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Abstract 

Mercury (Hg), one of the most hazardous and persistent contaminants, is widespread in the aquatic 
environment. To establish an effective Hg monitoring strategy, the mRNA expression profiles of four 
antioxidant enzymes, as well as SOD enzymatic activities and MDA content were investigated at two 
sublethal HgCl2 exposure doses of 5 and 50 μg L-1 in Venerupis philippinarum gill tissue and 
hemocytes at 1, 2, 4 and 5 days. All parameters tested showed significant differences between the 
experimental and control groups at the various time points with tissue-specific manners. GST displayed 
a dose-dependent increase expression profiles in the two examined tissues. Also decrease expression 
patterns were detected in Trx and CYP414A1 in both gill and haemocytes with a significant positive 
relationship of 0.915 in the form tissue (p < 0.01). A positive relationship was found in those of SOD 
expression and the SOD enzymatic activities in hemocytes (0.683, p < 0.05). Taken together, we found 
that gill tissue is more suitable for biomarker identification compared to that of hemocytes because of 
lower variation. This study provides new evidences that mRNA expression of Trx, CYP414A1 and GST 
in gill tissue has a strong potential as a biomarker for marine mercury monitoring. 
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Introduction 

 
The Manila clam Venerupis philippinarum is a 

major aquaculture species worldwide and is widely 
distributed in high densities in coastal intertidal areas. 
Due to its wide distribution, long life cycle, high 
tolerance to salinity and temperature, ease of 
collection, and high bioaccumulation of heavy metals 
(Laing and Child, 1996; Kim et al., 2001; Baudrimont 
et al., 2005; Liu et al., 2011a, b ,c; Wu et al., 2011), 
the Manila clam exhibits most of the criteria that 
define a bio-indicator for metal pollution monitoring 
and has therefore been considered a useful 
bio-indicator in marine biology and ecotoxicology 
(Liang et al., 2004; Ji et al., 2006; Zhang et al., 
2011a, b, c; Liu et al., 2013a, b). Recent toxicological 
studies have elucidated distinct biochemical and 
genetic responses of V. philippinarum to heavy metals 
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and other toxic contaminants, further supporting the 
proposition that V. philippinarum may be useful for 
monitoring marine and coastal pollution (Blasco and 
Puppo, 1999; Ji et al., 2013; Nasci et al., 2000; 
Moraga et al., 2002; Irato et al., 2003; Wu et al., 
2013a, b ,c; Zhang et al., 2011d, 2012a). 

Mercury (Hg) is a widely distributed pollutant 
and has been listed as a high priority pollutant by 
many international agencies because of its 
persistence in environments and high toxicity to 
organisms (Jiang et al., 2006). Increasing evidences 
have demonstrated that the mechanism underlying 
mercury toxicity is closely related to the generation 
of reactive oxygen species (ROS) and the 
perturbation of antioxidative defense systems 
(Larose et al., 2008; Liu et al., 2011a). Organisms 
can hold in check and detoxify the production of 
ROS with antioxidative defense systems comprising 
of a wide variety of enzymatic and non-enzymatic 
molecules to balance the harmful effect of ROS, 
which include superoxide dismutase (SOD), 
glutathione-S-transferase (GST), cytochrome P450s 
(CYPs) as well as non-enzymatic molecule of 
thioredoxins ( Trxs). 

SODs are metalloenzymes that represent one of 
the important lines of defense against ROS, 
particularly against the superoxide anion (Wang et 
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al., 2013). SODs can catalyze the dismutation of 
superoxide into molecular oxygen and hydrogen 
peroxide (Fridovich, 1995). GSTs are a superfamily 
of multifunctional phase II enzymes primarily 
involved in the detoxification of both endogenous 
and exogenous electrophiles (Zhang et al., 2012b). 
Moreover, GSTs have been found to play a critical 
role in mitigating oxidative stress in all life forms (Lee 
et al., 2008), and GST activities have been widely 
used as potential biomarkers for monitoring 
environmental pollution (Hoarau et al., 2002; 
Shailaja and D'Silva, 2003; Cunha et al., 2007). Trxs 
are members of an evolutionarily conserved family of 
redox-active proteins and function to scavenge 
reactive oxygen species (ROS) (Wang et al., 2011). 
Cytochrome P450s (CYPs) comprise one of the 
largest and most versatile heme-thiolate protein 
families. They can catalyze the oxidation of a wide 
variety of exogenous compounds or xenobiotics. 
CYP414A1 is classified as a member of a new 
subfamily of cytochrome P450 (Zhang et al., 2012c). 
CYP414A1 has been shown to respond to various 
xenobiotic stresses and could potentially serve as a 
candidate biomarker of heavy metals. The lipid 
peroxidation product malonyldialdehyde (MDA) has 
also been widely utilized as an indicator of oxidative 
status (Roméo and Gnassia-Barelli, 1997). 

To establish a rapid and accurate detection 
system for Hg in marine environments, specific 
biomarkers are the first priority. As filter-feeding 
organisms, molluscs expose to various environment 
pollutants including heavy metals in the aquatic 
environment. Gills of the bivalves remain in direct 
interaction with the surrounding aquatic environment 
and their biochemical profiles reflect the adverse 
environmental impact on the animal (Gregory et al., 
2002) and the study of biochemical biomarkers in 
this organ is usually employed in environmental 
monitoring studies (Medeiros et al., 2008; Zanette et 
al., 2008). Meanwhile, hemocytes of molluscs are 
the first line of defense against environmental 
exposure, through phagocytosis and stimulation of 
respiratory burst and widely used as models in 
environmental toxicology, in order to determine the 
target of heavy metals’ toxic effects (Bouki et al., 
2013). In the present study, the expression levels of 
four antioxidant enzymes and malondialdehyde 
(MDA) contents were assayed in Venerupis 
philippinarum gill and hemocytes following two 

doses of Hg exposure. Their correlations were 
further analyzed to select reliable multi-indicators for 
Hg biomonitoring. 
 
Materials and Methods 
 
Experimental clams, Hg exposure, and tissue 
collection 

Venerupis philippinarum (wet weight 8.65 ± 1.24 
g) were purchased from Ningbo, Zhejiang Province, 
China and acclimated for three days prior to the 
experiment. The temperature of the aerated artificial 
seawater (salinity 25 psu) was maintained at 18 - 20 
°C throughout the experiment. In the challenge 
experiment, approximately 450 clams were 
randomly divided into three tanks (90 cm×60 cm×40 
cm), each containing 150 individuals in 30 L 
seawater. The clams in the two treatment tanks were 
exposed to different concentrations of HgCl2, either 
5 or 50 μg L-1. The low experimental concentration (5 
μg L-1) of Hg2+ can be found in heavily polluted 
seawaters along China coast (Zhang, 2001). The 
untreated individuals were selected as a control 
group. The hemolymphs from the control and 
challenge groups were collected using a sterile 5 ml 
syringe containing 1 ml of Alseve buffer (ALS buffer: 
60 mM glucose, 27.2 mM sodium citrate tribasic, 9 
mM EDTA, 385 mM NaCl, pH 7 and 1000 mOsm/l), 
then centrifuged at 800 rpm for 5 min to harvest the 
hemocytes. Gill were were sheared using sterilized 
scissors and tweezers, mixed together, and then 
ground into a fine powder using liquid nitrogen at 0, 
1, 2, 4 and 5 days following HgCl2 exposure. All the 
samples were then stored at −80 °C for RNA or 
protein extraction. We performed five replicates for 
each experimental groups as well as for the control 
group. 
 
Temporal expression profiles of candidate genes 
under HgCl2 exposure 

Total RNA was isolated from clam hemocytes or 
gills using TRIzol reagent (Invitrogen). First-strand 
cDNA synthesis was performed using the MMLV 
First Strand cDNA Synthesis Kit according to the 
manufacturer’s instructions (Bio Basic Inc.). The 
expression levels of SOD, GST, Trx and CYP414A1 
were measured by qPCR. The primers used for 
qPCR are shown in Table 1. Two clam β-actin 
primers were used to amplify a 121 bp fragment as an 

 
 
Table 1 Primers used in the present study 
 

Primer Sequence (5’—3’) Product size Gene ID 

β-actin (forward) CTCCCTTGAGAAGAGCTACGA 
β-actin (reverse) GATACCAGCAGATTCCATACCC 121bp EF520696.1 

SOD (forward) GTGCAGGTCCTCACTATAACCCA 
SOD (reverse) GACAACTCGTGACCACCTTTACC 226 bp GQ384412 

GST (forward) CATTGCCCGTGCTTACTATTGAC 
GST (reverse) TGTTCCTTTCTTCCTCGTTATCC 207 bp GQ384392 

TRx (forward) GGACGTTGATGATGTTTCGGAGGT 
TRx (reverse) TTTCCAGTTCATCAGCATCAGCCC 125bp JF499393 

CYP414A1 (forward) AGGACCGAGGTCATGTTTAG 
CYP414A1 (reverse) GGATTTAGAGTTGTCGCCAG 147bp HQ234335 
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Fig. 1 Time course expression of SOD in gill tissue and hemocytes of V. Philippinarum after exposure to different 
doses of HgCl2 as measured by qPCR at 0, 1, 2, 4 and 5 days.  
 
 
 
 
internal control to verify successful reverse 
transcription and to calibrate the cDNA template. 
qPCR amplification was performed using a 
Rotor-Gene 6000 real-time PCR detection system. 
Real-time PCR amplifications were performed in a 
total volume of 20 μL containing 10 μL of 2×SYBR 
Green Mix (Takara), 4 μL of the 1:20 diluted cDNA, 1 
μL of each primer (10 mM) and 4 μL of PCR-grade 
water. The qPCR parameters included a denaturing 
step at 95 °C for 10 min, followed by 40 cycles of 95 
°C for 15 s, 60 °C for 20 s, and 72 °C for 20 s. 
Melting analysis of the amplified products was 
performed at the end of each PCR to confirm that a 
single PCR product was generated. The 2−ΔΔCT 
method was employed to analyze the expression 
level of candidate genes (Li et al., 2011). The values 
obtained denoted the n-fold difference relative to the 
calibrator. The data are presented as relative mRNA 
expression levels (means ± SD, n = 5). 
 
SOD activity assay 

SOD activities were determined by the method 
of inhibition of tetrazolium salt WST-1 reduction to 
formazan with xantine/xantine oxidase used as a 
superoxide generator. Briefly, 0.3 g of gill tissue was 
homogenized in liquid nitrogen and resuspended in 
3 mL normal saline. Hemocytes from 18 mL of 
hemolymphs were used for protein extraction. For 
the enzymatic assay, the supernatant was collected 
by centrifuging at 3,000 rpm for 10 min. Protein 
concentration was quantified following Bradford 
(1976). Absorbance was monitored at 550 nm. The 
total SOD activity was expressed in U/mg of protein, 
with one unit of SOD being defined as the amount of 
sample that produced 45 to 50 % inhibition under the 
assay conditions. 

 
MDA content assay 

MDA content was measured by the formation of 
thiobarbituric acid (TBA) reactive substances 
(TBARS) using commercial kits (Jiancheng 
Bioengineering Institute, China). Briefly, the reaction 
mixture containing 0.2 mL tissue homogenate, 0.2 

mL 8.1 % SDS, 1.5 mL 20 % acetic acid buffer (pH 
3.5), 1.5 mL 1 % TBA and 1 mL distilled water was 
heated at 95 � for 60 min in a water-bath, then 
cooled and centrifuged at 3000 rpm for 15 min. The 
absorbent value was assayed at 532 nm to calculate 
the content of MDA according to the following 
formula: 
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ODOD
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−
−
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In the formula, ODM is the OD value of the 

measured sample, ODS indicates the OD value of 
the standard sample in the kit, ODC is the OD value 
of the control, S is the concentration of the standard 
sample (10 nmol/ml) and P is the protein content 
(mg/g tissues). 

 
Statistical analysis 

All data were subjected to one-way analysis of 
variance (ANOVA) followed by the multiple Duncan 
test to test for differences between the treatment and 
control groups at each sampling time. Significant 
differences between the treatment group and the 
corresponding control group at each time point are 
indicated with one asterisk for p < 0.05 and two 
asterisks for p < 0.01. Spearman correlation analysis 
was conducted with SPSS 19.0 for Windows (SPSS). 
Significant differences between the treatment group 
and the corresponding control group at each time 
point are indicated with one asterisk for p < 0.05 and 
two asterisks for p < 0.01.  

 
Results and Discussion 
 
Expression profiles of SOD in gill tissue and 
hemocytes at the mRNA and protein levels 

The mRNA relative expression of SOD in gill 
tissue and hemocytes upon HgCl2 exposure are 
shown in Figure 1 and SOD activities are indicated in 
Figure 2. Divergent expression trends of SOD mRNAs 
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Fig. 2 SOD activities in gill tissue and hemocytes of V. philippinarum exposed to HgCl2 (5 μg L-1, 50 μg L-1) for 0, 1, 
2, 4 and 5 days.  
 
 
 
 
 
were detected not only in different tissues but also 
under different exposure doses. These results are 
consistent with the the fact that higher variation 
expression profiles of metalloenzymes like SODs 
(Kim et al., 2007). At a concentration of 5 μg L−1 Hg 
exposure, the expression level of SOD in hemocytes 
increased during the first 2 d and then decreased 
gradually until 5 d. In contrast, the expression 
profiles of SOD in gill tissue decreased at the first 
stage and then sharply increased to its peak 
expression level at 4 d with a 1.22-fold increase over 
that of the control group (p < 0.05). When Hg 
concentration increased to 50 μg L−1, the induced 
SOD expression occurred earlier compared to that in 
the lower doses group. The peak expression of SOD 
was detected at 2 d with a 2.46-fold increase in gill 
tissue (p < 0.01) and a 4.78-fold increase at 1 d in 
hemocytes. Regarding to SOD activities, Hg 
treatment resulted in a significant decrease SOD 
protein activities in gill tissue and a slight increase in 
hemocytes (Fig. 2). An unpaired, two-tailed t-test 
between the control and treatment groups showed 
there is a significant difference in SOD activity at 4 d 
(p < 0.01) following the higher level of Hg exposure. 
However, no significant differences were observed 
at other time points. 

It was well-documented that Hg could induce 
oxidative stress in organisms by generating ROS via 
the mitochondrial electron transport chain (Lund et 
al., 1991; Fang et al., 2013), and the change in 
superoxide radical content was correlated with the 
induction or depression of SOD. SODs represent the 
first line of defense in biological systems against 
oxidative stress caused by excessive reactive 
oxygen species (ROS), in particular superoxide 
anion. Many researchers had analyzed SOD activity 
under Hg stress in bivalves other than V. 
philippinarum. Verlecar et al. (2008) reported 
inhibited SOD activity at day 5 and increased SOD 
activity at day 15 in the digestive gland of the mussel 
Perna viridis after exposure to 45 μg L−1 Hg. 
Exposure of the mussel Dreissena polymorphato to 
40 μg L−1 Hg for 5 days resulted in an increase in 

SOD activity in the digestive gland (Faria et al., 
2009). However, Company et al. (2004) reported 
that SOD activity remained unchanged in the gill of 
the mussel Bathymodiolus azoricus exposed to 20 
μg L−1 Hg for 24 h. In general, the response of SOD 
activity to Hg exposure differs depending on the 
tissue, concentration, and exposure time. In the 
present study, the fluctuation of SOD mRNA 
expression and the alteration of SOD activity 
together indicate that SOD was involved in 
countering the oxidative stress caused by Hg 
exposure. A positive relationship between SOD 
mRNA expression and SOD activity was detected 
only in hemocytes (p < 0.05) (Table 2). This 
discrepant finding might be attributed to the 
existence of different isoforms of SOD in clam. 
mRNA expression was quantified as one of isoform 
types of SODs, whereas SOD activity was quantified 
in terms of total SOD activity (Fang et al., 2013). The 
increased SOD mRNA expression in hemocytes at 
low concentration illustrates the fast adaptive 
response of SOD to Hg stress (Fang et al., 2012). 
The decline of SOD mRNA expression and SOD 
activity might be ascribed to the stimulation of other 
antioxidants to defend against ROS toxicity, as 
suggested by Verlecar et al. (2008) and Jo et al. 
(2008). The discrepancies in the responses of 
different antioxidants are common among other 
researches, and several observations also 
highlighted that these defenses do not vary in a 
synchronous way, and have different time-courses 
of activation both at the transcriptional and 
translational levels (Frenzilli et al., 2004; Regoli et al., 
2011; Giuliani et al., 2013). These results suggest 
that, in addition to being influenced by enzymatic 
activity, SOD can be regulated by Hg at the 
molecular level in V. Philippinarum. Chatziargyriou 
and Dailianis (2010) reported that the inhibition of 
Se-GPx activity by Hg could promote a shift in the 
balance between oxidants and antioxidants in favor 
of oxidants, resulted in the enhancement of Hg 
induced oxidative and genotoxic effects. On the 
other hand, increased enzymatic activity and a 
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Table 2 Determination of correlation coefficients among the different examined parameters 
 

 Gill Hemocytes 

 SOD 
level 

SOD 
activities 

GST 
level Trx level CYP414

A1 level 
MDA 

content 
SOD 
level 

SOD 
activities 

GST 
level 

Trx 
level 

CYP414
A1 level 

MDA 
content 

SOD level 1      1      

SOD 
activities 0.085 1     0.683* 1     

GST level 0.573 -0.061 1    0.695* 0.4 1    

Trx level 0.427 0.317 0.378 1   0.817** 0.354 0.609 1   

CYP414 
A1 level 0.573 0.427 0.561 0.915** 1  -0.329 -0.476 0.277 0.024 1  

MDA 
content 0.5 0.207 0.183 0.171 0.39 1 -0.622 -0.22 -0.006 -0.5 0.659* 1 

*Statistical significance was denoted by p < 0.05, ** statistical significance was denoted by p < 0.01 versus the respective control 
group 

 
 
 
 
 
significant attenuation of Hg toxicity were measured 
in Se-treated cells exposed to Hg in all cases. It’s 
helpful to reveal SOD's ability to attenuate 
Hg-mediated ROS production, as well as the role of 
Se-GPx. 

 
GST expression patterns following Hg2+ exposure 

GSTs play a critical role in mitigating oxidative 
stress in all life forms (Hoarau et al., 2002), and GST 
activity has been widely used as a potential 
biomarker for monitoring environmental pollution 
(Umasuthan et al., 2012). In the present study, 
similar expression trends of GST were detected not 
only in different tissues but also at different exposure 
doses (Fig. 3). The gill GST transcripts was induced 
with a dose-dependent and time-dependent 
manners and reached its maximum level at 50 μg L−1 
exposure dose with a 2.45-fold increase. In the 
hemocytes, the peak expression level was detected 
at 1 d with a 2.12-fold increase in the higher 
exposure dose group.  

Many studies had indicated that 
metals/metalloids such as Hg were potent inductors 
of sulfur metabolism through an increase in GSH 
synthesis (Sobrino-Plata et al., 2009). In addition, 
the level of intracellular GSH was directly 
proportional to GST activity, which leaded to an 
increase in the expression level of GST (Nugroho 
and Frank, 2012). In the freshwater prawn 
Acrobrachium malcolmsonhii, GSH content was 
found to be higher in the tissues of test prawns, 
suggesting the formation of glutathione conjugate to 
eliminate Hg in test prawns (Yamuna et al., 2012). 

Oxidative stress from Hg exposure was also 
considered to elicit antioxidant gene expression, 
such as expression in the GSH S-transferase 
system. In our previous studies, GSTs have shown 
high elevations in mRNA levels under heavy metal 
stress, thus serving as useful biomarkers (Rhee et 
al., 2007). 

 
Trx expression patterns following Hg2+ exposure 

Thioredoxin (Trx) proteins perform important 
biological functions in cells by changing the redox 
state of proteins via dithiol disulfide exchange. The 
expression level of Trx following Hg2+ exposure is 
shown in Figure 4. At 5 μg L−1 Hg2+, Trx in gill tissue 
was constantly down-regulated and reached its 
minimal level at 5 d with a 0.2-fold decrease 
compared to the untreated group (p < 0.01). 
However, a very different expression profile was 
detected in hemocytes at this lower exposure dose. 
Trx mRNA levels increased sharply to a peak at 2 d 
with a 12.0-fold increase, and then recovered to the 
original level at 5 d. At the higher concentration of 50 
μg L−1, an increased expression pattern was 
detected in gill tissue with a 3.72-fold increase 
relative to the untreated group at 2 d. Surprisingly, 
no significantly change was detected in hemocytes 
at this exposure dose. 

As a molecule involved into counteracting 
oxidative stress and scavenging ROS, Trx serves as 
an electron donor for some peroxidases such as 
peroxiredoxins and is reduced by thioredoxin 
reductase to the reduced dithiol state (Gonzalez 
et al., 2010). Stadtman (1993) indicated that heavy 
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Fig. 3 Time course expression of GST in gill tissue and hemocytes of V. Philippinarum after exposure to different 
doses of HgCl2 as measured by qPCR at 0, 1, 2, 4 and 5 days. 
 
 
 
 
metals participated in a metal-catalyzed Fenton type 
reaction with superoxide or peroxide molecules to 
generate highly toxic hydroxyl radicals. Thus, the 
observed induction of Trx in the first stage could be 
interpreted as a response to this oxidative stress. A 
similar experiment by Wang et al. (2011) indicated 
that Trx was also significantly induced by 40 μg L−1 
Cd exposure at 96 h. It has been demonstrated that 
Trx oxidation was significantly correlated with the 
inhibition of total TrxR activity during heavy metal 
treatment (Myers, 2012); therefore, TrxR activity 
should be investigated in our future work. 
 
CYP414A1 expression patterns following Hg2+ 
exposure 

Previous studies had provided evidence that 
Hg2+ modulated the expression of cytochrome P450 

1A1 (CYP1A1) by affecting its transcriptional and 
posttranslational levels (Amara et al., 2010). In the 
present study, the expression level of CYP414A1 is 
shown in Figure 5 and exhibits a dose-dependent 
expression profile. At the lower level of HgCl2 
exposure, the decreased expression profiles were 
both identified in the two examined tissue with 
different amplitudes. The minimal expression levels 
were detected at 5 d, with a 0.22-fold decrease in gill 
tissue and a 0.46-fold decrease in hemocytes. When 
Hg2+ concentration increased to 50 μg L−1, we found 
that the expression of CYP414A1 was both elevated 
sharply to its peak levels following 1 d of heavy 
metal exposure in the two tissue. Afterwards, the 
expression of CYP414A1s was both down-regulated 
slightly, and minimal expression levels were 
detected at 4 d. 

 
 
 
 

 
 
Fig. 4 Time course expression of Trx in gill tissue and hemocytes of V. Philippinarum after exposure to different 
doses of HgCl2 as measured by qPCR at 0, 1, 2, 4 and 5 days. 
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Fig. 5 Time course expression of CYP414A1 in gill tissue and hemocytes of V. Philippinarum after exposure to 
different doses of HgCl2 as measured by qPCR at 0, 1, 2, 4 and 5 days. 
 
 
 
 
 

Activation of the NF-κB and AP-1 (Activator 
Protein-1) signaling pathways had been 
demonstrated to be directly involved in the induction 
of CYP1A by Hg stimulation (Korashy et al., 2008). 
Although the expression level of AP-1 was not 
investigated in that study, the induction of AP-1 and 
CYP414A1 was detected by our lab in the same 
species following di(2-ethylhexyl) phthalate (DEHP) 
exposure (Lu et al., 2013). An analogous study 
revealed that the expression of CYP414A1 was 
significantly up-regulated by Cd exposure but 
sharply down-regulated by Cu exposure (Zhang et 
al., 2012c). A possible explanation for the distinct 
expression profiles following differential Hg exposure 
doses is that no acute toxic effects were reported at 
the administered low dose. However, sublethal 
effects are subtler and take more time to become 
evident. Higher doses of Hg could potentially 
increase the toxic burden, with sub-lethal effects 
seen more rapidly (Amachree et al., 2014). 
 
MDA content analysis 

Lipid peroxidation was a main indicator of 
oxidative damage, and MDA was considered to be 
an ideal biomarker for this process. MDA levels 
following Hg2+ exposure were investigated in our 
study, and the results are shown in Figure 6. In 
Hg-treated gill tissue, MDA content did not change 
significantly at the two different exposure doses. 
However, related to the control group, MDA content 
in the hemocytes decreased significantly at 4 d at 
the higher Hg concentration and at 5 d at the lower 
Hg concentration. MDA content of hemocytes after 
Hg treatment was 46.48 % and 45.56 % lower at the 
higher and lower Hg concentrations compared to the 
control group, respectively. These results 
demonstrated that Hg exposure modified the 
production of MDA in clams. 

Most previous studies in different species had 
revealed significant increases in MDA content 

following exposure to environmental pollutants 
(Prakash et al., 1995; Giguere et al., 2003; 
Charissou et al., 2004), implying that higher 
oxidative stress was produced during that period. 
Tavazzi et al., (2000) reported that lipid peroxidation 
of human erythrocytes also is deeply affected by 
oxidative stress. However, a negative relationship 
between Hg exposure and MDA activity was found in 
our study. We speculated that this result might be 
due to the following reasons. Hg had a high affinity 
for GSH, which was the primary intracellular 
antioxidant agent and could bind to, and cause the 
irreversible excretion of, GSH, leading to the 
depletion of GSH and an increase in MDA (Quig, 
1998). However, in the hemocytes of clams exposed 
to Hg, a decrease in MDA levels was associated with 
an increase in SOD levels. This decrease could 
result in an intensification of antioxidant systems, 
including SOD, limiting MDA formation. It was well 
known that MeHg was the most toxic form of Hg in 
the environment, which was converted by aquatic 
microorganisms (Compeau and Bartha, 1985). This 
process could not be achieved under our lab 
conditions, leading to a reduction in the strength of 
the toxic effect and minimal ROS production. In 
contrast, the induction of antioxidant enzymes (SOD, 
CYP414A1 and GST) and the non-enzyme member 
(Trx) was capable of suppressing this lower ROS 
level at an early stage, preventing oxidative 
stress-induced damage to lipids. Furthermore, 
Zhang et al. (2014) reported that the decrease in 
MDA might result from an intensification in 
production by the antioxidant systems, an 
interpretation consistent with our results. The 
depletion of MDA levels might also be related to the 
faster transformation of MDA into other metabolites 
(Giarratano et al., 2010). Further work should be 
conducted to investigate the changes in ROS levels 
before and after Hg exposure to better understand 
these mechanisms. 
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Fig. 6 MDA content of gill tissue and hemocytes of V. philippinarum exposed to HgCl2 (5 μg L-1, 50 μg L-1) for 0, 1, 
2, 4 and 5 days.  
 
 
 
 
 
 
 
 
Relationships between examined parameters 

To establish multiple biomarker detection 
system and improve the accuracy of detection 
technique, correlations analysis of these candidate 
biomarkers both in gill and hemocytes are further 
assessed and the result is showed in Table 2. There 
is a significant positive relationship between the 
expression levels of Trx and CYP414A1 expression 
in gill (0.915, p < 0.01) and Trx and SOD expression 
in hemocyte (0.817, p < 0.01). Multiple factors 
correlation analysis also indicate a higher consistent 
expression pattern among SOD, GST, CYP414A1 
and MDA content (p < 0.05). No statistically 
difference are detected among other examine 
parameters. 

 
Conclusions 

 
Our work presented here addressed that mRNA 

expression of Trx, CYP414A1 and GST in gill tissue 
has a strong potential as biomarkers for marine 
mercury monitoring. This findings supported that 
gills was promising tissue for further biomarker 
identification. More importantly, multiple biomarker 
detection system sounded to be promising choice in 
order to improve the accuracy of detection technique. 
The changes of ROS levels before and after Hg 
exposure should be further investigated to fully 
understand the interaction between ROS production 
and antioxidant enzymes. 
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