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Microcystin-LR (MCLR) is the most toxic and most frequently

encountered hepatotoxin in the aquatic environment. This study

investigated the protein profiles of zebrafish (Danio rerio) livers

chronically exposed to MCLR concentrations (2 or 20 mg/l) using
the proteomic approach as well as cell ultrastructure, protein

phosphatase (PP) activity, protein phosphatase 2A (PP2A)

abundance, and toxin content analysis of the hepatic tissue. The

results showed that, after 30-day exposure, the presence of MCLR

strikingly enhanced toxin accumulation and the PP activity in

zebrafish livers. However, the PP2A amounts were independent of

toxin treatments. MCLR caused a noticeable damage to liver

ultrastructure, a widespread swelling in the rough endoplasmatic

reticulum and mitochondria was observed in the MCLR-exposed

hepatocytes, and a honeycomb-like structure was formed in the

treated nucleoli. Comparison of two-dimensional electrophoresis

(2-DE) protein profiles of MCLR-exposed and nonexposed zebra-

fish livers revealed that the abundance of 22 proteins, measured by

2-DE, was remarkably altered in response to toxin exposure.

These proteins were involved in cytoskeleton assembly, macro-

molecule metabolism, oxidative stress, and signal transduction,

indicating that MCLR toxicity in fish liver is complex and diverse.

Thus, proteomics provides a new insight into MCLR toxicity, that

chronic toxicity of MCLR is different from acute toxicity, and we

speculate that the reactive oxygen species pathway might be the

main toxic pathway instead of the PP one. Moreover, even a low

concentration of MCLR in water could significantly interrupt

cellular processes, and more care should be taken in determining

the criterion for MCLR content in drinking water.

Key Words: microcystin-LR; protein phosphatase; proteomics;

chronic toxicity; ultrastructure.

Over the past few decades, the frequency and global

distribution of toxic cyanobacterial blooms in eutrophic rivers,

lakes, reservoirs, and recreational waters have significantly

increased and become a worldwide concern. It is known that

many species of cyanobacteria are able to produce cyanotoxins,

which are harmful or toxic to aquatic organisms and animals

including humans. Among cyanotoxins, microcystins (MCs),

a group of cyclic nonribosomal polypeptides, are one of the most

toxic groups due to their potent hepatotoxicity and the fact that

they are probable tumor promoters (Chorus and Bartram, 1999).

The group consists of more than 80 types with microcystin-LR

(MCLR) as the most studied and the most toxic (Hoeger et al.,
2005). The toxic effects of MCLR on fish have been verified in

a large number of studies involving histological, biochemical, and

behavioral investigations (Baganz et al., 2004; Fischer and

Dietrich, 2000; Li et al., 2004, 2007; Malbrouck et al., 2003,

2004). MCs are taken up via an active transport mechanism

similar to the bile acids, and they are also transported through the

intestinal epithelium (Landsberg, 2002) and subsequently

accumulated in liver (Malbrouck et al., 2003). In humans, MCs

have been implicated in contributing to the high incidence of

primary liver cancers in certain areas of China where the primary

sources of drinking water are ponds, lakes, and shallow wells

(Ueno et al., 1996). The typical toxicological action of MCs is to

inhibit serine/threonine protein phosphatase (PP), followed

by hyperphosphorylation of regulated proteins and a subse-

quent destruction of the hepatic cytoskeleton, leading to liver

necrosis, apoptosis, and hemorrhage (Fischer and Dietrich, 2000;

Gehringer, 2004). However, other toxicity mechanisms such as

oxidative damage and disruption of osmoregulation are also

reported (Blom and Jüttner, 2005; Chen et al., 2006; Ding et al.,
2001; Mikhailov et al., 2003). For instance, Ding et al. (2001)

demonstrate that the production of reactive oxygen species (ROS)

plays a crucial role in MC-induced disruption of cytoskeleton

organization and consequent hepatotoxicity. Additionally, Geh-

ringer (2004) postulates that MCLR might cause cellular events,

e.g., cell death and proliferation, via the ROS and/or PP pathways.

Overall, the precise mechanism of MCLR toxicity in organisms

has not been well elucidated.

Global techniques such as proteomics provide effective

strategies and tools for toxicological studies and are regarded

as a powerful tool to investigate the cellular responses to

toxicants (Dowling and Sheehan, 2006). In contrast to

conventional biochemical methods, the proteomic approach

offers great potential in identifying proteins involved in the
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response of organisms to contaminants through massive

comparison of protein expression profiles and helps to identify

novel and unbiased biomarkers related to toxicity. With respect

to MCs toxicity, proteomic-based approaches have proved to

be valuable in identifying early responses to this toxin and,

concomitantly, identifying the mechanisms of toxicity involved

in the effects of MCLR on organisms including fish (Martins

et al., 2009; Mezhoud et al., 2008a,b).

It should be noted that a large number of studies have been

undertaken to investigate the acute toxicity of MCs (Fischer

and Dietrich, 2000; Li et al., 2007; Malbrouck et al., 2003,

2004; Mezhoud et al., 2008a,b), but few efforts have been

devoted to explore the chronic effects of MCs on organisms.

Chronic exposure to MCs through drinking water is the main

way for toxin accumulation in organisms including human

beings, bearing in mind that the measured concentration of

MCs is often a few micrograms per liter in the water of many

large eutrophic lakes in the world (Chan et al., 2007; Gurbuz

et al., 2009; Song et al., 2007). So, in this study, zebrafish

(Danio rerio) were chronically exposed to MCLR concen-

trations (2 or 20 lg/l MCLR) for 30 days and the protein

profiles of the liver cells of exposed and nonexposed zebrafish

were analyzed using the proteomic approach, and the

differentially expressed proteins were identified using matrix-

assisted laser desorption/ionization time-of-flight/time-of-flight

(MALDI-TOF/TOF) mass spectrometer (MS). The ultrastruc-

tural changes in liver cells as well as the toxin content, PP

activity, and protein phosphatase 2A (PP2A) abundance in

hepatic tissue were also investigated. The purpose of this study

was to investigate the chronic toxicity of MCLR to zebrafish

liver and identify new protein biomarkers so as to understand

the damage mechanisms involved.

MATERIALS AND METHODS

Zebrafish Exposure Experiment

Zebrafish were acclimatized in aerated fresh water tanks for 20 days prior to

the experiment at a water temperature of 25�C and a 12-h light/dark cycle and

fed b.i.d., 0900 and 1500 h, with commercial dry bait. During the acclimation,

fish were supplemented with artemia (about 40 mg per fish) three times a week

to maintain nutritional status. Then, fish (weighing 0.7 ± 0.07 g) were randomly

assigned to three experimental groups for exposure to two MCLR concen-

trations, 2 and 20 lg/l, and nonexposure. Each treatment included two groups

with 40 fishes for each group. The experiments were carried out in glass tanks

(44 3 30 3 28 cm3) with 30 l filtered fresh water and lasted for 30 days under

the same conditions as described above during acclimation. Each day, one-third

of the aged water was renewed with fresh water containing 2 or 20 lg/l MCLR

or none. No mortality was found in any treatment during the 30-day exposure.

At the end of the experiment, 32 fishes were taken from each group and their

livers were dissected and pooled together, and parts of them were immediately

frozen in liquid nitrogen and stored at �80�C for proteomic, PP activity, PP2A

abundance, and toxin content analysis. The remaining parts were fixed in

2.5% glutaraldehyde for cell ultrastructure analysis.

MCLR Analysis

The MCLR content of the hepatic tissues was analyzed according to the

method (Moreno et al., 2005) with minor modification (Deblois et al., 2008).

Briefly, freeze-dried tissue was homogenized in 0.6 ml of 85% methanol

(MeOH) using an ultrasonic disrupter (Model 450; Branson Ultrasonics,

Danbury, CT) at 4�C for 5 min. The homogenate was extracted at 4�C for 6 h

and then centrifuged (8000 3 g) at 4�C for 10 min, and the supernatant was

recovered. The pellet was extracted again using the same procedure and the

supernatant was pooled with that collected earlier and washed with the same

volume of hexane for 4 h. The hexane layer was discarded and the MeOH layer

was completely dried using Speed Vac. The dried liver extract was resolubilized

in 100 ll of 50% MeOH for toxin analysis using high-performance liquid

chromatography with a diode-array detector. The toxin separation was performed

on a micropher C18 reverse phase column (3 lm) under isocratic conditions with

a mobile phase of 10mM ammonium acetate and acetonitrile (7.4:2.6) for 20 min.

The toxin content was quantified using an MCLR standard and expressed as

micrograms cellular MCLR per milligram dry weight (DW).

PP Activity Analysis

Liver lysate was prepared using tissue protein extraction reagent (T-PER;

Pierce Biotechnology Inc., Rockford, IL). Hepatic tissue (0.5 mg) was

sonicated in 1 ml T-PER reagent and the supernatant was recovered by

centrifugation (16,000 3 g) at 4�C for 20 min. PP activity was analyzed

according to the method of Fontal et al. (1999). Briefly, 35 ll of liver

homogenate was mixed with 5 ll of NiCl2 (40mM), 5 ll of 5 mg/ml bovine

serum albumin (BSA; Sigma, St Louis, MO), and 35 ll of phosphatase assay

buffer (50mM Tris-HCl, 0.1mM CaCl2, pH 7.4) and incubated at 37�C for

10 min. Then, 120 ll of 100lM 6,8-difluoro-4-methylumbelliferyl phosphate

(Sigma) was added and it was incubated at 37�C for another 30 min. PP activity

was analyzed using a fluorescence microplate reader at 355 nm (excitation) and

460 nm (emission).

PP2A Abundance Analysis

The abundances of PP2A in MCLR-exposed and nonexposed zebrafish

livers were performed using Western blot analysis. This assay was undertaken

with the protein extracts, which were prepared as for the aforementioned PP

activity analysis. Tissue homogenates containing 25 lg proteins were separated

by 12.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) under

reducing conditions and transferred onto a polyvinylidene difluoride membrane

(Immobilon-P; Millipore Co., Bedford, MA). Then, the membrane was blocked

with 5% BSA for 2 h and incubated with an anti-PP2A rabbit monoclonal

antibody (1:2000; Sigma) or an anti-b-actin mouse antibody (1:2000; Sigma)

for 2 h at room temperature. Following three washes in PBS containing 0.05%

Tween 20 (PBST), the membrane was incubated with a secondary anti-rabbit or

mouse IgG (1:5000; Jackson ImmunoResearch Laboratories, West Grove, PA)

for 1 h at room temperature and then washed seven times in PBST. Finally, the

membrane was incubated with peroxidase-labeled streptavidin-biotin complex

(Nichirei Biosciences Inc., Tokyo, Japan) for 10 min. Images of the stained

bands were captured using a Gel-documentation system on a GS-670 Imaging

Densitometer from Bio-Rad (Hercules, CA). Images were saved in tagged image

file format (TIFF) before analysis. Densitometric analysis for images was

performed using the ImageMaster 2D Elite (GE Life Science, San Fransico, CA).

Ultrastructure Analysis

For ultrastructure analysis, fish livers were fixed in 2.5% glutaraldehyde in

0.1M phosphate buffer (pH 7.3) for 3 h at 4�C. The fixed livers were washed

three times using 0.1M phosphate buffer (pH 7.3) at 20-min intervals with

periodic agitation and then further fixed in 1% osmium tetroxide for 2 h at 4�C,

followed by a phosphate buffer wash three times at 20-min intervals. After

dehydration in alcohol, livers were embedded in Epon-Araldite. Ultra-thin

sections (50–80 nm) were moved onto titanium grids, stained with uranyl

acetate and lead citrate, and observed using a JEM 2100 Transmission Electron

Microscope (JEOL Ltd., Tokyo, Japan). Image analysis was conducted using

the ImageJ 1.36 program (NIH, Washington, DC).

Proteomic Analysis

Protein extraction. Frozen fish liver was homogenized in 0.6 ml of 20%

TCA/acetone (wt/vol) lysis buffer with 20mM dithiothreitol (DTT) using
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an ultrasonic disrupter. The supernatant was removed by centrifugation at

17,000 3 g for 30 min at 4�C, and the pellet was washed twice with 80%

acetone (vol/vol) and twice with ice-cold acetone with 20mM DTT. The pellet

was recovered by centrifugation at 17,000 3 g for 30 min at 4�C each time.

Residual acetone was removed in a Speed Vac for about 5 min. The pellet was

dissolved in 100 ll rehydration buffer containing 8M urea, 2% CHAPS,

2.8 mg/ml DTT, 0.5% immobilized pH gradient (IPG) buffer, and a trace of

bromophenol blue. The solution was centrifuged at 20,000 3 g for 30 min at

15�C and the supernatant was collected for two-dimensional electrophoresis

(2-DE) analysis. The protein content was quantified using the 2-D Quant kit

(GE Healthcare, San Fransico, CA).

2-DE analysis. Hundred micrograms of each protein sample was mixed

with a rehydration buffer and then loaded onto IPG strips of linear pH gradient

4–7 (GE Healthcare). Rehydration and subsequent isoelectric focusing were

conducted using the Ettan IPGphor III Isoelectric Focusing System (Amersham

Biosciences, San Fransico, CA). Rehydration was performed overnight in

a strip holder with 340 ll of rehydration buffer. After rehydration, isoelectric

focusing was performed in the following manner: 2 h at 100 V, 2 h at 200 V,

1 h at 500 V, 2 h at 1000 V, 2 h at 4000 V, and 6 h at 8000 V. After the first

dimension was run, each strip was equilibrated with about 10 ml equilibration

buffer containing 50mM Tris (pH 8.8), 6M urea, 30% glycerol, 2% SDS, 1%

DTT, and a trace amount of bromophenol blue for 17 min. The strip was then

placed in fresh equilibration buffer containing 2.5% iodoacetamide (instead of

DTT) for another 17 min. Subsequently, an 11.25% SDS-PAGE second

dimension was performed. Electrophoresis was carried out at 10 mA/gel for 15

min, followed by a 6 h run at 200 V until the bromophenol blue front reached

the edge of the gels. The gels were then visualized by silver staining.

Silver staining. Silver staining was performed following the method of

Wang et al. (2009). Briefly, the gel was fixed for 2 h initially in a fixation

solution containing 40% (vol/vol) ethanol and 10% (vol/vol) acetic acid. It was

then sensitized in a solution containing 30% (vol/vol) ethanol, 0.2% (wt/vol)

sodium thiosulphate, 6.8% (wt/vol) sodium acetate, and 0.125% (vol/vol)

glutaraldehyde, followed by three Milli-Q water washes (5 min each time).

Then, the gel was stained for 20 min in 0.25% (wt/vol) silver nitrate with

0.015% (vol/vol) formaldehyde and washed twice with Milli-Q water (0.5 min

each time). The gel was developed in 2.5% (wt/vol) sodium carbonate

containing 0.0074% (vol/vol) formaldehyde. The reaction was stopped with

1.5% (wt/vol) EDTA, disodium salt.

Image capture and analysis. Images were made using a Gel-documen-

tation system on a GS-670 Imaging Densitometer from Bio-Rad and 2-DE

electrophoretogram matching software. Images were saved in TIFF format

before analysis. Computerized 2-DE gel analysis (spot detection, spot editing,

pattern matching, and database construction) was performed using the

ImageMaster 2D Elite (GE Life Science) and Melanie IV. There were three

gels for samples from control or treated zebrafish livers. After spot detection

and matching, spot intensities were normalized with total valid spot volume in

order to minimize the nonexpression-related variations in spot intensity and

hence accurately provide semiquantitative information across different gels.

Spots normalization was done by analyzing the relative volume (volume

percentage). A one-way ANOVA test was used to analyze spot intensities

among different groups. Only protein spots showing a significance (p < 0.05)

and at least a 2.0-fold difference in abundance (ratio of mean normalized spot

volume of treated vs. control groups) were considered as upegulated or

downregulated. These protein spots of interest were selected for identification

by mass spectrometry.

Mass spectrometric analysis. Differentially expressed protein spots in

MCLR-exposed and nonexposed livers were manually excised from 2-DE gels.

The gel pieces were washed twice with 200mM ammonium bicarbonate in 50%

acetonitrile/water (20 min at 30�C), then dehydrated using acetonitrile, and

spun dry. In gel, trypsin digestion was performed by adding 20 ng/ll trypsin

(Promega, Madison, WI) in 25mM ammonium bicarbonate overnight at 37�C.

For MALDI-TOF/TOF MS analysis, 1 ll of the digest mixture was mixed

on-target with 1 ll of 100mM a-cyano-4-hydroxy-cinnamic acid in 50%

acetonitrile and 0.1% trifluoroacetic acid on the target plate before being dried

and analyzed with a MALDI-TOF/TOF MS (4800 Proteomics Analyzer;

Applied Biosystems, Foster City, CA). MALDI-TOF MS and TOF/TOF

tandem MS were performed, and data were acquired in the positive MS

reflector mode with a scan range from 900 to 4000 Da, and five monoisotopic

precursors (S/N > 200) were selected for MS/MS analysis. For interpretation of

the mass spectra, a combination of peptide mass fingerprints and peptide

fragmentation patterns were used for protein identification in an NCBI

nonredundant database using the Mascot search engine (www.matrixscience.

com). All mass values were considered monoisotopic, and the mass tolerance

was set at 75 ppm. One missed cleavage site was allowed for trypsin digestion,

cysteine carbamidomethylation was assumed as a fixed modification, and

methionine was assumed to be partially oxidized. Results with confidence

interval % (CI %) values greater than 95% were considered to be a positive

identification. The identified proteins were then matched to specific processes

or functions by searching Gene Ontology (http://www.geneontology.org/).

Statistical Tests

All measurements were replicated at least three times, and the data were

expressed as mean values ± SD. Statistical analysis was carried out using one-

way ANOVA or an independent samples t-test to evaluate whether the means

were significantly different among the groups. Significant differences were

indicated at p < 0.05. Prior to one-way ANOVA, data were log transformed to

meet ANOVA assumptions of normality and variance homoscedasticity.

RESULTS

Effect of MCLR on Toxin Accumulation, PP Activity, and
PP2A Abundance in Zebrafish Liver

The toxin content, PP activity, and PP2A abundance of

zebrafish livers at the end of this exposure experiment are

shown in Figures 1 and 2. No MCLR was detected in MCLR

nonexposed zebrafish livers, while this toxin treatment

significantly enhanced toxin accumulation in the treated

zebrafish livers (Fig. 1A). The toxin contents attained to

0.031 and 0.039 lg/mg DW, respectively, in the zebrafish

livers exposed to 2 and 20 lg/l MCLR (Fig. 1A). However, the

toxin content in the treated groups was independent of ambient

MCLR concentrations (p > 0.05). Similarly, the hepatic PP

activity was also enhanced by MCLR and the PP activity

increased two times in zebrafish livers exposed to 20 lg/l

MCLR (Fig. 1B). Next, using the antibody representing

a specific interaction with PP2A, we performed Western blot

analysis to examine the abundances of PP2A in the hepatocytes

after 30 days of MCLR exposure. The relative ratio of each

immunostained PP2A band to b-actin band was compared.

Densitometric analysis indicated that the hepatic PP2A amount

was independent of the ambient MCLR concentrations

(Fig. 2A and 2B).

Effects of MCLR on Liver Ultrastructure in Zebrafish

The presence of MCLR resulted in a remarkable alteration in

the liver ultrastructure of zebrafish (Fig. 3). Hepatocytes of

nonexposed zebrafish usually contained few cisternae in the

rough endoplasmatic reticulum (ER), which were presented in
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parallel layers or tightly associated with the mitochondria.

Nucleoli were located in the center of the spherically shaped

nuclei, the nucleoplasm exhibited very little heterochromatin,

and the nucleolus displayed an electron density. Meanwhile,

some of the cytoplasm was filled with glycogen (Fig. 3A).

After 30-day exposure, a widespread swelling was observed in

the rough ER, with the dilation or even vesiculation of

cisternae, especially in the zebrafish livers exposed to 20 lg/l

MCLR. The swelling of the mitochondrial matrix was also

found in the exposed hepatocytes and many of them lost cristae

and matrix in a progressive and dose-dependent manner. The

most apparent change caused by MCLR was the formation of

a honeycomb-like structure, which was electron dense with an

intranucleolar structure forming a cordon or reticule.

Hepatic Protein Profiles of Zebrafish Exposed to MCLR

The 2-DE gels of MCLR-exposed and nonexposed zebrafish

livers are shown in Figure 4, and quantitative spot comparisons

were made with image analysis software. On average, more

than 1000 protein spots were detected in each gel using silver

staining and the ImageMaster 2D Elite software. Compared

with the 2-DE gels of the nonexposed zebrafish livers, a total of

22 protein spots from the MCLR-exposed zebrafish livers was

found to significantly alter in abundance (� 2-fold or � 0.5-

fold; p < 0.05). Among these altered proteins, 3 protein spots

disappeared in MCLR-exposed zebrafish livers (i.e., the 2 and

20 lg/l treatment groups), 7 protein spots were significantly

upregulated, and 10 protein spots were noticeably down-

regulated in the 2 lg/l MCLR-exposed zebrafish livers (Table 1,

Fig. 4). In the 20 lg/l MCLR-exposed group, 4 protein spots

were found to remarkably upregulate and 11 protein spots were

markedly downregulated (Table 1, Fig. 4). These altered

protein spots were excised and submitted for identification

using MALDI-TOF/TOF MS analysis. All the protein spots

were successfully identified with CI % values greater than 95%

(Table 1), and the matched proteins came from the NCBI

database for zebrafish. The identified proteins were distin-

guished into 22 different proteins. Of them, nine proteins (spots

1, 6, 8, 10, 14, 15, 17, 19, and 22) were involved in

metabolism, and five proteins (spots 4, 5, 7, 9, and 13) in

proteolysis, and most of them presented serine-type endo-

peptidase activity. Two proteins were characterized as cell

FIG. 1. MCLR contents (A) and PP activity (B) in the hepatic tissue

of zebrafish Danio rerio after 30 days of MCLR exposure (control, 2, and

20 lg/l). Data are expressed as mean values ± SD (n ¼ 3–4). Different letters

indicate a statistically significant difference at p < 0.05.

FIG. 2. PP2A amounts in the hepatic tissue of zebrafish Danio rerio after

30 days of MCLR exposure (control, 2, and 20 lg/l). Western blotting was

performed with the specific antibody against PP2A and b-actin. (A) Western

blotting images; (B) densitometric analysis of the intensities of the

immunostained bands. Relative ratio of PP2A to b-actin was shown (n ¼ 3).

Different letters indicate a statistically significant difference at p < 0.05.
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cytoskeleton proteins, corresponding to a-actinin 4 and profilin

2 like. The other six proteins were categorized into calcium/

phospholipid binding, antioxidant defense, protein folding and

other functional proteins.

FIG. 4. Representative 2-DE gels of hepatic proteins in the zebrafish

Danio rerio after the 30 days MCLR exposure. (A) Control, (B) 2 lg/l, and

(C) 20 lg/l. Whole hepatic soluble proteins from zebrafish livers were

separated by 2-DE and visualized by silver staining. The protein spots altered

by MCLR exposure are labeled with numbers. The molecular weights (MW)

and pI scales are indicated. Each gel is representative of three independent

replicates.

FIG. 3. Transmission electron micrographs of liver cells of the zebrafish

Danio rerio after 30 days of MCLR exposure. (A) Control, (B) 2 lg/l MCLR,

and (C) 20 lg/l MCLR. Marked features are: Nl, nucleus; N, nucleolus; NR,

reticular nucleolus; NP, nucleoplasm; Mi, mitochondria; Gly, glycogen.
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TABLE 1

A Detailed List of Protein Spots Identified by MALDI-TOF/TOF MS from the Liver of the Zebrafish Danio rerio Following MCLR Exposure

Spot Id. Protein identity

Accession

number

MASCOT

score (peptides)

Expectation

value MW/pI

Fold change

Function category2lg/l 20lg/l

Metabolism

14 Zgc:136933 Q29R95 49 (1) 6.7e�5 41.55/4.95 2.28 ± 0.23 — Methyltransferase activity

17 Suclg2 protein Q6PHH4 109 (2) 2.7e�16 45.25/5.57 2.26 ± 0.34 — ATP binding/ligase activity

8 Zgc:92030 Q6DG23 58 (1) 4.1e�5 39.10/6.77 0.40 ± 0.09 0.49 ± 0.03 Acyl-CoA binding/catalytic activity

15 Amylase, alpha 2A; pancreatic Q6P5J0 109 (2) 8.4e�21 56.95/6.42 0.34 ± 0.09 0.34 ± 0.02 Cation binding/catalytic activity

10 Zgc:109929 Q504E5 32 (1) 1.6e�5 24.16/6.21 — 0.43 ± 0.06 Catalytic activity

19 6-Phosphogluconolactonase Q68EK1 87 (2) 3.8e�13 11.78/5.84 — 3.74 ± 0.21 6-Phosphogluconolactonase activity

1 Pyruvate kinase A8KC20 136 (3) 4.2e�22 58.97/5.86 D D Glycolysis

6 2-Hydroxyacyl-CoA lyase 1 Q6NYI5 55 (1) 8.4e�10 61.64/6.29 0.27 ± 0.09 0.21 ± 0.05 Fatty acid a-oxidation

22 Diphosphomevalonate decarboxylase Q5U403 60 (1) 5.6e�12 44.60/5.97 2.10 ± 0.19 — Cholesterol/lipid/steroid/sterol

biosynthesis

Proteolysis

5 Zgc:112160 protein Q6DHD9 48 (1) 1.9e�5 28.16/5.54 0.33 ± 0.10 0.46 ± 0.04 Serine-type endopeptidase activity

9 Zgc:66382 Q7SX90 276 (2) 6.7e�30 26.38/4.94 0.45 ± 0.05 0.46 ± 0.03 Serine-type endopeptidase activity

7 Elastase 3 like Q504D4 52 (1) 4.2e�10 21.43/5.91 0.33 ± 0.08 0.48 ± 0.09 Serine-type endopeptidase activity

13 Cpb1 protein Q6NWD1 134 (2) 2.7e�30 46.41/5.83 0.29 ± 0.03 0.27 ± 0.01 Metallocarboxypeptidase activity

4 Zgc:91794 Q6GMH9 149 (2) 1.3e�19 46.97/5.48 0.39 ± 0.03 0.32 ± 0.03 Metallocarboxypeptidase activity

Cytoskeleton

3 Actinin, alpha 4, partial Q7SYE2 69 (1) 4.5e�12 21.86/5.05 D D Actin binding

20 Pfn2l protein (Profilin 2 like) Q7ZVJ0 64 (1) 5.2e�10 15.08/5.63 0.13 ± 0.03 0.32 ± 0.04 Actin cytoskeleton organization

Other functions related

11 Annexin 4 Q804G7 70 (2) 4.2 e�7 35.63/6.07 4.42 ± 0.60 4.49 ± 0.67 Calcium/phospholipid binding

12 Superoxide dismutase [Cu-Zn] O73872 86 (2) 6.1e�11 15.95/6.11 2.27 ± 0.06 2.92 ± 0.03 Antioxidant defense

18 Peptidyl-prolyl cis-trans isomerase Q499A7 62 (1) 3.4e�12 17.37/8.87 2.54 ± 0.45 — Protein folding

2 Novel protein (Si:ch211-240l19.8) Q5RI57 47 (1) 8.4e�10 15.02/5.23 D D Unknown

21 Zgc:111984 Q567K2 100 (2) 4.2e�11 31.17/5.98 0.33 ± 0.04 0.47 ± 0.02 Unknown

16 LOC100004902 protein Q4V8Q9 192 (2) 7.9e�29 28.70/5.29 2.25 ± 0.06 2.76 ± 0.24 Unknown

Notes. MW, molecular weights.

D indicates a disappearance of this protein spot in the treatment group. The fold changes (mean values ± SD, n ¼ 3) are indicated as compared to the controls. Only the fold changes (� 2-fold

or � 0.5-fold) are shown. Values � 2 indicate upregulations and � 0.5 downregulations.

P
R

O
T

E
O

M
IC

A
N

A
L

Y
S

IS
O

F
H

E
P

A
T

IC
T

IS
S

U
E

O
F

Z
E

B
R

A
F

IS
H

6
5



DISCUSSION

As potent hepatotoxins, the toxicity of MCs to aquatic

organisms has been studied comprehensively (Li et al., 2004,

2007; Malbrouck et al., 2003, 2004; Mezhoud et al., 2008a,b).

The toxic damage of MCs to hepatocyte cytoskeletons in vivo
is reported. Li et al. (2004) note that the ultrastructure of

common carp livers significantly changes after exposure to

a subchronic dose of MCLR (50 lg/kg) for 28 days. The

exposed hepatocytes present a swollen endomembrane system,

dilation of cisternae of the rough ER and ER transformation

into concentric membrane whorls, and numerous electron-

lucent membrane-bound vacuoles. This is basically in line with

our study that MCLR significantly enhanced toxin accumula-

tion in the treated hepatocytes and consequently resulted in

noticeable damage to liver ultrastructure. These results

demonstrated that MCLR caused a significant disruption of

cytoskeleton organization in the hepatocytes, which might

interrupt hepatic metabolism. Moreover, our study showed that

MCLR induced the formation of a honeycomb-like structure in

the treated nucleoli. Similarly, Paris-Palacios and Biagianti-

Risbourg (2006) report that copper contamination induces

a particular nucleolar alteration by forming a network or

honeycomb-like structure in roach and zebrafish livers, and

they presume that the formation of this structure might be

caused by Cu accumulation in the hepatocellular nucleoli.

Thus, MCLR might have acted on the nucleoli of zebrafish

hepatocytes, which subsequently interfered with DNA tran-

scription. However, the exact mechanism resulting in the

formation of honeycomb-like structure in the nucleoli is still

unknown and deserves further investigation.

It is known that one of the first striking cytotoxicities caused

by MCLR is cytoskeleton disruption, which is a primary

response of the cells to toxicants, and this was also highlighted

by cell ultrastructure study. The abundances of two cytoskel-

eton proteins, a-actinin 4 and profilin 2 like, significantly

varied in exposed livers: a-Actinin 4 disappeared and profilin

2 like was downregulated. a-Actinin is a modular protein

belonging to the spectrin superfamily that cross-links and

bundles actin filaments in cells (Burridge and Feramisco,

1981). Kaplan et al. (2000) identify mutations in the actinin-4

gene causative for familial focal segmental glomerulosclerosis.

Similarly, mice deficient in the actinin-4 gene show severe

glomerular disease resembling focal segmental glomeruloscle-

rosis (Kos et al., 2003). Profilins are 12- to 17-kDa ubiquitous

eukaryotic proteins (Carlsson et al., 1976) and appear to affect

actin dynamics (Schluter et al., 1997). Haarer et al. (1990)

report that disruptions or deletions of the profilin gene in

Saccharomyces result in slow growth, abnormal cell shape,

multinucleated cells, and altered distribution of actin. There-

fore, MCLR might have affected actin dynamics and

microfilament network and subsequently disrupted cytoskele-

ton organization of hepatocytes.

Liver metabolism is known to be disturbed by MCs. In this

study, nine proteins involved in metabolism were identified.

MCLR caused an upregulation of 6-phosphogluconlactonase,

an enzyme in the pentose phosphate pathway, and converts

6-phosphogluconolactone to 6-phosphogluconate (Collard

et al., 1999). Amylase, alpha 2A is an enzyme that hydrolyzes

1,4-alpha-glucoside bonds in oligosaccharide and polysacchar-

ides and thus catalyzes the first step in the digestion of dietary

starch and glycogen (Kaczmarek and Rosenmund, 1977), and

its abundance was significantly inhibited by MCLR. Particu-

larly, pyruvate kinase, a key enzyme involved in glycolysis,

was totally prohibited by MCLR. Hereby, MCLR caused

a dysregulation of glycogen in the hepatocelluar ultrastructure

and induced dysfunction of carbohydrate metabolism, which is

in accordance with a previous study that MCLR attack results

in depletion of the hepatocyte glycogen content, increasing

demand for energy and an incidental cellular metabolic

exhaustion (Mezhoud et al., 2008a). Also, MCLR influenced

the activities of several enzymes related to lipid/fatty acid

metabolism and transport, i.e., the abundances of 2-hydrox-

yacyl-CoA lyase 1 and zgc:92030 were strikingly suppressed

by MCLR. However, the abundance of diphosphomevalonate

decarboxylase was strongly enhanced. 2-Hydroxyacyl-CoA

lyase 1 is a peroxisomal enzyme involved in fatty acid

a-oxidation and thus could influence lipid metabolism. Fatty

acid a-oxidation is the main degradation pathway for 3-methyl-

branched fatty acids such as phytanic acid and the inhibition or

deficiency of this enzyme causes an accumulation of phytanic

acid, which is the only known abnormality in adult Refsum’s

disease (Wierzbicki et al., 2002). Zgc:92030 contains one

acyl-CoA-binding domain and might be involved in lipid

metabolism since acyl-CoA-binding proteins participate in

acyl-CoA metabolism by binding long-chain acyl-CoAs in

glycerolipid biosynthesis and in b-oxidation (Faergeman and

Knudsen, 1997). Diphosphomevalonate decarboxylase

performs the first committed step in isoprenes biosynthesis

and subsequently participates in steroid and cholesterol

biosynthesis (Hogenboom et al., 2004). We found that MCLR

could affect the abundances of other functional proteins

involved in organic acid metabolism. For instance, suclg2

protein, regulating the formation of succinate and ATP from

succinyl-CoA and ADP in the tricarboxylic acid cycle (Allen

and Ottaway, 1986), was prominently enhanced by MCLR.

Additionally, MCLR significantly stimulated the abundance of

zgc:136933, which is concerned with metabolic conversion.

MCLR also remarkably suppressed production of zgc:109929,

which is a homolog of the fumarylacetoacetate hydrolase

(FAH) domain. FAH, the last enzyme of the tyrosine catabolic

pathway, catalyzes the hydrolysis of fumarylacetoacetate into

fumarate and acetoacetate. A deficiency in FAH will result in

hereditary tyrosinemia type I, which is an autosomal recessive

disorder, characterized by hepatic and renal dysfunction as well

as by neurological crises (Dreumont et al., 2004). Overall,

MCLR might cause hepatic dysfunction in zebrafish via
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disturbing carbohydrate, lipid, and organic acid metabolism.

A further challenge is to explore the exact mechanisms

concerning MCLR toxicity in liver via combining metabo-

nomics, considering that liver is one of the most important

organs in material metabolism.

Our study demonstrated that MCLR influenced the pro-

teolysis process in zebrafish livers since the abundances of

zgc:112160 protein, zgc:66382, elastase 3 like, cpb1 protein,

and zgc:91794 were strikingly decreased by toxin treatment.

These proteins play key roles in the digestion of dietary

proteins (Elliott and Elliott, 1997), and their inhibitions by

MCLR are considered to be a sensitive effect of low-toxin

concentrations in zebrafish and potentially lead to malabsorp-

tion of food substances and lower energy uptake. Lankoff and

Kolataj (2001) also find that microcystin-YR significantly

inhibits proteases in mouse hepatocytes. Claeyssens et al.
(1995) report that MCLR inhibits protein synthesis in

hepatocytes.

In this study, the abundance of superoxide dismutase [Cu-

Zn] (Cu-Zn SOD), an important enzyme involved in

antioxidant defense (McCord and Fridovich, 1988), was

remarkably enhanced in MCLR-exposed cells, which was

consistent with a previous study that ROS content and activities

of several antioxidant enzymes including SOD are significantly

induced in fish hepatocytes after 6-h exposure to 10 lg/l

MCLR (Li et al., 2003). MCLR also increased the abundance

of annexin 4 in exposed livers. Annexins belong to a large

family of glycoproteins that bind both Ca2þ and negatively

charge phospholipids (Gerke and Moss, 1997) and are

considered as an important component of calcium signaling

pathways. Studies show that certain animal annexins play an

important role in cells during their response to oxidative stress

(Rhee et al., 2000; Sacre and Moss, 2002; Tanaka et al., 2004).

The annexin-like protein poxy5 from Arabidopsis thaliana is

reported to play a protective role in fighting against stress

response via peroxidase activity (Gidrol et al., 1996). Actually,

this peroxidase activity exhibited by annexins is further

exemplified by other studies (Gorecka et al., 2005; Jami

et al., 2008). So, the upregulation of annexin 4 might be

associated with MCLR-induced oxidative stress via peroxidase

activity, and this protein might also act as a signaling function

in the stress transduction pathway. Additionally, annexins and

protein kinases C (PKCs) are two distinct families of

ubiquitous cytoplasmic proteins involved in signal transduction

and almost all annexins are both in vitro and in vivo substrates

for PKCs (Dubois et al., 1996), which highlights that the

upregulation of annexin 4 might correlate with activation of

PKC activity due to oxidative stress. In fact, PKCs can be

activated by oxidative stress and inhibited by antioxidants

(Boscoboinik et al., 1991; Gopalakrishna et al., 1997). The

effects of PKC phosphorylation and oxidation on signaling

events have not yet been described under MCLR exposure.

Nevertheless, it is possible that oxidation and phosphorylation

represent alternative mechanisms for stimulating cellular

responses relevant to MCLR chronically toxic effects.

Another interesting finding of this study was that no

alteration of PP or PP2A abundances was observed in zebrafish

livers, but the hepatic PP activity significantly increased. This

suggests that PP activity might not be correlated with PP

amount in the cells. Xing et al. (2008) reveal that protein

phosphatase methylesterase-1 (a PP2A-specific methylesterase)

directly binds to the active site of PP2A, which results in

inactivation of PP2A by evicting the manganese ions required

for the phosphatase activity of PP2A. In addition, the PP

activity is also regulated by phosphorylation (Oliver and

Shenolikar, 1998). Thus, variations of posttranslational mod-

ifications (e.g., methylation and phosphorylation) for PP appear

to regulate formation of PP complexes and consequently affect

its phosphatase activity in cells, which might be responsible for

the mismatch between PP activity and PP abundance in livers.

Nevertheless, the PP activity increased with an increasing

MCLR concentration in our study, which was inconsistent with

previous studies (Guzman et al., 2003; Malbrouck et al., 2003,

2004; Mezhoud et al., 2008a,b). Guzman et al. (2003) show

that a lethal dose of MCLR profoundly inhibits PP activity in

the nuclear compartment, but this inhibition is not detected in

sublethal doses, which result in detectable changes in the

phosphorylation of p53. Recently, Mezhoud et al. (2008b)

investigate MCLR toxicity in medaka fish liver using proteomic

approach and find rapid change of protein phosphorylation or

levels of the cytosolic proteins after exposed to 1000 lg/l MCLR

for 30–60 min. They postulate that variations of some proteins in

phosphorylation are possibly in agreement with the inhibition of

PP2A activity, although this inhibition is not observed (Mezhoud

et al., 2008b). Thus, the toxic effect of MCLR on PP activity

might be dose dependent and that the toxic effects of MCLR at

a chronic dose might be different from those at an acute dose.

Moreover, previous studies show that other targets for MCLR

(e.g., the beta unit of ATP synthase and aldehyde dehydrogenase

2) do exist in organisms (Chen et al., 2006; Mikhailov et al.,
2003), and this might interrupt the overall toxicity of MCLR via

the inhibition of PP activity. Actually, a previous study has

exemplified the mismatch between PP inhibition and MCs

toxicity in crustacean, which indicates that other mechanisms,

such as uptake, transport, detoxification, and the presence of

other target sites, may modulate the overall toxicity for an animal

and can offset or even reverse the specific PP inhibitory activity

(Blom and Jüttner, 2005). Overall, the chronic effect of MCLR in

this study was not consistent with the acute-dose effects noted

in previous studies, and its chronic toxicity might be initiated in

cells via the ROS pathway, instead of the PP pathway

(Gehringer, 2004).

In conclusion, this study demonstrated that proteomics

provides a potential tool for studying the biochemical

mechanisms concerning MCLR toxicity in zebrafish livers.

The proteomic analysis revealed that MCLR toxicity caused

dysfunction of cytoskeleton assembly and macromolecule
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metabolism and induced oxidative stress with a concomitant

interference with cell signal transduction. The chronic toxicity

of MCLR might initiate the ROS pathway, instead of the PP

pathway, which is the main mechanism for MCLR acute

toxicity. Annexin 4 might accompany or be involved in the

ROS pathway, and it is possible that an integrated effects of

oxidative stress and PKC phosphorylation on signal trans-

duction might occur at the chronic MCLR level. However, the

precise mechanisms (e.g., an exact function of annexins in

MCLR toxicity and a possible correlation of ROS with PKC

in signaling transduction) involved in MCLR chronic toxicity

remain to be further investigated. Caution is necessary in

utilizing PP inhibition assay to measure MCs content in fish

tissues and evaluate MCs toxicity. Low concentrations (� 2

lg/l) of MCLR in water could significantly interrupt cellular

processes especially various metabolic processes in zebrafish

livers, and more care should be taken in using the criterion

‘‘MCLR content in drinking water’’ since the guideline value

for MCs in drinking water is only 1 lg/l (Falconer et al., 1999).

We also noted that, in the table presenting differences in

protein abundance (Table 1), data at the 2 lg/l level were

almost identical to data at the 20 lg/l dose, and this might be

attributable to the fact that toxin contents in the treated groups

were independent of the ambient MCLR concentrations.
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