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Abstract. Hydrogen sulfide (H2S) has been demonstrated to 
have various effects on mitochondrial function. The aim of 
the present study was to investigate the effects of H2S on mito-
chondrial fission and the potential underlying mechanisms 
of these effects. Transmission electron microscopy analysis 
demonstrated that sodium hydrosulfide (NaHS, a donor of H2S) 
inhibited mitochondrial fission in a dose‑ and time‑dependent 
manner. Treating neuro‑2a (N2a) mouse neuroblastoma cells 
with 400 µM NaHS for 16 h significantly increased the % of 
elongated mitochondria and reduced the number of mitochon-
dria per cell compared with untreated cells. In addition, the 
viability and ATP generation of N2a cells that were treated 
with various concentrations of NaHS was examined. The 
results demonstrated that treatment with 400 and 600 µM 
NaHS increased cell viability and ATP generation compared 
with untreated cells. To further understand the effects of 
H2S on mitochondrial morphology, the protein and mRNA 
expression levels of dynamin 1 like (Dnm1l, also known as 
Drp1) were examined, and the results demonstrated that NaHS 
dose‑dependently reduced Drp1 mRNA and protein levels, 
consistent with the mitochondrial morphology changes. To 
determine whether H2S affects mitochondrial morphology 
through Drp1 expression, Drp1 was overexpressed in N2a cells 
using a lentivirus encoding the Drp1 cDNA. It was observed 
that Drp1 overexpression reversed the effects of NaHS. 
Furthermore, NaHS promoted the phosphorylation of extra-
cellular signal‑regulated kinase (ERK) 1/2, and the effects 
of NaHS on Drp1 expression were abolished by an ERK1/2 
inhibitor (PD98059). The results of the present study indicate 
that the H2S‑induced decrease in Drp1 mRNA and protein 
levels and mitochondrial fission may involve the ERK1/2 

signaling pathway. The present study suggests that H2S may 
be used in the future as a potential therapeutic for diseases that 
may be mediated by abnormal mitochondria fragmentation, 
such as Alzheimer's disease.

Introduction

Mitochondria are cytoplasmic organelles that are responsible 
for most of the energy supply of cells. Furthermore, they are 
important in regulating various cellular processes, including 
calcium homeostasis, signaling pathways, apoptosis and the 
production of reactive oxygen species (ROS) (1). Within cells, 
mitochondria are highly dynamic organelles, transitioning 
from a giant tubular network to small round organelles through 
reversible fission and fusion (2). These opposing processes 
work in concert to maintain the shape, size and number of 
mitochondria, as well as their physiological function. Altera-
tions in mitochondrial dynamics have an effect on the majority 
of aspects of mitochondrial function, including the stability of 
mitochondrial DNA, respiratory capacity, apoptosis, responses 
to cellular stress and mitophagy (3‑7). Mitochondrial dynamics 
are regulated by mitochondrial dynamics‑related GTPase 
proteins. Dynamin 1 like (Dnm1l, also known as Drp1) is 
one of the GTPase proteins that promotes mitochondrial 
fragmentation, whereas the expression of a dominant‑negative 
form of Drp1 inhibits mitochondrial fission and thereby apop-
tosis (8). Other studies have demonstrated that the inhibition 
of mitochondrial fission protects against neurotoxicity (9,10) 
and neurodegeneration in the cerebellum (11). In addition, 
numerous reports have indicated that excessive mitochondrial 
fission contributes to Alzheimer's disease (AD) pathogenesis 
via synaptic damage and neuronal death (12,13). Therefore, the 
protection of mitochondria from fragmentation may provide a 
novel therapeutic target for neurodegenerative disorders, such 
as AD (14,15).

Hydrogen sulfide (H2S) has been identified as a biological 
gaseous transmitter alongside nitric oxide and carbon 
monoxide (16). In mammals, H2S is endogenously produced 
by cystathionine‑β‑synthase, cystathionine‑γ‑lyase and 
3‑mercaptopyruvate sulfurtransferase, with L‑cysteine 
as the dominant substrate  (17,18). H2S is recognized as a 
biological mediator that serves various functions, including 
neuromodulation, the regulation of vascular tone, cytoprotec-
tion, anti‑inflammation, oxygen sensing and angiogenesis, 
in addition to mitochondrial functions (19‑22). A number of 
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recent studies focused on the effects of H2S on mitochondrial 
function. H2S has been demonstrated to suppress mitochon-
drial ROS production, increase ATP production and improve 
the loss of mitochondrial membrane potential under stress 
conditions (23). However, since mitochondrial dynamics are 
important for essential mitochondrial functions, and since 
mitochondrial fission is abnormally increased in affected 
neurons in neurodegenerative diseases, inhibitors of mito-
chondrial fission may be promising therapeutic targets for the 
treatment of neurodegenerative diseases (24). Therefore, the 
present study focused on the effects of H2S on mitochondrial 
fission and fusion and the potential underlying mechanisms.

Materials and methods

Materials. Sodium hydrosulfide (NaHS), an H2S donor, was 
obtained from Sigma‑Aldrich (Merck KGaA, Darmstadt, 
Germany) and dissolved in sterile water. PD98059, an extra-
cellular signal‑regulated kinase (ERK) 1/2 signal pathway 
inhibitor, was purchased from Abcam (Cambridge, UK) and 
dissolved in sterile water.

Cell culture and lentiviral transduction. Neuro‑2a (N2a) mouse 
neuroblastoma cells were purchased from the Cell Bank of Type 
Culture Collection of Chinese Academy of Sciences (Shanghai, 
China). The cells were cultured in Dulbecco's modified Eagle's 
medium (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) containing 10% heat‑inactivated fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin and 
streptomycin, and were maintained at 37˚C with 95% humidi-
fied air and 5% CO2. The cells (2x105) were plated in 35 mm 
dishes and incubated for 48 h. On the third day, the medium 
was removed and the cells were washed with PBS. Subse-
quently, the cells were exposed to serum‑free culture medium 
for 24 h. The experimental treatments were also performed in 
serum‑free culture medium. Ready‑to‑use lentiviral particles for 
a Drp1‑overexpressing lentiviral vector (LV‑Drp1) and a control 
vector (LV‑empty) were purchased from GeneChem Co., Ltd. 
(Shanghai, China; cat. nos. V20140402006 and V20140402007 
respectively). The LV‑Drp1 and the LV‑empty virus‑containing 
media were added to the N2a cells with a multiplicity of infec-
tion (MOI) of 5. Non‑transduced cells were used as controls. To 
calculate the amount of virus required for a certain MOI, the 
following formula was used: Total ml of virus required=number 
of cells xdesired MOI/(plaque forming units/ml). All of the 
media was changed 12 h post‑transduction. Three days after 
transduction, western blot analysis was performed to evaluate 
transduction efficiency.

Transmission electron microscopy. To determine whether 
mitochondrial morphology was altered in the N2a cells, trans-
mission electron microscopy was performed. The N2a cells 
were prefixed in a 2.5% glutaraldehyde solution overnight at 
4˚C and post‑fixed in cold 1% aqueous osmium tetroxide for 
1 h at 4˚C. The samples were rinsed three times with PBS, 
dehydrated in a graded series of 25‑100% ethanol, embedded 
in fresh resin and polymerized at 60˚C for 24 h. The samples 
were sectioned on a Leica EM UC6 ultramicrotome at 
60‑80 nm and collected on pioloform‑coated Cu2*1 oval slot 
grids (Electron Microscopy Sciences, Hatfield, PA, USA). The 

sections were subsequently examined under a Hitachi‑7500 
transmission electron microscope (Hitachi, Ltd., Tokyo, 
Japan). The number of mitochondria per cell was counted in 
≥10 cells in each group. The proportion of 'elongated' mito-
chondria was estimated as the number of mitochondria with 
a length that was at least twice the width, divided by the total 
number of mitochondria counted (25).

Determination of cell viability. Cell viability was assessed 
by the reduction of MTT. Briefly, 20 µl MTT (5 mg/ml; 
Sigma‑Aldrich; Merck KGaA) was added to each well and 
the cells were incubated at 37˚C for 1 h. The cells were 
washed with PBS and the formazan dye was dissolved in 
dimethyl sulfoxide. The amount of converted formazan 
dye was measured at 570  nm on a PowerWave reader  
(Biotek Instruments, Inc., Winooski, VT, USA). This method 
detects complex II‑dependent mitochondrial activity and is 
often used to estimate mitochondrial function and/or cell 
viability.

Measurement of ATP levels. ATP levels were determined using 
an ATP Bioluminescence Assay kit CLS II (Sigma‑Aldrich; 
Merck KGaA) following the manufacturer's instructions (26). 
Briefly, cells were harvested using the provided lysis buffer, 
incubated on ice for 15 min and centrifuged at 13,000 x g for 
10 min at 4˚C. ATP levels were measured using a lumines-
cence plate reader (Molecular Devices, LLC, Sunnyvale, CA, 
USA) with an integration time of 10 sec.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted from the 
cells using TRIzol reagent (Takara Biotechnology Co., Ltd., 
Dalian, China) according to the manufacturer's protocol. 
After evaluating the concentration of total RNA by a UV 
spectrophotometer, total RNA was reverse‑transcribed using 
the PrimeScript RT reagent kit (Takara Biotechnology Co., 
Ltd.). qPCR was performed using SYBR Premix Ex Taq II 
(Takara Biotechnology Co., Ltd.) and a CFX96 Real‑Time 
PCR Detection System (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA). mRNA expression was normalized to β‑actin and 
relative expression was calculated using the 2(‑Delta Delta 
C(q)) method (27). The primer sequences (Sangon Biotech Co., 
Ltd., Shanghai, China) were as follows: Drp1, forward 5'‑GGC​
ATT​ACA​AGG​AGC​CAG​TC and reverse 5'‑CAG​CAG​GTT​
CAA​GTC​AGC​AA; β‑actin, forward 5'‑CAC​CCG​CGA​GTA​
CAA​CCT​TC and reverse 5'‑CCC​ATA​CCC​ACC​ATC​ACA​CC. 
Each experiment was performed in triplicate.

Western blot assay. Cells were harvested by scraping and 
centrifugation at 220 x g at room temperature for 5 min, 
washed twice with ice‑cold PBS and re‑suspended in lysis 
buffer (50 mM Tris, 150 mM NaCl, 1% NP‑40, 0.1% SDS, 
10 mM EDTA, 1 mM PMSF and 0.5% sodium deoxycholate), 
according to the manufacturer's protocol (KeyGEN Biotech 
Co., Ltd., Nanjing, China). Soluble proteins were collected 
by centrifugation at 12,000 x g for 15 min at 4˚C. Protein 
concentrations were determined using the bicinchoninic acid 
method. Protein (30 µg) was separated by 10% SDS‑PAGE 
and subsequently transferred onto polyvinylidene difluoride 
membranes. After the membranes were blocked with 5% 
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skim milk for 1 h at room temperature, they were incubated 
with antibodies against Drp1 (1:1,000; cat. no.  ab56788; 
Abcam, Cambridge), phosphorylated‑(p)‑ERK1/2 (1:1,000, 
cat. no. sc‑81492; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), total (t)‑ERK1/2 (1:1,000, cat. no. sc‑514302; Santa Cruz 
Biotechnology, Inc.) and β‑actin (1:1,000, cat. no. sc‑130301; 
Santa Cruz Biotechnology, Inc.) overnight at 4˚C. Subse-
quently, the membranes were incubated with a secondary 
horseradish peroxidase‑conjugated antibody (1:2,000; cat. 
no. A0216; Beyotime Instistute of Biotechnology, Shanghai, 
China) for 2 h at room temperature and the SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Fisher Scientific, 
Inc.) was used for detection. Densitometric quantification 
of blots was performed using Alphapart11 Ease version 5.0 
(ProteinSimple; Bio‑Techne, Minneapolis, MS, USA) and 
expression levels were calculated as a ratio relative to the 
control level.

Statistical analysis. All data are expressed as the mean + 
standard error of the mean. Differences between groups were 
analyzed by ANOVA followed by the Student‑Newman‑Keuls 
test. All statistical analyses were performed using SPSS version 
17.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

The effect of NaHS treatment on mitochondrial fission. 
The present study used transmission electron microscopy to 
determine changes in the number and morphology of mito-
chondria in the cell bodies of N2a cells. Control untreated and 
NaHS‑treated N2a cells were collected for transmission elec-
tron microscopy imaging (Fig. 1). In the present study, NaHS 
was used as a donor for H2S, since it readily releases H2S 
upon its suspension in water. Initially, the cells were treated 
with different concentrations of NaHS for 16 h (Fig. 1A‑C). A 
dose‑dependent increase in the % of elongated mitochondria 
was observed following NaHS treatment compared with control 
(Fig. 1B; control, 38.75±2.39%; NaHS 100 µM, 48.50±3.01%; 
NaHS 200 µM, 61.75±1.97%; NaHS 400 µM, 68.75±2.39%). By 
contrast, the number of mitochondria per cell was decreased 
in a dose‑dependent manner following NaHS treatment 
compared with control (Fig. 1C; control, 39.25±3.25; NaHS 
100 µM, 32.75±1.10, NaHS 200 µM, 25.5±1.32; NaHS 400 µM, 
21.25±1.31). Next, cells were treated with 400 µM NaHS for 
different durations (Fig. 1D‑F). Treatment with 400 µM NaHS 
for 8 and 16 h resulted in an increased % of elongated mito-
chondria (Fig. 1E; control, 42.50±2.15%; 8 h, 52.75±2.35%; 
16 h, 63.75±1.75%) and a reduced number of mitochondria 
per cell (Fig. 1F; control, 32.75±1.25; 8 h, 22.50±1.89; 16 h, 
18.75±1.25), compared with control. The differences between 
the control group and the 400 µM NaHS groups at 8 and 16 h 
were statistically significant (P<0.01). These results indicate 
that NaHS treatment may inhibit mitochondrial fission in a 
dose‑ and time‑dependent manner.

The effect of NaHS treatment on cell viability and mito‑
chondrial ATP synthesis. The MTT assay was used to 
evaluate the effect of H2S on cell viability. As demonstrated 
in Fig. 2A, NaHS treatment for 16 h increased cell viability 

in a dose‑dependent manner (control, 0.97±0.01; NaHS 
100  µM, 1.03±0.04; NaHS 200  µM, 1.13±0.04; NaHS 
400 µM, 1.24±0.02; NaHS 600 µM, 1.33±0.03) compared 
with control. In addition, the rate of ATP production was 
gradually increased following NaHS treatment for 16  h, 
compared with control (Fig. 2B; control, 0.97±0.02; NaHS 
100  µM, 1.03±0.04; NaHS 200  µM, 1.10±0.04; NaHS 
400 µM, 1.24±0.02; NaHS 600 µM, 1.34±0.02). These results 
indicated that H2S increased cell viability and mitochondrial 
function in a dose‑dependent manner.

NaHS reduces the mRNA and protein expression of Drp1. 
To further understand the effects of H2S on mitochondrial 
morphology changes, the protein and mRNA expression levels 
of Drp1, an important regulator of mitochondrial fission, were 
examined. Using RT‑qPCR and western blotting, the results 
demonstrated that treatment with NaHS (200 and 400 µM) for 
16 h significantly decreased Drp1 mRNA and protein expres-
sion levels compared with control (Fig. 3), consistent with the 
reduction of mitochondrial fission observed in NaHS‑treated 
N2a cells (Fig. 1). These results indicate that H2S may inhibit 
mitochondrial fission by inhibiting Drp1 mRNA and protein 
expression.

Overexpression of Drp1 reverses the mitochondrial 
morphology changes induced by H2S. To determine whether 
H2S affects mitochondrial morphology by affecting Drp1 
expression, Drp1 was overexpressed in N2a cells using a 
lentivirus encoding Drp1 cDNA (LV‑Drp1). Western blotting 
confirmed that the cells in the LV‑Drp1 group stably overex-
pressed Drp1 compared with the control group and the empty 
vector group (LV‑empty; Fig. 4A and B). Transmission elec-
tron microscopy demonstrated that NaHS treatment for 16 h 
inhibited mitochondrial fission and that this inhibition was 
reversed by NaHS and LV‑Drp1 co‑treatment (Fig. 4C). In the 
NaHS‑treated group, mitochondrial fission was significantly 
inhibited compared with the control group; the % of elongated 
mitochondria was increased (control, 38.75±1.49%; NaHS 
400  µM, 60.50±2.10%), and the number of mitochondria 
per cells was decreased (control, 32.75±1.25; NaHS 400 µM, 
18.25±1.70). However, this effect was reversed by LV‑Drp1 
trasduction. Compared with the NaHS‑treated group, the 
NaHS and LV‑Drp1 co‑treated group displayed significantly 
fewer elongated mitochondria (NaHS 400 µM, 60.50±2.10%; 
NaHS 400 µM + LV‑Drp1, 37.50±1.04%) and higher number 
of mitochondria per cell (NaHS 400 µM, 18.25±1.70; NaHS 
400  µM + LV‑Drp1, 24.00±2.34). These results provide 
further evidence that H2S may inhibit mitochondrial fission by 
inhibiting Drp1 expression.

The ERK1/2 signaling pathway is involved in the 
NaHS‑induced decrease in Drp1 expression. To further 
understand the molecular mechanisms of the H2S‑induced 
reduction of mitochondrial fission and Drp1 expression, lysates 
were obtained from cells that were treated with 400 µM NaHS 
for 16 h and subjected to western blot analysis for p‑ERK1/2 
and t‑ERK1/2. Treatment with 400 µM NaHS significantly 
increased the phosphorylation of ERK1/2 compared with 
untreated cells (Fig. 5A). The cells were then preincubated 
with PD98059 (50 µM) for 30 min before they were treated 
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with 400 µM NaHS for 16 h. As presented in Fig. 5A, the 
NaHS‑induced increase in ERK1/2 phosphorylation was 
reversed by PD98059 pretreatment. The effect of PD98059 on 
the NaHS‑induced changes in Drp1 protein expression were 

similar to its effect on ERK1/2 phosphorylation. Pretreatment 
with PD98059 (50 µM) reversed the NaHS‑mediated Drp1 
downregulation by ~45% compared with NaHS treatment 
alone (Fig.  5B). These findings indicate that the ERK1/2 

Figure 1. Transmission electron microscopy analysis of mitochondria within the cell body demonstrates an increased number of elongated mitochondria in 
the NaHS‑treated cells. (A) Representative images of the cell bodies are presented for N2a cells treated with 0, 100, 200 and 400 µM NaHS for 16 h. Images 
on the bottom row are magnified images of the boxed areas in the top row. (B) Percentage of elongated mitochondria and (C) number of mitochondria per cell 
were calculated for N2a cells treated with 0, 100, 200 and 400 µM NaHS. (D) Representative images of the cell bodies are presented for N2a cells treated with 
400 µM NaHS for 8 and 16 h, and control cells. Images on the bottom row are magnified images of the boxed areas in the top row. (E) Percentage of elongated 
mitochondria and (F) number of mitochondria per cell were calculated for N2a cells treated with 400 µM NaHS for 8 and 16 h, and control cells. White arrows, 
elongated mitochondria; black arrows, round mitochondria. Data are presented as the mean + standard error of the mean of three independent experiments 
(n≥10 images per group). *P<0.05 and **P<0.01 vs. control. NaHS, sodium hydrosulfide; N2a, neuro‑2a.

Figure 2. NaHS increases cell viability and mitochondrial ATP synthesis in a dose‑dependent manner. N2a cells were treated with 100, 200, 400 and 600 µM 
NaHS for 16 h. (A) Viability of N2a cells subjected to various concentrations of NaHS. (B) Mitochondrial ATP synthesis in N2a cells subjected to various 
concentrations of NaHS. Data are presented as the mean + standard error of the mean of three independent experiments. *P<0.05 vs. control group. NaHS, 
sodium hydrosulfide; N2a, neuro‑2a.
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Figure 3. Effects of hydrogen sulfide on Drp1 mRNA and protein levels. N2a cells were treated with 0, 100, 200 and 400 µM NaHS for 16 h. (A) Representative 
western blot presenting the Drp1 and β‑actin protein bands. (B) Densitometric analysis of western blots relative to β‑actin expression. (C) Reverse transcrip-
tion‑quantitative polymerase chain reaction was performed to quantify the relative mRNA expression of Drp1. Data are presented as the mean + standard 
error of the mean of three independent experiments. *P<0.05 and **P<0.01 vs. the control group. Drp1, dynamin 1 like; N2a, neuro‑2a; NaHS, NaHS, sodium 
hydrosulfide.

Figure 4. Overexpression of Drp1 reverses the mitochondrial morphology changes induced by hydrogen sulfide. (A) Drp1 protein expression levels were 
analyzed by western blotting. (B) Densitometric analysis of western blots relative to β‑actin expression. (C) Representative images of the cell bodies of N2a 
cells treated with 400 µM NaHS and 400 µM NaHS + LV‑Drp1 for 16 h. Images on the bottom row are magnified images of the boxed areas in the top row. 
White arrows, elongated mitochondria; black arrows, round mitochondria. (D) Percentage of elongated mitochondria in each group. (E) Number of mito-
chondria per cell body in each group. n≥10 images per group. Data are presented as the mean + standard error of the mean of three independent experiments. 
**P<0.01 vs. the control group and ##P<0.01 vs. the 400 µM NaHS group. Drp1, dynamin 1 like; N2a, neuro‑2a; NaHS, sodium hydrosulfide; LV, lentivirus; 
LV‑Drp1, LV encoding Drp1. 
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signaling pathway may be involved in the NaHS‑induced 
decrease in mitochondrial fission and Drp1 expression.

Discussion

H2S has been identified as the third gasotransmitter, and 
various functions of H2S have been demonstrated. H2S facili-
tates the induction of hippocampal long‑term potentiation (28), 
modulates inflammation by suppressing leukocyte adherence 
and infiltration and edema formation  (29), and suppresses 
the release of insulin by stimulating ATP‑sensitive K+ chan-
nels (30). Progress has also been made towards understanding 
the effects of H2S on mitochondrial function. H2S stimulates 
mitochondrial respiration, suppresses mitochondrial ROS 
production and increases ATP production  (20). However, 
there have been no reports regarding the effects of H2S on 
mitochondrial dynamics, which provide the foundation for the 
maintenance of normal mitochondrial functioning.

To the best of our knowledge, the present study is the first 
to demonstrate that H2S inhibits mitochondrial fission. The 
current study used transmission electron microscopy, which 
is the most accurate method of detecting changes in mito-
chondrial morphology. To ensure the validity of the results, 
previously described methods were used to analyze the number 
of mitochondria as well as changes in their shape (25,31). The 
results confirmed that H2S inhibited mitochondrial fission in 
a dose‑ and time‑dependent manner. In addition, the present 
study evaluated the effect of NaHS on cell viability and ATP 
generation and demonstrated that 400‑600 µM NaHS increased 
cell viability and ATP generation, indicating that NaHS may 
enhance mitochondrial function. This finding was consistent 
with previous studies (32,33). Subsequently, it was investigated 
whether H2S may also affect the expression of Drp1, thereby 
affecting mitochondrial dynamics. To test this hypothesis, 
RT‑qPCR and western blotting were performed to detect the 

mRNA and protein levels of Drp1 in N2a cells following treat-
ment with 400 µM NaHS. The results demonstrated that H2S 
significantly affected the mRNA and protein expression levels 
of Drp1. Drp1 mRNA and protein expression in the cells in the 
400 µM NaHS‑treated group were 60% lower compared with 
control levels. Based on this result, we hypothesized that the 
impact of H2S on mitochondrial morphology changes may be 
achieved through reduced Drp1 expression. In a previous study, 
Barsoum et al (34) observed that Drp1 overexpression leads to 
mitochondrial fragmentation and that dominant‑negative Drp1 
inhibits mitochondrial fission in primary neurons. The current 
study also demonstrated that Drp1 overexpression reversed the 
NaHS‑induced inhibition of mitochondrial fission. This finding 
further supports our hypothesis that H2S affects mitochondrial 
fission by reducing Drp1 expression.

To further elucidate the molecular mechanisms of the effects 
of H2S on Drp1 expression and mitochondrial fission, the ERK1/2 
pathway was analyzed. In a previous study, Zhang et al (35) 
demonstrated that H2S increases ERK1/2 phosphorylation, 
and downregulates β‑site amyloid precursor protein cleaving 
enzyme 1 expression and amyloid β1‑42 release in PC12 cells. 
Gan et al (36) also reported that inhibiting ERK1/2 activation 
attenuates aberrant mitochondrial morphology and function in 
AD hybrid cells. The results of these studies indicate that there 
may be a specific association between H2S, ERK1/2 activation 
and changes in mitochondrial morphology. To investigate this, 
the present study measured ERK1/2 phosphorylation in N2a 
cells following treatment with NaHS and the ERK1/2 signaling 
pathway inhibitor PD98059. The results demonstrated that H2S 
increased ERK1/2 phosphorylation and that PD98059 blocked 
this effect, indicating that H2S does affect ERK1/2 activation. In 
addition, the present study investigated whether PD98059 affects 
H2S‑induced mitochondrial fission and observed that PD98059 
partially suppressed the effect of H2S on mitochondrial fission. 
These results indicate that the ERK1/2 signaling pathway 

Figure 5. Activation of ERK1/2 is responsible for the hydrogen sulfide‑induced decrease in Drp1 expression. (A) Western blotting and densitometric analysis 
demonstrated that phosphorylation of ERK1/2 was increased in cells treated with 400 µM NaHS and that this induction was blocked by PD98059. (B) Western 
blotting and densitometric analysis demonstrated that the effects of NaHS on Drp1 protein levels were reversed by PD98059. Densitometric analysis of western 
blots is presented relative to the ratios in the control untreated cells. N2a cells were treated with 400 µM NaHS for 16 h and the inhibitor was added 30 min 
prior to NaHS treatment. Data are presented as the mean + standard error of the mean of three independent experiments. **P<0.01 vs. the control group; #P<0.05 
and ##P<0.01 vs. the 400 µM NaHS group. ERK, extracellular signal‑regulated kinase; Drp1, dynamin 1 like; NaHS, sodium hydrosulfide; P, phosphorylated, 
T, total.
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may be crucial for the H2S‑induced decrease in mitochondrial 
fission. The effects of inhibitor pretreatment on Drp1 protein 
levels were similar, supporting our hypothesis that H2S hindered 
mitochondrial fission by reducing Drp1 expression. However, 
the effects of H2S on other signaling pathways, including the 
phosphoinositide 3‑kinase/AKT serine‑threonine kinase and 
c‑Jun N‑terminal kinase pathways, require further investigation.

In conclusion, the results of the present study support 
the hypothesis that H2S may downregulate Drp1 expression 
and inhibit mitochondrial fission, and that these effects may 
involve the ERK1/2 signaling pathway. These results lay a 
foundation for an improved understanding of the effects of the 
novel gaseous signaling molecule H2S on mitochondrial func-
tion. However, further studies in vivo are required to confirm 
this hypothesis.
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