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Microcystin-leucine-arginine (MCLR) is the most toxic and the most commonly encountered

variant of microcystins (MCs) in aquatic environment, and it has the potential for develop-

mental toxicity. A number of previous studies have described the developing toxicity of MCLR

based on conventional toxicological indices. However, the molecular mechanisms by which it

expresses its toxicity during the early development remain largely unknown. To further our

understanding of mechanisms of action and identify the potential protein biomarkers for

MCLR exposure, a proteomic analysis was performed on developing zebrafish embryos

exposed to 0.5 mg/L MCLR until 96 hours post-fertilization. 2-DE combined with MS was

employed to detect and identify the protein profiles. Results showed that 75 spots from the

0.5 mg/L MCLR condition showed a significant increase or decrease in abundance compared

with the control. In total, 40 proteins were identified. These proteins were mainly included in

process related to oxidative stress, energetic metabolism, and the cytoskeleton assembly.

MCLR exposure also affects the expression of the subunits of protein phosphatases 2A.

Furthermore, the proteomic and transcriptional analysis of nine proteins was determined by

Western blot and quantitative real-time PCR due to their correlation with the known MCLR

toxic mechanisms. The consistent and discrepant results between protein and mRNA levels

indicated complicated regulatory mechanisms of gene expression in response to MCLR

exposure.
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1 Introduction

In recent decades, public health concerns about toxic

cyanobacteria have increased due to the frequent occurrence

of cyanotoxins in both drinking and recreational waters.

Among cyanotoxins, microcystins (MCs) are the most

common all over the world, with molecular weights ranging

between 900 and 1000 Da. So far, more than 80 different

structural analogues of MCs have been identified [1], with

microcystin-leucine-arginine (MCLR) being the most

common variant and toxic [1, 2]. MCs potently inhibited

protein phosphatases 1 and 2A [3] and induced production

of reactive oxygen species (ROS) [4, 5], followed by

destruction of the cytoskeleton, leading to liver apoptosis,

necrosis, and hemorrhage [6]. MCs have been shown to have

a far-reaching impact on the aquatic organisms [7, 8]. Both

field and laboratory studies indicated that MCs accumulated

mainly in liver, but also in intestine, gill and kidney,

subsequently resulting in damages to these organs [9–14].
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Recently, both laboratory and field studies demonstrated the

accumulation of MCs in the gonads of rats, water bird, duck,

fish, and even the eggs of shrimps [13, 15–17], which indi-

cates the maternal transfer of MCs to offspring. Therefore,

the embryonic developing toxicity of MCs is the cause for

concern.

The embryos have been shown to be more susceptible to

MCs than juvenile and adult fish, as described for many

xenobiotics [18]. In recent decades, increasing studies that

examine the toxic effect of MCs on the larval growth and

embryonic development of aquatic organisms have been

reported [14, 19–26]. Due to lower mobility, the early life

stage of fish was believed to be more vulnerable than juve-

niles and adults [20]. Toxic effects of MCs on embryonic

development were stage specific [22, 27], which might cause

low hatching, retarded development, and high malformation

[14, 19, 21–23, 27]. However, acute endpoints, such as

survival rate, hatching, and morphological disorders cannot

provide enough information to reveal the mechanism of

MC-induced effects. Overall, the molecular mechanisms of

MC-induced toxicity during the embryonic development

remain largely unknown. This hampers the risk assessment

for the developing embryos when they are environmentally

exposed to MCs.

Proteomic-based approaches, which examine the expres-

sed proteins of a tissue or cell type, complement the genome

initiatives and are increasingly being used to address

biomedical questions. Proteins are the main functional

output, and the genetic code cannot always indicate which

proteins are expressed, in what quantity, and in what form.

For example, post-translational modifications of proteins,

such as phosphorylation or glycosylation, are very important

in determining protein function. In recent studies, such

approaches have been employed to gain a better under-

standing of the mechanisms of toxicity induced by MCs and

several other toxicants, such as MCLR in mouse, medaka

fish (Oryzias latipes) and adult zebrafish (Danio rerio)

[28–31]; MC-RR in human amnion FL cells [32]; perfluor-

ooctane sulfonate in zebrafish [33]; Corbicula fluminea
exposed to a Microcystis aeruginosa toxic strain [34]; tetra-

bromobisphenol-A in zebrafish liver [35]. Proteomic-based

methods have been approved to be effective in identifying

early responses to the MCs and, simultaneously identifying

the toxicity and mechanisms involved in MC-induced effects

on fish [29–31].

To further our understanding with respect to the toxic

effects and modes of action of MCLR on early-life develop-

ment, we first examined endpoints, such as deformation,

hatching rate, body length, heart beat as well as the toxin

content accumulating in the embryo exposed to MCLR.

Second, we performed 2-DE to delineate the expressed

protein patterns in the embryo of zebrafish following

MCLR treatment. Seventy-five spots were found to be

altered in abundance (Z2-fold or r0.5-fold; po0.05) and

subsequently analyzed with sensitive and accurate MALDI-

TOF-TOF MS, coupled with database interrogation. Forty

proteins were successfully identified. Western blot and

quantitative real-time PCR (QPCR) was then used to assay

the protein expression of nine selected altered protein spots

due to their correlation with the known MCLR toxic

mechanisms. Based on the proteomic analysis together with

the Western blot and transcriptional data, the main purpose

of the present study is to provide the basis for understanding

the underlying mechanisms of MCLR-induced develop-

mental toxicity.

2 Materials and methods

2.1 Chemicals

The cyanobacterial toxin MCLR was obtained from Express

(Taiwan), with a purity of Z95%, confirmed by a high-

performance liquid chromatography (HPLC, LC-10A,

Shimadzu, Nakagyo-ku, Kyoto, Japan) following the method

by Moreno et al. [36]. The chemical was dissolved in deio-

nized water. All of the other chemicals utilized in this study

were of analytical grade and the chemicals used for elec-

trophoresis were obtained from Amersham Biosciences

(Piscataway, NJ, USA).

2.2 Maintenance of zebrafish and embryo toxicity

test

Zebrafish maintenance and embryo collection was

performed according to the protocol described by Shi et al.

[33]. Briefly, WT (AB strain) zebrafish were cultured in a

closed flow-through system with charcoal-filtered tap water

at 2870.51C in a 14:10 h light:dark cycle. The fish were fed

with Artemia nauplii twice daily. The spawning adults in

groups of about 20 males and 10 females in tanks were

prepared for collecting fertilized eggs. At 0.5–1 hour(s) post-

fertilization (hpf), normally developed embryos were selec-

ted and randomly distributed in beakers (30 embryos in

each beaker) containing different concentrations of MCLR

(0, 0.2, 0.5, 2, and 5 mg/L) and a 50 mL solution comprising

Ca(NO3)2 (0.2 mM), MgSO4 (0.13 mM), NaCl (19.3 mM),

KCl (0.23 mM), and HEPES (1.67 mM) [37]. The exposure

time was selected at 96 hpf, because most organs of the

embryos are well developed at 96 hpf. Based on earlier

range-finding studies, the environmentally relevant or high

concentrations were selected in the present study. The

control group received no MCLR. Each concentration had

three replicates and each replicate was consisted of a glass

beaker containing 50 mL of the respective treatment solu-

tions and 30 viable embryos. Acute endpoints such as

hatching success, mortality, embryo malformation, and

heart rate were monitored (Figs. 1 and 2). Mortality was

identified under a stereomicroscope according to Shi et al.

[33]. All the larvae were measured for the whole body length

with digital images produced using the Image Pro Plus

2004 G. Li et al. Proteomics 2011, 11, 2003–2018

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



software (Media Cybernetics, Bethesda, MD, USA). The

larvae that had developed normally were selected for the

following experiments.

2.3 Determination of MCLR concentration in larvae

Extraction and quantitative analysis of the MCLR content in

zebrafish larvae (0.2 g lyophilized sample [about 6000 larvae]

for each MCLR-exposed group) exposed to MCLR (0, 0.2,

0.5, 2, and 5 mg/L) followed the method of our previous

study [15].

2.4 Proteomic analysis

2.4.1 Protein extraction

The embryos exposed to 0.5 mg/L MCLR were selected for

2-DE analysis. The concentrations of MCLR were selected

on the basis of endpoints measured in the present study.

Protein extraction was performed basically according to the

method reported by Tay et al. [38] with minor modification

by Shi et al. [33]. Briefly, about 20 frozen zebrafish larvae

were homogenized in 800 mL lysis buffer (2 M thiourea, 7 M

urea, 2% DTT, 20 mM Tris base, 4% CHAPS, 1% protease

inhibitor cocktail, 20 mL/mL Bio-Lytes 3/10, 0.5 mL benzo-

nase). The solution was then centrifuged at 12 000� g for

20 min at 41C, after which the supernatant was collected.

The protein content was quantified using a 2-DE Quant Kit

(GE Healthcare, Piscataway, NJ, USA).

2.4.2 2-DE analysis

2-DE analysis was performed according to the method

described by Shi et al. [33], with slight modification. In brief,

the prepared pooled protein samples (600 mg protein on

preparative gels or 120 mg protein on analytical gels) were

mixed with rehydration buffer to a volume of 450mL. The

IPG strips (pH 4–7, 24 cm, GE Healthcare) for the first

dimension were used to isolate the altered proteins, and the

running condition was set at 201C, step 1: 300 V for 0.5 h,

step 2: 700 V for 0.5 h, step 3: 1500 V for 1.5 h, step 4: 9900 V

for 3 h, step 5: 9900 V for 6.5 h, step 6: 600 V for 20 h, step 7:

8000 V constant for a total of 56 000 Vh. After completion of

the IEF program, the strips were equilibrated in two steps:

15 min in an IPG equilibration buffer: 6 M urea, 2% SDS,

30% glycerol, 0.375 M Tris (pH 8.8), 20 mg/mL DTT, and a

trace of bromophenol blue, and then alkylated for 15 min.

Subsequently, a 12.5% SDS-PAGE 2-DE was performed.

Electrophoresis was carried out at 20 mA per gel for 40 min

and then at 30 mA per gel until the dye front reached the

bottom. The protein spots were visualized via either silver

staining or Coomassie Brilliant Blue G-250 staining.

Triplicate 2-DE gels were performed for each group.

2.4.3 Image acquisition and analysis

Triplicate gels from MCLR treated (0.5 mg/L) and untreated

larvae (control) were analyzed for spot intensity using Image

Master 2D Platinum software (GE Healthcare) according to

the protocols provided by the manufacturer. The criterion

for significant changes in protein expression was differences

more than or equal to two-fold calculated from the treated

and control groups.

2.4.4 Protein identification

The protein identification was performed according to the

method described by Shi et al. [33], with slight modification.

In brief, gel spots showing significant changes were excised

from 2-DE gels. Gel spots were washed and then digested

with sequencing-grade trypsin (Promega, Madison, WI,

USA). MALDI-TOF MS and TOF/TOF tandem MS were

performed on a MALDI-TOF-TOF mass spectrometer

(4800 Proteomics Analyzer, Applied Biosystems, Foster

City, CA, USA). The instrument was set in reflector

mode. Peptide mass fingerprints coupled with peptide

fragmentation patterns were used to identify the protein in

the International Protein Index (IPI) (http://www.ebi.ac.uk/

IPI/IPIhelp.html) database (Version v3.67) using the

MASCOT search engine (http://www.matrixscience.com).

The functions and specific processes of the identified

proteins were matched by searching Gene Ontology

(www.geneontology.org).

2.5 Gene expression

Isolation, purification, and quantification of total RNA,

first-strand cDNA synthesis, and QPCR were performed

using our previously described protocols [39]. Seventeen

differentially expressed important proteins were

examined to detect the corresponding mRNA levels by

QPCR to validate the protein expression. The QPCR was

performed as described in our previous study [39].

Gene names, accession numbers, forward and reverse

primer sequences, and amplicon sizes are listed in

Table 1. PCR amplification was conducted on a Chrom 4TM

detector (BioRad, USA) in sterile, 96-well PCR plates

(Applied Biosystems). Every sample was analyzed

individually and processed in triplicate. On the basis

of the results of our previous studies, glyceraldehyde

3-phosphate dehydrogenase (GAPDH) expression levels

were not significantly different between control and treated

groups following the treatment with MCLR, and it was

chosen as an internal control to normalize the data. After

verifying that the amplification efficiencies of the selected

genes and GAPDH were approximately equal, differences in

expression levels were calculated using the 2�DDCt method

[40, 41].
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2.6 Western blot analysis

The zebrafish larvae exposed until 96 hpf were first washed

twice with PBS (pH 7.4), and then homogenized for extract

proteins in ice-cold protein extraction buffer (Wuhan Boster

Biological Technology, China). Each set of 150 larvae was

pooled for protein preparation, such that n 5 1 refers to

protein from these 150 embryos. The homogenates were

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

collected. The concentrations of protein were determined by

Bradford method.

Western blotting analysis was performed as described in our

previous study [39] with some modifications. About 20mg of

protein from each sample was denatured, electrophoresed, and

transferred onto a PVDF membrane. The membrane was

blocked and blots were incubated in specific antibody against

PP2A A, PP2A C, Hsp90b1, Bactin1, Tuba1, Tpma, Lmnb2,

Krt4, Ckmb, and GAPDH (Abcam, UK), and then secondary

antibodies following the manufacturer’s instructions. NBT/

BCIP system was used to evaluate the protein signal. The

results of Western blot were quantified with Gene Snap soft-

ware (Syngene, America).

2.7 Statistical analysis

The homogeneity of variance was checked by using Levene’s

test. If the data failed to pass the test, then a logarithmic

transformation was used. The differences were evaluated by

a one-way ANOVA followed by a Tukey’s test using SPSS

13.0 (SPSS, Chicago, IL, USA). Significant differences

between treatments and corresponding control were iden-

tified by a p-value of o0.05.

3 Results

3.1 General impact on animals and level of MCLR in

tissues

Zebrafish embryos were exposed statically to MCLR from

0.5–1 hpf until the time of observation. MCLR exposure

caused malformation in a concentration-dependent manner,

with malformation rates being recorded as 4.471.9,

6.773.3, 15.675.0, 27.871.9, and 42.275.1% at concen-

trations of 0, 0.2, 0.5, 2, and 5 mg/L, respectively (Fig. 1A).

The survival rate for 0.2 and 0.5 mg/L MCLR exposed

groups was not affected, but was significantly reduced in

other exposure groups at 76.671.7 and 75.271.1% relative

to 82.271.9% in the control group (Fig. 1B). The develop-

mental abnormalities included tail malformations, heart

malformations, skeletal malformations, spinal curvature,

yolk sac, and pericardial edema, epiboly deformities and

swim bladder inflation. The heart rates of the larvae were

significantly reduced after exposure to MCLR for 96 hpf in

all of the exposure groups (0.2, 0.5, 2, and 5.0 mg/L) at

17871.4, 169.971.0, 163.773.4, and 146.571.5 beats/min

relative to 197.673.0 beats/min in the control group

(Fig. 2A). Growth was also recorded until exposed to 96 hpf.

Body length was not significantly affected by exposure to

0.2 mg/L MCLR, but was significantly reduced in the

other exposure groups at 3.7470.10, 3.7370.09 and

3.7070.07 mm compared with 3.9170.06 mm in the

control group (Fig. 2B). The hatching rate in the control

group was 92.471.4%, and in the 0.2, 0.5, and 2 mg/L

MCLR-treated groups was 91.271.9, 89.672.6, and

88.272.9% with no significant difference. A reduced

hatching rate (87.472.1%) was observed only in the 5.0 mg/

L MCLR-exposure group.

Levels of MCLR in larvae exposed to 0.5, 2, and 5 mg/L

MCLR increased in a dose-dependent manner and were as

high as 58.5, 172.5, and 478.5 ng/g DW, respectively (Fig. 3).

No MCLR was detected in tissues of untreated control and

0.2 mg/L MCLR-treated group.

3.2 Proteome analysis

To understand how MCLR could affect fish development, the

effects of MCLR on the protein expression pattern in early

developing zebrafish larvae were investigated. 2-DE technique

was used to compare embryos from the untreated control

group with embryos exposed to 0.5 mg/L MCLR during 96 h.

On average, more than 2800 protein spots were detected in

Table 1. Primers for QPCR analysis

Gene Accession no. Forward primer (from 50 to 30) Reverse primer (from 50 to 30) Amplicon size (bp)

GAPDH NM_001115114 CTGGTGACCCGTGCTGCTT TTTGCCGCCTTCTGCCTTA 150
PP2aA NM_213376 AGTTCTGCTTGCCCTTGCTG GACTCCACTGCCTTGTCCC 141
PP2aC NM_200911 AGGAAACCACGAAAGCAGG TCTACCAGGGCAGTGAGGG 135
Hsp90b1 NM_198210 ATGAGGCGGCTGTGGATTAT AGGCATCGGAAGCATTAGAG 334
CKmb NM_001105683 TCACCCTGCCTCCTCACAA TGCCCTTGAACTCACCATCC 96
Tuba1 NM_194388 CTATCCTCGTATCCACTTCCC CACCACGGTACAGCAGACA 182
LaminB2 NM_131002 ACTCGCCAAGGCTGAAGATG CCACCTCCACCATACGCTT 185
keratin4 NM_131509 TTCCTCAGGGCAGTCTACGA CACGAACTTCAGCCACGAT 127
Tpma NM_131105 AGGAGAACGCCTTGGACAG CAGGGCCTCGGAGTATTTG 149
Bactin1 AF057040 CGAGCAGGAGATGGGAACC CAACGGAAACGCTCATTGC 102

2006 G. Li et al. Proteomics 2011, 11, 2003–2018
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each gel. Compared with the 2-DE gels of the nonexposed

zebrafish larvae, altered expression of 75 protein spots

(Z2-fold or r0.5-fold; po0.05) were detected. In total, the

analysis of 75 protein spots allowed the identification of 40

different proteins (Table 2). Among these altered proteins, 16

protein spots were significantly upregulated and 24 protein

spots were noticeably downregulated in the 0.5 mg/L MCLR

exposed zebrafish larvae (Table 1 and Fig. 4). These altered

protein spots were excised for identification analysis using

MALDI-TOF-TOF MS. All of the protein spots were

successfully identified with confidence interval % (C.I. %)

values greater than 95% (Table 2) and the matched proteins

were obtained from the IPI database for zebrafish. Of the

identified proteins, 20 proteins were characterized as cell

cytoskeleton proteins, corresponding to cytoskeleton-micro-

tubule (MT), microfilament, intermediate filament (IF),

dynein, and nuclear matrix-related proteins. Four proteins

(spots A19, A29, A49, and B63) were involved in metabolism,

and four proteins (spots A1, A7, A53, and A55) in response to

stimulus. Two proteins (spots A9 and A57) were character-

ized as PP2A complex, classified as PP2A A and PP2A C

subunit. The other ten proteins were categorized into struc-

ture formation, signal transduction, regulation of transla-

tional initiation, and other functional proteins.

3.3 Verification of differentially expressed protein

by Western blot analysis and gene expression

From the candidates, PP2A A, PP2A C subunit, Hsp90b1,

Bactin1, Tuba1, Tpma, Lmnb2, Krt4, and Ckmb were

selected for Western blot analysis due to their correlation

with the known MCLR toxic mechanisms. As shown in
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Fig. 5, the expression changes of the selected proteins were

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

results demonstrated that the proteomic analysis of

response of zebrafish larvae to MCLR was convincing.

Consistent and discrepant results between mRNA and

proteins for nine genes were obtained (Fig. 5). The protein

levels of these genes were changed in abundance by MCLR

exposure and the corresponding mRNA levels, which had

identical annotations with the proteins. Five protein (PP2A

A subunit, PP2A C subunit, creatine kinase, muscle b

[CKmb], keratin 4, and Tpma) expressions of zebrafish

larvae showed the same regulated trends in mRNA and

protein levels. The other four genes (Hsp90b1, Tuba1,

Bactin1, and Lamin B2) exhibited an increase or decrease in

protein levels, whereas the mRNA expressions were virtually

inconsistent following MCLR exposure.

4 Discussion

The molecular mechanisms by which MCLR induce their

toxicity during the development of zebrafish remain largely

unknown. In recent studies, the importance of engaging in

zebrafish proteomics to reveal the potential mechanisms of

B

A

PI 4 7

MM(KD)

Figure 4. Representative 2-DE gels of the

proteins from the zebrafish larvae of

the control- and MCLR-treated groups (the

0.5 mg/L treatment was selected). (A) 2-DE

gel image with proteins expressed in the

0.5 mg/L MCLR exposure condition; (B) 2-DE

gel image with proteins expressed in the

control condition. The proteins of the

samples were separated by 2-DE and visua-

lized by silver staining. Protein spots that

were altered by MCLR exposure are labeled

by characters. The molecular weights (MW)

and pI scales are indicated. Each gel is

representative of three independent repli-

cates.
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the model of action has been highlighted [38, 42]. A

proteomic approach to zebrafish embryos covers many

different aspects of the changes in proteins during the early

embryonic stages. The present study is the first to investi-

gate the potential effects of MCLR on the protein expression

profiles and transcriptional level of developing zebrafish

larvae. As we known, concentration of MCLR in the aquatic

environment could reach as high as 1.8 mg/L [43], MCs
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Figure 5. The alteration of proteomic, Western blot, and mRNA analysis of selected altered proteins in the zebrafish larvae following

0.5 mg/L MCLR treatments. 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, and mRNA levels using QPCR analysis. The values represent the

average fold changes. The values of protein abundance are the average %Vol of spots in three replicated gels.

2012 G. Li et al. Proteomics 2011, 11, 2003–2018

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



could also bioaccumulate in fish and mammals including

human through the food web [44, 45], which lead to the

higher MC level in aquatic organisms than surface water.

The average content of MCLR in the muscle of the 16

species of aquatic animals was 33.1 ng/g DW in Taihu Lake

of China [45]. In the present study, the level of MCLR in

larvae exposed to 0.5 mg/L MCLR was 58.5 ng/g DW, the

content of which could be treated as environmentally rele-

vant. Therefore, the results obtained in the present study

could be applied to species living with environmental

exposure of MCLR to a certain extent.

In the present study, MCLR exposure through submer-

sion caused developmental toxicity, such as malformation,

growth delay and also depressed heart rates in the zebrafish

embryos. The sensitivity to MCs exposure is variable in

developmental stages among fish species. Oberemm et al.

[19, 20] demonstrated that zebrafish embryos and larvae

were insensitive when exposed to MCLR at concentrations

of 0.5, 5, and 50 mg/L. Although no acute effects were

observed during embryonic development, a reduced survival

rate and a retarded growth were reported in MCLR and

MCRR pre-exposed larvae at 21 days of age. However,

Zhang et al. [14] reported that exposure of eggs with

medium and high doses of crude extracted MCs (10 and

100 mg/L) not only retarded egg and larval development but

also significantly reduced hatching rates of southern catfish.

The possible explanations for the observed variations could

be attributed to (i) the difference in membrane permeability

of MCs between different fish species; and (ii) toxic effects of

crude extracted MCs are much more evident than pure

MCLR, probably due to the facts that substances (as-

yet-unidentified components) of the crude extracts might

increase the uptake rate of toxins [19, 20, 46].

PP2A comprises a family of ubiquitously expressed

serine-threonine phosphatases implicated in regulation of

many signaling pathways. PP2A holoenzymes are composed

of three subunits, a 36 kDa catalytic C subunit, a 65 kDa

structural A or PR65 subunit, and a variable regulatory B

subunit. Each of these subunits is encoded by several

distinct genes, which are assembled to create numerous

ABC holoenzymes [47]. It is generally believed that MC is a

potent inhibitor of the protein PP2A in vitro [48, 49] and in

vivo [50] which in turn leads to an increase in protein

phosphorylation and subsequently influencing the cell cycle,

cytoskeleton and tumor promotion activity. However, the

protein expression level of the PP2A exposed to MCs is little

known. One important finding of this study is that MCLR

can upregulate the expression of the PP2A A and PP2A C

subunit in zebrafish larvae exposed to MCLR. Western blot

and QPCR analysis also confirm it. In recent studies, Fu et

al. [51] observed that MCRR can upregulate the expression

of the PP2A A subunit in human amniotic epithelial cells at

12 and 24 h after exposure, which was in agreement with

our results. They also concluded that the expression level of

the A subunit can modulate the activity of PP2A rather

than serving the previously predicted structural roles as a

molecular scaffold. Wang et al. [52] demonstrated

that the mutations of the b-isoform of PR65 are associated

with lung and colon tumors. Wera et al. [53] found that

PR65 a overexpressing rat embryo fibroblasts (REF-52 cells)

become multinucleated, and these data suggest the multi-

plicate roles of PP2A A subunit. Constitutively over-

expressing the PP2A C subunit was accompanied by cardiac

hypertrophy, by a depressed contractile function [54]. In the

present study, the heart rates of zebrafish larvae exposed to

MCLR were significantly reduced. This effect was possibly

due to the high expression of PP2A C subunit in the heart,

and may partly explain the observed heart malformations.

The underdevelopment of the heart may also affect the

cardiac function which could induce an abnormal circula-

tion failure and heart rates, subsequently causing body

growth retardation due to insufficient nutrients [55]. Our

results together with the previous studies show that the

PP2A subunits may have their unique role in biological

progress and increased expression is not merely a

compensatory effect to counteract the inhibition of

PP2A hypothesized by Fu et al. [51]. To our knowledge,

this is the first report showing the upregulation of

PP2A A and C subunit in zebrafish larvae exposed to MCLR.

Further studies are needed for a better understanding of the

relationship between upregulation of PP2A subunit and

inhibition of PP2A activity.

The cytoskeleton is the basic structural element of all cell

types and plays key roles in the maintenance of cell archi-

tecture, adhesion, migration, differentiation, division, and

organelle transport. It is known that cytoskeleton disruption

is one of the first striking cytotoxicities caused by MCLR.

Our study demonstrated that MCLR induced the varied

expression of cytoskeleton and its associated proteins in

early life stage of zebrafish. We found that the abundances

of four MTs proteins: Tuba1, Tuba8l3, Tubb2c, zgc:55461;

six microfilament (MFs) proteins: Actc1a, Actc1b, Acta1b,

Acta2, Bactin1, Desm; and five IFs proteins; keratin 4,

keratin 5, zgc:136930, LOC572200 and zgc:92533 were

significantly altered in the present study. Among these 15

proteins, the expression of 13 proteins was significantly

suppressed after exposure to 0.5 mg/L MCLR. In recent

years, MCs-induced morphological changes of MFs, MTs,

and IFs have been described. The disruption of the IFs could

be attributed to MCLR-induced hyperphosphorylation of

keratins 8 and 18 [56, 57]. Several studies have reported that

MCLR could induce changes in hepatocytes, fibroblasts and

kidney cells, first occurred in IFs, followed by MTs and MFs

[58, 59]. Fu et al. [51] showed that some cells lose MTs after

MC treatment except the reorganization and aggregation of

MTs. Together with these results, we may assume that the

suppression of MFs, MTs, and IFs may lead to the

morphological changes of zebrafish embryos, and also cause

damage to the cytoskeleton of developing embryo/larvae.

In the present study, the average body length of zebrafish

was significantly reduced by the exposure to MCLR which is

in agreement with other studies, highlighting the inter-
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ferences of MCLR with the growth of fish larvae [14, 19, 23].

The explanation of the observed body length reduction of

this study might be that MCLR could affect muscle devel-

opment by interfering with normal myogenesis, as actin a,

myosin heavy chain a, and myosin, heavy peptide were

downregulated in zebrafish larvae exposed to 0.5 mg/L of

MCLR in the present study. Chen et al. [45] showed that

MCs could accumulate in the muscle of various vertebrates

(fish, turtle, duck, and water bird) from a large eutrophic

Chinese lake, Lake Taihu, with toxic microcystis blooms.

This suggested that developing muscles could also be

influenced by MCLR. Though the global effect of MCLR on

the muscle development regulation has been poorly studied

at the molecular level, it has been well studied that other

toxicants such as Aroclor 1254 could reduce the weight of

tadpoles by inhibition the expression of myogenesis-related

proteins such as actin a, and myosin heavy chain a [60].

Wang et al. [31] also reported the suppression of a actin in

adult zebrafish exposed to MCLR which was consistent with

our study. Therefore, the present study showed that MCLR

affected MTs, MFs, Ifs, and other cytoskeleton-related

proteins, indicating that the cytoskeleton disruption can be a

marker in MCLR-induced developmental toxicity. Also, the

downregulation of some cytoskeleton-related proteins may

contribute a lot to the reduction of body length and have to

be taken into account while estimating the developmental

toxicity of MCLR.

Another explanation of the observed body length/weight

reduction in developing larvae might be linked to an

impairment of the energetic pathways in response to an

increased energy acquirement with stress [33, 60]. After

exposure to 0.5 mg/L MCLR, zebrafish larvae displayed

upregulation of CKmb and ATP synthase, H1 transporting

mitochondrial F1 complex, b subunit (ATP5B) (also known

as the b subunit of ATP synthase), the enzymes of which

involved in energy metabolism. Biologically, creatine kina-

ses (CKs) are important enzymes that catalyze the conver-

sion of creatine, and their abundance is commonly

correlated with muscle injury. Qiu et al. [61] reported that

the increased CK activity was linked to the heart injury in

MC-exposed rat, suggesting that the upregulation of CKmb

may involve in MCLR-induced cardiotoxicity in developing

larvae. On the other hand, CKs are also crucial enzymes for

high-energy consuming tissues such as the brain, heart, and

muscle. In the reported cases, the upregulation of CK had

been hypothesized to be correlated with the increased

requirements energy pathway [60]. This hypothesis is

strengthened by the fact that ATP5B, which directly parti-

cipates in the process of energy production, is upregulated

in the study condition. However, MCLR has been shown to

be able to bind the b subunit of ATP synthase [62], which

indicates that the increased expression may also be merely a

compensatory effect to counteract the inhibition of ATP5B.

Similarly, mitochondrial aldehyde dehydrogenase 2 (Aldh2)

described as MC sensitive by a proteomic study [28] also

displays an increase in expression in this study. Addition-

ally, this is the first report showing the downregulation of

V-ATPase subunit A (ATP6v1a) in zebrafish larvae exposed

to MCLR. The atp6v1a knockdown embryos revealed several

abnormalities, including suppression of acid secretion from

skin, growth retardation, trunk deformation, and loss of

internal Ca21 and Na1 [63]. This result suggested that the

observed length reduction and trunk deformation in the

present study could also be attributed to the suppression of

ATP6v1a.

MC is also known to produce oxidative stress [4, 64]. Four

proteins can be assigned to the oxidative stress response in

the present study. The heat shock proteins (HSP) are a

group of proteins that have a high degree of identity at the

amino acid level of different organisms. HSP induction has

been suggested as early marker of oxidative stress [65, 66].

The expression of Hsp90b1and Hspa9 was significantly

upregulated in the zebrafish larvae exposed to MCLR

in the present study. The increased expression of

Hsp90b1and Hspa9 is consistent with other researches,

which found that the expression levels of various HSPs

were increased in vitro or in vivo after exposure to

MCs [51, 67, 68]. The dramatically increased expression of

Hsp90b1and Hspa9 following exposure to MCLR may

indicate their important roles as molecular chaperones

under oxidative stress caused by MCLR in developing larvae.

MCLR also increased the abundance of Annexin A1a in

exposed larvae. Annexin genes are found to be expressed in

a wide range of tissues in zebrafish during the embryonic

and larval stages. The Annexin complexes have been

suggested to be involved in calcium-signaling pathways [69],

and play an important role in cells during their response to

oxidative stress [70–72]. A recent study showed

that the upregulation of Annexin 4 might be associated with

MCLR-induced oxidative stress via peroxidase activity [31].

Therefore, the increased expression of Annexin A1a may

play a protective role in fighting against stress response. In

this study, the abundance of 14-3-3 protein b/a-2 was

remarkably enhanced in MCLR-exposed larvae, which was

consistent with a previous study that overexpressed 14-3-3

protein was observed in human amnion FL cells

after exposure to MCs [32]. The 14-3-3 proteins are a

family of serine/threonine-binding proteins that have anti-

apoptotic functions and exert their anti-apoptotic apoptotic

activity through the Bad protein, a proapoptotic member of

the Bcl-2 family which discovered as a heterodimeric partner

for Bcl-2 and Bcl-XL, and inhibit Bad’s proapoptotic activity

[73, 74].

We also observed that MCLR exposure affected the

expression of a few proteins such as crystallin, dihydropyr-

imidinase-like 2 (DRP2) (which is also known as collapsin-

response mediator protein 2) that are known to be asso-

ciated with structure formation, and signal transduction.

Crystallins are a large family of genes expressed primarily in

the lens and constitute approximately 90% of the soluble

proteins in vertebrate lens fiber cells [75, 76]. In a recent

study, the downregulation of b-crystallins was identified in
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eyeless masterblind zebrafish [77]. Thus, the decreased

expression of crystallin, b A2b and crystallin, b B1 protein in

MCLR-exposed zebrafish larvae of this study appears to

affect lens development. These findings together with our

research provide the prospects of identifying new toxic

mechanisms. In this study, we observed the increased

expression of DRP2 which is implicated in axonal

outgrowth, neuronal growth, cell migration, and path find-

ing through the transmission and modulation of extra-

cellular signals [78]. Decreased expression of DRP2 has been

observed in the Alzheimer disease, the Down syndrome,

schizophrenia, and affective disorders [79, 80]. Over-

expression of DRP2 induces the formation of super-

numerary axons in dorsal root ganglion neurons, whereas

the expression of a DRP2 dominant negative deletion

mutant suppresses axon formation [81]. These reports and

the present results altogether suggest a potential involve-

ment of DRP2 in MC-induced neurotoxicity. However, the

research needs to be further studied.

We followed up in proteomic analysis with Western blot

and QPCR to investigate the protein expression and tran-

scriptional pattern of nine genes that encode the identified

proteins. Consistent and discrepant results between mRNA

and proteins for the target genes were obtained (Fig. 5). The

Western blot results correlated well with the proteomic

analysis, indicating that the proteomic analysis was

convincing. However, among the nine proteins selected for

the gene expression study, only five gene/protein samples

(55.6%) showed consistent expression in both mRNA and

protein expressions. As was shown in recent articles

performing parallel proteomic/gene expression studies on

the effects of perfluorooctanoic acid on rare minnow [82] or

dioxin on rats [83], the relationship between the transcrip-

tion of mRNA and the abundance of protein is not always a

direct one as there are many regulatory mechanisms that

can affect these processes. Our results suggest that the gene

expression in response to MCLR involves diverse regulatory

mechanisms from transcription of mRNA to the formation

of functional proteins.

To summarize, we used a proteomic approach to

elucidate protein profiles of zebrafish embryos/larvae

following MCLR exposure. A number of proteins were

altered in abundance and some of them were successfully

identified. These proteins were involved in multiple func-

tions and took part in a variety of biological processes. The

results not only further our knowledge of the effects of

MCLR on organisms, but also provide the basis for

predicting the underlying mechanisms of developing toxi-

city as well as the identification of protein biomarkers for

MCLR exposure. The results that the expression changes of

the selected proteins were consistent with the 2-DE and

silver-staining results demonstrated that the proteomic

analysis was convincing. The discrepancy between mRNA

and protein expression complicates the responses of

organisms to MCLR which should be highlighted in future

studies.
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