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Abstract: The biotoxicity of heavy metals in water has always been the focus of ecological health
research. In this study, the oxidative stress-associated toxicity of cadmium (Cd) and lead (Pb) at
environmentally relevant concentrations on the hepatopancreas of Macrobrachium nipponensis was
investigated based on multiple biomarker responses in a 28-day indoor exposure study. Changes
in integrated biomarker responses (IBR) and their interactivity were subsequently analyzed. No
dead individuals were found across any of the tested conditions. The chronic toxicity of heavy
metals depended on their type and exposure time at the same concentration. At low concentrations,
organisms have a regulatory capacity to cope with the excess reactive oxygen species (ROS) induced
by Pb stress over time. In detail, the activity of superoxide dismutase (SOD) was inhibited by Pb
stress at a high concentration as time passed. The sensitivity of metallothionein (MT) to Cd was
stronger than Pb, and the potential for Cd to cause lipid peroxidation damage was higher than Pb. At
the same time, Pb had a greater disturbance effect on the nervous system than Cd, especially in the
early exposure stage. The contribution of Cd and Pb to the interaction effect varied dynamically with
time and concentration of exposure, but mostly showed antagonism. The results of this study have
important significance for guiding the diagnosis of ecological water health, the amendment of water
quality criteria, and the management of wastewater discharge.

Keywords: cadmium; lead; biomarker; interaction effect; hepatopancreas; Macrobrachium nipponensis

1. Introduction

In recent decades, a large amount of toxicant-rich wastewater and surface runoff has
been randomly discharged into water bodies due to ongoing urbanization and industri-
alization. Moreover, the biogeochemical cycles of contaminants are altered because of
hydrodynamic changes arising from the overexploitation of water resources [1]. Regional
pollution has become a burning issue in regulated rivers. Heavy metals are considered one
of the most hazardous and bioaccumulative contaminants in aquatic environments [2,3].
In view of their lipophicity, persistence and toxicity characteristics, heavy metals may be
easily enriched in organisms and further scaled up in aquatic food chains. Consequently,
heavy metals ultimately pose potential threats to the stability of water ecosystems and
even to human health [4]. Therefore, a comprehensive understanding of metal-induced
chronic toxicity at environmentally relevant concentrations to living organisms is of great
significance in amending water quality criteria.
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The Huai River basin (HRB), one of the main grain-producing areas of China, has been
severely polluted by the discharge of agricultural non-point sources, livestock breeding
and industrial wastewater [5,6]. In this regard, cadmium (Cd) and lead (Pb), two typical
heavy metals with substantial toxicity and widespread distribution, have unexceptionally
entered the HRB water column, presenting considerable concentrations [7]. As early as 1976,
they were listed by the Environmental Protection Agency of the United States as priority
pollutants [8]. The primary biological effects of Cd are to stimulate the respiratory tract and
harm the liver or kidneys of exposed organisms after accumulation [9]. Pb has a toxic impact
on the nervous system and can be easily accumulated in the blood or bone to produce
pernicious effects [10]. Additionally, both substances may be absorbed by organisms and
combined with proteins, enzymes, and other macromolecules through anion transport
channels to produce irreversible denaturation. As a result, changes in physiological and
metabolic processes or genetic information mutations occur [11]. More importantly, these
substances may be chelated with organics in the water to form metal-organic compounds,
exhibiting more profound environmental risks [12].

Sediments may be unavoidably transferred by heavy metals discharged into water
bodies by adhering to the surface of suspended particles. They can also be released into
overlying water under hydrodynamics and bioturbation. At the sediment–water interface,
the concentrations of metal ions can be maintained at dynamic equilibrium, resulting in
multiple risks to benthic animals living in this active region. Benthic macroinvertebrates
are a group of animals with many different classes that connect the preceding and the
following ecological niche relating to material circulation and energy flow in the aquatic
food chain [13,14]. Consequently, they are essential to the water ecosystem structure and
its functional integrity. The oriental river prawn Macrobrachium nipponensis (M. nipponense),
commonly known as freshwater prawn, is a typical benthic dominant Crustacea species
ubiquitously found in rivers, lakes, and reservoirs throughout east Asian countries, partic-
ularly in China [15]. M. nipponense (Crustacea: Decapoda) can absorb the attached algae,
organic particles, and litter as nutrients and can also be consumed by people or as high-
quality food for high-trophic level organisms in the aquatic ecosystem. However, when
heavy metals exceed a certain threshold in vivo, a large amount of reactive oxygen species
(ROS) is generated. Therefore, a series of toxic reactions occur in M. nipponense individuals
due to heavy metal contamination, such as abnormal behavior, physiological disorders,
histopathological abnormalities, and even acute death in some extreme cases [16,17]. Heavy
metal ions dissolved in water are continuously absorbed through the gills and transported
to various body parts through blood or accumulated in surface cells. Second, during
feeding, heavy metals in water or residues in bait enter the body through the digestive
tract. Additionally, osmotic exchange between the surface of the body and water may also
be essential for heavy metals entering the body. Hepatopancreas, a metabolic detoxification
organ for foreign substances, has the highest degree of contact with toxic matters and is a
critical organ for antioxidant defense [18].

Traditional chemistry method-based monitoring can achieve accurate quantification of
Cd and Pb. However, it does not accurately reflect the bioavailability and synergistic or an-
tagonistic toxic effects associated with other chemical contaminants. With the development
of molecular biology-based technologies, researchers are gradually favoring biomonitoring,
which is becoming an emerging technology in environmental monitoring [19]. The working
principle of molecular biology-based technologies is to monitor abnormal changes on the
molecular level of individuals and cells in the event of pollution stresses and, therefore,
to characterize the pollution and toxic effects. Compared with traditional monitoring,
molecular biology-based technologies are more scientifically accurate methods with the
advantages of continuity and comprehensiveness. Once the concentration of essential and
non-essential heavy metals exceeds a certain threshold in aquatic organisms, a large amount
of ROS is generated, causing oxidative damage. Still, organisms have an antioxidant de-
fense system to protect tissues and cells from oxidative damage and maintain the dynamic
balance between the production of reactive oxygen species and redox in vivo [20]. The



Int. J. Environ. Res. Public Health 2023, 20, 360 3 of 15

toxic effect of heavy metals interferes with normal physiological metabolism by activating
or inhibiting enzymes or non-enzymatic substances in the antioxidant defense process.
Previous studies have focused on the form distribution, transference, and ecological risk
of heavy metals in sediments. However, minimal attention has been paid to the chronic
toxicity of low-concentration heavy metals or multiple heavy metals combined.

Acute and chronic Cd and Pb toxicities on aquatic organisms have been well documented
at distinct levels. Still, to the best of our knowledge, few studies have systematically evaluated
oxidative stress-related damage and the interactivity of these two metals in crustaceans at
environmentally relevant concentrations. Therefore, this study aimed to investigate the
oxidative stress effects of dissolved metal ions (Cd2+ and Pb2+), individually and as mixtures,
on M. nipponensis exposed in the laboratory for 28 days. Multiple biomarkers were employed
to comprehensively evaluate their chronic biotoxicity at various concentrations. The results
presented here may have significant practical implications for heavy metal risk warning, water
quality benchmarking, and watershed environment management.

2. Materials and Methods
2.1. Chemical Reagents and Solution Preparation

Cadmium acetate dihydrate (C4H6CdO4·2H2O) and lead nitrate (Pb (NO3)2) used in
this study were of analytical grades. These substances were purchased from Sinopharm
Chemical Reagent Co., Ltd., China. The corresponding stock solutions (100 mg/L) were
prepared by dissolving the chemicals with deionized water according to approved proce-
dures [17]. All glassware used in this step was completely immersed in nitric acid (10%
v/v HNO3 AR grade, Merck, Rahway, NJ, USA) for 24 h and then rinsed thoroughly with
ultrapure water (Milli-Q®®, 18 MΩ/cm, Merck).

2.2. Testing Organisms

The freshwater river prawn, M. nipponense, which was selected as the testing organism,
was obtained from the Nanjing Aquatic Science Research Institute in China. Currently,
prawns have been frequently used in laboratory-based ecotoxicological studies due to their
high sensitivity to pollutants and the feasibility of indoor culture [17]. In this study, the
selected individuals were initially acclimated to 40 L plastic buckets containing dechlori-
nated tap water for approximately one week. In this process, organisms were maintained
at a temperature of 10 ± 1 °C, pH 7.30 ± 0.08, ammonia nitrogen and nitrate <0.1 mg/L,
and 12 h light: 12 h dark photoperiod. Additionally, the water was continuously aerated
to maintain a dissolved oxygen concentration of 6.20 ± 0.40 mg/L. After acclimatization,
140 healthy prawns with homogeneous body sizes (average weight: 2.62 ± 0.15 g, average
length: 6.43 ± 0.21 cm) were randomly assigned to seven groups, including 20 individuals
each, for subsequent exposure tests.

2.3. Experimental Design

First, 25 L of dechlorinated tap water was added to each bucket. Subsequently, a
certain amount of stock solution was added to the bucket based on the concentration
set earlier and mixed well. Afterward, the pH value of the water was determined and
adjusted to 7.2–8.0. In this study, the whole experiment was designed into seven groups in
total, including a control group and six experimental groups (Figure 1). The experimental
groups contained single Cd, Pb, and their combined group, and each treatment group
covered both low (0.01 mg/L) and high (0.10 mg/L) concentrations. The exposure protocol
was as follows: control (0.00 mg/L Cd2+, 0.00 mg/L Pb2+), low group (0.01 mg/L Cd2+,
0.01 mg/L Pb2+, and 0.01 + 0.01 mg/L Cd2++ Pb2+) and high group (0.10 mg/L Cd2+,
0.10 mg/L Pb2+, and 0.10 + 0.10 mg/L Cd2++ Pb2+). Eventually, each group of 20 prawns
was delivered to each experimental bucket with a certain amount of Elodea in advance. A
chronic toxicity test for 28-day exposure was conducted under the designed conditions
(10.0 ± 1.0 °C, pH 7.20 ± 0.10 and a natural light/dark regime). The prawns were fed
wheat bran with a commercial shrimp diet, once every three days. Mortality was checked
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daily, and prawns were considered dead when their shells gaped and failed to shut again
after external stimuli.
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Figure 1. Schematic diagram of chronic toxicity tests (28 days) with M. nipponense exposed to two
concentration gradients for water spiked with Cd, Pb and their mixture.

2.4. Sampling and Biomarker Analysis

After the periods of 7, 14, 21 and 28 days, three M. nipponense individuals in each
bucket were collected and dissected by cutting the cephalothorax with a tweezer and scalpel.
The hepatopancreas of M. nipponense individuals was removed from each body. After that,
the samples were washed with physiological saline solution (0.86% NaCl), blotted with
filter paper, and stored at −80 ◦C. The samples were individually frozen and mechanically
pulverized in a mill with liquid nitrogen for biomarker analysis. A suite of biomarkers of
each homogenized sample including superoxide dismutase (SOD, U/mg protein), catalase
(CAT, U/mg protein), glutathione Peroxidase (GPx, U/mg protein), metallothionein (MT,
ng/mg protein), malondialdehyde (MDA, nmol/mg protein) and acetylcholinesterase
(AChE, U/g protein) were determined using corresponding protocols described by the
bioassay kits from Nanjing Jiancheng Bioengineering Institute, China.

2.5. Statistical Analysis

Biomarkers were expressed as mean ± standard deviation (SD), normality, and ho-
moscedasticity tests for the obtained results using the Shapiro–Wilk and Levene methods in
SPSS Statistics 22.0 (IBM Co., Chicago, USA). One-way analyses of variance (ANOVA) were
used for statistical analysis between the groups. The differences between the experimental
and control groups were analyzed using the Dunnett T3 test, and the significance level was
set as p < 0.05.

Integrated biomarker responses (IBR) [21,22] was calculated based on the biomarkers
tested in this study. The specific calculation formulas are as follows [23]. The IBR values of
the different treatment groups were plotted as a star chart. A higher IBR value represents
greater oxidative stress-related toxicity in the organism [24].

Yi = (Xi − x)/S

Bi= Zi + |Ymin|

Ai =
1
2

sin
2π
n
×Bi×Bi+1

IBR =
n
∑

i=1

Ai
n

where Xi and x represent the mean value of a biomarker from each treatment group and
all the groups, respectively; S represents the standard deviation of each biomarker; Zi was
calculated as +Yi when activated and −Yi when inhibited; |Ymin| represents the absolute
value of the minimum value after standardized treatment for each biomarker; Bi and Bi+1
represent the individual biomarker scores, and n represents the number of biomarkers.
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SPSS statistical software (ver. 22.0, SPSS Company, Chicago, IL, USA) was used to
analyze the interaction of Cd-Pb at different concentrations on organisms by 2 × 2 factorial
analysis of variance. The interactivity of Cd and Pb on the organisms could be determined
according to the dose-effect curve obtained from the above analysis. There two dose–effect
curves would parallel each other if there were no interactions between these two metals,
showing an additive effect. The corresponding interaction effects would be synergistic and
antagonistic if these two dose–effect curves gradually moved away or intersected as the
concentration of pollutants increased, respectively.

3. Results
3.1. Mortality

No dead individuals were found under all tested conditions after 28 days of exposure.

3.2. The Responses of Antioxidant Biomarkers to the Tested Conditions

Changes in SOD, CAT and GPx activities in the hepatopancreas of M. nipponense
under single and combined Cd and Pb stresses were shown in Figure 2. As can be seen in
Figure 2A, the initial inhibitory effect of single Cd on SOD activity was enhanced as the
concentration increased. SOD activity gradually recovered to a level with no significant
difference from the control group as the exposure time extended. However, the recovery
of SOD activity was significantly inhibited by the relatively high concentration of Pb
(p < 0.05) compared to the low concentration group. The changing trend of SOD activity
with exposure time was consistent with that of Pb alone when Cd and Pb were co-exposed.
Remarkably, after 21 days of culture, SOD activity was significantly activated (p < 0.05). In
all test groups, CAT activity was activated by heavy metal stress, especially reaching the
maximum value on the 14th day of exposure.

Meanwhile, at 14 days, the effect of single Pb on CAT activity in the hepatopancreas
was positively correlated with increased concentration, while that of single Cd was inversely
correlated. This effect was changed by combined exposure, which had a significant positive
effect. Concerning GPx activity, the effect of single Cd on it in the hepatopancreas was
completely different from that of single Pb. Specifically, under the stress of a single Cd, the
activity of GPx was significantly inhibited in the initial stage compared with the control
group. Still, on the 21st day of exposure, the activity of GPx was restored to the level of
the control group. On the 28th day, the activity of GPx was significantly inhibited again,
becoming less than half that of the control group. Under single Pb stress, activity was
inhibited at each point. The inhibition was most significant on the 7th and 21st days of
exposure, and the whole change pattern was positively correlated with the concentration
change. The inhibition of Pb on GPx activity was weakened by combined exposure.

3.3. The Responses of Specific Biomarkers to the Tested Conditions

The changes of specific biomarkers, including MT, MDA, and AChE, in the hepatopan-
creas of M. nipponense were shown in Figure 3 after the 28th day of individual and combined
exposure to Cd and Pb. Compared with the control group, MT levels in cells were enhanced
to varying degrees by Cd and Pb, either alone or in combination (Figure 3A). Particularly,
MT contents were significantly increased under single Cd exposure and had a positive
concentration effect, reaching a maximum of 0.88 ± 0.08 ng/mg protein after 28 days at a
concentration of 0.1 mg/L. At the same time, from the time scale, relatively high values
appeared on the 14th and 28th days of exposure, which were significantly higher than
the ones at other time points (ANOVA, p < 0.05). However, for single Pb exposure, MT
contents had no significant differences in the time and concentration scales, although Pb
exposure still had a significant increase in trends compared to the control group (ANOVA,
p < 0.05). The changing trends of MT contents over time and concentration scales were
significantly altered when Cd and Pb were co-exposed at the same concentrations. The
relatively high values were mainly in the middle stage of the entire exposure, especially at
high concentrations.
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Figure 2. Changes of antioxidant enzyme activities including SOD (A); CAT (B); and GPx (C) in the
hepatopancreas of M. nipponense following various treatments with single Cd, Pb and their mixture
along increasing concentrations (0.01 and 0.10 mg/L) at four time points (7, 14, 21 and 28 days).
Different letters indicate a significant difference among groups (ANOVA, p < 0.05), while the same
letters indicated no significant difference (ANOVA, p < 0.05). Control represents the water without
Cd and Pb.
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Figure 3. Changes of MT (A); MDA (B); and AChE (C) in the hepato of M. nipponense following
various treatments with single Cd, Pb and their mixture along increasing concentrations (0.01 and
0.10 mg/L) at four time points (7, 14, 21 and 28 days). Different letters indicate a significant difference
among groups (ANOVA, p < 0.05), while the same letters indicated no significant difference (ANOVA,
p < 0.05). Control represents the water without Cd and Pb.

According to the MDA content in the hepatopancreas, Cd, and Pb alone or combined
could cause different degrees of oxidative damage in the cells (Figure 3B). Specifically,
under single Cd stress, MDA content in the hepatopancreas had positive effects on time
and concentration, reaching 22.16 ± 0.95 nmol/ng protein after 28 days at 0.10 mg/L.
However, the MDA content gradually decreased with prolonged exposure time under
single Pb stress. This result was the opposite of that of single Cd exposure. MDA content
increased at a low concentration (0.01 mg/L) as time passed when Cd and Pb were exposed
together. The maximum value was reached at a concentration of 0.10 mg/L after 14 days.
This result was about 3.0 times that of the control group.

As shown in Figure 3C, Cd and Pb, either alone or combined, had both activating
and inhibiting effects on the activity of AChE in the hepatopancreas of M. nipponense.
For example, AChE was significantly impacted by Cd concentration when exposed to
Cd alone. Compared with the control group, its activity was significantly inhibited at
0.01 mg/L and 0.10 mg/ L after 14 and 21 days of exposure, respectively. Still, it was
significantly activated at the end of exposure (ANOVA, p < 0.05). The activation effect
occurred only in the early exposure stage when cells were exposed to Pb alone, regardless
of the concentration difference. However, the activity of AChE was gradually restored
with the increase of Pb concentration as time passed. It was significantly activated in the
second half of the exposure period (ANOVA, p < 0.05). The activation effect of Pb on
AChE at the initial exposure stage was significantly attenuated by co-exposure to Cd and
Pb at the same concentrations. Still, there was no change in the activation effect of Pb at
high concentrations.
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3.4. Chronic Biotoxicity Assessment of Metals Tested and Their Interaction Patterns Analysis

As seen in Figure 4, chronic biotoxicity to varying degrees was caused by Cd and Pb
at environmentally relevant concentrations, either alone or combined, to hepatopancreas
of M. nipponense. Specifically, the oxidative toxicity caused by single Cd stress had a
remarkable time- and dose-dependent effects on the cells. The IBR value varied from 0.38
to 2.36, with the minimum occurring at 0.01 mg/L Cd after seven days and the maximum
occurring at 0.10 mg/L Cd after 28 days. In contrast, the chronic biotoxicity induced
by single Pb stress still had a concentration effect, but it was manifested in the early
exposure stage. Furthermore, except for the co-exposure group with high concentrations,
the oxidative toxicity of the other groups was low after 14 days of exposure. Additionally,
the oxidative toxicity caused by the combined metals was extremely significant under high
concentration stress, covering a more extended exposure period. The IBR value under this
condition reached a maximum of 2.51 after 21 days of exposure and decreased to 1.21 after
28 days of exposure.
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Figure 4. Integrated biomarker response (IBR) of all biomarkers measured in the hepatopancreas of
M. nipponense for different exposure protocols; (A): 7 d, (B): 14 d, (C): 21 d and (D): 28 d.

The interaction analysis of Cd and Pb at different concentrations on the hepatopancreas
of M. nipponense is shown in Table 1, and the interaction types are shown in Figure 5. The
efficacy of a single metal on the IBR values varied with exposure time and concentration in
the combined exposure group. According to the Partial Eta2 values of each group (Table 1),
the contribution of Pb to IBR was higher than that of Cd at both low and high concentrations
after seven days of exposure. After 14 days of exposure, Cd was more effective than Pb at
low concentrations, while Pb was more effective than Cd at high concentrations. Over time,
the contribution of Cd and Pb to the final IBR values was equal to 21 days after exposure to
higher Cd than Pb at the end of the exposure. However, the interaction pattern of these
two metals did not change significantly with exposure time and concentration. The overall
interaction had an antagonistic effect and showed only a weakly additive impact 14 days
after exposure to high concentrations (Figure 5).
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Table 1. Factorial analyses of combined effects of Cd-Pb with different concentrations in waters on IBR in the hepatopancreas of M. nipponense during different periods.

Treatment Groups
7 d 14 d 21 d 28 d

F-Value p-Value Partial Eta2 F-Value p-Value Partial Eta2 F-Value p-Value Partial Eta2 F-Value p-Value Partial Eta2

Cd (L) 6177.960 <0.001 * 0.999 5895.841 <0.001 * 0.999 5680.666 <0.001 * 0.999 30,891.527 <0.001 * 1.000
Pb (L) 52,084.368 <0.001 * 1.000 89.707 <0.001 * 0.918 14,710.502 <0.001 * 0.999 20.047 0.002 * 0.715

Cd + Pb (L) 24,192.692 <0.001 * 1.000 6397.262 <0.001 * 0.999 598.547 <0.001 * 0.987 13,968.046 <0.001 * 0.999
Cd (H) 11,635.937 <0.001 * 0.999 47,427.871 <0.001 * 0.782 24,546.321 <0.001 * 1.000 27286.311 <0.001 * 1.000
Pb (H) 93,201.984 <0.001 * 1.000 20,159.702 <0.001 * 0.953 36,270.306 <0.001 * 1.000 98.499 <0.001 * 0.925

Cd + Pb (H) 12,866.365 <0.001 * 0.999 25.317 0.001 * 0.871 881.853 <0.001 * 0.991 41,256.759 <0.001 * 1.000

Note: * indicated significant difference (p < 0.05); Partial Eta2 indicated the contribution of each factor to variation. L and H represented the corresponding concentrations of 0.01 mg/L
and 0.10 mg/L, respectively.
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Figure 5. The interaction effects of Cd and Pb in waters at ambient concentrations (A): 0.01 mg/L,
(B): 0.10 mg/L) on hepatopancreas of M. nipponense after exposure for 7, 14, 21 and 28 d.

4. Discussion
4.1. Effects of Cd and Pb at Environmentally Relevant Concentrations on Biomarkers Associated
with Oxidative Stress in the Hepatopancreas of M. nipponense

As a general rule, the hepatopancreas of river prawns is often regarded as a detoxifica-
tion organ, as it contains a variety of ion transferases, detoxification enzymes and protective
enzymes [25]. It is also the most active organ for heavy metal accumulation and oxidative
stress responses. The data showed that the concentration of Cd and Pb enriched in the
hepatopancreas was proportional to the concentration in water [17]. Oxidative stress may
be induced by metal ions enriched in the hepatopancreas can induce oxidative stress by
activating xanthine oxidase and heme oxidases, or blocking the respiratory chain, electron
transport chain and enzymatic reactions, ultimately leading to injury or even the death of
individuals [26]. Among them, Cd induces oxidative stress by increasing lipid peroxidation
or altering intracellular glutathione levels, while Pb interferes with membrane-related pro-
cesses through transverse phase separation, including the activity of membrane enzymes,
solute trans-bilayer transport and signal transduction processes [27].

SOD is the first redox metalloenzyme to interact with ROS. It is distributed in the hep-
atopancreas and can rapidly decompose O2- into H2O2 and O2 [28,29]. The hepatopancreas
of M. nipponense could eventually restore SOD activity to the level of the control group
under stress conditions caused by Cd alone. This indicated that the in vivo antioxidant
defense system had a specific ability to regulate the generated ROS, which might also
be caused by a metabolic compensation mechanism [30]. However, the SOD activity of
hepatopancreas was consistently inhibited under high Pb concentration stress. This was
because Zn2+ or Mn2+ tends to be replaced by Pb ions in Cu/Zn-SOD in Mn-SOD [31],
respectively. This leads to a change in the SOD structure and decreased activity. On the
other hand, heavy metal ions could combine with the -SH group in the enzyme molecule,
reducing SOD activity [32]. Catalyzation of the decomposition of H2O2 into H2O and
O2 would continue to be made by CAT to prevent excessive accumulation of H2O2 from
causing damage to the organism [33]. It could be seen from the results that CAT activity in
the hepatopancreas was activated under Cd and Pb stresses. This result confirmed that the
organism produced excess H2O2. However, its activity did not increase linearly on the time
scale, and the main reason might be related to the enrichment course of metal ions in vivo.
Second, CAT activity is also significantly regulated by SOD activity, presenting compensatory
feedback for inhibiting SOD activity. Additionally, H2O2 might be reduced to H2O by GPx by
using glutathione (GSH) as an electron donor [34] and simultaneously generating l-glutathione
oxidized (GSSG). GSSG may be reconverted into GSH via the catalysis of glutathione reductase



Int. J. Environ. Res. Public Health 2023, 20, 360 11 of 15

(GR) [28]. Changes in GSH content in organisms are crucial in regulating GPx activity. In
this study, the overall GPx activity in the hepatopancreas was inhibited by Cd and Pb ions
to varying degrees. This was mainly due to the oxidative stress effect caused by heavy metal
ions disrupting the intracellular redox balance conditions and changing the GSH: GSSG ratio,
resulting in insufficient electron donors for GPx to convert H2O2 [35].

ROS may be removed by MT by switching between a hydroxyl reduction state and an
oxidation state [36]. The bioavailability of heavy metal ions in cells may be reduced to a
certain extent by MT, which plays a significant detoxification role. Here the MT content
in the hepatopancreas of M. nipponense was significantly higher than that of the control
group under all experimental conditions. However, such increase patterns were different.
The main reason for this was that the accumulation of heavy metal ions in the organism
exceeded the binding capacity of MT, with an increase in heavy metal concentration as time
passed [37]. Consequently, excess heavy metal ions exist in a free state, having significant
toxic effects on the organism and severely inhibiting the synthesis of metal-binding proteins,
including MT. It has been reported that heavy metal ions can induce the expression of MT
within a specific concentration range, and the amount of MT synthesis is proportional to
the concentration of heavy metals [38]. However, when the concentration is above the limit,
metal ions have toxic effects on organisms as they may replace metals or functional groups
in enzyme molecules, leading to the inactivation of the enzyme. This may be why the
MT content in the hepatopancreas only had a linear response under a particular exposure
concentration and time range.

Lipid peroxides (LPO) is considered to be a significant mechanism of heavy metal
oxidative toxicity [39]. As one of the critical products of the LPO reaction, MDA can
effectively indicate changes in oxidative damage, cell dysfunction, and physicochemical
properties of cell membranes. The MDA content in the hepatopancreas of the freshwater
shrimp under Cd and Pb stress in the water body was significantly higher than that of
the control group, and its content changed dynamically with exposure time. However,
there was no apparent time- and dose-dependent effect for the treatments with Pb stress
alone. It was indicated by these results that there were differences in the action of modes of
different metal ions on LPO. The reason for this phenomenon was that ROS generated by
heavy metal stress could not be removed over time, and the double bonds of unsaturated
fatty acids in membrane phospholipids were attacked by excess ROS. Consequently, this
resulted in lipid peroxidation, and the MDA content increased accordingly [40].

Meanwhile, metal ions can combine with negatively charged groups on the membrane
surface, affecting the charge density and local electrostatic field on the membrane surface,
changing the dielectric constant, and causing LPO damage [41]. Second, the generated
MDA can also be cross-linked with NH2 on the membrane to form Schiff’s bases, aggra-
vating oxidative damage [42]. The heavy metals Cd and Pb also had varying degrees
of inducing and inhibitory effects on AChE activity in the hepatopancreas at different
exposure concentrations and times from a neurotoxicity perspective. For example, after
exposure to the low, medium, and high concentrations of Pb for seven days, its activity
was significantly higher than that of the control group. After 28 days of exposure at low
concentrations, its activity was significantly inhibited. On the other hand, the enzyme
molecule contains a large amount of -SH, which can combine with heavy metals to cause
spatial conformational changes and indirectly reduce enzyme activity [43]. However, the
inducing effect of AChE activity in specific periods might be due to the binding of heavy
metals and acetylcholine receptors under the stimulation of pollutants. This interaction
reduces the binding efficiency of AChE to its reception [44]. Organisms may promote
AChE synthesis to degrade neurotransmitters, as a certain degree of adaptation is shown
by regulatory mechanisms.

4.2. Combined Toxicity of Cd-Pb and Its Interaction Mechanisms

As a visual evaluation tool for chronic biological toxicity, IBR can effectively avoid the
inaccuracy of evaluation results due to the different responses of individual biomarkers to
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pollutants. According to the IBR values, the differences in the biological chronic oxidative
toxicity of different heavy metals in water can be identified at different concentrations
and times. It was revealed in a previous study that Limnodrilus hoffmeisteri showed some
adaptive ability to perfluorooctane sulfonic acid (PFOS), Zn alone, and their combination
according to IBR values [45]. Furthermore, the changes in SOD, CAT, and LPO contents
in Mytilus galloprovincialis in the Bay of Saronikos in Greece successfully described the
heavy metal pollution status and ecological risks of coastal waters using the IBR values [46].
In this study, the IBR values of each treatment group had an irregular trend with the
prolongation of exposure time. Still, after 10 days of exposure, the IBR values of all groups
decreased, also showing a specific adaptive ability, which followed previous reports. Six
molecular biomarkers in the hepatopancreas of Macrobrachium japonicus were comprehen-
sively calculated, and the “causal effect” between different heavy metal treatment groups
and organisms was established. Both individual and combined exposures to Cd and Pb at
different concentrations and after different treatment times resulted in various degrees of
oxidative toxicity to the hepatopancreas. These were consistent with previous results when
dynamic changes were observed. For example, the chronic biotoxicity of Cd-only treat-
ments gradually increased over time, while the chronic biotoxicity of Pb-only treatments
and the combination of the two decreased with time. This indicates that the hepatopan-
creas of M. nipponense can conduct a detoxification function on a time scale through its
antioxidant regulation during heavy mental stress.

The combined and simultaneous toxicity of multiple heavy metals acting on an organ-
ism was far more complicated than that of a single heavy metal. The species, toxic ratio,
exposure time, and metal form are all key factors affecting the interaction. The uptake
of heavy metals by organisms and their ability to compete with binding sites determine
the type of interaction between heavy metals. Currently, there are three main types of
interaction: additive, synergistic, and antagonistic. The combined interaction between
factors changes with increased heavy metal exposure concentration and the prolongation of
time. It has been shown in recent studies that the primary mechanism of Cd-Zn antagonism
was that Zn inhibits the absorption of Cd or accelerates the transport of ingested Cd to
internal organs. In addition, as they have a similar structure, they compete with transporter-
binding sites. In this study, the interactive effect of Cd and Pb combined exposure on the
hepatopancreas of M. japonicus had identical changes to those reported in previous studies,
displaying an overall antagonistic impact. This antagonism may be explained by the site
competing theory [47]. Before entering the cell, metal ions must first bind to the active site
on the cell surface. When heavy metal ions coexist, site competition occurs, and each ion
interferes with the other for such binding. Therefore, overall biological toxicity is reduced.

Altogether, the mechanism of the combined toxicity of heavy metals in the water
is complex for aquatic organisms. It cannot be inferred that the combined toxicity of
heavy metals to organisms must be greater than that of a single heavy metal, nor can it be
straightforwardly deduced that the combined toxicity is the addition of the toxicity of every
single metal. The combined toxicity of any two or other heavy metals must be determined
by specific exposure experiments. Different heavy metals, different organisms, different
concentrations, and exposure times are all essential factors contributing to toxicity and
interactive effects.

4.3. Implications for Water Quality Criteria Amendment and Environmental Remediation

Water quality security is related to ecological health, human survival, and develop-
ment. Establishing complete and accurate water quality criteria is a basis and an essential
condition to effectively manage the water environment in a river basin. However, each
pollutant discharged into water often has various biological effects, which often have com-
plex interaction effects with other coexisting pollutants. Therefore, the traditional method
of evaluating water quality safety with the help of pollutant concentrations has specific
inaccuracy. Biological monitoring can directly reflect the comprehensive toxicity of target
pollutants in water, which has gradually developed into an essential supplement for water
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quality safety assessment and effectively makes up for the shortcomings of traditional
physical and chemical testing.

It was made evident in this study that when environmental concentrations of Cd and
Pb coexist, they present antagonistic interactions. This result has good enlightenment for
water quality standards, especially for complex water environment systems, and water
quality standards should not be considered only from the pollutants themselves. Addition-
ally, aquatic organisms have an antioxidant defense system that has a specific detoxification
function, and the toxicity of contaminants to aquatic organisms at environmental concen-
trations has a time effect. Therefore, the time effect of the toxic effect of pollutants should
be considered comprehensively in revising water quality standards and remediation of
environmental pollutants.

5. Conclusions

In conclusion, the oxidative stress-associated toxicity of Cd and Pb at environmentally
relevant concentrations in the hepatopancreas of M. nipponense was dynamic on a time scale.
Under equivalent concentrations, the chronic toxicity of single Cd stress was embodied at
the end of the exposure. In contrast, for a single Pb, biotoxicity had a time-delay property.
However, the toxicity showed positive concentration effects. When these two heavy metals
coexisted, their interaction was antagonistic, regardless of the dose changes and exposure
duration. The contribution of Cd and Pb to their interactions varied with the dose and duration
of exposure. At 21 days of exposure, Cd and Pb contributed equally to their interaction effects,
regardless of the concentration. Therefore, in the processes of water quality criteria amendment
and water environment ecological restoration, the interaction effects of combined pollutants
and their dynamic changes in time and concentration should be considered comprehensively
to improve the scientific nature of basin water environment management.

Author Contributions: Conceptualization, X.L. and M.W.; Formal analysis, Q.D.; Investigation, X.L.
and M.W.; Resources, J.W.; Data curation, H.Y.; Supervision, M.W.; Project administration, X.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of Jiangsu Province (No.
BK20200527), the Fundamental Research Funds for the Central Universities of China (No. B220202066),
and the Zhejiang Provincial Natural Science Foundation of China (No. LQ20C030008), combined
with the Anhui Provincial Key Laboratory of Environmental Pollution Control and Resource Reuse
(No. 2021EPC05).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhai, X.; Xia, J.; Zhang, Y. Integrated approach of hydrological and water quality dynamic simulation for anthropogenic

disturbance assessment in the Huai River Basin. China. Sci. Total Environ. 2017, 598, 749–764. [CrossRef] [PubMed]
2. Li, Z.Y.; Ma, Z.; Jan, V.; Yuan, Z.W.; Huang, L. A review of soil heavy metal pollution from mines in China: Pollution and health

risk assessment. Sci. Total Environ. 2014, 468–469, 843–853. [CrossRef]
3. Kakada, A.; Salama, E.S.; Pengya, F.; Liu, P.; Li, X.K. Long-term exposure of high concentration heavy metals induced toxicity,

fatality, and gut microbial dysbiosis in common carp, Cyprinus carpio. Environ. Pollut. 2020, 266, 115293. [CrossRef] [PubMed]
4. Hong, Y.J.; Liao, W.; Yan, Z.F.; Bai, Y.C. Progress in the research of the toxicity effect mechanisms of heavy metals on freshwater

organisms and their water quality criteria in China. J. Chem. 2020, 12, 1–12. [CrossRef]
5. Zhao, C.S.; Liu, C.M.; Xia, J.; Zhang, Y.Y.; Yu, Q.; Eamus, D. Recognition of key regions for restoration of phytoplankton

communities in the Huai River basin, China. J. Hydrol. 2012, 420, 292–300. [CrossRef]
6. Tao, J.; Sun, X.H.; Cao, Y.; Ling, M.H. Evaluation of water quality and its driving forces in the Shaying River Basin with the grey

relational analysis based on combination weighting. Environ. Sci. Pollut. Res. 2022, 29, 18103–18115. [CrossRef]
7. Liu, X.; Zhang, J.; Shi, W.Q.; Wang, M.; Chen, K.; Wang, L. Priority pollutants in water and sediments of a river for control basing

on benthic macroinvertebrate community structure. Water 2019, 11, 1267. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2017.04.092
http://www.ncbi.nlm.nih.gov/pubmed/28456125
http://doi.org/10.1016/j.scitotenv.2013.08.090
http://doi.org/10.1016/j.envpol.2020.115293
http://www.ncbi.nlm.nih.gov/pubmed/32781213
http://doi.org/10.1155/2020/9010348
http://doi.org/10.1016/j.jhydrol.2011.12.016
http://doi.org/10.1007/s11356-021-16939-z
http://doi.org/10.3390/w11061267


Int. J. Environ. Res. Public Health 2023, 20, 360 14 of 15

8. Miszczak, E.; Stefaniak, S.; Michczynski, A.; Steinnes, E.; Twardowska, I. A novel approach to peatlands as archives of total
cumulative spatial pollution loads from atmospheric deposition of airborne elements complementary to EMEP data: Priority
pollutants (Pb, Cd, Hg). Sci. Total Environ. 2020, 705, 135776. [CrossRef] [PubMed]

9. Yang, P.; Yang, X.; Sun, L.; Han, X.; Xu, L.; Gu, W.; Zhang, M. Effects of cadmium on oxidative stress and cell apoptosis in
Drosophila melanogaster larvae. Sci. Rep. 2022, 12, 4762. [CrossRef]

10. Tolonen, K.T.; Karjalainen, J.; Hamalainen, H.; Nyholm, K.; Rahkola-Sorsa, M.; Cai, Y.J.; Heino, J. Do the ecological drivers of lake
littoral communities match and lead to congruence between organism groups? Aquat. Ecol. 2020, 54, 839–854. [CrossRef]

11. Kolahi, M.; Kazemi, E.M.; Yazdi, M.; Goldson-Barnaby, A. Oxidative stress induced by cadmium in lettuce (Lactuca sativa Linn.):
Oxidative stress indicators and prediction of their genes. Plant Physiol. Biochem. 2020, 146, 71–89. [CrossRef] [PubMed]

12. Pontoni, L.; La Vecchia, C.; Boguta, P.; Sirakov, M.; D’Aniello, E.; Fabbricino, M.; Locascio, A. Natural organic matter controls
metal speciation and toxicity for marine organisms: A review. Environ. Chem. Lett. 2021, 20, 797–812. [CrossRef]

13. Carlson, P.E.; Johnson, R.K.; Mckie, B.G. Optimizing stream bioassessment: Habitat, season, and the impacts of land use on
benthic macroinvertebrates. Hydrobiologia 2013, 704, 363–373. [CrossRef]

14. Ji, L.; Jiang, X.M.; Liu, C.X.; Xu, Z.Y.; Wang, J.H.; Qian, S.; Zhou, H. Response of traditional and taxonomic distinctness
diversity indices of benthic macroinvertebrates to environmental degradation gradient in a large Chinese shallow lake.
Environ. Sci. Pollut. Res. 2020, 27, 21804–21815. [CrossRef]

15. Yang, Y.; Xie, S.Q.; Lei, W.; Zhu, X.M.; Yang, Y.X. Effect of replacement of fish meal by meat and bone meal and poultry by-product
meal in diets on the growth and immune response of Macrobrachium nipponense. Fish Shellfish Immunol. 2004, 17, 105–114.
[CrossRef]

16. Dedeke, G.A.; Iwuchukwu, P.O.; Aladesida, A.A.; Afolabi, T.A.; Ayanda, I.O. Impact of heavy metal bioaccumulation on
antioxidant activities and DNA profile in two earthworm species and freshwater prawn from Ogun River. Sci. Total Environ. 2018,
624, 576–585. [CrossRef]

17. Tavabe, K.R.; Abkenar, B.P.; Rafiee, G.; Frinsko, M. Effects of chronic lead and cadmium exposure on the oriental river prawn
(Macrobrachium nipponense) in laboratory conditions. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2019, 221, 21–28. [CrossRef]

18. Zhang, Y.; Li, Z.Y.; Kholodkevich, S.; Sharov, A.; Feng, Y.J.; Ren, N.Q.; Sun, K. Cadmium-induced oxidative stress, histopathology,
and transcriptome changes in the hepatopancreas of freshwater crayfish (Procambarus clarkii). Sci. Total Environ. 2019, 666, 944–955.
[CrossRef]

19. Sobus, J.R.; Tan, Y.M.; Pleil, J.D.; Sheldon, L.S. A biomonitoring framework to support exposure and risk assessments. Sci. Total
Environ. 2011, 409, 4875–4884. [CrossRef]

20. Bertrand, L.; Monferrán, M.V.; Mouneyrac, C.; Bonansea, R.I.; Asis, R.; Ame, M.V. Sensitive biomarker responses of the shrimp
Palaemonetes argentinus exposed to chlorpyrifos at environmental concentrations: Roles of alpha-tocopherol and metallothioneins.
Aquat. Toxicol. 2016, 179, 72–81. [CrossRef]

21. Beliaeff, B.; Burgeot, T. Integrated biomarker response: A useful tool for ecological risk assessment. Environ. Toxicol. Chem. 2002,
21, 1316–1322. [CrossRef] [PubMed]

22. Sanchez, W.; Burgeot, T.; Porcher, J.M. A novel “Integrated Biomarker Response” calculation based on reference deviation concept.
Environ. Sci. Pollut. Res. 2013, 20, 2721–2725. [CrossRef] [PubMed]

23. Hou, J.; You, G.X.; Xu, Y.; Wang, C.; Wang, P.F.; Miao, L.Z.; Dai, S.S.; Lv, B.W.; Yang, Y.Y. Antioxidant enzyme activities as biomark-
ers of fluvial biofilm to ZnO NPs ecotoxicity and the Integrated Biomarker Responses (IBR) assessment. Ecotoxicol. Environ. Saf.
2016, 133, 10–17. [CrossRef]

24. Ji, Y.; Wu, P.J.; Zhang, J.; Zhang, J.; Zhou, Y.F.; Peng, Y.W.; Zhang, S.F.; Cai, C.T.; Gao, G.Q. Heavy metal accumulation, risk
assessment and integrated biomarker responses of local vegetables: A case study along the Le’an river. Chemosphere 2018,
199, 361–371. [CrossRef] [PubMed]

25. Wu, J.P.; Chen, H.C.; Huang, D.J. Histopathological and biochemical evidence of hepatopancreatic toxicity caused by cadmium
and zinc in the white shrimp, Litopenaeus vannamei. Chemosphere 2008, 73, 1019–1026. [CrossRef]

26. Jena, K.B.; Verlecar, X.N.; Chainy, G.B.N. Application of oxidative stress indices in natural populations of Perna viridis as biomarker
of environmental pollution. Mar. Pollut. Bull. 2009, 58, 107–113. [CrossRef]

27. Patra, R.C.; Rautray, A.K.; Swarup, D. Oxidative stress in lead and cadmium toxicity and its amelioration. Vet. Med. Int. 2011,
2011, 457327. [CrossRef]

28. Valavanidis, A.; Vlahogianni, T.; Dassenakis, M.; Scoullos, M. Molecular biomarkers of oxidative stress in aquatic organisms in
relation to toxic environmental pollutants. Ecotoxicol. Environ. Saf. 2006, 64, 178–189. [CrossRef]

29. Damásio, J.; Fernández-Sanjuan, M.; Sánchez-Avila, J.; Lacorte, S.; Prat, N.; Rieradevall, M.; Soares, A.M.V.M.; Barata, C.
Multi-biochemical responses of benthic macroinvertebrate species as a complementary tool to diagnose the cause of community
impairment in polluted rivers. Water Res. 2011, 45, 3599–3613. [CrossRef]

30. Fang, Y.; Yang, H.; Liu, B.; Zhang, L. Transcriptional response of lysozyme, metallothionein, and superoxide dismutase to
combined exposure to heavy metals and bacteria in Mactra veneriformis. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2013,
157, 54–62. [CrossRef]

31. Basha, P.S.; Rani, A.U. Cadmium-induced antioxidant defense mechanism in freshwater teleost Oreochromis mossambicus (Tilapia).
Ecotoxicol. Environ. Saf. 2003, 56, 218–221. [CrossRef] [PubMed]

http://doi.org/10.1016/j.scitotenv.2019.135776
http://www.ncbi.nlm.nih.gov/pubmed/31972936
http://doi.org/10.1038/s41598-022-08758-0
http://doi.org/10.1007/s10452-020-09781-x
http://doi.org/10.1016/j.plaphy.2019.10.032
http://www.ncbi.nlm.nih.gov/pubmed/31734520
http://doi.org/10.1007/s10311-021-01310-y
http://doi.org/10.1007/s10750-012-1251-5
http://doi.org/10.1007/s11356-020-08610-w
http://doi.org/10.1016/j.fsi.2003.11.006
http://doi.org/10.1016/j.scitotenv.2017.12.037
http://doi.org/10.1016/j.cbpc.2019.03.009
http://doi.org/10.1016/j.scitotenv.2019.02.159
http://doi.org/10.1016/j.scitotenv.2011.07.046
http://doi.org/10.1016/j.aquatox.2016.08.014
http://doi.org/10.1002/etc.5620210629
http://www.ncbi.nlm.nih.gov/pubmed/12069320
http://doi.org/10.1007/s11356-012-1359-1
http://www.ncbi.nlm.nih.gov/pubmed/23208755
http://doi.org/10.1016/j.ecoenv.2016.06.014
http://doi.org/10.1016/j.chemosphere.2018.02.045
http://www.ncbi.nlm.nih.gov/pubmed/29453062
http://doi.org/10.1016/j.chemosphere.2008.08.019
http://doi.org/10.1016/j.marpolbul.2008.08.018
http://doi.org/10.4061/2011/457327
http://doi.org/10.1016/j.ecoenv.2005.03.013
http://doi.org/10.1016/j.watres.2011.04.006
http://doi.org/10.1016/j.cbpc.2012.10.002
http://doi.org/10.1016/S0147-6513(03)00028-9
http://www.ncbi.nlm.nih.gov/pubmed/12927552


Int. J. Environ. Res. Public Health 2023, 20, 360 15 of 15

32. Qu, R.J.; Feng, M.B.; Wang, X.H.; Qin, L.; Wang, C.; Wang, Z.Y.; Wang, L.S. Metal accumulation and oxidative stress biomarkers in
liver of freshwater fish Carassius auratus following in vivo exposure to waterborne zinc under different pH values. Aquat. Toxicol.
2014, 150, 9–16. [CrossRef] [PubMed]

33. Das, S.; Tseng, L.C.; Chou, C.; Wang, L.; Souissi, S.; Hwang, J.S. Effects of cadmium exposure on antioxidant enzymes and
histological changes in the mud shrimp Austinogebia edulis (Crustacea: Decapoda). Environ. Sci. Pollut. Res. 2019, 26, 7752–7762.
[CrossRef]

34. Yologlu, E.; Ozmen, M. Low concentrations of metal mixture exposures have adverse effects on selected biomarkers of
Xenopus laevis tadpoles. Aquat. Toxicol. 2015, 168, 19–27. [CrossRef]

35. Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants.
Plant Physiol. Biochem. 2010, 48, 909–930. [CrossRef] [PubMed]

36. Mieiro, C.L.; Bervoets, L.; Joosen, S.; Blust, R.; Duarte, A.C.; Pereira, M.E.; Pacheco, M. Metallothioneins failed to reflect
mercury external levels of exposure and bioaccumulation in marine fish—Considerations on tissue and species specific responses.
Chemosphere 2011, 85, 114–121. [CrossRef] [PubMed]

37. Correia, A.D.; Livingstone, D.R.; Costa, M.H.; David, R. Effects of water-bone copper on metallothionein and lipid peroxidation
in the marine amphipod (Gammarus locusta). Mar. Environ. Res. 2002, 54, 357–360. [CrossRef]

38. Silvestre, F.; Duchêne, C.; Trausch, G.; Devos, P. Tissue-specific cadmium accumulation and metallothionein-like protein levels
during acclimation process in the Chinese crab Eriocheir sinensis. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2005, 140, 39–45.
[CrossRef]

39. Zhang, Y.P.; Sun, G.; Yang, M.L.; Wu, H.H.; Zhang, J.Z.; Song, S.J.; Ma, N.B.; Guo, Y.P. Chronic accumulation of cadmium and its
effects on antioxidant enzymes and malondialdehyde in Oxya chinensis (Orthoptera: Acridoidea). Ecotoxicol. Environ. Saf. 2011,
74, 1355–1362. [CrossRef]

40. Xie, Z.X.; Lu, G.H.; Hou, K.K.; Qin, D.H.; Yan, Z.H.; Chen, W. Bioconcentration, metabolism and effects of diphenhydramine on
behavioral and biochemical markers in crucian carp (Carassius auratus). Sci. Total Environ. 2016, 544, 400–409. [CrossRef]

41. Taylor, A.M.; Maher, W.A. Exposure-dose-response of Anadara trapezia to metal contaminated estuarine sediments. 2. Lead spiked
sediments. Aquat. Toxicol. 2012, 116–117, 79–89. [CrossRef] [PubMed]

42. Choi, Y.K.; Jo, P.G.; Choi, C.Y. Cadmium affects the expression of heat shock protein 90 and metallothionein mRNA in the Pacific
oyster, Crassostrea gigas. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2008, 147, 286–292. [CrossRef] [PubMed]

43. Vidal-Liñán, L.; Bellas, J.; Salgueiro-González, N.; Muniategui, S.; Beiras, R. Bioaccumulation of 4-nonylphenol and effects on
biomarkers, acetylcholinesterase, glutathione-S-transferase and glutathione peroxidase, in Mytilus galloprovincialis, mussel gilla.
Environ. Pollut. 2015, 200, 133–139. [CrossRef] [PubMed]

44. Menéndez-Helman, R.J.; Ferreyroa, G.V.; Afonso, M.D.S.; Salibian, A. Circannual rhythms of acetylcholinesterase (AChE) activity
in the freshwater fish Cnesterodon decemmaculatus. Ecotoxicol. Environ. Saf. 2015, 111, 236–241. [CrossRef] [PubMed]

45. Liu, J.Q.; Qu, R.J.; Yan, L.Q.; Wang, L.S.; Wang, Z.Y. Evaluation of single and joint toxicity of perfluorooctane sulfonate and zinc to
Limnodrilus hoffmeisteri: Acute toxicity, bioaccumulation and oxidative stress. J. Hazard. Mater. 2016, 301, 342–349. [CrossRef]

46. Vlahogianni, T.; Dassenakis, M.; Scoullos, M.J.; Valavanidis, A. Integrated use of biomarkers (superoxide dismutase, catalase and
lipid peroxidation) in mussels Mytilus galloprovincialis for assessing heavy metals’ pollution in coastal areas from the Saronikos
Gulf of Greece. Mar. Pollut. Bull. 2007, 54, 1361–1371. [CrossRef]

47. Xin, J.L.; Huang, B.F.; Yang, Z.Y.; Yuan, J.G.; Dai, H.W.; Qiu, Q. Responses of different water spinach cultivars and their hybrid to
Cd, Pb and Cd-Pb exposures. J. Hazard. Mater. 2010, 175, 468–476. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.aquatox.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24632310
http://doi.org/10.1007/s11356-018-04113-x
http://doi.org/10.1016/j.aquatox.2015.09.006
http://doi.org/10.1016/j.plaphy.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20870416
http://doi.org/10.1016/j.chemosphere.2011.05.034
http://www.ncbi.nlm.nih.gov/pubmed/21680008
http://doi.org/10.1016/S0141-1136(02)00114-9
http://doi.org/10.1016/j.cca.2005.01.004
http://doi.org/10.1016/j.ecoenv.2011.03.002
http://doi.org/10.1016/j.scitotenv.2015.11.132
http://doi.org/10.1016/j.aquatox.2012.02.017
http://www.ncbi.nlm.nih.gov/pubmed/22466358
http://doi.org/10.1016/j.cbpc.2007.11.002
http://www.ncbi.nlm.nih.gov/pubmed/18234560
http://doi.org/10.1016/j.envpol.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25723879
http://doi.org/10.1016/j.ecoenv.2014.10.017
http://www.ncbi.nlm.nih.gov/pubmed/25450939
http://doi.org/10.1016/j.jhazmat.2015.09.010
http://doi.org/10.1016/j.marpolbul.2007.05.018
http://doi.org/10.1016/j.jhazmat.2009.10.029

	Introduction 
	Materials and Methods 
	Chemical Reagents and Solution Preparation 
	Testing Organisms 
	Experimental Design 
	Sampling and Biomarker Analysis 
	Statistical Analysis 

	Results 
	Mortality 
	The Responses of Antioxidant Biomarkers to the Tested Conditions 
	The Responses of Specific Biomarkers to the Tested Conditions 
	Chronic Biotoxicity Assessment of Metals Tested and Their Interaction Patterns Analysis 

	Discussion 
	Effects of Cd and Pb at Environmentally Relevant Concentrations on Biomarkers Associated with Oxidative Stress in the Hepatopancreas of M. nipponense 
	Combined Toxicity of Cd-Pb and Its Interaction Mechanisms 
	Implications for Water Quality Criteria Amendment and Environmental Remediation 

	Conclusions 
	References

