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Abstract: This study aimed to investigate the MC-LR induced oxidative injury and apoptosis in Chinese hamster
ovary (CHO) cells, and the protective effects of N-acetylcysteine (NAC) on these cells. Cell viability was determined by
MTT assay after exposure to NAC at various concentrations (0, 1, 5, 10, 20, 30, 40, 50, 60 and 80 mmol/L) alone,
or NAC (0, 1 and 5 mmol/L) plus MC-LR (0, 2.5, 5 and 10 ug/ml) for 24 h. The reactive oxygen species (ROS) in CHO
cells were measured by DCFH-DA, mitochondrial membrane potential (MMP) by fluorescence probe JC-1 staining,
and apoptosis index determined by Annexin V-PI staining. Results showed, following exposure to NAC alone for 24
h, cell viability remains higher than 80% at 1 and 5 mmol/L. After exposure to NAC at different concentrations plus
MC-LR, cell viability increased, ROS decreased, MMP elevated, and apoptosis index reduced to a certain extent. In
conclusion, MC-LR may induce the apoptosis of CHO cells by inducing ROS production which is protected by NAC.
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Introduction

Microcystins (MCs) are the secondary metabo-
lites of blue-green algae blooms, and the harm-
ful effects of MCs in water on the environment
and human health have become a major envi-
ronmental issue and a public health problem.
MCs are cyclic heptapeptides and share struc-
tural features including Adda (3-amino-9-me-
thoxy-2, 6, 8-trimethyl-10-phenyl-4, 6-decadie-
noic acid) side chain and a ring consisting of
five amino acids [1]. MCs are a group of cyano-
bacterial toxins, and more than 90 isoforms of
MCs have been identified [2]. MC-LR is one of
the most common variants and the most
potently toxic peptides [3] and contains amino
acids leucine (L) and arginine (R) at variable
sites [4]. In China, the reference value of MC-LR
in drinking water is 1.0 yg/L which is proposed
by the Ministry of Health of the People’s
Republic of China according to the guideline of
the World Health Organization (WHO).

MCs can induce protein phosphorylation and
tumorigenesis through inhibiting serine/threo-

nine protein phosphatase 1 and 2A [5, 6]. MCs
are released into the water from the broken
algal cells and become a threat to human health
due to drinking, skin-contacting, and many
other ways [7, 8]. In 2006, on behalf of the WHO
International Agency for Research on Cancer
(IARC), a working group concluded that MC-LR
is “possibly carcinogenic to humans” (group 2B)
[9]. Studies on the in vivo accumulation of MCs
show the average accumulative magnitude is
the greatest in the digestive tract, followed by
gonads [10]. Germ cells are particularly sensi-
tive to the harmful substances in the environ-
ment, resulting in their death and infertility,
which is a serious threat to reproductive health.
There is evidence showing that MC-LR can
accumulate in aquatic animals and pass on to
later generations, affecting normal growth, and
reproduction of fish and mammals [11, 12], but
the mechanism of MC-LR toxicity is not clear.
Studying the toxic effects of environmentally
harmful substances on the reproductive cells
and proposing measures to protect reproduc-
tive system against this toxicity are important
and become a focus in field of environment
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health. Thus, to explore mechanisms of MC-LR
toxicity on the reproductive system is of great
significance for the protection of reproductive
health and prevention and treatment of diseas-
es of the reproductive system.

N-acetylcysteine (NAC) is a potent antioxidant
and known to increase the intracellular stores
of glutathione there by enhancing endogenous
antioxidant levels [13]. NAC can directly scav-
enge ROS and replenish GSH through deacety-
lation to cysteine to protect cells against oxida-
tive damage [14]. In addition, inhibition of apop-
tosis by NAC, as observed in the large majority
of in vitro and in vivo studies, is presumably the
result of the ability of NAC to attenuate oxida-
tive stress, DNA damage and other signals
which ultimately trigger apoptosis [15].

In this study, Chinese hamster ovary (CHO) cells
were exposed to MC-LR alone or MC-LR plus
NAC. The oxidative injury and apoptosis of CHO
cells were determined, and the cytoprotection
of NAC was investigated. Our results will pro-
vide new evidence for further understanding
the mechanism of reproductive toxicity of
MC-LR.

Materials and methods
Materials

MC-LR with purity of 295% was purchased from
Beijing Express Technology Co., Ltd. NAC
(Sigma, St Louis, MO, USA), RPMI-1640 medi-
um and Trypsin (SH30042.01; Beijing Solarbio
Science & Technology Co. Ltd), maleic dialde-
hyde (MDA; Nanjing Jiancheng Bioengineering
Inc), ROS Assay Kit, Mitochondrial membrane
potential (MMP) Assay Kit, Caspase-3 Activity
Assay Kit, Glutathione reductase (GR) and
Glutathione peroxidase (GPx) assay Kits
(Beyotime Institute of biotechnology), annexin
V-FITC/propidium iodide (Pl) (Beijing Solarbio
Science & Technology Co. Ltd), dimethyl sulfox-
ide (DMSO; Tianjing Damao Chemical Reagent
Factory), trypan blue, 3-(4,5-dimethylthiazol-
2yh)-2,5-diphenyltetrazolium bromide (MTT;
Sigma-Aldrich Inc, USA), and fetal bovine serum
(FBS; Hangzhou Sijiging Biological Engineering
Materials Co., Ltd) were used in the present
study. Other reagents were of analytical grade.

Cell culture

CHO cells were maintained in RPMI-1640 medi-
um containing 10% fetal calf serum. When the
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confluence reached 80%, cells were passaged.
The medium was removed and cells were col-
lected. In brief, cells were washed with phos-
phate buffered saline (PBS), and then digested
with 0.25% trypsin-EDTA (1 ml) for 1-2 min.
RPMI-1640 medium containing FBS was added
to stop digestion. Cells were counted following
Trypan blue staining, and cell density was
adjusted to 1x10° cells/ml. Cells were main-
tained at 37°C in a humidified incubator with
5% CO.,.

Measurement of cell viability after NAC treat-
ment

CHO cells were incubated for 24 h, followed by
treatment with NAC at various concentrations
0, 1,5, 10, 20, 30, 40, 50, 60 and 80 mmol/L)
for 24 h. Then, the medium was removed, 20
pL of MTT solution (5 mg/ml) was added to
each well and the plates were further incubat-
ed for 4 h at 37°C, followed by addition of 150
puL of DMSO to each well. The optical density
was measured at 492 nm with a Sunrise
Remote microplatereader. Cell viability was
calculated.

Measurement of cell viability after treatment
with NAC and MC-LR

CHO cells were incubated for 24 h, followed by
treatment with NAC (O, 1, 5, 10 mmol/L) plus
MC-LR (O, 1, 5, 10 ug/mL) at various concentra-
tions for 24 h. The assays were carried out as
abovementioned. Briefly, cell viability was
assessed by incubating cells with 0.5 mg/ml
MTT for 4 h, followed by incubation with by
DMSO. The optical density was measured at
492 nm using a microplate Reader. The num-
ber of viable cells was calculated.

Measurement of ROS after treatment with NAC
and MC-LR

ROS was detected by using the florescent probe
2-7-dichlorofluorescein diacetate (DCFH-DA)
which can be deacetylated to DCFH in the cells.
ROS induces DCFH oxidation to fluorescent
product dichlorofluorescein (DCF) [2-5, 7, 9-11,
13-16]. Briefly, cells were exposed to MC-LR
and NAC for 24 h, and then with 10 umol/L
DCFH-DA for 30 min at 37°C in dark. Cells were
harvested and washed with PBS, and ROS was
detected by measuring the fluorescence inten-
sity on a FACS Calibur flow cytometer (Accuri
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Cytometers. Inc) and cells were observed
under a fluorescence microscope.

Measurement of MMP after treatment with
NAC and MC-LR

MMP of CHO cells was measured as described
previously using MMP Assay Kit and JC-1
according to the manufacturer’s instructions.
JC-1is a cationic dye and can accumulate in the
membrane of mitochondria. Under normal con-
dition, the mitochondrial membrane showed
red fluorescence; when MMP is lost, red fluore-
scence decreases and green fluorescence
increases. The intensity ratio of red to green
fluorescence represents the change in MMP.
Briefly, CHO cells (1x10° cells/ml) were treated
with MC-LR plus NAC for 24 h and then with
JC-1 for 20 min at 37°C, followed by flow cytom-
etry immediately with FACS Calibur flow
cytometer.

Measurement of MDA and total superoxide
dismutase after treatment with NAC and MC-
LR

MDA, a marker of lipid peroxidation, was mea-
sured with a colorimetric commercial Kit
(Malondialdehyde Assay kit). Briefly, CHO cells
were treated with MC-LR plus NAC for 24 h and
incubated with cell lysis solution. After centrifu-
gation at 1600 g for 20 min, the supernatant
was measured spectrophotometrically at 532
nm. MDA concentration was calculated. SOD is
one of the most important anti-oxidative
enzymes. The activity of SOD was measured
with a colorimetric assay kit according to the
manufacturer’s instructions. Briefly, CHO cells
were harvested. After centrifugation at 1600 g
for 20 min, the supernatant was collected and
used to measure the absorbance at 450 nm
with a Microplate Reader. The SOD activity was
calculated.

Measurement of GR and GPx after treatment
with NAC and MC-LR

The glutathione reductase and GPx activities in
CHO cells were determined using commercial
kits according to the manufacturer’s instruc-
tions. These assays are based on the coupled
oxidation of NADPH during the GR recycling of
oxidized glutathione. NADPH concentration is
measured at 340 nm. GR and GPx activities are
expressed as units per gram protein (U/g
protein).
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Caspase-3 activity

Caspase-3 activity was determined using
Caspase-3 Activity Assay Kit following the
manufacturer’s instructions. Briefly, cells were
treated with MC-LR plus NAC and collected
after centrifugation for 5 min at 200 g. The
supernatant was removed and cells were
washed with PBS, followed by centrifugation for
5 min. Lysis buffer was added followed by incu-
bation on ice for 15 min. Cell lysates were cen-
trifuged at 12000 g for 15 min at 4°C, and pro-
tein concentration of the supernatants was
determined. Ac-DEVD-pNA was added and
mixed with cell lysates followed by incubation
at 37°C for 1-2 h. Then, the activity of Caspase-
3 was measured at 405 nm with a microplate
reader.

Measurement of cell apoptosis after treatment
with NAC and MC-LR

The apoptosis of CHO cells was tested with an
apoptosis detection kit following staining with
either annexin-V-FITC alone or in combination
with Pl according to manufacturer’s instruc-
tions. Briefly, cells were cultured in a 12-well
plate at 1x10° cells/mL and treated with MC-LR
and NAC at various concentrations for 24 h.
After incubation, the cells were washed, col-
lected and re-suspended in 500 pL of binding
buffer. Then, 5 yL of annexin V-FITC and 5 uL of
Pl were added to each sample, followed by incu-
bation at room temperature for 15 min in dark.
Cells were subjected to flow cytometry with a
FACS Calibur flow cytometer.

Statistical analysis

Data were from three independent experiments
and expressed as mean + standard deviation
(S.D.). Statistical analysis was done with SPSS
version 21.0 for windows (SPSS Inc., Chicago,
IL, USA). One-way analysis of variance (ANOVA)
was used to analyze the difference between
groups. Student-Newman-Keuls test (SNK) was
used for multiple comparison in variances with
homogeneity and Games-Howell test in vari-
ances without homogeneity. A value of P<0.05
was considered statistically significant.

Results
Viability of CHO cells treated with NAC alone

CHO cells were treated with NAC at different
concentrations (0, 1, 5, 10, 20, 30, 40, 50, 60

Int J Clin Exp Med 2015;8(4):4911-4921



N-acetylcysteine protects ovary cells

120

100 *

Cell viability (%)
()]
o

5 and 10 pg/mL MC-LR
alone (P<0.05) when com-
pared with control group (O
pg/mL MC-LR). When the
MC-LR concentration was
2.5 and 5 pg/mL, the viabili-
ty increased significantly in
the presence of pretreat-
ment with 1 and 5 mmol/L
* * NAC (P<0.05). However,
when the MC-LR concentra-
tion was 10 pg/mL, the pre-
treatment with NAC (1 and 5
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NAC concentration (mmol/L)

Figure 1. CHO cells were exposed to NAC at different concentrations (0, 1, 5,
10, 20, 30, 40, 50, 60 and 80 mmol/L) for 24 h, and cell viability was deter-
mined by MTT assay. Mean + S.D (n = 5). "P<0.05 vs control group.

the cell viability when com-
pared with control group (O
mmol/L NAC). Thus, the
MC-LR at 10 pg/mL was not

Cell viability (%)

MC-LR(ug/m) 0 25 5 10 0 25 5
NAC(mmoll) ©0 ©0 ©0 0 1 1 1

Figure 2. Cells were treated with NAC (O, 1 and 5 mmol/L) plus MC-LR (O, 2.5, 5
and 10 pg/ml) for 24 h. Cell viability was determined by MTT assay. Mean + S.D

(n = 5). "P<0.05 vs control group.

and 80 mmol/L) for 24 h, and the viability was
determined (Figure 1). The cell viability reduced
significantly after treatment with NAC at 5
mmol/L or higher (P<0.05) when compared
with control group (O mmol/L). The cells viabili-
ty in 1 mmol/L NAC group was comparable to
that in control group (P>0.05). Though the cells
viability in 5 mmol/L NAC group reduced signifi-
cantly, the viability still remained above 80%.
Thus, 1 and 5 mmol/L NAC was used in follow-
ing experiments.

Effect of NAC and MC-LR on cell viability

As shown in Figure 2, the viability of CHO cells
reduced significantly after treatment with 2.5,
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used in following experi-
ments.

ROS decreased after pre-
treatment with NAC

ROS in cultured CHO cells
was assayed by detecting
DCF fluorescence intensity.
As shown in Figure 3, no
ROS was observed in the
absence of MC-LR. In 2.5
and 5 pyg/mL MC-LR treated
groups, the fluorescence
intensity increased when
compared with control
group. However, the fluores-
5 5 5 cence intensity decreased
after pretreatment with 1 or
5 mmol/L NAC when com-
pared with O mmol/L NAC
group. In Figure 4, ROS in
MC-LR treated cells
increased when compared with control group
(O yg/mL MC-LR). When MC-LR concentration
was 2.5 uyg/mL and 5 pug/mL, the fluorescence
intensity decreased markedly in the presence
of pretreatment with 1 and 5 mmol/L NAC
(P<0.05) when compared with O mmol/L NAC
group.

MMP increased in NAC groups

To investigate whether the change in MMP was
caused by MC-LR-induced ROS production, the
ratio of red to green fluorescence was deter-
mined after JC-1 staining. Cells treated with
MC-LR at different concentrations showed the
reduction in MMP. In the presence of pre-

Int J Clin Exp Med 2015;8(4):4911-4921
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A: Control

B: MC-LR (2.5ug/ml)

C: MC-LR (2.5ug/ml) + NAC (1mmol/L)
D: MC-LR (2.5ug/ml) + NAC (5mmol/L)
E: MC-LR (5ug/ml)

F: MC-LR (5ug/ml) + NAC (1mmol/L)
G: MC-LR (5ug/ml) + NAC (5mmol/L)
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Figure 3. ROS content expressed as DCF fluorescence intensity in cultured CHO cells upon exposure to MC-LR. Cells
were visualized under an inverted fluorescence microscope (x200) (A-G). No ROS was observed in the absence of
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MC-LR. In 2.5 and 5 pg/ml MC-LR treated groups, the fluorescence intensity increased when compared with control
group. However, the fluorescence intensity decreased after pretreatment with 1 or 5 mmol/L NAC when compared

with O mmol/L NAC group(H).”P<0.05 vs control group.
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an oxidative product (MDA)
and anti-oxidative factors
(SOD, GR, GSH-px). Our
results showed SOD activity
significantly increased in
CHO cells after NAC pre-
treatment when compared
with MC-LR treatment alone,
whereas MDA  markedly
reduced (P<0.05) (Figure 6A
and 6B). As shown in Figure
6C and 6D, the activities of
25 5 GR and GSH-px increased
5 5 markedly in CHO cells after

NAC pre-treatment as com-

Figure 4. Flow cytometry of ROS content.CHO cells were treated with MC-LR in pared to non-NAC group

the presence or absence of NAC for 24 h. When MC-LR concentration was 2.5
pug/mL and 5 pg/mL, the fluorescence intensity decreased markedly in the pres-

(P<0.05).

ence of pretreatment with 1 and 5 mmol/L NAC (P<0.05) when compared with

0 mmol/L NAC group. “P<0.05 vs control group
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Figure 5. Flow cytometry of MMP. CHO cells were treated with MC-LR in the pres-
ence or absence of NAC for 24 h. Mean + S.D (n = 3). "P< 0.05 vs control group.

treatment with NAC, MMP increased signifi-
cantly (P<0.05) when compared with non-NAC
group (Figure 5).

Changes in redox related indicators

Several redox related indicators were detected
in CHO cells treated with MC-LR, and included
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Caspase-3 activity was
inhibited after NAC pre-
treatment

Because caspase cascade
is a key event in apoptosis
pathways, caspase-3 activity
was assessed in CHO cells.
Results showed caspase-3
was activated in CHO cells
after exposure to MC-LR.
However, caspase-3 activity
was inhibited dramatically
after NAC pre-treatment
when compared with MC-LR
treatment alone (P<0.05)
(Figure 7).

7]
7]

Change in apoptosis rate

e
h

To determine the apoptosis
index of CHO cells, flow
cytometry was done after
annexin-V FITC and PI stain-
ing. As shown in Figure 8, the apoptosis index
was 16.88% + 0.52% and 31.17% + 1.29% in
cells treated with 2.5 and 5 ug/mL of MC-LR for
24 h, respectively, which were significantly
higher than that in control group (0.11% =+
0.03%). While, after pre-treatment with NAC,
the apoptosis index reduced significantly
(P<0.05) when compared with non-NAC group.
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Figure 6. Oxidative and anti-oxidative substances in CHO cells after exposure to NAC plus MC-LR for 24 h. (A) SOD activity. (B) MDA content (C) GR activity (D) GSH-px
activity. Data are expressed as Mean + S.D (n = 5). "P<0.05 vs control group.
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Caspase-3 activity (mU/mg prot)
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Figure 7. Caspase-3 activity in CHO cells after exposure to NAC plus MC-LR for
24 h. Data are expressed as Mean + S.D (n = 5). "P<0.05 vs control group.
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increased after pretreat-
ment with 1 or 5 mmol/L
NAC. This indicates that NAC
has a protective effect on
the cell viability, probably via
attenuating the MC-LR
induced toxic effects.

Studies have shown that
mitochondria play a central
role in the apoptotic death of
many types of cells [21, 22],
and they are a major source
of intracellular ROS and also
a primary target of ROS [23].
ROS is mediators of intracel-
lular signaling cascades and
can induce MMP collapse in
human hepatoma Hep G2
cells, which then triggers a
series of mitochondria-asso-
ciated events, such as apop-
tosis [24]. Excess ROS pro-
duction may lead to oxida-
tive stress and cause dam-
age to human skin epider-
mal cells (including subcel-
lular components) due to
lipid peroxidation and DNA

MC-LR (pg/ml)
NAC (mmol/L) 0 0 1 5

Figure 8. Cell apoptosis index determined by flow cytometry after annexin-V-
FITC/PI staining. CHO cells were treated with 2.5 and 5 pg/L MC-LR in the pres-
ence or absence of NAC for 24 h. The apoptosis index was 16.88% + 0.52%
and 31.17% + 1.29% in cells treated with 2.5 and 5 yg/mL of MC-LR for 24 h,
respectively, which were significantly higher than that in control group (0.11% *
0.03%). While, after pre-treatment with NAC, the apoptosis index reduced signif-
icantly (P<0.05) when compared with non-NAC group. *P<0.05 vs control group.

Discussion

The decline in fertility as a result of environ-
mental exposure has drawn increasing atten-
tion [17, 18]. MC-LR can decrease the viability
of CHO cells in a dose- and time- dependent
manner and the frequency of dead cells is posi-
tively correlated with the frequency of polyploid
cells [19]. It has also been reported that the
decreased cell viability following MC-LR expo-
sure can be salvaged by NAC [20]. Our results
were consistent with findings from dental pulp
cells. In this study, when cells were treated 2.5
or 5 yg/mL MC-LR, cells viability significantly
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damage, which finally induce
cell apoptosis and loss of
cell function, and ultimately
apoptosis or necrosis [25].
At early stage of apoptosis,
oxidative stress triggers the
opening of the membrane
permeability transition pores
(MPTPs) [26, 27]. As MPTPs
become open, the permea-
bility of mitochondrial mem-
brane increases, resulting in a decrease in
MMP or even mitochondrial collapse and sub-
sequent initiation of cellular apoptosis [28].
Studies have demonstrated that caspase-3
activation is closely related to the apoptosis of
several types of cells, suggesting that cas-
pase-3 plays a vital role in mediating apoptosis
[29, 30]. NAC, a ROS scavenger, is able to com-
pletely reverse the oridonin- and AG1478-
induced ROS generation, MMP reduction and
apoptosis [31]. Therefore, in the present study,
the changes in ROS, MMP and caspase-3 activ-
ity and apoptosis of CHO cells were determined
after exposure to MC-LR and NAC plus MC-LR.

1 5
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Results showed ROS generation decreased,
MMP increased, Caspase-3 activity reduced,
and apoptosis index decreased in the presence
of NAC pre-treatment. This indicates that NAC
effectively blocks the MC-LR induced apoptosis
of CHO cells by inhibiting ROS generation and
mitochondrial damage.

There exists a wide array of enzymatic antioxi-
dant defenses, including SOD, catalase (CAT),
Gpx, GR, and glutathione S-transferase (GST),
protecting cells from oxidative damage [32,
33]. ROS can be regulated by SOD, an enzyme
that changes superoxide into H,O,, or by cata-
lase and GPx, which decompose H202 into H2O
[34]. GR is an essential enzyme which main-
tains the reduced state of a cell. Therefore GR
dysfunction is closely associated with several
disorders related to oxidative injury [35]. It is
known that lipid peroxidation is strongly impli-
cated in the process of oxidative stress [36].
MDA, a product of lipid peroxidation, is accept-
ed as a reliable marker of lipid peroxidation and
indirectly reflects the degree of cell injury [37,
38]. NAC and Alpha-ketoglutarate are found to
be very effective in restoring the balance
among MDA, SOD, Gpx and GR in PC12 cells
[39]. In this study, results showed the activities
of SOD, Gpx, and GR significantly decreased
and MDA increased after MC-LR treatment in a
dose-dependent manner and NAC largely
restored the activities of antioxidant enzymes
and reduced MDA. This suggests that NAC pos-
sibly inhibits oxidative stress and prevents
membrane lipid peroxidation following MC-LR
treatment in CHO cells.

According to the oxidative stress hypothesis,
ROS lead to a surge of detrimental biochemical
reactions, including oxidation and peroxidation
of membrane lipids, and apoptosis of cells [40].
Oxidative stress, suggesting an imbalance
between ROS and antioxidant capacity, is one
of classical mechanisms of apoptosis [41, 42].
It has been proven that ROS may initiate oxida-
tive stress causing damage to cellular compo-
nents finally resulting in cell apoptosis [43, 44].
Studies have demonstrated MC-LR is able to
induce oxidative stress due to increase in ROS
generation in Sertoli cells, and subsequently
reduce cell viability and increase Caspase-3
expression causing apoptosis, which is a mech-
anism of reproductive toxicity in male rats [45].
Pre-treatment with NAC has a significant pro-
tective effect on the carp liver cytoskeleton and
may decrease apoptosis due to ROS and cas-
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pase-3 [46]. Our result showed that a large
amount of ROS was produced following MC-LR
treatment in CHO cells, which inhibited the
activity of antioxidant enzymes, reduced MMP
and activated caspase-3, resulting in apopto-
sis. However, when pre-treated with antioxidant
NAC, the MC-LR-induced ROS reduced signifi-
cantly in cells, leading to increases in mem-
brane potential inhibition and antioxidant
enzyme activity. Thus, activities of antioxidant
enzymes (SOD, GR, GSH-PX) in the presence of
NAC treatment were higher than those of cells
without NAC. These suggested that ROS cause
a series of intracellular oxidative stress reac-
tions, leading to apoptosis, which may be the
mechanism of MC-LR related toxicity in CHO
cells, but the exact mechanism is needed to be
further studied.

Conclusion

Our findings demonstrate that NAC is able to
effectively block the MC-LR-induced apoptosis
of CHO cells. As an antioxidant agent, NAC
largely maintains the activities of antioxidant
enzymes, inhibits lipid peroxidation, restrains
ROS generation, suppresses caspase-3 activi-
ty, and attenuates apoptosis. Therefore, NAC
prevents MC-LR induced apoptosis via improv-
ing mitochondrial function and suppressing oxi-
dative stress in CHO cells.
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