protected the ani-
mals from hyperglycemia and hypoinsulinemia (74). Finally,
CSE knockout mice subjected to streptozotocin exhibited a
delayed onset of diabetic status (74). Histopathological eval-
uation of the pancreas of these animals revealed that CSE-
deficient animals maintained a larger number of functional
b-cells and maintained higher intraislet insulin levels (74).

How, then, can one reconcile the contrasting (cytoprotec-
tive or cytotoxic) effects of H2S in the in vitro islet studies with
the in vivo studies demonstrating overexpression of H2S-
producing enzymes in the islets of animals that develop dia-
betes, and with the in vivo studies showing that CSE inhibition
or CSE deficiency protects against the onset of diabetes in the
streptozotocin model? Why would the body purposefully
overexpress a cytotoxic hormone in its b-cells, thereby ac-
tively contributing to their destruction? Although much more
work needs to be conducted to address all mechanistic aspects
of the process, we propose the following working hypothesis
(Fig. 2). We hypothesize that in the early stage of diabetes
development, a high-glucose-induced pancreatic CSE over-
expression may serve as a protective mechanism, because it
may neutralize oxidative/nitrosative stress and autoimmune
attack. However, as a by-product of this process, an increase
in intraislet H2S production may lead to an inhibition of
insulin production via KATP channel activation, and the re-
sulting increase in circulating glucose may lead to progressive
b-cell toxicity. We further speculate that—as this positive
feedback cycle amplifies—local levels of H2S may reach a

threshold concentration where an autocrine-type cytotoxic
response may be induced. This response may be especially
prominent on a background of an oxidant-mediated and au-
toimmune attack against the b-cell (i.e., in a cell that has
weakened cellular defenses). Ultimately, the above processes
may culminate a progressive destruction (apoptosis) of the b-
cells. However, it must be noted that there are marked species
differences in the regulation of CSE expression in islets (65).
For instance, H2S production can be increased by hypergly-
cemia, which has been observed in mouse islets and MIN6
cells (65), but not in rat insulinoma cells (80). It should be also

FIG. 2. A working hypothesis depicting the cytoprotec-
tive and cytotoxic roles of H2S in the b-cell during diabetes
development. We hypothesize that in the early stage of di-
abetes development, a high-glucose-induced pancreatic CSE
overexpression may serve as a protective mechanism, be-
cause it may neutralize oxidative/nitrosative stress and au-
toimmune attack. However, as a by-product of this process,
an increase in intraislet H2S production may lead to an inhi-
bition of insulin production via potassium-opened ATP
channels (KATP) channel activation, and the resulting increase
in circulating glucose may lead to progressive b-cell toxicity,
which, ultimately, results in a lowering of circulating insulin
levels. We further speculate that—as this positive feedback
cycle amplifies—local levels of H2S may reach a threshold
concentration where an autocrine-type cytotoxic response
may be induced. This response may be especially prominent
on a background of an oxidant-mediated and autoimmune
attack against the b-cell. Ultimately, the above processes may
culminate a progressive destruction (apoptosis) of the b-cells,
leading to hypoinsulinemia and further hyperglycemia. ROS,
reactive oxygen species; RNS, reactive nitrogen species.
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noted that the hypothesis that increased production of H2S is
eventually toxic ex vivo has been proven in rat INS-1E in-
sulinoma cells (76) but not in normal mouse islets or MIN6
cells (39, 64). Thus, the above working hypothesis as well as
additional mechanistic details of the role of H2S in diabetic b-
cell destruction need to be further elucidated in future studies.

Role of H2S in the Pathogenesis
of Diabetic Complications

The quality of life and life expectations of diabetic patients
are determined by the complications of the disease. En-
dothelial dysfunction is a well-documented complication in
various forms of diabetes, and in prediabetic individuals. The
pathogenesis of this endothelial dysfunction includes in-
creased polyol pathway flux, altered cellular redox state, in-
creased formation of diacylglycerol, activation of specific
protein kinase C isoforms, and accelerated nonenzymatic
formation of advanced glycation endproducts (27, 62). Many
of these pathways trigger the production of oxygen- and
nitrogen-derived oxidants and free radicals, such as super-
oxide anion and peroxynitrite, and activation of the nuclear
enzyme poly(ADP-ribose) polymerase (PARP), which play a
significant role in the pathogenesis of the diabetes-associated
endothelial dysfunction and other diabetic complications.
While the cellular sources of reactive oxygen species (ROS)
such as superoxide anion are multiple and include advanced
glycation endproducts, NADH/NADPH oxidases, the mito-
chondrial respiratory chain, xanthine oxidase, the arachidonic
acid cascade, and microsomal enzymes, a dysregulated mi-
tochondrial electron transport chain is increasingly being
recognized as the central effector in this process (27, 62).

H2S plays multiple protective roles in the vascular system,
effecting vasodilatation, angiogenesis, inhibition of leukocyte
adhesion, and cell death processes (Fig. 3) (45). In the context

of hyperglycemic endothelial dysfunction, it is important to
consider the local, biologically active levels of H2S that the
blood vessels actually experience. As discussed in the previ-
ous section, several studies suggested the induction of H2S-
producing enzymes CBS and/or CSE in the pancreas in rats
treated with the pro-diabetic b-cell toxin streptozotocin (79),
and similar findings pertain to the liver and kidney of strep-
tozotocin-diabetic rats (78, 79). On the other hand, Denizalti
and colleagues failed to demonstrate significant alterations in
CSE mRNA in the thoracic aorta of rats subjected to diabetes
(14), and our recent study failed to demonstrate any notable
changes in the expression of CSE or CBS in the brain, heart,
kidney, lung, liver, or thoracic aorta of rats subjected to
streptozotocin diabetes (58). Thus, H2S-producing enzymes
may or may not become upregulated in various models of
diabetes, perhaps depending on the experimental model and/
or the severity of the disease (but it appears that they are
certainly not down-regulated). In contrast to these enzyme
expression data, however, the circulating H2S levels in animal
models of diabetes are either decreased, as shown in studies
using streptozotocin-model of diabetes (33, 58) and in a study
by using the nonobese diabetic (NOD) mouse model (5) or
tend to decrease (as seen in another streptozotocin-diabetic
rat model) (79). Furthermore, lower circulating H2S levels
have been detected in plasma samples of type 2 diabetic pa-
tients by two independent groups of investigators (33, 71).

This paradox of the unchanged or potentially increased tissue
H2S production versus the lower circulating H2S may be resolved
by our recent studies demonstrating that hyperglycemic endo-
thelial cells show an increased rate of H2S consumption due to
ROS generation (58). We know from the original studies of Kraus
and colleagues that production and consumption of H2S is a
dynamic process in tissues (16). We have recently observed that
endothelial cells placed in elevated glucose conditions consume
both exogenous and endogenous H2S compared to cells that are

FIG. 3. Summary of the
physiological actions of H2S
in blood vessels. H2S is pro-
duced in the cardiovascular
system and exerts a number of
critical effects on the cardio-
vascular system. H2S has been
shown to induce vasodila-
tion and inhibit leukocyte-
endothelial cell interactions in
the circulation. H2S is a potent
antioxidant and inhibits cel-
lular apoptosis. H2S also has
been shown to transiently
and reversibly inhibit mito-
chondrial respiration. Taken
together, this physiological
profile is ideally suited for
protection of the cardiovascu-
lar system against disease
states. Reproduced with per-
mission from ref. (45).
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grown in normal extracellular glucose (58). This accelerated H2S
consumption can be reduced by either treatment of the cells with
ROS scavengers, or treatment with mitochondrial uncoupling
agents, pointing to the importance of mitochondrially derived
ROS in this process (58). The pathophysiological implication of
the above findings is that in hyperglycemia, the increased mi-
tochondrial ROS production is the cause of a relative H2S defi-
ciency in endothelial cells.

The next question, then, became, whether modulation of en-
dothelial H2S levels (either by inhibiting it or by supplementing it)
affects hyperglycemic endothelial cells functionally. We have
shown that inhibition of H2S production (by CSE siRNA silenc-
ing) exacerbates ROS production in hyperglycemic endothelial
cells, while supplementation/replacement of H2S (either by
pharmacological means or by adenoviral overexpression of CSE)
reduces mitochondrial ROS production and protects the cells
from hyperglycemic cell dysfunction (58). Based on these find-
ings, we hypothesized that H2S provides a physiological reduc-
ing/antioxidant intracellular environment within the
endothelial cells, which helps to maintain normal mitochondrial
function (58). Our results suggest that this balance becomes
perturbed when mitochondrial ROS production is stimulated
by hyperglycemia. We hypothesized, therefore, that the ROS
from hyperglycemic mitochondria directly reacts with and
consumes the intracellular H2S, which then creates additional
mitochondrial dysfunction, possibly by oxidative modification
to mitochondrial proteins and proposed that such a positive
feed-forward cycle may then culminate in a dysfunctional mi-
tochondrial state where molecular oxygen is utilized to produce
ROS (as opposed to ATP), and where mitochondrial efficacy is
diminished (58). Our data indicate that the above sequence of
events, ultimately, leads to a loss of mitochondrial membrane
potential and, finally, a spillage of ROS to the cytosolic and
nuclear compartments, which contributes to the development
of hyperglycemic endothelial cell dysfunction (Fig. 4) (58). One
of the pathways that are then triggered is the activation of the
nuclear enzyme PARP, which—as demonstrated in previous
studies (26, 51)—is known to lead to an impairment of
endothelium-dependent relaxations in hyperglycemia and dia-
betes. The activation of this enzyme, as well as the degree of
DNA breakage (which is the proximal cause of PARP activa-
tion), is attenuated by H2S in hyperglycemic endothelial cells
(Fig. 5) (58). Taken together, the data show that supplementation
of H2S to hyperglycemic endothelial cells exerts marked pro-
tective effects. Similar conclusions were drawn by an indepen-
dent group of investigators, who have demonstrated that
treatment with H2S protects human umbilical vein endothelial
cells against high glucose-induced apoptosis (29).

We next investigated what functional role does the mod-
ulation (inhibition or supplementation) of H2S production
have on the loss of endothelium-dependent relaxant func-
tion in hyperglycemic or diabetic blood vessels. One of the
simplest models to study diabetic vascular dysfunction is to
incubate isolated vascular rings in elevated extracellular
glucose, followed by the measurement of isometric contrac-
tions and relaxations. Using this system, we have demon-
strated that the absence of vascular H2S production (i.e., rings
from CSE deficient mice) accelerates the development of
endothelial dysfunction in rings placed into elevated extra-
cellular glucose, whereas supplementation of H2S by phar-
macological supplementation or by overexpressing CSE (Fig.
6) protects the blood vessels against this process (58).

The protection of H2S by diabetic cardiac or vascular dys-
function can also be demonstrated in vivo, in rodent models of
diabetes. In a rat model of streptozotocin-induced diabetes,
we have recently demonstrated that supplementation of
H2S (applied by a H2S-releasing minipump) corrects the de-
crease in plasma H2S levels, and improves the endothelium-
dependent relaxant responses of the thoracic aorta ex vivo,
without affecting the degree of hyperglycemia (Fig. 7) (58).
Likewise, in an independent study focusing on diabetic renal
dysfunction, treatment of streptozotocin-diabetic rats with
intraperitoneal H2S reduced the diabetes-induced increases in
blood urea nitrogen levels, and attenuated renal collagen and

FIG. 4. Proposed scheme of H2S/ROS interactions in hy-
perglycemic endothelial cells. In normal endothelial cells,
physiological production of H2S (as well as many other an-
tioxidant systems) protects against oxidative stress generated
by the mitochondria, and mitochondrial ROS do not spill
over to the cytosolic or nuclear compartment. When cells are
placed in elevated glucose, mitochondrial ROS production
gradually consumes H2S. This process, coupled with the
depletion of other antioxidant defenses, eventually culmi-
nates in the spillage of ROS into the cytosolic and nuclear
compartments. ROS production, ultimately, on its own, or by
combining with nitric oxide (NO) to form peroxynitrite
(ONOO - ), activates multiple pathways of diabetic compli-
cations, such as the nuclear enzyme poly(ADP-ribose) poly-
merase (PARP), the polyol pathway, the advanced glycation
endproduct system (AGE), protein kinase C (PKC), and the
hexosamine system. Supplementation of H2S can protect
against these processes.
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tumor growth factor b1 (TGF-b1) expression (78), without
affecting the degree of hyperglycemia. Furthermore, in a
streptozotocin model of diabetic cardiomyopathy, intraperi-
toneal or oral administration of H2S was found to reduce
myocardial hypertrophy, improved the histological picture of
the diabetic hearts, and reduced the degree of fibrosis (19).
These effects were associated with marked reductions in the
up-regulation of matrix metalloproteinase 2 and TGF-b1 in
the hearts of H2S-treated diabetic animals. Furthermore, H2S
therapy resulted in an improved antioxidant status, evi-
denced by elevated levels of glutathione levels and reduced
levels of myocardial hydroxyproline (19). However, in con-
trast to our study, the study of El-Seweidy and colleagues
found that H2S therapy also improved the diabetic status

(evidenced by reduced degree of hyperglycemia and in-
creased levels of insulin and C-peptide). Thus, the improve-
ments in myocardial improvements in this study may not be
due to a direct effect of H2S to the inflammatory and redox
processes in the myocardium, but may be due to the reduced
degree of hyperglycemia in the H2S-treated animals. The
differing effects of H2S on the streptozotocin-induced hyper-
glycemia are unclear and require additional investigation; as
noted above, in two out of three studies, no effect was seen
(58, 78), whereas in one study, there was an improvement of
diabetic status (19). Taken together, the above data suggest a
protective effect of H2S against diabetic vasculopathy, ne-
phropathy, and cardiomyopathy. These effects may be me-
diated by antioxidant effects as well as by the suppression of
pro-fibrotic mediator expression.

H2S and Diabetes: Unanswered Questions
and Future Directions

The field of H2S and diabetes, or H2S and diabetic com-
plications is a new and expanding research area. The sections
below represent a partial list of open questions and potential
future research directions.

The conflict of H2S-mediated protection versus
cytotoxicity in b-cells

As it is apparent from the earlier section of this review,
there is a clear conflict in the field as to whether H2S is cyto-
protective or cytotoxic in b-cells in vitro. H2S exerts biphasic
responses to cell viability (lower concentrations tends to be cy-
toprotective, while higher concentrations begin to exert cyto-
toxicity). While it is likely that the full range of cytoprotective or
cytotoxic mechanisms of H2S are not fully understood, a number
of mechanisms have been identified to contribute to both the
pro-survival/cytoprotective effects of H2S, and to the cytotoxic
effects. Cytoprotective mechanisms include various direct and
indirect antioxidant/redox/based mechanisms (10, 34, 35); up-
regulation of antioxidant pathways and mechanisms such as
thioredoxin (35), Nrf2 (9, 24), and Hsp90 (77); modulation of
cytoprotective kinase pathways (43); and possibly a direct en-
ergetic mechanism whereby H2S can donate electrons to mito-
chondrial Complex II, thereby enhancing ATP formation (28, 42).
Cytotoxic mechanisms include pro-oxidative cellular responses
and the depletion of antioxidants (17, 68), release of free intra-
cellular iron, DNA injury, and the inhibition of mitochondrial
Complex IV, resulting in the inhibition of mitochondrial function
(3, 31, 48, 66) (Fig. 8). As far as the effects of H2S in b-cells,
however, a concentration-based explanation can give a only
partial answer, as the concentrations used in the available reports
do not necessarily support the above simplistic view. While cell
type differences, cell culture conditions, times of exposure, and
other conditions may explain some of these differences, a bigger
question remains to be answered: Does H2S in vivo in pancreatic
b-cell exert cytotoxic or cytoprotective effects?

The role of H2S in diabetic b-cell destruction

Further to the last point, additional work needs to be con-
ducted on the role of endogenously produced H2S in the
pathogenesis of autoimmune b-cell destruction. From the re-
cent study of Wang and colleagues using a streptozotocin
model of diabetes in mice, it appears that intraislet H2S, in part

FIG. 5. Replacement of H2S attenuates cellular responses
that lay downstream from hyperglycemic mitochondrial
ROS production in bEnd.3 endothelial cells. (a) DNA
strand breakage was measured in low (5.5 mM, LG) or high
(40 mM, HG) glucose conditions at 7 days using the Comet
assay. High glucose induced an increase in DNA strand
breakage as compared with low glucose (*p < 0.05) and H2S
(300 lM) afforded a significant suppression of this response
(#p < 0.05). In the inset, representative images are shown for
the four respective groups (LG/HG with and without
300 lM H2S). (b) Activation of the nuclear enzyme PARP
was measured by detection of the poly(ADP-ribose) poly-
mers using western blotting. High glucose induced an in-
crease in PARP activation (*p < 0.05) and H2S (300 lM)
afforded a suppression of this response (#p < 0.05). In the
insert a representative western blot is shown for the four
respective groups (low and high glucose with and without
300 lM H2S). Reproduced with permission from ref. (58).
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produced in direct response to streptozotocin action on islet
cell KATP channels, induces intraislet H2S production, which
then contributes to the death of the b-cells (74). However, the
streptozotocin model (while it is an acceptable model of dia-
betic hyperglycemia and associated complications) is an im-
perfect model to study the development of b-cell destruction;
autoimmune models are generally considered closer to the
human disease. Currently, there are no interventional studies
on the role of H2S in the pathogenesis of diabetes in autoim-
mune models of diabetes (such as the NOD model); a cross
of the CSE-deficient mice with the NOD mice may answer
this question.

The regulation of H2S-producing enzymes in diabetes

As discussed earlier, there are conflicting reports in the
literature as to whether CSE and/or CBS is upregulated in
diabetes; in some studies no change was seen; in others an
upregulation was reported. It is possible that these alterations
are cell type- and tissue-dependent; it is also possible that
these alterations are different at different times or different
severity of the disease; these questions as well as the actual
molecular regulation of these enzymes on the signal trans-
duction and transcription/translational level need to be in-
vestigated in additional detail in future studies.

The levels of H2S in biological fluids in general
and in diabetes in specific

One of the biggest controversies in the field of H2S relates to
the quantification of biological levels of H2S. As discussed in
several articles, the absolute value of the H2S level in extra-

cellular fluids or in plasma depends on the experimental
method used (e.g., derivatization of H2S with mono-
bromobimane, or other methods, or measurement using the
methylene blue assay, or free H2S gas measurements using
headspace analysis, or readings taken by H2S electrode), as
well as the tissue type studied, with vascular tissues exhibit-
ing substantially high levels than many other tissues (46, 49,
56, 72). While the current review cannot offer a clear resolu-
tion to this discrepancy, it is important to emphasize that
further work is needed to resolve this issue, and, in the
meantime, the method of detection must be taken into sig-
nificant consideration when interpreting the data obtained by
various groups and methodologies. As far as H2S levels in
diabetes, it appears to be consistent across most animal
models of diabetes, as well as the small amount of human
data, that H2S levels decrease in the circulation. However, in
the diabetic Zucker rats (an animal model of type 2 diabetes),
apparently the circulating H2S levels are increased (73): the
relevance of this finding is not known at the moment. Addi-
tional work needs to be done to determine the effect of dia-
betes specifically on the free forms of H2S in the circulation.
Both animals and humans exhale significant amounts of H2S
(32, 67); measurements of exhaled H2S in diabetic animals or
patients with diabetes may be a possible approach to address
this question. Further work also needs to be conducted to
determine the exact role of obesity versus diabetic status on the
modulation of circulating H2S levels; a recent study suggests
that obesity is a significant independent contributing factor to
lower circulating H2S levels in diabetes (71).

Another, rather contentious issue to be mentioned here,
which also relates to the discrepancy of the biological levels of

FIG. 6. CSE overexpression protects
against the development of endothelial
dysfunction in thoracic aortic rings
placed in elevated extracellular glucose.
(a) Rat aortic rings were incubated in low
(5.5 mM, LG) or high (40 mM, HG) glu-
cose for 48 h. High glucose induced a
suppression of endothelium-dependent
relaxant responses (*p < 0.05), an effect
that was attenuated in the rings over-
expressing CSE (#p < 0.05). n = 4. (b) De-
picts representative western blots and
densitometric analysis for CSE in rings
exposed to adenovirus expressing green
fluorescent protein (GFP) or CSE.
**p < 0.01 shows a significant upregulation
of CSE. Reproduced with permission
from ref. (58).
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H2S, is the amount of biologically relevant H2S in studies
where it is supplemented/added to cells or tissues. Given the
fact that there is no clear agreement in the literature as to what
the endogenous concentrations of H2S are, it is hard to de-
termine what concentration of H2S can be considered physi-
ological when added to cells or tissues. Clearly, the published
concentrations of H2S (including the studies discussed in the
current review) range from low lM to several hundreds of
lM. It must be noted, however, that these concentrations
represent initial and extracellular concentrations. When H2S is
added to culture medium, its concentration rapidly decreases
due to a combination of outgassing, reaction with oxygen and
oxidants in the medium, as well as due to biological decom-
position (active metabolism) by the cells. Although the in-
tracellular concentrations have not yet been measured, we can
assume that they are substantially lower than the initial, ex-
tracellular concentrations that the experimenters have started
out with. Clearly, much additional work is required to resolve
this issue.

The molecular details of the regulation by H2S
of the hyperglycemic endothelial dysfunction

Our recent studies (58) have demonstrated that hypergly-
cemic endothelial cell damage is exacerbated in the absence of
endogenous H2S and is protected by H2S supplementation.
We have investigated several intracellular processes (mito-
chondrial ROS formation, mitochondrial membrane perme-
ability transition, switch between oxidative phosphorylation,
and glycolysis), and a limited number of downstream pro-
cesses (DNA damage and PARP activation), but the potential
regulation by H2S of many additional pathways relevant to
diabetic complications remain to be explored (activation of
pro-inflammatory signaling, activation of protein kinase C,
upregulation of pro-fibrotic mediators, potential changes in
mitochondrial biogenesis and mitochondrial fission, etc.) In
addition, the nature of the high glucose-induced mitochon-
drial dysfunction (e.g., specific transcriptional or post-
translational changes to specific mitochondrial proteins), and

FIG. 8. Cytotoxic/cytoprotective effects of H2S. Under low
oxidative stress conditions, H2S exerts cytoprotective effects
at low concentrations, but becomes cytotoxic at higher con-
centrations. However, under high levels of baseline oxida-
tive/nitrosative stress, H2S exerts cytoprotective effects. See
text for more detailed delineation of the pathways/mecha-
nisms involved in each response.

FIG. 7. Improvement of endothelial function by H2S in
diabetic rats ex vivo. (a) Streptozotocin-diabetic vehicle-
treated rats (STZ/V) exhibit reduced blood H2S levels
(*p < 0.05), an effect that is normalized by supplementation of
H2S using the H2S-releasing minipumps (STZ/S; #p < 0.05).
(b) The streptozotocin-induced hyperglycemic response is
unaffected by H2S-releasing minipumps: *p < 0.05 shows
significant and comparable degree of hyperglycemia in STZ
rats treated with vehicle or H2S-releasing pumps, compared
to initial blood glucose values. (c) The thoracic aortas of
streptozotocin-diabetic rats (STZ/V) exhibit reduced endo-
thelium-dependent relaxant function in response to acetyl-
choline (1 nM–30 lM; *p < 0.05); supplementation of H2S
using the H2S-releasing minipumps (STZ/S) attenuated the
degree of this endothelial dysfunction (#p < 0.05). Re-
produced with permission from ref. (58).
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the potential regulation by H2S of these processes remains to
be elucidated.

The functional consequences of the regulation by H2S
of diabetic endothelial dysfunction on the development
of diabetic complications

While several lines of very interesting data start to emerge
showing that H2S improves diabetic vasculopathy (58), ne-
phropathy (78), and cardiomyopathy (19), there are no pub-
lished data so far on the potential effect of H2S on diabetic
retinopathy, diabetic erectile dysfunction, and the accelerated
atherosclerosis in diabetes. Even in the published models,
there are some significant gaps. The data on vasculopathy are
currently restricted on macrovasculature (but not microvas-
culature) (58), the data on cardiomyopathy are restricted on
histological and biochemical alterations (lacking functional
data, e.g., myocardial contractility) (19), and the data on ne-
phropathy are, in some respects, functionally inconclusive
(e.g., H2S appears to normalize blood urea nitrogen levels but
apparently does not affect creatinine levels) (78). Studies in
autoimmune diabetes models (e.g., the NOD mice or the db/
db mice) are also needed. In addition, the therapeutic window
of the action of H2S (pretreatment vs. post-treatment, inter-
mittent treatments, rebound effects after discontinuation, etc.)
needs to be investigated, and longer-term studies need to be
performed.

Regulation of angiogenesis by H2S: potential
relevance for diabetic retinopathy, diabetic wound
healing, and diabetic foot disease

Emerging data support the role of H2S in the regulation of
angiogenesis. Addition of H2S promotes endothelial cell
proliferation, migration, and tube formation, while inhibition
of H2S production attenuates these processes (Fig. 9) (6, 53,
59). Furthermore, the pro-angiogenic effect of vascular en-
dothelial growth factor (VEGF) is mediated by the endoge-
nous production of H2S; pharmacological inhibition or siRNA
knock-down of CSE attenuates VEGF-induced angiogenesis

(53). Finally, wound healing is accelerated after H2S sup-
plementation, while it is delayed in the CSE-deficient mice,
when compared to corresponding wild-type animals (53).
The H2S-mediated angiogenic phenomena have not yet been
investigated under the conditions of hyperglycemia or dia-
betes, and this remains an interesting future research direc-
tion. One can speculate that inhibition of H2S biosynthesis
may have uses in hyperproliferative conditions (perhaps
inhibition of H2S biosynthesis may have a therapeutic utility
in diabetic retinopathy), whereas H2S supplementation may
have a therapeutic utility to improve wound healing in di-
abetic patients.

The potential protective effect of H2S against
myocardial reperfusion injury in diabetic patients

Diabetic patients have an increased incidence of myocar-
dial infarction and other acute cardiac events, at least in part
due to increased oxidative/nitrosative stress (15). In this
context it is interesting to mention that H2S administration
exerts marked protective effects in rodent and large animal
models of myocardial ischemia-reperfusion injury (20, 57, 63),
and that H2S elicits cardioprotection by myocardial pre and
postconditioning (9, 36, 52). According to a recent report, H2S
also exerts cardioprotection against myocardial reperfusion in
diabetic rats (25). Much additional work needs to be con-
ducted in this area in order to expand on these findings, and to
study the effect of H2S in diabetic animals in reperfusion in-
jury of organs other than the heart, on the development of
congestive cardiomyopathy, as well as on the process of
postischemic angiogenesis. It also needs to be investigated
whether or not the preconditioning effect of H2S is maintained
in diabetes, because it is known that the efficacy of many
preconditioning approaches is diminished in diabetes (13, 23).

Role of H2S in the development of insulin resistance
in diabetes and in metabolic syndrome

Although several studies have begun to characterize the
potential role of H2S in the regulation of tissue glucose

FIG. 9. Pathways involved
in the pro-angiogenic effects
of H2S in endothelial cells.
Further work needs to deter-
mine whether diabetes/hy-
perglycemia modulates these
pathways.
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uptake, in insulin resistance, the body of the published lit-
erature is inconclusive and conflicting. In an in vitro study,
H2S was found to inhibit glucose uptake into adipocytes
(22). Furthermore, in an insulin resistance model in rats
induced by fructose feeding, a negative correlation was
found between glucose uptake into fat tissue and the amount
of H2S produced by the same tissue (22). These data
would argue for a potential active role of H2S in the patho-
genesis of insulin resistance, and would possibly suggest
that pharmacological inhibition of H2S may be a possible
therapeutic approach. This notion, however, is not sup-
ported by a second report where H2S was not found to
have any effect on the development of insulin resistance in
diabetic rats (54). Clearly, additional studies need to be
conducted to bring clarity and mechanistic insight into this
very important area.

Conclusions and Therapeutic Implications

It appears that inhibition of pancreatic H2S biosynthesis
emerges as a potential approach to protect b-cells from de-
struction during the induction phase of diabetes, whereas
supplementation/donation of H2S emerges as a potential
approach to maintain diabetic blood vessel patency, and
possibly to protect against the development of diabetic
complications such as diabetic nephropathy and cardiomy-
opathy.

The therapeutic inhibition of H2S biosynthesis to prevent
diabetes onset appears to be problematic for several reasons.
First, there are no potent and therapeutically applicable in-
hibitors of CSE; the available inhibitors are of low (millimolar)
potency, and of questionable selectivity. Second, there are no
good ways to predict autoimmune attack to the b-cell; in fact,
the various interventional studies conducted so far that aimed
to prevent diabetes onset have not been very successful (30,
69). Clearly, much more work needs to be done in this area to
develop a valid therapeutic concept.

The therapeutic donation of H2S, on the other hand, may be
more straightforward. There are a number of compounds that
have been synthesized specifically to deliver therapeutic H2S
to tissues (7, 47). Some of these molecules are stand-alone H2S
donors; others are combined molecules where an existing
drug molecule is coupled with a H2S-donating group. It may
be an interesting research direction to test some of these
compounds in experimental models of diabetic complica-
tions. Additionally, a report by Benavides and colleagues has
demonstrated that certain polysulfide molecules contained in
garlic release biologically active H2S upon reaction with tissue
glutathione (4). Subsequent studies have demonstrated that
these polysulfides release H2S in vivo (32) and that they exert
cardioprotective potential therapeutic effects via the release of
H2S (12, 44, 55). In fact, there are several articles in the liter-
ature reporting the beneficial effects of garlic extracts in var-
ious models of diabetic complications and wound healing (2,
11, 18, 50). However, in these studies the specific role of H2S as
a mediator of these therapeutic actions remains to be inves-
tigated.
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Abbreviations Used

AGE¼ advanced glycation endproduct system
CAT¼ cysteine aminotransferase
CBS¼ cystathionine b-synthase
CSE¼ cystathionine c-lyase

ER¼ endoplasmatic reticulum
GFP¼ green fluorescent protein
HG¼high glucose
H2S¼hydrogen sulfide

KATP channels¼potassium-opened ATP channels
LG¼ low glucose

MAP kinase¼mitogen-activated protein kinase
MHC¼major histocompatibility complex

3-MST¼mercaptopyruvate sulfurtransferase
NO¼nitric oxide

NOD¼nonobese diabetic
ONOO - ¼peroxynitrite

PARP¼poly(ADP-ribose) polymerase
PKC¼protein kinase C
ROS¼ reactive oxygen species
RNS¼ reactive nitrogen species
STZ¼ streptozotocin

TGF-b1¼ tumor growth factor b1
VEGF¼vascular endothelial growth factor
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