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BACKGROUND AND PURPOSE
Retinopathy, as a common complication of diabetes, is a leading cause of reduced visual acuity and acquired blindness in the
adult population. The aim of present study was to investigate the therapeutic effect of hydrogen sulfide on streptozotocin
(STZ)-induced diabetic retinopathy in rats.

EXPERIMENTAL APPROACH
Rats were injected with a single i.p. injection of STZ (60 mg·kg-1) to induce diabetic retinopathy. Two weeks later, the rats
were treated with NaHS (i.p. injection of 0.1 mL·kg-1·d-1 of 0.28 mol·L-1 NaHS, a donor of H2S) for 14 weeks.

KEY RESULTS
Treatment with H2S had no significant effect on blood glucose in STZ-induced diabetic rats. Treatment with exogenous H2S
enhanced H2S levels in both plasma and retinas of STZ-induced diabetic rats. Treatment with H2S in STZ-treated rats improved
the retinal neuronal dysfunction marked by enhanced amplitudes of b-waves and oscillatory potentials and expression of
synaptophysin and brain-derived neurotrophic factor, alleviated retinal vascular abnormalities marked by reduced retinal
vascular permeability and acellular capillary formation, decreased vitreous VEGF content, down-regulated expressions of
HIF-1a and VEGFR2, and enhanced occludin expression, and attenuated retinal thickening and suppressed expression of
extracellular matrix molecules including laminin b1 and collagen IVa3 expression in retinas of STZ-induced diabetic rats.
Treatment with H2S in retinas of STZ-induced diabetic rats abated oxidative stress, alleviated mitochondrial dysfunction,
suppressed NF-kB activation and attenuated inflammation.

CONCLUSIONS AND IMPLICATIONS
Treatment with H2S alleviates STZ-induced diabetic retinopathy in rats possibly through abating oxidative stress and
suppressing inflammation.
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3-MST, 3-mercaptopyruvate sulfurtransferase; BDNF, brain-derived neurotrophic factor; BRB, blood-retinal barrier;
CBS, cystathionine b-synthase; CSE, cystathionine g-lyase; DM, diabetes mellitus; ECM, extracellular matrix; ERG,
electroretinography; HIF-1a, hypoxia-inducible factor 1a; HO-1, haem oxygenase 1; ICAM-1, intercellular adhesion
molecule 1; iNOS, inducible NOS; MDA, malondialdehyde; NCCR, nicotinamide-adenine dinucleotide cytochrome c
reductase; NOx, nitrite and nitrate; OPs, oscillatory potentials; PGE2, prostaglandin E2; ROS, reactive oxygen species;
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Introduction

Diabetic retinopathy (DR), as a prevalent complication of
diabetes mellitus (DM), is a leading cause of reduced visual
acuity and acquired blindness in working-age adult popula-
tion in both developed and developing nations (Congdon
et al., 2003). The early clinical events of DR in patients and
animals with DM include retinal glial dysfunction, neurode-
generation and vascular dysfunction (Kern and Barber, 2008;
Ali and El-Remessy, 2009). Although laser therapy has shown
partial therapeutic effect on DR, the current treatments for
DR are far from satisfactory. As the prevalence of DR progres-
sively rises throughout the world, there is a need for search-
ing more specific therapeutic strategy.

Despite its long-standing reputation as a foul smelling
and toxic gas, hydrogen sulfide (H2S) is the most recent addi-
tion to the endogenous gasotransmitter family. Recently,
accumulating reports revealed that H2S played beneficial roles
in several diseases, including hypertension (Zheng et al.,
2011), atherosclerosis (Bełtowski et al., 2010) and ischaemia-
reperfusion injuries (Salloum et al., 2012). Lower levels of H2S
were observed in the blood of diabetes patients and strepto-
zotocin (STZ)-treated rats (Jain et al., 2010). Various studies
showed an important role of H2S deficiency in the pathogen-
esis of diabetic endothelial dysfunction, diabetic nephropa-
thy and cardiomyopathy (Lefer, 2008; Szabo, 2012), which
suggested supplement of H2S in diabetes could be a novel
strategy for complications of diabetes. In addition, treatment
with H2S has been shown protective effect in retina against
injuries induced by light (Mikami et al., 2011) and ischaemia/
reperfusion (Osborne et al., 2010; Biermann et al., 2011).

Based on these findings, the aim of current study was to
examine the effect of treatment with H2S on STZ-induced DR
in rats and investigate the underlying mechanism.

Methods

Ethical statement
All the animals used in this work received humane care in
compliance with institutional animal care guidelines and
were approved by the Local Institutional Committee. All the
surgical and experimental procedures were in accordance
with institutional animal care guidelines. All studies involv-
ing animals are reported in accordance with the ARRIVE
guidelines for reporting experiments involving animals
(Kilkenny et al., 2010; McGrath et al., 2010).

Materials and animals
All other reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA) unless otherwise noted. Sprague–Dawley
(SD) rats (male, 2 months old, 200–250 g) were purchased
from Vital-Aiver Animal Ltd (Beijing, China) and housed 2
per cage in a room under controlled temperature (23–25°C),
humidity (50%) and lighting (12 h light/dark cycle), with
food and water provided ad libitum.

Animal model
SD rats were injected with a single i.p. injection of STZ
(60 mg·kg-1) in 10 mM citrate buffer. Control non-diabetic

rats received injections of an equal volume of citrate buffer
only. Glucose concentrations were measured in blood
samples obtained from the tail vein with a commercial blood
glucose analyser. After 48 h of STZ injection, only STZ-
treated rats with blood glucose concentration higher than
15 mmol·L-1 were considered as diabetic and included in this
study. Glycaemia and body weight were recorded on the day
of the experiment.

Measurement of blood-retinal barrier
(BRB) breakdown
Retinal vascular permeability was assessed using Evans blue
dye extravasation technique as previously described (Kusari
et al., 2007). Briefly, Evans blue was dissolved in normal saline
at 45 mg·mL-1. The animal was deeply anaesthetized, and the
right jugular vein and iliac artery were cannulated, and Evans
blue solution (45 mg·kg-1 in saline) was injected through the
jugular vein. After 2 min of Evans blue injection, blood was
withdrawn from the iliac artery and then every 30 min for
120 min. After 120 min of Evans blue injection, the chest
cavity was opened and the animal was perfused through the
left ventricle with a solution of citrate buffer (0.05 M) for
2 min to wash out intravascular dye. Immediately after per-
fusion, the eyes were enucleated. Evans blue in the blood
samples and retinas was detected as described previously
(Qaum et al., 2001). BRB permeability was determined by
the calculation, BRB permeability = (retinal Evan blue in
micrograms/retina dry weight in grams)/(time-averaged
plasma Evans blue in micrograms/plasma volume in
microlitres ¥ circulation time in hours), and was expressed as
microlitres plasma/gram retina dry weight per hour.

Measurement of retinal thickness
Retinal thickness was calculated by using Image-Pro Plus 4.5
(IPP4.5; Media Cybernetics, Silver Spring, MD, USA) on 6 mM
haematoxylin and eosin-stained sections as previously
described (Martin et al., 2004). Digital photographs were
taken using 20 ¥ objectives from the nasal and temporal sides
(about 300 mm from the optic nerve) in each of the contral-
ateral and ipsilateral retinae. In each photo, width from the
inner limiting membrane to the tips of the photoreceptor
outer segments represented the thickness of the whole retina.

Retinal leukostasis measurement
One day after implanting a jugular vein catheter, retinal
leukostasis measurements were performed as the method
described (Abiko et al., 2003).

Measurement of H2S content in the plasma
and retina tissue
Measurement of H2S levels in plasma or retinas of rats was
performed by using ELIT Ion Analyzer (ELIT 9801; Electro
Analytic Instruments Ltd, London, UK) as previously
described (Geng et al., 2007).

Electroretinography
Retinal neuronal functions were tested with electroretinogra-
phy (ERG) (EP-1000 System; Tomey, Nagoya, Japan) as previ-
ously described (Zhang et al., 2011).
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The b-wave amplitude was tested from the trough of the
a-wave to the peak of the b-wave, which was defined by the
International Society for Clinical Electrophysiology of Vision
(Marmor et al., 2004).

Oscillatory potentials (OPs) are six wavelets in the elec-
troretinogram that present on the rising phase of the b-wave
(Tzekov and Arden, 1999). The magnitude of the OPs was
determined as the sum of the three major amplitudes.

Measurement of acellular capillaries
The number of pericytes and acellular capillaries was evalu-
ated by using previously described quantitative methods
(Zheng et al., 2009). Sample preparations were set onto
polylysine-coated glass slides and stored at -20°C until used
for periodic acid Schiff and haematoxylin staining.

Analysis of vitreous VEGF
For analysis of vitreous VEGF concentrations, vitreous fluid
was pooled from both eyes of each rat, and the concentration
of VEGF protein in the vitreous fluid was measured with an
ELISA kit (R&D Systems Inc., Minneapolis, MN, USA).

Measurement of retinal
malondialdehyde (MDA)
Retinal homogenates were used for the determination of
MDA using a kit (Cayman, Ann Arbor, MI, USA). Final results
were normalized to total protein determined by the Bradford
method with a protein assay reagent kit (Bio-Rad, Hercules,
CA, USA).

Retinal O2
- and OONO- production

Retinal O2
- and OONO- production was detected according to

the method described by Elks et al. (2009).

Quantitative real-time PCR analysis
Total RNA was extracted from retinas or cultured cells by using
TRIzol (Life Technologies Inc., Gaithersburg, MD, USA)
according to the manufacturer’s protocol. First-strand cDNA
was prepared from total RNA by using SuperScript First-Strand
Synthesis Kit (Invitrogen, Carlsbad, CA, USA). The sequences
of primers are listed in Supporting Information Table S1. Real-
time PCR analysis was performed with a QuantiTectTM SYBR®
Green PCR (Tiangen, Shanghai, China) according to the
manufacturer’s instructions. The highly specific measurement
of mRNA was carried out for cystathionine g-lyase (CSE),
cystathionine b-synthase (CBS), 3-mercaptopyruvate sul-
furtransferase (3-MST), IL-1b, VEGFR2 (receptor 2 for VEGF;
receptor nomenclature follows Alexander et al., 2011), synap-
tophysin, brain-derived neurotrophic factor (BDNF), zona
occluden-1 (ZO-1), occludin, fibronectin, laminin b1, collagen
IVa3, intercellular adhesion molecule 1 (ICAM-1), inducible
NOS (iNOS), COX-2 and GAPDH using the LightCycler system
(Bio-Rad, Carlsbad, CA, USA). Each sample was run and ana-
lysed in duplicate. CSE, CBS, 3-MST, IL-1b, VEGFR2, synapto-
physin, BDNF, occludin, fibronectin, laminin b1, collagen
IVa3, ICAM-1, iNOS and COX-2 mRNA levels were adjusted as
the values relative to GAPDH, which was used as the endog-
enous control to ensure equal starting amounts of cDNA. The
control group was used as the calibrator with a given value of
1, and the other groups were compared with this calibrator.

Western blotting analysis
The protein concentration of retinal homogenates was deter-
mined with BSA as a standard by a Bradford assay. Equal
amount of protein preparations (20 mg in 10 mL buffer) was
run on SDS-polyacrylamide gels, electrotransferred to polyvi-
nylidine difluoride membranes, and blotted with a primary
antibody against synaptophysin, BDNF, fibronectin, laminin
b1, collagen IVa3, HO-1, p47phox, NOX2, IkBa and NF-kB
p65 (all of these antibodies were obtained from Santa Cruz
Biotechnology, Inc., Sta. Cruz, CA, USA) overnight at 4°C
using slow rocking. Then, they were blotted with HRP-
conjugated secondary antibody (1:5000, Sigma) and HRP-
conjugated monoclonal antibody against b-actin (1:10 000,
Sigma). Immunoreactive bands were detected by a chemilu-
minescent reaction (ECL kit; Amersham Pharmacia, CA,
USA). The results were calculated as the mean ratio of the
target protein density to the b-actin density. The control
group was used as the calibrator with a given value of 100%,
and the other groups were compared with this calibrator.

Determination of retinal nitrite/nitrate
(NOx) content
The levels of NOx, the stable end products of NO, in retina
were measured using a Total Nitrite/Nitrate Assay kit
(Dojindo, Kumamoto, Japan), which employed the Griess
method. Retinal NOx concentration was calculated as
nmol·mg-1 of protein.

Measurement of prostaglandin E2 (PGE2)
in retina
PGE2 in retinal homogenates was measured by ELISA using a
commercial kit (Cayman Chemical, Ann Arbor, MI, USA).
Final results were normalized to protein concentration.

Measurement of superoxide dismutase (SOD)
activity in retina
Retinal SOD activity was measured using an SOD-525TM

reagent kit (OXIS International, Foster, CA, USA). Final results
were normalized to protein concentration.

Measurement of mitochondrial function
in retina
Mitochondria were isolated by differential centrifugation of
retinal homogenates according to the method described pre-
viously (Mariappan et al., 2007).

Rates of ATP formation were determined with commer-
cially available kit (BioVision, Mountain View, CA, USA).

Mitochondrial reactive oxygen species (ROS) production
was determined by lucigenin chemiluminescence. The results
were normalized to protein concentration.

Measurement of mitochondrial swelling was done accord-
ing to the method described previously (Mariappan et al.,
2007). The absorbance was measured at 540 nm.

The activities of nicotinamide-adenine dinucleotide cyto-
chrome c reductase (NCCR; marker for electron coupling
capacity between complexes I and III) or succinate cyto-
chrome c reductase (SCCR; marker for electron coupling
capacity between complexes II and III) were determined
by using a thermostatically regulated Thermo-Spectronic
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spectrophotometer (Fisher Scientific, Pittsburgh, PA, USA)
(Maher et al., 2007).

Cell culture and treatment
Retinal Müller (glial) cells (rMC-1 cell line) were cultured and
passaged in DMEM medium containing 5 mM glucose and
10% FBS. Rat retinal endothelial cells (RRECs) were isolated
and grown as previously described (Antonetti and Wolpert,
2003).

NF-kB luciferase assay
NF-kB activity was determined using the NF-kB luciferase
assay. Cells were seeded on 24-well culture plates at 2 ¥
104 cells/well. Cells were incubated for 1 h with a total of
170 ng plasmids (85 ng NF-kB-dependent luciferase reporter
and 85 ng pcDNA3–b-gal), 1 mL Tfx-50 reagent (Promega,
Madison, WI, USA) and 200 mL serum-free RPMI. In all,
800 mL RPMI containing FBS was then added, and incubation
continued. After 24 h of incubation, cells were treated with
indicated chemicals for 1 h. Luciferase activity was measured
using a luciferase assay system and normalized against
b-galactosidase activity.

Study design
Experiment 1. SD rats were randomly divided into three
groups and treated as follows: (i) control group (control); (ii)
STZ-induced diabetic group (DM); and (iii) STZ-induced dia-
betic group treated with H2S (DM+ H2S). Two weeks after
diabetes induction, rats were treated with NaHS by i.p. injec-
tion of 0.1 mL·kg-1·d-1 of 0.28 mol·L-1 NaHS for 14 weeks. All
end points were determined on the last day of treatment.

Experiment 2. The rMC-1 or RREC was cultured in DMEM
containing high glucose (HG; 25 mM) for 24 h. Cells treated in
low glucose (5 mM, plus 20 mM mannitol) served as control.
Sodium hydrogen sulfide (1 mM) was treated as H2S donor.
BAY-11-7082 (5 mM) was treated as a NF-kB-specific inhibitor.

Statistical analysis
All data are expressed as mean � SD. Comparison among
groups was analysed using a two-way ANOVA followed by Bon-
ferroni t-test. P < 0.05 was considered statistically significant.
Statistical analysis was performed using SPSS 11.0.0 software
(SPSS Inc., Chicago, IL, USA).

Results

Effect of treatment with exogenous H2S on
H2S levels in plasma and retinas of
STZ-treated rats
As shown in Table 1, plasma glucose concentration was sig-
nificantly higher in STZ-diabetic rats at the time of killing
when compared with age-matched control rats. Body weight
was significantly lower in STZ-diabetic rats compared with
controls. Treatment with exogenous H2S had no significant
effect on plasma glucose and body weight in STZ-diabetic
rats.

In the STZ-induced diabetic rats, H2S levels in both plasma
(Figure 1A) and retinas (Figure 1B) were lower than that in
control rats. CSE and 3-MST mRNA expression (Figure 1D, E)
were lower than that in control rats. CBS mRNA expression
was similar between two groups (Figure 1C).

Treatment with exogenous H2S enhanced H2S levels in
both plasma and retinas and decreased retinal CBS mRNA
expression in STZ-treated rats, but had no significant effect on
CSE and 3-MST mRNA expression.

Effect of treatment with H2S on neuronal
dysfunction in STZ-treated rats
The amplitudes of b-waves (Figure 2A) and OPs (Figure 2B)
were two indices of neuronal function. The amplitudes of
b-waves and OPs were significantly lower in retinas of STZ-
induced diabetic rats 16 weeks after diabetes onset when
compared with the controls. In addition, the mRNA and
protein levels of synaptophysin (Figure 2C, E) and BDNF
(Figure 2D, E) were lower than that in control groups.

Treatment with H2S in STZ-treated rats enhanced the
amplitudes of b-waves and OPs and increased mRNA and
protein expression of synaptophysin and BDNF.

Effect of treatment with H2S on retinal
vascular abnormalities in STZ-treated rats
An enhancement of retinal vascular permeability (Figure 3A),
numbers of acellular capillary (Figure 3B), vitreous VEGF
(Figure 3D), mRNA levels of HIF-1a (Figure 3E) and VEGFR2
(Figure 3F), and reduction of numbers of pericytes (Figure 3C)
and mRNA levels of occludin (Figure 3H) were observed in
retinas of STZ-induced diabetic rats. ZO-1 mRNA (Figure 3G)
lever was similar between groups.

Treatment with H2S attenuated retinal vascular leakage;
reduced acellular capillary formation, vitreous VEGF content,
and mRNA expression of HIF-1a and VEGFR2; enhanced
occludin mRNA expression; and increased numbers of peri-
cytes in retinas of STZ-treated rats.

Effect of treatment with H2S on retinal
thickening and gene expression of
extracellular matrix (ECM) in
STZ-treated rats
The retinal thickness (Figure 4A) and mRNA and protein
levels of fibronectin (Figure 4B, E), laminin b1 (Figure 4C, E),
and collagen IVa3 (Figure 4D, E) increased significantly in

Table 1
Effect of treatment with H2S on body weight and glycaemia

Control DM DM + H2S

Body weight (g) 412 � 43 361 � 32a 367 � 36a

Plasma glucose (mM) 5.3 � 0.72 26.9 � 4.3a 25.8 � 5.5a

Values are means � SD. n = 35–38 in each group.
aP < 0.05 versus control group.
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STZ-induced diabetic rats 16 weeks after diabetes onset com-
pared with the controls.

Treatment with H2S prevented retinal thickening and
reduced mRNA and protein expression of laminin b1 and
collagen IVa3 in retinas of STZ-treated rats, but had no sig-
nificant effect on fibronectin expression.

Effect of treatment with H2S on oxidative
stress in retina of STZ-treated rats
A significant enhancement of formation of MDA (Figure 5A),
O2

- (Figure 5B) and OONO- (Figure 5C) was observed in
retinas of STZ-induced diabetic rats. SOD activity (Figure 5D)
was lower and protein expression of p47phox and NOX2
(Figure 5E) was higher in retinas of STZ-treated rats than that
in control rats.

Treatment with H2S in retinas of STZ-treated rats reduced
formation of MDA, O2

- and OONO-; enhanced SOD activity;
and decreased protein expression of p47phox and NOX2.

HO-1 expression was found up-regulated in retinas of
STZ-induced diabetic rats (Figure 5E). When treated with H2S,
its expression was further enhanced.

Effect of treatment with H2S on mitochondrial
function in retina of STZ-treated rats
Mitochondrial ATP formation (Figure 6A) was lower and ROS
formation (Figure 6B) was higher in retinas of STZ-treated rats

than that in control rats. Activities of NCCR (Figure 6C) and
SCCR (Figure 6D) in mitochondria isolated from retinas of
STZ-treated rats were lower than that in the controls. In
addition, increased mitochondrial swelling (Figure 6E) was
observed in retinas of STZ-treated rats.

Treatment with H2S in STZ-treated rats alleviated
mitochondrial dysfunction through enhancing ATP for-
mation, reducing ROS formation, increasing activities of
NCCR and SCCR, and reducing mitochondrial swelling in
retina.

Effect of treatment with H2S on inflammation
in retina of STZ-treated rats
In STZ-induced diabetic rats, an enhancement of retinal leu-
kostasis (Figure 7A), retinal mRNA expression of cytokines of
IL-1b (Figure 7B), ICAM-1 (Figure 7C), iNOS (Figure 7E), and
COX2 (Figure 7G), and contents of NOx (Figure 7F) and PGE2

(Figure 7H) was observed. In STZ-induced diabetic rats,
retinal NF-kB signalling was activated marked by decreased
IkBa expression and increased NF-kB p65 expression
(Figure 7D).

Treatment with H2S in STZ-treated rats attenuated inflam-
mation through reducing leukostasis, mRNA expressions of
IL1b, ICAM-1, iNOS and COX2, and contents of NOx and
PGE2, and suppressing NF-kB signalling.

Figure 1
Effect of treatment with exogenous H2S on H2S levels in plasma and retinas of STZ-treated rats. Measurement of H2S levels in plasma (A) or retinas
(B) of rats was performed by using ELIT Ion Analyzer. Retinal CBS (C), CSE (D) and 3-MST (E) mRNA expressions were evaluated with quantitative
real-time PCR method. Values are means � SD. n = 7 in each group; *P < 0.05 versus control group; #P < 0.05 versus DM group.
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Effect of treatment with NaHS (a donor of
H2S) and BAY-11-7082 (one NF-kB inhibitor)
on high-glucose-induced NF-kB activation
and inflammation in cultured rMC-1
and RREC
When cultured rMC-1 and RREC were treated with HG, NF-kB
activity (Figure 8A) and mRNA levels (Figure 8B, C) of IL-1b,
ICAM-1, iNOS and COX-2 were increased. Treatment with
BAY-11-7082 reduced NF-kB activity and mRNA levels of
IL-1b, ICAM-1, iNOS and COX-2. Treatment with NaHS
reduced NF-kB activity and mRNA levels of IL-1b, ICAM-1,

iNOS and COX-2. Our results indicated that treatment with
NaHS suppressed high-glucose-induced NF-kB activation,
which in turn suppressed formation of IL-1b, ICAM-1, iNOS
and COX-2.

Discussion

The role of H2S in diabetes is dual. On the one hand, experi-
mental evidence is summarized implicating H2S overproduc-
tion as a causative factor in the pathogenesis of beta cell

Figure 2
Effect of treatment with H2S on neuronal dysfunction in STZ-treated rats. Amplitude of b-waves (A) and OPs (B) were examined with ERG. Retinal
synaptophysin (C, E) and BDNF (D, E) mRNA and protein expressions were evaluated with quantitative real-time PCR method and Western
blotting analysis respectively. Values are means � SD. n = 7 in each group; *P < 0.05 versus control group; #P < 0.05 versus DM group.
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death in diabetes (Ali et al., 2007; Yang et al., 2007). Exog-
enous H2S administration instantly increased blood glucose,
decreased plasma insulin and deteriorated glucose tolerance
in mice (Yang et al., 2011). On the other hand, experimental
evidence is presented supporting the role of H2S deficiency in
the pathogenesis of diabetic endothelial dysfunction, dia-
betic nephropathy and cardiomyopathy (Szabo, 2012).

In this work, both circulating and retinal H2S levels in
STZ-induced diabetic rats were lower than that in sham-
operated rats, which was similar with previous studies
(Brancaleone et al., 2008; Jain et al., 2010; Whiteman et al.,
2010). CSE and 3-MST, as key enzymes involved in the pro-
duction of H2S (Wang, 2002), were down-regulated in retinas
of STZ-induced diabetic rats, which might contribute to the
reduction of H2S formation in retinas of STZ-induced diabetic
rats. In this work, replacement therapy with NaHS (a donor of
H2S) restored the H2S levels in both plasma and retinas of
STZ-induced diabetic rats partly. But treatment with exog-
enous H2S reduced CBS expression, and did not restore the
expression of CSE and 3-MST in retinas of STZ-induced dia-
betic rats. Our result indicated that H2S itself could regulate
expression of H2S-producing enzymes and there might be a
negative feedback regulation in CBS/H2S pathway.

In this work, treatment with exogenous H2S had no sig-
nificant effect on plasma glucose levels, indicating that the
effect of exogenous H2S on pancreatic beta cells in STZ-treated
rats could be ignored because they had been damaged by STZ.

Diabetes can damage neurons and vascular tissues within
the retina. Studies in which objective electrophysiological
tests, such as the electroretinogram (ERG) (Shirao and
Kawasaki, 1998) and the visual-evoked potential (Parisi and
Uccioli, 2001), were used have shown neuronal damage
before evidence of vascular change in diabetic eyes. OPs were
abnormal in early diabetes in both human patients and
experimental animals, and reflected the diabetic neurogen-
erative changes (Hancock and Kraft, 2004; Kizawa et al.,
2006), which also was observed in this work. In addition, we
found the expressions of synaptophysin and BDNF was
reduced in retinas of STZ-induced diabetic rats. Lack of
synaptophysin induced a decrease in synaptic vesicles and
disturbed neurotransmitter release and synaptic network
activity (Spiwoks-Becker et al., 2001). BDNF regulated neuro-
transmitter release and neuronal activity (Binder and
Scharfman, 2004). In this work, treatment with exogenous
H2S prevented diabetic neurodegeneration and enhanced
expressions of synaptophysin and BDNF in retinas.

Figure 3
Effect of treatment with H2S on retinal vascular abnormalities in STZ-treated rats. BRB breakdown (A) was measured using Evans blue dye. Acellular
capillary (B) and pericytes (C) in the retinal vessels were observed after staining with periodic acid Schiff and haematoxylin. Vitreous VEGF (D)
content was determined with ELISA method. The mRNA levels of HIF-1a (E), VEGFR2 (F), ZO-1 (G) and occludin (H) were determined using
quantitative real-time PCR method. Values are means � SD. n = 7 in each group; *P < 0.05 versus control group; #P < 0.05 versus DM group.
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DR is also characterized by vascular abnormality includ-
ing breakdown of BRB, formation of acellular capillaries, and
abnormal neovascularization (Frank, 2004), leading to the
increased permeability of blood vessels, resulting in diabetic
macular oedema. Our results showed a reduction in BRB
permeability and acellular capillaries following treatment
with exogenous H2S in retinas of STZ-induced diabetic rats,
which could be explained by the concomitant reduction in
vitreous VEGF content and gene expression of HIF-1a,
VEGFR2, and increased expression of occludin. Occludin is
responsible for the direct cell-to-cell attachment in the tight
junction barrier (Matter and Balda, 1999) and is a crucial
determinant of tight junction permeability properties in
endothelial cells (Hirase et al., 1997). VEGF is a hypoxia-
induced angiogenic factor and activated by HIF-1a in diabetic
retina (Lin et al., 2011). HIF-1a/VEGF/VEGFR2 signalling is a
major vasopermeability factor that has emerged as a key
mediator of BRB breakdown and neovascularization in DM
(Qaum et al., 2001). VEGF knockout mice exhibited signifi-
cantly reduced depletion of tight junction proteins, number
of acellular capillaries, and vascular leakage compared with

wild-type mice when diabetes was induced by STZ injection
(Wang et al., 2010).

In addition, treatment with exogenous H2S suppressed
gene expression of ECM molecules including laminin b1
and collagen IVa3. It was reported that combined down-
regulation of mRNA levels of the ECM components collagen
type IV and laminin not only prevented retinal basement
membrane thickening but also reduced vascular leakage in
the retinas of STZ-induced diabetic rats (Oshitari et al., 2006).
Therefore, down-regulation of laminin b1 and collagen IVa3
might contribute to the protective effect of H2S on STZ-
induced DR.

To investigate the underlying mechanism of protective
effect of H2S, we first focused on oxidative stress in retina.
ROSs generated by HG are considered a causal link between
elevated glucose and the pathways of development of dia-
betic complications. Oxidative stress plays an important role
in the neurogeneration (Sasaki et al., 2010; Krügel et al., 2011)
and vascular abnormality (Zheng et al., 2010) in diabetic
retina. In this work, treatment with H2S not only functioned
as a direct scavenger of ROS, but also influenced some

Figure 4
Effect of treatment with H2S on retinal thickening and extracellular matrix in STZ-treated rats. Retinal thickness (A) was evaluated on haematoxylin
and eosin-stained sections. The mRNA and protein levels of fibronectin (B, E), laminin b1 (C, E) and collagen IVa3 (D, E) were determined by
quantitative real-time PCR method and Western blotting analysis respectively. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer. Values are means � SD. n = 7 in each group; *P < 0.05 versus control group; #P < 0.05 versus DM group.

BJP Y-F Si et al.

626 British Journal of Pharmacology (2013) 169 619–631



Figure 5
Effect of treatment with H2S on oxidative stress in retinas of STZ-treated rats. Retinal MDA content (A) was determined using a kit. Retinal
formation of ROS including O2

- (B) and OONO- (C) was detected. Retinal SOD activity (D) was measured using an SOD-525TM reagent kit. The
protein expression (E) including HO-1, p47phox and NOX2 was determined with Western blotting analysis. O2

-, superoxide anion; OONO-,
peroxynitrite; HO-1, haem oxygenase 1; NOX2, NADPH oxidase 2. Values are means � SD. n = 7 in each group; *P < 0.05 versus control group;
#P < 0.05 versus DM group.

Figure 6
Effect of treatment with H2S on mitochondrial function in retinas of STZ-treated rats. Graphs showed ATP formation (A), ROS formation (B),
activities of NCCR (C) and SCCR (D), and optical densities for mitochondrial swelling assay (E) in isolated mitochondria of retina. Values are
means � SD. n = 7 in each group; *P < 0.05 versus control group; #P < 0.05 versus DM group.
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important enzymes associated with oxidative stress. Mito-
chondria and NOX are two major sources of ROS, and it
was reported that mitochondria was impaired (Santos and
Kowluru, 2011) and NOX was up-regulated (Al-Shabrawey
et al., 2008) in diabetic retina, which was also observed in this
work. Here, treatment with H2S not only improved mito-
chondrial function and reduced mitochondrial ROS forma-
tion, but also suppressed NOX2 and gp47phox expression. In
addition, we found that treatment with H2S preserved anti-
oxidant enzyme SOD and enhanced HO-1 activity, which
were demonstrated to be beneficial for DR (Kanwar et al.,
2007; Fan et al., 2012).

Apart from oxidative stress, inflammation is thought to
be another important mediator in the development of DR
(Kern, 2007). In this work, treatment with H2S reduced leu-
kostasis, mRNA expressions of cytokines of IL1b, ICAM-1,
iNOS, and COX2, and contents of NOx and PGE2. The anti-
inflammatory effect of H2S might be secondary to its anti-
oxidative effect. Excess ROSs activate the redox-sensitive
transcription factor NF-kB, resulting in enhancement of its
expression and activity (Janssen-Heininger et al., 2000).
Increased expression and activity of NF-kB induce gene
transcription of ICAM-1 (Miyamoto et al., 1999), IL-1b

(Kowluru and Odenbach, 2004), iNOS (Du et al., 2004) and
COX-2 (Du et al., 2004) to increase their production. Our in
vitro studies revealed that treatment with H2S suppressed
high-glucose-induced NF-kB activation, which in turn sup-
pressed formation of these pro-inflammatory cytokines.
Therefore, retinal NF-kB activation in STZ-induced diabetic
rats was inhibited by treatment with H2S, which might
interpret the anti-inflammatory property of H2S, at least in
part.

Finally, one limitation in the present study should be
noted. The underlying mechanism of modulation of H2S on
enzymes or cytokines involved in the oxidative stress and
inflammation remained unclear. Mikami et al. (2011) demon-
strated that H2S suppressed Ca2+ influx by activating vacuolar
type H+-ATPase in retina. Ca2+ acts as a second messenger
involved in a broad spectrum of intracellular signalling path-
ways. Whether H2S modulated those enzymes by regulation
of Ca2+ influx in retina of STZ-treated rats required further
investigation.

In conclusion, the present study demonstrated, for the
first time, treatment with NaHS, a donor of H2S, attenuated
STZ-induced retinopathy, possibly through abating oxidative
stress and suppressing inflammation.

Figure 7
Effect of treatment with H2S on inflammation in retinas of STZ-treated rats. Retinal leukostasis measurement (A) was performed using acridine
orange leukocyte fluorography. The mRNA levels of IL-1b (B), ICAM-1 (C), iNOS (E) and COX-2 (G) were determined using quantitative real-time
PCR method. The protein expression (D) including IkBa and NF-kB p65 was determined by Western blotting analysis. The levels of NOx (F) in
retina were measured using a Total Nitrite/Nitrate Assay kit. The levels of PGE2 (H) in retina were measured with ELISA method. Values are
means � SD. n = 7 in each group; *P < 0.05 versus control group; #P < 0.05 versus DM group.
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