
RESEARCH ARTICLE

The proteomic study on cellular responses of the testes

of zebrafish (Danio rerio) exposed to microcystin-RR

Sujuan Zhao1, Ping Xie1, Guangyu Li1,2, Chen Jun1, Yan Cai1, Qian Xiong1 and Yanyan Zhao1

1 Donghu Experimental Station of Lake Ecosystems, State Key Laboratory of Freshwater Ecology and
Biotechnology of China, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, P. R. China

2 Fisheries College of Huazhong Agricultural University, P. R. China

Received: April 24, 2011

Revised: October 23, 2011

Accepted: October 26, 2011

Microcystin-RR (MC-RR) is a commonly encountered cyanotoxin and receives increasing

attention due to the risk of its bioaccumulation in aquatic animals like fish. This study

investigated the protein profiles of zebrafish (Danio rerio) testes after intraperitoneal injection

(i.p.) with 0.5 LD50 (2000 mg/kg). MC-RR caused a noticeable damage to testicular ultra-

structure, showing widened intercellular junction, distention of mitochondria. The testes

showed a rapid response of its defense systems to the oxidative stress caused by MC-RR. This

is the first to use a proteomic approach to obtain an overview of the effects of MC-RR on the

testes of zebrafish. The proteomic results revealed that toxin exposure remarkably altered the

abundance of 24 proteins that were involved in cytoskeleton assembly, oxidative stress,

glycolysis metabolism, calcium ion binding and other biological functions. In conclusion,

MC-RR damaged the testes and was toxic to the reproductive system of male zebrafish mainly

through causing oxidative stress.
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1 Introduction

Cyanobacterial blooms of freshwaters represent serious

problems throughout the world due to the production of

cyanotoxins [1]. One of the most studied groups of cyano-

toxins is the cyclic heptapeptide hepatotoxins called micro-

cystins (MCs). Up to now, there have been over 80

analogues of MCs [2], among which MC-LR, MC-RR and

MC-YR are most commonly present.

MCs are intracellular but may rapidly and massively be

released by cell lyses due to natural senescence, herbicides

or physical stress [3].The mechanisms of MC toxicity have

not been fully elucidated but most likely involve protein

phosphatase (PP1 and PP2A) inhibition leading to the

disruption of the dynamic equilibrium of protein phos-

phorylation/dephosphorylation [4]. And MCs could induce

production of reactive oxygen species (ROS) [5], followed by

oxidative stress and apoptosis or necrosis depending on the

exposure concentration and duration [6–8]. Toxicity of MCs

has been reported at environmental exposure levels for

several fish species, including catfish [9], carp [10], zebrafish

[11] and salmon [12]. Both field and laboratory studies

indicated that MCs affect various fish organs, such as

kidney, liver, heart, gills and intestine and invoke hepato-

toxicity and neurotoxicity, kidney impairment and gastro-

intestinal disorders [13–19]. Recently, several laboratory

studies have demonstrated that MCs exert negative effects

on the reproductive system of male mammalians [20–22],

for example, Ding et al. [21] found that MC-LR exposure at a

dose of 6.67 mg/kg body weight (BW) reduced mature sperm

in seminiferous tubules of mice and induced testicular

atrophy. However, molecular mechanisms underlying such

reproductive toxicity of MCs are still unclear.
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Proteomics is a relatively large-scale study that boosts our

understanding of toxicology by providing global patterns

of protein content and activity. In reproductive biology,

proteomics is emerging as a tool for defining critical protein

and pathways like MCs exposure [23]. Key elements of

classical proteomics are the separation of proteins in a

sample using 2-DE and subsequent identification by biolo-

gical MS. Zebrafish is an excellent model to study toxic

disturbances produced by pollutants and natural toxins. It

has been reported that MCs could damaged the liver and

brain of zebrafish [24, 25] and revealed that several proteins

involved in different pathways such as oxidative stress,

cytoskeleton organization and metabolism, were all modu-

lated by chronic effects of MC-LR. These studies demon-

strated that proteomics provides a new insight into MC

toxicity in both aquatic organisms and human beings, and

some proteins may be biomarker for further MCs toxicity

research. However, the effects of MC-RR on aquatic organ-

isms have been studied less extensively, despite of their wide

distribution and abundance in the environment. The main

purpose of this study was to use proteomics to evaluate

cellular responses in zebrafish testes exposed to MC-RR.

Ultrastructural and biochemical changes of the testes were

examined, and toxin content in testis was also measured.

This study is expected to provide proteomic evidences on

the reproductive toxicity of MC-RR on animals using a

model fish.

2 Materials and methods

2.1 Toxin

MC-RR used in the experiment was extracted and purified

from the freeze-dried surface blooms collected from Lake

Dianchi, Yunnan, China. The microcystins were extracted

by the methods of Wang et al. [26]. MC-RR was separated by

semi-performance preparative liquid chromatography

system (Waters 600E, USA) and pure MC-RR was

obtained. MC-RR was analyzed for MCs content via a

reverse-phase HPLC (LC-10A, Shimadzu Corporation,

Nakagyo-ku, Kyoto, Japan). MC- RR (purity495%) concen-

trations were identified by their UV spectra and retention

times, and by using a commercial standard microcystin-LR,

RR (Wako Pure Chemical Industries, Japan) to compare the

peak areas of the test samples. MC-RR was finally suspen-

ded in salt solution (0.8% NaCl).

2.2 LD50 of pure microcystin-RR

To determine the median lethal dose (LD50) and to select

relevant MC-RR exposure dose for the following experi-

ments, male zebrafish (n 5 100) were divided into five

groups, and fishes were administered by an intraperitoneal

injection of MC-RR at different doses of MC-RR equivalent/

kg BW. LD50 was calculated from a linear regression of log-

probit transformations of the dose–response data [27].

2.3 Animals and treatment protocol

Adult healthy male zebrafish (Danio rerio) at 18-wk-old

(AB strain) were obtained from Institute of Hydrobiology,

Academy of Science, China. Zebrafish were maintained at

2870.51C in charcoal-filtered recirculating aerated tap

water; the fish were fed freshly hatched Artemia nauplii

twice daily and flake food (Tetra, Germany) once daily.

Briefly, zebrafish were maintained in a semi-static system

that received charcoal-dechlorinated tap water with a

constant temperature of 2870.51C. The photoperiod was

adjusted to a 14:10 h (light:dark) cycle.

Healthy male zebrafish weighed almost 0.570.1 g were

randomly divided into two groups. One of the groups were

administrated by intraperitoneal injection of 10 mL MC-RR

at about 0.5 LD50 (2000 mg/kg BW) MC-RR. Control ones

received by the same equivalent volume of 0.8% saline

solution. Three sampling points were set during a period of

24 h in the whole experiment (2, 6 and 24 h). For each

group, at each sampling point, 27 fish were anaesthetized

with 0.03% tricaine (MS-222) and decapitated and the testes

were collected for further study. All of the experimental

researches on zebrafish were in accordance with the

National Institutes of Health Guide for the Care and Use of

Laboratory and approved by the Animal Ethics Committee

in the Institute of Hydrobiology, Chinese Academy of

Sciences.

2.4 Biochemical analysis

The testes were homogenized (1:10, w/v) in a cold (41C)

buffer solution (pH 7.5) containing sucrose (250 mM),

PMSF (1 mM), DTT (1 mM; Sigma), and EDTA (1 mM).

Homogenates were centrifuged at 12 000� g (41C) for

15 min and the supernatants used as the enzyme source.

The activities of SOD, CAT, GST, GPx, and the contents

of GSH were assayed by the kits supplied by the Nanjing

Jiancheng Bioengineering Institute, China. Superoxide

dismutase (SOD) activity assay was based on the

method described by Bayer and Fridovich [28]. CAT

activity was determined by measuring the rate of disap-

pearance of H2O2. GST activity was detected by

evaluating the conjugation of GSH with the standard

model substrate 1-chloro-2,4-dinitrobenzene (CDNB)

according to the method of Habig et al. [29] and Habig and

Jakoby [30]. We used H2O2 as the substrate to determine the

GPx activity according to Drotar et al. [31]. GSH content

expressed as mg/mg protein according to Griffith [32]

method. Protein contents were determined by the

Coomassie blue method using bovine serum albumin (BSA)

as a standard.
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The concentration of malondialdehyde (MDA) was used

as an index of lipid peroxidation (LPO) and was determined

according to Ohkawa et al [33]. The content of MDA and

H2O2 were assayed by the kits supplied by the Nanjing

Jiancheng Bioengineering Institute, China. All the experi-

ments were carried out in triplicate.

2.5 Transmission electron microscopic observation

and lipid staining

For transmission electron microscopy (TEM), specimens of

the testes tissues were prefixed in 2.5% glutaraldehyde

solution, diced into 1 mm3, washed overnight in the 0.1 M

phosphate buffer (pH 7.4) and postfixed in 1% OsO4

buffered for 1 h at 41C. The fragments were dehydrated in

an ethanol ascending series and propylene oxide and

embedded in Epon 812. Ultrathin sections were cut with

glass knives on an LKB-V ultramicrotome (Nova, Sweden),

stained with uranylacetate and lead citrate and observed in a

Jeol JEM-1230 TEM.

Testes from control groups and treated groups were fixed

in 4% paraformaldehyde and embedded in agarose, and

cryosectioned (10 mm). The sections were routinely stained

with haematoxylin and eosin. To find out the fatty droplet

accumulation the sections were stained with oil red O

(Sigma-Aldrich).

2.6 Extraction and determination of MC-RR in testes

at 6 h after exposure

Extraction and quantitative analysis of the MC-RR in testes

(0.2 g lyophilized sample (about 50 fish) for each groups) of

zebrafish basically followed the method of Xie et al. [10].

2.7 Proteomic analysis

Protein extraction was performed basically according to the

method reported by Tay et al. [34] with minor modification

by Li et al. [35]. Briefly, the frozen gonad tissues of each five

fish at 6 h MC-RR exposure were mixed and homogenized

in the lysis buffer (2 M thiourea, 7 M urea, 50 mM DTT, 4%

CHAPS, 50 mM Tris base, 0.2% carrier ampholyte, 1 mM

protease inhibitor cocktail, 1% RNase and 1% DNase) and

the supernatant was obtained at 12 000� g for 1 h at 41C,

keeping the supernatant for 2-DE. Three pools were

prepared. Protein concentration was determined by the

Bradford assay using BSA standards.

The prepared pooled protein samples (450 mg of each

protein sample) were mixed with a rehydration buffer to a

volume of 450 mL. The first dimension was performed on

IPG strips of linear pH gradient 4–7 24 cm (BioRad, USA) in

a PROTEAN IEF cell (BioRad) using the following

program:30 min at 250 V, 30 min at 500 V, 3 h at 4000 V, 5 h

at 4000 V. After completion of IEF, strips were incubated in

equilibration buffer (6 M urea, 0.375 M Tris-HCl,

pH 8.8, 20% glycerol, 2% SDS ) containing 2% DTT for

15 min at room temperature, followed by the same

buffer with 2.5% iodoacetamide for 15 min. Subsequently,

second-dimension vertical 12% SDS-PAGE gel slabs

were freshly prepared between glass plates. Electrophoresis

was carried out at 100 V/gel for 30 min, followed by about

10 h run at 350 V/gel until bromophenol blue fronts reached

the gel bottom. The gels were then visualized by silver

staining.

Following electrophoresis, a GS-800 (BioRad) was used to

scan the gels. Spot detection and matching were performed

using the PDQuest software (BioRad). Triplicate 2-DE gels

were performed for each group and then were combined

into average gels, which represented spots that were repro-

ducibly present on each set of the triplicate gels. The spots

that were changed conspicuously in the control groups or

exposure groups were then selected for further MS analysis.

The selected spots changed about twice were analyzed

with a MALDI TOF/TOF mass spectrometer (4800 Proteo-

mics Analyzer, Applied Biosystems, USA). The specific

processes or functions of the identified proteins were then

identified by searching Gene Ontology (http://www.

Geneontology.org).

2.8 Western blot analysis

The zebrafish testes exposed 6 h were homogenized for

extract proteins in ice-cold protein extraction buffer (Beyo-

time Institute of Biotechnology, China). Each set of five fish

was pooled for protein preparation. The homogenates were

centrifuged for 10 min at 12 000� g and supernatants were

collected. The concentrations of protein were determined by

the Bradford method.

About 20 mg of protein from each sample was denatured,

electrophoresed, and transferred onto a PVDF membrane

(Millipore). The membrane was blocked and blots were

incubated in specific antibody against keratin 18, tubulin b,

hsp90, citrate synthase (Abcam, UK) and GAPDH

(Bioworld, USA), and then secondary antibodies following

the manufacturer’s instructions. ECL reagent (Millipore)

was applied to the membrane for 1 min. FluorChem Q

(Alpha Innotech) system was used to evaluate the protein

signal. The results of Western blot were quantified with

Quantity One software (BioRad).

2.9 Statistical analysis

Statistical analysis was undertaken using SPSS 13.0 for

Windows. All values expressed as mean7SE were subjected

to one-way analysis of variance (ANOVA).Differences in

mean values between groups were assessed and were

considered statistically different at po0.05, po0.01.

302 S. Zhao et al. Proteomics 2012, 12, 300–312

& 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



3 Results

3.1 LD50 of MC-RR in zebrafish

The effect of MC-RR on zebrafish mortality is shown in

Table 1. Accordingly, the 24 h LD50 of the MC-RR (i.p.) in

zebrafish was calculated to be about 4000 mg MC-RR/kg BW.

3.2 Biochemical analysis

H2O2 and Levels of LPO (liquid-phase oxidation) in zebra-

fish testes are shown in Fig. 1A and B. MDA is a well-known

oxidation product of polyunsaturated fatty acids in lipopro-

teins and is often used as a biomarker of oxidative stress.

MDA is formed like an end lipid peroxidation product which

reacts with TBA reagent under acidic conditions to generate

a coloured product. Peroxidative damage may be vulnerable

in testes which are rich in unsaturated lipids. The concen-

tration of MDA, as an index of lipid peroxidation, signifi-

cantly increased after injection of MC-RR. The MDA content

reached a maximum at 6 h (183%) after injection, but

recovered slowly at 24 h. The maximum level of H2O2

(a species of ROS) markedly increase (193%) at 24 h after

exposure to MC-RR.

Figure 1C–F also shows the levels of the antioxidant enzyme

SOD, CAT, GST and GPx, in testes of zebrafish. SOD signifi-

cantly increased at all time, and the increases peaked at 2 h

(363%). CAT also increased during the whole exposure time, at

6 h the increases reached 236% compared with the control

groups. GST activity was elevated to 187% at 6 h post-exposure

when compared with the controls. GPx activity increased

conspicuously at 2 and 6 h, with a slight recovery at 24 h. While

GSH content was reached to 229% at 6 h post-injection of

MC-RR (Fig. 1G). GSH content was still higher than in the

control groups at 24 h exposure. Based on the above results, 6 h

post-exposure was selected for the subsequent research.

3.3 Transmission electron microscopic observation

and lipid staining

In zebrafish testes, spermatogonia were randomly distrib-

uted along the entire length of the tubule, thus forming an

unrestricted spermatogonial testis. Within each cyst, the

maturation of the germ cells was synchronous, until the

mature sperm was released into the tubular lumen. The

cysts contained spermatogonia and spermatocytes at differ-

ent stages of development (Fig. 2A).

In the control group (Fig. 2A, D, and G), a cluster of

spermatogonia were surrounded by cytoplasmic processes

of Sertoli cells and had intact plasmalemma. The mito-

chondria were ovoid or spherical, and their cristae and

matrix were clear. The Sertoli–spermatogonia junction was

normal. The peripheral membrane of the sperm was inte-

grated.

In the MC-RR-treated group (Fig. 2B, C, E, F, and H) the

mitochondria proceeded to lose cristae and matrix, and lost

the metrical density with highly hydropic changes at 6 h.

Dilation and vesiculation of cisternae of endoplasmic reti-

culum were prominent after 6 h exposure. And large

digestive vacuoles found in the testes of the MC-RR-treated

zebrafish. The widening of Sertoli–spermatogonia

cell junction was conspicuously observed. The swelling,

disruption and lysis of the mitochondria were observed. The

Table 1. The effect of MC-RR on zebrafish mortality

Groups Number of
fish

Dose
(mg/kg)

Number of
death

Mortality

1 20 8000 20 1
2 20 5656 16 0.8
3 20 3999.9 8 0.4
4 20 2828 6 0.3
5 20 1999.8 0 0

Figure 1. The MDA,H2O2 and GSH level and the activities of

antioxidant enzymes (SOD, CAT, GST, GPx) in testes after an i.p.

injection with 0.5LD50 MC-RR until 24 h. The values are expres-

sed as mean7SE (N 5 3). Each value is mean7S. D. po0.05 ( ),

po0.01 ( ).
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peripheral membrane of the sperm was irregular and

damaged. The oil red O staining (Fig. 2I, J, K, and L)

revealed that the vacuoles contain lipids. The lipid droplet

accumulated in the testis cells.

3.4 Effect of MC-RR on toxin accumulation

In the control group, no MC-RR was detected in testes

tissues. At 6 h post-injection, MC-RR content in testes were

Figure 2. Ultrastructure changes in testes of zebrafish after an i.p.

injection with 0.5LD50 MC-RR for 6 h. (A) Control � 5000 Sg,

spermatogonia; Sp, sperm; Se, Sertoli cell; Bc, basal cell;

(B) Treated � 5000 Large lipid droplets found in the testes

of MCRR-treated zebrafish (arrow heads). (C) Treated � 5000

showing the widening of the cell junctions. (D) Control � 40 000

showing normal mitochondria. (E) Treated � 30 000 showing

the swollen mitochondria and large lysosomal elements (arrow-

heads). (F) Control � 20 000 nomal sperm cells. (G) Treated

� 20 000 showing irregular peripheral membrane of the sperms

(arrowheads) Lipid accumulation was confirmed by oil red O

staining. control (I, 300� ; J, 600� ), treated (K, 300� ; L, 600� ).

Figure 3. MC-RR contents in the testes tissues of zebrafish Danio

rerio after 6 h of 0.5LD50 MC-RR exposure. Data are expressed as

mean values7SD (n 5 3).

100kD

MW

10kD

100kD

10kD

MW

4 pI 7

A

B

Figure 4. Representative 2-DE gels of control and treated

samples. (A) Control (B) 0.5 LD50 2000 mg/kg. Whole soluble

proteins from zebrafish testes were separated by 2-DE and

visualized by silver staining. The protein spots altered by MC-RR

exposure are labeled with numbers. The spots circled were

analyzed by MALDI-TOF. Each gel is representative of three

independent replicates.
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0.15270.04 mg/g (Fig. 3) dry weight. The results could be

applied to evaluate toxicological effects of natural MC-RR

exposure on the health of freshwater fish.

3.5 Testes protein profiles of zebrafish exposed to

MC-RR

In 6 h exposure, the gonad of zebrafish was significantly

damaged, and the representative 2-DE gels of the testes in

the MC-RR treated and control zebrafish are shown in Fig.

4, and gel spots showing significant changes were detected

from 2-DE gels. On average, more than 1000 proteins spots

were detected in each gel using silver staining by the

PDQuest software. Among these altered proteins, one

hundred spots displayed statistically noticeable changes in

their expression pattern with 46 of them being upregulated

and 54 downregulated (Fig. 5). Compared with the 2-DE gels

of the nonexposed zebrafish groups, significantly altered

expression of 33 protein spots from the MC-RR-exposed

zebrafish testes was detected in abundance (fold change

Z1.75-fold; po0.05) (Table 2). Totally, 24 proteins of these

differentially expressed protein spots were manually excised

and submitted for identification using MALDI-TOF/TOF

MS analysis, 16 of which seemed to correspond to an

upregulation and 8 to a downregulation (Table 3). Other 9

proteins were not identified. The apparent change ranged

from a 13-fold increase to 5-fold decrease but most of the

spots showed an increase or decrease o5-fold. The results

with CI values greater than 95% were considered to be a

successful identification and the matched proteins came

from the NCBI database for the zebrafish D. rerio. Of them,

eight proteins which were respondent to stress of MC-RR

were involved in metabolism, six proteins in oxidative stress,

and three in calciumion binding. Two proteins were char-

acterized as cell cytoskeleton and cell structure, corre-

sponding to keratin and tubulin b. And the remaining five

proteins were involved in other functions.

3.6 Verification of differential expressed protein by

Western blot analysis

Four proteins, keratin 18, tubulin b, hsp90, citrate synthase

were selected for Western blot analysis due to their corre-

lation with the known MC-RR toxic mechanisms. As shown

in Fig. 6, the expression changes of the selected proteins

were consistent with the 2-DE and silver-staining results.

4 Discussion

It is known that MCs exposure damages reproductive

systems of mammalians. The mean absolute weight of the

testes and epididymides is decreased and motility and

viability of the sperm are reduced in microcystin-treated

mice [20]. Liu et al. [36] reported that the MCs could actively

induce the antioxidant enzyme system and the abundant

GSH could against oxidative stress to protect the testis.

Therefore, the quick and significant increases in activities of

antioxidant enzymes and the GSH content might be a rapid

response to oxidative stress in our study. In the present

study, substantial MC-RR accumulated in testes of zebra-

fish, and the exposed testes presented hydropic changes of

mitochondria, widened intercellular junction and numerous

electronlucent membrane-bound vacuoles, suggesting that

MC-RR were able to pass through the blood barrier to

damage the testes.

The present study first investigated the potential effects

of MC-RR on the protein expression profiles of zebrafish

testes. A proteomic approach to zebrafish testes covers many

different aspects of the changes in proteins. The cytoskele-

ton is the basic structural element of all cell types and plays

key roles in the maintenance of cell architecture, adhesion,

Figure 5. Volume variations for protein expression. Fold range

variation was calculated for each spot as the ratio of the higher

volume intensity value (between treated or control sample)

divided by the lower volume intensity value (between treated or

control sample). This value is affected with a plus sign when the

protein is overexpressed in treated sample compared with

control sample. It is affected with a minus sign in the reverse

situation (underexpressed protein in the treated compared to

control sample). Each bar corresponds to an individual spot.

Spots with significant variation were ordered according to their

fold range variation between treated and control samples.

Table 2. Variations of spot volumes

Downregulation Upregulation

Expression �1oXo�2 �5oXo�2 Min Max 1oXo2 5oXo2 X45 Min Max
100 spots 44 10 �1.07 �4.43 23 19 4 1.01 12.9

Note: Variations were calculated as treated/controls ratio and if the result was below 1, it is reported as – controls/treated ratio.
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migration, differentiation, division, and organelle transport.

It is known that cytoskeleton disruption is one of the first

remarkable cytotoxic events following MC-LR exposure [37],

and our observation also demonstrated that MC-RR induced

a prominent disruption of cytoskeleton organization in the

testes, which might affect testes metabolism. We found that

abundances of two cytoskeleton proteins, b-tubulin and

intermediate filaments keratin, were remarkably altered in

exposed testes. The most common members of the tubulin

family are a-tubulin and b-tubulin [38]. Microtubule

dynamics in cells rely in part on a and b tubulin post-

translational modifications such as phosphorylation, which

is under the control of a balance of protein phosphatases

and kinases [39]. Fu et al. [40] showed that some cells lose

microtubules after MC treatment except the reorganization

and aggregation of microtubules. It was also shown that

MCs could disrupt the cytoskeleton [41, 42] and particularly

modify the phosphorylation state of microtubule-associated

proteins, which subsequently disrupted the microtubule

polymerization balance [41, 43]. One protein of the inter-

mediate filaments, keratin, was significantly altered in the

present study. Several studies have reported that the

disruption of the intermediate filaments could be attributed

to MC-LR-induced hyperphosphorylation of keratins 8 [44].

The exposed testes tissues present lost cristae and matrix

with hydropic changes of the mitochondria and numerous

large digestive vacuoles. We also observed that the widening

of cell junction was conspicuous in our studies. All the

cytoskeleton organization changed because the cytoskeleton

protein changed and then disrupted of the whole net of cell

cytoskeleton. In the present study, MC-RR substantially

accumulated in the MC-RR-treated testes and induced

noticeable damage to ultrastructure which is in agreement

with our studies, demonstrating that MC-RR caused a

significant disruption of cytoskeleton organization in the

testes, which might interrupt reproductive metabolism.

Together with these results, we may assume that MC-RR

may affect the normal microfilament network in testis due

to the disrupted cytoskeleton organization and the cytoske-

leton disruption can be a marker in MCRR-induced repro-

ductive toxicity.

Another significant point of our study is that the activity

levels of some important antioxidative enzymes and the

protein related to oxidative stress were significantly chan-

ged. Cellular oxidative stress occurs when the production of

endogenous ROS (e.g. hydroxy radical, superoxide anion)

overwhelm the antioxidant defenses, resulting in lipid

peroxidation (LPO), protein oxidation and DNA strand

breaks [45]. In the current study, the levels of MDA and

H2O2 increased remarkably, indicating that MC-RR resulted

in oxidative stress. The MDA which is often used as a

biomarker of oxidative stress increased and the oil red O

staining also revealed that the vacuoles contain lipids. In

recent studies, MC-induced fatty/lipid acid transport and

metabolism of the activities of several enzymes in the liver

of MC-LR have been described [24]. The excessive ROST
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triggered the antioxidant defense systems such as SOD,

CAT, GST, and GPx, which alleviates the toxic effects of

ROS by scavenging free radicals and ROS with the increase

in exposure time [46]. This is in line with the proteomic

analysis that oxidative stress resulted in several proteins

related to the MCs stress. In particular, in a proteomic study

Aldehyde dehydrogenase 2 (ALDH2) describing as MC-

sensitive [47], presented an apparent decrease in abundance

in this study. ALDH2 participates in aldehyde metabolism

via oxidizing aldehyde to carboxylic acid [48].The accumu-

lation of acetaldehyde is known to produce ROS [49].

ALDH2 dysfunction may lead to aldehyde-induced ROS

generation and, in turn, apoptosis [47]. In addition, Alde-

hyde dehydrogenase 1 family, member A2 (ALDH1A2)

could catalyze the synthesis of retinoic acid (RA) from reti-

naldehyde. The abnormal expression of ALDH1A2 corre-

lated closely to carcinogenesis. Aldehydes are highly reactive

and cytotoxic which are harmful to various important

physiological processes, consequently leading to DNA

damage, protein modification and enzyme inactivation [50,

51]. Retinol and its derivatives have been shown to reverse

hyperplasia in carcinogen-induced prostate cancer mouse

models [52]. These effects are due to the regulation retinoids

exert on cell growth and differentiation [53]. The alterations

in ALDH enzyme expression in prostate cancer suggest that

these enzymes may contribute to abnormal retinoid levels

during carcinogenesis [54]. Thus, massive aldehyde accu-

mulated in the treated testes and subsequently oxidative

stress occur in fish (i.e. increasing antioxidant activity, lipid

peroxidation), indicating that MC-RR caused reproductive

toxicity.

Another four proteins, similar to ferrodoxin-NADP(1)

reductase, coagulation factor C and two heat shock

proteins, were also involved in the oxidative stress response.

Control Treated

Keratin Tubulin
β

Control Treated

Keratin 18

GAPDH GAPDH

Tubulin β

GAPDH

Hsp90

GAPDH

Heat shock protein 90(Hsp90)

CS

Citrate synthase (CS)

Control Treated Control Treated

Figure 6. The alteration of proteomic and

Western blot of selected altered proteins in the

zebrafish testes following 0.5LD50 MC-RR treat-

ments. The magnified images of protein spots

from the 2-DE gels are shown in the upper part

of each panel. The line charts show the protein

levels based on 2-DE, Western blot results. The

values represent the average fold changes. The

values of protein abundance are the average

%Vol of spots in three replicated gels.
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Ferredoxin is the primary soluble acceptor and is known to

directly transfer electrons to a wide range of proteins for use

in metabolism and regulatory processes [55]. Coagulation

factor C that belongs to the coagulation system was clearly

up-regulated which is consistent with the organs like liver

hemorrhage observed in our study. Additionally, heat shock

proteins induction has been suggested as early marker of

oxidative stress [56]. Heat shock protein 90 increased in

protein expression after MC-RR exposure. Heat shock

protein 8 functions as an ATPase during transport of

membrane components through the cell. Unlike canonical

heat shock proteins, Hsp8 is constitutively expressed and

performs functions related to normal cellular processes [57].

After exposure to MC-RR, Hsp8 abundance decreased might

leads to an impairment of ATP production, affecting all

cellular process that depends on ATP. Therefore, it is

possible that oxidation stress represents alternative

mechanisms for stimulating cellular responses relevant to

MC-RR toxic effects.

Furthermore, protein expression profiles defined an

impact on carbohydrate metabolism that could be related

with the described MC-RR exposure stress responses, and

these manifestations are schematically presented in Fig. 7.

The proteomic analyses showed an accelerating speed of

glycolysis and the tricarboxylic acid (TCA) cycle. MC-RR

caused an upregulation of aldolse B 23 kDa protein, phos-

phoglycerate mutase, enolase, citrate synthase and nucleo-

side diphosphate kinase-Z2 which are very important in

glycolysis pathway. The proteome results profiled an accel-

eration of glycolysis and demonstrated a metabolic flux

redistribution that shifted glucose derived glucose-6-phos-

phate towards the TCA cycle to address an increase in the

production of NADPH, which is needed by many anti-

oxidant enzymes, thus confirming indications of oxidative

stress [58]. Hereby, MC-RR caused a dysregulation of

glycogen and induced dysfunction of carbohydrate

metabolism. However, Ding et al. [21] assumed that MCs

could lead to decreased weight in mice, with the likely

reason that MCs affected the appetite of mice and inhibited

some metabolic enzyme activity and anabolism, especially

lowering the ATP synthesis rate. In our study, the upregu-

lation of some metabolic enzymes indicates that the

increased expression may be a compensatory effect to

counteract an impairment of the energetic pathways in

response to an increased energy acquirement with stress,

which is in accordance with a previous study. In this paper

the decrease of hepatocyte glycogen content was evoked by

MC-LR attack, concomitantly increasing demand for energy

and an incidental cellular metabolic exhaustion [59]. Overall,

the abnormal expression poteins related to the energy

generation and substance metabolism might be taken into

account for the dysfunction in the zebrafish testes caused

by MC-RR.

In addition, other special proteins were also be disturbed by

MC-RR. Calmegin is a testis-specific endoplasmic reticulum

chaperone protein. It may play a role in spermatogeneisis and

infertility [60]. Some studies show that sperm motility is

decreased and sperm abnormality increases when exposed to

MCLR in a dose-dependent manner [21]. It is consistent with

our studies that the over expression of Calmegin maybe one of

the reasons for infertility and MC-RR would be anticipated to

impair male fertility. Additionally, NADH-ubiquinone oxido-

reductase has NADH dehydrogenase activity and oxido-

reductase activity. It transfers electrons from NADH to the

respiratory chain. The protein belongs to the complex I 75 kDa

subunit family which is a potent source of ROS in the

previous studies [61]. In our study, the decrease in NADH-

ubiquinone oxidoreductase abundance might decrease ROS

production to protect the testes from oxidative attack. Mean-

while, some protein degradation was influenced by MC-RR.

Ubiquitin carboxyl-terminal hydrolase isozyme L3, one of the

members of the ubiquitin-proteasome system which is a

cellular pathway responsible for degradation of misfolded and

damaged proteins, is involved in collaborating to affect the

turnover of cellular misfolded and damaged proteins. [62]. In

livers of zebrafish it has been showed microcystin could also

affect proteolysis [24]. Together with the earlier discussed

oxidative damage and subsequent protein degradation, liber-

ated amino acids can be re-used for protein synthesis or to

address increased metabolic demands associated with an

oxidatively stressed cell [63].

We followed up in proteomic analysis with Western blot

to investigate the protein expression of four proteins. The

Western blot results correlated well with the proteomic

analysis, indicating that the proteomic analysis was

convincing.
Figure 7. Schematic presentation of the observed interferences

with carbohydrate metabolism.
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To summarize, our present study was aimed at under-

standing the effects of MC-RR on fish testes by proteomic

approach in combination with other approaches. A number

of proteins were altered in abundance and these proteins

were involved in multiple functions and took part in a

variety of biology processes. MC-RR induced a dysfunction

of cytoskeleton assembly, oxidative stress with a concomi-

tant interference with macromolecule metabolism

and other functions. The reproduction toxicity of MC-RR

might initiate the production of ROS, and the antioxidative

enzymes may play a key role in deintoxication process.

These indicate that MCs were toxic to male reproduction. It

is quite likely that animals or humans routinely ingest food

or liquids contaminated with MCs, MCs would enter

testis and accumulate, and consequently damage male

reproduction.
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