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Abstract
Objectives: Acrolein (Acr) is a highly reactive a,
b-unsaturated aldehyde, which can induce reactive
oxygen species (ROS) generation. Several factors,
including lipid peroxidation, clinical use of cyclo-
phosphamide, fried foods, automobile exhausts,
smoking and aging can increase its concentration in
blood serum. Mounting evidence has suggested that
Acr-induced ROS might reduce quality of sperm.
Thus, the aim of this study was to examine repro-
ductive toxicity of Acr-caused ROS in vitro and
find a means to alleviate it.
Materials and methods: We investigated the effects
of Acr on male germ cell (MGC)-derived GC-1
cells in vitro. Dihydroethidium and DCFH-DA
fluorescent dyes were used to determine generation
of intracellular ROS.
Results: We found that Acr induced ROS genera-
tion, which was accompanied by reduced Bcl2/Bax
ratio, substantial decline in mitochondrial mem-
brane potential, and further promoted apoptosis of
MGCs. Furthermore, Rapamycin was capable of
alleviating Acr-induced ROS, reducing ROS-
induced apoptosis by increasing ratio of Bcl2/Bax
mRNA and proteins, and protecting MGC mito-
chondrial membranes.
Conclusion: Rapamycin inhibited Acr-induced
apoptosis by alleviating ROS-driven mitochondrial
dysfunction in MGCs.

Introduction

Male germ cells (MGCs) are the foundation of sper-
matogenesis, and their aging and damage can reduce
quality of sperm. Many environment factors are able to
cause damage to MGCs, among which acrolein (Acr)
is important (1,2). Acr level in serum is possibly
increased by a number of factors including lipid perox-
idation, clinical use of cyclophosphamide (CP), fried
foods, automobile exhausts, aging and smoking (4–7).
It is a strong and highly reactive electrophile and stays
as an active form in the body for several days (3). In
addition, Acr is also one of the major highly-toxic
metabolites of CP and ifosfamide that are first choice
in immunosuppressant and chemotherapeutic agents in
China. More importantly, cytochrome P450 3A4
(CYP3A4), the enzyme able to degrade CP to Acr, is
expressed highly in mammalian testes. This would gen-
erally result in higher concentration of Acr in MGCs
of patients treated clinically with CP and ifosfamide
(8).

Apoptosis is one of the main mechanisms of germ
cell death during normal spermatogenesis. Previous stud-
ies have indicated that generation of intracellular reac-
tive oxygen species (ROS) plays an important role in
spermatogenesis and reproduction (11,12). However,
Acr disrupts redox balance of tissues, leading to higher
intracellular ROS causing testicular toxicity (2,9,10).
Tissue damage resulting from production of oxygen free
radicals, and its oxidation product, has been one of the
main causes leading to spermatogenetic disorders
(1,13,14).

It has been reported that Acr causes higher levels of
intracellular ROS for direct reaction with glutathione
(GSH), the key factor for intracellular redox balance
(18). Indirect depletion of GSH can result in generation
of ROS that damages the mitochondrial electron trans-
port chain (19). There has been in vivo evidence show-
ing that Total Antioxidant Capacity, Superoxide
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Dismutase, Catalase and Glutathione Peroxidase are
reduced and ROS was increased in Acr-treated groups,
compared to control groups (1).

In view of the above findings, we thus studied toxic-
ity of Acr in MGC line-derived GC-1 spg cells (15),
which display specific features of type B spermatogonia
or early spermatocytes, and have been used in increasing
numbers of studies related to MGCs (16,17). To analyse
underlying mechanisms of reproductive toxicity to
MGCs in detail, the present study explored Acr-induced
ROS, and we demonstrate that it affected viability of
GC-1 cells, and caused their apoptosis in vitro. In addi-
tion, we further discovered a potential role for rapamy-
cin (Rap) in mediating Acr-induced apoptosis in MGCs.

Materials and methods

Reagents

All reagents were purchased from Sigma Chemical Co.
(St. Louis, MO, USA) unless otherwise indicated. All
compounds were solubilized in dimethyl sulphoxide
except PD98059, which was dissolved in ethanol. Ste-
roid-free medium containing dimethyl sulphoxide (vehi-
cle) was used as control.

Cell treatment

GC-1 cells were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA, USA), sup-
plemented with 10% charcoal-stripped foetal bovine
serum (FBS; Hyclone, Logan, UT, USA), 2% glutamine
(Invitrogen), 1% penicillin and 1% streptomycin (Invi-
trogen). For cell proliferation experiments, GC-1 cells
were seeded at 1000 cells per well (96-well plate) as
starting point (20).

Immunofluoresence analysis

Cells were fixed in 4% paraformaldehyde-phosphate-
buffered saline (PBS) and treated with 0.1% Triton
X-100 for 10 min at room temperature. After blocking
in 10% appropriate serum in PBS for 30 min, cells
were incubated with primary antibodies against: Oct4
(1:500; Chemicon, Temecula, CA, USA), Nanos2
(1:200; Abcam, Cambridge, MA, USA), PCNA
(1:500; Chemicon), Plzf (1:200; Santa Cruz, CA,
USA), Ssea1 (1:200; Chemicon), Vasa (1:500; Ab-
cam), respectively, overnight at 4 °C, followed by
Fluorescein isothiocyanate (FITC)-coupled appropriate
secondary antibodies (1:500; Millipore, Billerica, MA,
USA) for 30 min. During incubations, slides and
plates were washed three times in PBS. Nuclei of

cells were counterstained with Hoechst 33342 before
slides were observed and analysed using a Leica
microscope (Hicksville, NY, USA) (20).

Determination of intracellular ROS generation

DCFH-DA: GC-1 cells were washed in FBS before
loading with 50 lM DCFH-DA (ROS Assay Kit; Beyo-
time, Haimen, Jiangsu, China) in PBS for 20 min at
37 °C. Cells were then washed twice in PBS. Acr was
added at indicated concentrations and incubated for des-
ignated times prior to being placed in the flow cytometer
(Altra; Beckman Coulter, Brea, CA, USA), with excita-
tion wavelength of 488 and 530 nm emission (21).

Dihydroethidium (DHE): MGCs were washed in
PBS before being loaded with 5 lM DHE (Dihydroethi-
dium Kit; Beyotime Institute of Biotechnology) in PBS
for 30 min at 37 °C. Cells were then washed twice in
PBS. Acr was added at indicated concentrations and
incubated for designated times prior to being placed in
the flow cytometer (Altra; Beckman Co.), excitation
wavelength 488 and 610 nm emission (22).

DCFH-DA- and DHE-related fluorescence was mea-
sured using logarithmic amplification in the flow cytome-
ter. Fifteen thousand cells were analysed for each group,
and data were reported as peak fluorescence intensity.

MTT assay

Cell viability was determined using MTT [3-(4, 5-
dimethyl-thiazol-2-yl)-2, 5-diphenyl-tetrazolium bro-
mide] assay. Briefly, at the end of each treatment,
100 ll MTT (5 mg/ml in 1 M phosphate-buffered sal-
ine, pH 7.6) was added to each well of 96-well plates
and plates were incubated for 2 h at 37 °C in 5% CO2

and 95% air. Optical density was measured at 570 nm
using a microplate reader (17).

Haemacytometer and flow cytometry cell count

GC-1 cells were co-cultured in 0, 0.5, 10 and 100 lM
concentrations Acr for 48 h, then harvested, and washed
in PBS. All samples were assessed by flow cytometry and
haemacytometer count in three independent experiments.

DNA content analysis

Cells were washed in ice-cold PBS, suspended and fixed
in 70% ice-cold ethanol for 3 days. Thereafter, they
were centrifuged at 500 g for 10 min, and washed in
ice-cold PBS. Cell pellets were re-suspended in 0.5 ml
PBS containing 50 mg/ml propidium iodide (PI) and
100 mg/ml RNase (Invitrogen), incubated at 37 °C for
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30 min and analysed using a flow cytometer (Beckman
Altra; Beckman Co.) (23).

CFDA-SE cell proliferation assay and tracking kit

Cells were labelled with final concentration 10 mM

CFDA-SE (carboxyfluorescein diacetate, succinimidyl
ester; Beyotime Institute of Biotechnology) for 48 h. All
co-cultures and controls were analysed for CFDA-SE fluo-
rescence using flow cytometry (Altra; Beckman Co.) (24).

GSH and GSSG assay kit

Glutathione and GSSG levels were measured using a
GSH and GSSG assay kit (S0053; Beyotime Institute of
Biotechnology), according to the manufacturer’s proto-
col (25,26).

Annexin V- FITC apoptosis analysis

Cells were harvested, and washed in cold PBS and cold
binding buffer x1. They were then resuspended in cold
19 binding buffer, 1 9 106 cells/ml. One hundred mi-
crolitres cells (1 9 105 cells) was added to each labelled
tube, and 5 ll annexin V-FITC to appropriate tubes.
Each tube was gently vortexed and incubated for
10 min at room temperature. Five microlitres PI solution
was added for 5 min at room temperature, protected
from the light. Cells were washed once in PBS and
resuspended in PBS, then analysed using a flow cytome-
ter (Beckman Altra; Beckman Co.) (27).

Mitochondrial membrane potential (DΨm) assay

Mitochondrial membrane potential was determined using
dual-emission mitochondrion-specific lipophilic, cationic
dye, 5, 5′, 6, 6′-tetrachloro-1, 1′, 3, 3′ tetraethylbenzimi-
dazoly-carbocyanine iodide (JC-1). Punctate red fluores-
cence (excitation 530 nm/emission 600 nm) represents
potential-dependent aggregate form of JC-1 in mitochon-
dria of healthy cells (polarized mitochondria). Diffuse
green fluorescence (excitation 490 nm, emission 530 nm)
represents monomeric form of JC-1 in the cytosol of
unhealthy cells (depolarized mitochondria). Cells grown
on coverslips were incubated in JC-1 (10 lg/ml) at 37 °C
for 15 min and washed in PBS, then mounted on slides
for Leica microscopy equipped with an on-stage incubator
(20/20 Technologies, Pompano Beach, FL, USA) for
imaging. TRITC and GFP filter sets (Semrock, San Fran-
cisco, CA, USA) were used to detect depolarized and
repolarized mitochondria respectively. Both colour
channels were overlaid in IPLab software (Becton
Dickinson, Franklin, NJ, USA) to measure distribution

of both repolarized and depolarized mitochondria in the
field (28,29).

RNA isolation and qRT-PCR

Total RNA was isolated using TRIzol (Invitrogen). qRT-
PCR reactions were set up in 15 ll reaction mixtures
containing 7.3 ll 1 9 SYBR, 0.1 ll PremixExTaqTM
(BOER; Biotech. Co. Ltd, Hangzhou, China), 0.3 ll
sense primer, 0.3 ll antisense primer, 6.5 ll distilled
water and 0.5 ll template. Reaction conditions were as
follows: 95 °C for 30 s, followed by 40 cycles of 95 °C
for 10 s and 58 °C for 20 s. Transcripts of Bcl2, Bax
and Bcl2/Bax ratio were used as indices for effects of
apoptosis in MGCs. All data were normalized to b-actin
in each well (30). Nucleotide sequences of primers were
as follows: Bcl2 (PrimerBank ID: 133893253c2): for-
ward, 5′-GAG AGC GTC AAC AGG GAG ATG-3′ and
reverse, 5′-CCA GCC TCC GTT ATC CTG GA-3′ and
Bax (PrimerBank ID: 6680770a1): forward, 5′-TGA
AGA CAG GGG CCT TTT TG-3′ and reverse, 5′-AAT
TCG CCG GAG ACA CTC G-3′.

Western blot analysis

The total cellular protein was extracted through the fol-
lowing methods. Cells were washed in cold-buffered
PBS and were then lysed in RIPA buffer (150 mM
NaCl, 1 % Triton X-100, 0.5 % NaDOD, 0.1 % SDS,
and 50 mM Tris, pH 8.0). After centrifugation (7438 g,
5 min) at 4 °C, the protein supernate was transferred
into new tubes, and then extracted in 1 9 SDS–PAGE
sample loading buffer. Total cell proteins were resolved
by SDS–PAGE, transferred to PVDF membrane, and
probed with b-actin (1:1000; Beyotime, Haimen,
Jiangsu, China), Bcl2 (1:500; bs-0032R, Bioss, Tongz-
hou, Beijing, China), Bax (1:500; bs-0127R, Bioss).
Horse-radish peroxidase conjugated anti-rabbit IgG was
used as a secondary antibody (1:1000; Beyotime).
Detection was performed using BM-Chemiluminescence
blotting substrate (Roche, Shanghai, China). Maps were
analysed by ImageJ (V1.48d, National Institutes of
Health, Bethesda, MD, USA) for integrated density.

Statistical analysis

Data are presented as mean � SEM of three indepen-
dent experiments; three replicates were evaluated for
each experiment. Statistical comparisons were assessed
with analysis of Student’s test. P < 0.05 was considered
statistically significant. All statistical analyses were per-
formed using the SPSS software for Windows V17.0
(SPSS, Chicago, IL, USA).
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Results

Characteristics of GC-1 cells

Characteristics of GC-1 cells cultured in our laboratory
were confirmed by immunofluorescence. Staining analy-
sis showed that they had all specific features of type B
spermatogonia or early spermatocytes, with expression
of MGC markers including Oct4, Nanos2, PCNA, Plzf,
Ssea1 and Vasa (Fig. 1).

Acr caused lower ratio of GSH/GSSG and induced
dose-dependent ROS generation

Acr can react with GSH in many types of cells; we
measured intracellular concentrations of GSH and GSSG
in GC-1 cells then calculated the ratio of GSH/GSSG. We
found that Acr caused lower concentrations of intracellu-
lar GSH and lower ratio of GSH/GSSG (Fig. 2a,b). Thus,
we speculated that intracellular ROS could be generated
cell treatment with Acr. To test this, the GC-1 cells were

exposed to a variety of concentrations of Acr for 4, 6 and
8 h, prior to being stained with DCFH-DA, for measuring
intracellular ROS using a flow cytometric assay. Results
showed that levels of ROS increased with increased
concentration of Acr, suggesting a proportional relation-
ship between ROS and Acr concentration in the cells
(Fig. 2c).

Acr affected cell viability

The GC-1 cells were exposed to Acr for 48 h, and via-
bility was determined by MTT assay, haemacytometer
counting and flow cytometry. Results showed that Acr
was able to suppress viability of the cells in a dose-
dependent manner (Fig. 3a,b).

Inability of Acr to alter MGC proliferation

Reduction in cell viability could be attributed to cell
death or to lower capacity of cell proliferation. To

Figure 1. GC-1 cells have specific features
of type B spermatogonia or early sperma-
tocytes – such as expression of Oct4,
Nanos2, PCNA, Plzf, Ssea1, Vasa (FITC-cou-
pled secondary antibodies ‘/33342’ is the
abbreviation of the merged photos that addi-
tionally stained with Hoechst 33342,
bar = 100 lm).
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explore whether Acr-induced cell death or impaired cell
proliferation accounted for the dose-dependent inhibi-
tion of cell viability, cell cycle analysis and CFDA-SE
assay were used to evaluate cell proliferation. Results
showed that Acr did not significantly alter MGC prolif-
eration (Fig. 4a). In contrast, dramatic cell death was
found in the group treated with high concentrations of
Acr, although low concentration of Acr did not affect
self-renewal of the cells (Fig. 4b). These data suggest
that the dose-dependent reduction in cell viability was
not a consequence of impaired cell proliferation, but

that cell death was caused by higher concentration of
Acr.

Acr-induced cell apoptosis

To determine whether Acr caused cell death by apopto-
sis and that ROS led to apoptosis in MGCs, the cells
were exposed to Acr at different concentrations and
analysed for apoptosis by staining with FITC-labelled
annexin V/PI in an apoptosis kit, by flow cytometry
(Fig. 5a,b). Results showed that there was more frequent

(a) (c)

(b)

Figure 2. Acrolein (Acr) caused lower
ratio of GSH/GSSG and induced dose-
dependent ROS generation. GC-1 cells were
exposed to various concentrations of Acr for
6 h, stained with DTNB to measure intracel-
lular GSH and the ratio of GSH/GSSG by
Microplate Reader (a and b); or exposed to
various concentrations Acr for 4, 6 and 8 h,
stained with DCFH-DA to measure intracellu-
lar level of ROS by flow cytometry (c). GSH
and the ratio of GSH/GSSG were reduced
when they were treated with Acr. Acr caused
higher intracellular ROS levels in MGCs.
Results showed that ROS increased with con-
centration and disposal time of Acr.
*P < 0.05, compared to 0 lM. **P < 0.05,
compared to 0 lM. #P < 0.05, compared to
0 lM 4 h. ##P < 0.05, compared to 0 lM
6 h. †P < 0.05, compared to 0 lM 8 h.

(a) (b)

Figure 3. Acrolein (Acr) affected GC-1 cell
viability. Cells were treated with 0, 0.5, 10
and 100 lM concentrations of Acr for 48 h.
Viabilities were determined using MTT assay
(a), haemacytometer counting and flow
cytometry (b). Results show that Acr sup-
pressed viability in a dose-dependent manner.
*P < 0.05, compared to 0 lM by MTT.
**P < 0.05, compared to 0 lM by haemacy-
tometer. #P < 0.05, compared to 0 lM by
CFDA SE assay.
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(a)

(b)

Figure 4. Inability of acrolein (Acr) to alter MGC proliferation. Cells were treated with 0, 0.5, 10 and 100 lM concentrations Acr for 12 h,
stained with PI to analyse the cell cycle (a) and treated for 48 h, then stained with CFDA SE to analyse cell generation (b). Both cell cycle and
generation analysis above proved that proliferation of the cells was not the reason for cell viability reduction, treated by Acr.

(a) (b)

Figure 5. Acrolein (Acr)-induced apopto-
sis. Cells were exposed to various concentra-
tions of Acr for 12 h, stained with an FITC-
labelled annexin V/PI apoptosis kit and mea-
sured by flow cytometry (a and b), stained
with Hoechst 33342 measured by fluores-
cence microscopy (b). There were increased
numbers of apoptotic cells compared to lower
concentration Acr. Apoptosis was the reason
for cell viability decrease treated by Acr.
*P < 0.05, compared to 0 lM and stained
with FITC-labelled annexin V/PI.
**P < 0.05, compared to 0 lM and stained
with Hoechst 33342.
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apoptosis in cultures treated with higher concentrations of
Acr, in comparison to cells exposed to less concentrations
of Acr, indicating that apoptosis might account for the
dose-dependent impaired cell viability for Acr.

Rap inhibited Acr-induced apoptosis

Several lines of evidence have revealed that mTORC1,
p38, NF-jB, MAPKK and PKA pathways participate in
regulation of intracellular ROS (29, 31, 32, 33, 34). To

(a) (b)

Figure 6. Rapamycin (Rap) specifically inhibited acrolein (Acr)-induced apoptosis. Cells were exposed to 100 lM Acr-stimulated apoptosis for
12 h through activation of GPCR, PKG and EGFR-ERK pathways, and determined by FITC-labelled annexin V/PI apoptosis kit, with or without
pre-treatment with Rap (0.1 lM Rap), SB (50 lM SB203580), PDTC (20 lM Ammonium pyrrolidinedithiocarbamate), PD98 (50 lM PD98059) and
H89 (20 lM H-89�2HCl), which are inhibitors of mTOR, P38, NF-jB, MAPKK and PKA, respectively (a and b). Only Rap specifically inhibited
Acr-induced apoptosis. There were no significant effect of inhibition of Acr-induced apoptosis by other inhibitors. *P < 0.05, compared to 100 lM
Acr marked as control group.

(a) (b)

Figure 7. Rapamycin relieved acrolein
(Acr)-induced apoptosis. To confirm the
result above, GC-1 cells were exposed to var-
ious concentrations of Acr for 36 h, and
stained with propidium iodide (PI) to analyse
DNA content by flow cytometry (a and b).
Acr induced apoptosis in a concentration-
dependent manner. However, rapamycin
relieved this phenomenon. *P < 0.05, com-
pared to 10 lM Arc. #P < 0.05, compared to
100 lM Acr.
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investigate involvement of these pathways, we evaluated
effects of various inhibitors on Acr-induced apoptosis.
To activate GPCR, PKG and EGFR-ERK pathways,
MGCs with or without pre-treatment with Rap (0.1 lM
Rap), SB (50 lM SB203580), PDTC (20 lM), PD98
(50 lM PD98059) and H89 (20 lM), inhibitors of
mTORC1, P38, NF-jB, MAPKK and PKA, respec-
tively. Then, after exposure to 100 lM Acr for 12 h,
apoptosis was measured using the FITC-labelled annexin
V/PI apoptosis kit. As shown in Fig. 6a and 6b, only
Rap inhibited Acr-induced apoptosis. There was no sig-
nificant effect of inhibition of Acr-induced apoptosis for
other inhibitors. Specifically, as a reducing agent, PDTC
did not reverse Acr-caused apoptosis. This negative
result might suggest that PDTC was not a substitute for
GSH consumed by Acr. Thus, the mechanism of Rap on
Acr-induced apoptosis was further investigated.

Rap relieved Acr-induced apoptosis

To confirm the above results, the cells were exposed to
a variety of concentrations of Acr for 36 h, and stained
with PI to analyse DNA content by flow cytometry.
Results demonstrated dose-dependent Acr-induced apop-

tosis, and addition of Rap repressed it (Fig. 7a,b). How-
ever, DNA content analysis further indicated that Acr
was unable to significantly impact cell cycle parameters.
Thus, Acr-impaired cell viability seemed mainly to be
caused by cell death, not impaired cell proliferation.

Rap alleviated Acr-driven intracellular ROS production

Next, we sought to explore whether Rap, an inhibitor of
mTORC1, was able to alleviate Acr-induced intracellular
ROS production in GC-1 cells. As shown in Fig. 8, the
cells were exposed to various concentrations of Acr and
0.1 lM Rap for 6 h, then were stained with DHE
(Fig. 8a) and DCFH-DA (Fig. 8b) for accessing intracel-
lular level of ROS by flow cytometry. Results showed

(a)

(b)

Figure 8. Rapamycin (Rap) alleviated acrolein (Acr)-driven intra-
cellular ROS production. GC-1 cells exposure to Acr and Rap for
6 h. To measure intracellular level of ROS by flow cytometry, cells
were stained with DHE (a) or DCFH-DA (b). The two experiments
proved that Acr induced intracellular ROS in a dose-dependent man-
ner, and Rap-alleviated Acr caused higher intracellular ROS levels.
*P < 0.05, compared to 0 lM Arc. **P < 0.05, compared to 0.5 lM
Acr. #P < 0.05, compared to 10 lM Acr. ##P < 0.05, compared to
100 lM Acr.

(a)

(b)

(c)

Figure 9. Rapamycin (Rap) increased Bcl2/Bax ratio in acrolein
(Acr)-treated cells. GC-1 cells exposure to Acr and 0.1 lM Rap for
6 h. Bcl2 and Bax mRNA levels were examined with QRT-PCR (a)
the control value was set as 1; protein levels were examined using
western blotting (b). The results were analysed by ImageJ (V1.48d) for
their integrated density (c). We found that Rap specifically alleviated
Acr-related increase in Bcl2/Bax expression rate. (a) *P < 0.05, com-
pared to 0 lM Arc in Bcl2. **P < 0.05, compared to 0 lM Acr in Bax.
#P < 0.05, compared to 0 lM Acr in Bcl2/Bax. ##P < 0.05, compared
to 100 lM Acr in Bax. †P < 0.05, compared to 100 lM Acr in Bcl2/Bax.
(c) *P < 0.05, compared to 0 lM Arc in Bax. **P < 0.05, compared to
100 lM Acr in Bax. #P < 0.05, compared to 0 lM Acr in Bcl2/Bax.
##P < 0.05, compared to 100 lM Acr in Bcl2/Bax.
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that Acr induced intracellular ROS in a dose-dependent
manner, and Rap was able to repress generation of ROS
by higher concentrations of Acr.

Rap increased Bcl2/Bax ratio in Acr-treated cells

Bcl2 and Bax are important proteins in apoptosis media-
tion. Thus, we isolated GC-1 RNA of cells exposed to
Acr and Rap for 6 h; transcripts of Bcl2 and Bax were
examined by qRT-PCR. We found that Rap was able to
inhibit pro-apoptotic protein Bax expression, and aug-
ment anti-apoptotic protein Bcl2 expression, which led
to increased Bcl2/Bax ratio in Acr-treated cells (Fig. 9a).
To confirm qRT-PCR results, we analysed relative pro-
tein levels of Bcl2 and Bax by western blotting. Protein
trends were consistent with mRNA expression (Fig. 9b,
c). Above all, Rap increased levels of Bcl2/Bax of
mRNA and protein expression in Acr-treated cells.

Rap alleviated Acr-induced reduction of DΨm

Reactive oxygen species are harmful to the mitochon-
drion. To confirm ROS in GC-1 cells caused by Acr,
cells were exposed to various concentrations of Acr for
6 h, then were stained with JC-1 to measure DΨm by
fluorescent microscopy (Fig. 10a) and flow cytometry
(Fig. 10b). Experimental results showed that there was a
dose-dependent trend that high concentration of Acr
reduced DΨm in these MGCs. However, Rap alleviated
Acr-induced DΨm reduction.

Discussion

Acrolein, an unsaturated aldehyde with its strongly reac-
tive electrophilic carbonyl group, reacts with and
depletes cell nucleophiles, such as GSH (30), and is able
to cause ROS production, in many types of cells
(4,35,36). Being an endogenous toxin, Acr is specially
insidious. Moreover, Acr can easily penetrating across
cell membranes, and serum levels of Acr in humans are
estimated normally to reach as high as 50 lmol/l (37).

Particularly in the testes, although ROS have been
thought to be hazardous to germ cells, a recent study
has provided evidence that ROS, as a component of the
microenvironment of spermatogonial stem cells (SSCs),
plays an essential role in SSC self-renewal in mice in vi-
tro and in vivo (12). Moreover, mild concentration of
hydrogen peroxide does not affect cell viability, as ROS
damage (such as DNA damage) offsets the effect of
ROS-induced self-renewal of SSCs (12). Previous stud-
ies have shown that oxidative stress due to excessive
production of ROS has been associated with defective
sperm function and infertility (38,39); infertile men have
reduced sperm variables induced by higher ROS levels
in semen (38). A positive relationship exists between
increased sperm damage by ROS and higher levels of
apoptosis (38). In our study, we found Acr-induced
ROS did not significantly affect proliferation of MGCs;
however, it caused apoptosis. Thus, our results suggest
that Acr might cause similar reactions to mild concentra-
tion of hydrogen peroxide in MGCs.

(a) (b)

Figure 10. Rapamycin (Rap) alleviated acrolein (Acr)-induced reduction in mitochondrial membrane potentiality (DΨm). GC-1 cells were
exposed to various concentrations of Acr, or arcolein and 0.1 lM Rap for 6 h, and stained with JC-1 to measure mitochondrial membrane potential
by fluorescence microscopy (a, bar = 200 lm) and flow cytometry (b). Punctate red fluorescence represents the potentially dependent aggregate
form of JC-1 in the mitochondria of healthy cells (polarized mitochondria). Diffuse green fluorescence represents the monomeric form of JC-1 in
the cytosol of unhealthy cells (depolarized mitochondria). Thus, the decrease in Red/Green rate meant decline of DΨm. Results showed that there
was a dose-dependent trend, that is, higher concentrations of Acr caused decline of DΨm in more cells, but Rap could alleviate Acr-induced decline
of DΨm. *P < 0.05, compared to 0 lM Acr. **P < 0.05, compared to 0 lM Acr and 0.1 lM Rap.
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We found that Acr caused lower ratios of GSH/GSSG
and higher ROS levels in a dose-dependent manner. Acr-
induced intracellular ROS reduced levels of Bcl2/Bax
mRNA and protein expression level, which caused the
disappearance of DΨm. Rap, an inhibitor of mTORC1,
was able to alleviate the Acr-induced ROS, increased the
ratio of Bcl2/Bax, and protected mitochondrial mem-
branes (as Scheme shown in Fig. 11). According to our
data, Acr-induced ROS were the main mechanisms in its
reproductive toxicology. However, further study on DNA
damage will be required to demonstrate cytotoxic mecha-
nisms of Acr from further perspectives.

As has been reported recently, Rap increases expres-
sion of ROS response genes such as those for superoxide
dismutase 1, GSH reductase and d-aminolevulinate dehy-
dratase (32). The authors concluded that Rap-induced
stimulation of ROS response genes may promote longev-
ity of MGCs, while repression of gene expression in
aged cells could reflect MGCs’ diminished potential to
alleviate ROS, a hallmark of ageing (34). A similar phe-
nomenon was also found in our study. Rap alleviated
intracellular ROS. Thus, our study indicated that there
was a proportional relationship between the mTOR path-
way and ROS. Given that ROS is important in cell sur-
vival, differentiation and senescence, as well as a
causative factor in many diseases (33,34), our results in
this study suggested that Rap might be one of the sup-
pressors of the harmful effect of intracellular ROS.

Taken together, Rap inhibited Acr-induced apoptosis
through alleviation of ROS in MGCs. Furthermore, we
provided novel insight into the potential role of Rap in
mediating apoptosis caused by ROS in MGCs in this
study. Thus, it is of significance in reproduction, envi-
ronmental toxicology and ageing.
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