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Abstract

The purpose of this paper is to show the interactions of Cd and Zn in the freshwater crab Sinopotamon henanense through
metallothionein (MT) and malondialdehyde (MDA) level measurements. Laboratory acclimated S.henanense were exposed to
Cd (50 mg/L, 100 mg/L, 500 mg/L ), and Zn (100 mg/L, 1000 mg/L) alone and in combined treatments (100 mg/L Zn+50 mg/L
Cd, 100 mg/L Zn+100 mg/L Cd, 100 mg/L Zn+500 mg/L Cd, 1000 mg/L Zn+50 mg/L Cd, 1000 mg/L Zn+100 mg/L Cd, 1000 mg/L
Zn+500 mg/L Cd) for 7, 14, 21, 28, 35 days. The results demonstrated that the MDA contents increased with exposure time
and dose and showed time- and dose-dependence in both gills and hepatopancreas of S.henanense after single Cd
exposure, while the changes of MDA levels were not significant with single Zn exposure. The MDA levels decreased when
the crabs were exposed to metal mixtures compared to Cd exposure alone, indicating that Zn mediated the cellular toxicity
of Cd. MT contents increased after single Cd exposure and also showed a time- and dose-dependence, in a tissue-specific
way. Zn showed a limited ability of MT induction both in gills and hepatopancreas of S.henanense. The MT contents
represented not a simple addition of single metal exposures but were enhanced at a higher concentration of Zn combined
with different Cd concentrations compared to single metal exposure. Whether MT can be used as a biomarker for complex
field conditions need to be considered cautiously since different induction patterns of MT were found among single Zn, Cd
and combined groups. It is suggested that several biomarkers together as a suite should be used in the monitoring of heavy
metal pollution in the aquatic environment.

Citation: Li Y, Chai X, Wu H, Jing W, Wang L (2013) The Response of Metallothionein and Malondialdehyde after Exclusive and Combined Cd/Zn Exposure in the
Crab Sinopotamon henanense. PLoS ONE 8(11): e80475. doi:10.1371/journal.pone.0080475

Editor: Fanis Missirlis, Queen Mary University of London, United Kingdom

Received August 21, 2013; Accepted October 12, 2013; Published November 18, 2013

Copyright: � 2013 Li et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the National Natural Science Foundation of China (No. 31272319, to Lan Wang) and Research Fund for the Doctoral
Program of Higher Education (No. 20111401110010, to Lan Wang). The funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: lanwang@sxu.edu.cn

Introduction

Man-made pollution provides simultaneous environmental

contamination with a multitude of xenobiotics. The investigation

of combined toxicity effects of multiple pollutants is, therefore,

demanded in the monitoring and prediction of chemical impacts.

However, most toxicological studies focus on the effects of a single

xenobiotic as yet [1], [2], [3].

In general, the combination of two or more pollutants may

result in any of the following effects: the addition of single chemical

toxic effects (additive effect); toxic effects of the mixture being

significantly less than the sum of single chemical toxic effects

(antagonism); toxic effects of the mixture significantly exceeding

the sum of single chemical toxic effects (synergism). Since

environmental conditions result from the interaction of complex

array of xenobiotics the understanding of the underlying

mechanism of combined xenobiotic toxicity is crucial for

environmental risk assessments and their interactions need to be

studied. This also holds for heavy metals. Among them are

cadmium (Cd) and zinc (Zn) contaminations ubiquitous in the

environment and found increasing attention by ecotoxicologists in

recent years. Interestingly, the results of such attempts are in

consistant in most cases. For example, interacts Cd synergistically

with Zn in the amphipod Corpophium volutator [4], [5]. However,

antagonistic interactions have been found with the same trace

metal combination for the prawn Palaemon serratus [6].

To investigate further this controversial issue, we used the

freshwater crab Sinopotamon henanenseas a model. This crab is widely

distributed in northern China and can easily be obtained and

cultured in the laboratory. It is also an important link in the food

web [7], [8], [9]. S.henanense is thereby a useful test organism to

investigate the impacts of pollutants, including metals. Several

studies have been focusing on the toxic effects of Zn and Cd in

crabs through single metal exposure in the past years [10], [11],

[12], [13], [14]. However, only little is known about combined

effects and interactions of these metals in crabs [5], [15].

Metallothioneins (MTs), with low molecular weight, cysteine-

rich protein, are the most abundant intracellular metal-binding

proteins. MT is induced by heavy metals and binds metal ions for

metal detoxification or regulation in organisms [16]. Due to a dose

response was exhibited, the MT concentration in the crabs have

been considered as a heavy metal exposure biomarker in several

recent studies [8], [12], [17], [18], [19], [20], [21].

The present study will focus on the response of S.henanense

exposed for 35 days to waterborn contamination with the essential
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trace metal Zn and the non-essential metal Cd in single and

combined applications. The objective of the current work was to

investigate the toxic effects of single and co-exposure of Cd and Zn

in order to understand the mechanisms of Cd-Zn interactions.

Materials and Methods

Chemicals
All chemicals used in the present study were analytical grade,

obtained from Sigma Co. (St. Louis, MO).

Experimental animals and treatments
Freshwater crabs (S.henanense) were purchased from Taiyuan

Dong-an aquatic product wholesale market in Shanxi province,

China. Only healthy adult crabs of similar weight were used for

these experiments. Before experimentation the crabs were

acclimated in the laboratory for more than two weeks in a glass

aquarium filled with dechlorinated water, at a light regime of 12h

light/12h dark and a temperature of 2062uC. The aquarium was

shielded by a black plastic to reduce disturbance. Crabs were fed

every two days with commercial fish pellet feeds, uneaten feeds

were removed at the end of the day, and water was exchanged

every three days and the glass aquarium was cleaned thoroughly.

After acclimation, crabs were randomly numbered and divided

into twelve experimental groups of four animals each, providing a

control group and metal exposure groups with either Zn2+or Cd2+

separately, and Zn2+ combined with Cd2+. The exposure protocol

was: control, 50 mg/L CdCl2, 100 mg/L CdCl2, 500 mg/L CdCl2,

100 mg/L ZnSO4, 1000 mg/L CdCl2, 50 mg/L CdCl2+100 mg/L

ZnSO4, 100 mg/L CdCl2+100 mg/L ZnSO4, 500 mg/L CdCl2+
100 mg/L ZnSO4, 50 mg/L CdCl2+1000 mg/L ZnSO4, 100 mg/L

CdCl2+1000 mg/L ZnSO4, 500 mg/L CdCl2+1000 mg/L ZnSO4,

the crabs were exposed for 7, 14, 21, 28, 35days in glass aquaria,

and were fed every two days during the experimental period. The

water was changed thoroughly every two days during the exposure

regime, all other conditions were kept the same as those used for

acclimation.

MDA content determination in the gills and
hepatopancreas of S.henanense

Levels of LPO were measured by the generation of thiobarbi-

turic acid (TBARS) which are referred to as malondialdehyde

(MDA) reactive species equivalents. Color development due to the

reaction of thiobarbituric acid reactive substances (TBARS) with

MDA was measured at 532 nm using a SpectraMax M5 to

determine levels of LPO by following the method of Ohkawa et al.

[22] and expressed as nanomoles of malondialdehyde released/mg

protein.

MT level measurement in the gills and hepatopancreas of
S.henanense

The concentration of MT was determined by a Cadmium-

saturation assay based on the method of Pedersen et al. [23] and

He et al. [24]. The procedure used was similar to that described by

Ma et al. [8] with slight modification. Approximately 1g wet

weight gill sample was homogenized in 4ml 10mM Tris-HCl

buffer (pH8.0) with an electric homogenizer. The homogenization

buffer also contained 0.1 mM phenylmethyl sulphonyl fluoride

(PMSF) and 0.1 mM dithiothreitol (DTT). The homogenate fluid

was centrifuged at 120006g for 30 min at 4uC, and the

supernatant was heated for 2 min at 100uC using a water-bath.

The heated samples were centrifuged at 120006g for 10 min to

remove precipitated proteins. Each 0.5 mL sample (heat-dena-

tured supernatant) was mixed with 0.1 mL Cd solution (500 mg L-

1 as CdCl2) and incubated at room temperature for 10 min to

saturate the metal binding sites of MT. A 2% (w/v) bovine

hemoglobin solution (Sigma Com.) was used to add 0.5 mL and

incubate the mixture at room temperature for 10 min. The

hemoglobin was denatured in a water bath (100uC) for 3 min,

cooled on ice for 5 min, and centrifuged at 120006g for 15 min.

The denatured proteins, except for MT which is heat stable, were

removed by centrifugation. Steps from the addition of the bovine

hemoglobin solution until centrifugation were repeated two more

times. An atomic absorption spectrophotometer (Varian

AA240FS, USA) was used to analyze the concentration of

cadmium. The estimated concentration of MT was calculated by

the following equation:

MT mg=g w wtð Þ~Cd mg=g w wtð Þ=112:4=6|6000

In theory, one MT molecule could combine with six Cd2+, and

the concentration of MT in gills was calibrated accordingly [25],

[26].

Protein concentration
The protein concentration was determined using the Bradford

[27] assay method, with bovine serum albumin as a standard.

Statistical analysis
Statistical analysis was performed using SPSS 15.0 software. All

the values are expressed as mean6standard deviation (SD). The

data from animals exposed to Cd2+, Zn2+, or Zn2+ plus Cd2+ were

compared with those from control animals. Statistical analysis was

carried out using one-way analysis of variance (ANOVA) to

evaluated whether the means were significantly different, and

significance was tested at* P,0.05, and** P,0.01.

Results

MDA contents in the gills and hepatopancreas of S.
henanense

The levels of MDA in gills and hepatopancreas of S.henanense

were shown in Fig.1 and Fig.2, respectively. In the treatment of

crabs exposed to single Cd, there was a steady time and dose-

dependent increase in the levels of MDA, both within gills and

hepatopancreas throughout the experimental period, and the

MDA level reached highest values, about 0.43 nmol/mg protein

after exposure for 35 days when treated with 500 mg/LCdCl2
within gills (Fig.1A), the highest value of 2.0260.15 nmol/mg

protein was observed in the hepatopancreas of S.henanense with the

same treatment as in gills (Fig.2A). In the treatment with single Zn,

the amount of MDA increased slowly until day 35, and the highest

value of 0.2960.062 nmol/mg protein was reached with the

exposure of 1000 mg/L Zn for 35 days in the gills of S.henanense

(Fig.1B). The MDA levels accelerated more gently within the

hepatopancreas than in gills and reached the highest value of

0.7660.078 nmol/g protein with the treatment of 1000 mg/L Zn

for 35 days (Fig.2B). The MDA elevated concentrations with single

Zn treatments were lower than with single Cd exposures both in

the gills and hepatopancreas as seen in Fig.1 and Fig.2. The

resulting MDA concentrations of treatments with 100 mg/L Zn,

1000 mg/L Zn adding different doses of Cd in gills were shown in

Fig. 1C and Fig. 1D, respectively. The MDA concentration

increased gradually till the end of the experimental regime.

Interestingly, the highest value appeared in the middle metal

Cd/Zn Exposure on Metallothionein Malondialdehyde
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mixture groups and reached 0.3760.1 nmol/ mg protein and

0.4360.017 nmol/ mg protein in the treatment with 100 mg/L Zn

+100 mg/L Cd and 1000 mg/L Zn +100 mg/L Cd for 35 days,

respectively, in the gills (Fig.1C; Fig.1D). The change of MDA

levels was tissue-specific. The MDA concentration increased with

time and dose in the treatment of Cd/Zn co-exposure groups

where 100 mg/L Zn were added in the hepatopancreas (Fig.2C),

whereas in the hepatopancreas of S.henanensea similar phenomenon

can be seen in the treatment of metal mixtures, where 1000 mg/L

Zn was added in the gills (Fig.2D). The data obtained showed that

the MDA content in the metal mixture group was lower than a

single Cd treatment.

MT levels in the gills and hepatopancreas in S. henanense
The effects of single metal and metal mixture on MT induction

in the gills and hepatopancreas are shown in Fig.3 and Fig.4,

respectively. The MT induction pattern was metal-specific, and

the different patterns of MT induction were shown between the

hepatopancreas and gills and were clearly tissue-specific. In the

treatment of crabs exposed to Cd only, including 50 mg/L,

100 mg/L, 500 mg/L Cd, there was a time- and dose-dependent

increase in the levels of MT induced in the gills until day 28 when

the highest value reached 18.2260.11 mg bound Cd/g wet tissue.

However, after exposure for 35 days, the amount of induced MT

decreased to 14.2160.82 mg bound Cd/g wet tissue in the

exposure of 500 mg/L Cd (Fig.3A). In the treatment with Cd

alone, the amount of MT induced in the hepatopancreas increased

sharply during the whole experimental period, and reached the

highest value of 26.7860.044 mg/bound Cd/g wet tissue in the

exposure of 500 mg/L for 35 days (Fig.4A). It was very interesting

that the dose- and time-dependent increases that we observed in

the results of the Cd treatment were not obvious in the results of

MT induction within the gills and hepatopancreas of crabs

exposed to Zn alone (Fig.3B, Fig.4B). The induced MT reached

highest values of 18.7160.60 mg/bound Cd /g wet tissue in the

treatment of 100 mg/L Zn+100 mg/L Cd for 28 days, which was

higher than the MT induction by corresponding single Cd

pollution. The MT levels decreased when crabs were exposed for

35 days(Fig. 3C), whereas the MT levels reached highest values of

13.7060.89 mg/bound Cd /g wet tissue for 28 days and also

decreased when exposed for 35 days in the treatment of different

Cd doses combined with 1000 mg/L Zn in the gills of S. henanense

(Fig.3D). However, the amount of MT accelerated till the end of

the experimental regime within the hepatopancreas and emerged

with highest values of 27.6060.022 and 34.0560.11 mg/bound

Cd /g wet tissue in the treatment of 100 mg/L Zn+500 mg/L Cd

and 1000 mg/L Zn+500 mg/L Cd, respectively (Fig.4C, Fig.4D),

which showed higher levels of MT induction compared to the

Figure 1. The MDA contents in the gills of S.henanense exposed to Cd and Zn either as a separate treatment or both metals
combined for 7, 14, 21, 28, 35days. Data were expressed as mean values 6standard error. Statistical significances were analyzed using one-way
ANOVA compared to the control, *P,0.05, **P,0.01.
doi:10.1371/journal.pone.0080475.g001

Cd/Zn Exposure on Metallothionein Malondialdehyde
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treatments with Cd alone. It was interesting that the mode of MT

induction in the metal mixture group appeared to be similar to the

single Cd treatment group.

Throughout the experimental period, the amounts of MT

appearing in the control group were steady at 8.6760.22 mg/

bound Cd /g wet tissue in gills and 10.4660.48 mg/bound Cd /g

wet tissue in the hepatopancreas.

Discussion

The toxic effects of heavy metals result from the generation of

reactive oxygen species causing significant molecular damages

within organisms [28]. Cd and Zn are related heavy metals, which

are often present simultaneously as environmental contaminations.

It has become more and more important to study the mechanisms

of toxic action in order to obtain a better understanding of the

interaction of the two metals. Cd causes the production of reactive

oxygen species (ROS) and disturbs the antioxidant defence system.

MDA is a major end product of lipid peroxidation (LPO), and an

index of ROS peroxidation. It cross-links proteins, DNA, and

nucleotides at the same or opposite strands. In the present study,

the toxicity of heavy metals led to an increase of MDA content,

resulting from the peroxidation of membrane polyunsaturated

fatty acids (PUFAs) [28], [29]. Lipid peroxidation was more

obvious in Cd-treated animals than with Zn. Additionally, our

results showed that MDA levels were enhanced both in gills and

hepatopancreas with the rise of Cd concentration and time

exposure. It displayed time- and dose-dependence which is in

agreement with our previous studies on acute Cd exposure [7]. In

the single Zn treatment group, the MDA content increased also

with the rise of exposure concentration and exposure duration.

However, the MDA content did not increase significantly

compared to the control group at the lower Zn concentration in

the hepatopancreas. Similarly, Wu et al. [30] showed that the

white shrimps, Litopenaeus vannamei, were able to repair the

hepatopancreas damage caused by lower Zn treatement from

histopathological observations. Nevertheless, the increase of MDA

levels were clearly shown to be tissue-specific. The MDA contents

in the gills increased significantly from exposure for 14 days to 35

days in the animals with lower Zn-treatment. Overall, these results

suggest that the gills may be more sensitive to metal-induced

oxidative stress than the hepatopancreas [31]. Generally speaking,

in the metal mixture group the MDA concentrations decreased

compared to single Cd exposure. Zn itself could be involved in the

protection against oxidative stress [32]. Zn may function in the

protection from free radical damage due to several reasons. Zn

may 1) maintain an adequate level of MTs, which are free-radical

scavengers at the same time; 2) be an essential component of

Cu,Zn-SOD; 3) be a protective agents for thiols and other

chemical groups [32]. It is noteworthy that the MDA contents

Figure 2. The MDA contents in the hepatopancreas of S.henanense exposed to Cd and Zn either as a single treatment or both metals
combined for 7, 14, 21, 28, 35days. Data are expressed as mean values 6standard error. Statistical significances were analyzed using one-way
ANOVA compared to the control, *P,0.05, **P,0.01.
doi:10.1371/journal.pone.0080475.g002

Cd/Zn Exposure on Metallothionein Malondialdehyde
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increased at lower Zn-concentrations and decreased at higher

concentrations in the gills. This phenomenon is in good agreement

with the work on Porcellio scaber by Zidar et al. [33]. When animals

were exposed to a mixture of Cd and Zn, lower concentrations

stimulated the assimilation of both metals while higher concen-

trations significantly reduced Cd assimilation. This is possible

because in the exposure to a Cd and Zn mixture, Zn interfered

with the Cd transport system and lower uptake may be due to a

saturation of the transport system or increased excretions, so via

feces [33], [34]. In the hepatopancreas the MDA contents showed

dose- and time-dependence in the lower metal mixture group

(different Cd exposures adding with 100 mg/L Zn) which also

indicated clearly tissue-specific effects.

The protective role of Zn from cellular toxicity of Cd was shown

by various studies [35], [36]. Our data of MDA contents adds

additional evidence to this. That may be because of similar

physiochemical characteristics of Cd and Zn which makes Cd to

substitute Zn in antioxidant enzymes and antioxidant substrates

(e.g. metallothionein-like proteins) [37]. Additionally, Cd and Zn

are both potential inducers of MTs [38], [39], [40] and it has been

reported that MTs play a very important role in the interaction of

Cd and Zn [41]. In addition, as mentioned above MTs have the

ability of removing free radicals. For this reason the MT contents

were measured in our present study. The results indicated that

MTs concentration increased after single Cd exposure and showed

a time- and dose-dependence which was clearly tissue-specific.

This is in accordance with our previous studies on acute Cd

exposures as shown by Ma et al. [8]. However, the MT induction

pattern was also clearly tissue-specific after a single Cd exposure.

With the extension of exposure time, the MT induction was

delayed, especially at higher doses in the gills (Fig.3A). This might

be due to an increased toxicity of Cd in freshwater crabs, resulting

in a decreased MT content. Long-term exposure and high dose

has an impact on the normal structure and function of some

organs, leading to a change of normal metabolism and physiology,

affecting the ability of oxygen respiration, morphology and

function of the intestinal tract, and a reduction of protein synthesis

in cells [42], [43], [44]. Otherwise, gills are the main entry sites of

metals, and also as a transient metal storage pool, the bioaccu-

mulation of metals in the gills depended on the interactions of

absorption, retention and excretion [44], [45], [46]. So the MT

content changed accordingly. In the hepatopancreas, the MT

induction seemed to be saturated and without a significant change

from 28 days to 35 days (Fig.4A), which indicated that

hepatopancreas had a higher Cd-bearing ability than gill. Unlike

Cd, Zn showed a limited ability to induce the synthesis of denovo

MT synthesis, the maximum concentration of induced MT within

tissues at higher Zn levels for 35 days was much lower than the

maximum level of MT induction by the Cd exposure groups

(Fig.3B; Fig. 4B). These results showed different patterns of MT

Figure 3. The MT levels in the gills of S.henanense exposed to Cd and Zn as either single or both metals combined for 7, 14, 21, 28,
or 35days. Data were expressed as mean values 6standard error of four animals. Statistical significance was denoted by *P,0.05, **P,0.01
compared to the respective control crabs.
doi:10.1371/journal.pone.0080475.g003
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induction by Cd and Zn. As an ubiquitous and essential element

for organisms, Zn has the ability to induce the synthesis of MT,

which plays a key role in the regulation of Zn metabolism,

including absorption and storage. On the other hand, according to

Morgan and Morgan [47], physiological pathways should exist for

the physiological control of this element in the tissues in a wide

range of Zn concentrations till the Zn content or the exposure time

exceeds causing a collapse of the regulatory system. Thus the

authors considered that the forepart of Zn exposure response in

the present study was likely due to its regulatory mechanisms

where MT should be included. Whether in the gills or in the

hepatopancreas, the results of our quantitative analysis of MDA

and MT indicated that their effect combined metal exposure is not

a simple addition of single metal exposure effects. However, it

appeared that the metal mixture response was dominated by the

Cd effect, which is similar to the work on rainbow trout by Lange

et al. [40]. This is possible due to the fact that Cd has a higher

affinity for thiol groups than Zn [48], [49] and thus Cd could

displace Zn from its complex with MT [50]. On the other hand,

MT binds with Zn at a faster rate than with Cd. Zn also stays MT-

bound in the cytosol for less time than Cd, and then appears in

lysosomes degrading MT, and dose not induce an additional

synthesis of MT [46], [51], [52], [53].

It remains controversial whether MT is appropriate as a

biomarker for environmental heavy metal pollution. According to

the suggestions given by Pederson et al. [17], three important

issues need to be considered for MT being used as a biomarker: 1)

whether the biomarker concentration in tissues could reflect

chronic levels of environmental pollution; 2) whether the

biomarker contents in specific tissues could reflect the pollution

extent of these tissues; 3) whether different biomarkers are

consistently expressed? Since Zn showed different MT induced

behavior with Cd, MT could be considered cautiously as a

biomarker.

Above all, the results in our study indicated that the contents of

MDA and the concentrations of MTs were complementary to

each other. The authors thus suggest to use a suite of biomarkers

in the monitoring of heavy metal pollution in the aquatic

environment. Due to similar physiochemical properties of Cd

and Zn, these metals can interact with each other through the

substitution for the enzyme binding Zn and competition for

protein binding sites such as metallothionein-like proteins. Possible

results are, therefore, reflecting the interactions of various factors.

Figure 4. The MT levels in the hepatopancreas of S.henanense exposed to Cd and Zn as either single or both metals combined for 7,
14, 21, 28, 35days. Data were expressed as mean values 6standard error. Statistical significances were analyzed using one-way ANOVA compared
to the control, *P,0.05, **P,0.01.
doi:10.1371/journal.pone.0080475.g004

Cd/Zn Exposure on Metallothionein Malondialdehyde
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Conclusions

Examing only one kind of biomarker may not always be

sufficient in order to monitor the full extent of heavy metal

pollution. When investigating the changes of MDA levels and MT

contents after single and co-exposure of Cd and Zn, our results

showed that MDA contents decreased in the metal mixture

compared with single metal exposures and MT plays a key role in

the process of Zn protection of Cd toxicity. Different induction

patterns are shown in the single Cd, Zn and metal mixture groups.

In the past have several biomarkers only separately been applied in

the monitoring of heavy metal pollution. The authors suggest here

that it would be appropriate to use them in a combined way, or

even as a suite to detect the extent of heavy metal pollution in the

aquatic environment.
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33. Zidar P, Gestel CAM Van, Štrus J (2009) Single and joint effects of Zn and Cd

on Porcellio scaber (Crustacea, Isopoda) exposed to artificially contaminated food.

Ecotox Environ Saf 72: 2075–2082.

34. Rainbow PS (1997) Ecophysiology of trace metal uptake in crustaceans. Estuar

Coast Shelf Sci 44: 169–175.

35. Morley NJ, Crane M, Lewis JM (2005) Toxicity of cadmium and zinc mixtures

to cercarial tail loss in Diplostomum spathaceum (Trematoda: Diplostomidae).

Ecotox Environ Saf 60: 53–60.

36. Hemelraad J, Kleinveld HA, de Roos AM, Holwerda DA, Zandee DI (1987)

Cadmium kinetics in freshwater clams. III. Effects of zinc on uptake and

distribution of cadmium in Anodonta cygnea. Arch Environ Contam Toxicol 16:

95–101.

37. Pressing M, Balogh KV, Salanki J (1993) Cadmium uptake and depuration in

different organs of Lymnaea stagnalis and the effect of cadmium on natural zinc

levels. Arch Environ Contam Toxicol 24: 28–34.

38. Olsson PE, Zafarullah M, Foster R, Hamor T, Gedamu L (1990) Developmental

regulation of metallothionein mRNA, zinc and copper levels in rainbow trout,

Salmo gairdneri. Eur J Biochem 193: 229–235.

39. Gerpe M, Kling P, Berg AH, Olsson PE (2000) Artic char (Salvelinus alpinus)

metallothionein: cDNA sequence, expression, and tissue-specific inhibition of

cadmium-mediated metallothionein induction by 17b-estradiol, 4-OH-PCP30

and PCB 104. Environ Toxicol Chem 19: 638–645.

40. Lange A, Ausseil O, Helmut S (2002) Alternations of tissue glutathione levels and

metallothionein mRNA in rainbow trout during single and combined exposure

to cadmium and zinc. Comp Biochem Physiol C 131: 231–243.

Cd/Zn Exposure on Metallothionein Malondialdehyde

PLOS ONE | www.plosone.org 7 November 2013 | Volume 8 | Issue 11 | e80475



41. Demuynck S, Grumiaux F, Mottier V, Schikorski D, Lemière S, et al. (2007)

Cd/Zn exposure interactions on metallothionein response in Eisenia fetida

(Annelida, Oligochaeta). Comp Biochem Physiol C 145: 658–668.

42. Din WS, Frazier JM (1985) Protective effect of metallothionein on cadmium

toxicity in isolated rat hepatocytes. Biochem J 230: 395–402.

43. Hogstrand C, Haux C (1991) Binding and detoxification of heavy metals in

lower vertebrates with reference to metallothionein. Comp Biochem Physiol C

100: 137–141.

44. Soegianto A, Charmantier-Daures M, Trilles J, Charmantier G (1999a) Impact

of cadmium on the structure of gills and epipodites of the shrimp Penaeus japonicas

(Crustacea: Decapoda). Aquat Living Resour 12: 57–70.

45. Nakatani RE (1966) Biological responses of rainbow trout Salmo gairdneri

ingesting zinc-65. Disposal of Radioactive Wastes Into Seas, Oceans and Surface

Waters. International Atomic Energy Agency, Vienna, pp. 809–823.

46. Wu JP, Chen HC (2005) Metallothionein induction and heavy metal

accumulation in white shrimp Litopenaeus vannamei exposed to cadmium and

zinc. Comp Biochem Physiol C 140: 383–394.

47. Morgan JE, Morgan AJ (1991) Differences in the accumulated metal

concentrations in two epigeic earthworm species (Lumbricus rubellus and

Dendrobaena rubida) living in contaminated soils. Bull Environ Contam Toxicol

47: 296–301.
48. Demuynck S, Grumiaux F, Mottier V, Schikorski D, Lemière S, et al. (2006)

Metallothionein response following cadmium exposure in the oligochaete Eisenia

fetida. Comp Biochem Physiol C 144: 34–46.
49. DeMoor J, Kennette WA, Collins OM, Koropatnick J (2001) Zinc-metallothio-

nein levels are correlated with enhanced glucocorticoid responsiveness in mouse
cells exposed to ZnCl(2), HgCl(2), and heat shock. Toxicol Sci 64: 67–76.

50. Saber R, Piskin E (2003) Investigation of complexation of immobilized

metallothionein with Zn (II) and Cd (II) ions using piezoelectric crystals. Biosens
Bioelectron 18: 1039–1046.

51. Lanston WJ, Bebianno MJ, Burt GR (1998) Metal binding strategies in mollusks.
In: Lanston, W.J., Bebianno, M. (Eds), Metal Metabolism in Aquatic

Environments. Chapman and Hall, London, pp. 219–283.
52. Nassiri Y, Rainbow PS, Amiard-Triquet C, Rainglet F, Smith BD (2000) Trace-

metal detoxification in the ventral caeca of Orchestia gammarellus (Crustacea:

Amphipoda). Mar Biol 136: 477–484.
53. Long A, Li C, Chen SY, Yan W (2010) Short-term metal accumulation and

MTLP induction in the digestive glands of Perna virdis exposed to Zn and Cd. J
Environ Sci 22 (7): 975–981.

Cd/Zn Exposure on Metallothionein Malondialdehyde

PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e80475


