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a  b  s  t  r  a  c  t

Mercury  (Hg)  is  a  widespread  persistent  pollutant  in aquatic  ecosystems.  We  investigated  the  protein
profiles  of medaka  (Oryzias  melastigma)  liver  chronically  exposed  to different  mercuric  chloride  (HgCl2)
concentrations  (1 or 10  �g/L)  for  60 d using  two-dimensional  difference  gel  electrophoresis  (2D-DIGE),
as  well  as  cell  ultrastructure  and  Hg  content  analysis  of the  hepatic  tissue.  The  results  showed  that  Hg
exposure  significantly  increased  metal  accumulation  in  the liver,  and  subsequently  damaged  liver ultra-
structure.  Comparison  of  the  2D-DIGE  protein  profiles  of  the  exposed  and  control  groups  revealed  that
the abundance  of  45 protein  spots  was  remarkably  altered  in  response  to Hg treatment.  The  altered
spots  were  subjected  to matrix-assisted  laser  desorption/ionization  tandem  time-of-flight  mass  spec-
trometry  analysis,  with  the  resultant  identification  of  33 spots.  These  proteins  were  mainly  involved  in
lectrophoresis cytoskeleton  assembly,  oxidative  stress,  and  energy  production.  Among  them,  several  proteins  related
to mitochondrial  function  (e.g.  respiratory  metabolism)  were  significantly  altered  in  the  treated  hepato-
cytes,  implying  that  this  organelle  might  be  the primary  target  for Hg  attack  in the  cells.  This  study
provided  new  insights  into  the molecular  mechanisms  and/or  toxic  pathways  by  which  chronic  Hg
hepatotoxicity  affects  aquatic  organisms,  and  also  provided  basic  information  for  screening  potential
biomarkers  for aquatic  Hg  monitoring.
. Introduction

The presence of industrial contaminants in the aquatic envi-
onment has been of increasing concern for human and wildlife
ealth. Mercury (Hg) is of particular concern because of the bioac-
umulation and potent neurotoxicity of some of its forms (Crump
nd Trudeau, 2009). Hg pollution, which is mainly attributable to
nthropogenic activities including industrialization, has resulted
n several catastrophic Hg poisoning events in Japan (Kudo et al.,
998), the Amazon Basin (Pfeiffer and Lacerda, 1988) and Iraq (Bakir
t al., 1973). Recently, many high-risk sites with Hg pollution have
een reported in Asia, since this area has become the largest con-
ributor of anthropogenic atmospheric Hg, and is responsible for
ver half of the global emission (Li et al., 2009). Moreover, Hg
ollution and poisoning have imposed a huge economic cost on

nvironmental remediation and public health (Ung et al., 2010).

Several forms of Hg are present in the environment, includ-
ng elemental, organic or inorganic (Morel et al., 1998), and all
orms of Hg are very toxic and possible human carcinogens (ATSDR,
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1999). The potent toxicity of Hg compounds is often associated
with the high affinity of Hg for sulfur, causing an efficient biding
to cysteine residues in proteins and enzymes, thereby perturbing
their functions (Sørmo et al., 2011). Although Hg could produce
multi-toxicities in organisms, most attention has been paid to Hg
neurotoxicity and nephrotoxicity (Berg et al., 2010; Castoldi et al.,
2001; Dieguez-Acuña et al., 2001; Keyvanshokooh et al., 2009;
Nøstbakken et al., 2012; Torres et al., 2011). Consequently, there
have been several molecular mechanistic studies on neurological
(Castoldi et al., 2001) and renal (Zalups, 2000) toxicities induced
by this metal. However, regardless of the occurrence of extensive
biliary-hepatic cycling of Hg (Dutczak and Ballatori, 1994) and of
some evidence suggesting that the liver plays a role in renal tubular
uptake of Hg (Zalups, 2000), little is known about the mechanism of
Hg-induced hepatotoxicity in organisms. Based on the role of liver
function in Hg transformation and cycling, as well as its central role
in the control and synthesis of critical blood constituents which
affect the whole body physiology (Ung et al., 2010), it is postulated
that Hg exposure could cause liver damage that might beget other
syndromes. In fact, the above hypothesis is recently evidenced by
a report in which Hg is clearly regarded as a cause of fulminant

hepatic failure in a child (Al-Sinani et al., 2011). Thus, due to the
prevalence of Hg exposure to humans, elucidation of the mode-
of-action of Hg hepatotoxicity is very important to understand its
impact on liver health.

dx.doi.org/10.1016/j.aquatox.2013.01.012
http://www.sciencedirect.com/science/journal/0166445X
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“Omics” technologies such as genomics and proteomics have
nabled simultaneous assessment of the expression profiles of
undreds and/or thousands of genes/proteins, and are intended
o detect critical genes/proteins and pathways disrupted by expo-
ure to harmful chemicals and environmental stressors (Merrick,
006; Ung et al., 2010). Recently omics-based approaches have
een applied well to investigate the mechanisms of Hg toxic-

ty in fishes (Berg et al., 2010; Keyvanshokooh et al., 2009; Ung
t al., 2010; Wang et al., 2011). Hg hepatotoxicity can induce
xidative stress, which is subsequently followed or accompa-
ied by several toxic events, e.g. cytoskeletonal disruption, signal
ransduction dysregulation, and metabolic disorders (Ung et al.,
010; Wang et al., 2011). Nevertheless, most previous studies
olely focused on acute Hg toxicity, although chronic exposure
o low levels of Hg might be the main accumulation pathway
or animals, including human beings, in the environment (Kim
t al., 2005). In our study, medaka (Oryzias melastigma) were
hronically exposed to different mercuric chloride (HgCl2) con-
entrations (1 or 10 �g/L) for 60 d, and the protein profiles of
he liver cells of exposed and non-exposed medaka were analyzed
sing two-dimensional difference gel electrophoresis (2D-DIGE),
nd the differentially expressed protein spots were identified
sing matrix-assisted laser desorption/ionization tandem time-
f-flight mass spectrometry (MALDI-TOF/TOF MS)  analysis. In
ddition, cell ultrastructure and total-mercury (T-Hg) content
f the hepatic tissue were also examined. The purpose of this
xperiment was to elucidate the mode-of-action for chronic Hg
epatotoxicity in the medaka liver, and to provide scientific infor-
ation for early warning of environmental health risk of Hg

ollution.

. Materials and methods

.1. Medaka exposure experiment

Medaka (O. melastigma) were acclimatized in aerated seawater
anks for 15 d prior to the experiment at a water temperature of
5 ◦C under a 12 h light/dark cycle, and fed twice a day, 9:00 am
nd 3: 00 pm, with commercial artemia dry bait. Then, fish (each
eighing 0.5 ± 0.05 g) were randomly assigned to three experimen-

al groups for exposure to two Hg treatments, 1 and 10 �g/L, and
on-exposure. Each treatment included two groups with 40 fishes

n each group. The experiments were carried out in glass tanks
44 cm × 30 cm × 28 cm)  with 30 L filtered seawater and lasted for
0 d under the same conditions as during acclimation, described
bove. Each day half of the aged seawater was renewed with fresh
eawater containing 1 or 10 �g/L HgCl2, or none. No mortality was
ound in the control and 1 �g/L-treated groups, but 5% mortality
ate was observed in the 10 �g/L treatment. After the exposure,
4 medaka fish (12 per tank) from each treatment were collected
ogether and then 8 of them were randomly selected for dissecting
ivers which were pooled together for proteomic analysis, hence
roducing three independent replicates for each treatment. Mean-
hile, 36 medaka fishes (18 per tank) from each treatment were

ollected together and 12 of them were randomly selected for dis-
ecting livers which were pooled together for Hg concentration
nalysis, with producing three replicates for each treatment. The
emaining carcasses (at least 16 in each treatment) were dissected
or livers which were subsequently fixed in 2.5% glutaraldehyde for
ell ultrastructure analysis. It should be noted that the medaka used
n this study were mixed-sex adult fish of the same age. All seawater

sed was filtered through 0.45 �m acetate fiber membranes, with
he background concentration of T-Hg being 0.0051 �g/L. The sea-
ater characteristics were described as follows: dissolved oxygen,

.2–6.7 mg/L; salinity, 29–30 PSU; and pH 8.0–8.1.
30– 131 (2013) 123– 131

2.2. Hg concentration analysis

T-Hg concentrations in the livers were measured using the EPA
7474 method. Briefly, after freeze-drying for 2 d, the tissues were
digested in 70% nitric acid in a heating block at 80 ◦C overnight
and, in the hydrochloride/bromate/bromide mixture (Sigma, USA),
the Hg was  oxidized with stannous chloride (Wako) and analyzed
using cold vapor atomic fluorescence spectrometry (CVAFS, Brooks
Rand Model III) (Pan and Wang, 2011). A certified reference mate-
rial (Mussel homogenate IAEA 142) was  concurrently digested and
measured for T-Hg, and the recovery rate was >90% in the standard.
T-Hg content in medaka livers was  measured as ng/g dry weight
(DW), and the data were expressed as mean values ± standard devi-
ation (SD).

2.3. Ultrastructure analysis

Fish livers were fixed in 2.5% glutaradehyde in 0.1 M phosphate
buffer (pH 7.3) for 3 h at 4 ◦C. The fixed livers were washed three
times using 0.1 M phosphate buffer (pH 7.3) at 20 min  intervals with
periodic agitation, 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, the livers were embed-
ded 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.
Image analysis was  conducted using the ImageJ 1.36 program (NIH,
Washington, DC).

2.4. Proteomic analysis

2.4.1. Protein extraction
Proteins were extracted from medaka livers according to

the trichloroacetic acid (TCA)/acetone precipitation method
introduced by Görg et al. (1997) with minor modification. Briefly,
frozen fish livers were suspended in 1 mL  of 10% w/v  trichloroacetic
acid (TCA)/acetone for 1 h at 4 ◦C. After centrifugation at 18,000 × g
for 30 min  at 4 ◦C, the pellets were recovered and subsequently
homogenized in 1.0 mL  of 20% TCA/acetone (w/v) lysis buffer using
an ultrasonic disrupter. The supernatant was removed by centrifu-
gation at 18,000 × g for 30 min  at 4 ◦C, and the pellet was  washed
twice with 80% acetone (v/v) and twice with ice-cold acetone. The
pellet was  recovered by centrifugation at 18,000 × g for 30 min  at
4 ◦C each time. Residual acetone was removed in a SpeedVac for
about 5 min. The pellet was  dissolved in 120 �L rehydration buffer
containing 30 mM Tris, 7 M urea, 2 M thiourea, and 4% CHAPS (Bio-
Rad, USA). The solution was centrifuged at 20,000 × g for 30 min at
10 ◦C and the supernatant was  collected for 2D-DIGE analysis. Pro-
tein concentrations were quantified using the 2-D Quant kit (GE
Healthcare, USA).

2.4.2. CyDye labeling
The proteins were labeled with CyDyes for performing 2D-DIGE

analysis (Wang et al., 2012). Prior to protein labeling, the pH of
the samples was checked with a pH indicator strip, and if neces-
sary the pH was adjusted to 8.5 using 50 mM NaOH. An internal
standard was  prepared by making a mixture with equal amounts
of all the samples used in this experiment. The protein samples
were labeled with Cy3 or Cy5 cyanine dye and the internal stan-
dard with Cy2 dye, by adding 400 pmol of CyDye per 50 �g protein.

The labeling reaction was  performed for 30 min  on ice in the dark.
Afterward, the reaction was quenched with the addition of 1 �L
10 mM l-lysine (Sigma, USA) followed by incubation for 10 min  on
ice in the dark.
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After the exposure, the medaka livers were subjected to T-
Hg content analysis. T-Hg concentration in the control livers was
M. Wang et al. / Aquatic Toxico

.4.3. 2D-DIGE analysis
After labeling, the samples were combined according to the dye-

wapping scheme (Table S1, Supplementary material). In total, nine
amples were obtained in this study (three replicates per group),
nd the samples were run in five gels. The combined mixtures
ontaining 150 �g protein were brought up to a final volume of
50 �L with 1× rehydration buffer, after which 0.5% IPG buffer 4–7
GE Healthcare, USA) was added and they were mixed thoroughly.
he labeled samples were then applied to the strips on an Ettan
PGphor III Isoelectric Focusing System (GE Healthcare, USA). Iso-
lectric focusing was conducted for a total of 60 kV-h using the
ollowing conditions: 40 V for 5 h, 100 V for 6 h, gradient to 500 V
n 30 min, gradient to 1000 V in 30 min, gradient to 2000 V in 1 h,
radient to 10,000 V in 1 h, and finally 10,000 V for 6 h. After the
rst dimension was run, each strip was equilibrated with about
0 mL  equilibration buffer containing 50 mM Tris (pH 8.8), 6 M urea,
0% glycerol, 2% SDS, 1% DTT and a trace amount of bromophenol
lue, for 17 min. The strip was then placed in fresh equilibration
uffer containing 2.5% iodoacetamide (instead of DTT) for another
7 min. Subsequently an 11.5% SDS-PAGE second dimension was
erformed. Electrophoresis was carried out at 10 mA/gel for 15 min,
ollowed by a 6 h run at 200 V until the bromophenol blue front
eached the edge of the gels. The protein spot patterns of the three
ifferent dyes were acquired using an Ettan DIGE Imager laser scan-
er (GE Healthcare, USA) at excitation/emission wavelengths of
88/520 nm (Cy2), 532/670 nm (Cy3), and 633/670 nm (Cy5). The
xposure time of the laser was chosen in such a way that the pro-
ein spots had no saturated signal. After imaging for CyDye, the gels
ere further subjected to silver staining.

.4.4. Data analysis
Image analysis was performed using the DeCyder version 6.5

uite (GE Healthcare, USA). First, protein spot detection and quan-
ification compared with the internal standard as a volume ratio
as performed with the Differential In-gel Analysis module. Sec-

nd, protein spots on different gels were matched, and statistical
nalysis was carried out with the Biological Variation Analysis
odule. One-way ANOVA (P < 0.05) was used to pick out the signif-

cant differential protein spots among the groups. When the spots
ere selected as significant, they were carefully checked for correct
atching throughout all the gels and were included in the pick list.

hen, the fold changes of treatment/control were calculated based
n differences in their standardized abundance.

.4.5. Silver staining
Silver staining was performed following the method (Wang

t al., 2010). Briefly, the gel was initially fixed for 2 h in a fix-
tion solution containing 40% (v/v) ethanol and 10% (v/v) acetic
cid. It was then sensitized in a solution containing 30% (v/v)
thanol, 0.2% (w/v) sodium thiosulphate, 6.8% (w/v) sodium acetate
nd 0.125% (v/v) glutaraldehyde, followed by three Milli-Q water
ashes (5 min  each time). Then the gel was stained for 20 min

n 0.25% (w/v) silver nitrate with 0.015% (v/v) formaldehyde and
ashed twice with Milli-Q water (0.5 min  each time). The gel was
eveloped in 2.5% (w/v) sodium carbonate containing 0.0074% (v/v)
ormaldehyde. The reaction was stopped with 1.5% (w/v) ethylene-
iaminetetraacetic acid, disodium salt.

.5. Mass spectrometric analysis

The altered protein spots were manually excised from 2-DE
els. The gel pieces were washed with buffer containing 25 mM

mmonium bicarbonate in 50% acetonitrile (ACN), destained with
0 mM potassium ferricyanide and 100 mM sodium thiosulfate, and
ashed again with 25 mM ammonium bicarbonate in 50% ACN.
fter dehydration with 100% ACN, the dry gel pieces were digested
30– 131 (2013) 123– 131 125

by adding 10.0 ng/�L trypsin (Promega, Madison, WI)  in 25 mM
ammonium bicarbonate overnight at 37 ◦C. For MALDI-TOF/TOF
MS analysis, 1 �L of the digest mixture was  mixed with 0.5 �L of
100 mM �-cyano-4-hydroxy-cinnamic acid in 50% ACN/0.1% tri-
fluoroacetic acid on the target plate before being dried and analyzed
with a MALDI-TOF/TOF mass spectrometer (5800 Proteomics Ana-
lyzer, 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 fragmen-
tation patterns were used for protein identification in an NCBI
nonredundant database against all entries using the Mascot search
engine (www.matrixscience.com). All mass values were consid-
ered monoisotopic, and peptide tolerance was 75 ppm and 0.3 Da
for MS  and MS/MS  spectra, respectively. One missed cleavage site
was allowed for trypsin digestion; cysteine carbamidomethyla-
tion was assumed as a fixed modification, and methionine was
assumed to be partially oxidized. Results with C.I.% (Confidence
Interval%) values greater than 95% were considered to be a pos-
itive identification. The identified proteins were then matched
to specific processes or functions by searching Gene Ontology
(http://www.geneontology.org/).

2.6. Network analysis

The differentially expressed proteins were further analyzed for
their association with network pathways using MetaCore from
GeneGo Inc., an integrated manually curated knowledge database
for pathway analysis of genes lists (http://www.genego.com/
metacore.php). MetaCore consists of curated protein interaction
networks on the basis of manually annotated and regularly
updated database. For each identified protein, the appropriate
human homologue was obtained in the UniProtKB/Swiss-Prot
database using the online Protein Identifier Cross-Reference
Service (http://www.ebi.ac.uk/Tools/picr/search.do). Subse-
quently, the homologues for medaka proteins were then uploaded
into the GeneGo environment. Hypothetical networks of proteins
from our experiment and proteins from the MetaCore database
were then built using the shortest paths algorithm.

2.7. 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 a one-way ANOVA or an independent-samples
t-test to evaluate whether the means were significantly differ-
ent 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 homoscedas-
ticity.

3. Results

3.1. Hg accumulation in medaka liver
90.3 ± 19.6 ng/g DW,  whereas Hg treatment significantly enhanced
T-Hg accumulation in the treated livers (Fig. 1, P < 0.001), i.e. the
T-Hg contents were 13,013.3 ± 1430.8 and 76,467.7 ± 8617.6 ng/g
DW in the livers exposed to 1 and 10 �g/L HgCl2, respectively.

http://www.matrixscience.com/
http://www.geneontology.org/
http://www.genego.com/metacore.php
http://www.genego.com/metacore.php
http://www.ebi.ac.uk/Tools/picr/search.do
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Fig. 1. Total-mercury (T-Hg) contents in the hepatic tissue of the medaka Oryzias
melastigma after 60 d exposure to different mercury chloride concentrations (con-
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ndicate a statistically significant difference at P < 0.05.

.2. Effects of Hg on liver ultrastructure in medaka

Hepatocytes of control medaka contained few cisternae in
he rough endoplasmic reticulum (ER), which were presented in

arallel layers or tightly associated with the mitochondria. Nucle-
li were located in the center of the spherically shaped nuclei,
he nucleoplasm exhibited very little heterochromatin, and the

ig. 2. Transmission electron micrographs of liver cells of the medaka Oryzias melastig
ontrol,  (B) 1 �g/L HgCl2, and (C) 10 �g/L HgCl2. Marked features are: ER, endoplasmic r
ucleus; NP, nucleoplasm.
30– 131 (2013) 123– 131

nucleolus displayed electron density. Meanwhile, glycogen was
evenly distributed in the cytoplasm (Fig. 2A). After 60 d exposure, a
widespread swelling was  observed in the rough ER, with dilation or
even vesiculation of the cisternae, especially in the medaka livers
exposed to 10 �g/L HgCl2 treatment. A dose-dependent swelling
of the mitochondria was  observed in the Hg-treated hepatocytes
which did not present cristae. Dilation of the nuclear envelope was
also observed in the 10 �g/L Hg treatment.

3.3. HgCl2-induced proteome alterations

A representative 2D-DIGE image is shown in Figure S1 (Sup-
plementary material). In all, approximately 2000 spots could be
matched with all the images. Out of these matched spots, 45 sig-
nificantly differential spots were detected with a one-way ANOVA
test (P < 0.05 with differences of ≥1.5 in expression), and all of
them were submitted for MALDI-TOF/TOF MS  analysis. Among
them, 33 protein spots were successfully identified with C.I.% values
greater than 95%, and all the matched proteins came from the NCBI
database for fish species (Table 1). Of them, four protein spots (spots
4, 7, 8 and 34) were involved in cytoskeletonal assembly. Seven
(spots 9, 17, 19, 20, 36, 43 and 44) were correlated with oxidative
stress, and all of them were consistently up-regulated in abun-
dance under Hg treatment. Three protein spots (spots 26, 30 and
41) played a role in respiratory metabolism, and their expressions
2
group. Also, eight protein spots (spots 10, 13, 15, 25, 27, 28, 31
and 32) were related to other types of metabolism (e.g. carbo-
hydrate and fatty acid metabolism). Meanwhile, 11 protein spots

ma after 60 d exposure to different mercury chloride (HgCl2) concentrations. (A)
eticulum; Gly, glycogen; Mi,  mitochondria; N, nucleolus; NE, nuclear envelop; Nl,
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Table 1
A detailed list of protein spots identified using MALDI-TOF/TOF MS from the liver of medaka Oryzias melastigma following HgCl2 exposure.

Spot id. Protein identity [Gene names] Accession
number

MASCOT score
(peptides)

Protein
score C.I.%

MW/pI Organism Molecular function Fold change

1 �g/L 10 �g/L

Cytoskeletonal assembly
4 Keratin 15 [krt15] gi|28278622 83 (12) 99.92 49.12/5.13 Danio rerio Structural molecule activity −2.69 –
7  Type I cytokeratin, enveloping layer [cyt1] gi|18858519 147 (11) 100 46.66/5.13 Danio rerio Structural molecule activity 1.70 –
8  Keratin K10 [krt10] gi|119709407 71 (7) 98.74 44.63/4.88 Lepisosteus oculatus Structural molecule activity 1.59 –
34  Novel protein similar to vertebrate plectin

1 [PLEC]
gi|153792369 66 (48) 96.01 52.41/6.29 Danio rerio Actin binding – −3.84

Oxidative  stress
9  Cathepsin D [ctsd] gi|157644743 103 (2) 100 43.45/5.80 Lates calcarifer Aspartic-type endopeptidase activity 1.92 2.62
17  Glutathione S-transferase [gstR] gi|110180509 75 (1) 99.54 8.07/5.42 Oryzias javanicus Transferase activity 1.56 2.07
19  DJ-1 protein [dj-1] gi|157278183 108 (5) 100 20.03/6.10 Oryzias latipes Unknown 1.53 1.66
20  Peroxiredoxin-1 [PRDX1] gi|229366138 66 (4) 96.29 22.20/6.30 Anoplopoma fimbria Antioxidant activity 2.01 2.95
36  Natural killer enhancing factor gi|93211500 167 (3) 100 22.06/5.58 Psetta maxima Antioxidant activity – 17.74
43  Glutathione S-transferase gi|183604400 61(2) 99.72 26.03/8.24 Channa maculata Transferase activity – 1.55
44  Peroxiredoxin-2 [PRDX2] gi|50539996 107 (2) 100 21.91/5.93 Danio rerio Antioxidant activity – 5.59

Respiratory metabolism
26 ATP synthase subunit d, mitochondrial

[ATP5H]
gi|225717172 60 (3) 98.92 18.21/5.55 Esox lucius Transporter activity – −1.60

30  Electron-transferring-flavoprotein
dehydrogenase [etfdh]

gi|52219050 82 (4) 99.90 69.51/6.75 Danio rerio Electron carrier activity – −1.81

41 Electron  transferring flavoprotein subunit
alpha, mitochondrial [ETFA]

gi|225707506 109 (3) 100 35.45/7.01 Osmerus mordax Electron carrier activity – −1.54

Other  metabolism
10 Pyruvate dehydrogenase (lipoamide) beta

[pdhb]
gi|47085923 90 (2) 99.99 39.63/5.78 Danio rerio Pyruvate dehydrogenase activity 1.60 –

13  Phytanoyl-CoA dioxygenase
domain-containing protein 1 [PHYD1]

gi|55925379 95 (3) 100 33.40/5.39 Danio rerio Oxidoreductase activity 1.99 –

15  Delta3,5-delta2,4-dienoyl-CoA isomerase,
mitochondrial [ECH1]

gi|225706936 144 (3) 100 33.54/6.54 Osmerus mordax Isomerase activity 1.81 –

25  Phosphorylase [pygb] gi|67810298 242 (17) 100 98.36/6.84 Oreochromis mossambicus Phosphorylase activity – −1.71
27  Phosphorylase [pygb] gi|67810298 209 (13) 100 98.36/6.84 Oreochromis mossambicus Phosphorylase activity – −1.86
28  Phosphorylase [pygb] gi|67810298 91 (19) 99.99 98.36/6.84 Oreochromis mossambicus Phosphorylase activity – −1.79
31  Formimidoyltransferase-cyclodeaminase

[FTCD]
gi|259155104 66 (8) 98.65 59.93/5.70 Salmo salar Folic acid binding – −2.85

32  Formimidoyltransferase-cyclodeaminase
[FTCD]

gi|259155104 64 (7) 95.46 59.93/5.70 Salmo salar Folic acid binding – 4.23

Other  functions related
33 Eukaryotic translation initiation factor 3,

subunit 2 beta [eIF3S2]
gi|55742565 119 (4) 100 36.72/5.22 Danio rerio Nucleic acid binding – −1.92

38  Histone H4 gi|115495857 87 (5) 99.97 11.34/11.4 Danio rerio DNA binding – 1.65
39  Ependymin [epd] gi|156106236 63 (1) 97.50 24.24/5.25 Perca flavescens Calcium ion binding – 4.68
40  GammaN1 crystallin [CRYGN1] gi|222522583 127 (7) 100 21.95/5.97 Poecilia reticulata Unknown – 1.68
1  Unnamed protein product gi|47211167 68 (3) 97.31 55.07/8.10 Tetraodon nigroviridis Unknown 1.69 –
2  Unnamed protein product gi|47215577 96 (5) 100 102.45/6.0 Tetraodon nigroviridis Unknown 1.82 –
6  Unnamed protein product gi|47223261 67 (1) 96.61 21.34/5.49 Tetraodon nigroviridis Unknown 2.47 –
21  Unnamed protein product gi|47223289 67 (16) 97.05 99.53/9.48 Tetraodon nigroviridi Unknown 5.19 6.09
22  Unnamed protein product gi|47229947 71 (4) 98.78 14.92/6.59 Tetraodon nigroviridi Unknown 2.81 –
24  Unnamed protein product gi|47228715 68 (2) 97.25 18.34/5.29 Tetraodon nigroviridi Unknown 1.52 –
29  Unnamed protein product gi|47204593 100 (2) 100 71.06/6.01 Tetraodon nigroviridi Unknown – 1.60

Note: MW represents molecular weight with pI for isoelectric point. Variations were calculated as treated/control spot volume ratio and if the result was below 1, it is reported as – control/treated ratio.
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spots 33, 38, 39, 40, 1, 2, 6, 21, 22, 24 and 29) were correlated with
ther functions. For example, spots 33 and 38 were involved in
rotein translation, and spot 39 in signal transduction. It should be
mphasized that several protein spots were identified as the same
rotein in this experiment, e.g. spots 17 and 43 for glutathione
-transferase (GST), spots 25, 27 and 28 for phosphorylase, and
pots 28 and 31 for formimidoyltransferase-cyclodeaminase. These
rotein spots might be protein isoforms, which can arise from alter-
ative mRNA splicing and various post-translational modifications,
uch as cleavage, phosphorylation, acetylation and glycosylation.

.4. Protein interaction network analysis

Using the network building tool MetaCore, a top scored net-
ork pathway was built from the differentially identified proteins

n this experiment. Six proteins (Plectin 1, PRDX1, ATP5H, PDH beta,
IF3S2 and ETFA) were involved in this pathway, which was  mainly
orrelated with response to stress and wound healing (Fig. 3). Indi-
idual proteins are represented as nodes. This pathway could be
lassified as the c-myc pathway, since the root nodes were con-
ected to c-myc directly or indirectly, and their expression levels
r activities could be regulated by c-myc. In addition, some of
hem (e.g. PRDX1) could regulate c-myc activity in a feedback man-
er.

. Discussion

Many studies have been devoted to Hg toxicity in various aquatic
rganisms. Our study, to our best knowledge, was the first effort
o investigate the mode-of-action of chronic Hg hepatotoxicity in
rganisms at the proteomic level. Our results showed that chronic
xposure to 1 and 10 �g/L Hg significantly increased metal concen-
rations in the medaka liver, which is consistent with a previous
tudy that Hg accumulates in several tissues including the liver of
he fish Brycon amazonicus after HgCl2 treatment (Monteiro et al.,
010). Hg accumulation in our experiment was comparable with
he metal content in the medaka liver after an acute exposure of

 h to 1000 �g/L HgCl2 treatment in our previous work (Wang et al.,
011), highlighting that chronic exposure to lower levels of Hg leads
o a rapid hepatic accumulation. Meanwhile, T-Hg contents in the
g-exposed livers in our study were within the span of Hg con-
entrations in several fish species in the environment (Cardellichio
t al., 2002; Frodello et al., 2000), hence enabling this study to show
n environmentally related significance.

Our study showed that chronic Hg toxicity caused damage to
iver ultrastructure in medaka. Damage to hepatocytes following
n vivo treatment with Hg is reported (Giari et al., 2008; Ung et al.,
010). Hepatocytes of Dicentrarchus labrax present dilated cister-
ae of the rough ER, swelling of mitochondria, cristae regression,
hanges to the electron-transparency of the matrix in the treated
shes, and dilation of the nuclear envelope with an accumulation
f heterochromatin in the highest treatment (Giari et al., 2008).
imilarly, Ung et al. (2010) report that HgCl2 treatment has caused
orphological changes of liver parenchyma, reduced nucleated

ells and increased lipid vesicles, glycogen and apoptotic bodies
n zebrafish. Overall, these results demonstrate that Hg causes a
ignificant disruption of cytoskeleton organization in the hepato-
ytes.

Our proteomic analysis clearly demonstrated that chronic Hg
oxicity caused oxidative stress to medaka liver, since seven protein
pots involved in cellular redox maintenance were up-regulated

fter metal exposure. Cathepsin D is a lysosomal aspartic protease
nd its primary biological function is protein degradation in the
cidic milieu of lysosomes. Cathepsin D is a mediator of apopto-
is and is induced by several stimuli including oxidative stress
30– 131 (2013) 123– 131

(Beaujouin et al., 2006; Kagedal et al., 2001; Sheikh et al., 2010).
In this study, the up-regulation of cathepsin D in medaka livers
indicated that Hg exposure might enhance cells to synthesize more
cathepsin D to degrade cellular damaged proteins caused by Hg tox-
icity. Directly related to oxidative stress response is the increased
expression of GST, an enzyme that catalyzes the conjugation of glu-
tathione of a large variety of electrophilic compounds, including
products resulting from oxidative damage in biological membranes
and macromolecules (Hayes and McLellan, 1999). Peroxiredoxins
also play a physiologically important role in the enzymatic removal
of reactive oxygen species (ROS) (Radyuk et al., 2001). Natural
killer enhancing factor belongs to a highly conserved peroxiredoxin
family, and its functions are involved in immune cytotoxicity, apop-
tostis, cell proliferation, differentiation and antioxidative activity
(Dong et al., 2007). In our experiment, the overexpression of GST,
peroxiredoxin-1, peroxiredoxin-2 and natural killer enhancing fac-
tor in the Hg-treated liver indicated a biological response aimed
at reducing Hg toxic effects, and thus avoiding oxidative damage,
since Hg exerts its toxicity at least in part through the induction
of ROS by binding to intracellular thiols and acting as a catalyst
in Fenton-type reactions (Stacchiotti et al., 2009). Noticeably, DJ-
1 protein was  found to be strikingly up-regulated in abundance
after 10 �g/L Hg treatment. DJ-1 protein is responsible for the onset
of familial Parkinson’s disease, PARK7 (Bonifati et al., 2003). How-
ever, DJ-1 protein also displays anti-oxidative functions, serves as
a chaperone and has protease activities involved with mitochon-
drial regulation (Cookson, 2003). Specifically, knockdown to the
Japanese medaka homolog of human DJ-1 protein renders cultured
medaka OLHE-13 cells susceptible to H2O2-induced cell death,
which clearly suggests a protective role of DJ-1 protein against
oxidative stress (Li et al., 2006).

Cytoskeleton disruption is a primary response of the cells to Hg
toxicity (Wang et al., 2011). Keratins are important intermediate fil-
ament proteins, and their primary function is to protect cells from
stress damage which may  result in cell death, and to maintain nor-
mal  signal transduction (Looi et al., 2009; Schaffeld and Schultess,
2006). The alteration of several keratins by Hg toxicity suggested
an effect on tissue integrity. Also, the 10 �g/L concentration of Hg
depressed the expression of a novel protein similar to vertebrate
plectin 1. Plectin is a versatile cytolinker protein, which can bind to
all major cytoskeleton filament networks and plays an important
role as a mechanical linker and anchoring protein of intermediate
filaments (Wiche, 1998). Consequently, the variations of cytoskele-
tal proteins indicated that Hg toxicity caused cellular damage in the
hepatocytes due to cytoskeletal disruptions, and to some extent this
was also highlighted by our ultrastructure study.

Our study showed that Hg might impair respiratory metabolism.
Three proteins (ATP synthase subunit d, mitochondrial; electron-
transferring-flavoprotein dehydrogenase; and electron transfer
flavoprotein subunit alpha, mitochondrial) were diminished fol-
lowing the 10 �g/L Hg treatment. Mitochondrial ATP synthase is
involved in ATP synthesis (Leyva et al., 2003). Electron-transferring-
flavoprotein dehydrogenase is an enzyme that transfers electrons
from electron transferring flavoprotein in the mitochondrial
matrix, to the ubiquinone pool in the inner mitochondrial
membrane (He et al., 2007). Decreased expression of the respi-
ratory proteins might undermine the ability of the cells to
meet their energy requirements and could therefore result in
cellular damage and death. Carbohydrate metabolism (i.e. pyru-
vate dehydrogenase (lipoamide) beta and phosphorylase) (Ibarz
et al., 2010; Samikkannu et al., 2003), and fatty acid oxida-
tion (i.e. phytanoyl-CoA dioxygenase domain-containing protein

1, and delta3,5-delta2,4-dienoyl-CoA isomerase, mitochondrial)
(McDonough et al., 2005; Newton et al., 2009) were also targets
of Hg, and could impact cellular energy. Taken together, Hg tox-
icity caused impairment of energy generation and macromolecule
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Fig. 3. Pathway analysis result shows that 6 differentially expressed proteins following mercury treatment could be sorted into the c-myc pathway. Individual proteins are
represented as nodes, the different shapes of the nodes represent the functional class of the proteins, and the arrowheads indicate the direction of the interaction. Proteins
marked with red circle represented the proteins identified from this study. ATP5H: ATP synthase subunit d, mitochondrial; c-myc: myelocytomatosis oncogene; eIF3S2:
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actor  2; PDH beta: pyruvate dehydrogenase (lipoamide) beta; PKC: protein kinase
nterpretation of the references to color in this figure legend, the reader is referred 

etabolism, and eventually led to metabolic disorders that may
ause further liver injury.

Eukaryotic translation initiation factor 3, subunit 2 beta (eIF3S2)
as down-regulated by Hg. Reduced eIF3S2 is involved in apopto-

is during metal toxicity (Shen et al., 2009), which suggests that
g toxicity might lead to cell death due to metal-induced oxida-

ive stress in the fish liver. Additionally, ependymin is increased
y the highest Hg treatment. Ependymin is secreted by meningeal
ells (Hoffmann, 1992), and is an important glycoprotein in the
erebrospinal fluid of teleost fish (Königstorfer et al., 1989).
nterestingly, ependymin expression is induced in fish under envi-
onmental stress (Tang et al., 1999; Volz et al., 2006). For example,
olz et al. (2006) report that ependymin is highly induced after the
ay-1 transcriptional response in the highest dioxin treatment, sug-
esting that this gene may  have been involved in host adaptation
ollowing hepatocyte injury.

A hypothetical network was built from the differentially
xpressed proteins of our experiments and proteins from the
etaCore database. The pathway analysis showed that six proteins

f the identified differentially expressed spots were connected to
-myc in a complex signaling network via multiple modes, thus
lacing c-myc as one of the master factors involved in the mode-

f-action of Hg hepatotoxicity. The c-myc protein is a transcription
actor that plays an important role in cell death (e.g. apoptosis) but
t is also involved in cell cycle progression and cellular transforma-
ion. A study shows that oxidative stress induces the expression of
voprotein subunit alpha, mitochondrial; NRF2: nuclear factor-erythroid 2-related
ctin 1: novel protein similar to vertebrate plectin 1; PRDX1: peroxiredoxin-1. (For

 web  version of the article.)

c-fos, c-juc, and c-myc in rat PTE cells (Maki et al., 1992). Meanwhile,
Joseph et al. (2001) find that cadmium-induced overexpression
of c-myc is mediated by the elevation of intracellular levels of
ROS and calcium. Accordingly, we supposed that Hg treatment
might have increased c-myc activity via induction of oxidative
stress in our study; however, this deserves further examination.
Another important node from this network was  protein kinase C
(PKC). Badou et al. (1997) show that HgCl2 directly activates PKC
and induces a PKC-dependent Ca2+ influx as a molecular target
for HgCl2. It should be noted that NRF2 (another node in this
pathway) might be involved in the feedback process in response
to Hg exposure. Toyama et al. (2007) find that NRF2 is a critical
transcription factor in the reduction of Hg-induced cytotoxicity
and the excretion of Hg into the extracellular space, because NRF2
deletion significantly enhances Hg accumulation and cytotoxicity
in primary mouse hepatocytes. However, the exact interaction
of Hg with the above signaling transduction components is not
known and requires further investigation.

It should be emphasized that the proteomic response in the
medaka liver was dependent on the ambient HgCl2 concentrations.
Of the 33 differentially expressed protein spots, 16 were observed
in the 1 �g/L treatment and 22 were found in the 10 �g/L group,

while only 5 were detected in both treatments (Table 1), indicating
that the toxic mechanisms of low and high Hg concentrations were
different. Proteins involved in cytoskeleton assembly and oxida-
tive stress were significantly affected by low Hg concentration,
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hile proteins participating in respiratory metabolism, oxidative
tress, phosphorylase activity, and binding activity were remark-
bly affected by high Hg concentration. Our ultrastructural result
lso revealed a dose-dependent swelling of the mitochondria in the
g-treated hepatocytes. We  also noted that the proteomic response

n this study displayed some similarity with that in the medaka liver
cutely exposed to HgCl2 in our previous work (Wang et al., 2011),
he major cellular processes affected by Hg were similar in terms
f their general functional categories (e.g. cytoskeletonal assem-
ly, oxidative stress, and energy metabolism). However, most of
he individual proteins were significantly different, suggesting that
he toxic mechanisms caused by acute or chronic Hg exposure were
ifferent. It is known that, in response to a toxicant exposure, the
rganisms would try to compensate for the loss/impairment of cer-
ain pathways caused by the toxicant at low doses via activation
nd deactivation of biochemical processes (adaptation processes),
nd subsequently, with the increase of toxicant concentration, the
eregulation responses due to adverse irreversible damage may
ecome predominant (Denslow et al., 2007; Gündel et al., 2012).
verall, our proteomic analysis revealed that the toxic mechanisms
aused by inorganic Hg in medaka fish were related to the ambient
g concentration and the manner of exposure.

. Conclusions

This study showed that chronic Hg exposure significantly
ncreased metal accumulation in Hg-treated medaka liver, and
amaged liver ultrastructure. Quantitative proteomic analysis
emonstrated that Hg hepatotoxicity might involve oxidative
tress, cytoskeleton impairment and altered energy metabolism.
everal proteins related to mitochondrial function (e.g. respiratory
etabolism) were affected in the Hg-treated hepatocytes, high-

ighting that this organelle might be an important target for Hg
ttack. Also, some proteins in a dose-dependent response to Hg
reatment (e.g. cathepsin D, GST and peroxiredoxin-1) could be
sed as potential biomarkers to aquatic Hg monitoring.
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