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Abstract We have demonstrated the neuroprotection of

hydrogen sulfide (H2S) against chemical hypoxia-induced

injury by inhibiting p38MAPK pathway. The present study

attempts to evaluate the effect of H2S on chemical

hypoxia-induced inflammation responses and its mecha-

nisms in PC12 cells. We found that treatment of PC12

cells with cobalt chloride (CoCl2, a hypoxia mimetic

agent) enhanced IL-6 secretion, nitric oxide (NO) gener-

ation and expression levels of inducible nitric oxide syn-

thase (iNOS) and neuronal nitric oxide synthase (nNOS).

L-canavanine, a selective iNOS inhibitor, partly blocked

CoCl2-induced cytotoxicity, apoptosis and mitochondrial

insult. In addition, 7-Nitroindazole (7-NI), an inhibitor

of nNOS, also partly attenuated the CoCl2-induced cyto-

toxicity. The inhibition of p38MAPK by SB203580 (a

selective p38MAPK inhibitor) or genetic silencing of

p38MAPK by RNAi (Si-p38) depressed not only CoCl2
-induced iNOS expression, NO production, but also IL-6

secretion. In addition, N-acetyl-L-cysteine, a reactive

oxygen species (ROS) scavenger, conferred a similar

protective effect of SB203580 or Si-p38 against CoCl2-

induced inflammatory responses. Importantly, pretreat-

ment of PC12 cells with exogenous application of sodium

hydrosulfide (a H2S donor, 400 lmol/l) for 30 min before

exposure to CoCl2 markedly attenuated chemical hypoxia-

stimulated iNOS and nNOS expression, NO generation

and IL-6 secretion as well as p38MAPK phosphorylation

in PC12 cells. Taken together, we demonstrated that

p38MAPK-iNOS pathway contributes to chemical

hypoxia-induced inflammation and that H2S produces an

anti-inflammatory effect in chemical hypoxia-stimulated

PC12 cells, which may be partly due to inhibition of ROS-

activated p38MAPK-iNOS pathway.
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Introduction

Hydrogen sulfide (H2S) has been considered for decades only

a cytotoxic gas. However, H2S, recently recognized as the

third ‘‘gas signal molecule’’ alongside nitric oxide (NO) and

carbon monoxide (CO) [1], has been attracted extensive

attention due to its multiple physiological and pathophysio-

logical effects in various body systems [1–5]. Accumulating

evidence suggests that H2S may serve as an important neu-

roprotective agent. One of the most important mechanisms

underlying H2S protection is its antioxidation. H2S exerts its

protective effect not only by increasing reduced glutathione

(GSH) in neurons [6], but also by directly scavenging

superoxide anions, hydrogen peroxide (H2O2) [7] and per-

oxynitrite [8] to suppress oxidative stress. However, the exact

role of H2S in inflammation is controversial since both pro-

and anti-inflammatory effects have been revealed [9]. It has

been found that H2S exhibits pro-inflammatory role in animal

models of pancreatitis, septic/endotoxic, and hemorrhagic

shock [4, 10–12]. However, in the lipopolysaccharide-

stimulated microglia and astrocytes, H2S can protect against

inflammatory effect [13]. Additionally, we have also dem-

onstrated H2S has an anti-inflammatory effect in the chemical

hypoxia-stimulated skin cells [14], but whether H2S prevents

from the chemical hypoxia-induced inflammation in PC12

cells has not been reported.

Cobalt chloride (CoCl2) is a well-known mimetic agent of

hypoxia/ischemia, which induces oxidative stress [15–17].

PC12 cells have been widely used as a well-established

model for exploring many aspects of the cellular biology of

neurons. Hence, in this study, PC12 cells were treated with

CoCl2 to establish the chemical hypoxia-induced injury

model, in which we investigated: (a) the effect of H2S on the

pro-inflammatory factors induced by CoCl2; (b) role of p38

mitogen-activated protein kinase (MAPK) in the CoCl2-

induced inflammation; (c) role of inhibition of p38MAPK-

iNOS pathway in the anti-inflammatory effect of H2S. We

found that CoCl2 induces not only PC12 cells injury and

inflammatory responses (including increases in the expres-

sion of iNOS, production of NO and secretion of IL-6), but

also the activation of p38MAPK pathway which contributes

to the CoCl2-induced injury and inflammation and that

exogenous H2S protects PC12 cells against the CoCl2-

induced inflammation by inhibition of p38MAPK-iNOS

pathway activated by ROS.

Materials and Methods

Materials

Sodium hydrosulfide (NaHS), CoCl2, N-acetyl-L-cysteine

(NAC), L-canavanine, 7-Nitronidazole (7-NI), 5,50,6,

60-tetrachloro-1,10,3,30-tetraethylbenzimidazol-carbocanine

iodide (JC-1), Hoechst 33258 and propidium iodide (PI)

were purchased from Sigma-Aldrich (St Louis, MO, USA).

The cell counter kit-8 (CCK-8) was purchased from

Dojindo Lab (Kumamoto, Japan). DMEM medium and

fetal bovine serum (FBS) were supplied by Gibco BRL

(Grand Island, NY, USA). Anti-p38 antibody, anti-p-p38

antibody and SB203580 were purchased from Cell Sig-

naling Technology (Boston, MA, USA). Specific mono-

clonal anti-iNOS or anti-nNOS antibody was obtained from

Santa cruz Biotechnology, Inc (Delaware Avenue, CA,

USA). The Griess reagent assay kit and L-canavanine

were obtained from Beyotime Institute of Biotechnology

(Haimen, China). Enzyme-linked immunosorbent assay

(ELISA) kit was provided by Boster Bio-Engineering

Limited Company (Wuhan, China). Anti-b-actin antibody,

horseradish peroxidase (HRP)-conjugated secondary anti-

body and BCA protein assay kit were purchased from

KangChen Bio-tech, Inc (Shanghai, China). Enhanced

chemiluminescence (ECL) solution was purchased from

KeyGen Biotech (Nanjing, China).

Cell Culture and Treatments

The differentiated PC12 cells, a rat pheochromocytoma

cell line, were purchased from Sun Yat-sen University

Experimental Animal Center (Guangzhou, China). The

cells were grown in DMEM medium supplemented with

10 % FBS at 37 �C under an atmosphere of 5 % CO2 and

95 % air. According to our previous study [18], chemical

hypoxia was achieved by adding CoCl2 at 600 lmol/l into

the medium and the cells were incubated in the presence of

CoCl2 for the indicated times. The anti-inflammatory

effects of H2S were observed by administering 400 lmol/l

NaHS (a donor of H2S) for 30 min prior to exposure to

CoCl2 for 24 h. NAC or SB203580 (a selective inhibitor of

p38MAPK) was administered 60 min prior to exposure to

600 lmol/l CoCl2 for 24 h. L-canavanine was administered

60 min prior to exposure to 600 lmol/l CoCl2 for 24 h.

Cell Viability Assay

PC12 cells in logarithmic growth curves were inoculated

onto 96-well plates at a concentration of 1 9 104/ml, and

the cell viability was assessed by the CCK-8 assay. After

the indicated treatments, 10 ll CCK-8 solution was added

to each well of the plate and the cells in the plate were

incubated for 4 h in the incubator. The absorbance at

450 nm was measured with a microplate reader (Molecular

Devices, Sunnyvale, CA, USA). Means of 4 wells optical

density (OD) in the indicated groups were used to calculate

percentage of cell viability according to the formula below:
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cell viability (%) = (ODtreatment group/ODcontrol group) 9 100 %.

The experiment was repeated 3 times.

Nuclear Staining for Assessment of Apoptosis

Apoptotic cell death was determined by the Hoechst33258

staining method. Cells were plated in 35 mm dishes at a

density of 1 9 106 cells/well. Cells were preconditioned

with 400 lmol/l NaHS for 30 min, subsequently exposed

to 600 lmol/l CoCl2 for 48 h. To test the role of iNOS/NO

in the CoCl2-induced apoptosis, cells were pretreated with

the iNOS inhibitor L-canavanine for 60 min prior to

exposure of cells to CoCl2 for 48 h. At the end of the

indicated treatments, cells were harvested and fixed with

4 % paraformaldehyde in 0.1 mol/l phosphate–buffered

saline (PBS, pH 7.4) for 10 min. After rinsing with PBS,

the nuclear DNA was stained with 5 mg/ml Hoechst33258

dye for 10 min before being rinsed briefly with PBS and

then visualized under a fluorescence microscope (Bx50-

FLA; Olympus, Tokyo, Japan). Viable cells displayed a

uniform blue fluorescence throughout the nucleus, whereas

apoptotic cells showed condensed and fragmented nuclei.

Flow Cytometry Analysis of Apoptosis

PC12 cells were treated as previously described. Adherent

cells were enzymatically digested with trypsin (2.5 mg/ml).

Following centrifugation at 350g for 10 min, the supernatant

was removed. Cells were washed twice with PBS and fixed

with 70 % ice-cold ethanol. Cells were then centrifuged at

350g for 10 min, washed twice with PBS and adjusted to a

concentration of 1 9 106 cells/ml. Then, 0.5 ml RNase

(1 mg/ml in PBS) was added to a 0.5 ml cell sample. After

gentle mixing with PI (at a terminal concentration of 50 mg/l),

mixed cells were filtered and incubated in the dark at 4 �C for

30 min before flow cytometric analysis. The PI fluorescence

of individual nuclei was measured by a flow cytometer (FCM)

(Beckman-Coulter, Los Angeles, CA, USA). (excitation:

488 nm, emission: 615 nm). The research software matched

with FCM was used to analyze all the data of DNA labeling. In

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

which is lower than the G1 DNA peak, represents the number

of apoptotic cells. The experiment was repeated 3 times.

Measurement of Mitochondrial Membrane Potential

To determine the mitochondrial membrane potential

(MMP), the lipophilic cationic probe JC-1 was used. In

living cells, JC-1 exists either as a green fluorescent mono-

mer at low membrane potential or as an orange-red fluo-

rescent J-aggregate at high membrane potentials. The ratio

of red/green JC-1 fluorescence is dependent on the MMP. In

the present study, PC12 cells were cultured in 24 well plates

and suffered from the indicated treatments. JC-1 (5 mg/l)

was added and incubated for 30 min at 37 �C and the fluo-

rescence was observed over the entire field of vision by a

inverted fluorescence microscope (Axio Observer Z1, Carl

Zeiss, Germany) connected to an imaging system. The ratio

of red/green fluorescent density from 4 random fields was

analyzed by AxioVision Microscope Software of Carl Zeiss.

The experiment was repeated 5 times.

NO Determination in Culture Supernatant

Accumulated nitrite, an indicator of the production of NO, was

measured after the treatment with 600 lmol/l CoCl2 for 48 h

in PC12 cells. Nitrite was measured in the culture supernatant

using a commercial kit. Briefly, 50 ll aliquots of cell culture

medium from each dish were collected and mixed with 100 ll

of Griess reagent (50 ll of 1 % sulfanilamide ? 50 ll of

0.1 % naphthylethylenediamine dihydrochloride in 2.5 %

H3PD4) in a 96-well microtiter plate. The absorbance of NO2
-

was read at 520 nm using a plate reader. In the preliminary

experiments, NaHS (400 lmol/l) was found to have no sig-

nificant effect on the Griess reaction (data not shown).

ELISA for the Detection of IL-6 in Culture Supernatant

Secretion of IL-6 was determined by ELISA. PC12 cells

were plated in 96-well plates. After the cells were treated

as indicated, the relative content of secreted inflammatory

factor in the supernatant was measured by ELISA

according to the manufacturer’s instruction. The relative

content of the inflammatory factor in culture medium was

normalized to cell viability measured by CCK-8 assay. The

experiment was carried out in triplicate.

Western Blot Assay for Expressions of Protein

After subjected to the indicated treatments, cells were har-

vested and lysed with cell lysis solution. Total proteins in the

cell lysate were quantified using the BCA protein assay kit.

Loading buffer was added to cytosolic extracts, and after

boiling for 5 min, equal amounts of supernatant from each

sample were fractionated by 10 % sodium dodecyl sul-

phate–polyacrylamide gel electrophoresis (SDS-PAGE).

The total proteins in the gel were transferred into polyvi-

nylidene difluoride (PVDF) membranes. The membranes

were blocked for 1.5 h at room temperature in fresh blocking

buffer (0.1 % Tween20 in Tris–buffered saline (TBS-T)

containing 5 % fat-free milk) and then incubated with either

anti-p38 (1:1,000 dilution), anti-p-p38 (1:1,000 dilution),

anti-iNOS (1:500 dilution), anti-nNOS (1:1,000 dilution)

or anti-b-actin antibody (1:5,000 dilution) in freshly pre-

pared TBS-T with 3 % free-fat milk overnight with gentle

agitation at 4 �C. Following three washes with TBS-T,
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membranes were incubated with HRP-conjugated goat anti-

rabbit secondary antibody (1:3,000 dilution; Kangchen

Biotech, shanghai, China) in TBS-T with 3 % fat-free milk

for 1.5 h at room temperature. Membranes were washed

three times with TBS-T, developed in ECL solution and

visualized with X-ray film. Each experiment was repeated at

least three times. For quantification, the films were scanned

and analyzed by ImageJ 1.47i software.

Gene Knockdown

Small interfering RNA (Si-RNA) against rat p38MAPK

subunit mRNA (NM-031020) was synthesized by Gene-

Pharma Co., Ltd (Shanghai, China). The Si-RNA of p38

(Si-p38) and random non-coding RNA (Si-NC) were

transfected, respectively, into PC12 cells using Lipofect-

amine 2000, according to the manufacturer’s instruction

(Invitrogen, USA). Si-p38MAPK and Si-NC (50 nmol/l)

were incubated with the cells for 6 h in order to transfect

into the cells. Efficiency of genetic silencing by Si-RNA

was evaluated by Western blot assay.

Statistical Analysis

All data are expressed as the mean ± SEM. Differences

between groups were analyzed by one-way analysis of

variance (ANOVA) using SPSS 13.0 software, and fol-

lowed by LSD post hoc comparison test. Statistical sig-

nificance was defined as P \ 0.05.

Results

CoCl2 Enhances iNOS Expression and NO Production

in PC12 Cells

To explore the effect of CoCl2 on expression of iNOS and

production of NO, PC12 cells were treated with 600 lmol/l

CoCl2 for the indicated times ranging from 0 to 48 h. The

findings of Western blot analysis showed that a significant

increase in the expression of iNOS was firstly observed at

6 h, and reached a peak at 24 h, indicating that CoCl2
exposure evokes iNOS expression (Fig. 1a, b). In addition,

as shown in Fig. 1c, the exposure of PC12 cells to

600 lmol/l CoCl2 also induced the overproduction of NO

at specific times (i.e. 24 h, 48 h).

NOS/NO Pathway Mediates CoCl2-Induced Injuries

in PC12 Cells

To dissect the role of iNOS/NO pathway in the

CoCl2-induced injuries. We firstly tested the effect of

L-canavanine (a selective iNOS inhibitor) on the CoCl2-

induced cytotoxicity in PC12 cells. As shown in Fig. 2a, b,

exposure of PC12 cells to 600 lmol/l CoCl2 for 24 h

obviously induced cytotoxicity, the cell viability was

markedly reduced to (41.3 ± 4.4)% (P \ 0.01). However,

pretreatment of cells with 5 lmol/l L-canavanine for

60 min prior to CoCl2 exposure dramatically inhibited the

CoCl2-induced cytotoxicity. The cell viability was

increased to (62.1 ± 2.3) % (P \ 0.01). L-canavanine at

5 lmol/l alone did not induce significant cytotoxicity.

These findings indicated that iNOS/NO pathway mediates

cytotoxicity induced by CoCl2 in PC12 cells. Similarly,

pretreatment with 250 lmol/l 7-NI (an inhibitor of nNOS)

for 30 min before CoCl2 exposure also obviously blocked

Fig. 1 CoCl2 increases expression of iNOS and production of NO in

PC12 cells. a PC12 cells were treated with 600 lmol/l CoCl2 for

indicated times. The expression of iNOS was tested by Western blot

assay. b Densitometric analysis of the results from (a). c PC12 cells

were treated with 600 lmol/l CoCl2 for 24 or 48 h. Nitrite in the

culture supernatant was determined using the Griess reagent as

described in ‘‘Materials and Methods’’. Data were presented as

mean ± SEM (n = 3). ##P \ 0.01 versus control group
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the CoCl2-induced cytotoxicity (Fig. 2b). Furthermore,

pretreatment of cells with 400 lmol/l NaHS for 30 min

prior to CoCl2 exposure also inhibited the CoCl2-induced

cytotoxicity (Fig. 2b).

We secondarily examined the effect of L-canavanine on

the CoCl2-induced apoptosis in PC12 cells. As shown in

Fig. 3a, PC12 cells treated with 600 lmol/l CoCl2 for 48 h

exhibited typical characteristics of apoptosis, including the

condensation of chromatin, shrinkage of nuclear and a few

of apoptotic bodies. However, pretreatment of cells with

5 lmol/l L-canavanine for 60 min before exposure to

CoCl2 considerably decreased the CoCl2-induced apoptotic

cells with nuclear condensation and fragmentation

(Fig. 3a), L-canavanine alone did not markedly alter mor-

phology or apoptotic percentage of PC12 cells. Moreover,

the data from FCM analysis further demonstrated that

exposure of cells to 600 lmol/l CoCl2 for 48 h increased

the rate of apoptotic PC12 cells (Fig. 3b), which was

markedly suppressed by pretreatment of cells with L-can-

avanine for 60 min (Fig. 3c). The data revealed that iNOS/

NO pathway is involved in the CoCl2-induced apoptosis in

PC12 cells. Additionally, pretreatment of cells with

400 lmol/l NaHS for 30 min before exposure CoCl2 also

markedly inhibited the CoCl2-induced cell apoptosis

(Fig. 3).

We thirdly determined the effect of L-canavanine on the

CoCl2-induced mitochondrial insult. As shown in Fig. 4a

and b, PC12 cells treated with 600 lmol/l CoCl2 for 24 h

exhibited significant mitochondrial damage, evidenced by

MMP loss as shown by a decrease in the ratio of red/green

fluorescence. However, preconditioning with 5 lmol/l

L-canavanine for 60 min prior to the CoCl2 treatment for

24 h markedly suppressed the CoCl2-induced dissipation of

MMP, compared with CoCl2-treated cells (P \ 0.01)

(Fig. 4b). L-canavanine alone did not affect the MMP.

These results suggested that iNOS/NO pathway is associated

with the CoCl2-induced mitochondrial insult in PC12 cells.

p38MAPK Activation Contributes to CoCl2-Induced

iNOS Expression and NO Production in PC12 Cells

To investigate whether activation of p38MAPK was

involved in the CoCl2-induced increases in iNOS expres-

sion and NO production in PC12 cells. We examined the

effect of inhibition of p38MAPK on the level of iNOS

expression and NO production induced by CoCl2. The data

of Western blot analysis showed that treatment of cells

with CoCl2 for 24 h markedly increased the iNOS protein

expression by 6-fold, compared with the control group

(P \ 0.01). However, pretreatment with 20 lmol/l

SB203580, a selective inhibitor of p38MAPK, for 60 min

before CoCl2 treatment, blocked the CoCl2-induced stim-

ulatory effect on iNOS expression (Fig. 5a, b). Addition-

ally, after p38MAPK was suppressed by small interfering

RNA against p38 (Si-p38) (Fig. 5c, d), CoCl2-induced

increase in iNOS expression was also markedly reduced

(Fig. 5e, f). Furthermore, the pretreatment with SB203580

at 20 lmol/l for 60 min or co-incubation of cells with

Si-p38 for 6 h markedly inhibited CoCl2-induced NO

production (Fig. 5g). The above findings suggested that the

activation of p38MAPK mediates, at least partly, the

CoCl2-induced increases in iNOS expression and NO

production.

ROS Participate in CoCl2-Induced Activation of iNOS/

NO System

To examine whether ROS were participated in the CoCl2-

induced expression of iNOS and production of NO in PC12

Fig. 2 NaHS, L-canavanine or 7-nitroindazole inhibits CoCl2-

induced cytotoxicity in PC12 cells. a PC12 cells were pretreated

with L-canavanine, an inhibitor of iNOS, at indicated concentrations

for 60 min before exposure to 600 lmol/l CoCl2 for 24 h. b PC12

cells were pretreated with 400 lmol/l NaHS for 30 min or 5 lmol/l

L-canavanine for 60 min or 250 lmol/l 7-nitroindazole (7-NI), an

inhibitor of nNOS, for 30 min prior to exposure to 600 lmol/l CoCl2
for 24 h. Cell viability was measured by the CCK-8 assay. Data were

presented as mean ± SEM (n = 3). ##P \ 0.01 versus control group;

*P \ 0.05, **P \ 0.01 versus CoCl2 group

1458 Neurochem Res (2013) 38:1454–1466

123



cells, PC12 cells were pretreated with 500 lmol/l NAC

(a ROS scavenger) for 60 min before exposure to CoCl2 at

600 lmol/l for 24 h. As shown in Fig. 6a–c, treatment with

CoCl2 induced significant increases in iNOS expression

and NO production, this effect was markedly suppressed by

NAC pretreatment, suggesting that the CoCl2-induced

increases in iNOS expression and NO production are

associated with ROS overproduction in PC12 cells.

p38MAPK Activation and Oxidative Stress Mediate

CoCl2-Induced Secretion of IL-6 in PC12 Cells

To further determine the role of activation of p38MAPK in

the CoCl2-stimulated inflammation in PC12 cells, we

examined the effect of inhibition of p38MAPK on the

CoCl2-induced secretion of IL-6 (another important

inflammatory indicator) in PC12 cells. As shown in

Fig. 3 NaHS and L-canavanine

block CoCl2-induced apoptosis

in PC12 cells. a Morphological

changes in apoptotic cells were

assessed by Hoechst33258

staining. b Apoptosis rate was

determined by FCM as

described in ‘‘Materials and

Methods’’. Control group:

Normal PC12 cells; NaHS

group: cells were treated with

400 lmol/l NaHS for 30 min

alone; L-canavanine group:

cells were exposed to 5 lmol/l

L-canavanine for 60 min alone;

CoCl2 group: cells were treated

with 600 lmol/l CoCl2 for 48 h;

NaHS ? CoCl2: cells were

pretreated with 400 lmol/l

NaHS for 30 min followed by

600 lmol/l CoCl2 treatment for

48 h. L-canavanine ? CoCl2:

cell were pretreated with

5 lmol/l L-canavanine for

60 min followed by 600 lmol/l

CoCl2 treatment for 48 h. Data

were presented as mean ± SEM

(n = 5). ##P \ 0.01 versus

control group; **P \ 0.01

versus CoCl2 group
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Fig. 7a, when PC12 cells were treated with 600 lmol/l

CoCl2 for 12, 24 and 48 h, respectively, IL-6 secretion

from PC12 cells was significantly increased in a time-

dependant manner. However, the CoCl2-induced increase

in IL-6 secretion was obviously blocked by pretreatment

with SB203580 (20 lmol/l) or NAC (500 lmol/l) for

60 min or co-incubation with Si-p38 for 6 h, respectively.

(Fig. 7b). Alone, neither SB203580 nor NAC affected the

IL-6 secretion in PC12 cells. These results suggested that

p38MAPK activation and oxidative stress mediate the

secretion of IL-6 induced by CoCl2.

H2S Attenuates CoCl2-Induced iNOS or nNOS

Expression and NO Production in PC12 Cells

As shown in Fig. 8a and b, exposure of PC12 cells to

600 lmol/l CoCl2 for 24 h obviously upregulated expression

of iNOS, this effect was markedly suppressed by pretreatment

of cells with 400 lmol/l NaHS for 30 min before exposure to

CoCl2. Similarly, NaHS pretreatment also attenuated the

upregulation of expression of neuronal NOS (nNOS)

induced by CoCl2 exposure (Fig. 8c, d). Additionally,

treatment of PC12 cells with 600 lmol/l CoCl2 for 48 h

enhanced production of NO, which was inhibited by pre-

treatment of cells with 400 lmol/l NaHS for 30 min prior to

CoCl2 treatment (Fig. 8e). NaHS at 400 lmol/l alone did not

alter the basal expressions of iNOS and nNOS as well as NO

production (Fig. 8a–e). The above findings suggested that

H2S can inhibit the CoCl2-induced expression of iNOS and

nNOS as well as production of NO.

H2S Suppresses CoCl2-Stimulated IL-6 Secretion

from PC12 Cells

To further confirm the antiinflammatory effect of H2S, we

examined the effect of H2S on the secretion of IL-6 by CoCl2.

Fig. 4 NaHS and L-canavanine

attenuate CoCl2-induced

mitochondrial insult. MMP was

measured by JC-1 staining

followed by photofluorography.

Dual emission images (527 and

590 nm) represent the signals

from monomeric (green) and

J-aggregate (red) JC-1

fluorescence in PC12 cells.

a Random micrographs of

fluorescence in PC12 cells.

Control group: normal PC12

cells; NaHS group: cells were

exposed to 400 lmol/l NaHS

for 30 min alone; L-canavanine

group: cells were incubated with

5 lmol/l L-canavanine for

60 min alone; CoCl2 group:

cells were treated with

600 lmol/l CoCl2 for 24 h;

NaHS ? CoCl2: cells were

pretreated with 400 lmol/l

NaHS for 30 min followed by

exposure to 600 lmol/l CoCl2
for 24 h. L-canavanine ?

CoCl2: cells were pretreated

with 5 lmol/l L-canavanine for

60 min followed by exposure to

600 lmol/l CoCl2 for 24 h.

b Quantitative analysis of the

ratio of red/green fluorescence
in the indicated groups. Data

were presented as mean ± SEM

(n = 5). ##P \ 0.01 versus

control group; **P \ 0.01

versus CoCl2 group (Color

figure online)
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As shown in Fig. 9, after exposure of PC12 cells to 600 lmol/l

CoCl2 for 48 h, IL-6 secretion was significantly increased, and

this increase in IL-6 secretion was reduced by pretreatment

with NaHS (400 lmol/l) for 30 min before exposure to

600 lmol/l CoCl2. NaHS at 400 lmol/l alone did not affect

the basal IL-6 secretion (P [ 0.05). Our findings suggested

that H2S can inhibit the CoCl2-induced IL-6 secretion.

H2S Inhibits CoCl2-Induced Phosphorylation

of p38MAPK in PC12 Cells

As shown in Fig. 10, exposure of PC12 cells to 600 lmol/l

CoCl2 for 120 min obviously upregulated the expression of

p-p38MAPK, this effect was markedly suppressed by

pretreatment of cells with 400 lmol/l NaHS for 30 min

Fig. 5 p38MAPK activation participates in CoCl2-induced iNOS

expression and NO production in PC12 cells. The expression of iNOS

was tested by Western blot assay. a PC12 cells were preconditioned

with 20 lmol/l SB203580 for 60 min before exposure to 600 lmol/l

CoCl2 for 24 h. c PC12 cells were co-cultured with small interfering

RNA (Si-p38) or random non-coding RNA(Si-NC) for 6 h. e PC12

cells were co-incubated with Si-p38 for 6 h followed by treated with

600 lmol/l CoCl2 for 24 h. b, d, and f densitometric analysis of the

results from a, c, and e, respectively. g PC12 cells were treated with

600 lmol/l CoCl2 for 48 h in the presence or absence of pretreatment

with 20 lmol/l SB203580 for 60 min or co-cultured with Si-p38 for

6 h. Nitrite in the culture supernatant was determined using the Griess

reagent as described in ‘‘Materials and Methods’’. Data were

presented as mean ± SEM (n = 5). ##P \ 0.01 versus Control group;

**P \ 0.01 versus CoCl2 group
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before exposure to CoCl2. However, pretreatment with

400 lmol/l NaHS had no significant effect on the basal

expression of t-p38MAPK protein (P [ 0.05).

Discussion

In the present study, we demonstrate for the first time, to our

knowledge,that H2S protects against the chemical hypoxia-

induced inflammation by inhibiting p38MAPK- iNOS path-

way in PC12 cells. We provide novel findings to confirm the

inhibitory effect of H2S on the neural inflammation induced by

chemical hypoxia.

It is well documented that hypoxia plays a critical role in

development, cellular homeostasis and pathological condi-

tions, such as stroke. There is also increasing evidence that

hypoxia is an important modulator of the inflammatory

process. Thus, it is very important to explore the mecha-

nisms responsible for hypoxia-induced inflammation or anti-

neuroinflammation in different types of hypoxic model. In

this study, we used the CoCl2-stimulated PC12 cells, which

are widely used as a cellular model to investigate neuronal

injury, to dissect the potential mechanisms underlying effect

of inflammation on the hypoxia-induced neuronal injury and

the role of H2S in anti-neuroinflammation.

Similar to the findings of our previous study [14] and

other reports [19, 20], we found that chemical hypoxia

induced significant inflammatory response, evidenced by

increases in NO production and IL-6 secretion from PC12

cells. NO is a major toxic substance among several pro-

inflammatory factors [21], and is produced by the oxidation

of a terminal guanidine nitrogen of L-arginine, a reaction

catalyzed by the NO synthase (NOS) [22]. To date, three

isoforms of NOS have been identified: neuronal NOS

Fig. 6 ROS contribute to CoCl2-induced iNOS expression and NO

generation in PC12 cells. The expression of iNOS was detected by

Western blot assay. a PC12 cells were preconditioned with 500 lmol/l

NAC for 60 min before exposure to 600 lmol/l CoCl2 for 24 h.

b Densitometric analysis of the results from A. c PC12 cells were treated

with 600 lmol/l CoCl2 for 48 h in the presence or absence of pretreatment

with 500 lmol/l NAC for 60 min. Nitrite in the culture supernatant was

determined using the Griess reagent as described in ‘‘Materials and

Methods’’. Data were presented as the mean ± SEM (n = 5). ##P\0.01

versus control group; *P\0.05, **P \0.01 versus CoCl2 group

Fig. 7 Effects of indicated treatments on secretions of IL-6 induced

by CoCl2 from PC12 cells. a PC12 cells were treated with 600 lmol/l

CoCl2 for indicated times. b PC12 cells were treated with 600 lmol/l

CoCl2 for 48 h in the absence or presence of pretreatment with

20 lmol/l SB203580 for 60 min or 500 lmol/l NAC for 60 min or

co-incubation with Si-p38 for 6 h. ELISA was performed to detect the

levels of IL-6 in cell supernatants. Data were presented as the

mean ± SEM (n = 3). #P \ 0.05, ##P \ 0.01 versus control group;

**P \ 0.01 versus CoCl2 group
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(nNOS), endothelial NOS (eNOS) and inducible NOS

(iNOS) [23, 24]. iNOS induces high level of NO produc-

tion and is typically synthesized in response to immune/

inflammatory stimuli [24]. Interestingly, we also found that

CoCl2 considerably upregulated the expression levels of

iNOS and nNOS, suggesting activation of iNOS/NO or

nNOS/NO system by hypoxia stimulus. Furthermore, since

previous studied have shown that CoCl2 can induce IL-6

secretion in several types of cells [14, 19, 20]. We further

explored the effect of CoCl2 on IL-6 secretion in PC12

cells. Our results showed the stimulatory effect of CoCl2 on

IL-6 secretion, suggesting that CoCl2 may be an inducer for

IL-6 secretion.

To dissect the roles of iNOS and nNOS in the CoCl2-

induced injuries, PC12 cells were pretreated with either

L-canavanine, (an inhibitor of iNOS) or 7-NI (an inhibitor

of nNOS) before exposure to CoCl2 for 24 h. The results of

this study showed that L-canavanine and 7-NI inhibited

CoCl2-induced cytotoxicity, indicating involvement of

activation of iNOS/NO or nNOS/NO system in the CoCl2-

induced injuries in PC12 cells. Our results is supported by

the previous study showing that mice treated with NOS

inhibitor or mice lacking the iNOS gene are remarkably

resistant to MPTP-induced neurotoxicity [25, 26]. In nNOS

knockout mice, MPTP-induced neuronal injury is depres-

sed compared with wild type mice [25].

Numerous intracellular signal transduction pathways

converge with the activation of mitogen-activated protein

kinase (MAPK) family, which is composed of three main

members: extracellular signal-regulated protein kinase 1/2

Fig. 8 NaHS attenuates CoCl2-induced expression levels of iNOS

and nNOS as well as NO production in PC12 cells. PC12 cells were

treated with 600 lmol/l CoCl2 for 24 h in the absence or presence of

the preconditioning with 400 lmol/l NaHS for 30 min. The expres-

sion levels of iNOS (a) and nNOS (c) were determined by Western

blot assay. b and d Densitometric analysis of the results from a and c,

respectively. e PC12 cells were treated with 600 lmol/l CoCl2 for

48 h in the presence or absence of pretreatment with 400 lmol/l

NaHS for 30 min. Nitrite in the culture supernatant was determined

using the Griess reagent as described in ‘‘Materials and Methods’’.

Data were presented as the mean ± SEM (n = 5). ##P \ 0.01 versus

Control group; **P \ 0.01 versus CoCl2 group
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(ERK1/2), C-Jun-N-terminal kinase (JNK) and p38MAPK.

MAPK family plays a critical role in the regulation of cell

growth and differentiation and in the control of cellular

responses to cytokines and stress. It was documented that

p38MAPK, but not ERK1/2, is implicated in the inflam-

matory stimulus-induced NO production, iNOS expression

and tumor necrosis factor-a (TNF-a) secretion [27, 28]. In

the current study, we observed that chemical hypoxia

dramatically upregulated p-p38MAPK expression, and that

SB203580, a selective p38MAPK inhibitor, suppressed the

CoCl2-induced enhancement of iNOS expression and NO

production as well as IL-6 secretion. Since the pharmaco-

logical inhibitor is not specific, we further demonstrated

the inhibition of p38MAPK with genetic silencing of

p38MAPK by RNAi (Si-p38MAPK). Notably, genetic

silencing of p38MAPK also produced the similar inhibitory

effect on the CoCl2-induced inflammation. Combining with

the above results, it was suggested that p38MAPK/iNOS

pathway is involved in the chemical hypoxia-induced

inflammation and injuries. Our results provide a novel

evidence for the role of p38MAPK/iNOS pathway in

CoCl2-induced inflammation and injuries. Furthermore, the

results of our previous study [29] and this study revealed

that p38MAPK or iNOS pathway is activated by ROS.

Importantly, we found that H2S plays an important role

in anti-neuroinflammation in the chemical hypoxia-treated

PC12 cells. Increasing evidence reveals that H2S may serve

as a critical neuroprotective agent or neuromodulater.

However, the role of H2S in inflammatory processes is

controversial. It has been indicated that H2S has a proin-

flammatory role in several animal models [4, 5, 11, 12].

Contrarily, H2S has been reported to have beneficial effects

in inflammatory processes. Hu et al. reported that H2S can

attenuate the LPS-stimulated NO production and TNF-a
secretion, but they did not observe the effect of exogenous

H2S on IL-6 secretion [13]. In the human chondrocyte

cell line C-28/I2, H2S blocks the constitutive and IL-1b-

induced IL-6 and IL-8 expression [30]. In this study, we

found that pretreatment with NaHS (a donor of H2S)

obviously inhibited the chemical hypoxia-induced neuro-

inflammation, leading to the decreases in NO production

and IL-6 secretion. Our findings are comparable with the

previous studies [13, 30].

Interestingly, we found that the inhibitory effect of H2S

on NO production is mediated by reducing the stimulatory

effects of CoCl2 on iNOS and nNOS expression, which is

comparable with the previous study reported that H2S

inhibits not only NO production, but also iNOS expression

in the LPS-stimulated microglia [13]. Additionally, our

results revealed that both H2S and NAC (a scavenger of

ROS) depressed the CoCl2-induced activation of iNOS/NO

system and IL-6 secretion, indicating involvement of

antioxidative effect in antiinflammation of H2S in chemical

hypoxia-stimulated PC12 cells. Yang et al. also reported

that H2S prevents the CoCl2-induced inflammation by

reducing ROS generation in HaCaT skin cells [14], which

support our findings. Furthermore, our previous study has

shown that the chemical hypoxia-induced p38MAPK

phosphorylation was inhibited by NAC [29], suggesting

Fig. 9 NaHS attenuates CoCl2-stimulated IL-6 secretion from PC12

cells. PC12 cells were treated with 600 lmol/l CoCl2 for 48 h in the

presence or absence of pretreatment with 400 lmol/l NaHS for

30 min. ELISA was performed to detect the levels of IL-6 in cell

supernatants. Data were presented as the mean ± SEM (n = 3).
##P \ 0.01 versus Control group; **P \ 0.01 versus CoCl2 group

Fig. 10 NaHS blocks CoCl2-induced activation of p38MAPK in

PC12 cells. The expression of p-p38MAPK was determined by

Western blot assay. a PC12 cells were treated with 600 lmol/l CoCl2
for 120 min in the presence or absence of pretreatment with

400 lmol/l NaHS for 30 min. b Densitometric analysis of the results

from a. Data were presented as the mean ± SEM (n = 3). ##P \ 0.01

versus Control group; **P \ 0.01 versus CoCl2 group

1464 Neurochem Res (2013) 38:1454–1466

123



that p38MAPK pathway is activated by ROS. In this study,

we also demonstrated the inhibitory effect of H2S on the

CoCl2-induced activation of p38MAPK pathway, suggest-

ing that inhibition of ROS-activated p38MAPK pathway

may be another mechanism underlying the antiinflamma-

tory effect of H2S. This is consistent with the previous

results that MAPK signaling pathway is a target for anti-

inflammatory therapy [31] and that H2S protects microglia

against the LPS-induced inflammation by inhibiting

p38MAPK [13].

In conclusion, the findings of present study provide the

first evidence that ROS-activated p38MAPK-iNOS path-

way contributes to the chemical hypoxia-induced inflam-

mation and injuries and that exogenous H2S obviously

attenuates the chemical hypoxia-induced inflammatory

effect, leading to decreases in NO production and IL-6

secretion from PC12 cells. The mechanisms underlying the

antiinflammatory effect of H2S are associated with its

antioxidation and inhibition of ROS-activated p38MAPK-

iNOS pathway. These findings way provide new insights

into therapeutic approach for prevention and treatment of

the hypoxia-related neuroinflammation and injuries.

Acknowledgments This study was supported by Science and

Technology Planning Project of Guangdong Province in China

(2010B080701035, 2010B080701105, 2012B031800358).

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

References

1. Wang R (2003) The gasotransmitter role of hydrogen sulfide.

Antioxid Redox Signal 5:493–501

2. Chahl LA (2004) Hydrogen sulphide: an endogenous stimulant of

capsaicin-sensitive primary afferent neurons? Br J Pharmacol

142:1–2

3. Kimura H, Nagai Y, Umemura K, Kimura Y (2005) Physiological

roles of hydrogen sulfide: synaptic modulation, neuroprotection,

and smooth muscle relaxation. Antioxid Redox Signal 7:795–803

4. Li L, Bhatia M, Moore PK (2006) Hydrogen sulphide–a novel

mediator of inflammation? Curr Opin Pharmacol 6:125–129

5. Zhang H, Zhi L, Moore PK, Bhatia M (2006) Role of hydrogen

sulfide in cecal ligation and puncture-induced sepsis in the

mouse. Am J Physiol Lung Cell Mol Physiol 290:L1193–L1201

6. Kimura Y, Kimura H (2004) Hydrogen sulfide protects neurons

from oxidative stress. FASEB J 18:1165–1167

7. Geng B, Chang L, Pan C et al (2004) Endogenous hydrogen

sulfide regulation of myocardial injury induced by isoproterenol.

Biochem Biophys Res Commun 318:756–763

8. Whiteman M, Armstrong JS, Chu SH et al (2004) The novel

neuromodulator hydrogen sulfide: an endogenous peroxynitrite

‘scavenger’? J Neurochem 90:765–768

9. Whiteman M, Li L, Rose P et al (2010) The effect of hydrogen

sulfide donors on lipopolysaccharide-induced formation of

inflammatory mediators in macrophages. Antioxid Redox Signal

12:1147–1154

10. Furne J, Saeed A, Levitt MD (2008) Whole tissue hydrogen

sulfide concentrations are orders of magnitude lower than pres-

ently accepted values. Am J Physiol Regul Integr Comp Physiol

295:R1479–R1485

11. Mok YY, Atan MS, Yoke Ping C et al (2004) Role of hydrogen

sulphide in haemorrhagic shock in the rat: protective effect of

inhibitors of hydrogen sulphide biosynthesis. Br J Pharmacol

143:881–889

12. Bhatia M, Wong FL, Fu D et al (2005) Role of hydrogen sulfide

in acute pancreatitis and associated lung injury. FASEB J

19:623–625

13. Hu LF, Wong PT, Moore PK, Bian JS (2007) Hydrogen sulfide

attenuates lipopolysaccharide-induced inflammation by inhibition

of p38 mitogen-activated protein kinase in microglia. J Neuro-

chem 100:1121–1128

14. Yang C, Yang Z, Zhang M et al (2011) Hydrogen sulfide protects

against chemical hypoxia-induced cytotoxicity and inflammation

in HaCaT cells through inhibition of ROS/NF-kappaB/COX-2

pathway. PLoS ONE 6:e21971

15. Zou W, Yan M, Xu W et al (2001) Cobalt chloride induces PC12

cells apoptosis through reactive oxygen species and accompanied

by AP-1 activation. J Neurosci Res 64:646–653

16. Jung JY, Mo HC, Yang KH et al (2007) Inhibition by epigallo-

catechin gallate of CoCl2-induced apoptosis in rat PC12 cells.

Life Sci 80:1355–1363

17. Yang C, Ling H, Zhang M et al (2011) Oxidative stress mediates

chemical hypoxia-induced injury and inflammation by activating

NF-kappab-COX-2 pathway in HaCaT cells. Mol Cells 31:

531–538

18. Meng JL, Mei WY, Dong YF et al (2011) Heat shock protein

90 mediates cytoprotection by H2S against chemical hypoxia-

induced injury in PC12 cells. Clin Exp Pharmacol Physiol 38:

42–49

19. Kim KS, Rajagopal V, Gonsalves C et al (2006) A novel role of

hypoxia-inducible factor in cobalt chloride- and hypoxia-medi-

ated expression of IL-8 chemokine in human endothelial cells.

J Immunol 177:7211–7224

20. Montopoli M, Froldi G, Comelli MC et al (2007) Aescin pro-

tection of human vascular endothelial cells exposed to cobalt

chloride mimicked hypoxia and inflammatory stimuli. Planta

Med 73:285–288

21. Gad MZ, Khattab M (2000) Modulation of nitric oxide synthesis

in inflammation. Relationship to oxygen-derived free radicals and

prostaglandin synthesis. Arzneimittelforschung 50:449–455

22. Zhang L, Dawson VL, Dawson TM (2006) Role of nitric oxide in

Parkinson’s disease. Pharmacol Ther 109:33–41

23. Dawson VL, Dawson TM (1998) Nitric oxide in neurodegener-

ation. Prog Brain Res 118:215–229

24. Guix FX, Uribesalgo I, Coma M, Munoz FJ (2005) The physi-

ology and pathophysiology of nitric oxide in the brain. Prog

Neurobiol 76:126–152

25. Dehmer T, Lindenau J, Haid S et al (2000) Deficiency of

inducible nitric oxide synthase protects against MPTP toxicity

in vivo. J Neurochem 74:2213–2216

26. Przedborski S, Jackson-Lewis V, Yokoyama R et al (1996) Role

of neuronal nitric oxide in 1-methyl-4-phenyl-1,2,3,6-tetrahy-

dropyridine (MPTP)-induced dopaminergic neurotoxicity. Proc

Natl Acad Sci USA 93:4565–4571

27. Watters JJ, Sommer JA, Pfeiffer ZA et al (2002) A differential

role for the mitogen-activated protein kinases in lipopolysac-

charide signaling: the MEK/ERK pathway is not essential for

nitric oxide and interleukin 1 beta production. J Biol Chem 277:

9077–9087

Neurochem Res (2013) 38:1454–1466 1465

123



28. Shen S, Yu S, Binek J et al (2005) Distinct signaling pathways for

induction of type II NOS by IFNgamma and LPS in BV-2

microglial cells. Neurochem Int 47:298–307

29. Lan A, Liao X, Mo L et al (2011) Hydrogen sulfide protects

against chemical hypoxia-induced injury by inhibiting ROS-

activated ERK1/2 and p38MAPK signaling pathways in PC12

cells. PLoS ONE 6:e25921

30. Kloesch B, Liszt M, Broell J (2010) H2S transiently blocks IL-6

expression in rheumatoid arthritic fibroblast-like synoviocytes

and deactivates p44/42 mitogen-activated protein kinase. Cell

Biol Int 34:477–484

31. Kaminska B (2005) MAPK signalling pathways as molecular

targets for anti-inflammatory therapy–from molecular mechanisms

to therapeutic benefits. Biochim Biophys Acta 1754:253–262

1466 Neurochem Res (2013) 38:1454–1466

123


	Inhibition of ROS-Activated p38MAPK Pathway is Involved in the Protective Effect of H2S Against Chemical Hypoxia-Induced Inflammation in PC12 Cells
	Abstract
	Introduction
	Materials and Methods
	Materials
	Cell Culture and Treatments
	Cell Viability Assay
	Nuclear Staining for Assessment of Apoptosis
	Flow Cytometry Analysis of Apoptosis
	Measurement of Mitochondrial Membrane Potential
	NO Determination in Culture Supernatant
	ELISA for the Detection of IL-6 in Culture Supernatant
	Western Blot Assay for Expressions of Protein
	Gene Knockdown
	Statistical Analysis

	Results
	CoCl2 Enhances iNOS Expression and NO Production in PC12 Cells
	NOS/NO Pathway Mediates CoCl2-Induced Injuries in PC12 Cells
	p38MAPK Activation Contributes to CoCl2-Induced iNOS Expression and NO Production in PC12 Cells
	ROS Participate in CoCl2-Induced Activation of iNOS/NO System
	p38MAPK Activation and Oxidative Stress Mediate CoCl2-Induced Secretion of IL-6 in PC12 Cells
	H2S Attenuates CoCl2-Induced iNOS or nNOS Expression and NO Production in PC12 Cells
	H2S Suppresses CoCl2-Stimulated IL-6 Secretion from PC12 Cells
	H2S Inhibits CoCl2-Induced Phosphorylation of p38MAPK in PC12 Cells

	Discussion
	Acknowledgments
	References


