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Reversal of cadmium-induced
toxicity in Meretrix meretrix as
determined by alleviation of
oxidative damage following
short-term depuration
Jian Zhou1†, Huiqi Cai1†, Yuning Zhong1†, Yu Zheng1, Yinuo Wu1,
Alan Kueichieh Chang1* and Xueping Ying1,2*

1College of Life and Environmental Sciences, Wenzhou University, Wenzhou, Zhejiang, China,
2National and Local Joint Engineering Research Center of Ecological Treatment Technology for
Urban Water Pollution, Wenzhou University, Wenzhou, China
Cadmium (Cd) is a toxic heavy metal that, when present as a pollutant in the

marine environment, is readily accumulated bymarine bivalves, causing oxidative

stress and tissue damage. This study explored whether short-term depuration

could reverse Cd2+-induced toxicity in the ovary of the clam Meretrix meretrix.

Clams exposed to 3 mg·L-1 Cd2+ for three days showed increased accumulated

Cd2+ in their ovaries with obvious tissue damage as shown by loose structure and

some apoptotic cells compared with non-exposed clams. Increased oxidative

stress in the ovarian tissue was also obvious, as revealed by increased levels of

oxidative indicators such as reactive oxygen species (ROS), malondialdehyde

(MDA), DNA-protein crosslinking (DPC), and protein carbonylation (PCO) and

increased expression levels of genes related to oxidative stress and apoptosis,

which included the Bax, Bcl-2, caspase-3, HO-1, Hsp70, NQO1, Nrf2, and MT

genes. When the clams were exposed to Cd2+ for three more days, the

accumulated Cd2+ level in the ovary increased to more than 10-fold the level

in the control clams, accompanied bymore severe damage and cell death as well

as oxidative stress. However, when the initial three-day Cd2+ exposure was

followed by three days of depuration in Cd2+-free seawater, the Cd2+ level in the

ovary was reduced by as much as 20%, accompanied by some recovery of tissue

damage and reduced oxidative stress, suggesting that short-term depuration

may mitigate Cd2+-induced toxicity inM. meretrix, allowing the clams to recover

and potentially reducing the risk of Cd2+ exposure from consuming

contaminated clams.
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Highlights
Fron
• Cadmium (Cd) is a toxic metal found as a pollutant in the

marine environment.

• Cd-induced oxidative damage in Meretrix meretrix ovary

was assessed after exposure.

• Cd exposure led to increased oxidative stress and tissue

damage in the ovary.

• Short-term depuration reduced the extent of oxidative

stress and tissue damage.

• Cd-induced oxidative damage could be partly reversed

by depuration.
1 Introduction

Pollution of the marine environment caused by toxic heavy

metals has become a significant factor in the continuous

deterioration of the environment, especially in the water that lies

near the coastal region with heavy industrial activities (Luo et al.,

2021; Lakshmanna et al., 2022; Patchaiyappan et al., 2023). These

metals can accumulate in the tissues of marine animals, causing

damage to cellular components such as cell membranes and nuclei,

mitochondria, enzymes, and proteins, eventually leading to

oxidative stress and cell death (Bartlett et al., 2020; Chen et al.,

2020; Gao et al., 2021a, 2021b; Bai et al., 2022). Thus, rising levels of

toxic heavy metals in the marine environment can become a

perpetuating abiotic factor that affects the well-being of marine

animals as well as human health through the food chain.

Marine animals, in particular shellfish such as clams, oysters, and

mussels, which collectively make up the bivalves, are especially

vulnerable to the effects of toxic heavy metals because of their filter-

feeding lifestyle. Bivalves are of particular importance to the research

on the toxic effects caused by heavy metals on marine organisms

because, in addition to their filter-feeding lifestyle, they are basically

sedentary, and they are widely distributed in the water ecosystem.

Bivalves are also consumed by humans on a large scale. Toxic heavy

metals that are found in the marine environment as pollutants include

zinc, lead, cadmium, copper, selenium, and mercury, and their levels

have risen substantially in the past few decades (Bandara and Manage,

2023). Among these, cadmium (Cd) has received much attention as a

toxic metal of significance with respect to its toxicological effects in

marine bivalves (Zhan et al., 2023).

Cadmium (Cd) is highly toxic to animals (Genchi et al., 2020),

and it is commonly found in aquatic environments as a result of

runoff from industrial wastes (Qian et al., 2015; Lakshmanna et al.,

2022; Yunus, 2020; Bandara and Manage, 2023). Once inside the

body of an animal, Cd can interact with proteins and DNA to

interfere with their proper functioning, resulting in the inhibition of

enzyme activities and DNA repair (Candéias et al., 2010; Whiteside

et al., 2010; Wu et al., 2011; Li et al., 2015). Cd also causes lipid

peroxidation and induces the production of reactive oxygen species,

all of which contribute to elevated oxidative stress levels (Géret et al.,

2002; Escorcia and Chang, 2010; Chahouri et al., 2023). Research on
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the toxicological effects of Cd on marine bivalves has gathered

momentum in the past few decades, and these effects have been

demonstrated in different species and by different investigators. A

thorough assessment of the results gathered from relevant past

studies has been presented in a recent meta-analysis (Zhan et al.,

2023). Recent studies employing proteomic, metabolomic, or

transcriptomic approaches suggest that Cd may also exert its

toxicity in bivalves via disruption of bivalve cytoskeleton structure,

ion homeostasis, energy metabolism, apoptosis, and immune

response (Liu et al., 2023; Zhou et al., 2023; Xu et al., 2024).

Among the bivalves in which the effect of Cd has been of

particular concern is the clam Meretrix meretrix. In China, M.

meretrix is an economically important bivalve that is cultivated for

food in different coastal regions. The water in some of the sites

where M. meretrix aquaculture farms are located is also under the

threat of heavy metal pollution caused by nearby human activities

(Yang et al., 2023). We and others have previously shown that Cd

can induce oxidative stress inM.meretrix tissues such as the gill and

ovary, and such an effect is manifested as increased levels of malate

dehydrogenase and cytochrome oxidase activities as well as elevated

activity levels of antioxidant enzymes, e.g., catalase and SOD, all of

which are direct responses to increased levels of oxidative damage

and energy allocation and consumption (Wang et al., 2021; Bai

et al., 2022; Sun et al., 2024; Xu et al., 2024). In addition, Cd also

induces mitochondria-mediated apoptosis of gill cells and oval cells

(Wang et al., 2021; Bai et al., 2022). Similar findings also extend to

the effects of Cd on other bivalves, such as Tegillarca granosa (Yang

et al., 2023), Sinonovacula constricta (Chen et al., 2020), and

Crassostrea gigas (Perića et al., 2020). If the metal accumulated in

the animal tissues can be released through a change in the water

environment, then this will alleviate the extent of the metal-induced

toxicity in the exposed animals. The bioaccumulation of Cd in

bivalves followed by its elimination during depuration has been

carried out for a number of species, such as the clams Ruditapes

decussatus and Ruditapes philippinarum (Freitas et al., 2012) and

the freshwater mussels Anodonta woodiana (Jing et al., 2019). These

studies have shown that Cd toxicity is partly reversible, but the

elimination of the accumulated metal is rather limited despite a long

period (up to several weeks) of depuration. The extent of toxicity

mitigation contributed by depuration has not been examined in

greater detail.

To investigate how short-term exposure to a high concentration

of Cd2+ followed by short-term depuration might affect the toxicity

of Cd2+ in M. meretrix, M. meretrix individuals were exposed to

water containing a high concentration of Cd2+ (3 mg·L-1) for three

days and then subjected to depuration for three days to determine

the changes in the state of Cd2+-induced oxidative stress in the

ovary. Various standard oxidative stress indicators were assessed to

determine the extent of reversal of toxicity. In addition to these

oxidative stress indicators, the expression of various genes related to

oxidative stress and inflammation, or apoptosis, was also measured

to provide further insight into the effect of depuration on

detoxification at the gene level. The result showed that M.

meretrix could eliminate some of the Cd2+ absorbed to produce

substantial relief in the toxicity induced by Cd2+. The result also

suggested that depuration might play a more important role in
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restoring the physiological status of the exposed clams rather than

reducing the risk of Cd2+ ingestion linked to consumption of the

clams raised in Cd2+-contaminated water.
2 Materials and methods

2.1 Clam collection and treatment

The clams (Meretrix meretrix) were purchased in July 2022 from

Wengyang Aquafarm inWenzhou, Zhejiang, China. The clams had an

average shell length, shell width, and shell height of 47.04 ± 0.52 mm,

23.78 ± 0.32 mm, and 38.74 ± 0.44 mm, respectively, with an average

weight of 30.35 ± 0.82 g. The clams were kept in 15‰ artificial seawater

(pH 7.9) inside an aquarium (67 × 46 × 36.5 cm) at 22 ± 1°C for two

days without food as an acclimation period. After acclimation, the

clams were randomly divided into three groups: the control group and

two Cd2+-treated groups, with each group consisting of three tanks

with 40 clams per tank. For the control group, the clams were just kept

in 15‰ artificial seawater only. As for the two Cd2+-treated groups, in

one group, the clams were kept in 15‰ artificial seawater containing 3

mg·L-1 Cd2+ for up to 6 days (Cd-1 group), while in the second group,

the clams were kept in 15‰ artificial seawater containing 3 mg·L-1 Cd2

+ for 3 days, and then in just 15‰ artificial seawater for another three

days (Cd-2 group). For each group, the water in the tank was replaced

every day with fresh water without Cd2+ or with 3 mg·L-1 Cd2+ as

required. The concentration of Cd2+ in the water of each tank and the

ovaries of the clams were measured every 24 h during the treatment

period. At the end of days 1, 3, and 6, the ovaries were extracted from

the clams of each group and subjected to each of the experiments

described below.
2.2 Measurement of Cd2+ concentration

Cadmium concentrations in the water and M. meretrix ovary

were measured daily using an atomic absorption method as

previously described (Chen et al., 2020). To measure the Cd level

in theM. meretrix ovary, two clams were randomly taken from each

tank after each day of exposure, and their ovaries were extracted and

subjected to Cd content analysis. The accumulation and release of

Cd2+ by M. meretrix ovary were also evaluated by calculating the

bioaccumulation factor (BCF) and elimination rate (ER),

respectively. The formulae used to calculate BCF and the

elimination rate for Cd2+ were essentially as described in Jing

et al. (2019) and are as follows:

BCF =
Cexposure − Ccontrol

Cwater
� 100%

where Cexposure and Ccontrol are the concentrations of Cd
2+ in the

ovary of the Cd2+-exposed group and control group, respectively,

whereas Cwater is the concentration of Cd2+ in the water.

Elimination rate =
Celimination − Cexposure

Cexposure
� 100%
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where Celimination refers to the concentration of Cd2+ in the

ovary after 3 days elimination period, while Cexposure is the

concentration of Cd2+ before elimination. The elimination rate

has a negative value, and a smaller negative value indicates a

higher elimination ability.
2.3 Histological and Tunel assays of
ovary specimen

For histological analysis and Tunel assay, two clams were taken

from each tank on days 1, 3, and 6, and their ovaries were extracted.

One part of each ovary was used for morphological analysis, which

was carried out via hematoxylin-eosin (H&E) staining performed

according to the method described by Bai et al. (2022), while the

other part was used for the Tunel assay. In brief, the ovaries were

fixed in 4% (v/v) paraformaldehyde overnight, embedded in

paraffin, and sectioned to yield 6-µm-thick slices. The slices were

stained with hematoxylin-eosin (HE) and observed with a light

microscope (Olympus BX51, Japan).

For the Tunel assay, the paraffin-fixed slices were dewaxed by

immersing in xylene twice, with each lasting for 10 min. The slices

were subsequently immersed in 100%, 95%, 90%, 80%, and 70%

ethanol, with each immersion lasting for 2 min. The slices were then

washed three times in PBS, with 5 min per wash, and then incubated

with protease K working solution at 20-37°C for 15-30 min. The

protease K working solution was prepared by adding 1 mL of 100 ×

protease K to 99 mL of PBS. Following incubation with protease K, the
sample was rinsed in PBS three times, with each washing lasting for 5

min. A color reaction reagent was prepared by adding 1 part of a 5×

equilibrium solution to 4 parts of deionized water, and 100 mL of this

solution was added to each slice and incubated at room temperature

for 30 min. The excess solution was then removed, and 50 mL of TdT

(terminal deoxynucleotidyl transferase) enzyme working solution was

added to each sample placed on a microscopic slide and then covered

with a glass slide and incubated in the dark at 37°C for 60 min. The

sample was then rinsed with PBS three times for 5 minutes each. The

excess PBS was drained with filter paper, and DAPI was added

dropwise, followed by incubation in the dark for 5 min to stain the

sample. After that, the sample was rinsed four times in PBS, with each

rinse lasting 5 min. The excess liquid was again drained with filter

paper, and the film was sealed with a sealing solution containing an

anti-fluorescence quencher. Finally, the sample was observed under a

fluorescence microscope (Leica DFC7000L, Germany) with an

excitation wavelength set at 450-500 nm and an emission

wavelength set at 515-565 nm for the detection of green fluorescence.
2.4 Assays of oxidative stress indicators

To measure the levels of different oxidative stress indicators,

three clams were randomly taken from each tank on days 1, 3, and

6, and their ovaries were extracted, and each ovary was

homogenized in ice-cold physiological saline (weight to volume

ratio of 1 g to 9 mL) inside a tissue grinder (SCIENTZ-48, China).
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The resulting homogenate was centrifuged at 12000 × g/4 °C for 10

min, and the supernatant was used to determine the levels of 8-

hydroxy-2’-deoxyguanosine (8-OHdG), malondialdehyde (MDA),

protein carbonylation (PCO), and glutathione (GSH) as described

below. For reactive oxygen species (ROS) and DNA-protein

crossing-linking (DPC) assays, the ovary was treated differently as

described in the relevant sections below.

2.4.1 8-Hydroxy-2’-deoxyguanosine assay
The level of 8-OHdG in the ovary was measured using an anti-

8-OHdG antibody. The assay was carried out using an 8-OHdG

ELISA kit (mlbio, Shanghai) performed according to the

manufacturer’s instructions. Briefly, a sample of the supernatant

(from the ovary extract) was added to a microtiter plate precoated

with 8-OHdG-anti-8-OHdG antibody complexes, followed by one

hour of incubation at room temperature. The plate was then washed

three times with a wash buffer provided in the kit, followed by the

addition of horse peroxidase (HRP)-conjugated secondary antibody

and further incubation. The plate was then washed to remove

unbound HRP-conjugated antibody and the substrate TMB was

added, and after 30 min incubation, a color reaction appeared,

which was quantified by measuring the absorbance of the plate at

450 nm using a BioTeck CytationTM 3 microplate reader (BioTek

Instruments, Inc.). The level of 8-OHdG was expressed as ng per

mL extract (ng·mL-1).

2.4.2 Malondialdehyde assay
The level of MDA in the ovary was determined from its reaction

with thiobarbituric acid in the presence of glacial acetic acid to form

a color adduct that can be quantified by absorbance at 532 nm (Zeb

and Ullah, 2016). The assay was carried out using an MDA assay kit

(Nanjing Jiancheng Biological Engineering Institute) according to

the manufacturer’s instructions. The supernatant of the ovary

extract was mixed with reagents provided in the kit and

incubated at 95°C for 40 min. The sample was cooled and then

centrifuged at 1500 × g for 10 min, and the absorbance of the

supernatant was then measured at 532 nm using a BioTeck

CytationTM 3 microplate reader (BioTek Instruments, Inc.). The

level of MDA was expressed in nmol per mg protein (nmol·mg-1).

2.4.3 Reactive oxygen species assay
Reactive oxygen species (ROS) was measured by its oxidation of

2,7-dichlorodihydroflorescein diacetate (DCFH-DA) to 2’7’-

dichlorofluorescein (DCF), which emits strong green fluorescence

(Ng and Ooi, 2021). The assay was conducted using a ROS assay kit

(Beyotime Institute of Biotechnology, Shanghai, China) according

to the manufacturer’s instructions. Briefly, the ovary was first

minced in cold physiological saline to obtain a cell suspension.

The cell suspension was passed through a 300-mesh nylon net and

then centrifuged at 200 × g/4°C for 10 min to collect the cells. The

cell pellet was washed twice with physiological saline and then

resuspended in 10 mmol·L-1 DCFH-DA followed by incubation at

37°C for 20 min. After that, the cells were washed with physiological

saline, and the fluorescence intensity of the cells was measured with

a BioTeck CytationTM 3 microplate reader (BioTek Instruments,
Frontiers in Marine Science 04
Inc.) using excitation and emission wavelengths of 525 nm and 488

nm, respectively. The level of ROS was expressed as a unit of

fluorescence intensity.

2.4.4 Protein carbonylation assay
The extent of protein carbonylation (PCO) was determined

as previously described (Xie et al., 2007). In this assay, the

reactive carbonyl groups on the proteins are detected by their

reaction with 2,4-dinitrophenylhydrazine (DNPH) to form 2,4-

dinitrophenyhydrazone, a red precipitate that can be measured by

absorbance at 370 nm. The assay was carried out using a protein

carbonyl assay kit (Nanjing Jiancheng Bioengineering Institute)

according to the manufacturer’s instructions. The supernatant of

the ovary extract obtained above was mixed with specific reagents

provided in the kit, followed by 30 min of incubation at 37°C in the

dark. The samples were then mixed with another reagent, also

provided in the kit, followed by 15 min of incubation at 37°C and

subsequent centrifugation at 12,000 × g for 15 min. The absorbance

of the supernatant at 370 nm was then measured with a BioTeck

CytationTM 3 microplate reader (BioTek Instruments, Inc.) to

determine the level of PCO, which was then expressed as nmol

per mg protein (nmol·mg-1).

2.4.5 DNA-protein crosslinking assay
The extent of DNA-protein crosslinking (DPC) was determined

using the method described by Xie et al. (2007). Briefly, the ovary

was minced in cold physiological saline to release individual cells.

An aliquot (500 µL) of the cells was lysed in 2% SDS to release the

free proteins and protein-DNA complexes, both of which were

precipitated via centrifugation at 9,000 × g/4°C for 5 min. The

supernatant, which contained the free DNA, was retained, and the

resulting protein precipitate was then treated with proteinase K to

digest the proteins and release the DNA from the protein-DNA

complexes (bound DNA). The concentrations of free DNA and

protein-bound DNA were quantified using Hoechst 33258

fluorescent dye. Fluorescence was measured with a BioTeck

CytationTM 3 microplate reader (BioTek Instruments, Inc.) using

excitation and emission wavelengths of 350 nm and 460 nm,

respectively. The results were reported as the percentage (DPC

coefficient) of bound DNA relative to the total DNA (free DNA plus

bound DNA).

2.4.6 Glutathione assay
The level of glutathione (GSH) was measured by its reaction

with 5,5’-dithio-bis (2-nitrobenzoic acid) (DTNB) to form 5-thio-2-

nitrobenzoic acid (TNB), which can then be quantitated by

absorbance at 412 nm (Rahman et al., 2006). The assay was

carried out using a commercial GSH assay kit (Nanjing Jiancheng

Biological Engineering Institute) according to the manufacturer’s

instructions. Briefly, the supernatant of the ovary extract obtained

above was mixed with buffer and DTNB provided in the kit and

allowed to react for 5 min. The absorbance of the sample at 405 nm

was then measured with a BioTeck CytationTM 3 microplate reader

(BioTek Instruments, Inc.) and the GSH level was expressed as

nmol per mg protein (nmol·mg-1).
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2.5 Reverse transcription quantitative PCR
(RT-qPCR)

Two clams were randomly taken from each tank on days 1, 3, and

6, and their ovaries were extracted and used for total RNA extraction.

Total RNA was extracted from the ovary sample using a UNIQ-10

column Trizol Total RNA Extraction Kit (Shanghai Sangon, China)

following the manufacturer’s instructions. The quality of the

extracted RNA was determined as previously described (Huang

et al., 2020). The RNA was then reverse transcribed into cDNA

using a PrimeScript RT Reagent Kit (Takara) as described in the

manufacturer’s instructions. The obtained cDNA was then used as a

template for qPCR analysis of various M. meretrix genes (Bax, Bcl-2,

caspase 3, HO-1, Hsp70, NQO-1, Nrf2, and MT) using gene-specific

primers (Table 1). The b-actin gene was also analyzed as a

housekeeping gene. Quantitative PCR was carried out using a TB

Green PCR kit (Takara, China), which was performed on a Roche

LC480 PCR instrument (Switzerland). The PCR conditions were set

as follows: an initial step at 95°C for 5 min followed by 40 cycles of 15

s at 95°C, 15 s at 58°C, and 20 s at 72°C. The relative expression level

was calculated by using the 2 - DDDD Ct method (Livak and

Schmittgen, 2001; Huang et al., 2020).
2.6 Statistical analysis

The data were statistically analyzed with the SPPSS Statistical

Package (Version 23.0, Chicago, USA) and Origin Statistical

Package (Version 9.2, Northampton, USA). Significant differences

were determined by a one-way ANOVA. All data were expressed as

means ± standard errors.
Frontiers in Marine Science 05
3 Results

3.1 Bioaccumulation of Cd2+ in M.
meretrix ovary

To determine if Cd2+ accumulated in M. meretrix could be

eliminated by keeping the clams in clean water for a short time after

exposure to water containing Cd2+, the Cd2+ levels in the water

where the clams were kept as well as in the ovaries of these clams

from the three treatments were measured daily and compared. No

changes in the Cd2+ level occurred in the water of the control group

over the duration of the experiment (Figure 1A). Despite the fact

that no Cd2+ was added to the water in the control group, a minute

concentration of Cd2+ was still detected in the water, suggesting that

it may have been Cd2+ absorbed by the clams when they were raised

in the aquaculture farm and was released into the water during the

six-day experiment. In the case of the Cd-1 group, the Cd2+ level in

the water varied among the different days, reflecting a different

amount of Cd2+ absorbed each day, even though the initial

concentration of Cd2+ in the water was the same each day

(Figure 1A). The Cd2+ levels in the water on days 1, 3, 4, 5, and 6

were significantly less than the level on day 2, suggesting the least

absorption by M. meretrix on day 2. As for the Cd-2 group, the

water Cd2+ levels measured for the first three days of the treatment

were similar to those of the Cd-1 group, as expected because the

water in both groups contained the same Cd2+ concentration at the

start of each day. However, during the next three days where

the clams in the Cd-2 group were kept in clean water, the Cd2+

level in the water was significantly higher than the Cd2+ level in the

water of the control group on days 4, 5, and 6. This indicated the

release of Cd2+ from the clams back into the water, but there was

significantly more Cd2+ being released on the last two days (days 5

and 6) compared with the first day (day 4), with no significant

difference between days 5 and 6. The result showed that Cd2+ in the

water continued to be absorbed by the clams as long as the animals

were exposed to Cd2+-containing water, and that changing over to

clean water allowed some of the previously absorbed Cd2+ to be

released back into the water.

The accumulation of Cd2+ in M. meretrix was evaluated by

measuring the changes in Cd2+ levels in the ovary over time.

Overall, the ovary Cd2+ level was lowest for the control group,

remaining at about 0.6 mg·kg-1 throughout the entire experiment,

whereas the ovary Cd2+ level was highest for the Cd-1 group, which

continued to increase over the six-day treatment period (Figure 1B).

The ovary Cd2+ level of the Cd-1 group ranged from about 0.7

mg·kg-1 on day 1 to almost 9 mg·kg-1 on day 6, more than 10-fold

that of the control group. This is reflected in the BCF value, which

increased at all exposure times, reaching the highest value on day 6

of the treatment (Figure 1C), indicating that the clams continued to

accumulate the metal during the entire exposure period. In contrast,

the Cd2+ level in the ovary of the Cd-2 group showed an initial

increasing trend, reaching a maximum level after day 3, consistent

with the increase in BCF values over the exposure time (Figures 1B,

1C). However, after changing to Cd2+-free water during the

depuration period, the Cd2+ level in the ovary started to decrease

slightly for the remaining three days, but a significant difference in
TABLE 1 Sequences of primers used for RT-qPCR assays.

Primer
name

Sequence (5’ to 3’) Tm
Product
length

MT-F CGAGGACTGTTCATCAACCACTG 59°C
91 bp

MT-R GCAAACAACTTTACACCCTGGAC 59°C

Bax-F TTGCCAACGATTTCTTCCG 53°C
203 bp

Bax-R CATTTCCCAGCCACCTCTC 59°C

Bcl-2-F AGACAATGGTGGCTGGGATG 59°C
122 bp

Bcl-2-R CGGCAGCTAATGCTCCAAGA 56°C

Caspase-3-F GCGTTACTTACTCGCCATA 59°C
219 bp

Caspase-3-R GTCTCCGCAGATTTTTTTC 59°C

HO-1-F
HO-1-R
Hsp70-F
Hsp70-R
NQO1-F
NQO1-R
Nrf2-F
Nrf2-R

CACCAAGGGTCATCAGTT
AGTCAGCCTCCAGTAGCA
CCACCAAGCAGACACAGAC

CGTTCAGGATACCGTTAGCAT
TTTGTGTTTTGGAGGATGG
CGTGGGATAACTCTTGTTG
TTTTACCCGCAGCAACTA
ATTCTCGTGCCTTCGTTT

53°C
56°C
53°C
52°C
53°C
55°C
51°C
51°C

118bp

201bp

235bp

153bp

b-actin-F TTGTCTGGTGGTTCAACTATG 55°C
175 bp

b-actin-R TCCACATCTGCTGGAAGGTG 59°C
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the elimination rate was only observed between days 1 and 3 of

depuration (Figure 1C). The result suggested that the elimination of

Cd absorbed by M. meretrix during the three-day depuration was

not so significant, although some Cd was released.
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3.2 Damage to ovarian tissue

Cadmium accumulation within the tissue can often cause

damage or irregularities in the tissue cells. To demonstrate the
FIGURE 1

Changes in Cd concentrations in the water and M. meretrix ovary from different treatment groups. Meretrix meretrix individuals were exposed to
artificial sea water without (control) or with added Cd (3 mg·L-1) for six days (Cd-1) or with added Cd for three days, followed by depuration in sea
water only for another three days (Cd-2), and Cd concentrations in the water and ovary were determined daily. (A) Cd concentration in the water.
(B) Cd concentration in the ovary. (C) Bioaccumulation factors (BCFs) of the Cd-1 and Cd-2 groups and elimination rate (ER) of the Cd-2 group.
Data are shown as mean ± standard deviations from three determinations. ‘*’, ‘**’, and ‘***’ indicate statistical significance among groups at the
P<0.05, P<0.01, and P<0.001 levels, respectively. Letters (a-e) above the bars indicate significant (P<0.05) differences among different days for the
same group as revealed by Tukey’s post-hoc multiple comparison tests.
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damage within the ovarian tissue caused by cadmium exposure, the

ovaries taken from M. meretrix individuals at the end of the 3-day

and 6-day treatment periods were subjected to histological analysis.

The structure of the ovarian tissue sustained no damage in the case

of the control group (Figure 2A), where the ovarian cells had a

normal shape and were tightly arranged, and the number of ovarian

cells was higher compared with the ovarian cells of the Cd-exposed

groups, either for three days (Figure 2B) or six days (Figure 2C).

Since the 3-day exposure could be represented by either the Cd-1 or

Cd-2 group, only the Cd-1 result is represented here. The control

group also had relatively intact follicular epithelial cells, and the

number of follicular epithelial cells was higher than those of the Cd-

exposed groups, with 6-day exposure being somewhat more severe

than 3-day exposure (Figures 2A–C, red arrows). In the Cd2

+-exposed groups, the ovarian tissue structure was relatively loose

(white rectangles), the number of ovarian cells was reduced, and the

arrangement of these cells was rather loose and irregular (yellow

arrows) (Figures 2B–D). The follicular wall became thinner

compared with the control group (red arrows) (Figures 2A-D).

Some ovarian cells were deformed and damaged (Figures 2B, C).

The structure of ovarian cells from the clams subjected to three days

of depuration following three days of Cd exposure (Cd-2 group)

remained relatively tightly arranged (Figure 2D), and the degree of

tissue structure damage was lower than that detected before

depuration (Figure 2B) or without depuration (Figure 2C). Thus,

the lower extent of tissue damage observed for M. meretrix ovary

subjected to Cd2+ exposure followed by depuration may suggest a

reversal of the damage caused by Cd2+.
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In the Tunel assay, most of the ovarian cells in the control group

exhibited blue fluorescence (healthy cells), and fewer cells exhibited

green fluorescence (apoptotic cells), indicating that there was no

significant apoptosis (Figure 2E). However, upon Cd2+ exposure for

three days (Figure 2F) or six days (Figure 2G), the number of blue

fluorescent cells decreased while the number of green fluorescent

cells (white arrows) increased, with the 6-day exposure showing

relatively more green fluorescent cells, indicating a marked increase

in the extent of apoptosis that was more severe with a longer

exposure time. When the 3-day Cd2+-exposed group was subjected

to depuration for three days (Figure 2H), there were more blue-

fluorescent cells and fewer green-fluorescent cells compared with

the pre-depuration stage (Figure 2F), although the number of

green-fluorescent cells was still higher compared with the control

group (Figure 2E). The result of the Tunel assay was consistent with

the observation obtained from histological analysis, supporting the

mitigation of Cd toxicity during the depuration period.
3.3 Oxidative damage

The extent of oxidative damage induced by Cd2+ inM. meretrix

was evaluated by measuring the levels of various oxidative stress

indicators in the ovary following Cd2+ exposure. Changes in these

oxidative stress indicators are shown in Figure 3. Overall, 8-OHdG,

MDA, ROS, PCO, and PDC levels in the ovary remained rather

similar across the different time points in the case of the control

group, except for ROS, in which some increases were detected on
FIGURE 2

Changes in M. meretrix ovarian tissue structure following exposure to Cd2+ as revealed by histological and Tunel assays. (A–D) show the structure of
the ovarian tissue as revealed by histological observation. (D–G) show the apoptosis of clam ovarian cells detected by the Tunel assay. (A, E) Control
clams; these clams were kept in water without Cd2+ for six days. (B, F) Clams that were treated with 3 mg·L-1 Cd2+ for three days. (C, G) Clams that
were treated with 3 mg·L-1 Cd2+ for six days. (D, H) Clams that were treated with 3 mg·L-1 Cd2+ for three days and then in just water for another
three days. The ovaries were taken from the clams at the end of the treatment period. The rectangle within the image indicates the loss of gonadal
tissue structure. The yellow arrow indicates irregularly distributed ovarian cells. The red arrow indicates follicular epithelial cells. The white arrow
indicates apoptotic cells with green fluorescence.
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days 3 and 6 compared with day 1, but the increases were not

significant. As for the two Cd2+-exposed groups, prominent

increases in these indicators were observed on day 3, but for the

Cd-1 group, these indicators continued to increase on day 6,

whereas for the Cd-2 group, noticeable decreases were detected

on day 6, suggesting an alleviation of the state of oxidative stress.

Slight but significant increases in 8-OHdG levels were observed

for Cd2+-exposed groups over the control group on day 3. On day 6,

the 8-OHdG level in the Cd-1 group continued to increase, whereas

that of the Cd-2 group remained similar among the three time

points, despite a slight increase even after three days of depuration

(Figure 3A). Similar profiles were observed for the changes in the
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levels of MDA, ROS, PCO, and DPC. Both Cd2+-exposed groups

showed significant increases in MDA levels over the control group

on day 3, but on day 6, the MDA level of the Cd-1 group continued

to increase, reaching about 2-fold the level of the control, while the

MDA level of the Cd-2 group decreased to a similar level

(Figure 3B). The Cd-1 group showed significantly higher ROS

levels than the control group at the end of days 1, 3, and 6,

reaching about 2.5-fold the level of control on day 6 (Figure 3C).

As for the Cd-2 group, significant increases in ROS level over the

control group were detected after days 1 and 3, but after day 6, the

increase relative to the control was not significant and was about

11% lower than that of day 3. Similar trends were observed for PCO
FIGURE 3

Changes in various oxidative stress indicators in M. merertrix ovary following exposure to Cd2+ and elimination via depuration. Ovaries extracted
from each group (control, Cd-1, or Cd-2) were subjected to biochemical assays to measure 8-OHdG (A), MDA (B), ROS (C), PCO (D), DPC (E), and
GSH (F). Data are shown as mean ± standard deviations from three determinations. ‘*’, ‘**’, and ‘***’ indicate statistical significance among groups at
the P<0.05, P<0.01, and P<0.001 levels, respectively. Letters (a–c) above the bars indicate significant (P<0.05) differences among different days for
the same group as revealed by Tukey’s post-hoc multiple comparison tests.
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and DPC profiles, with the control group having the lowest level,

while the Cd-1 group had the highest level across all three different

time points, with both PCO and DPC levels being significantly

higher than those of the control groups at all time points except for

day 1 in the case of PCO (Figures 3D, E). As for the Cd-2 group,

PCO and DPC levels were about 7% and 12%, respectively, lower

than their levels on day 3, though only the decrease in DPC was

significant. However, for both indicators, their levels on day 6 were

not significantly different from those of the control, despite some

increases. Finally, for the GSH profile, the level of GSH pretty much

remained unchanged over the duration of the experiment in the

case of the control. As for the two Cd2+-exposed groups, GSH levels

decreased significantly (P<0.001) relative to the control for all time

points measured in the case of the Cd-1 group and up to day 3 for

the Cd-2 group, as there was some increase on day 6 relative to day

3, and the increase was significant though the level on day 6

remained significantly (P<0.001) lower than that of the control

(Figure 3F). The results from oxidative stress indicators confirmed

the induction of oxidative stress in M. meretrix ovary by Cd2+,

which is shown here as increased levels of 8-OHdG, MDA, ROS,

PCO, and DPC and decreased levels of GSH, but the effect was

reduced when the clams were kept in Cd2+-free water after exposure

to Cd2+-containing water, as shown by reduced oxidative indicator

levels and an increased antioxidant level, consistent with the

reduced Cd2+ level in the ovary tissue.
3.4 Analysis of oxidative stress-related
gene markers

The withdrawal of the Cd2+ stress also changed the state of

oxidative stress via an adjustment of the expression of various

oxidative stress and/or apoptosis-related genes. The genes selected

for such analysis were Bax, Bcl2, Caspase 3, HO-1, Hsp70, NQO1,

Nrf2, and MT. Overall, except for the Hsp70 gene, the transcript

levels of the other genes in M. meretrix ovary did not change over

the duration of the experiment in the case of the control clams

(Figure 4), and this was in accordance with our anticipation since

the control clams were not subjected to Cd stress. However, on day

6, the transcript level of theHsp70 gene appeared to increase relative

to the levels on days 1 and 3, attaining more than 2 folds the levels

on days 1 and 3, and this might be attributed to the stress

contributed by the absence of food for the clams during the

experimental period. For the Cd-1 group, the transcript levels of

these genes in M. meretrix ovary increased with longer exposure to

Cd2+, reaching the highest level on day 6 (Figures 4A, C–E, G, H),

except for Bcl-2, which remained similar to day 3, and NQO1, which

decreased slightly (Figures 4B, F). The transcript levels of these

genes ranged from 1.8-fold (Hsp70) to 8-fold (NQO1) the levels of

the control on day 6. These increases were consistent with enhanced

oxidative stress caused by continuous exposure to Cd2+. Upon

removal of the Cd2+ stress, as demonstrated by the Cd-2 group, a

significant reduction in the transcript levels of these genes was

observed on day 6 relative to day 3, with the greatest reduction

being more than 60% in the cases of NQO1 and Nrf2. Although the

transcript levels of these genes were still higher than the levels of the
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control group, the differences were not significant for Bcl-2, caspase-

3, Hsp70, and Nrf2. The increase in MT transcript observed for the

Cd-2 group relative to the control on day 6 was the highest among

all the genes analyzed, with the increase being over 100%

(Figure 4H). Overall, the transcript levels of these oxidative stress-

related genes were consistent with the results of the oxidative stress

indicators, illustrating that induction of gene expression may play a

major role in the response to oxidative stress in M. meretrix ovary.
4 Discussion

4.1 Cd toxicity is partly reversible

The toxic effects of heavy metals on bivalves have been well

documented in the past few decades. Such investigations have been

prompted by the concern of increasing heavy metal pollution in the

marine environment, which can have tremendous effects on

aquaculture and the marine ecosystem as a whole. Many of the

studies on the toxic effects of heavy metals tend to focus on bivalves

such as mussels and oysters (Géret et al., 2002; Escorcia and Chang,

2010; Bartlett et al., 2020), although clams such asM. meretrix have

also attracted increasing interest in recent times, especially in China,

where the cultivation of this species constitutes a major aquaculture

output. Among the different heavy metals that have been

investigated for their toxic effects on bivalves is cadmium, which

is featured in many studies. Although the toxic effect of cadmium on

bivalves, including mussels, oysters, crabs, and clams, has been

shown to manifest in the form of oxidative damage, much of the

investigation has focused on changes in the levels of oxidative stress

indicators and expression levels of oxidative stress-related genes

(Huang et al., 2020; Perića et al., 2020; Yang et al., 2023). Cadmium

exerts its toxic effect in M. meretrix by causing oxidative stress, but

it may also weaken the shells by impacting shell mineralization, as

demonstrated for other toxic metals (Stewart et al., 2021). The best

way to deal with the problem of heavy metal contamination of the

marine environment is probably a combined clean-up via

bioremediation and the prevention of further pollution. However,

bioremediation of the ocean, even if limited to just coastal regions,

can still be a daunting task that is extremely difficult, if not

impossible, to implement because the pollutants can be carried by

ocean currents over long distances. Thus, an alternative to reducing

the level of Cd in the tissues of the contaminated bivalves might be a

direct decontamination approach that seeks to release the metals

accumulated in the tissues in the so-called depuration process

before consumption.

In this study, we have shown that Cd accumulated in the tissue

of M. meretrix during exposure could be eliminated by releasing it

back to the water upon switching to Cd2+-free water for a few days.

However, the elimination was only slight, since after three days of

depuration, these clams exhibited only a slight decrease in Cd level

in the ovary, about 10% less, compared with the Cd level

accumulated after three days of exposure (Figure 1B). Besides,

after three days of depuration, the Cd level in the ovary of the

clams was still more than threefold that of the control group,

suggesting the process to eliminate the Cd was somewhat
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inadequate. In fact, depuration with purified seawater is the most

common method used to reduce the level of waterborne

contaminants in bivalves destined for human consumption.

However, such a method is considered ineffective for eliminating

heavy metals, and other methods, including biological, physical, and

chemical methods, have been explored to increase their effectiveness
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(Martinez-Albores et al., 2020). Previous studies looking at the

accumulation and elimination of Cd in marine organisms revealed

significant differences in the accumulation and elimination

potential among different tissues, with internal tissues showing

greater accumulation and less elimination during exposure and

depuration, respectively. For example, in the carp Cyprinus carpio, a
FIGURE 4

Changes in various oxidative stress-related genes in M. merertrix ovary as determined by real-time quantitative PCR (qRT-PCR) following exposure
to Cd2+ and elimination via depuration. Ovaries extracted from each group (control, Cd-1, or Cd-2) were subjected to qRT-PCR analysis to measure
the mRNA levels of the Bax (A), Bcl-2 (B), caspase-3 (C), HO-1 (D), Hsp70 (E), NQO1 (F), Nrf2 (G), and MT (H) genes. Data are shown as mean ±
standard deviations from three determinations. ‘*’, ‘**’, and ‘***’ indicate statistical significance among groups at the P<0.05, P<0.01, and P<0.001
levels, respectively. Letters (a–c) above the bars indicate significant (P<0.05) differences among different days for the same group as revealed by
Tukey’s post-hoc multiple comparison tests.
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sharp increase in kidney and liver Cd levels was observed over a

long period (up to 127 days) of exposure, while the Cd level in the

muscle was only significant after 106 days, and no loss of kidney and

liver Cd was observed during the depuration period, whereas the

loss of Cd in the muscle was rapid and immediate, reaching a level

similar to that of the pre-exposure stage (de Conto et al., 1999). Our

data and those previously reported by other investigators may

suggest that depuration could only achieve a partial release of Cd

from the bivalve tissues once the metal is absorbed, thereby

reducing but not eliminating the risk of human exposure via the

food web.

Despite only a slight decrease in Cd level in the ovary following

three days of depuration, the decrease did have a substantial effect

on reversing the toxicity in the clams, as demonstrated by less

damage to the ovarian tissue structure and reduced apoptosis

(Figure 2), probably via repair and regeneration of cells. At the

same time, substantial mitigation of oxidative stress was also

observed, as shown by reduced levels of oxidative indicators after

depuration (Figure 3). Significant differences in oxidative indicators

such as MDA and DPC were reduced by 21 and 12%, respectively,

compared with the pre-depuration stage. Although the other

oxidative indicators measured, 8-OHdG, ROS, and PCO, showed

no significant reduction after depuration, their levels were

comparable to those of the control clams, except for GSH and

PCO, which remained significantly different from those of the

control clams. Overall, the results did suggest that the toxic effects

exerted by exposure to Cd2+ stress could at least be partly reversed

when the stress factor (tissue Cd level) was slightly reduced. It also

implied that damage caused by Cd2+ via oxidative stress is not

permanent as long as the organism can survive long enough to have

the stress lifted.

Obviously, the ovary is not the only tissue affected by Cd2+

exposure, since all soft tissues of M. meretrix are capable of

accumulating Cd2+ in the water (Huang et al., 2020), and this is

heavily influenced by its filter feeding lifestyle. However, the ovary is

a vital organ since it is the core of the reproductive process. Thus,

even though oxidative damage does not result in the death of the

organism, damage to the ovary might lead to a loss of reproductive

ability and a gradual reduction in population size. We have

previously reported the gradual loss of follicular cells and gonadal

tissue structure for the ovary after exposure of the clams to 3 mg·L-1

Cd2+ (Bai et al., 2022), consistent with what we observed in this

study, and this was accompanied by a loss in the number of normal

cells and an increase in the number of apoptotic cells, and the

severity of both increased with increasing Cd concentrations. Other

aquatic animals, such as the crabs Eriocheir sinensis and

Sinopotamon henanense, have also been found to accumulate Cd2

+ in the ovary following exposure to Cd2+ (Xu et al., 2016; Chen

et al., 2019). Under laboratory conditions, the Cd2+ concentration

to which the clams were exposed exceeded those that are found in

the marine environment. They were chosen to produce a clear effect

of toxicity under short-term exposure (a few days), since a level that

better reflects the environmental concentration might take a long

time (months or even years) to produce the effect. The Cd2+

concentration in this study was chosen from the concentrations

used in our previous studies (Wang et al., 2021; Bai et al., 2022),
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where 3 mg/L appears to cause obvious damage to tissues while

ensuring that the level of damage is not too severe.

The induction of oxidative damage in M. meretrix ovary was

also marked by changes in the expression levels of oxidative stress-

related genes. A number of these genes are not merely involved in

oxidative stress response but also play a role in inflammation, such

as the HO-1 gene (Chiang et al., 2021) or apoptosis, which include

the Bax (Robin et al., 2018), Bcl-2 (Singh et al., 2019),NQO1 (Beaver

et al., 2019), Capase-3 (Eskandari and Eaves, 2022), and Hsp70

(Beere et al., 2000), all of which were upregulated by Cd2+-exposure

(Figure 4), demonstrating that Cd2+-induced toxicity affected

various aspects of the cell status. Reduction in Cd2+-upregulated

gene expression following depuration was most pronounced for the

Bax, HO-1, NQO1, and Nfr-2 genes, in which the depuration

resulted in almost 50% reduction or more in expression, and the

reduction was statistically significant (Figures 4A, D, F, G). The

Nrf2 gene codes for a pleiotropic transcription factor that regulates

the expression of genes involved in the response to oxidative stress

and drug detoxification as well as metabolism and inflammation

(Ma, 2013; He et al., 2020; Hassanein et al., 2023), and rises in its

expression level demonstrated the wide effect of Cd toxicity.

Furthermore, depuration also resulted in down-regulated

expression levels of the Nrf2 and HO-1 genes to levels similar to

or comparable to those of the control clams. This may suggest that

the expression of oxidative stress-related or inflammation-related

genes was more or less restored to the control levels after three days

of depuration, despite the fact that the level of Cd in the tissue of the

depurated clams remained significantly higher, almost 3.5-fold the

level of the control clams. Besides the large reduction in the Nrf2

gene following depuration, the HO-1 and NQO1 genes were the

other two genes that showed a large (>50%) reduction in expression.

Both genes are subjected to regulation by the Nrf2 gene (Araujo

et al., 2012; Ross and Siegel, 2021), reflecting their similar reduction

in magnitude. In contrast, the expression level of the MT gene,

which codes for a metal-binding protein, remained significantly

higher in the ovary of the Cd2+-exposed clams compared with the

control clams, even after the former had been depurated for three

days, although it was significantly lower compared with the level

before depuration. This could be due to the direct metal scavenging

function of MT in addition to its other functions (Wang et al.,

2014), which better reflects the level of Cd in the tissue than the

other genes, which are not involved in direct metal binding but their

expression could be induced by the stress caused by an increased

level of Cd2+.
4.2 Ecological implications

Besides the toxic effects induced in M. meretrix by Cd2+

following exposure, there is also concern that the metal

accumulated in the tissues of the clam might find its way into

humans via the food chain. Thus, the release of Cd2+ from the clams

upon being kept in Cd2+-free water clearly indicated that the

contamination might be partly reversible, and the extent of

recovery might depend on the length of the depuration period. A

longer depuration period would allow the clams to continuously
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eliminate the metal or repair the damage when the stress factor is no

longer present or is largely mitigated. The bioaccumulation of Cd2+

and its elimination have also been carried out in the fresh-water

mussel Anodonta woodina, where the mussels were subjected to a

long period (up to 28 days) of depuration following a long exposure

(28 days) to Cd2+. Although the accumulation of Cd2+ continued to

increase with time during the exposure period, elimination did not

continue to increase with prolonged depuration time, and the level

of Cd2+ in the tissues still remained a number of folds higher than

the level found in the control tissues (Jing et al., 2019). This suggests

that complete elimination of the metal to the pre-exposure level

might be impossible. Since bivalves are also an important food

source for humans and other marine organisms (Vaughn and

Hoellein, 2018), contamination by toxic heavy metals will have

important consequences for the marine food web. Thus, the effect of

pollution associated with Cd or other toxic heavy metals can present

a threat to the health of humans and other marine organisms

dependent on bivalves as a source of food, since the absorbed metals

in the tissues of the bivalves can be transmitted through the

food chain.

The absorption of Cd2+ by M. meretrix may be considered a

form of natural bioremediation whereby the clams are used as

biofilters to remove the metals from the water. Bivalves in general

can tolerate and accumulate contaminants, including toxic heavy

metals, and because of their sessile nature and wide distribution,

they can be used to remove the contaminants in addition to serving

as indicators of contaminant monitoring. Deepthi et al. (2020) have

reported the use of bivalves in the bioremediation of wastewater,

and over 80% of contaminants such as COD, total nitrogen, and

phosphorus have all been removed within seven days. The ability of

M. meretrix to absorb and release Cd2+ reported here may point to

the potential of the use of the clams as recyclable biofilters to harvest

and release Cd2+ through cycles of exposure and depuration in a

controlled manner.
5 Conclusion

The short-term exposure ofM. meretrix to a high concentration

of Cd2+ in artificial seawater, followed by short-term depuration

performed in Cd2+-free seawater, conducted in this study has

demonstrated that toxicity in a marine bivalve caused by a toxic

metal could be partly reversed through the combined action of

metal elimination and mitigation of toxic effects induced by the

metal. This included the alleviation of oxidative stress, manifested

through a reduction in oxidative stress, enhanced antioxidant

capacity, and reduced expression of genes that regulate oxidative

stress and/or apoptosis. The overall effect consisted of less oxidative

damage and repair of damaged tissue, as exemplified by the ovary,

which is a vital reproductive organ. Although the recovery from Cd2

+-induced damage, both in terms of oxidative status and tissue

morphology, did not restore the animal to the non-exposed stage,

the findings may still imply that restoration to undo the tissue

damage caused by Cd or other toxic metals may play an important

role in maintaining a viable population in the presence of low-level
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contamination in the context of aquaculture. Further study looking

at the reproductive potential of M. meretrix under Cd2+ exposure

and depuration might shed further light on the toxicological effect

of Cd2+ on the survival of the clams and the major mechanisms that

are involved in restoring the health status of the animals and give a

better indication of the resilience of a bivalve-based ecosystem

under the threat of toxic heavy metal pollution.
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