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Age-related macular degeneration (AMD) is a major cause of visual impairment and blindness among the elderly. AMD is
characterized by retinal pigment epithelial (RPE) cell dysfunction. However, the pathogenesis of AMD is still unclear, and there
is currently no effective treatment. Accumulated evidence indicates that oxidative stress and autophagy play a crucial role in the
development of AMD. H2S is an antioxidant that can directly remove intracellular superoxide anions and hydrogen peroxide.
The purpose of this study is to investigate the antioxidative effect of H2S in RPE cells and its role in autophagy. The results show
that exogenous H2S (NaHS) pretreatment effectively reduces H2O2-induced oxidative stress, oxidative damage, apoptosis, and
inflammation in ARPE-19 cells. NaHS pretreatment also decreased autophagy levels raised by H2O2, increased cell viability, and
ameliorated cell morphological damage. Interestingly, the suppression of autophagy by its inhibitor 3-MA showed an increase of
cell viability, amelioration of morphology, and a decrease of apoptosis. In summary, oxidative stress causes ARPE-19 cell injury
by inducing cell autophagy. However exogenous H2S is shown to attenuate ARPE-19 cell injury, decrease apoptosis, and reduce
the occurrence of autophagy-mediated by oxidative stress. These findings suggest that autophagy might play a crucial role in the
development of AMD, and exogenous H2S has a potential value in the treatment of AMD.

1. Introduction

Age-related macular degeneration (AMD) is the leading cause
of irreversible vision loss in the elderly people around the
world, and the prevalence of AMD is increasing [1]. Although
the formationmechanism of AMD remains to be revealed, it is
clear that oxidative damage of retinal pigment epithelial (RPE)
cells contributes significantly to AMD [2]. The retina is one of
the most oxygen-consuming tissues in the human body, and
RPE cells are particularly vulnerable to oxidative stress caused
by reactive oxygen species (ROS). Intracellular enzymes, such
as catalase, superoxide dismutase (SOD), and glutathione per-
oxidase (GPx), protect RPE cells against oxidative stress
through scavenging ROS and attenuating oxidative damage.
Further research reveals that several antioxidants could inhibit
AMD progression [1–3]. Therefore, inhibiting oxidative
stress-induced RPE cell damage might represent an effective
approach to slow down the progress of AMD in patients [1, 3].

Autophagy, a proteolytic system, plays an important role
in maintaining RPE cell functions and homeostasis since
these cells are exposed to sustained oxidative stress. Many
studies report that autophagy occurs in RPE cells [4, 5] and
is associated with the pathogenesis of many human diseases,
including cancer, diabetes, neurodegenerative disorders, and
AMD. The impairment of autophagy in RPE cells could lead
to the accumulation of damaged organelles and various toxic
proteins, including lipofuscin, and promote the formation of
drusen, a typical phenomenon of AMD [5, 6]. Some studies
reveal that autophagy significantly increases after RPE cells
were exposed to oxidative stress [4]. Nevertheless, it remains
unclear whether oxidative stress-triggered autophagy has the
effect of slowing down or speeding up the progress of AMD.

Hydrogen sulfide (H2S) is an important intracellular gas-
eous mediator, analogous to nitric oxide and carbon monox-
ide, which was synthesized in cells by multiple enzymes. In
recent years, H2S has been recognized to play an essential role
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in the pathophysiological process of various tissues and
organs in mammals, especially against oxidative stress [7–
11]. H2S could scavenge intracellular superoxide anions and
hydrogen peroxide directly [12]. H2S has been reported to
have diverse physiologic functions, such as vasodilatation,
lowering blood pressure, anti-inflammation, anti-cancer,
and reducing oxidative stress [11, 13]. Moreover, H2S is pro-
duced in retinal tissue and attenuates high glucose-induced
human retinal pigment epithelial cell inflammation by inhi-
biting ROS formation [12], but some studies also illustrate
H2S-caused retinopathy [14, 15].

In this study, we investigate how oxidative stress impacts
ARPE-19 cells by altering autophagic flux and whether exog-
enous H2S protects ARPE-19 cells against H2O2-induced oxi-
dative damage.

2. Materials and Methods

2.1. Materials. ARPE-19 cell lines were purchased from
China Center of Type Culture Collection (Shanghai, China).
DMEM medium was obtained from Hyclone (Beijing,
China). Fetal bovine serum was purchased from Tianhang
Biotechnology (Hangzhou, China). Hydrogen peroxide was
purchased from Damao Chemical Reagent Factory (Tianjin,
China). Sodium hydrosulfide was obtained from Macklin
(Shanghai, China). Anti-LC3B antibody and anti-P62 anti-
body were purchased from Cell Signaling Technology (Dan-
vers, MA, USA). Anti-GAPDH antibody was purchased from
Santa Cruz Biotechnology (CV, USA). Polyoxymethylene
was obtained from Spectrum Chemical MFG. Corp. (Shang-
hai, China). Annexin V-FITC/PI apoptosis detection kit, cas-
pase 3 activity assay kit, and Ad-mCherry-GFP-LC3B were
purchased from Beyotime (Shanghai, China). Cell malon-
dialdehyde assay kit, superoxide dismutase assay kit, and
reduced glutathione assay kit were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). TNF-
α ELISA kit and IL-1β ELISA kit were obtained from Bios-
wamp (Wuhan, China). Hoechst 33342 and PI were pur-
chased from Sangon Biotech (Shanghai, China). 3-(4,5-
Dimethylthiazol-3-yl)-2,5-diphenyl tetrazolium bromide
was purchased from Solarbio Life Science (Beijing, China).
The autophagy inhibitor 3-MA was purchased from Santa
Cruz Biotechnology (CV, USA). Baf A1 (inhibiting the fusion
of autophagic vesicles and lysosomes) was purchased from
Sangon Biotech (Shanghai, China). 2′,7′-Dichlorofluorescin
diacetate was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Other common reagents used in the study are
of analytical purity grade.

2.2. Cell Culture and Treatment. Human ARPE-19 cells were
cultured in DMEM high-glucose medium supplemented
with 10% FBS, 100U/mL penicillin, and 100mg/mL strepto-
mycin at 37°C in air containing 5% CO2. To induce cellular
oxidative stress, cells were treated with hydrogen peroxide,
when cells reached 70%-80% confluence. Different drug con-
centrations were used to test the toxicity of H2O2 (0-
1600μΜ) and NaHS (0-3200 μΜ). Cells were pretreated with
NaHS (800 μΜ) for 30min and then coincubated with H2O2
for 24 h to evaluate the effects of H2S. To detect the role of

autophagy, cells were pretreated with the autophagy inhibitor
3-MA for 3 h and then coincubated with H2O2 for 24 h.
ARPE-19 cells are adherent cells, and cells need to be trypsi-
nized before being collected by centrifugation, if no special
instructions.

2.3. Measurement of ROS Production. The ARPE-19 cells
(1 × 105 cells/well) were seeded in 6-well plates for 24 h. After
that, cells were treated with DFCH-DA for 30min in the
dark. Then, cells were pretreated with or without NaHS for
30min and subsequently coincubated with or without H2O2
for 1 h. Then, the treated cells were collected to detect intra-
cellular ROS by flow cytometry. Untreated cells were used
as the control, and cells were treated with H2O2 for 1 h as a
positive control. Data were collected from at least 10,000
cells. The results were analyzed by FlowJo software.

2.4. Apoptosis Rate Detection with Annexin V-FITC/PI by
Flow Cytometry. The ARPE-19 cells (1 × 105 cells/well) were
seeded in 6-well plates for 24 h. After that, cells were pre-
treated with NaHS for 30min, and subsequently treated with
H2O2 for another 24h. Then, cells were collected and rinsed
three times with PBS before stained with Annexin V-FITC/PI
staining. Four hundred μL binding buffer, 5μL Annexin V-
FITC, and 10μL PI were added to each sample, respectively.
Cells were incubated at room temperature for 10min in the
dark before flow cytometric assay. Data were collected from
at least 10,000 cells, and the percentage of apoptosis cells in
each sample was recorded by flow cytometry and analyzed
by FlowJo software.

2.5. Western Blot Analysis. The ARPE-19 cells were pre-
treated with or without NaHS or 3-MA for the suggested
time and subsequently treated with H2O2 for 1 h or the sug-
gested time. In another experiment, cells were pretreated
with Baf A1 for 1 h and subsequently treated with NaHS for
24 h. After that, cells were collected and lysed in RIPA buffer
containing 1% protease inhibitor PMSF for 30min on ice.
After centrifugation at 13201 g for 10min at 4°C, the super-
natant was collected. And then, equal amounts of protein
lysates were loaded in each lane, separated on 12% SDS-
PAGE gel, and subsequently transferred to a PVDF mem-
brane. The membrane was blocked with 5% skimmed milk
powder solution for 1 h at room temperature and incubated
with primary antibodies overnight at 4°C. After being washed
by PBS with 0.1% Tween-20, the membrane was treated with
horseradish peroxidase-conjugated second antibodies for 1 h
at room temperature. The protein concentration was quanti-
fied by using the BCA protein assay kit. GAPDH was used as
the internal control to confirm equal protein loading. Protein
bands were visualized and analyzed by a chemiluminescence
system.

2.6. MTT Assay of Cell Viability. The 3-(4,5-dimethylthiazol-
3-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was
used to test the effects of H2O2 and NaHS on cell viability.
In brief, APRE-19 cells were cultured in 96-well plates
(1 × 105 cells/well) and then treated with H2O2 (0-1600μM)
or NaHS (0-3200μM) for 24 h. To detect the effect of NaHS,
cells were pretreated with NaHS for 30min and then
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Figure 1: Continued.
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coincubated with H2O2 for 24h. Then, cell medium was
replaced with equal complete medium containing 1mg/mL
MTT and cells were incubated at 37°C for another 4 h. Then,
the medium was poured off, and DMSO was added to dis-
solve crystal violet. The absorbance was detected at 470nm
by the microplate reader.

2.7. Transmission Electron Microscopy (TEM). ARPE-19 cells
were seeded in 6-well plates, pretreated with NaHS for
30min, and then incubated with H2O2 for 24h. Cells were
collected by centrifugation after drug treatment and fixed
with 2.5% special glutaraldehyde at 4°C overnight. After
being washed with PBS 3 times, cells were fixed with 1%
osmium tetroxide at 4°C for another 4 h. Then, cells were
dehydrated in gradient concentrations of ethanol and
switched to acetone and subsequently embedded in epoxy
resin (SPI-PON-812) and polymerized in epoxy resin at
70°C overnight. Then, the samples were sliced into ultrathin
sections (50 nm), stained with uranyl acetate and lead citrate,
and examined by transmission electron microscopy (Tecnai
G2 Spirit Bio-TWIN).

2.8. Detection of MDA Levels. ARPE-19 cells were collected,
and the levels of MDA were tested by the MDA assay kit
according to the manufacturer’s instruction (Beyotime,
Shanghai, China). The absorbance of standard and test prod-
ucts was detected at a wavelength of 530nm.

2.9. Detection of SOD and GSH. The activity of SOD and the
level of GSH were measured by the assay kits according to the
manufacturer’s instruction (Beyotime, Shanghai, China).
The intracellular SOD activity was detected at a wavelength
of 450 nm, and the intracellular GSH level was detected at a
wavelength of 410nm.

2.10. Enzyme-Linked Immunosorbent Assay (ELISA). TNF-α
and IL-1β levels were measured by the double antibody sand-

wich ELISA methods. Purified Human TNF-α and IL-1β
antibodies were coated into the microtiter plate wells in
advance. The samples were added into the wells and then
combined with the antibody with HRP labeled. After the
wells were washed completely, the TMB substrate solution
was added. TMB substrate would become blue in the pres-
ence of HRP enzyme, and the reaction could be terminated
by the sulphuric acid solution. The color variation could be
measured spectrophotometrically at a wavelength of
450 nm. The concentrations of TNF-α and IL-1β in the sam-
ples were determined by comparing the optical density (OD)
values of the samples with the standard curve.

2.11. Caspase 3 Activity Detection. Intracellular caspase 3
activity was detected by the caspase 3 activity assay kit.
Briefly, APRE-19 cells were pretreated with NaHS for
30min and subsequently treated with H2O2 for 24 h, and
then, cells were collected by centrifugation at 600 g at 4°C
for 5min, washed with PBS, and then lysed in ice bath for
15 minutes. After centrifugation at 20000 g at 4°C for
15min, the supernatant was incubated with Ac-DEVD-
ρNA for 1 h. The absorbance of the samples was detected at
a wavelength of 405nm.

2.12. Measurement of Autophagy Levels and Autophagy Flux.
Autophagy levels and autophagy flux were measured using
mCherry-EGFP-LC3 probes in ARPE-19 cells. ARPE-19 cells
were transfected with mCherry-EGFP-LC3 adenoviruses at a
multiplicity of infection (MOI) of 20. One day later, ARPE-
19 cells were pretreated with NaHS for 30min and then incu-
bated with H2O2 for 1 h. Then, the fluorescent signals were
detected by a confocal microscope (Zeiss 880 LSM 880).

2.13. Live Cell Imaging.ARPE-19 cells were cultured in 6-well
plates, treated with the corresponding drugs, and observed
with an inverted fluorescent microscope (Olympus IX71).

Ctr H2O2 H2O2+NaHS NaHS

(e)

Figure 1: H2S protects ARPE-19 cells from H2O2-induced oxidative damage. (a) MTT assay was performed to detect the cytotoxicity of
different concentrations of NaHS in ARPE-19 cells. (b) MTT assay was performed to measure the cytotoxicity of different concentrations
of H2O2 in ARPE-19 cells. (c) ARPE-19 cells were treated with different concentrations of NaHS and 400μM H2O2. MTT assay was
performed to examine the viability of ARPE-19 cells after H2O2 exposure for 24 h. (d) Lipid peroxide degradation product MDA was
measured using TBA assay after being pretreated with NaHS for 30min and then exposed to H2O2 for 24 h. (e) Cell morphology was
examined in a bright field under an inverted fluorescent microscope after being pretreated with NaHS for 30min and then exposed to
H2O2 for 24 h. Scale bar = 100 μm. Values are the mean ± SD. ∗∗∗p < 0:001 versus to the control group; ###p < 0:001 versus the H2O2

treatment alone group.
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2.14. Hoechst 33342 and PI Stain. ARPE-19 cells were seeded
in 6-well plates, treated with the corresponding drugs, and
incubated with Hoechst 33342/PI in the dark for 10min,
before being observed under an inverted fluorescent micro-
scope (Olympus IX71).

2.15. Statistical Analysis. Statistical analysis was performed as
the mean ± standard deviation (SD). At least three indepen-
dent experiments were conducted. Data analysis was
expressed using Prism 8.0 software (GraphPad Software)
and Microsoft Excel 2019. Data were analyzed using
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Figure 2: H2S protects ARPE-19 cells against H2O2-induced oxidative stress. (a) ARPE-19 cells were pretreated with NaHS for 30min and
exposed to H2O2 for 1 h. ROS level was detected using DCFH-DA by flow cytometry. (b) Statistics on the ROS level. (c) Intracellular SOD
activity was detected by the assay kit. (d) Intracellular GSH level was measured by the assay kit. (e, f) ELISA detection of secretion of
inflammatory factors TNF-α and IL-1β. Cells were pretreated with NaHS for 30min and then exposed to H2O2 for 24 h. Values are the
mean ± SD. ∗p < 0:05 and ∗∗∗p < 0:001 versus the control group, #p < 0:05, ##p < 0:01, and ###p < 0:001 versus the H2O2 treatment alone
group.
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Student’s t-test. Differences with P < 0:05 were considered
statistically significant.

3. Results

3.1. Exogenous Hydrogen Sulfide Protects ARPE-19 Cells from
H2O2-Induced Oxidative Damage. To examine the cytotoxic
effect of hydrogen sulfide and H2O2 in cultured RPE cells,
the cells were exposed to various concentrations of NaHS
(100, 200, 400, 800, 1200, 1600, and 3200μM) for 24 h or
H2O2 (100, 200, 300, 400, 800, and 1600μM) for 24h. NaHS
with 0-1600μM concentrations exhibited no obvious cyto-
toxicity to ARPE-19 cells (Figure 1(a)). ARPE-19 cell viability
presented a dose-dependent manner with exposure to H2O2
and was of approximately 50% loss when cells were exposed
to 300~400μM H2O2 (Figure 1(b)). Thus, H2O2 with
300~400μM concentration was selected for the subsequent
experiments. It has been observed that 800μM NaHS signif-
icantly attenuated the reduction in ARPE-19 viability caused
by H2O2 (Figure 1(c)). Moreover, the protective effects of
H2S on H2O2-induced oxidative damage were further evalu-
ated by the level of MDA. The content of MDA in cells is
often used as an index to evaluate the degree of oxidative
damage in cells [16]. The results showed that H2O2 treatment
induced the increase of MDA, which was dramatically inhib-
ited by the NaHS pretreatment (Figure 1(d)), demonstrating
the protective effect of H2S on oxidative damage. Then, the
cell morphology was examined. As shown in Figure 1(e),
H2S significantly attenuated the morphological damage of
cells induced by H2O2. These results demonstrate that exog-
enous H2S protected ARPE-19 cells against H2O2-induced
oxidative injury.

3.2. Exogenous Hydrogen Sulfide Inhibits H2O2-Induced
Oxidative Stress and Inflammation in ARPE-19 Cells. Intra-
cellular ROS and inflammation played a vital role in diverse
types of cells, closely related to AMD [17, 18]. We evaluated
ROS levels via flow cytometry and inflammation cytokines
(TNF-α, IL-1β) via ELISA to explore the effects of H2S on
ROS generation and inflammation. It was shown that H2O2
increased the ROS level in ARPE-19 cells and H2S exhibited
a significant inhibitory effect on H2O2-induced ROS produc-
tion (Figures 2(a) and 2(b)). Furthermore, the impacts of H2S
on the antioxidant enzyme (SOD) activity and the intracellu-
lar antioxidant molecule (GSH) level in ARPE-19 cells were
also investigated. The data revealed that H2S attenuated the
reduction of intracellular SOD activity and GSH level caused
by H2O2 (Figures 2(c) and 2(d)). In addition, H2S signifi-
cantly reduced the secretion increase of cytokines induced
by H2O2 (Figures 2(e) and 2(f)). Thus, H2S could suppress
ROS generation and inflammatory cytokine secretion, and
it also increased SOD and GSH levels, which might account
for its protective effects.

3.3. Exogenous Hydrogen Sulfide Protects ARPE-19 Cells
against H2O2-Induced Apoptosis. To further investigate
whether H2S protects against H2O2-induced cell death
through an antiapoptotic effect, cell apoptosis was evaluated
by flow cytometry using Annexin V-FITC/PI. The results

showed that the proportion of Annexin V-FITC and PI-
positive cells exhibited a statistically significant increase in
the ARPE-19 cells treated with H2O2 for 24 h alone and that
NaHS pretreatment significantly reduced the proportion of
cells apoptosis (Figures 3(a) and 3(b)). Moreover, H2S signif-
icantly attenuated the increase of caspase 3 activity induced
by H2O2 (Figure 3(c)). Cell morphology was also investi-
gated. Hoechst 33342 stains the nucleus of ARPE-19 cells
with blue fluorescence, and PI stains death cells with red fluo-
rescence; therefore, the red fluorescence represents cell death.
NaHS pretreatment reduced PI-positive cells, demonstrating
cell death was inhibited by NaHS pretreatment (Figure 3(d)).
Taken together, these results indicated that H2S protected
ARPE-19 cells against H2O2-induced cell death/apoptosis.

3.4. Exogenous Hydrogen Sulfide Decreases H2O2-Induced
Autophagy in ARPE-19 Cells. It has been reported that oxida-
tive stress can induce autophagy, which is also closely related
to apoptosis [19]. Thus, the protection of ARPE-19 cells
against oxidative stress may involve autophagy. Therefore,
the impacts of H2O2 and H2S on the level of autophagy in
ARPE-19 cells were investigated. LC3B distribution and pro-
cessing is a classical autophagic marker, and the ratio of con-
version from LC3 I to LC3 II is closely correlative with the
extent of autophagosome formation. Western blot analysis
revealed that H2O2 significantly induced the conversion of
LC3 I to LC3 II, which was significantly reduced by NaHS
pretreatment (Figures 4(a)–4(d)). Transmission electron
microscope studies showed that H2O2 treatment increased
the number of intracellular autophagic vesicles and that
NaHS pretreatment reduced the autophagic vesicles
(Figure 4(e)). Additionally, the autophagy formation was
monitored using mCherry-EGFP-LC3 adenoviruses. It was
shown that H2O2 significantly increased the number of
autophagosomes (yellow puncta) and that NaHS pretreat-
ment effectively decreased the autophagosome number
(Figure 5). No fusion of autophagosomes and lysosomes
was seen at the early stage (Figure 5(a)). But when cells were
treated with H2O2 for 24 h, the fusion of autophagosomes
and lysosomes in cells were observed (red puncta), which
was significantly reduced by NaHS pretreatment
(Figure 5(b)). These results suggest that exogenous H2S
decreased oxidative stress-induced autophagy in ARPE-19
cells.

However, there is a possibility that the accumulation of
autophagic vesicles is due to H2O2-blocked autophagic flux.
To exclude this possibility, the changes of autophagy binding
protein P62 and LC3 II were monitored at the same time. P62
binds autophagosome membrane protein LC3/Atg8, aggre-
gating the formation of autophagosome, and then is
degraded along with the fusion of autophagosomes and lyso-
somes [20–22]. After H2O2 treatment, with the LC3 conver-
sion from I-type into II-type, P62 was decreased gradually
with increased time (0~24 h), illustrating that H2O2 increased
the autophagic flux (Figure 6(a)).

There is another possibility that NaHS increases autoph-
agic flux, causing a reduction in autophagic vesicles at the
24 h time point. To eliminate this possibility, the inhibitor
Baf A1 was used to inhibit the fusion of autophagic vesicles

6 Oxidative Medicine and Cellular Longevity



Annexin V-FITC

−103

−103

103

104

105 Q1
0.31

Q4
95.7

Q2
0.47

Q3
3.49

0

103 104 1050

PI
Ctr H2O2 H2O2+NaHS NaHS

−103

−103

103

104

105 Q1
0.55

Q4
65.3

Q2
3.28

Q3
30.9

0

103 104 1050 −103

−103

103

104

105 Q1
0.57

Q4
87.4

Q2
2.43

Q3
9.64

0

103 104 1050 −103

−103

103

104

105 Q1
0.20

Q4
94.8

Q2
0.23

Q3
4.76

0

103 104 1050

(a)

0

5

10

15

20

25

30

35

A
po

pt
os

is 
ra

te
 (%

)
(A

nn
ex

in
 V

-F
IT

C 
po

sit
iv

e c
el

l)

###

⁎⁎⁎

Ct
r

H
2O

2

H
2O

2+
N

aH
S

H
2O

2

(b)

### ###

⁎⁎⁎2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Ca
sp

as
e 3

 ac
tiv

ity
 (f

ol
d 

of
 co

nt
ro

l)

NaHS (𝜇M)Ctr
300 𝜇M H2O2

0 400 800

(c)

Merge

PI

Hoechst 33342

Ctr H2O2 H2O2+NaHS NaHS

(d)

Figure 3: H2S protects ARPE-19 cells from H2O2-induced apoptosis. (a, b) Cell apoptosis was analyzed with Annexin V-FITC and PI stain.
(c) Intracellular caspase 3 activity was measured by the caspase 3 kit. (d) Cells were stained with PI and Hoechst 33342. Scale bar = 100μm.
Values are the mean ± SD. ∗∗∗p < 0:001 versus the control group; ###p < 0:001 versus the H2O2 treatment alone group.

7Oxidative Medicine and Cellular Longevity



LC3 I

LC3 II

GAPDH

Ct
r

H
2O

2

H
2O

2+
N

aH
S

N
aH

S

(a)

0.0

0.8

0.4

1.2

LC
3 

I/G
A

PD
H

⁎

Ct
r

H
2O

2

H
2O

2+
N

aH
S

N
aH

S

(b)

0

1

2

3

4

5 ⁎⁎

#

LC
3 

II
/G

A
PD

H

Ct
r

H
2O

2

H
2O

2+
N

aH
S

N
aH

S

(c)

0

1

2

3

4

5

LC
3 

II
/L

C3
 I

⁎⁎

#

Ct
r

H
2O

2

H
2O

2+
N

aH
S

N
aH

S
(d)

Ctr H2O2

H2O2+NaHSNaHS

(e)

Figure 4: H2S decreases H2O2-induced occurrence of autophagy in ARPE-19 cells. (a) ARPE-19 cells were pretreated with NaHS for 30min
and then treated with H2O2 for 1 h. The protein expression and transform of LC3 I and LC3 II in ARPE-19 cells were analyzed by Western
blot. The quantitative analyses of LC3 I/GAPDH, LC3 II/GAPDH, and LC3 II/LC3 I are shown (b–d). (e) Detection of intracellular
autophagic vesicles by TEM after being pretreated with NaHS for 30min and then treated with H2O2 for 24 h. Scale bar = 1 μm. Values
are the mean ± SD. ∗∗p < 0:01 versus the control group; #p < 0:05 versus the H2O2 treatment alone group.
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Figure 5: H2S decreases H2O2-induced autophagic flux in ARPE-19 cells. (a) ARPE-19 cells were pretreated with NaHS for 30min and then
treated with H2O2 for 1 h. The fluorescent mCherry-EGFP-LC3B signal in the cell was used to detect autophagosomes by the confocal
microscope. (b) Cells were pretreated with NaHS for 30min and then treated with H2O2 for 24 h. Scale bar = 10 μm.
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and lysosomes. The autophagic flux was inhibited by Baf A1,
leading to the accumulation of LC3 II [23, 24]. But NaHS did
not aggravate this accumulation with cotreatment of Baf A1,
illustrating NaHS did not increase the occurrence of autoph-
agy (Figure 6(b)). Taken together, all the above results dem-
onstrated that NaHS inhibited H2O2-triggered autophagic
flux.

3.5. Autophagy Is Involved in H2O2-Induced Oxidative Stress
and Cell Apoptosis. To investigate whether autophagy is
related to oxidative damage, another autophagy inhibitor 3-
MA was used to regulate autophagy in ARPE-19 cells. 3-
MA inhibits autophagy upstream signal PI3K, leading to
the inhibition of the conversion of LC3 I to LC3 II and
autophagic vesicle formation [25]. The present study doubt-
lessly showed 3-MA inhibited the conversion of LC3 I to LC3
II (Figures 7(a)–7(d)). Moreover, after autophagy was inhib-
ited by 3-MA, the decrease of cell viability mediated by H2O2
was obviously attenuated (Figures 7(e) and 7(f)). It was also
shown that 3-MA could improve cell morphology damage
by H2O2 (Figure 7(h)). Furthermore, the inhibition of
autophagy by 3-MA inhibited cell apoptosis mediated by
H2O2 (Figures 7(g) and 7(i)). And Hoechst 33342/PI staining
also showed that the inhibition of autophagy by 3-MA
improved cell survival (Figure 8). In summary, these results
indicated that the inhibition of autophagy by 3-MA reduced
the oxidative damage and apoptosis induced by H2O2.

4. Discussion

Although extensive research has shown that oxidative stress
and cell apoptosis of RPE cells may play a crucial role in
the pathogenesis of AMD, the mechanisms of oxidative
stress-induced RPE cell death and the exact relationship
between oxidative damage and AMD remain elusive [26–
28]. It is a research hotspot for studying how to design
approaches to protect RPE cells from oxidative stress and
apoptosis as therapeutic options for slowing down AMD.
H2S is well-recognized as a second messenger. Accumulated
evidence reveals that H2S provides enzymatic antioxidant
function [29–31]. But it is currently poorly understood
whether H2S can protect RPE cells from oxidative damage.

In the present study, we observed that the viability of
ARPE-19 cells was inhibited when exposed to H2O2, but
H2S pretreatment significantly attenuated H2O2-induced
oxidative damage (Figures 1(c) and 1(e)). Interestingly,
1200~1600μΜ H2S is less effective in protecting against the
reduction of cell viability, compared to 800μΜ H2S
(Figure 1(c)), which was probably due to that high concentra-
tions of H2S causing side effects on cells, although we did not
detect obvious cell viability changes (Figure 1(a)). More and
more studies show that ROS and inflammation have essential
roles in the progress and development of early AMD and
underlie many diseases including AMD [2, 32, 33]. However,
the effects of H2S on ROS and inflammation involved in
ARPE-19 cells and the pathogenesis of AMD are unknown
[2, 3, 32, 33]. This study indicates that the exposure of
ARPE-19 cells to H2O2 results in ROS generation and inflam-
matory cytokine secretion, but these effects are significantly
ameliorated by NaHS pretreatment (Figures 2(a), 2(e) and
2(f)).

Previous research has reported that H2S has tremendous
potential in the treatment of a wide range of physiological
and pathological processes including age-related diseases
[34]. H2S is endogenously generated by several enzymes in
mammals, including cystathionine β-synthase (CBS), cysta-
thionine γ-lyase (CSE), and 3-mercaptopyruvate sulfurtrans-
ferase (3MST) [34–36]. H2S level and expression of its
endogenous enzymes CBS, CSE, and 3MST in retinal tissues
are significantly decreased along with the loss of retinal gan-
glion cells (RGCs) in a chronic ocular hypertension rat model
[34–36]. Exogenous H2S influenced the expression of antiox-
idant enzymes CSE and SOD to protect against oxidative
stress and myocardial fibrosis [37]. H2S also improved enzy-
matic antioxidant function by mediating the activities of
Gpx, SOD, and CAT [30]. This study has shown that H2S
improves the SOD activity and GSH level inhibited by
H2O2 in ARPE-19 cells (Figures 2(c) and 2(d)). H2O2-
induced apoptosis of RPE cells is a commonmodel for oxida-
tive stress [38–40]. In the present study, H2O2 increased the
activity of apoptosis-related protein caspase 3 in ARPE-19
cells and significantly increased the rate of apoptosis. Instead,
H2S pretreatment significantly inhibited the apoptosis rate
and reduced the activity of caspase 3 (Figures 3(a) and 3(c)).
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Figure 6: Further evidences show that H2O2 triggers autophagic flux and that H2S does not increase autophagic flux in ARPE-19 cells. (a)
ARPE-19 cells were treated with 400μM H2O2 for gradient time (0~24 h), and then, cells were collected for Western blot analysis of the
autophagy marker proteins LC3 I/II and P62. (b) ARPE-19 cells pretreated with 20 nM Baf A1 (inhibiting the fusion of autophagosomes
and lysosomes) for 1 h and then treated with NaHS for 24 h. The LC3 I/II protein expression was also analyzed by Western blot.
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Figure 7: Autophagy is involved in H2O2-induced oxidative stress and cell apoptosis. (a) ARPE-19 cells were pretreated with 3-MA for 3 h
and then treated with H2O2 for 1 h. The protein expression and transform of LC3 I and LC3 II in ARPE-19 cells were analyzed by Western
blot. (b–d) The quantitative analyses of LC3 I/GAPDH, LC3 II/GAPDH, and LC3 II/LC3 I are shown. (e) MTT assay was performed to detect
the cytotoxicity of different concentrations of the autophagy inhibitor 3-MA for 24 h in ARPE-19 cells. (f) ARPE-19 cells were treated with
different concentrations of the autophagy inhibitor 3-MA and 400 μMH2O2. MTT assay was performed to examine the viability of ARPE-19
cells after ARPE-19 cells were pretreated with 3-MA for 3 h and then exposed to H2O2 for 24 h. (g, i) Cell apoptosis was analyzed with
Annexin V-FITC and PI stain by flow cytometry. (h) Cell morphology was examined in a bright field under an inverted fluorescent
microscope after ARPE-19 cells were pretreated with 3-MA for 3 h and then exposed to H2O2 for 24 h. Scale bar = 100 μm. Values are the
mean ± SD. ∗∗p < 0:01 and ∗∗∗p < 0:001 versus the control group; ###p < 0:001 versus the H2O2 treatment alone group.
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Figure 8: 3-MA inhibits H2O2-induced cell death by PI/Hoechst 33342 staining. The autophagy inhibitor 3-MA ameliorates cell
morphological damage induced by H2O2. ARPE-19 cells were stained with PI and Hoechst 33342 after being pretreated with 3-MA for 3 h
and then exposed to H2O2 for 24 h. Scale bar = 100 μm.
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Autophagy, as a catabolic process, is considered to pro-
tect the cells against various factors of stress and is aimed at
recycling cytoplasmic components and damaged organelles
caused by diverse stress [41, 42]. A lot of evidence reveals oxi-
dative stress-mediated occurrence of autophagy in diverse
kinds of cells [43], including ARPE-19 cells. It is reported
that autophagy plays a positive role in promoting cell survival
and anti-apoptosis [44–49]. However, in the present study,
autophagy plays a negative role to enhance H2O2-induced
RPE cell damage and apoptosis. The autophagy inhibitor 3-
MA suppresses the early formation of autophagy and signif-
icantly attenuates cell viability inhibition and cell apoptosis
induced by H2O2 (Figures 7(e)–7(i)). According to previous
evidence, not only the inhibition of autophagy protects cells
from oxidative damage but also the stimulation of autophagy
increases apoptosis [50–56]. Therefore, we speculate that the
oxidative stress caused by H2O2 might trigger high-level oxi-
dative damage through inducing an excessively high level of
autophagy, but more evidence is needed.

Next, we wanted to confirm whether the effect of H2S
against oxidative stress involved autophagy in ARPE-19 cells.
Some studies showed that high concentration H2S promoted
autophagy, but some researches revealed that H2S attenuated
the process of autophagy [13, 57]. Furthermore, multiple signal-
ing pathways were involved in the process of autophagy in H2S-
treated cells [13, 57, 58]. In the present study, Western blot
results suggested that H2S pretreatment reduced the conversion
of LC3 I to LC3 II and transmission electron microscopy also
confirmed the same conclusion that H2S could inhibit autoph-
agy. The detection of autophagy flux further proved that H2S
could reduce the level of autophagy (Figures 4(a)–4(e), 5(a)
and 5(b)). Meanwhile, P62 was decreased gradually with the
LC3 conversion from I-type into II-type, illustrating that
H2O2 increased the autophagic flux (Figure 6(a)). And NaHS
did not aggravate the LC3 II accumulation with cotreatment
of Baf A1, showing NaHS did not increase the occurrence of
autophagy (Figure 6(b)). These results further confirmed that
NaHS inhibited H2O2-triggered autophagic flux.

However, it is not clear whether H2S directly or indirectly
affects the regulation of autophagy level, which is also the
main direction of our next research. Previous researches
reported that the intervention of some drugs changed the
intracellular ROS level and thus altered the autophagy level
affected by ROS [47, 59]. Consequently, determining the reg-
ulatory role of H2S on autophagy might be crucial to delay
the occurrence of AMD.

In the present study, low confluent ARPE-19 cells
(1 × 105 cells/well) are selected to guarantee their sufficient
nutrition, in accordance with previous reports [3, 23, 60–
63]. But it should be emphasized that in real life, the RPE is
a confluent monolayer and would probably react very differ-
ently to the above-mentioned stressors. Therefore, determin-
ing the protective effect of H2S on confluent ARPE-19 cells
should be in our future studies.

5. Conclusion

All in all, exogenous H2S has protective effects against H2O2-
induced intracellular ROS generation, oxidative damage,

inflammatory factors secretion, antioxidant level decrease,
cell morphological alteration, cell survival inhibition, and
apoptosis in retinal ARPE-19 cells. Moreover, H2O2 triggers
the intracellular autophagy level, which is inhibited by H2S
pretreatment. The autophagy inhibitor also suppresses
H2O2-induced oxidative damage and apoptosis. Therefore,
our results reveal that autophagy is involved in the protection
of H2S against oxidative stress-triggered apoptosis in retinal
ARPE-19 cells. These findings suggest that exogenous H2S
has a potential value in the treatment of AMD.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that no conflicts of interest.

Authors’ Contributions

Liming Hu and Jia Guo contributed equally.

Acknowledgments

The authors are thankful to the Core Facility of School of Life
Sciences, Lanzhou University. This work is supported partly
by the LZU-Senmiao Cooperation.

References

[1] J. Hanus, C. Anderson, and S. Wang, “RPE necroptosis in
response to oxidative stress and in AMD,” Ageing research
reviews, vol. 24, no. Part B, pp. 286–298, 2015.

[2] S. Datta, M. Cano, K. Ebrahimi, L. Wang, and J. T. Handa,
“The impact of oxidative stress and inflammation on RPE
degeneration in non- neovascular AMD,” Progress in Retinal
and Eye Research, vol. 60, pp. 201–218, 2017.

[3] C.-C. Chang, T.-Y. Huang, H.-Y. Chen et al., “Protective effect
of melatonin against oxidative stress-induced apoptosis and
enhanced autophagy in human retinal pigment epithelium
cells,” Oxidative Medicine and Cellular Longevity, vol. 2018,
Article ID 9015765, 12 pages, 2018.

[4] S. K. Mitter, C. Song, X. Qi et al., “Dysregulated autophagy in
the RPE is associated with increased susceptibility to oxidative
stress and AMD,” Autophagy, vol. 10, no. 11, pp. 1989–2005,
2014.

[5] K. Kaarniranta, P. Tokarz, A. Koskela, J. Paterno, and
J. Blasiak, “Autophagy regulates death of retinal pigment epi-
thelium cells in age-related macular degeneration,” Cell Biol-
ogy and Toxicology, vol. 33, no. 2, pp. 113–128, 2017.

[6] S. Wang, X. Wang, Y. Cheng et al., “Autophagy dysfunction,
cellular senescence, and abnormal immune-inflammatory
responses in AMD: from mechanisms to therapeutic poten-
tial,” Oxidative Medicine and Cellular Longevity, vol. 2019,
Article ID 3632169, 13 pages, 2019.

[7] Y. Zhang, J. Gao, W. Sun et al., “H2S restores the cardioprotec-
tive effects of ischemic post-conditioning by upregulating HB-
EGF/EGFR signaling,” Aging (Albany NY), vol. 11, no. 6,
pp. 1745–1758, 2019.

13Oxidative Medicine and Cellular Longevity



[8] B. Olas, “Hydrogen sulfide in signaling pathways,” Clinica Chi-
mica Acta, vol. 439, pp. 212–218, 2015.

[9] M. Greabu, A. Totan, D. Miricescu, R. Radulescu, J. Virlan,
and B. Calenic, “Hydrogen sulfide, oxidative stress and peri-
odontal diseases: a concise review,” Antioxidants, vol. 5,
no. 1, 2016.

[10] G. Yang, Y. Ju, M. Fu et al., “Cystathionine gamma-lyase/hy-
drogen sulfide system is essential for adipogenesis and fat mass
accumulation in mice,” Biochimica et Biophysica Acta - Molec-
ular and Cell Biology of Lipids, vol. 1863, no. 2, pp. 165–176,
2018.

[11] Q. Xiao, J. Ying, L. Xiang, and C. Zhang, “The biologic effect of
hydrogen sulfide and its function in various diseases,” Medi-
cine (Baltimore), vol. 97, no. 44, article e13065, 2018.

[12] P. Wang, F. Chen, W.Wang, and X. D. Zhang, “Hydrogen sul-
fide attenuates high glucose-induced human retinal pigment
epithelial cell inflammation by inhibiting ROS formation and
NLRP3 inflammasome activation,” Mediators of Inflamma-
tion, vol. 2019, Article ID 8908960, 13 pages, 2019.

[13] S. S. Wang, Y. H. Chen, N. Chen et al., “Hydrogen sulfide pro-
motes autophagy of hepatocellular carcinoma cells through the
PI3K/Akt/mTOR signaling pathway,” Cell Death & Disease,
vol. 8, no. 3, article e2688, 2017.

[14] H. Liu, K. Mercieca, F. Anders, and V. Prokosch, “Hydrogen
sulfide and beta-synuclein are involved and interlinked in the
aging glaucomatous retina,” Journal of Ophthalmology,
vol. 2020, Article ID 8642135, 12 pages, 2020.

[15] Y. Han, X. Zhang, Z. Zhou et al., “Hydrogen sulfide serves as a
biomarker in the anterior segment of patients with diabetic
retinopathy,” International Ophthalmology, vol. 40, no. 4,
pp. 891–899, 2020.

[16] S. Samarghandian, M. Azimi-Nezhad, T. Farkhondeh, and
F. Samini, “Anti-oxidative effects of curcumin on
immobilization-induced oxidative stress in rat brain, liver
and kidney,” Biomedicine & Pharmacotherapy, vol. 87,
pp. 223–229, 2017.

[17] Q. Li, Y. Yin, Y. Zheng, F. Chen, and P. Jin, “Inhibition of
autophagy promoted high glucose/ROS-mediated apoptosis
in ADSCs,” Stem Cell Research & Therapy, vol. 9, no. 1,
p. 289, 2018.

[18] J. Kim, K. Cho, and S. Y. Choung, “Protective effect of Prunella
vulgaris var. L extract against blue light induced damages in
ARPE-19 cells and mouse retina,” Free Radical Biology and
Medicine, vol. 152, pp. 622–631, 2019.

[19] J. Navarro-Yepes, M. Burns, A. Anandhan et al., “Oxidative
stress, redox signaling, and autophagy: cell death versus sur-
vival,” Antioxidants & Redox Signaling, vol. 21, no. 1, pp. 66–
85, 2014.

[20] Q. Tang, G. Zheng, Z. Feng et al., “Trehalose ameliorates oxi-
dative stress-mediated mitochondrial dysfunction and ER
stress via selective autophagy stimulation and autophagic flux
restoration in osteoarthritis development,” Cell Death & Dis-
ease, vol. 8, no. 10, article e3081, 2017.

[21] A. Agrotis, N. Pengo, J. J. Burden, and R. Ketteler, “Redun-
dancy of human ATG4 protease isoforms in autophagy and
LC3/GABARAP processing revealed in cells,” Autophagy,
vol. 15, no. 6, pp. 976–997, 2019.

[22] S. Pankiv, T. H. Clausen, T. Lamark et al., “p62/SQSTM1 binds
directly to Atg8/LC3 to facilitate degradation of ubiquitinated
protein aggregates by autophagy,” The Journal of Biological
Chemistry, vol. 282, no. 33, pp. 24131–24145, 2007.

[23] Y. Sun, Y. Zheng, C. Wang, and Y. Liu, “Glutathione depletion
induces ferroptosis, autophagy, and premature cell senescence
in retinal pigment epithelial cells,” Cell Death & Disease, vol. 9,
no. 7, p. 753, 2018.

[24] S. Wang, M. J. Livingston, Y. Su, and Z. Dong, “Reciprocal reg-
ulation of cilia and autophagy via the MTOR and proteasome
pathways,” Autophagy, vol. 11, no. 4, pp. 607–616, 2015.

[25] Y. Wu, X. Wang, H. Guo et al., “Synthesis and screening of 3-
MA derivatives for autophagy inhibitors,” Autophagy, vol. 9,
no. 4, pp. 595–603, 2014.

[26] K. Totsuka, T. Ueta, T. Uchida et al., “Oxidative stress induces
ferroptotic cell death in retinal pigment epithelial cells,” Exper-
imental Eye Research, vol. 181, pp. 316–324, 2019.

[27] E. E. Brown, A. J. DeWeerd, C. J. Ildefonso, A. S. Lewin, and
J. D. Ash, “Mitochondrial oxidative stress in the retinal pig-
ment epithelium (RPE) led to metabolic dysfunction in both
the RPE and retinal photoreceptors,” Redox Biology, vol. 24,
article 101201, 2019.

[28] M. L. Fanjul-Moles and G. O. Lopez-Riquelme, “Relationship
between oxidative stress, circadian rhythms, and AMD,” Oxi-
dative Medicine and Cellular Longevity, vol. 2016, Article ID
7420637, 18 pages, 2016.

[29] A. Mironov, T. Seregina, M. Nagornykh et al., “Mechanism of
H2S-mediated protection against oxidative stress inEscherichia
coli,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 114, no. 23, pp. 6022–6027, 2017.

[30] R. Tabassum and N. Y. Jeong, “Potential for therapeutic use of
hydrogen sulfide in oxidative stress-induced neurodegenera-
tive diseases,” International Journal of Medical Sciences,
vol. 16, no. 10, pp. 1386–1396, 2019.

[31] Z. Lin, N. Altaf, C. Li et al., “Hydrogen sulfide attenuates oxi-
dative stress-induced NLRP3 inflammasome activation via S-
sulfhydrating c-Jun at Cys269 in macrophages,” Biochimica
et Biophysica Acta (BBA) - Molecular Basis of Disease,
vol. 1864, no. 9 Part B, pp. 2890–2900, 2018.

[32] A. Kauppinen, J. J. Paterno, J. Blasiak, A. Salminen, and
K. Kaarniranta, “Inflammation and its role in age-related mac-
ular degeneration,” Cellular and Molecular Life Sciences,
vol. 73, no. 9, pp. 1765–1786, 2016.

[33] K. Kaarniranta, E. Pawlowska, J. Szczepanska, A. Jablkowska,
and J. Blasiak, “Role of mitochondrial DNA damage in ROS-
mediated pathogenesis of age-related macular degeneration
(AMD),” International Journal of Molecular Sciences, vol. 20,
no. 10, 2019.

[34] A. K. George, M. Singh, R. P. Homme, A. Majumder, H. S.
Sandhu, and S. C. Tyagi, “A hypothesis for treating inflamma-
tion and oxidative stress with hydrogen sulfide during age-
related macular degeneration,” International Journal of Oph-
thalmology, vol. 11, no. 5, pp. 881–887, 2018.

[35] K. Shatalin, E. Shatalina, A. Mironov, and E. Nudler, “H2S: a
universal defense against antibiotics in bacteria,” Science,
vol. 334, no. 6058, pp. 986–990, 2011.

[36] W. J. Pan, W. J. Fan, C. Zhang, D. Han, S. L. Qu, and Z. S.
Jiang, “H2S, a novel therapeutic target in renal-associated dis-
eases?,” Clinica Chimica Acta, vol. 438, pp. 112–118, 2015.

[37] M. Liu, Y. Li, B. Liang et al., “Hydrogen sulfide attenuates myo-
cardial fibrosis in diabetic rats through the JAK/STAT signal-
ing pathway,” International Journal of Molecular Medicine,
vol. 41, no. 4, pp. 1867–1876, 2018.

[38] R. E. King, K. D. Kent, and J. A. Bomser, “Resveratrol reduces
oxidation and proliferation of human retinal pigment

14 Oxidative Medicine and Cellular Longevity



epithelial cells via extracellular signal-regulated kinase inhibi-
tion,” Chemico-Biological Interactions, vol. 151, no. 2,
pp. 143–149, 2005.

[39] V. Pittalà, A. Fidilio, F. Lazzara et al., “Effects of novel nitric
oxide-releasing molecules against oxidative stress on retinal
pigmented epithelial cells,” Oxidative Medicine and Cellular
Longevity, vol. 2017, Article ID 1420892, 11 pages, 2017.

[40] X. Xie, J. Feng, Z. Kang et al., “Taxifolin protects RPE cells
against oxidative stress-induced apoptosis,” Molecular Vision,
vol. 23, pp. 520–528, 2017.

[41] G. Filomeni, D. De Zio, and F. Cecconi, “Oxidative stress and
autophagy: the clash between damage and metabolic needs,”
Cell Death and Differentiation, vol. 22, no. 3, pp. 377–388,
2015.

[42] S. Sifuentes-Franco, F. P. Pacheco-Moises, A. D. Rodriguez-
Carrizalez, and A. G. Miranda-Diaz, “The role of oxidative
stress, mitochondrial function, and autophagy in diabetic
polyneuropathy,” Journal Diabetes Research, vol. 2017, article
1673081, pp. 1–15, 2017.

[43] S. M. O'Grady, “Oxidative stress, autophagy and airway ion
transport,” American Journal of Physiology. Cell Physiology,
vol. 316, no. 1, pp. C16–C32, 2019.

[44] A. Baek, S. Yoon, J. Kim et al., “Autophagy and KRT8/keratin 8
protect degeneration of retinal pigment epithelium under oxi-
dative stress,” Autophagy, vol. 13, no. 2, pp. 248–263, 2017.

[45] P. Zhou, Y. Li, B. Li et al., “Autophagy inhibition enhances
celecoxib-induced apoptosis in osteosarcoma,” Cell Cycle,
vol. 17, no. 8, pp. 997–1006, 2018.

[46] J. Liu, W. Liu, Y. Lu et al., “Piperlongumine restores the bal-
ance of autophagy and apoptosis by increasing BCL2 phos-
phorylation in rotenone-induced Parkinson disease models,”
Autophagy, vol. 14, no. 5, pp. 845–861, 2018.

[47] Z. He, L. Guo, Y. Shu et al., “Autophagy protects auditory hair
cells against neomycin-induced damage,” Autophagy, vol. 13,
no. 11, pp. 1884–1904, 2017.

[48] M. Robin, A. R. Issa, C. C. Santos et al., “Drosophila p53 inte-
grates the antagonism between autophagy and apoptosis in
response to stress,” Autophagy, vol. 15, no. 5, pp. 771–784,
2019.

[49] H. Yang, Y. Wen, M. Zhang et al., “MTORC1 coordinates the
autophagy and apoptosis signaling in articular chondrocytes in
osteoarthritic temporomandibular joint,” Autophagy, vol. 16,
no. 2, pp. 271–288, 2020.

[50] M. Shen, Y. Jiang, Z. Guan et al., “Protective mechanism of
FSH against oxidative damage in mouse ovarian granulosa
cells by repressing autophagy,” Autophagy, vol. 13, no. 8,
pp. 1364–1385, 2017.

[51] P. Zhang, Z. Zheng, L. Ling et al., “w09, a novel autophagy
enhancer, induces autophagy-dependent cell apoptosis via
activation of the EGFR-mediated RAS-RAF1-MAP2K-
MAPK1/3 pathway,” Autophagy, vol. 13, no. 7, pp. 1093–
1112, 2017.

[52] J. Jiang, S. Chen, K. Li et al., “Targeting autophagy enhances
heat stress-induced apoptosis via the ATP-AMPK-mTOR axis
for hepatocellular carcinoma,” International Journal of Hyper-
thermia, vol. 36, no. 1, pp. 499–510, 2019.

[53] M. J. Livingston, H. F. Ding, S. Huang, J. A. Hill, X. M. Yin, and
Z. Dong, “Persistent activation of autophagy in kidney tubular
cells promotes renal interstitial fibrosis during unilateral ure-
teral obstruction,” Autophagy, vol. 12, no. 6, pp. 976–998,
2016.

[54] C. Xie, V. Ginet, Y. Sun et al., “Neuroprotection by selective
neuronal deletion of Atg7 in neonatal brain injury,” Autoph-
agy, vol. 12, no. 2, pp. 410–423, 2016.

[55] Y. Liu, S. Shoji-Kawata, R. M. Sumpter et al., “Autosis is a Na
+,K+-ATPase-regulated form of cell death triggered by
autophagy-inducing peptides, starvation, and hypoxia-ische-
mia,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 110, no. 51, pp. 20364–20371,
2013.

[56] S. Arakawa, M. Tsujioka, T. Yoshida et al., “Role of Atg5-
dependent cell death in the embryonic development of _Bax/-
Bak_ double-knockout mice,” Cell Death and Differentiation,
vol. 24, no. 9, pp. 1598–1608, 2017.

[57] X. Ge, J. Sun, A. Fei, C. Gao, S. Pan, and Z.Wu, “Hydrogen sul-
fide treatment alleviated ventilator-induced lung injury
through regulation of autophagy and endoplasmic reticulum
stress,” International Journal of Biological Sciences, vol. 15,
no. 13, pp. 2872–2884, 2019.

[58] D. Wu, H. Wang, T. Teng, S. Duan, A. Ji, and Y. Li, “Hydrogen
sulfide and autophagy: a double edged sword,” Pharmacologi-
cal Research, vol. 131, pp. 120–127, 2018.

[59] H. Pi, S. Xu, R. J. Reiter et al., “SIRT3-SOD2-mROS-dependent
autophagy in cadmium-induced hepatotoxicity and salvage by
melatonin,” Autophagy, vol. 11, no. 7, pp. 1037–1051, 2015.

[60] Z. Shao, H.Wang, X. Zhou et al., “Spontaneous generation of a
novel foetal human retinal pigment epithelium (RPE) cell line
available for investigation on phagocytosis and morphogene-
sis,” Cell Proliferation, vol. 50, no. 6, 2017.

[61] M. C. Potilinski, G. A. Ortíz, J. P. Salica et al., “Elucidating the
mechanism of action of alpha-1-antitrypsin using retinal pig-
ment epithelium cells exposed to high glucose. Potential use
in diabetic retinopathy,” PLoS One, vol. 15, no. 2, article
e0228895, 2020.

[62] Y. Hao, J. Liu, Z. Wang, L. L. Yu, and J. Wang, “Piceatannol
protects human retinal pigment epithelial cells against hydro-
gen peroxide induced oxidative stress and apoptosis through
modulating PI3K/Akt signaling pathway,” Nutrients, vol. 11,
no. 7, 2019.

[63] W. Du, Y. An, X. He, D. Zhang, and W. He, “Protection of
kaempferol on oxidative stress-induced retinal pigment epi-
thelial cell damage,” Oxidative Medicine and Cellular Longev-
ity, vol. 2018, Article ID 1610751, 14 pages, 2018.

15Oxidative Medicine and Cellular Longevity


	Hydrogen Sulfide Protects Retinal Pigment Epithelial Cells from Oxidative Stress-Induced Apoptosis and Affects Autophagy
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Cell Culture and Treatment
	2.3. Measurement of ROS Production
	2.4. Apoptosis Rate Detection with Annexin V-FITC/PI by Flow Cytometry
	2.5. Western Blot Analysis
	2.6. MTT Assay of Cell Viability
	2.7. Transmission Electron Microscopy (TEM)
	2.8. Detection of MDA Levels
	2.9. Detection of SOD and GSH
	2.10. Enzyme-Linked Immunosorbent Assay (ELISA)
	2.11. Caspase 3 Activity Detection
	2.12. Measurement of Autophagy Levels and Autophagy Flux
	2.13. Live Cell Imaging
	2.14. Hoechst 33342 and PI Stain
	2.15. Statistical Analysis

	3. Results
	3.1. Exogenous Hydrogen Sulfide Protects ARPE-19 Cells from H2O2-Induced Oxidative Damage
	3.2. Exogenous Hydrogen Sulfide Inhibits H2O2-Induced Oxidative Stress and Inflammation in ARPE-19 Cells
	3.3. Exogenous Hydrogen Sulfide Protects ARPE-19 Cells against H2O2-Induced Apoptosis
	3.4. Exogenous Hydrogen Sulfide Decreases H2O2-Induced Autophagy in ARPE-19 Cells
	3.5. Autophagy Is Involved in H2O2-Induced Oxidative Stress and Cell Apoptosis

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

