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ABSTRACT: Microcystins (MCs) are potent and specific hepatotoxins produced by cyanobacteria in
eutrophic waters, representing a health hazard to animals and humans. The objectives of this study are to
determine the relationship between oxidative stress and NF-«B activity in MC-induced apoptosis in rat
liver and the role of glutathione (GSH). Sprague-Dawley rats were intraperitoneally (i.p.) injected with
microcystin-LR (MC-LR) at 0.25 and 0.5 LDsq with or without pretreatment of buthionine-(S,R)-sulfoximine
(BSO), a specific GSH synthesis inhibitor. MC-LR induced time-dependent alterations of GSH levels in rat
liver. Increased malondialdehyde (MDA) and significant changes of antioxidant enzymes including GSH
peroxidase (GPX) and GSH reductase (GR) were also observed, particularly at 24 h post-exposure. The
results indicated that acute exposure to MC-LR induced oxidative stress, and GSH depletion (BSO pre-
treatment) enhanced the level of oxidative stress. Furthermore, the modulation of pro-apoptotic gene p53
and Bax and anti-apoptotic gene Bcl-2 was observed in 0.5 LDsg group at 24 h, and the alteration was
more pronounced by BSO injection before MC-LR treatment, suggesting that GSH played a protective
role against MC-induced toxicity. Additionally, electrophoretic mobility shift assay (EMSA) showed that
NF-xB was induced at 0.25 LDsq but inhibited at 0.5 LDso. The above results indicated that the possible
crosstalk of oxidative stress and NF-«B activity was associated with MC-LR-induced hepatocytes apo-
ptosis in vivo. Our data will provide a new perspective for understanding the mechanisms of MC-induced
liver injury. © 2014 Wiley Periodicals, Inc. Environ Toxicol 31: 552-560, 2016.
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Cyanobacterial blooms, which are characterized by exces-
sive proliferation of cyanobacteria, represent a worldwide
environmental problem in freshwater, brackish, and marine
ecosystems (Paskerova et al., 2012; Merel et al., 2013). Cya-
nobacteria are known to produce various toxins, i.e. cyano-
toxins, with microcystins (MCs, mainly microcystin-LR and
-RR) being one of the most toxic and abundant species
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(Dittmann and Wiegand, 2006; van Apeldoorn et al., 2007).
MCs primarily act as hepatotoxins, for they are preferen-
tially and predominantly absorbed, transported, and accumu-
lated into the liver (Svircev et al., 2010). Acute exposure to
MCs can lead to severe liver damage, including massive
intrahepatic hemorrhage, liver swelling, and even animal
death. The most severe human intoxication happened in
1996 in Brazil, where 100 of 131 patients developed acute
liver failure due to MCs contamination of the water used for
dialysis and 52 patients died (Jochimsen et al., 1998; Pouria
et al., 1998; Carmichael et al., 2001; Azevedo et al., 2002).

Recent studies showed that oxidative stress was involved
in MCs toxicity in rat hepatocytes in vitro (Ding et al., 1998)
and rat liver in vivo (Guzman and Solter, 1999). MCs
induced intracellular reactive oxygen species (ROS) forma-
tion, lipid peroxidation, and cell injury (Guzman and Solter,
1999; Ding and Ong, 2003; Jayaraj et al., 2006). Meanwhile,
MC:s can induce hepatocytes apoptosis both in vivo (Hooser,
2000) and in vitro (McDermott et al., 1998), characterized
by cell membrane blebbing, cytoplasmic shrinkage, nuclear
chromatin condensation, DNA fragmentation, and formation
of apoptotic bodies. It has been shown that formation of
ROS precedes the onset of mitochondrial permeability tran-
sition (MPT), loss of mitochondrial membrane potential
(MMP), and initiation of apoptosis in rat hepatocytes
exposed to microcystin-LR (MC-LR) in vitro (Ding et al.,
2000a). Similarly, an in vivo study found that MC-LR treat-
ment promoted large amount of ROS generation in mice
liver, up-regulated the expression of Bax and Bid, and
caused MMP loss and hepatocyte apoptosis as well as liver
injury (Weng et al., 2007). While pretreatment with antioxi-
dants, oral administration of vitamin C and E, significantly
reduced the generation of ROS and effectively inhibited the
MC-LR-induced hepatocyte apoptosis and liver injury
(Weng et al., 2007). MC-LR could up-regulate the expres-
sion of pro-apoptotic gene p53 and Bax and down-regulate
anti-apoptotic gene Bcl-2 in cultured hepatocytes and rat
liver tissues (Fu et al., 2005). These data suggest that induc-
tion of oxidative stress and mitochondrial alterations may
play a critical role in MC-induced apoptosis.

Free radicals or ROS generated in tissues can be effec-
tively scavenged by the antioxidant defense system. Gluta-
thione (GSH) is present in all mammalian tissues as the most
abundant nonprotein thiol that defends against oxidative
stress (Zhang and Forman, 2012). It acts directly as a free
radical scavenger and as a substrate for GSH peroxidase
(GPX, EC 1.11.1.9) to reduce hydrogen peroxide and lipid
peroxide (i.e. H,O, + 2GSH — 2H,0 + GSSG), while oxi-
dized glutathione (GSSG) can be converted to its reduced
form catalyzed by glutathione reductase (GR, EC 1.6.4.2).
GSH can also conjugate with xenobiotics and/or their metab-
olites and it plays an important role in the detoxification
processes (Lu, 2013). MCs have been shown to conjugate
with GSH in cell-free systems and in liver tissue in vivo, cat-
alyzed by glutathione-S-transferase (GST, EC 2.5.1.18)
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(Kondo et al., 1996; Pflugmacher et al., 1998; Guo et al.,
2014). Meanwhile, GSH played an important role in pro-
tecting against MC-induced toxicity in vivo (Hermansky
et al., 1991) and in vitro (Ding et al., 2000b; Zegura et al.,
2006). MCs led to lactate dehydrogenase (LDH) leakage,
microfilament and microtubule disruption in primary cul-
tured rat hepatocytes (Ding et al., 2000b), and DNA strand
break in HepG2 cells (Zegura et al., 2006). Furthermore,
the cytotoxicity and genotoxicity induced by MCs were
enhanced by buthionine-(S,R)-sulfoximine (BSO), a spe-
cific GSH synthesis inhibitor (Ding et al., 2000b; Zegura
et al., 2006). However, these studies were conducted by
using in vitro system; in fact, an in vivo exposure should be
more proper to evaluate the MC toxicity. Moreover, the
role of GSH in MC-induced oxidative stress and apoptosis
is not fully known.

Transcription factor nuclear factor-kappa B (NF-kB),
which is sensitive to ROS production and oxidative stress, is
thought to play a key role in the development of several liver
diseases including hepatitis, liver fibrosis and cirrhosis, and
hepatocellular carcinoma (Sun and Karin, 2008; Morgan and
Liu, 2011). Recent studies have reported that MC-LR
induced activation of NF-kB in HepG2 cells (Feng et al.,
2011), rat insulinoma cells (INS-1) (Ji et al., 2011), mela-
noma cells (MDA-MB-435) (Zhang et al., 2012), human
hepatoma cells (Huh7) (Christen et al., 2013), mice hepato-
cytes (Zhang et al., 2013a), and HeLa cells (Chen et al.,
2014). MC-LR promoted nuclear translocation and activa-
tion of p65 subunit of NF-xB, resulting in cellular apoptosis.
Meanwhile, this effect was inhibited by transfection of
siRNA against p65 in HepG2 cells (Feng et al., 2011) and
pretreatment with ammonium pyrrolidine dithiocarbamate
(PDTC), an inhibitor of NF-xB activation, in INS-1 cells (Ji
et al., 2011). Christen et al. (2013) demonstrated that MC-
LR activates NF-kB, induces IFN-a and TNF-« expression,
and may contribute to tumor promotion and induction of
apoptosis in Huh7 cells. However, these studies were all
conducted by using cultured cell lines, whether MCs can
modulate NF-xB activity in vivo is unknown yet. Moreover,
the relationship between oxidative stress and NF-xB activity
in MC-induced apoptosis has not been studied.

Therefore, the objectives of this study are to determine
the relationship between oxidative stress and NF-kB
activity in MC-induced apoptosis in rat liver and the role
of GSH. SD rats were intraperitoneally (i.p.) injected with
MC-LR, and the effects of MC-LR on GSH levels, antiox-
idant system response, apoptosis induction, and NF-xB
activation were evaluated. Additionally, in order to better
explore the role of GSH in MCLR-induced oxidative
stress and apoptosis, the intracellular GSH level in rat
liver was modulated with the specific GSH synthesis
inhibitor BSO. Our data will improve the understanding
the mechanisms of MC-LR-induced liver injury from a
fresh point and hold promise for planning new clinical
strategies of MCs intoxication.
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MATERIALS AND METHODS

Chemicals

MC-LR was isolated and purified from the freeze-dried sur-
face blooms (mainly Microcystis aeruginosa) collected from
Lake Dianchi (Yunnan, China), following the method
described by Wang et al. (2008). MC-LR was separated by
semiperformance preparative liquid chromatography system
(Waters 600E) and pure MC-LR was obtained. MC-LR was
analyzed for MCs content via a reverse-phase high perform-
ance liquid chromatography (HPLC) (LC-10A, Shimadzu
Corporation, Nakagyo-ku, Kyoto, Japan). MC-LR (purity
>95%) concentration was determined by the UV spectra and
retention time, and by using a commercial standard MC-LR,
-RR (Wako Pure Chemical Industries, Japan) to compare the
peak areas of the test samples. All reagents obtained from
various commercial sources were analytical or higher grades.

Animals

Male Sprague-Dawley (SD) rats weighing 180 to 200 g were
purchased from Wuhan University Center for Animal Experi-
ment/A3-Lab. Rats were housed in stainless steel cages con-
taining saw dust bedding at 24 = 2°C and 55 * 15% relative
humidity with a regime of 12 h light/dark cycle. Rats were
given free access to standard rodent pellet diet and water. All
procedures carried out on animals were approved by the Insti-
tutional Animal Care and Use Committee (IACUC), and were
in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory. All efforts were made to min-
imize animal suffering to reduce the number of animals used.

Toxins Exposure

The median lethal dose (LDsy) of MC-LR was determined in
our previous study (Li et al, 2014). Rats were randomly
assigned to the following six groups: (1) control group; (2) 0.25
LDsy MC-LR group (20.675 ng/kg); (3) 0.5 LDsy MC-LR
group (41.35 pg/ke); (4) 1 mM/kg BSO group; (5) 1 mM/kg
BSO plus 0.25 LDsy MC-LR group; (6) 1 mM/kg BSO plus 0.5
LDsy MC-LR group. Compounds were administered through
intraperitoneal (i.p.) injection. The rats in the fifth and sixth
groups were injected with BSO for 3 h before the exposure of
MC-LR. An equivalent volume of 0.9% saline solution was
applied to control ones. Six sampling points were set during a
period of 7 days in the experiment (2, 8, 24, 72, 120, and 168 h).
No rats died during the experiment. Three rats from each group
were randomly sampled at each time point, and the livers were
quickly removed, minced, and stored frozen at liquid nitrogen
for later analysis.

Biochemical Studies

The livers were homogenized (1:10, w/v) in a cold (4°C)
buffer solution (pH 7.5) containing sucrose (250 mM),
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PMSF (1 mM), DTT (1 mM), and EDTA (1 mM). Homoge-
nates were centrifuged at 12,000 X g (4°C) for 15 min and
the supernatants used as the enzyme source.

The contents of GSH and MDA, and the activities of GPX
and GR were assayed by the kits purchased from Nanjing Jian-
cheng Bioengineering, Inc. (Nanjing, Jiangsu, China). In brief,
GSH content was measured according to Griffith (1980).
MDA was used as an index of lipid peroxidation (LPO) and
was determined by the thiobarbituric acid (TBA) method
(Ohkawa et al., 1979). GPX activity was determined according
to Drotar et al. (1985), using H,O, as substrate. GR activity
was measured spectrophotometrically by measuring the oxida-
tion of NADPH at 340 nm (Carlberg and Mannervik, 1975).
Protein concentration was determined by the coomassie blue
staining using bovine serum bovine serum albumin (BSA) as
the standard (Bradford, 1976). The content or the activity of
antioxidants was calculated in terms of the protein content of a
sample. Each assay was carried out in triplicate. The authors
declared that 24 h data has been published in Li et al. (2014).

Electrophoretic Mobility Shift Assay (EMSA)

Nuclear proteins were extracted using Nuclear Protein
Extraction Kit (Beyotime, China) and kept at —80°C. Protein
concentration was determined in the supernatant using
coomassie blue staining (Bradford, 1976) and 5 pg nuclear
protein was used for EMSA. The DNA-binding activity of
NF-xkB was detected using LightShift Chemiluminescent
EMSA Kit (Pierce) according to the manufacturer’s protocol.

Western Blot

For Western blotting sample preparation, small tissue sec-
tions were homogenized in ice-cold protein extraction buffer
(Beyotime, China). The tissue homogenates were centri-
fuged at 12,000 X g (4°C) for 10 min and supernatant was
carefully collected. Protein concentrations were determined
using the coomassie blue method (Bradford, 1976). All sam-
ples were stored at —80°C before electrophoresis.

Aliquots from supernatant containing 20 pg of proteins
were mixed with equal volume of 2X sample buffer. The
sample was boiled for 5 min and subjected to 12% SDS-
PAGE. After electrophoresis, the resolved proteins were
transferred to a polyvinylidenedifluoride (PVDF) membrane
(Millipore) using an electro blotting apparatus (Bio-Rad).
Membranes were blocked in 5% nonfat dry milk in PBS
buffer for 1.5 h at room temperature to prevent nonspecific
binding of reagents, and then incubated in specific antibody
against p5S3 (Biowold), Bax (EPI, Germany), Bcl-2 (CST),
and GAPDH (EPI, Germany). Then they were incubated
secondary antibodies following the manufacturer’s instruc-
tions. The protein signal was evaluated using the NBT/BCIP
system. The housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was analyzed in samples, and the
protein level was stable and unaffected by MC-LR exposure,
similar to the results reported in previous studies (Weng
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Fig. 1. Glutathione (GSH) levels in liver of rats exposed to
microcystin-LR without (A) or with (B) buthionine-(S,R)-sul-
foximine (BSO) pretreatment. Values are presented as the
mean = standard error (SE). *p < 0.05 versus control, and
**p < 0.01 versus control.

et al., 2007; Sun et al., 2011), therefore GAPDH was used as
the endogenous assay control.

Statistical Analysis

All values were expressed as the mean = standard error (SE)
and analyzed using one-way ANOVA and Turkey’s multiple
comparison tests with SPSS package13.0 (SPSS, Chicago, IL).
Statistical differences between data of the control and MC-LR
treatment groups were determined at the p < 0.05 or p < 0.01
levels for all analyses and indicated with * and **, respectively.

RESULTS

GSH and MDA Levels

Figure 1(A) showed the GSH levels in liver of rats after MC-
LR exposure. There was an initial depletion of GSH in the
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liver tissue of rats in 0.5 LDsq group at 2 h and 0.25 LDs
group at 8 h; then the GSH level was increased in rat livers in
0.5 LDs( group at 72 h and 0.25 LDs, group at 120 h [Fig.
1(A)]. In the BSO pretreatment groups [Fig. 1(B)], the changes
of hepatic GSH were more noticeable, with significant
decrease in 0.5 LDs, group at 2 h; while significant increase of
GSH was observed in 0.25 LDs, group at 24, 72, and 120 h
and 0.5 LDsq group at 8, 24, 72, 120, and 168 h. No obvious
change of MDA contents in rat livers after MCs exposure was
observed at both two doses [Fig. 2(A)], except an increase
occurred in liver treated with 0.25 LDsy MC-LR at 120 h post-
exposure. However, BSO pretreatment significantly promoted
MC-LR-induce MDA formation in 0.25 LDs, group at 8 and
24 h, and 0.5 LDs( group at 8, 24, and 120 h [Fig. 2(B)].

GR and GPX Activities

GR activity showed no changes before 24 h post-exposure
[Fig. 3(A)]; however, a significant increase was observed in
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Fig. 2. Malondialdehyde (MDA) levels in liver of rats exposed
to microcystin-LR without (A) or with (B) buthionine-(S,R)-
sulfoximine (BSO) pretreatment. Values are presented as
the mean = standard error (SE). *p <0.05 versus control,
and **p < 0.01 versus control.
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Fig. 3. Glutathione reductase (GR) activities in liver of rats
exposed to microcystin-LR without (A) or with (B) buthio-
nine-(S,R)-sulfoximine (BSO) pretreatment. Values are pre-
sented as the mean = standard error (SE). *p < 0.05 versus
control, and **p < 0.01 versus control.

0.5 LDs, group at 72, 120, and 168 h after MC-LR injection.
GR activities in the BSO-pretreatment groups were also ele-
vated in 0.25 LDs, group at 120 h and 0.5 LDs, group at 120
and 168 h [Fig. 3(B)]. GPX activity was initially induced in rat
liver in 0.5 LDs, group at 2 h [Fig. 4(A)], but was inhibited
then in 0.25 and 0.5 LDs( groups at 24 h, and it recovered to
the control level at 72, 120, and 168 h post-exposure. In the
BSO pretreatment groups [Fig. 4(B)], significant decreased
GPX activity was also detected in 0.25 and 0.5 LDs, groups at
8 and 24 h, and it recovered to the normal level finally at 168 h.
Based on the above results, and the maximum MC-LR contents
were always detected at 24 h (Data not shown); 24 h post-
exposure was selected for the subsequent research.

The DNA Binding Activity of NF-xB

Figure 5 showed the electrophoretic mobility shift assay of
NF-xB at 24 h after MC-LR injection. NF-xB binding activ-
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ity of the liver cells was enhanced in the 0.25 LDsq group,
but was inhibited in the 0.5 LDs, group. Interestingly, in the
BSO pretreatment groups, NF-xB binding activity revealed
a similar variation trend, but there was an overall increase in
the level of NF-kB activity in the livers compared with MC-
LR exposure alone.

Expression of p53, Bax, and Bcl-2

The effects of MC-LR on protein expression of p53, Bax, and
Bcl-2 were shown in Figure 6. No change of p53 protein
expression was observed after MCs exposure alone. However,
the p53 expression was induced in BSO pretreatment group.
Bax protein level was up-regulated at 0.5 LDs, with or
without BSO injection, but no apparent change was observed
at 0.25 LDso. The expression of Bcl-2 protein was inhibited
at both 0.25 and 0.5 LDs, and the inhibition was more pro-
nounced by BSO injection before MC-LR treatment.
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Fig. 4. Glutathione peroxidase (GPX) activities in liver of rats
exposed to microcystin-LR without (A) or with (B) buthio-
nine-(S,R)-sulfoximine (BSO) pretreatment. Values are pre-
sented as the mean = standard error (SE). *p < 0.05 versus
control, and **p < 0.01 versus control.
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Fig. 5. NF-xkB DNA-binding activity in liver of rats exposed
to microcystin-LR without or with buthionine-(S,R)-sulfoxi-
mine (BSO) pretreatment by electrophoretic mobility shift
assay (EMSA). Nuclear proteins were extracted before the
detection. The upper band is NF-kB-probe specific band,
and the lower band is free probe.

DISCUSSION

In recent years, cyanobacteria blooms and their toxins have
drawn increasing attention as a worldwide public health con-
cern. Many studies have reported that liver is the major tar-
get organ of microcystins (MCs) (Guzman and Solter, 1999;
SvirCev et al., 2010; Li et al., 2014), but the mechanisms of
MCs hepatotoxicity are not fully clarified. The current study
demonstrated that acute exposure of MC-LR significantly
induced oxidative stress, antioxidant system response, cellu-
lar apoptosis, and NF-xB activation, and GSH played an
important role in the protection against MC-induced liver
injury.

Oxidative stress can be defined as an adverse reaction
resulting from the exposure of molecules, cells, or tissues to
the excess level of oxidants, particularly to the free radicals,
such as superoxide or hydroxyl radicals, which commonly
refer to reactive oxygen species (ROS) (Ding and Ong,
2003). ROS could be efficiently scavenged by the antioxi-
dant defense system, including enzymatic and nonenzymatic
mechanisms. Glutathione peroxidase (GPX), superoxide dis-
mutase (SOD), catalase (CAT), and glutathione reductase
(GR) are the important antioxidant enzymes. The nonenzy-
matic defenses include GSH and vitamin C and E. When the
activity of cellular antioxidant defense system decreases or
the production of ROS increases, oxidative stress may occur
(Jayaraj et al., 2006). Recent studies suggest that MC-LR
can produce a large amount of ROS and lipid peroxidation
in primary hepatocytes and liver tissue (Ding et al., 2000a;
Moreno et al., 2005). In this work, increased malondialde-
hyde (MDA) and significant changes of antioxidant enzymes
(GPX and GR) were observed in liver of rat intraperitoneally
(i.p.) injected with MC-LR at 0.25 and 0.5 LDsq (20.675 and
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41.35 pg/kg, respectively). Similar results were also found
in liver of female Balb/c mice i.p. injected with 0.75 LDsq
MC-LR (ng/kg value not provided) (Gehringer et al., 2004),
male wistar rats i.p. injected with 0.94 and 1.42 LDs, MC-
LR (100 and 150 pg/kg, respectively) (Moreno et al., 2005),
and female Swiss albino mice i.p. injected with 0.5 and 1
LDsy MC-LR (38.31 and 78.62 ng/kg, respectively) (Jayaraj
et al., 2006). However, compared with these acute tests at a
relatively higher dose of MCs, the level of oxidative stress in
our study was low, indicated by the mild changes of GSH
and MDA contents and GPX and GR activities. Actually,
Jayaraj et al. (2006) also reported that 0.5 LDsy, MC-LR
induced a low level of oxidative stress in the liver of mice. It
is likely that the animals have enough ability to reduce the
toxic effects of MCs in the present and previous study
(Jayaraj et al., 2006) when they are exposed to MCs at rela-
tively lower doses.

GSH plays an important role in the protection of cellular
constituents against ROS (Zhang and Forman, 2012); and it
has been shown that MCs bind to GSH, forming conjugates
via glutathione S-transferase (GST), as the first step in the
detoxification process (Pflugmacher et al., 1998; Guo et al.,
2014). In this study, a decrease of GSH was observed at the
very beginning of the exposure (2 h), maintaining at this
reduced level during the first 8 h, and then starting to rise at
24 h afterward. Also, the activity of GPX, catalyzing the
reduction of hydrogen peroxide and organic peroxide at the
expense of GSH, was significantly induced at 2 h, while it
was inhibited at 24 h and recovered to the normal level
finally. The correspondence of GPX activity and its substrate
GSH level in the current study indicated that the depletion of
GSH was due to its reaction with ROS and conjugation with
MC-LR. In fact, the content of intracellular GSH is a func-
tion of the balance between its use and its synthesis, and cel-
lular responses to MCs involve the alteration of GSH levels
(Jayaraj et al., 2006; Zegura et al., 2006). Initially, GSH is
consumed by conjugation with MC-LR via GST and by
GSSG formation when GSH reacts with ROS. GSSG is then
reduced back to GSH catalyzed by GR or by de novo
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Fig. 6. Protein expression of p53, Bax, and Bcl-2 in liver of
rats exposed to microcystin-LR without or with buthionine-
(S,R)-sulfoximine (BSO) pretreatment. Western blot analysis
was performed with antibody against p53, Bax, Bcl-2, and
GAPDH.
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synthesis (Zegura et al., 2006). In this study, GR activity
showed no changes before 24 h post-exposure, but was
induced at the following time-points (72, 120, and 168 h).
The modest increase of GR activity detected only at the
time-points after 24 h could be explained by the depletion of
GSH was only to a minor extent, in the case of lower doses
of MC-LR used in this experiment mentioned above.

In this study, MDA contents showed no changes in rat
liver after MC-LR exposure at both two doses, except an
increase occurred in 0.25 LDsq group at 120 h post-exposure.
However, after pretreatment with buthionine-(S,R)-sulfoxi-
mine (BSO), MC-LR induced MDA increased in 0.25 LDs
group at 8 and 24 h, and 0.5 LDs( group at 8, 24, and 120 h,
suggesting that MDA production was significantly enhanced
by BSO pretreatment. Similarly, BSO pretreatment resulted
in significant changes of antioxidant enzymes (GPX and
GR) in liver of rat exposed to MC-LR. These results indi-
cated that the level of oxidative stress was enhanced by BSO
pretreatment before MC-LR exposure. Previous in vitro
studies also showed that BSO increased the cell susceptibil-
ity to MC-induced cytotoxicity by disrupting intracellular
GSH balance (Ding et al., 2000b; Zegura et al., 2006). Pre-
treatment with N-acetylcystein (NAC), a GSH precursor,
significantly enhanced the intracellular GSH level and
decreased the MC-induced cytotoxicity as well as cytoskele-
ton changes in rat hepatocytes; in contrast, BSO increased
the cell susceptibility to MC-induced cytotoxicity (Ding
et al., 2000b). Zegura et al. (2006) demonstrated that BSO
pretreatment dramatically increased the susceptibility of
HepG2 cells to MC-induced DNA damage, while the DNA
damage was almost completely prevented by NAC pretreat-
ment. Our previous study also showed that BSO reduced the
detoxification of MCs and resulted in more severe histopath-
ological damage (Li et al., 2014). Thus, taken together with
these studies, we can conclude that GSH is responsible for
cellular defense against MC-induced hepatotoxicity.

Additionally, we evaluated the consequences in the
induction of apoptosis-related proteins, p53, Bax, and Bcl-2.
Bcl-2 family consists of both pro-survival (Bcl-2, Bel-xL,
Bcl-w) and pro-apoptotic members (Bax, Bak, Bik, and
Bim) (Donovan and Cotter, 2004). p53 is known to be a reg-
ulator of Bax as a p53-binding site has been found in the
Bax gene promoter (Miyashita and Reed, 1995). Thus, p53
is responsible for regulating cell apoptosis through Bax/Bcl-
2 imbalances. Fu et al. (2005) demonstrated that MC-LR
could increase the expression of p53 and Bax significantly
and decrease the expression of Bcl-2, both in rat liver tissues
in vivo and cultured hepatocytes in vitro. It can be concluded
that the expression of p53, Bax, and Bcl-2 are involved in
the regulation of MC-LR-induced apoptosis (Fu et al., 2005).
Our data also show that MCs induced the hepatocytes apo-
ptosis at 0.5 LDsq but not at 0.25 LDso; however, pretreat-
ment with BSO promoted MC-induced apoptosis both at
0.25 and 0.5 LDs,. Although the detailed mechanisms by
which BSO increases MC-LR-induced apoptotic protein
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changes are unclear, the results from this study suggest that
oxidative damage may contribute to MC-LR-induced hepa-
tocytes apoptosis, and GSH is responsible for cellular
defense against MC-induced hepatotoxicity.

Redox-sensitive transcription factor NF-kB is well known
for its paradoxical but important role in the regulation of cell
proliferation, tumor development, and apoptosis (Morgan
and Liu, 2011). Recent studies suggested that MCs could
activate NF-xB and promote tumor development (Zhang
et al., 2012, 2013a; Christen et al., 2013; Chen et al., 2014).
In the current study, electrophoretic mobility shift assay
(EMSA) showed that NF-xB binding activity of the liver
cells was enhanced in the 0.25 LDs, group, but was inhibited
in the 0.5 LDsq group. Actually, this is the first study investi-
gating NF-xB activation responded to MCs exposure in
vivo. Interestingly, the results coincided with our previous in
vitro study (Chen et al., 2014). In that experiment, NF-xB
and its downstream genes were also activated in HeLa cells
at lower MC doses, while were inhibited at higher doses,
and NF-xB may contributed to MC-induced cell prolifera-
tion, tumor development, and apoptosis (Chen et al., 2014).
All these data demonstrated that NF-xB mediate the MC
toxicity. In addition, both survival (anti-apoptotic NF-xB)
and death signals (pro-apoptotic p53 and Bax) could be acti-
vated by MCs (Zhang et al., 2013b; Chen et al. 2014) not
only in vitro but also in vivo, and the death signal was stron-
ger than survival signal by higher MC doses and BSO pre-
treatment. In fact, BSO pretreatment could decrease
intracellular GSH level and reduce the detoxification of
MCs, which enhanced the accumulation of MC-LR in the
liver compared to non-pretreatment group (Li et al., 2014),
similar to the high-dose injections are performed.

Recent studies suggested that a relative low oxidative
stress could modulate an NF-kB response and NF-kB target
genes would attenuate ROS to prevent further oxidative
damage and promote cell survival (Gloire et al., 2006;
Nakano et al., 2006). However, when too much cellular oxi-
dative damage has occurred, it is to the advantage of a multi-
cellular organism to remove the cell for the benefit of the
surrounding cells; ROS can therefore inhibit NF-xB activity
and cells would undergo apoptosis (Morgan and Liu, 2011;
Chen et al., 2014). The role of NF-xB in the regulation of
cell proliferation, apoptosis, and hormesis in HeLa cells
responded to MCs exposure in vitro has also been shown in
our previous study (Chen et al., 2014). NF-xB could activate
the GCLC, GCLM, and GC promoter, as a regulator of cel-
lular GSH biosynthesis and redox state. All three genes are
responsible for GSH biosynthesis, while the first step of
GSH biosynthesis is rate limiting and catalyzed by GCL
(glutamate-cysteine ligase, EC 6.3.2.2; formerly +y-
glutamylcysteine synthetase, y-GCS), which is composed of
a heavy or catalytic (GCLC) and a light or modifier
(GCLM) subunit (Zhang and Forman, 2012; Lu, 2013).
While NF-xB may induce the GCLM and GS promoters
indirectly via c-Jun, it exerts a direct effect on the GCLC
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promoter (Lu, 2013). In our previous study, GCLC transcrip-
tion in rat liver was significantly induced at 0.25 and 0.5
LDso of MC-LR (Li et al., 2014), and the induced synthesis
of GSH would display its function in the protection of liver
cells against oxidative damage and apoptosis. Therefore, we
believe that oxidative stress could interact with NF-kB acti-
vation in MC-induced apoptosis. The induction of enzymatic
antioxidant defenses and NF-xB activation after MCs expo-
sure can be considered as an adaptive response; that is, a
compensatory mechanism that enables the liver cells to
overcome the oxidative imbalance and avoid apoptosis.
Further investigations are needed to better understand the
interaction of oxidative stress and NF-xB activity in MC-
induced apoptosis.

In summary, our in vivo study indicated that acute expo-
sure to MC-LR lead to oxidative stress, and GSH depletion
(BSO pretreatment) enhances the toxic effects of MCs. MCs
can also modulate the activation of NF-kB and the expres-
sion of p53, Bax, and Bcl-2. Our data suggested that the
crosstalk of oxidative stress and NF-«kB activity may play a
critical role in MC-induced apoptosis in vivo, and GSH is
responsible for the protection of MC toxicity. More future
works are required to elucidate the toxic mechanisms of
MC-induced liver injury.

The authors express their sincere thanks to Dr. Paul Tchoun-
wou and three anonymous reviewers for their constructive com-
ments and suggestions on the manuscript.
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