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FIG 2 H,S exerts its antiaging effects by directly inhibiting free radicals and oxidative stress and by upregulating SIRT1 activity. H,S can directly inhibit the free
radicals ROS/RNS and increase inhibitory effects of GSH and SOD on ROS production and redox enzyme levels to increase cellular stress resistance, which is
correlated with extended organismal longevity. CR and resveratrol have been reported to have antiaging properties. CR and resveratrol share similar antiaging
mechanisms: they both increase SIRT1 expression to inhibit oxidative stress or to play antiapoptotic roles. Resveratrol can also ameliorate age-related metabolic
phenotypes by inhibiting cAMP phosphodiesterases (PDE). Similarly, H,S has been reported to enhance the activity of SIRT1 and to inhibit PDE activity. As
shown in the figure, H,S may have antiaging functions through several shared pathways related to CR and resveratrol.

H,S: A NOVEL THERAPEUTIC AGENT IN AGE-ASSOCIATED
DISEASES?

H.,S has been generally recognized as an important signaling
molecule in cardiovascular and nervous systems. Enhancement
of the physiological effects of H,S has been confirmed by un-
derstanding the therapeutic implications of H,S in age-associ-
ated diseases, such as cardiovascular system diseases, central
nervous system degenerative diseases, diabetes, and cancer,
among others (Table 2).

Cardiovascular system diseases. Aging is considered a princi-
pal risk factor in the progression of hypertension (81). The plasma
concentration of H,S in spontaneously hypertensive rats is sub-
stantially lower than that in normotensive control animals (65).
Similarly, the plasma H,S level and H,S production are greatly
reduced and transcription and activity of CSE in vascular tissues
are also obviously inhibited in rats with hypertension induced by
NC-nitro-L-arginine methyl ester (L-NAME). However, H,S can
prevent the development of hypertension induced by L-NAME.
This suggests that the H,S synthase/H,S pathway participates in
the pathogenesis of hypertension (82). The fundamental hemody-
namic abnormality in hypertension is increased peripheral vascu-
lar resistance (83). It has been reported that H,S can relax rat
aortic tissues in vitro in an ATP-sensitive K* (K,pp) channel-
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dependent manner and that H,S at physiologically relevant con-
centrations induces vasorelaxation via activation of K, channels
in isolated mesenteric artery smooth muscle cells (17, 84). K p
channels are activated by binding of its Kir subunits to phospha-
tidylinositol-4,5-bisphosphate (PIP,) along with a reduction in
binding to the inhibitor ATP (85). H,S causes vascular endothelial
and smooth muscle cell hyperpolarization and vasorelaxation by
activating K,p channels through cysteine S-sulfhydration, which
can enhance Kir6.1-PIP2 binding and reduce Kir6.1-ATP binding
(19). Additionally, considering that human hypertensive pulmo-
nary vascular disease represents a disease of excessive smooth
muscle cell proliferation (86), H,S could also suppress the prolif-
eration of cultured aortic vascular smooth muscle cells of rats in
vitro through the MAPK pathway (87). Because H,S is a major
EDHEF and a primary determinant of vasorelaxation in numerous
vascular beds (20), drugs that alter CSE activity or H,S-mediated
channel sulfhydration may be effective therapeutic agents for
treating hypertension.

Atherosclerosis, characterized by lesions in large and medium
arteries, is the primary cause of coronary artery disease. Not only is
this condition a chronic inflammatory disease that can lead to an
acute clinical event by plaque rupture and thrombosis, but it is
also an inevitable degenerative consequence of aging (88). Athero-
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FIG 3 H,S may have an effect on the age-related gene Klotho to promote longevity. Klotho can improve longevity by inhibiting IIS signaling, inducing FOXO
derepression, and decreasing angiotensin II-induced oxidative stress, among other effects. However, angiotensin IT may downregulate the expression of Klotho.
Interestingly, H,S exhibits direct inhibitory action on ACE activity, which catalyzes the conversion of angiotensin I to angiotensin II. Moreover, H,S can decrease
the binding affinity between angiotensin IT and AT1 receptor and can inhibit renin activity, which participates in the renin-angiotensin system. Hence, H,S may
improve Klotho expression to promote longevity via negative regulation of angiotensin II production.

sclerosis is characterized by multiple key events, including
endothelial dysfunction, infiltration of monocytes and their dif-
ferentiation into macrophages, conversion of lesion-resident
macrophages into foam cells, and smooth muscle cell prolifera-
tion. Fortunately, atherosclerosis can be interrupted by H,S. In-
creasing evidence has proven that H,S plays a significant role in all
these biological processes and that disruption of H,S homeostasis
may contribute to the pathogenesis of atherosclerosis (89). For
instance, H,S plays an antiatherogenic role by suppressing the
formation of human macrophage foam cells. H,S inhibits the for-
mation of macrophage-derived foam cells, which is a crucial event
in the development of atherosclerosis, by downregulating CD36,
SR-A, and ACAT-1 expression and inhibiting oxidized low-den-
sity lipoprotein (oxLDL) binding and uptake of macrophages (66,
67). In addition to its important role in preventing atherosclerosis,
H,S has also direct benefits for coronary heart disease (CHD)
patients. Plasma H,S levels in patients with CHD show a signifi-
cant inverse correlation with the severity of CHD and changes in
the coronary artery (90). Moreover, providing H,S balneotherapy
to CHD patients has been shown to result in significant prolonga-
tion of stress bicycle exercise. In the hot climate of arid zones, use
of moderate H,S baths raises the tolerance of CHD patients to
exercise, attenuates clinical manifestations of CHD, and conse-
quently reduces daily nitrate need (91). Additionally, stem cell
transplantation has become a promising therapeutic approach for
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treatment of myocardial infarction (MI). However, poor survival
of the donor cells after transplantation has restricted its therapeu-
tic efficacy. H,S has been applied to inhibit cell apoptosis and
promote cell survival in such cases. It has been demonstrated that
H,S preconditioning effectively promotes stem cell survival under
conditions of ischemic injury and helps cardiac repair after MI
(92).

Degenerative diseases of the central nervous system. Parkin-
son’s disease (PD) is a neurodegenerative disease characterized by
progressive loss of dopaminergic neurons in the substantia nigra
(SN). In a 6-hydroxydopamine (6-OHDA)-induced PD rat
model, the endogenous H,S level has been found to be markedly
reduced in the SN. However, H,S treatment can specifically in-
hibit 6-OHDA-evoked NADPH oxidase activation, oxygen con-
sumption, and microglial activation in the SN, and accumulation
of proinflammatory factors in the striatum (68). PD is one of the
most common neurodegenerative diseases with various manifes-
tations, among which cognitive deficiency, namely, dementia, has
a prominent role. Dementia is usually ascribed to changes in the
nucleus basalis of Meynert and the cerebral cortex (93). H,S has
also been suggested to attenuate vascular dementia injury via in-
hibition of apoptosis by markedly improving the ratio of Bcl-2 to
Bax, upregulating Bcl-2 expression, and downregulating Bax ex-
pression (69).

Alzheimer’s disease (AD) is the most common form of demen-
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TABLE 2 Effects of H,S or its donors on age-associated diseases”
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Age-associated

disease Exptl model H,S level Cellular response elicited by H,S or its donors Reference(s)
Hypertension Spontaneously hypertensive rats l Relaxing vascular muscle cell by involving different ion channels 65
Atherosclerotic ~ Human monocyte-derived l Inhibiting foam cell formation by downregulating CD36, SR-A, 66, 67
disease macrophages and ACAT] expression via the K, p-ERK1/2 pathway
PD 6-OHDA-induced PD rat l Inhibiting NADPH oxidase activation and oxygen consumption; 68, 69
inhibiting accumulation proinflammatory factors via NF-kB
pathway; inhibiting neuronal apoptosis by improving
Bcl-2/Bax
AD Amyloid B-induced cell toxicity in | Inhibition of inflammation; promotion of cell growth and 70,71,72
murine BV-2 microglial cells preservation of mitochondrial function in a p38- and JNK-
MAPK-dependent manner
Diabetes Streptozotocin-induced diabetes In pancreas, T Stimulating B-cell apoptosis and inducing K, channel activity 73, 74, 75, 76
in mice
In plasma, | Protecting diabetic vascular endothelial cells 77
Prostate cancer ~ PC-3 cells (a human prostate ? Inhibiting PC-3 cells viability by activating p38 MAPK and JNK 78
cancer cell line)
ER(—) breast Mice with human ER(—) breast ? Suppressing the growth of cancer cells by induction of G,/G, 79
cancer cancer xenografts arrest and apoptosis; downregulation of NF-kB; reduction of
thioredoxin reductase activity; increased levels of reactive
oxygen species
Colon cancer HT-29 human colon cancer cells ? Inhibiting cell proliferation by reducing PCNA expression; 80

inducing Go/G, cell cycle arrest and apoptosis

@ PD, Parkinson’s disease; AD, Alzheimer’s disease; ER(—), estrogen receptor negative; 6-OHDA, 6-hydroxydopamine; SR-A, scavenger receptor A; ACAT1, acyl coenzyme A-
cholesterol acyltransferase; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinases; PCNA, proliferating cell nuclear antigen.

tia. AD initially targets memory and progressively destroys the
mind (94). This disease is pathologically characterized by the ac-
cumulation of senile plaques containing activated microglia and
amyloid beta peptides (Abeta) (95). As mentioned previously, en-
dogenous H,S is predominantly produced in the brain from cys-
teine by CBS (5, 96). Endogenous levels of H,S of between 50 and
160 wM are detected in the brains of humans (40). In the brains of
AD patients, lower levels of H,S as well as accumulation of homo-
cysteine (Hcy), a strong risk factor for the development of Alzhei-
mer’s disease (AD), are observed (71, 72). Neurotoxicity of ele-
vated Hcy is associated with inhibition of endogenous H,S
generation and downregulation of expression and activity of CBS
in PC12 cells, which is mediated by extracellular signal-regulated
kinase 1 and 2 (ERK1/2) activation. It has been suggested that H,S
could reduce neurotoxicity induced by Hcy and that enhancement
of H,S synthesis may be a useful therapeutic strategy against Hcy-
induced AD (97). Accordingly, Liu and Bian have demonstrated
that H,S demonstrates protective effects against Abeta-induced
cell injury by inhibiting inflammation, promoting cell growth,
and preserving mitochondrial function in a p38- and Jun N-ter-
minal protein kinase (JNK)-mitogen-activated protein kinase
(MAPK)-dependent manner (70). Moreover, H,S can protect
neurons from oxidative stress, which is responsible for neuronal
damage and degeneration in AD. H,S protects neurons against
glutamate-mediated oxidative stress by enhancing the activities of
v-GCS and cystine transport, which results in incremental
changes of glutathione levels (98). These findings suggest that H,S
is a promising therapeutic target for treating neurodegenerative
diseases.

Diabetes. Diabetes is a chronic metabolic disease with influ-
ence on the metabolism of carbohydrates and other nutrients. The
pathogenesis of diabetes is associated with decreased functional
beta cell mass and increased activities of K, channels in pancre-
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atic beta cells (99, 100). It has been reported that in streptozoto-
cin-induced diabetes in mice, pancreatic H,S production and CSE
activity are significantly upregulated (73, 76). Similarly, it has also
been found that pancreatic CSE expression and H,S production
are higher in Zucker diabetic fatty (ZDF) rats than in Zucker fatty
and Zucker lean rats (101). Enhanced endogenous production of
H,S in diabetes can induce apoptosis of insulin-secreting beta cells
by enhancing endoplasmic reticulum (ER) stress via p38 MAPK
activation and also stimulate K,1p channels in insulin-secreting
cells (73-75). These results imply that H,S at high concentrations
contributes to the pathogenesis of diabetes mellitus.

Diabetes mellitus is also characterized by the resistance of pe-
ripheral tissues to insulin (102, 103). L-Cysteine which is synthe-
sized from methionine is a main precursor of H,S. However, ad-
ipose tissue is an important organ of methionine metabolism
(104) and is also an insulin-sensitive organ that mediates glucose
uptake and metabolism. With age, the endogenous CSE/H,S sys-
tem is upregulated in adipose tissues. Increased H,S in adipose
tissues inhibit basal or insulin-stimulated glucose metabolism and
regulate insulin sensitivity. This suggests that H,S may be a novel
insulin resistance regulator (105). Additionally, Kaneko et al. sug-
gested that elevation of the H,S levels as a result of L-cysteine
metabolism may inhibit insulin release from isolated mouse islets
and the mouse B-cell line MIN6 under diabetic conditions (11). In
ZDF rats, abnormally high pancreatic production of H,S has been
reported to suppress insulin release (101). These findings indicate
that high concentrations of H,S in pancreas could have deleteri-
ous effects on the development of diabetes and that new therapeu-
tic measures for diabetes may involve inhibiting endogenous H,S
production from pancreas.

In contrast, Jain et al. have reported that blood H,S levels are
significantly lower in type 2 diabetes patients than in age-matched
healthy subjects and in streptozotocin-treated diabetic rats than in
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control Sprague-Dawley rats. Low blood H,S levels may contrib-
ute to the vascular inflammation observed in diabetes because
supplementation with H,S can prevent inflammatory factor inter-
leukin-8 (IL-8) and monocyte chemoattractant protein 1
(MCP-1) secretion by monocytes cultured in high-glucose me-
dium (77). It has also been observed that H,S levels in plasma and
aortic tissue are progressively reduced in nonobese diabetic
(NOD) mice. This suggests that reduced endogenous H,S produc-
tion is associated with diabetes-related endothelial dysfunction in
NOD mice (106). Endothelial dysfunction plays a pathogenic role
in the development of diabetic vascular complications. However,
protective effects of H,S on the endothelial cells under high-glu-
cose conditions have also been observed. Pretreatment with NaHS
(50 pmol/liter) protects against high-glucose-induced apoptosis
in endothelial cells by increasing SOD activity, decreasing ROS
generation and malondialdehyde levels, and downregulating the
Bax/Bcl-2 ratio (107). These findings are consistent with those of
Suzuki et al. showing that in vitro hyperglycemia is associated with
increased H,S degradation caused by mitochondrial ROS over-
production and that H,S replacement has cytoprotective effects
on endothelial cells in hyperglycemia in vitro. H,S protects against
the development of hyperglycemia-induced endothelial dysfunc-
tion by attenuating the hyperglycemia-induced enhancement of
ROS formation, attenuating nuclear DNA injury, reducing the
activation of the nuclear enzyme poly(ADP-ribose) polymerase,
and improving cellular viability (108).

Furthermore, inhibiting ACE, a Zn-dependent enzyme, has
been recommended to prevent diabetic nephropathy (109). The
H,S level and CSE expression in the renal cortex of diabetic rats
have been shown to be significantly decreased (110). As indicated
earlier, H,S at a physiological concentration exhibits direct inhib-
itory action on ACE activity in human umbilical vein endothelial
cells by interfering with the Zn>" in the active center of the enzyme
(62). Thus, it appears that H,S could also protect against diabetes
nephropathy by functioning as an ACE inhibitor. These findings
imply that H,S at normal physiological concentrations may have
beneficial effects on the control of diabetes owing to its anti-in-
flammatory and antioxidative roles. Therefore, inhibiting pancre-
atic H,S biosynthesis may be a potential approach to protect 3
cells from death during the induction phase of diabetes, whereas
supplementation with H,S could be considered a potential ap-
proach to maintain diabetic blood vessel potency (111).

Cancer. The slow-releasing H,S donor GYY4137 can kill seven
different human cancer cell lines (HeLa, HCT-116, Hep G2, HL-
60, MCF-7, MV4-11, and U20S) in a concentration-dependent
manner. This indicates that H,S could be a potential anticancer
agent (112). Moreover, H,S-releasing nonsteroidal anti-inflam-
matory drugs (HS-NSAID) composed of a traditional NSAID to
which an H,S-releasing moiety is covalently attached have signif-
icant anti-inflammatory properties. It has been shown that HS-
NSAID can inhibit the growth of all cancer cells, such as human
colon, breast, pancreatic, prostate, lung, and leukemia cancer
cells, by inhibiting cell proliferation, inducing apoptosis, and
causing G,/G, cell cycle block. These data indicate that H,S may
have potential antigrowth activity against various human cancer
cells (113).

Sulforaphane, a sulfur-containing compound with properties
against prostate cancer, can release a large amount of H,S. Pei et al.
showed that H,S can decrease the viability of PC-3 cells (a human
prostate cancer cell line) in a dose-dependent manner (78). Im-
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portantly, both CSE and CBS are expressed in the prostate. Thus,
H,S-releasing diets or drugs may be beneficial in the treatment of
prostate cancer. Similarly, H,S-releasing aspirin, a novel and safer
derivative of aspirin, has shown promise as an anticancer agent
against hormone-independent estrogen receptor-negative breast
cancers by inhibiting cell proliferation, inducing apoptosis, and
decreasing NF-kB levels (79). Moreover, NOSH-aspirin, a NO-
and H,S-releasing agent, has been found to inhibit colon cancer
growth by inhibiting cell proliferation, inducing apoptosis, and
causing G,/G; cell cycle block (80). Overall, these results indirectly
demonstrate that H,S has strong anticancer potential that merits
further evaluation.

PERSPECTIVES

The findings discussed in this review strongly argue in favor of a
role for H,S in aging and age-associated diseases. However, the
mechanisms of action of this role of H,S have not yet been suffi-
ciently characterized and await elucidation by further studies. A
better understanding of the roles of H,S in aging can provide
insights into potential therapeutic interventions against aging and
reduce age-associated diseases. More specifically, data available so
far strongly suggest that H,S may become the next potent preven-
tive and therapeutic agent for preventing and ameliorating the
symptoms of aging and age-associated diseases, and this should be
addressed in future studies.
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