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Abstract Microcystins (MCs) are a group of cyclic hepta-
peptide hepatotoxic peptides produced by cyanobacteria. Mi-
crocystins-LR (MC-LR) can inhibit the activities of protein
phosphatase type 1 and type 2A (PP1 and PP2A) and induce
excessive production of reactive oxygen species (ROS).
However, the detailed toxicological mechanism involving
oxidative stress in carp (Cyprinus carpio L.) remains largely
unclear. In our present study, the effects of sublethal intra-
peritoneal doses of MC-LR on the oxidative stress and patho-
logical changes in carp liver were investigated. No significant
changes of xanthine oxidase were observed, suggesting it might
not contribute to over-production of ROS in the liver of fish
during 48 h exposure to sublethal intraperitoneal doses of MC-
LR. Superoxide dismutase activity in the 50 pg kg~' group
was significantly induced at 1-24 h. The strongest inhibition of
the catalase activity was shown at 48 h after 120 pg kg~' MC-
LR exposure, with an inhibition rate of 33.7 % compared to the
control group. In general, a significant depletion of intracellular
reduced glutathione was found at 5-12 h after 50 and
120 pg kg~ MC-LR exposure, which was mainly due to the
conjugation reaction to MC-LR catalyzed by glutathione-S-
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transferase and its subsequent excretion. Oxidative damages
induced by MC-LR were evidenced by the significant elevation
in malondialdehyde levels. In addition, a series of histopa-
thological alterations in fish livers were observed, and the most
severe hepatic injuries were found at 5-12 h, which could
contribute to the efflux of intracellular GSH. Our study further
supports the important role of oxidative stress involved in MC-
LR induced liver injury in aquatic organisms.
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Introduction

Cyanobacterial blooms present worldwide are caused mainly
by eutrophication processes and certain environmental con-
ditions in lakes and reservoirs (Codd 1995). A potentially
hazardous consequence of these cyanobacterial blooms is the
production of microcystins (MCs). Nearly 80 congeners of
MCs have been identified, among which MC-LR is the most
common and toxic variant, containing amino acids Leucine
(L) and Arginine (R) in the variable positions (Dietrich and
Hoeger 2005). Compared to terrestrial organisms, fishes are
more frequently exposed to high levels of MCs. Mass mor-
talities of fish have been proved to be associated with toxic
cyanobacterial blooms (de Figueiredo et al. 2004). MCs can
accumulate in fish tissues and organs (mainly in the liver)
through the food chain or through gills during breathing
(Magalhaes et al. 2001, 2003; Malbrouck et al. 2003; Xie et al.
2004, 2005, 2007; Jiang et al. 2011b), causing histopatholo-
gical changes in various organs (liver, kidney, gill, intestine,
and heart) and altering the activity of various enzymes in fish
tissue (Malbrouck and Kestemont 2006). Moreover, MCs can
also affect the growth rate, heart rate, osmotic pressure, and
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behavior of fishes (Wiegand and Pflugmacher 2005; Mal-
brouck and Kestemont 2006). The classic mechanism behind
MC:s toxicity is the irreversible inhibition of protein phos-
phatase type 1 and type 2A (PP1 and PP2A) in fish liver cells
(Carmichael 1992; Chen et al. 20006), resulting in excessive
phosphorylation of proteins, alterations in the cytoskeleton,
loss of cell shape and subsequent destruction of liver cells,
causing hepatic haemorrhage or hepatic insufficiency (Yo-
shizawa et al. 1990). However, evidence indicates that the
excessive generation of reactive oxygen species (ROS) was
also an important toxicological consequence of MCs exposure
(Ding et al. 2000; Li et al. 2003, 2005; Cazenave et al. 2006;
Amado and Monserrat 2010), which can subsequently medi-
ate cytoskeletal disruption and apoptosis of hepatocytes (Jiang
et al. 2013). However, the association between intracellular
ROS levels, the antioxidant system, and other toxicological
effects in fish remains unclear.

It is well known that aquatic organisms have developed a
physiological antioxidant system, which involves antioxi-
dant enzymes such as superoxide dismutase (SOD), catalase
(CAT), glutathione-S-transferase (GST), and glutathione
peroxidase (GPx), as well as free-radical scavengers such as
GSH and vitamins (e.g. vitamin C). These systems work
together to protect against oxidative stress that has arisen
from the excessive production of ROS. Ding et al. (2000)
suggested that intracellular GSH plays an important role in
MC-induced cytotoxicity and cytoskeletal changes in pri-
mary rat hepatocyte cultures. However, the role of the GSH
and its association with other toxicological effects under
MCs exposure in fish liver have not been fully elucidated. It
would be interesting to explore the underlying association
between intracellular oxidative stress and other toxic effects
(e.g., hepatic histopathological alterations) induced by MC-
LR, and further study the detailed toxicological mechanisms
behind MC-LR-induced toxicity.

Carp (Cyprinus carpio L.), a common fish widely dis-
tributed in Asia including China, were chosen to study the
toxic effects of MC-LR by intraperitoneal injection route.
Intraperitoneal injection is selected due to the rapid onset
of toxicity. In the present study, we investigated the effects
of sublethal intraperitoneal doses of MC-LR on the activ-
ities of antioxidant enzymes, glutathione content, oxidative
damage and pathological changes in carp livers in order to
reveal the important role of oxidative stress involved in
MC-LR induced liver injury in aquatic organisms.

Materials and methods
Chemicals and reagents

MC-LR (purity >96 %) was purchased from Alexis Bio-
chemicals (Liufelfingen, Switzerland). Paraffin, hematoxylin,
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eosin, glutaraldehyde, phenylmethanesulfonyl fluoride
(PMSF), bovine serum albumin (BSA), nitrotetrazolium blue
chloride (98 %), DL-Dithiothreitol (DDT) and thiobarbituric
acid (TBA) were purchased from Sigma Chemical (St. Louis,
MO, USA). Other analytical grade reagents were obtained
from chemical companies in China.

Fish and experimental design

Six-month-old carp with an average body length of
14.00 £ 1.08 cm and weight of 29.26 £ 5.09 g were
obtained from a pilot research station of Freshwater
Fisheries Research Center (FFRC), Chinese Academy of
Fishery Sciences. These fish were acclimated to labora-
tory conditions for 14 days with dechlorinated tap water.
Commercial pellet food was administered daily during
acclimation and test periods except for the last 2 days of
acclimation. During experiments, water temperature was
16.1 £ 0.2 °C, pH was 7.20 £ 0.35, dissolved oxygen
was 8.6 + 0.5 mg L™', photoperiod was 12 h/12 h, and
total hardness was 129.7 £ 8.3 mg (CaCOs3/L). Water
was constantly aerated during acclimatization and test
periods.

Carp were randomly divided into three groups, with 40
carp per group. Each group was treated with either
50 ug kg~' of MC-LR, 120 m pg kg~' of MC-LR, or
saline by intraperitoneal injection (MC-LR was dissolved
in saline). An equal volume of saline was administered and
used as a control. Each group was then subdivided into five
groups with 8 fish per group, and carp were sacrificed at 1,
5, 12, 24 and 48 h after exposure to MC-LR. Livers were
quickly removed for immediate use or frozen in liquid
nitrogen before storage at —80 °C for further analysis.

Enzyme extraction and activity assays

Live tissues were homogenized in 50 mM pH 7.5 Tris
buffer containing 250 mM sucrose, 1 mM EDTA, and
1 mM DTT. The extracts were centrifuged at 12,000 rpm
for 20 min. The supernatant was then divided into aliquots
and stored at —80 °C for further analysis. All operations
were performed at 0—4 °C.

SOD (EC 1.15.1.1) activity was determined according to
the photochemical method as described by Beauchamp and
Fridovich (1971). CAT (EC 1.11.1.6) activity was determined
according to Xu et al. (1997). GST (EC 2.5.1.18) activity was
determined according to Habig et al. (1974) using 1-chloro-
2,4-dinitrobenzene as a substrate. Xanthine oxidase (XOD EC
1.1.3.22) and y-glutamyl-cysteine synthethase (y-GCS, EC
6.3.2.2) activities were determined using a commercial kit
(Nanjing Jiancheng Bioengineering Institute, China). In all
cases total protein (Pr) content was measured according to the
Bradford (1976) method with BSA as a standard.



Oxidative stress and histopathological alterations in liver of Cyprinus carpio L. 513

Glutathione determination

The extraction of GSH from fish liver was carried out
according to Hissin and Hilf (1976) with minor modifica-
tions. About 0.1 g frozen liver tissue was extracted with
1.5 mL of 100 mM sodium phosphate—-EDTA buffer (pH
8.0) and 0.4 mL of 25 % meta-phosphoric acid. The
homogenates were centrifuged at 12,000 rpm for 20 min at
4 °C. GSH levels in supernatant were measured fluoro-
metrically according to the procedure described by Jiang
et al. (2011b) using a fluorescence spectrophotometer
(Hitachi, Japan).

Malondialdehyde determination

Malondialdehyde (MDA) contents were measured by the
TBA method according to Miller and Aust (1989). The
lipid peroxidation level in liver tissues was measured as the
production of MDA, which in combination with TBA
forms a pink chromogen whose absorbance at 532 nm
(e = 1.56 x 105 M! cmfl) was measured.
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Fig. 1 Effect of intraperitoneal injection of 50 and 120 ug kg~' MC-
LR on various enzyme activities in the liver of C. carpio. a XOD;
b SOD; ¢ CAT; d GST. Data are denoted as mean =+ standard

Microscopic analyses

Liver tissues were fixed in 10 % buffered formalin for 24 h
at 4 °C and processed sequentially in ethanol, xylene and
paraffin. Tissues were then embedded in paraffin wax using
an automatic processor. Sections (4—5 pm) were mounted
on slides and subsequently stained with hematoxylin and
eosin (H&E) for light microscopic observation.

Statistical analysis

Data were assessed for normality by the Shapiro—Wilk
test and transformed when necessary to meet the
assumption of the normal distribution. Data were
expressed as mean =+ standard deviations (SD) and com-
pared using a one-way ANOVA. Significant differences
between means at various time points in each treatment
were determined by using the LSD-t test. Differences
were considered to be significant at p < 0.05 (*) and very
significant at p < 0.01 (¥%).
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deviation (n = 4). CK stands for control group. Differences relative
to control were considered to be statistically significant at p < 0.05
(*) and very significant at p < 0.01 (¥%)
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Results
Effects of MC-LR on antioxidant enzymes in carp liver

As shown in Fig. 1, although XOD activity appeared to
decrease at 48 h after exposure to 50 pg kg~' of MC-LR and
at 1-48 h after exposure to 120 ug kg~' of MC-LR, the
decrease was not statistically significant. SOD activity in the
50 pg kg~ group was induced with the increase of exposure
time, reaching a maximum after 12 h exposure to MC-LR
(2.53 fold increase, p < 0.01) compared to the control group,
followed by a decrease and return to normal levels after 48 h
exposure. SOD activity in the 120 pg kg™' group was sig-
nificantly increased at 1 and 48 h after MC-LR exposure
compared to the control group (p < 0.05). CAT activity in
the 50 pg kg™' group was significantly increased at 5 h
(p < 0.05) but then exhibited inhibition at 12 and 48 h after
MC-LR exposure compared to the control group (p < 0.01).
The CAT activity in the 120 pg kg™ group was significantly
decreased at 5, 24, and 48 h (p < 0.05, p < 0.01). The
strongest inhibition of the CAT activity was shown at 48 h
after 120 ug kg~ MC-LR exposure, with an inhibition rate
of 33.7 % compared to the control group. GST activity in the
50 pg kg ™! group increased first after 5 and 12 h exposure to
MC-LR (p < 0.01, p < 0.05), and then returned to normal
after 24 h exposure. In the 120 pg kg~' group, GST activity
was significantly increased at 1, 12 and 24 h (p < 0.05,
p < 0.01), and then returned to normal after 48 h exposure.

Effects of MC-LR on glutathione and y-GCS activity
in carp liver

As shown in Fig. 2, GSH content in carp liver was sig-
nificantly decreased at 5, 12 and 24 h (p < 0.05) after
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Fig. 2 Effect of intraperitoneal injection of 50 and 120 pg kg~' MC-
LR on GSH content in the liver of C. carpio. Data are denoted as
mean =+ standard deviation (n = 4). CK stands for control group.
Differences relative to control were considered to be statistically
significant at p < 0.05 (*) and very significant at p < 0.01 (*¥)
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intraperitoneal injection of 50 pg kg~' MC-LR, and then
returned to normal at 48 h compared to the control group.
The similar effect was observed in the 120 pg kg™ group,
where a significant decrease of GSH content was shown at
5h and 12h (p <0.05). As shown in Fig. 3, y-GCS
activity only slightly decreased at 1 h after intraperitoneal
injection of 120 pg kg~' MC-LR over all five time points,
but no statistically significant difference was found com-
pared to the control group.

Effects of MC-LR on lipid peroxidation in carp liver
As shown in Fig. 4, MDA content in the 50 pg kg~' group

was significantly increased at 5, 12 and 48 h after exposure
to MC-LR (p < 0.05, p < 0.01). In the 120 pg kg~ " group,
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Time, h

Fig. 3 Effect of intraperitoneal injection of 120 ug kg~' MC-LR on
v-GCS activity in the liver of C. carpio. Data are denoted as
mean =+ standard deviation (n = 4). CK stands for control group. No
asterisk indicates there was no statistically significant difference in
the treatment relative to control
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Fig. 4 Effect of intraperitoneal injection of 50 and 120 ug kg~ MC-
LR on MDA content in the liver of C. carpio. Data are denoted as
mean =+ standard deviation (n = 4). CK stands for control group.
Differences relative to control were considered to be statistically
significant at p < 0.05 (*) and very significant at p < 0.01 (**)
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Fig. 5 Histopathological changes of the liver of C. carpio after
intraperitoneal injection with MC-LR at 50 and 120 pg kg™'. Photo-
micrographs of liver Sections (4-5 pm) stained with hematoxylin and
eosin (x200). a CK. Scale bar is equal to 50 pm; b 50 pg kg=', 5 h.
Scale bar is equal to 20 pm; ¢ 50pug kg™, 12 h. Scale bar is equal to

significant induction of MDA content in carp liver was
found at 12 and 48 h after exposure to MC-LR (p < 0.01).

Hepatic histopathology

No fish mortalities were observed in both treated groups
during the experiment. As shown in Fig. 5a, no patholog-
ical changes were observed in liver of fish from the control
group. However, a series of histopathological alterations
appeared in carp liver after intraperitoneal injection of 50
and 120 ug kg™' MC-LR (Fig. 5b—f). The details of

20 pm; d 120pg kg™', 1 h. Scale bar is equal to 50 pm; e 120pg kg™",
12 h. Scale bar is equal to 20 um; f 120ug kg™, 24 h. Scale bar is
equal to 20 um. Star central vein; rhombus pancreas acinus; box
nucleolytic pyknosis; arrow inflammatory cells infiltration; circle
vacuolar degeneration and parenchymal architecture dissolving

histopathological changes at various exposure time points
are listed in Table 1.

Discussion

A classic toxicity mechanism of MCs in animals is their
irreversible inhibition of PP1 and PP2A in hepatocytes
(Carmichael 1992; Chen et al. 2006). However, evidence
indicates that oxidative stress plays a significant role in the
pathogenesis of MC toxicity (Ding et al. 1998, 2000;
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Table 1 Hsitopathological observations of the liver of C. carpio after
intraperitoneal injection of MC-LR

Time, MC-LR treatment, pg kg™
h
50 120
1 Only slight vacuolar General vacuolar
degeneration of liver cells degeneration of liver cells
in the periphery of central in the periphery of central
veins of liver and slight veins of liver and evident
nucleolytic pyknosis were nucleolytic pyknosis were
observed observed
5 General vacuolar The liver revealed dilatation
degeneration of liver cells, of sinusoid and central
cytoplasmic agglutination, vein, with blood stasis. A
and slight inflammatory large number of liver cells
cells infiltration in liver are dissociated, the
tissues were observed staining of cell matrix
became weak, and the
hepatic cell cord dissolved
12 Dilatation of central vein Severe hepatocyte injury
with ruptured endothelium,  characterized by the
increase of inflammatory appearance of lytic
cells infiltration in liver necrosis, ruptured
tissues, dissociated liver endothelium of central
cells could be observed vein, more stasis of hepatic
sinusoid, dissociated liver
cells and nucleolytic
pyknosis could be
observed
24 The appearance of ruptured  Severe hepatocyte injury
endothelium of central characterized by lytic
vein and pancreas acinus, necrosis and severe
hepatic hemorrhage and dissociation of liver cells
rupture was observed. The could be observed, the
number of inflammatory staining of cell matrix
cells increased, a large became much weaker, the
number of liver cells are nuclei were highly
dissociated, and some condensed and some
apoptotic hepatic cells nucleoli were even
appeared characterized by invisible, and a large
the appearance of number of inflammatory
nucleolytic pyknosis cells were observed in liver
tissues
48 The liver began to recover ~ No noted recovery from

and the number of
inflammatory cells was
decreased, but the
symptom of vacuolization
of cytoplasm and blood
stasis was still evident

pathological alterations
could be observed. Lytic
necrosis and dissociated
liver cells were still
evident and general
cellular structure was
ruptured and even lost,
with a large number of
inflammatory cells
infiltrating into liver
tissues. More nucleoli were
invisible

Amado and Monserrat 2010; Jiang et al. 2011a, b, 2012,
2013). Oxidative stress is normally related to the excessive
generation of ROS and represents a disturbance in the
normal redox state of organisms (Halliwell and Gutteridge

@ Springer

2007). Plenty of evidence indicates that oxidative stress is
becoming an important issue in aquatic toxicology (Liv-
ingstone 2001; Amado and Monserrat 2010). As many
authors have already reported in laboratory or field studies,
MC:s are directly or indirectly involved in this process (Li
et al. 2003, 2009; Bldha et al. 2004; Wiegand and
Pflugmacher 2005; Cazenave et al. 2006; Prieto et al. 2006;
Campos and Vasconcelos 2010), but how oxidative stress
is induced by MC exposure still remains unclear (Amado
and Monserrat 2010). To a certain degree, excess ROS
production and the responses of the antioxidant system
have been linked to alteration of the phosphorylation state
of hepatocytes (Amado and Monserrat 2010). Our previ-
ously published study also proved that the hydroxyl radical
(-OH) was significantly induced in carp liver after a rela-
tively short-term exposure to MC-LR in intraperitoneally
exposed Cyprinus carpio L., which subsequently induced
the disruption of cytoskeleton structure and the induction
of apoptosis (Jiang et al. 2013). In the present study, we use
carp as a model to further study other oxidative stress
effects and histopathological alterations that could be
induced by intraperitoneal injections of MC-LR.

XOD, which catalyzes the oxidation of hypoxanthine to
xanthine and can further catalyze the oxidation of xanthine
to uric acid, is an important enzyme belonging to reactive
oxygen species-generating oxidases in organisms. In the
present study, changes of XOD activity in carp liver were
not statistically different during the whole exposure period,
suggesting that XOD might not contribute to over-pro-
duction of ROS in fish liver under the MC-LR exposure.
The endogenous antioxidant system could counteract the
ROS and reduce oxidative stress with antioxidant enzymes.
Normally, SOD catalyzes the conversion of superoxide to
H,0,, while CAT can reduce H,O, to H,O (Cadenas
1989). The significant alterations of these antioxidant
enzymes alleviated cellular oxidative stress in fish liver and
therefore eliminated the over production of ROS, which
was obvious in the 50 pg kg~' group after 24—48 h expo-
sure (Jiang et al. 2013). Elevation of GST activity not only
contributed to the detoxification of ROS, but also reflected
the conjugation of MC-LR and GSH in liver cells, con-
sistent with previous reports of other aquatic organisms
(Pflugmacher 2004; Cazenave et al. 2008; Amado and
Monserrat 2010).

GSH is an important intracellular substance involved in
the toxification of MC-LR, which was reported to begin
with a conjugation reaction to GSH catalyzed by GST or
nonenzymatically, forming MC-GSH conjugates to aid the
excretion of MCs (Jiang et al. 2011a, 2012). Ding et al.
(2000) revealed a biphasic repsonse (i.e., a significant
increase in the initial stage followed by a decrease after
prolonged treatment) of intracellular GSH in primary cul-
tured rat hepatocytes exposed to microcystic cyanobactria
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extract (MCE, equivalent to 125 pg mL™' Iyophilized
algae cells), and therefore supposed that the the initial
MCE-GSH binding may trigger the synthesis of GSH,
probably by activating y-GCS, the rate-limiting enzyme for
GSH biosynthesis. However, the y-GCS activity was not
significantly changed under MC-LR stress in the present
study, suggesting MC-LR exposure had less effect on GSH
synthesis catalyzed by y-GCS in the liver of fish exposed to
120 pg kg_1 of MC-LR. Therefore, the efflux of GSH in
the liver of fish in the 120 pg kg~ group at 5-12 h was
mainly due to the conjugation reaction with toxins and the
subsequent excretion of MC-GSH conjugates, which could
in turn alter the intracellular redox status and favor the
over-production of ROS. It is worth noting that the he-
patocytic membrane damage and consequent GSH efflux,
as previously proposed by Ding et al. (2000), would also
result in the depletion of intracellular GSH under exposure
to high concentrations of MC-LR. Proteomic analysis of
hepatic tissue of fish exposed to MCs indicated the
mechanism underlying MCs toxicity involved the trans-
portation of toxin into liver cells through OATP (an
organic anion transporting polypeptide), which inhibited
the expression of PP1, PP2A and aldehyde dehydrogenase
(ALDH), resulting in the oxidative stress and the reorga-
nization of cytoskeletal proteins, etc. (Malécot et al. 2009;
Jiang et al. 2014). This indicated that the oxidative stress is
most likely not the primary mechanism but possibly a
secondary effect induced by MC-LR in fish liver. Mainte-
nance of a necessary amount of GSH or an appropriate
GSH/GSSG ratio (Jiang et al. 2011a, b) in liver is impor-
tant for fish to protect themselves from harmful MCs and
consequent ROS. The induction of oxidative stress and
depletion of GSH decreased the detoxification capability of
carp, resulting in oxidative damage, or other direct and
indirect toxic effects in carp live after intraperitoneal
injection of 50 and 120 pg kg~' MC-LR. Conversely,
combined with the evidence from the observation of his-
topathological changes in fish liver and cytoskeletal
destruction, we found that the appearance of these harmful
symptoms seemed to coincide with the significant deple-
tion of intracellular GSH, suggesting it was probably
related to the toxic effect of MC-LR that lead to the
damages of liver cell intergrity and GSH efflux. Therefore,
the intracelluar GSH level may have close relationship with
the histological morphology of fish liver to a certain extent.

Typical oxidative damage, often manifested by eleva-
tion of MDA level, could be observed in fishes exposed to
MC-LR/RR or cyanobacterial cells containing MCs on the
acute IP or oral uptake route (Jos et al. 2005; Prieto et al.
2006). It was reported that oral exposure to dry Microcystis
cells (75 mg kg~' body mass, equal to 10 ug MC-RR kg
body mass) had no effect on lipid peroxidation in the liver
of Misgurnus mizoleps (Li et al. 2005). Generally, no effect

on lipid peroxidation observed in the liver of fish resulted
from the low doses of MC exposure and certain exposure
routes (such as oral uptake or immersion), reflecting the
existence of high resistance to MCs in many species of
fishes, and therefore fish may only suffer from oxidative
damage after exposure to high doses of MCs. In the current
study, the MDA levels in liver of fish exposed to
50 pg kg_l of MC-LR were well correlated with ROS
levels (Jiang et al. 2013) (y = 0.00002x + 0.4274,
r = 0.970, p < 0.01) (Figure S1). A similar phenomenon
was observed in mesophyll cells of Vallisneria natans
exposed to dissolved MC-LR at 0.1-25.0 pg L™'. This
connection illustrates that induced ROS in biological tis-
sues may be a direct cause of generated oxidative damage.
However, there was no obvious linear correlation between
the MDA levels in liver of fish exposed to 120 pg kg~ ' of
MC-LR and the ROS levels, which may result from severe
hepatic injury combined with the study on histopatholo-
gical alterations in fish liver induced by high does of MC-
LR.

The general histopathological changes in fishes exposed
to MCs may include severe damage and dysfunction in
liver, kidney, spleen, heart and gills (Molina et al. 2005;
Malbrouck and Kestemont 2006; Jiang et al. 2011b). Liver
is the most affected organ in fish, with symptoms of
hepatocyte dissociation, degeneration, and necrosis (Aten-
cio et al. 2008). In the current study, a series of histopa-
thological alterations in fish livers were observed in a dose-
dependent pattern, and the most severe hepatic injuries
were found at 5-24 h (Table 1). Fish livers exposed to
50 pg kg~ ' of MC-LR began to recover at 48 h; however,
no noted recovery from pathological alterations could be
observed in the 120 pug kg™' MC-LR group, suggesting
that carp suffered irreversible injury under high doses of
MC-LR.

In conclusion, we use carp as a model to further study
oxidative stress effects and histopathological alterations that
could be induced by intraperitoneal injection of MC-LR.
The results provided complementary evidence for oxidative
stress as the toxic mechanism induced by MC-LR, which is
demonstrated by changes in the activities of SOD, CAT,
GST, GSH content and elevation of MDA content. How-
ever, XOD did not contribute to over-production of ROS in
the liver of fish treated with 50 and 120 ug kg~' MC-LR.
MC-LR exposure had no distinct effect on y-GCS activity
involved in GSH synthesis. The depletion of intracellular
GSH was mainly due to the conjugation reaction to MC-LR
catalyzed by GST and the subsequent excretion of MC-GSH
conjugates, which could in turn alter intracellular redox
status and favor the over-production of ROS. Excessive
production of ROS and depletion of GSH resulted in the
generation of oxidative damage, which was manifested by
elevation of MDA levels. It is worth noting that MDA levels
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in fish livers exposed to 50 pg kg~' of MC-LR were well
correlated with ROS levels. In addition, a series of severe
histopathological alterations in fish livers were observed at
5—-12 h, which could contribute to the efflux of intracellular
GSH. No noted recovery of histopathological alterations was
observed at 48 h in livers of fish exposed to 120 pg kg™'
MC-LR, suggesting carp might have suffered irreversible
injury under exposure to high doses of toxin. Our study
further supports the important role of oxidative stress
involved in MC-LR induced liver injury in aquatic
organisms.
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