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Abstract

Corticosterone, one of the glucocorticoids, is toxic to neurons and plays an important role in depres-

sive-like behavior and depression. We previously showed that hydrogen sulfide (H2S), a novel

physiological mediator, plays an inhibitory role in depression. However, the mechanism underlying

H2S-triggered antidepressant-like role is not clearly known. Brain-derived neurotrophic factor

(BDNF), a neurotrophic factor, plays a neuroprotective role that is mediated by its high-affinity

tropomysin-related kinase B (TrkB) receptor. In this study, to investigate the underlying mechanism

of H2S-induced antidepressant-like role, we explored whether H2S could protect neurons against

corticosterone-mediated cyctotoxicity and whether this protective role of H2S was involved in the

regulation of BDNF-TrkB pathway. Our data demonstrated that sodium hydrosulfide (NaHS), the

donor of H2S, could prevent corticosterone-induced cytotoxicity, apoptosis, accumulation of intracel-

lular reactive oxygen species (ROS) and loss of mitochondrial membrane potential (MMP) in PC12

cells. NaHS not only induced the up-regulation of BDNF but also prevented the down-regulation of

BDNF by corticosterone. It was also found that blocking BDNF-TrkB pathway by K252a, an inhibitor

of TrkB, abolished the protection of H2S against corticosterone-induced cytotoxicity, apoptosis,

accumulation of ROS, and loss of MMP. These results suggest that H2S protects against the neuro-

toxicity of corticosterone by modulation of the BDNF-TrkB pathway.
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Introduction

Depression is a common debilitating disease which affects up to about

350 million people in the world, resulting in serious personal suffering

and economic loss [1,2]. The pathogenesis of depression is very com-

plicated. It has been reported that stress is a strong risk factor for

depression [3,4]. Hypothalamic–pituitary–adrenal (HPA) axis was

found to respond to stress, and particularly its hyperactivity is a key

feature of depression [5]. The durable increases in glucocorticoids

(corticosterone in rodents, cortisol in humans) which are the endpoint

of HPA axis activation mainly mediate the influence of repeated or

chronic stress in animal models as well as in humans [6,7]. The eleva-

tion of corticosterone induced by stressors may be closely associated

with the development of depression [8]. Acute corticosterone admin-

istration can result in anxiety and amygdaloid dendritic hypertrophy

Acta Biochim Biophys Sin, 2015, 47(11), 915–924

doi: 10.1093/abbs/gmv098

Advance Access Publication Date: 29 September 2015

Original Article

© The Author 2015. Published by ABBS Editorial Office in association with Oxford University Press on behalf of the Institute of Biochemistry and Cell Biology, Shanghai Institutes

for Biological Sciences, Chinese Academy of Sciences. 915

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/a
b
b
s
/a

rtic
le

/4
7
/1

1
/9

1
5
/1

4
7
6
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2

http://www.oxfordjournals.org


[9]. Moreover, chronic corticosterone exposure induces neuronal

damage in hippocampus [10] and depressive-like behavior in animal

model [11], apoptosis and injury of PC12 cells in vitro [12,13]. Interest-

ingly, corticosterone can cause synaptic degeneration and exert toxic ef-

fects on hippocampal neurons, and finally induces depression [14]. It is

alsowell-known that corticosterone exposure induces a decrease in den-

dritic spine density in hippocampus, which might be one of the patho-

physiological mechanisms underlying depression progression [15].

These studies have confirmed that corticosterone is closely related to de-

pression. Based on these observations, we speculate that the drug that

can block corticosterone-induced neurotoxicity may have a hopeful

therapeutic potential in preventing and treating depression.

Hydrogen sulfide (H2S), the third endogenous gaseous mediator

identified after nitric oxide (NO) and carbon monoxide (CO) [16–

18], is found to be a neuroprotectant [19–23]. A recent report has

documented that the endogenous H2S level is decreased in chronic un-

predictable mild stress (CUMS) [24]. In addition, our recent studies

showed that H2S could prevent depressive-like actions in the behavioral

models of depression [25,26]. These data imply that H2S may be a

potential therapeutic target for the treatment of depression. However,

the mechanism underlying the anti-depressive effects of H2S remains

unknown. Thus, we wonder whether the anti-depression activity of

H2S is associated with its ability to diminish the corticosterone-induced

neurotoxicity.

Brain-derived neurotrophic factor (BDNF), an important neuro-

trophin, and its single transmembrane receptor, tropomysin-related

kinase B (TrkB) have been shown to have antidepressant-like effects

[27]. Accumulating evidence has demonstrated that serum BDNF

levels are low in depressed patients, which are restored to near normal

levels by antidepressant treatment [28–30]. Additionally, the levels

of BDNF in hippocampus are reduced in corticosterone-induced

mouse depression model [31]. Increasing data have shown that BDNF

has neuroprotective activity [32–34]. BDNF is responsible for the struc-

ture and function of plasticity in the brain [35], prevents damages to

neurons in the brain [36], and plays a key role in neural development

and maintenance of the central and peripheral neurons [37]. Therefore,

we hypothesize that BDNF-TrkB pathway may mediate the protective

activity of H2S against corticosterone-induced neurotoxicity.

The purpose of the present studywas to explorewhetherH2S protects

neurons against corticosterone-induced toxicity as well as the possible

regulatory role of BDNF-TrkB pathway in this protection. Our results de-

monstrats that H2S has protective activity against corticosterone-

induced neurotoxicity in PC12 cells, and that the underlying mechanism

may involve the up-regulation of BDNF-TrkB pathway.

Materials and Methods

Reagents

Corticosterone, Sodium hydrosulfide (NaHS), and K252a were obtained

from Sigma (St Louis, USA). Cell counting kit-8 (CCK-8) was supplied by

DojindoMolecular Technologies, Inc. (Rockvile, USA). Specificmonoclo-

nal antibody to BDNF was purchased from Epitomic Inc. (Burlingame,

UK). Anti-β-actin antibody was purchased from Proteintech (Danvers,

USA). Mitochondrial membrane potential (MMP) assay kit with JC-1

was purchased from Beyotime Biotechnology (Shanghai, China).

Cell culture

PC12 cells were supplied by the Experimental Animal Center of Sun

Yat-sen University (Guangzhou, China) and were routinely grown in

Dulbecco’s modified Eagle’s Medium (DMEM; GibicoBRL, Ground

Island, USA) supplemented with 10% heat-inactivated fetal bovine

serum (FBS) and 1% penicillin-streptomycin, and incubated at the

temperature of 37°C in a humidified incubator consisting of 95%

air and 5%CO2. The cell culture media was refreshed every other day.

Evaluation of cell viability

CCK-8 assay was used to evaluate the viability of PC12 cells. Cells

were seeded in 96-well culture plate at a concentration of 1 × 105 cells

per well. After treatment, 5 μl CCK-8 solutions were added to each

well and cells were incubated at 37°C for another 3 h. The optical density

of each well wasmeasured at 450 nm using amicroplate reader (Molecu-

lar Devices, Sunnyvale, USA). Optical density is directly proportional to

the numberof living cells in the culture. The data obtainedwere expressed

as percentage of viable cells relative to the untreated control group.

Analysis of apoptosis by flow cytometry

Apoptosis was evaluated by propidium iodide (PI) staining. PC12 cells

were seeded into 6-well plates at 1 × 106 cells per well. After treatment,

PC12 cells were detached with trypsin (2.5 g/l), centrifuged at 500 g

for 10 min and then washed twice with PBS. The collected cells were

fixed with 70% ethanol for 24 h at −20°C. After being washed with

PBS twice, PC12 cells were incubated with 1 mg/ml RNase (Sigma) at

37°C for 30 min. Finally, cells were stained with PI at a final concen-

tration of 50 mg/l in the dark at 4°C for 30 min, and then subject to

flow cytometry analysis (Beckman-Coulter, Pasadena, USA). In the

DNA histogram, the amplitude of the sub-G1 DNA peak was taken

as the number of apoptotic cells.

Assessment of intracellular reactive oxygen species

generation

The formation of intracellular reactive oxygen species (ROS) is de-

tected by nitro blue tetrazolium (NBT) assay based on NBT reduction.

That is, NBT is converted to purple formazan by superoxide anion in

the assay [38]. PC12 cells were seeded in 96-well plates at a density of

1 × 105 cells/well. At the end of treatment period, 100 μl of NBT solu-

tions (1.0 mg/ml in DMEM) was added into each well and then the

plates were cultured for 2 h at 37°C. After being washed with PBS

twice, PC12 cells were dissolved in 0.1 ml of 2 M KOH and 0.1 ml

of dimethyl sulfoxide (DMSO). Finally, the absorption of each well

was detected at the wavelength of 570 nm using a microplate reader.

Measurement of MMP

The MMP was measured using the JC-1 assay kit according to the

manufacturer’s instructions. PC12 cells were seeded in 35 mm dish.

When cells reached 70% confluence, cells were cultured with the indi-

cated conditioned-media for 24 h. After the mediumwas removed, the

cells were rinsed with PBS. Each dish was added with 1 ml cell suspen-

sion and 1 ml diluted JC-1 solution, and then maintained in a cell cul-

ture incubator. Twenty minutes later, the supernatant was removed

and cells were rinsed twice with JC-1 staining washing buffer (1×),

and then fluorescence was immediately determined by laser scanning

confocal microscopy (LSCM) and the mean fluorescence intensity

(MFI) was quantitative analyzed. The MFI of red or green was mea-

sured at an excitation of 490 nm and emission of 530 nm (green flor-

escent monomers) or 590 nm (red florescent aggregates), respectively

[39]. The ratio MFI of red fluorescence to MFI of green fluorescence is

an index of the level of MMP in the positive cells.
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Western blot analysis for BDNF expression

After drug treatment, PC12 cells were harvested and lysed with cell lysis

solution [20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100,

1 mM phenylmethylsulphonyl fluoride (PMSF), 1 mMNa3VO4, leupep-

tin, and EDTA] for 30 min at 4°C. The supernatant was collected after

centrifugation at 12,000 g for 10 min at 4°C and stored at−20°C. Protein

concentration was quantified using a BCA Protein Assay Kit (Solarbio,

Beijing, China). After denaturation at 100°C for 5 min in loading buffer,

the same amounts of supernatant from each samplewere seperated by 10

or 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis

(PAGE) with molecular weight ladders, then electrophoretically trans-

ferred onto actived polyvinylidene fluoride (PVDF) membrane, and

blocked with Tris-buffered saline with Tween 20 (TBST, 50 mM

Tris-HCl, pH7.4, 0.15MNaCl, 0.1%Tween-20) containing 5%Bovine

SerumAlbumin (BSA, Sigma) for 2 h. Subsequently, membranes were in-

cubated with the following primary antibodies: anti-BDNF monoclonal

antibody (1 : 1000) and anti-β-actin antibody (1 : 2000), overnight at

4°C. Duplicate blots probed with mouse anti-β-actin antibody were

used as loading controls. Blots were washed with TBST for three times,

and then incubated with appropriate horseradish peroxidase-conjugated

secondary antibodies (1 : 5000) in blocking solution for 2 h. After further

washing, the blots were visualized using the enhanced chemiluminescence

kit (Beyotime Biotechnology, Shanghai, China) under an image analysis

system equipped with a software BIO-ID (Vilber Lourmat, Marne la Val-

lee, France). The experiment was carried out three times.

Statistical analysis

Data were expressed as the mean ± standard error of means (S.E.M.).

The significance of inter-group differences was evaluated using one-

way analysis of variance (ANOVA). Differences were considered sig-

nificant at P < 0.05.

Results

H2S prevented corticosterone-induced cytotoxicity

in PC12 cells

The effect of H2S on the inhibition of cell viability caused by cortico-

sterone was first investigated in PC12 cells. The inhibition of cell

Figure 1. H2S attenuated the cytotoxicity of corticosterone in PC12 cells (A) PC12 cells were pretreated with different concentrations (0.08, 0.2 or 0.8 mM) of NaHS

for 30 min prior to 24 h-exposure to corticosterone (0.4 mM). (B) PC12 cells were pre-incubated with NaHS at a concentration of 0.2 mM for 30 min and then

co-treated with 0.2, 0.4, or 0.8 mM of corticosterone for 24 h. Cell viability was measured by CCK-8 assay. Data were presented as the mean ± SEM (n = 3).

**P < 0.01, ***P < 0.01 vs. control group. #P < 0.05, ##P < 0.01, ###P < 0.001, vs. corticosterone-treated alone group.

Figure 2. H2S repressed corticosterone-induced apoptosis in PC12 cells After pretreatment with 0.2 mM NaHS for 30 min, PC12 cells were exposed to 0.4 mM

corticosterone for 24 h. (A) The apoptosis of PC12 cells was detected by FCM after PI staining. (B) Quantitative analysis of the apoptosis rate. Data were

presented as the mean ± SEM (n = 3). ***P < 0.001, vs. control group. ###P < 0.001, vs. corticosterone-treated alone group.
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viability in PC12 cells induced by 24 h of incubation with 0.4 mM

corticosterone was significantly reversed by 30 min of pretreatment

with 0.08, 0.2 or 0.8 mMNaHS (Fig. 1A). Furthermore, pretreatment

for 30 min with 0.2 mMNaHS attenuated the decrease in the viability

of PC12 cells induced by 24 h of incubation with 0.2 or 0.4 mM cor-

ticosterone, but did not affect the inhibition of cell viability of PC12

cells induced by 24 h of incubation with 0.8 mM corticosterone

(Fig. 1B). These data indicated that H2S produced protective effects

against corticosterone-induced cytotoxicity.

H2S antagonized corticosterone-induced apoptosis

in PC12 cells

The effect of H2S on corticosterone-induced apoptosis was investi-

gated in PC12 cells. As shown in Fig. 2, after 24 h of treatment,

0.4 mM corticosterone triggered considerable apoptosis in PC12

cells. And this apoptotic effect was blocked by preincubation with

0.2 mM NaHS for 30 min. However, 0.2 mM NaHS alone did not

influence the apoptosis of PC12 cells. Taken together, these data sug-

gested that H2S played a protective role against corticosterone-induced

apoptosis.

H2S reduced corticosterone-induced accumulation

of intracellular ROS in PC12 cells

To further determine the protective effect of H2S against

corticosterone-induced neurotoxicity, we explored whether H2S

inhibited intracellular ROS accumulation caused by corticosterone

in PC12 cells. As illustrated in Fig. 3, pretreatment with 0.2 mM

NaHS for 30 min remarkably reversed the increase in the level of

intracellular ROS induced by treatment with 0.4 mM of cortico-

sterone for 24 h. Moreover, 0.2 mM NaHS alone also decreased

the basal level of intracellular ROS in PC12 cells. These data sug-

gested that H2S could protect PC12 cells from corticosterone-

induced oxidative stress.

H2S prevented corticosterone-induced dissipation

of MMP in PC12 cells

Dissipation ofMMP plays a key role in apoptosis [40], so we measured

MMP in PC12 cells with JC-1 staining. The reduced ratio of red fluor-

escence to green fluorescence indicates the loss of MPP [41]. As shown

in Fig. 4, the ratio of red fluorescence to green fluorescence in PC12 cells

was decreased after 24 h of treatment with 0.4 mM corticosterone.

However, 30 min of preincubation with 0.2 mMNaHS significantly re-

versed the decrease in the ratio of red fluorescence to green fluorescence

in PC12 cells caused by 24 h of incubationwith 0.4 mM corticosterone.

Furthermore, 0.2 mM NaHS alone had no effect on the ratio of red

fluorescence to green fluorescence in PC12 cells. These data indicated

a protective role of H2S against corticosterone-induced MMP loss.

H2S up-regulated BDNF expression and abolished

corticosterone-induced down-regulation of BDNF

expression in PC12 cells

To investigate whether BDNFmediated the mechanism underlying the

protective effect of H2S against corticosterone-triggered neurotoxicity,

we first explored whether H2S regulated the level of BDNF expression

in PC12 cells. After 24 h of incubation with 0.08, 0.2 or 0.8 mM

Figure 3. H2S abolished corticosterone-induced accumulation of intracellular

ROS in PC12 cells PC12 cells were pretreated with 0.2 mM NaHS for 30 min

and then co-treated with 0.4 mM corticosterone for 24 h. The level of ROS in

PC12 cells was detected by NBT reduction assay. Data were presented as the

mean ± SEM (n = 3). *P < 0.05, ***P < 0.001, vs. control group. #
P < 0.05, vs.

corticosterone-treated alone group.

Figure 4. H2S prevented the dissipation of MMP induced by corticosterone in PC12 cells After 30 min exposure to 0.2 mM NaHS, PC12 cells were co-treated with

0.4 mM corticosterone for 24 h. The level of MMP was determined by JC-1 staining. (A) The fluorescence of JC-1 in PC12 cells is observed under a confocal

microscope (200×). (B) The MMP in PC12 cells was quantitatively measured as the ratio MFI of red fluorescence to MFI of green fluorescence. Data were

presented as the mean ± SEM (n = 3). ***P < 0.001, vs. control group. ##P < 0.01, vs. corticosterone-treated alone group.
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NaHS, the expression of BDNF in PC12 cells was significantly in-

creased in a concentration-dependent manner (Fig. 5A). Moreover,

the suppressed expression of BDNF by 24 h of treatment with

0.4 mM corticosterone was remarkably abolished by 30 min of pre-

treatment with 0.2 mM NaHS (Fig. 5B). These data indicated an up-

regulatory role of H2S in BDNF expression.

Blocking BDNF-TrkB pathway attenuated the protective

effect of H2S against corticosterone-induced cytotoxicity

in PC12 cells

To determine the mediatory role of BDNF-TrkB pathway in the pro-

tective effect of H2S against corticosterone-elicited cytotoxicity in

PC12 cells, we further investigated whether K252a, a specific inhibitor

of BDNF-TrkB pathway, could abolish this protective effect of H2S

against corticosterone-elicited inhibition of cell viability in PC12

cells. As shown in Fig. 6, 10 or 20 nM K252a remarkably prevented

the increase in cell viability induced by treatment with NaHS, which

suggested that inhibition of BDNF-TrkB pathway reversed the protect-

ive effect of H2S against corticosterone-elicited cytotoxicity in PC12

cells. K252a at the concentration of 20 nM did not influence the cell

viability of PC12 cells. These data indicated that BDNF-TrkB pathway

may mediate the protective effect of H2S against corticosterone-

induced cytotoxicity.

Inhibition of BDNF-TrkB pathway suppressed the

protective effect of H2S against corticosterone-induced

apoptosis in PC12 cells

We further investigated whether the inhibition of BDNF-TrkB path-

way by K252a antagonized the protective effect of H2S against

corticosterone-induced apoptosis in PC12 cells. As illustrated in

Fig. 7, 10 nM K252a abolished NaHS-induced inhibition of PC12

cell apoptosis caused by 24 h incubation with 0.4 mM cortico-

sterone. Neither NaHS (0.2 mM) nor K252a (10 nM) alone signifi-

cantly affected the apoptosis of PC12 cells. Taken together, these data

demonstrated that BDNF-TrkB pathway could mediate the protective

role of H2S against corticosterone-induced apoptosis.

Blocking BDNF-TrkB pathway prevented the protective

effect of H2S against corticosterone-induced oxidative

stress in PC12 cells

The effect of K252a on the protective role of H2S against

corticosterone-induced oxidative stress was also investigated in

PC12. As shown in Fig. 8, pretreatment of PC12 cells with 10 nM

K252a for 30 min significantly reversed the NaHS-exerted inhibition

of accumulation of ROS caused by 24 h of incubation with 0.4 mM

corticosterone. NaHS (0.2 mM) or K252a (10 nM) alone did not

Figure 5. H2S augmented BDNF expression in PC12 cells (A) PC12 cells were exposed to 0.08, 0.2 or 0.8 mM NaHS for 24 h. (B) PC12 cells were pretreated with

0.2 mM NaHS for 30 min and then co-treated with 0.4 mM corticosterone for 24 h. The expression of BDNF was measured by western blot analysis. Data were

presented as the mean ± SEM (n = 3). **P < 0.01, vs. control group. #P < 0.05, vs. corticosterone-treated alone group.

Figure 6. K252a abolished the protective effect of H2S against the cytotoxicity

of corticosterone to PC12 cells PC12 cells were pretreated with 10 or 20 nM

K252a for 30 min before pretreatment with 0.2 mM NaHS for 30 min prior to

24-h exposure to 0.4 mM corticosterone. Cell viability was detected by CCK-8

assay. Datawere expressed as themean ± SEM (n = 3). ***P < 0.001, vs. control

group. ##P < 0.01, vs. corticosterone-treated alone group, $$P < 0.01, vs. NaHS

and corticosterone co-treatment group.
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affect the level of ROS. These data indicated that BDNF-TrkB path-

way may mediate the protective action of H2S against corticosterone-

induced oxidative stress.

Inhibition of BDNF-TrkB pathway abolished the

protective effect of H2S against corticosterone-induced

dissipation of MMP in PC12 cells

Finally, we investigated the effect of K252a on the H2S-exerted protec-

tion against the dissipation of MMP caused by corticosterone in PC12

cells. As shown in Fig. 9, pretreatment with 10 nMK252a remarkably

reversed the protective effect of NaHS against the dissipation of MMP

triggered by 24 h of incubation with 0.4 mM corticosterone in PC12

cells, suggesting that inhibition of BDNF-TrkB pathway could abolish

the protective effect of H2S against corticosterone-induced disspation

of MMP. NaHS (0.2 mM) or K252a (10 nM) alone had no effect on

the level of MMP.

Discussion

In the present study, we demonstrated that administration of PC12

cells with NaHS, a donor of H2S, significantly protected PC12 cells

against corticosterone-elicited cytotoxicity, apoptosis, accumulation

of intracellular ROS, and loss of MMP. In addition, our results

showed that H2S up-regulated BDNF expression and blocked

corticosterone-induced down-regulation of BDNF expression. Fur-

thermore, K252a, the inhibitor of TrkB receptor, abolished the

protective effect of H2S against the corticosterone-induced neurotox-

icity. Taken together, these findings reveal that BDNF-TrkB pathway

mediates the protective effect of H2S against the corticosterone-

induced neurotoxicity.

Corticosterone, a principal corticosteroid, has been shown to

elicit toxic effects on neurons [13,42,43]. Increasing data revealed

that increase in brain corticosterone concentration is associated with

depression [44–46]. Blocking the neurotoxicity of corticosterone

Figure 7. K252a abolished the protective effect of H2S against corticosterone-induced apoptosis in PC12 cells PC12 cells were pre-incubated with 10 nMK252a for

30 min before treatment with 0.2 mMNaHS for 30 min, and then exposed to 0.4 mM corticosterone for 24 h. The apoptosis of PC12 cells was assayed by FCMafter PI

staining. Data were expressed as the mean ± SEM (n = 3). ***P < 0.001, vs. control group. ###P < 0.001, vs. corticosterone-treated alone group, $$$P < 0.001, vs. NaHS

and corticosterone co-treatment group.
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could be a new therapeutic approach for the treatment of depres-

sion. H2S is a novel physiological mediator. We have previously

found the antidepressant-like action of H2S [25]. However, the me-

chanisms underlying H2S-mediated antidepressant-like role are not

clear. H2S has been reported to have neuroprotection activity

[47–49]. We previously showed that H2S prevented the neuro-

toxicity induced by homocysteine [50], formaldehyde [51], and

1-methy-4-phenylpyridinium ion [52]. Thus, the aim of present

work is to investigate whether H2S prevents the neurotoxicity of

corticosterone.

Numerous findings have demonstrated that corticosterone

causes neurotoxicity, apoptosis [13,42,53], and oxidative stress

[54,55]. Based on these findings, our present study was designed

to detect the toxicity of corticosterone to PC12 cells. PC12 cells

were derived from a tumor found in the rat adrenal medulla with ca-

techolaminergic neuronal properties [56]. PC12 cells have been ex-

tensively used as a model to study the neurotoxicity of numerous

stimulants in vitro [57–59]. Our data demonstrated that treatment

of PC12 cells with corticosterone obviously decreased the cell viabil-

ity, indicating the neurotoxic effect of corticosterone on PC12 cells.

We also demonstrated that treatment of PC12 cells with NaHS, the

H2S donor, significantly antagonized corticosterone-induced cycto-

toxicity in PC12 cells. Apoptosis is essential to the maintainance of

physiologic balance between cell death and cell growth, participates

in various biological processes, including the removal of unwanted

cells, developmental sculpturing and tissue homeostasis [60,61]. We

also showed that treatment of PC12 cells with NaHS attenuated the

apoptosis of PC12 cells caused by corticosterone. Oxidative stress

has been reported to mediate corticosterone-induced apoptosis in

PC12 cells [13]. Mitochondria are important organelles in a variety

of cells, particularly in the nervous system. Mitochondria play a

crucial role in energy production [62]. Mitochondrial damage, an

early event during apoptosis, is a crucial factor related to cell

death and some models of apoptosis [40]. Mitochondrial damage

is concomitant with the alteration of MMP and generation of

intracellular ROS in apoptosis [63]. We further detected the influ-

ences of H2S on the changes of ROS and MMP resulted from

corticosterone treatment. It was found that NaHS prevented cortico-

sterone-induced accumulation of ROS and loss of MMP in PC12

cells. Taken together, our data demonstrated the protective role of

H2S against the neurotoxicity of corticosterone. It was reported

that the neurotoxicity of corticosterone plays an important role

in the development of depression [14,15]. In addition, our recent

studies have shown that H2S has antidepressant-like effect

[25,26]. Thus, we suggest that the anti-depressive effect of H2S may

be related to its inhibitory effect against the corticosterone-induced

neurotoxicity

We further explored the possible mechanisms underlying the

protective effect of H2S against the corticosterone-induced neuro-

toxicity. BDNF is a member of the neurotrophin family and the

activity of BDNF is mediated by the high-affinity TrkB receptor

[64]. Accumulated observations have demonstrated that BDNF in-

duces neuroprotective effects [65–67]. Therefore, we focused on

the role of BDNF in the protective effect of H2S against the

corticosterone-induced neurotoxicity. Our present observations

showed that NaHS increased BDNF level and reversed the inhib-

ition of BDNF level induced by corticosterone in PC12 cells.

Furthermore, we also found that K252a, the inhibitor of BDNF-

TrkB pathway, significantly reversed the protective role of H2S

against corticosterone-induced cytotoxicity, apoptosis, accumula-

tion of ROS, and loss of MMP. In the present study, we use low

concentration (20 nM) of K252a, which does not cause apoptosis.

If K252a alone causes apoptosis, it will be difficult to identify

whether the apoptosis induced by co-treatment with K252a

(10 nM), NaHS (0.2 mM), and corticosterone (0.4 mM) is resulted

from the inhibition of BDNF-TrkB pathway-induced prevention

against the protective effect of H2S on the corticosterone toxicity

or from the damange of K252a itself. A previous study from

Wang et al. [68] has revealed that BDNF/TrkB signaling pathway

might mediate the neuroprotective effect of curcumin against

glutamate excitotoxicity. Moreover, our recent studies have

demonstrated that up-regulation of the BDNF-TrkB pathway is re-

sponsible for the H2S-exerted inhibitory effect on homocysteine-

induced endoplasmic reticulum stress and neuronal apoptosis in

rat hippocampus [67] and that BDNF-TrkB pathway is involved

in the H2S-induced neuroprotective effect against the neurotoxicity

of formaldehyde [57]. According to these observations, we think

that up-regulation of BDNF-TrkB is sufficient and necessary for

neuronal protection. In addition, Jiang et al. [69] have shown

that BDNF-TrkB pathway mediates the antidepressant actions of

SKF83959 in a chronic social defeat stress model of depression.

Koike et al. [27] have revealed that BDNF/TrkB signaling may be

involved in the sustained antidepressant-like role of LY341495.

Thus, up-regulating BDNF-TrkB is sufficient and necessary for

anti-depression. Therefore, we conclude that BDNF-TrkB path-

way mediates H2S-induced protection against the neurotoxicity of

corticosterone.

In conclusion, our present work confirmed that H2S attenuated

corticosterone-exerted neurotoxicity to PC12 cells. We further

found that blocking BDNF-TrkB pathway could prevent the protective

role of H2S against the neurotoxicity of corticosterone to PC12 cells.

These data reveal that BDNF-TrkB pathway is responsible for the pro-

tective effect of H2S against corticosterone-mediated neurotoxicity.

Our findings provide a novel insight into the mechanism underlying

H2S-mediated antidepressant-like action.

Figure 8. K252a abolished the protective effect of H2S against

corticosterone-elicited oxidative stress in PC12 cells PC12 cells were

pre-incubated with 10 nM K252a for 30 min before treatment with 0.2 mM

NaHS for 30 min. PC12 cells were pre-incubated with 0.2 mM NaHS for

30 min and then co-treated with 0.4 mM corticosterone for 24 h. The level of

intracellular ROS was determined by NBT reduction assay. Data were

expressed as the mean ± SEM (n = 3). *P < 0.05, ***P < 0.001, vs. control

group. #
P < 0.05, vs. corticosterone-treated alone group. $$

P < 0.01, vs. NaHS

and corticosterone co-treatment group.

Role of H2S in corticosterone neurotoxicity 921

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/a
b
b
s
/a

rtic
le

/4
7
/1

1
/9

1
5
/1

4
7
6
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Funding

This work was supported by the grants from the National Natural

Science Foundation of China (No. 81371485), the Zhengxiang

Scholar Program of University of South China (2014-004), and the

Construct Program of the Key Discipline in Hunan Province.

References

1. Ferrari AJ, Somerville AJ, Baxter AJ, Norman R, Patten SB, Vos T,

Whiteford HA. Global variation in the prevalence and incidence of major

depressive disorder: a systematic review of the epidemiological literature.

Psychol Med 2013, 43: 471–481.

2. Kessler RC, Chiu WT, Demler O, Merikangas KR, Walters EE. Prevalence,

severity, and comorbidity of 12-month DSM-IV disorders in the National

Comorbidity Survey Replication. Arch Gen Psychiatry 2005, 62: 617–627.

3. Risch N, Herrell R, Lehner T, Liang KY, Eaves L, Hoh J, Griem A, et al.

Interaction between the serotonin transporter gene (5-HTTLPR), stressful

life events, and risk of depression: a meta-analysis. JAMA 2009, 301:

2462–2471.

4. Wang J.Work stress as a risk factor for major depressive episode(s). Psychol

Med 2005, 35: 865–871.

Figure 9. K252a abolished the protective effect of H2S against the corticosterone-triggered MMP loss in PC12 cells PC12 cells were pretreated with 10 nM K252a

for 30 min before incubation with 0.2 mM NaHS for 30 min. Then cells were exposed to 0.4 mM corticosterone for 24-h. (A) The fluorescence of JC-1 in PC12 cells

was observed under a confocal microscope (200×). (B) The MMP in PC12 cells was quantitatively measured as the ratio MFI of red fluorescence to MFI of green

fluorescence. Data were expressed as the mean ± SEM (n = 3). ***P < 0.001, vs. control group. ##P < 0.01, vs. corticosterone-treated alone group. $$
P < 0.01, vs.

NaHS and corticosterone co-treatment group.

922 Role of H2S in corticosterone neurotoxicity

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/a
b
b
s
/a

rtic
le

/4
7
/1

1
/9

1
5
/1

4
7
6
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



5. Pariante CM, Lightman SL. The HPA axis in major depression: classical

theories and new developments. Trends Neurosci 2008, 31: 464–468.

6. Brown ES. Effects of glucocorticoids onmood,memory, and the hippocampus.

Treatment and preventive therapy. Ann N Y Acad Sci 2009, 1179: 41–55.

7. Tata DA, Anderson BJ. The effects of chronic glucocorticoid exposure on

dendritic length, synapse numbers and glial volume in animal models: im-

plications for hippocampal volume reductions in depression. Physiol Behav

2010, 99: 186–193.

8. Zhao Y, Ma R, Shen J, Su H, Xing D, Du L. A mouse model of depression

induced by repeated corticosterone injections. Eur J Pharmacol 2008, 581:

113–120.

9. Mitra R, Sapolsky RM. Acute corticosterone treatment is sufficient to in-

duce anxiety and amygdaloid dendritic hypertrophy. Proc Natl Acad Sci

USA 2008, 105: 5573–5578.

10. Zhang H, Zhao Y, Wang Z. Chronic corticosterone exposure reduces hip-

pocampal astrocyte structural plasticity and induces hippocampal atrophy

in mice. Neurosci Lett 2015, 592: 76–81.

11. Zhang HY, Zhao YN,Wang ZL, Huang YF. Chronic corticosterone expos-

ure reduces hippocampal glycogen level and induces depression-like behav-

ior in mice. J Zhejiang Univ Sci B 2015, 16: 62–69.

12. Jiang Y, Li Z, Liu Y, Liu X, Chang Q, Liao Y, Pan R. Neuroprotective effect

of water extract of Panax ginseng on corticosterone-induced apoptosis in

PC12 cells and its underlying molecule mechanisms. J Ethnopharmacol

2015, 159: 102–112.

13. Liu Y, Shen S, Li Z, Jiang Y, Si J, Chang Q, Liu X, et al. Cajaninstilbene acid

protects corticosterone-induced injury in PC12 cells by inhibiting oxidative

and endoplasmic reticulum stress-mediated apoptosis. Neurochem Int

2014, 78: 43–52.

14. Wuwongse S, Cheng SS,WongGT, Hung CH, ZhangNQ,HoYS, LawAC,

et al. Effects of corticosterone and amyloid-beta on proteins essential for

synaptic function: implications for depression and Alzheimer’s disease.

Biochim Biophys Acta 2013, 1832: 2245–2256.

15. Wang G, Cheng Y, Gong M, Liang B, Zhang M, Chen Y, Zhang C, et al.

Systematic correlation between spine plasticity and the anxiety/depression-

like phenotype induced by corticosterone in mice. Neuroreport 2013, 24:

682–687.

16. Wang R. Gasotransmitters: growing pains and joys. Trends Biochem Sci

2014, 39: 227–232.

17. Wang R. Two’s company, three’s a crowd: can H2S be the third endogenous

gaseous transmitter? FASEB J 2002, 16: 1792–1798.

18. Li L, Rose P, Moore PK. Hydrogen sulfide and cell signaling. Ann Rev

Pharmacol Toxicol 2011, 51: 169–187.

19. Xue X, Bian JS. Neuroprotective effects of hydrogen sulfide in Parkinson’s

disease animal models: methods and protocols. Methods Enzymol 2015,

554: 169–186.

20. Chen WL, Niu YY, Jiang WZ, Tang HL, Zhang C, Xia QM, Tang XQ.

Neuroprotective effects of hydrogen sulfide and the underlying signaling

pathways. Rev Neurosci 2015, 26: 129–142.

21. Vandiver MS, Paul BD, Xu R, Karuppagounder S, Rao F, Snowman AM,

Ko HS, et al. Sulfhydration mediates neuroprotective actions of parkin.Nat

Commun 2013, 4: 1626.

22. Zhou CF, Tang XQ. Hydrogen sulfide and nervous system regulation. Chin

Med J 2011, 124: 3576–3582.

23. Kimura H, Shibuya N, Kimura Y. Hydrogen sulfide is a signaling molecule

and a cytoprotectant. Antioxid Redox Signal 2012, 17: 45–57.

24. Tan H, Zou W, Jiang J, Tian Y, Xiao Z, Bi L, Zeng H, et al. Disturbance of

hippocampal H2S generation contributes to CUMS-induced depression-like

behavior: involvement in endoplasmic reticulum stress of hippocampus.

Acta Biochim Biophys Sin 2015, 47: 285–291.

25. Chen WL, Xie B, Zhang C, Xu KL, Niu YY, Tang XQ, Zhang P, et al.

Antidepressant-like and anxiolytic-like effects of hydrogen sulfide in behav-

ioral models of depression and anxiety. Behav Pharmacol 2013, 24:

590–597.

26. Tang ZJ, Zou W, Yuan J, Zhang P, Tian Y, Xiao ZF, Li MH, et al.

Antidepressant-like and anxiolytic-like effects of hydrogen sulfide in

streptozotocin-induced diabetic rats through inhibition of hippocampal oxi-

dative stress. Behav Pharmacol 2015, 26: 427–435.

27. Koike H, Fukumoto K, Iijima M, Chaki S. Role of BDNF/TrkB signaling in

antidepressant-like effects of a group II metabotropic glutamate receptor an-

tagonist in animal models of depression. Behav Brain Res 2013, 238:

48–52.

28. Fernandes B, Gama CS, Massuda R, Torres M, Camargo D, Kunz M,

Belmonte-de-Abreu PS, et al. Serum brain-derived neurotrophic factor

(BDNF) is not associated with response to electroconvulsive therapy

(ECT): a pilot study in drug resistant depressed patients. Neurosci Lett

2009, 453: 195–198.

29. Hoyer C, Kranaster L, Sartorius A, Hellweg R, Gass P. Long-term course of

brain-derived neurotrophic factor serum levels in a patient treated with deep

brain stimulation of the lateral habenula. Neuropsychobiology 2012, 65:

147–152.

30. Pallavi P, Sagar R, Mehta M, Sharma S, Subramanium A, Shamshi F,

Sengupta U, et al. Serum neurotrophic factors in adolescent depression: gen-

der difference and correlation with clinical severity. J Affect Disord 2013,

150: 415–423.

31. Chen L, Dai J, Wang Z, Zhang H, Huang Y, Zhao Y. Ginseng total sapo-

nins reverse corticosterone-induced changes in depression-like behavior and

hippocampal plasticity-related proteins by interfering with GSK-3 beta-

CREB signaling pathway. Evid Based Complement Alternat Med 2014,

2014: 506735.

32. Ortin-Martinez A, Valiente-Soriano FJ, Garcia-Ayuso D, Alarcon-

Martinez L, Jimenez-Lopez M, Bernal-Garro JM, Nieto-Lopez L, et al. A

novel in vivo model of focal light emitting diode-induced cone-

photoreceptor phototoxicity: neuroprotection afforded by brimonidine,

BDNF, PEDF or bFGF. PloS One 2014, 9: e113798.

33. Neumann JT, Thompson JW, Raval AP, Cohan CH, Koronowski KB,

Perez-Pinzon MA. Increased BDNF protein expression after ischemic

or PKC epsilon preconditioning promotes electrophysiologic changes

that lead to neuroprotection. J Cereb Blood Flow Metab 2015, 35:

121–130.

34. Van Kanegan MJ, He DN, Dunn DE, Yang P, Newman RA, West AE,

Lo DC. BDNF mediates neuroprotection against oxygen-glucose depriv-

ation by the cardiac glycoside oleandrin. J Neurosci 2014, 34: 963–968.

35. Poo MM. Neurotrophins as synaptic modulators. Nat Rev Neurosci 2001,

2: 24–32.

36. Lindvall O, Kokaia Z, Bengzon J, Elmer E, Kokaia M. Neurotrophins and

brain insults. Trends Neurosci 1994, 17: 490–496.

37. Lewin GR, Barde YA. Physiology of the neurotrophins. Ann Rev Neurosci

1996, 19: 289–317.

38. Choi HS, Kim JW, Cha YN, Kim C. A quantitative nitroblue tetrazolium

assay for determining intracellular superoxide anion production in phago-

cytic cells. J Immunoass Immunochem 2006, 27: 31–44.

39. Wang YH, Yu HT, Pu XP, Du GH. Myricitrin alleviates

methylglyoxal-induced mitochondrial dysfunction and AGEs/RAGE/

NF-kappaB pathway activation in SH-SY5Y cells. J Mol Neurosci 2014,

53: 562–570.

40. Petronilli V, Penzo D, Scorrano L, Bernardi P, Di Lisa F. The mitochondrial

permeability transition, release of cytochrome c and cell death. Correlation

with the duration of pore openings in situ. J Biol Chem 2001, 276:

12030–12034.

41. Smiley ST, Reers M, Mottola-Hartshorn C, Lin M, Chen A, Smith TW,

Steele GD Jr, et al. Intracellular heterogeneity in mitochondrial membrane

potentials revealed by a J-aggregate-forming lipophilic cation JC-1. Proc

Natl Acad Sci USA 1991, 88: 3671–3675.

42. Jiang BP, Liu YM, Le L, Li ZY, Si JY, Liu XM, Chang Q, et al. Cajaninstil-

bene acid prevents corticosterone-induced apoptosis in PC12 cells by inhi-

biting the mitochondrial apoptotic pathway. Cell Physiol Biochem 2014,

34: 1015–1026.

43. Nakatani Y, Tsuji M, Amano T,Miyagawa K,Miyagishi H, Saito A, Imai T,

et al. Neuroprotective effect of yokukansan against cytotoxicity induced by

corticosterone on mouse hippocampal neurons. Phytomedicine 2014, 21:

1458–1465.

44. Gregus A, Wintink AJ, Davis AC, Kalynchuk LE. Effect of repeated cortico-

sterone injections and restraint stress on anxiety and depression-like behav-

ior in male rats. Behav Brain Res 2005, 156: 105–114.

Role of H2S in corticosterone neurotoxicity 923

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/a
b
b
s
/a

rtic
le

/4
7
/1

1
/9

1
5
/1

4
7
6
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



45. Rosa PB, Ribeiro CM, Bettio LE, Colla A, Lieberknecht V, Moretti M,

Rodrigues AL. Folic acid prevents depressive-like behavior induced by

chronic corticosterone treatment in mice. Pharmacol Biochem Behav

2014, 127: 1–6.

46. Workman JL, Chan MY, Galea LA. Prior high corticosterone exposure re-

duces activation of immature neurons in the ventral hippocampus in re-

sponse to spatial and nonspatial memory. Hippocampus 2015, 25:

329–344.

47. Zhang M, Shan H, Chang P, Wang T, Dong W, Chen X, Tao L. Hydrogen

sulfide offers neuroprotection on traumatic brain injury in parallel with re-

duced apoptosis and autophagy in mice. PloS One 2014, 9: e87241.

48. Zhang Q, Yuan L, Liu D, Wang J, Wang S, Gong Y, Liu H, et al. Hydrogen

sulfide attenuates hypoxia-induced neurotoxicity through inhibiting micro-

glial activation. Pharmacol Res 2014, 84: 32–44.

49. Tang XQ, Chen RQ, Dong L, Ren YK, Del Soldato P, Sparatore A, Liao DF.

Role of paraoxonase-1 in the protection of hydrogen sulfide-donating silde-

nafil (ACS6) against homocysteine-induced neurotoxicity. J Mol Neurosci

2013, 50: 70–77.

50. Tang XQ, Shen XT, Huang YE, Ren YK, Chen RQ, Hu B, He JQ, et al.

Hydrogen sulfide antagonizes homocysteine-induced neurotoxicity in

PC12 cells. Neurosci Res 2010, 68: 241–249.

51. Li X, Zhang KY, Zhang P, Chen LX, Wang L, Xie M, Wang CY, et al.

Hydrogen sulfide inhibits formaldehyde-induced endoplasmic reticulum

stress in PC12 cells by upregulation of SIRT-1. PloS one 2014, 9: e89856.

52. Tang XQ, Zhuang YY, Fan LL, Fang HR, Zhou CF, Zhang P, Hu B.

Involvement of K(ATP)/PI (3)K/AKT/Bcl-2 pathway in hydrogen sulfide-

induced neuroprotection against the toxicity of 1-methy-4-phenylpyridinium

ion. J Mol Neurosci 2012, 46: 442–449.

53. Chen L, Sun Z, Wang F, Xu C, Geng M, Chen H, Duan D. Shuyusan-

containing serum protects SH-SY5Y cells against corticosterone-induced

impairment. Neural Regen Res 2013, 8: 2060–2068.

54. Gupta D, Radhakrishnan M, Kurhe Y. Effect of a novel 5-HT receptor an-

tagonist 4i, in corticosterone-induced depression-like behavior and oxida-

tive stress in mice. Steroids 2015, 96C: 95–102.

55. Zeng ZK, Li QY, Piao XS, Liu JD, Zhao PF, Xu X, Zhang S, et al. Forsythia

suspensa extract attenuates corticosterone-induced growth inhibition,

oxidative injury, and immune depression in broilers. Poult Sci 2014, 93:

1774–1781.

56. Greene LA, Tischler AS. Establishment of a noradrenergic clonal line of rat

adrenal pheochromocytoma cells which respond to nerve growth factor.

Proc Natl Acad Sci USA 1976, 73: 2424–2428.

57. Jiang JM, Zhou CF, Gao SL, Tian Y, Wang CY, Wang L, Gu HF, et al.

BDNF-TrkB pathway mediates neuroprotection of hydrogen sulfide against

formaldehyde-induced toxicity to PC12 cells. PloS One 2015, 10:

e0119478.

58. Sun YP, Liu JP. Blockade of emodin on amyloid-beta 25–35-induced neuro-

toxicity in AbetaPP/PS1 mice and PC12 cells through activation of the class

III phosphatidylinositol 3-kinase/Beclin-1/B-cell lymphoma 2 pathway.

Planta Medica 2015, 81: 108–115.

59. Liu W, Kong S, Xie Q, Su J, Li W, Guo H, Li S, et al. Protective effects of

apigenin against 1-methyl-4-phenylpyridinium ioninduced neurotoxicity in

PC12 cells. Int J Mol Med 2015, 35: 739–746.

60. Koff JL, Ramachandiran S, Bernal-Mizrachi L. A time to kill: targeting

apoptosis in cancer. Int J Mol Sci 2015, 16: 2942–2955.

61. Tang XQ, Ren YK, Zhou CF, Yang CT, Gu HF, He JQ, Chen RQ, et al.

Hydrogen sulfide prevents formaldehyde-induced neurotoxicity to PC12

cells by attenuation of mitochondrial dysfunction and pro-apoptotic poten-

tial. Neurochem Int 2012, 61: 16–24.

62. Knott AB, Perkins G, Schwarzenbacher R, Bossy-Wetzel E. Mitochondrial

fragmentation in neurodegeneration. Nat Rev Neurosci 2008, 9: 505–518.

63. Kim WH, Park WB, Gao B, Jung MH. Critical role of reactive oxygen spe-

cies and mitochondrial membrane potential in Korean mistletoe

lectin-induced apoptosis in human hepatocarcinoma cells. Mol Pharmacol

2004, 66: 1383–1396.

64. Chao MV, Hempstead BL. p75 and Trk: a two-receptor system. Trends

Neurosci 1995, 18: 321–326.

65. Mao XY, Cao YG, Ji Z, Zhou HH, Liu ZQ, Sun HL. Topiramate protects

against glutamate excitotoxicity via activating BDNF/TrkB-dependent ERK

pathway in rodent hippocampal neurons. Prog Neuro-psychoph 2015,

60C: 11–17.

66. Qi D, Ouyang C, Wang Y, Zhang S, Ma X, Song Y, Yu H, et al. HO-1

attenuates hippocampal neurons injury via the activation of BDNF-

TrkB-PI3K/Akt signaling pathway in stroke. Brain Res 2014, 1577: 69–76.

67. Wei HJ, Xu JH, Li MH, Tang JP, ZouW, Zhang P,Wang L, et al. Hydrogen

sulfide inhibits homocysteine-induced endoplasmic reticulum stress and

neuronal apoptosis in rat hippocampus via upregulation of the BDNF-TrkB

pathway. Acta pharmacol Sin 2014, 35: 707–715.

68. Wang R, Li YB, Li YH, Xu Y, Wu HL, Li XJ. Curcumin protects against

glutamate excitotoxicity in rat cerebral cortical neurons by increasing brain-

derived neurotrophic factor level and activating TrkB. Brain Res 2008,

1210: 84–91.

69. Jiang B, Wang F, Yang S, Fang P, Deng ZF, Xiao JL, Hu ZL,

et al. SKF83959 produces antidepressant effects in a chronic social

defeat stress model of depression through BDNF-TrkB pathway.

Int J Neuropsychopharmacol 2014, 18: pii: pyu096. doi: 10.1093/ijnp/

pyu096.

924 Role of H2S in corticosterone neurotoxicity

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/a
b
b
s
/a

rtic
le

/4
7
/1

1
/9

1
5
/1

4
7
6
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2


