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Abstract The worldwide occurrence of cyanobacte-

rial blooms makes it necessary to perform

environmental risk assessment procedures to monitor

the effects of microcystins (MCs) on fish. Oxidative

stress biomarkers are valuable tools in this regard. In

the present study, phytoplanktivorous bighead carp

(Aristichthys nobilis) were injected intraperitoneally

(i.p.) with extracted MCs (mainly MC-RR and -LR) at

two doses, 400 and 1,000 lg kg-1 bw, and antioxidant

responses of the liver as biomarkers of oxygen-

mediated toxicity were studied at 1, 3, 12, 24 and

48 h after injection. Contents of reactive oxygen

species (ROS) and activities of antioxidant enzymes

[catalase (CAT), superoxide dismutase (SOD), gluta-

thione peroxide (GPX), and glutathione reductase

(GR)] as well as glutathione S-transferase (GST) in the

liver in both dose groups showed a biphasic change

with an increase at initial 3 h followed by a decrease

after injection, owing to the roles of the antioxidant

system in eliminating excessive ROS and regenerating

glutathione (GSH). The increased GST was probably

due to the high transcription of cytosolic GST a and q,

suggesting the importance of MCs detoxification by

GSH pathway. The stable GSH levels in liver may be

explained by the high basic GSH concentration in liver,

and/or an increased GSH synthesis, suggesting a high

ability to detoxify MCs and to release associated high

oxidative pressure in phytoplantivorous fish.
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Introduction

Cyanobacteria, especially Microcystis aeruginosa,

pose a threat to animal and human health due to their

ability to produce the hepatotoxic heptapeptides,

microcystins (MCs) (Codd et al. 1997; De Figereido

et al. 2004). Among more than 70 microcystin iso-

forms, microcystin-LR (MC-LR) is the most common

variant, followed by microcystin-RR (MC-RR) and

microcystin-YR (MC-YR) (De Figereido et al. 2004).

One of the well-studied toxic mechanisms of MCs is

their inhibition of protein phosphatase 1 and 2A,

leading to increased protein phosphorylation, which is

directly related to their cytotoxicity and tumor-

promoting activity (Codd et al. 1997; Hooser 2000).

At present, there is also evidence suggesting that
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oxidative stress plays an important role in the patho-

genesis of MCs toxicity in many species: mice

(Gehringer et al. 2004), rat (Moreno et al. 2005), and

aquatic organisms such as crab (Pinho et al. 2005) and

fish (Li XY et al. 2005; Jos et al. 2005; Cazenave et al.

2006; Prieto et al. 2006, 2007).

As a result of oxidative stress, fish, like many other

vertebrates, try to reduce the damage using the antiox-

idant defense system. These antioxidant defenses

comprise enzymatic and non-enzymatic mechanisms.

Some of the most important antioxidant enzymes are

catalase (CAT), superoxide dismutase (SOD), glutathi-

one peroxidase (GPX) and glutathione reductase (GR),

while the non-enzymatic defenses include GSH and

vitamins E and C (Wilhelm Filho 1996). Probably

because GSH does not only act as a free radical scavenger

but also conjugate with xenobiotics in the metabolic

pathway leading to detoxification, more attention has

been paid to the role of GSH in preserving normal

cellular redox balance and protecting hepatocytes against

oxidative stress than other antioxidants such as Vitamin

C or E (Gehringer et al. 2004; Xu et al. 1998). Pflugm-

acher et al. (1998) have shown the existence of

microcystin–GSH conjugate formed through GST catal-

ysis in aquatic plants (Ceratophyllum demersum),

invertebrates (Dreissena polymorpha and Daphnia

magna) and fish (Danio rerio), suggesting that this is

the first step to detoxify MCs. In this respect, hepatic GST

activity as well as GSH concentration should be

privileged biomarkers of contamination with MCs.

From recent studies, it is known that some European

fish species (e.g., ciscos) are highly susceptible to MCs

(Ernst et al. 2001), whereas some subtropical fish use

cyanobacteria as an energy source (Xie et al. 2004).

The sensitivity of a fish to MCs is probably influenced

by its natural habitat and feeding mode. Species native

to oligotrophic habitats are more vulnerable than

species native to eutrophic ones, where MC exposure

is more frequent (Snyder et al. 2002). The planktivo-

rous fish, which feed more frequently on toxic

cyanobacteria, might have developed special mecha-

nisms to counteract MCs in their evolution. In a

subchronic toxicity experiment where the phytoplank-

tivorous silver carp were fed with toxic fresh

Microcystis viridis cells (MC-RR and -LR contents

were 268–580 and 110–292 lg g-1 dry weight,

respectively), Xie et al. (2004) found that MC-LR

were almost not detectable in the fish liver, suggesting

that silver carp may have a mechanism to degrade MC-

LR actively in the intestines and are probably more

resistant to MCs than other fishes. However, up to now,

the mechanism implicated in high resistance to MCs in

phytoplantivorous fish has not been elucidated.

The bighead carp (Aristichthys nobilis) is an

important phytoplanktivorous fish because of its roles

in aquatic ecosystems as a direct consumer of zoo-

plankton and phytoplankton, its potential for biological

management of cyanobacterial blooms, and its value as

a food fish (Xie and Liu 2001). Preliminary studies in

our laboratory have demonstrated that extracted MCs

from cyanobacterial cells are able to induce time-dose

dependent ultrastructural changes in the liver of

bighead carp after i.p. administration of MCs within

24 h post-injection, whereas the recovery of liver was

observed at 48 h post-injection. In light of the above,

this study aims to evaluate antioxidant systems through

the assay of CAT, SOD, GPX, GR, GST and GSH, as

well as reactive oxygen species (ROS), in the liver of

the phytoplantivorous bighead carp after intraperito-

neal injection with extracted toxins of MCs for further

understanding of the mechanisms of hepatic antioxi-

dation and detoxification in fish.

Materials and methods

Toxin

The cyanobacterial materials used in the experiment

were collected from surface blooms (phytoplankton

cells) of Lake Dianchi, Yunnan, China. According to

microscopic examination, the predominant species

was Microcystis aeruginosa. The microcystins were

extracted by the methods of Park et al. (1998) with

some improvements. Briefly, the materials were

extracted three times with 10 ml of 75% methanol (v/

v) for 3 h at 4�C. The extract was centrifuged at

10,000g for 30 min, and the supernatants were pooled

and applied to a C18 cartridge (Dalian Institute of

Chemical and Physical, China). The cartridge contain-

ing the microcystin was rinsed with 10 ml of water and

MCs were finally eluted from the C18 cartridge with

10 ml of methanol. The elution was evaporated and

then the residue was dissolved in water. This solution

was used for the toxic experiment. Prior to use, the

toxin-containing solution were analyzed by a reverse-

phase high-performance liquid chromatograph

(HPLC) (Shimadzu, LC-10A) equipped with an ODS
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column (Cosmosil 5C18-AR, 4.6 9 150 mm; Nacalai,

Japan) and a SPA-10A UV–vis spectrophotometer set

at 238 nm. The sample was separated by using linear

gradient elution of 50–70% aqueous methanol con-

taining 0.05% trifluoroacetyl (TFA) in 25 min at a flow

rate of 1 ml/min. MCs were identified by their UV

spectra and retention times, and by using commercial

microcystin-LR RR and YR (Wako Pure Chemical

Industries, Japan) as standards. The obtained micro-

cystin was MC-RR + MC-LR + MC-YR with purity

[80%. The microcystin content in the cyanobacterial

material was 1.41 mg g-1 dry weight (DW), among

which MC-RR, -LR and -YR were 0.84, 0.50 and

0.07 mg g-1 DW, respectively.

Fish, treatments and sample preparation

Juvenile bighead carp with a mean weight of

51 ± 2 g were purchased from a local fish hatchery

(Wuhan, China). Fish were acclimated for 3 days

prior to experimentation in 100-l aquaria containing

dechlorinated tap water. Water temperature was

20 ± 1�C, pH was maintained at 7.4 and dissolved

oxygen values were 7.5 mg/l. No food was given to

the fish in the course of the experiment.

The treated fish were injected i.p. with the doses of

approximately 0.5 ml extracted solution of MCs,

amounting to 400 and 1,000 lg MC-LR + MC-RR

per kg body weight (bw), respectively. The control

fish were injected i.p. with equal volumes of distilled

water. In the experiment, sampling points were set

during a period of 48 h (1, 3, 12, 24 and 48 h post-

treatment). At each sampling point, three MCs-

treated fish for each dose group were anesthetized

with 0.02% tricaine methane sulfonate (MS-222)

solution for 5–10 min before they were killed by

transsection of the spinal cord. Three control fish

were anesthetized and killed at both 0 and 48 h. Liver

were excised, freed of attached tissue, and weighed.

Experiments were performed according to the guide-

lines of the Ethical Committee for Animal

Experiments at Institute of Hydrobiology, Chinese

Academy of Sciences, Wuhan of China.

Measurement of biochemical parameters in liver

Liver samples were homogenized (1:10, w/v) in a cold

(4�C) buffer solution containing Tris base (20 mM),

EDTA (1 mM), dithiothreitol (DTT, 1 mM; Sigma),

sucrose (0.5 mM) and KCl (150 mM) and phenylmethyl-

sulfonyl fluoride (PMSF, 1 mM; Sigma), with pH

adjusted to 7.6. Homogenates were centrifuged at

9,500g (4�C) for 20 min and the supernatants used as

the enzyme source. The activity of CAT was measured

according to Aebi (1984) with slight modifications.

The reaction mixture in a total volume of 3 ml

contained 67 mM sodium phosphate buffer (pH 7.0)

and 15 mM H2O2. The reaction was initiated by the

addition of 0.01 ml of enzyme extract. CAT activity

was determined by measuring the rate of disappearance

of H2O2 at 240 nm for 3 min. The assay of SOD was

based on a method described by Bayer and Fridovich

(1987). The enzyme activity was defined as the amount

of enzyme required to result in 50% inhibition of the

rate of the nitroblue tetrazolium (NBT) reduction

measured at 560 nm. The activities of GPX, GR, GST

and the contents of GSH and ROS were assayed by the

kits supplied by the Nanjing Bioengineering Institute,

China. To determine GPX activity, we used GSH as a

substrate and measured the conjugation of GSH and

Ellman’s reagent, 5,50-dithiobis-(2-nitrobenzoic)-acid

(DTNB). GR activity was determined by measuring

NADPH oxidation at 340 nm. GST activity was

detected by evaluating the conjugation of GSH with

the standard model substrate 1-chloro-2,4-dinitroben-

zene (CDNB). For the GSH assay, liver samples were

treated with trichloroacetic acid as clarifier according

to the instruction of the manufacturers. Then, GSH was

determined using DTNB as substrate to measure the

absorbency change at 412 nm. ROS formation (mainly

hydroxyl radical) was determined spectrophotometri-

cally by measuring the rate of color intensity change of

gress agent at 550 nm based on the Fenton reaction. All

enzymatic activities are expressed in nkat/mg prot,

where 1 kat is the conversion of 1 mol of substrate per

second.

Protein contents were determined by the Coomas-

sie blue method using bovine serum albumin as a

standard (Bradford 1976). All the experiments were

repeated three times.

Statistical analysis

Analysis was undertaken using SPSS 11.5 for Win-

dows. As we did not find any significant differences

in the major biochemical parameters between 0 and

48 h of the control fish using an unpaired two-tailed

Student’s t-test (P [ 0.05); we took the mean values
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of 0 and 48 h as controls. The effect of time after

MCs exposure was assessed by one-way analyses of

variance (ANOVA 1) followed by a post hoc multiple

comparisons test (Bonferroni’s test). Results are

presented as the mean ± SE. Differences were con-

sidered significant at the level of P \ 0.05.

Results

The temporal alternations of ROS contents and antiox-

idant enzymes CAT, SOD, GPX and GR activities in

both dose groups are presented in Fig. 1, which shows a

biphasic change with an increase at initial 3 h followed

by a progressive decrease. There was no significant

difference in ROS contents between the two dose groups

throughout the experiment, while there was a significant

increase (P \ 0.05) at 3 h post-injection before pro-

gressively returning to control values at 48 h post-

injection (Fig. 1a). Similarly, CAT activity in the liver

of bighead carp in both dose groups increased signif-

icantly (P \ 0.05) at 3 h post-injection compared with

the control (Fig. 1b). There was also a significant

increase of SOD activity (P \ 0.05) at 3 h in both dose

groups when compared to the control (Fig. 1c). GPX

activity in the 1,000 lg kg-1 dose group was signifi-

cantly higher (P \ 0.05) at 3 h than in the control, but

the difference was not significant (P [ 0.05) in the

400 lg kg-1 dose group (Fig. 1d). For the GR activity,

significant increases were observed at 1 h (P \ 0.01 in

the 400 lg kg-1 dose group, P \ 0.05 in the

1,000 lg kg-1 dose group) and 3 h post-injection

(P \ 0.01) in both dose groups. And at 24 h post-

injection, there was also a significant increase

(P \ 0.05) in GR activity in the 1,000 lg kg-1 dose

group compared to the control group (Fig. 1e).

As seen in Fig. 2a, the activity of GST in the liver of

bighead carp in both dose groups increased

Fig. 1 Temporal

alternations of ROS

contents (a) and the

activities of CAT (b), SOD

(c), GPX (d), GR (e) in the

liver of bighead carp

(Aristichthys nobilis)

injected i.p. with 400 and

1,000 lg MCs kg-1 bw,

respectively. Data are

represented as means ± SD

(n = 3). The mean values

of 0 and 48 h used as

controls. The significance

levels observed are

* P \ 0.05 and

** P \ 0.01 in comparison

to control group values
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significantly (P \ 0.05) at 3 h post-injection, followed

by complete recovery at 48 h, but no obvious depletion

in GSH levels in both dose groups was observed after

injection with acute doses of MCs (Fig. 2b).

Discussion

In the present study, the initial significant increases in

ROS contents (mainly hydroxyl radical) in the liver

of bighead carp in both dose groups at 3 h post-

injection suggest that MCs exposure induced oxida-

tive stress. Oxidative stress is usually defined as an

adverse reaction resulting from the exposure of

molecules, cells, or tissues to excess levels of free

radical oxidants, especially ROS (Ding et al. 1998).

A continuous production of ROS in cells or tissues

could attack lipid polyunsaturated fatty acids (PU-

FAs) and lead to PUFA oxidation. PUFA oxidation is

believed to be highly deleterious to cells by damaging

cell membranes, inactivating cellular enzymes, and

damaging DNA. It has been found that cyanobacterial

extracts can enhance intracellular production of ROS

in cultured rat hepatocytes (Ding et al. 1998). An

increase of ROS was also observed in isolated

hepatocytes of common carp (Cyprinus carpio) when

exposed to MC-LR, responsible for apoptosis and

even necrosis of hepatocytes. In the present study, the

activities of CAT, SOD, GPX and GR in the liver of

bighead carp significantly increased at 3 h post-

injection, which indirectly verified that oxidative

stress was occurring in the liver. This result also

indicated that toxin-induced oxidative stress was

involved in the mechanism of hepatotoxicity of MCs.

Effects of MCs on antioxidant systems of fish have

been studied in isolated carp hepatocytes (Li et al.

2003), liver of loach (Misgurnus mizolepis) (Li XY

et al. 2005) and tilapia (Oreochromis sp.) either

injected i.p. with MC-LR or exposed to a cyanobac-

terial blooms (Jos et al. 2005; Pireto et al, 2006,

2007). Li et al. (2003) observed enhanced CAT and

SOD activities in isolated hepatocytes of common

carp when exposed to a dose of 10 lg/l for 6 h. Prieto

et al. (2006) showed that i.p.-administered pure MC-

LR (500 lg/kg) induced a significant increase in the

activities of CAT, SOD and GR in the liver of tilapia.

Regarding the oral route, Jos et al. (2005) found that

cyanobacterial cells at a dose of 60.0 lg MC-LReq/

fish/day can also induce significant increases in the

activity of CAT, SOD and GPX in the liver of tilapia

for 21 days. A decrease in the activities of CAT,

SOD, GPX and GR was observed in tilapia when they

were orally exposed to a single dose of cyanobacte-

rial cells containing 120 lg/fish MC-LR for 24 and

72 h (Pireto et al. 2007). However, in the present

study, the antioxidant enzymes CAT, SOD, GPX and

GR showed a biphasic change with an increase at the

initial 3 h followed by a decrease after injection. This

might be due to the roles of the antioxidant system in

eliminating excessive ROS. In our study, although

ROS (mainly hydroxyl radical) had an initial signif-

icant increase in the liver of bighead carp in both dose

groups, they could not prevail over the antioxidant

enzyme elimination. As a consequence, ROS (mainly

hydroxyl radical) induced by MCs was overwhelmed

by antioxidant enzymes in the liver of bighead carp,

as evidenced by a progressive decline of antioxidant

enzymatic activities in both dose groups.

Fig. 2 Temporal alternations of GST activity (a) and GSH

level (b) in the liver of bighead carp injected i.p. with 400 and

1,000 lg MCs kg-1 bw, respectively. Data are represented as

means ± SD (n = 3). The mean values of 0 and 48 h used as

controls. The significance level observed is * P \ 0.05 in

comparison to control group values
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Apart from the oxidative stress related effects, i.p.

injection with the extracted MCs in bighead carp also

produced a time-dose dependent hepatic apoptosis and

necrosis in both dose groups within 24 h post-injec-

tion, followed by a progressive histological recovery at

48 h post-injection (Li L et al. 2005), which agrees

with the recovery of antioxidant enzymes CAT, SOD,

GPX and GR at 48 h post-injection. Malbrouck et al.

(2004) found recovery of liver structure and regener-

ation of hepatocytes 96 h post-injection in goldfish as

well as reconstruction of the tissue structure 21 days

post-injection (of 125 lg MC-LR/kg bw). It seems that

lesions caused by MCs can recover in fish. Thus,

bighead carp in acute exposure to MCs showed a

progressive recovery of structure and function in terms

of histological and biochemical features.

The detoxification of MCs in liver is known to occur

firstly via conjugation to GSH by GST (Pflugmacher

et al. 1998). Augmented GST activity is utilized to

indicate MCs detoxification in several aquatic organ-

isms like microalgae, plants, invertebrates and fish

(Gehringer et al. 2004). Nevertheless, the responses of

GST activity to MCs in fish have been so far quite

variable (Wiegand et al. 1999; Best et al. 2002; Li

et al. 2003; Malbrouck et al. 2004; Cazenave et al.

2006). Either induced or inhibited activity of GST after

exposure to MCs was reported in different fish species.

Inhibition of GST activity was reported in zebrafish

embryos exposed for 24 h to a mixture of MC-LR at

0.5 lg/l and cyanobacterial lipopolysacharides at

0.5 lg/l (Best et al. 2002) and in diverse organs of

Corydoras paleatus exposed for 24 h to microcystin-

RR at concentrations of 0.5 2, 5, and 10 lg/l, respec-

tively (Cazenave et al. 2006). However, GST activity

was either elevated in the early life stages of the

zebrafish (Wiegand et al. 1999) or unaffected in

hepatocytes of common carp exposed for 2, 4 and 6 h

to MC-LR at a dose of 10 lg/l and in juvenile goldfish

exposed for 96 h to microcystin-LR at a dose of

125 lg/kg bw throughout the experiment (Li et al.

2003; Malbrouck et al. 2004). It appears that different

experimental conditions and/or interspecies differ-

ences in susceptibility to MCs influences on the

responses of GST in fish. In the present study, the

significant increase in GST activity in the liver of

bighead carp in both dose groups at 3 h post-injection

could be due to enhanced biotransformation reactions

and higher rates of MCs conjugation, suggesting the

importance of MCs detoxification by GSH pathway.

Actually, the glutathione S-transferases are a multiple

gene family of dimeric enzymes. Fu and Xie (2006)

reported five cytosolic GSTs (q, l, h, a and p),

mitochondrial GST (j) and microsomal GSTs

(mGST1, mGST2 and mGST3) from the liver of

common carp exposed to MC-LR at 50 lg/kg, in which

increased levels of transcription of hepatic GST a, q
and mGST3 isoforms were detected at 6 h post

stimulation, while the transcription of l, h and mGST

isoforms were relatively stable and all the GST

isoforms except GST j and q recovered at 72 h to

original levels compared with controls. Compared with

the result of Fu and Xie (2006), the increased GST in

our experiment was probably due to the high tran-

scription of cytosolic GST a and q. Furthermore, the

accurate influence of MCs exposure on the phase II

detoxification systems need to be quantificated at

variations in gene transcription of GST isoforms.

The content of intracellular GSH is a function of the

balance between its use and synthesis. Initially, GSH is

consumed by conjugation via GST or by glutathione

disulfide formation when GSH reacts with ROS. It is

then replaced either by enzymatic reduction catalyzed

by GR or by de novo synthesis. In primary cultured rat

hepatocytes exposed to cyanobacterial extract, Ding

et al. (2000) suggested that the use of GSH by the

initial conjugation to MC-LR may trigger an increase

in GSH synthesis, possibly by activating the transcrip-

tion of c-glutamylcysteine synthetase, the rate limiting

enzyme in GSH synthesis. Gehringer et al. (2004)

reported an increase in GSH levels overall in the livers

of mice treated with MC as well as an increase in the

transcription of the enzymes involved in the synthesis

of glutathione (Gehringer et al. 2004). Nevertheless,

response of intracellular GSH content to MCs exposure

in fish has been so far quite different, probably due to

different exposure dose, time and routes, or different

composition of MCs or different physiological char-

acters of the selected tissue. Xu et al. (1998) observed a

decrease in GSH concentration in the liver of goldfish

following an i.p. injection of MC-LR (10 lg MC-LR/

kg and higher). A similar decrease was also demon-

strated by Li et al. (2003) on cultured hepatocytes of

common carp exposed to MC-LR. The reduction of

GSH content after MC-LR exposure may be explained

by its increased utilization in the detoxification

process, by a reduced GSH synthesis, or by both

mechanisms. On the other hand, a significant increase

in GSH level was reported in the liver of silver carp
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(Hypophthalmichthys molitrix) exposed to a natural

population of cyanobacterial bloom for 25 days,

indicating an increased GSH demand as a result of

oxidative stress and/or induction of detoxification

enzymes in MCs-exposed fish (Blaha et al. 2004).

Decrease in GSH content in the liver of juvenile

goldfish was not significant after an i.p. injection of

MC-LR (125 lg kg-1) for 96 h (Malbrouck et al.

2004), which was attributed to its important basic GSH

concentration. Furthermore, GSH depletion or forma-

tion limits the ability of an organism to detoxify MC-

LR or prevent oxidative damage (Wiegand and

Pflugmacher 2005). Previous studies on toxicity of

MC-LR on animal hepatocytic antioxidant systems

also directly demonstrate that antioxidant systems,

mainly GSH, could be relevant indices in explaining

the sensitivity of some vertebral species to MCs

(Takenaka and Otsu 1999). The fact that bighead carp

seem less affected by high doses of MCs was reported

in previous studies performed in our laboratory in

which a cystein conjugate of MC-LR (MCLR-Cys)

was detected in most months (July 2004–March 2005)

in kidney sample. This indicated that GSH detoxifica-

tion pathway was an important route for the

detoxification and excretion of MC-LR in bighead

carp (Chen et al. 2007). So the stable GSH levels in

bighead liver in our study may be explained by the high

basic GSH concentration in bighead carp liver, and/or

an increased GSH synthesis, suggesting a high ability

to detoxify MCs and to release associated high

oxidative pressure in phytoplantivorous fish.
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