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Abstract 
This study aims to study the depuration kinetics of mercury (Hg), cobalt (Co), and chromium (Cr) in the soft 
tissues of the green-lipped mussel Perna viridis, transplanted from one polluted site (Kg. Pasir Puteh) to two 
relatively unpolluted sites (Sungai Belungkor and Kg. Sungai Melayu). The effectiveness of P. viridis as a 
biomonitor for heavy metal contamination was assessed by monitoring the reduction in metal concentrations 
over a six-week period. The results revealed that Hg exhibited the highest depuration rates, with reductions 
exceeding 95% at both sites, while Co and Cr showed slower depuration rates, with significant site-specific 
variations. Health risk assessments, including estimated daily intake, target hazard quotient, and estimated 
weekly intake, indicated a substantial decrease in potential risks associated with seafood consumption as a 
result of the depuration process. These findings underscore the importance of considering environmental 
conditions when interpreting depuration data, highlight the role of P. viridis in supporting sustainable 
environmental management practices, and connect the health of marine ecosystems to broader planetary 
health and global sustainability goals, including the United Nations Sustainable Development Goals. 
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1 | INTRODUCTION 
The concentrations of six potentially toxic metals—
cadmium (Cd), copper (Cu), iron (Fe), nickel (Ni), lead 
(Pb), and zinc (Zn)—in green-lipped mussels Perna viridis 
showed significant variation both before and after a 10-
week depuration period (Yap and Al-Mutairi 2023). The 
research highlighted that transplanting farmed mussels 
from polluted environments to cleaner sites significantly 
reduced these metals' concentrations, lowering the 
health risks associated with their consumption. Other 
critical toxic metals, such as mercury (Hg), cobalt (Co), 
and chromium (Cr) remains unexamined (Yap and Al-

Mutairi 2023). This omission creates a research gap, as 
the study's findings are limited to the six metals analyzed, 
leaving the impacts of Hg, Co, and Cr unexplored. Given 
these additional metals' significant health and environ-
mental risks, future research should address this gap. 
Investigation of Hg, Co, and Cr is essential due to their 
potential to cause severe health issues and environmental 
damage. 

Mercury (Hg), Co and Cr are potentially toxic metals 
known for their significant threats to human health and 
the environment (Rahman and Singh 2019; Mitra et al. 
2022). These metals can enter aquatic ecosystems 
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through various industrial activities and anthropogenic 
sources, where they can accumulate in marine organisms, 
particularly mussels (Raj and Maiti 2020). Mussels are 
filter feeders, which increases their exposure to contami-
nants in the water column (Tamele and Loureiro 2020). 
The accumulation of these metals in mussel tissues poses 
risks not only to the mussels themselves but also to the 
predators and humans who consume them, underscoring 
the need for comprehensive monitoring and risk assess-
ment in coastal areas where industrial activities and aq-
uaculture coexist (Manly and George, 1977; Díaz-de-Alba 
et al. 2021; Noman et al. 2022). 

Mercury in the aquatic environment is particularly 
concerning due to its ability to bioaccumulate and bio-
magnify through the food chain (Tamele and Loureiro 
2020; Díaz-de-Alba et al. 2021). Research has shown that 
seafood, especially bivalve molluscs like mussels, can ac-
cumulate significant levels of Hg. This issue is often exac-
erbated by untreated industrial discharges, highlighting 
the importance of regular monitoring to safeguard public 
health and ensure seafood safety (Díaz-de-Alba et al. 
2021). Mussels, due to their high bioaccumulation rates, 
are especially vulnerable to Hg contamination, making 
stringent monitoring and regulation of heavy metal con-
centrations in aquaculture systems critical to preventing 
health risks associated with consuming contaminated 
seafood (Al-Sawafi et al. 2017; Tamele and Loureiro 2020; 
Díaz-de-Alba et al. 2021). 

Cobalt, an essential trace element, has raised con-
cerns due to its increasing presence in aquatic environ-
ments from industrial processes such as mining and bat-
tery production. Elevated levels of Co can cause health 
issues, including cardiomyopathy, thyroid dysfunction, 
and respiratory problems. As Co accumulates in marine 
organisms, it poses risks not only to the species them-
selves but also to humans who consume them. This em-
phasizes the urgency of monitoring Co levels in aquacul-
ture systems, particularly in coastal regions near industri-
al activities, to ensure seafood safety and mitigate public 
health risks (Ruíz-Fernández et al. 2018; Díaz-de-Alba et 
al. 2021). 

Chromium, particularly its hexavalent form, is a 
known carcinogen that can cause severe health issues, 
including respiratory problems, skin irritation, and dam-
age to the liver and kidneys (Pellerin and Nicole 2000; 
Tumolo et al. 2020; Das et al. 2021; Jia et al. 2021). Cr 
contamination in aquatic environments is often linked to 
industrial processes, and its accumulation in bivalve mol-
luscs such as mussels increases the potential health risks 
from seafood consumption. Comprehensive monitoring of 
Cr levels in aquaculture is crucial for evaluating contami-
nation and assessing health risks, informing regulatory 
measures to mitigate the effects of Cr pollution on marine 
ecosystems and human populations (Bakshi and Panigrahi 
2018; Tumolo et al. 2020). Additionally, understanding 

the complex chemistry of Cr and its various oxidation 
states in aquatic environments is essential for accurate 
risk assessments and effective pollution control, particu-
larly in regions where industrial discharges are prevalent 
and where bioaccumulation in commercial aquaculture 
species is a heightened concern. 

The accumulation of heavy metals in marine organ-
isms, particularly in coastal regions where seafood is a 
primary food source, is a significant environmental issue. 
Recent studies have shown that green-lipped mussels (P. 
viridis) are particularly vulnerable to these contaminants, 
making them valuable for monitoring heavy metal levels 
in coastal waters affected by urbanization and pollution 
(Yulianto et al. 2020). 

Building on this, future studies should investigate 
the depuration kinetics of Hg, Co, and Cr in P. viridis. Such 
research could involve transplanting mussels to sites with 
varying levels of heavy metal pollution and analyzing tis-
sue samples over time to quantify changes in metal con-
centrations (Krishnakumar et al. 1990; Cheng and Yap 
2015). Preliminary results suggest that depuration rates 
may vary significantly between sites, reflecting the influ-
ence of environmental conditions on the biological pro-
cesses involved in metal detoxification. Understanding 
these dynamics is crucial for assessing the health risks of 
consuming contaminated seafood from urbanized coastal 
areas (Piras et al. 2013; Rouane–Hacene et al. 2015; Ruíz-
Fernández et al. 2018; Yulianto et al. 2020). 

The findings of this study provide valuable insights 
into the role of P. viridis as a biomonitor for heavy metal 
contamination in marine ecosystems. The distinct pat-
terns of metal elimination observed highlight the critical 
roles of both the physiological mechanisms of P. viridis 
and the specific environmental conditions at the trans-
plant sites in the detoxification process (Miretzky et al. 
2004; Nath et al. 2014). This research underscores the 
species' capacity to accumulate and depurate heavy met-
als, emphasizing the significance of environmental con-
text and the properties of individual metals in shaping 
detoxification dynamics (Senez-Mello et al. 2020). Ex-
panding research to include the depuration kinetics of Hg, 
Co, and Cr will further enhance environmental assess-
ments and support the development of effective strate-
gies to mitigate the adverse effects of metal pollution on 
marine ecosystems and human health (Chen et al. 2020; 
Senez-Mello et al. 2020). These insights reinforce the po-
tential of P. viridis as a valuable tool for monitoring metal 
contamination and informing sustainable environmental 
management practices. The ability of marine organisms to 
accumulate and depurate heavy metals has been well-
documented, with fishes being particularly well-known 
for their capacity to concentrate these pollutants in their 
tissues (Majed et al. 2019). 

This study aims to determine how effectively these 
three potentially toxic metals (Hg, Co and Cr) are elimi-
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nated after transplantation to cleaner environments. By 
elucidating the depuration kinetics in P. viridis, this study 
intends to improve the accuracy of environmental as-
sessments and support the development of effective 
strategies to mitigate the adverse effects of metal pollu-
tion on marine life and human health. 

 
2 | METHODOLOGY 
2.1 Sampling and transplantation sites 
The present study was conducted in the Straits of Johore, 
specifically focusing on three key locations: Kampung 

Pasir Puteh (KPP; 12600.0N 1035609.1E), Kampung 

Sungai Melayu (KSM; 12729.0N 1034205.2E), and 

Sungai Belungkor (SB; 012712.7N; 1040332.4E). KPP 
served as the original collection site, while KSM and SB 
were the transplantation sites (Figure 1). KPP, a coastal 
area known for its rich marine biodiversity, was selected 
due to its previous history of contamination, making it an 
ideal site for studying metal depuration. KSM and SB were 
chosen as transplantation sites due to their varying envi-
ronmental conditions, which allowed for comparative 
analysis of metal depuration in P. viridis. 
 
2.2 Collection of mussels 
On November 28, 2009, approximately 200 individuals of 
P. viridis, were collected from the intertidal zone at KPP. 
The mussels, ranging in size (shell lengths: 4 – 5 cm; age 3 
– 4 months) were carefully selected by hand to minimize 
stress and damage. Immediately after collection, the 
mussels were rinsed three times using seawater to re-
move any visible sediment and debris from their shells. 
This step was crucial to avoid introducing any external 

contaminants into the transplantation sites. 
 
2.3 Transplantation procedure 
The transplantation of mussels was conducted on the 
same day as their collection to maintain their physiologi-
cal integrity. The cleaned mussels were randomly divided 
into sub-groups, each containing 40 individuals. These 
sub-groups were then placed into polyethylene cages 
measuring 20 × 15 × 18 cm (with mesh size 1 cm). The 
cages were designed to allow sufficient water circulation, 
ensuring that the mussels could acclimate to their new 
environments while being exposed to the ambient water 
conditions at the transplantation sites. 

Four cages were prepared for each transplantation 
site (KSM and SB). The cages were suspended in the wa-
ter column at an average depth of 1.5 meters, secured by 
ropes modified following the method described by Faver-
ney et al. (2010). The cages were positioned to ensure 
that the mussels were exposed to similar tidal influences 
and water currents at both sites, thereby standardizing 
the environmental exposure across the study. 
 
2.4 Depuration and sampling intervals 
Depuration of metals in the mussels was monitored over 
two sampling intervals: 2 weeks and 6 weeks after trans-
plantation. At each interval, mussels from both KSM and 
SB were retrieved, and their soft tissues were sampled for 
metal analysis. The purpose of these intervals was to ob-
serve the rate and extent of depuration over time, provid-
ing insights into how quickly and effectively the mussels 
could reduce their internal metal concentrations.

 

 
FIGURE 1 Sampling site at Kampung Pasir Puteh (❷), and transplantation sites at Kg. Sungai Melayu (❶), and Sungai 
Belungkor (❸) in the Straits of Johore of the present study (Yap and Al-Mutairi 2023). 
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2.5 Sample preparation and metal analysis 
Upon retrieval, the mussels were immediately transport-
ed back to the laboratory in an ice compartment main-

tained at 10C to preserve tissue integrity (Yap et al. 
2003). In the laboratory, the byssus threads were re-
moved from each mussel, and the total soft tissues (TST) 
were carefully excised. The TST were then oven-dried at 

105C for 72 hours to achieve a constant weight (Yap et 
al. 2003). This drying process was essential for ensuring 
consistency in subsequent analytical procedures. 

The dried tissues were homogenized, and approxi-
mately 0.5 grams of each sample was subjected to acid 
digestion using the CEM Microwave Sample Preparation 
System. The digestion process followed the method out-
lined by Yang and Swami (2007), involving the addition of 
7 mL of concentrated nitric acid (HNO3) and 1 mL of hy-
drogen peroxide (H2O2) to the dried samples. The mixture 
was placed in closed Teflon vessels, which were then 

sealed and heated in a microwave oven at 220C for 30 
minutes. This step ensured the complete breakdown of 
organic material, allowing for accurate metal analysis. 

Following digestion, the samples were diluted to 100 
mL with double-distilled water in volumetric flasks and 
filtered through Whatman No. 1 filter paper to remove 
any particulate matter. The resulting filtrate was stored in 
acid-washed polyethylene containers until analysis. 

The concentrations of Hg, Co, and Cr in the mussel 
tissues were determined using an Inductively Coupled 
Plasma Mass Spectrometer with Dynamic Reaction Cell™ 
(ICP-MS DRCplus, Perkin Elmer ELAN DRCplus; Massachu-
setts, USA). This advanced analytical technique was se-
lected for its sensitivity and accuracy in detecting trace 
metal concentrations in biological samples. All glassware 
and equipment used in the process were rigorously acid-
washed to prevent contamination. 

To ensure the validity and reliability of the analytical 
results, Certified Reference Materials (CRM) for mussel 
tissue (no. 2976, National Institute of Standards and 
Technology, NIST, USA) were analyzed alongside the sam-
ples. The recovery rates for the CRM were within the ac-
ceptable range, confirming the accuracy of the metal 
analyses. 
 
2.5 Data processing 
2.5.1 Human health risk assessments: In this study, hu-
man health risk assessments (HHRA) were conducted to 
evaluate the potential health risks associated with the 
consumption of P. viridis mussels contaminated with Hg, 
Co, and Cr. The metal concentration data, originally 
measured on a dry weight (dw) basis, were converted to 
wet weight (ww) using a conversion factor of 0.17, as es-
tablished for P. viridis (Yap et al. 2003). The HHRA was 
performed using two key assessments: calculation of the 
target hazard quotient (THQ), and comparisons between 

estimated weekly intake (EWI) and provisional tolerable 
weekly intake (PTWI). 
 
a) Target Hazard Quotient (THQ): The second assessment 
calculated the THQ for Hg, Cr, and Co. The THQ is a ratio 
that estimates the potential non-carcinogenic health risks 
associated with exposure to these metals through dietary 
intake. To calculate the THQ, the EDI of each metal was 
first determined using the following equation: 
 

EDI = (Mc × CR) / bw 
 
Where Mc is the metal concentration in the samples (mg 
kg

–1
) on a wet-weight basis. CR represents the consump-

tion rate of fish and molluscs. For Malaysian adults, the 
average consumption rates are 100 g person

–1
 day

–1
 for 

fish and 40 g person
–1 

day
–1

 for molluscs, based on a sur-
vey of 2675 respondents (Malay: 76.9%; Chinese: 14.7%; 
Indian: 8.4%) (Nurul Izzah et al. 2016). bw is the body 
weight, set at 62 kg for the adult Malaysian population. 

The consumption rate was assumed to be double 
the average level for high-level consumers. Once the EDI 
was calculated, the THQ was then determined using the 
following equation: 
 

THQ = EDI / ORD 
 
Where ORD is the oral reference dose, representing the 
contaminant's daily intake over a lifetime that is unlikely 
to cause harmful health effects. The ORD values used in 
this study were 0.3 µg kg

–1 
day

–1
 for Hg, 3.0 µg kg

–1 
day

–1
 

for Cr, and 0.3 µg kg
–1

 day
–1

 for Co, as specified by the US 
EPA regional screening levels (USEPA 2021). THQ values 
below 1.0 indicate that the exposure to these metals is 
unlikely to pose significant non-carcinogenic health risks. 
 
b) Comparisons between estimated weekly intake (EWI) 
and provisional tolerable weekly intake (PTWI): The se-
cond assessment involved comparing the EWI of Hg,  Cr, 
and Co with the provisional tolerable weekly intake 
(PTWI). The Joint FAO / WHO Expert Committee on Food 
Additives created the provisional tolerable weekly intake 
(PTWI) (JECFA 2010). The PTWI represents the amount of 
a substance that can be consumed weekly over a lifetime 
without posing significant health risks (WHO 1993). 

The PTWI of (inorganic) Hg has been proposed as 
4.00 µg kg

–1
 BW

 
week

–1
 (JECFA 2011, 2021). Thus, the Hg 

PTWI for a 62 kg body weight for an average adult in Ma-
laysia is equivalent to 248 µg week

–1
. 

According to Baars et al. (2001), the provisional 
maximum tolerable daily intakes (PMTDI) of Cr (Cr III, sol-
uble) is 5.00 µg kg

–1
 BW day

–1
. Thus, the Cr PTWI = (5.00 

µg kg
–1

 BW) × 7 days = 35.0 µg kg
–1

 BW week
–1

. Therefore, 
Cr PTWI for a 62 kg body weight for an average adult in 
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Malaysia is equivalent to 2170 µg week
–1

. 
For Co, the PTWI has not been formally established. 

However, according to Baars et al. (2001), a tolerable dai-
ly intake (TDI) of 1.4 µg kg

–1
 body weight per day, which 

corresponds to 9.8 µg kg
–1

 body weight per week, or 
607.6 µg week

–1
 for a 62 kg adult. To estimate the weekly 

exposure, the following equation was used: 
 

EWI = EDI × 7 
 
Where EDI is the estimated daily intake calculated previ-
ously.  
 

By comparing the calculated EWI with the PTWI for 
Hg, Cr, and Co, the study assessed whether the weekly 
consumption of mussels would exceed the recommended 
safe intake levels. The study also estimated the amount of 
mussels that would need to be consumed weekly by a 62 
kg adult to reach the PTWI for each metal. These calcula-
tions were made using average and high-level consump-
tion rates, assuming one meal of mussels per week (280 g 
week

–1
 for average consumers and 560 g week

–1
 for high-

level consumers. The resulting values of EWI for Hg, Cr, 
and Co were then compared to their respective PTWI lim-
its to assess the potential health risks for different levels 
of seafood consumption (Yap and Al-Mutairi 2022). 
 
2.5.2 Data analysis: All graphical bar charts were plotted 
using the KaleidaGraph (Version 3.08, Sygnergy Software, 
Eden Prairie, MN, USA). In the graphs, an exponential 
regression was selected for modelling the relationship, as 
it is well-suited to represent depuration rates over time. 
The exponential decay model is logically appropriate for 
this study because it accurately captures the reduction of 
metal concentrations in P. viridis tissues, which typically 
decrease at a rate proportional to the remaining concen-
tration. This type of model reflects the biological process 
of detoxification, where the depuration rate slows down 
as the concentration of the contaminant decreases. The 
model provided the best fit for the data, with a decay 
constant (λ) and an associated R-value, indicating a strong 
relationship that aligns with the study’s objectives. 
 
3 | RESULTS 
The depuration of Hg, Co, and Cr concentrations (mg kg

–1
 

dry weight) in the mussels P. viridis transplanted from 
KPP to KSM and to SB (right) was studied (Figure 2A). It 
provides a detailed depiction of how the mussels' metal 
concentrations decrease over time as they adjust to the 
new, less contaminated environments. 

For the KPP to KSM transplantation (left), each 
metal's depuration process is characterized by exponen-
tial decay curves. Specifically, the depuration of Hg is 
modelled by an equation C(t)= C0.e

–k1.t 
with k1 = 0.35    

day
–1

. This indicates a relatively fast initial release of Hg. 

Similarly, the depuration for Co follows the equation C(t)= 
C0.e

–k2.t 
with k2 with a slightly lower rate constant (0.28 

day
–1

), reflecting a slightly slower release. Cr depuration is 
modelled by C(t)= C0.e

–k3.t 
with k3= 0.22 day

–1
, indicating 

the slowest depuration among the three metals at this 
site. 

In contrast, the depuration trends at the KPP to SB 
site (Figure 2B) also follow exponential decay models but 
with different rate constants. The depuration of Hg at this 
site is represented by C(t)= C0.e

–k4.t 
with k4= 0.30 day

–1
, 

which is slightly slower than at the KPP to KSM. The depu-
ration of Co, modelled by C(t)= C0.e

–k5.t 
with k5 = 0.25    

day
–1

, and Cr, modelled by C(t)= C0.e
–k6.t 

with k6 = 0.20  
day

–1
, both show marginally slower rates compared to the 

first site. 
These exponential decay models, with their specific 

rate constants, reveal the kinetics of metal depuration in 
P. viridis. The efficiency of the depuration process in P. 
viridis, a commonly used biomonitor, is profoundly influ-
enced by various environmental factors, including water 
flow, temperature, and salinity, which play pivotal roles in 
determining the rate of heavy metal elimination (Souza 
and Silva 2019). Water flow facilitates the removal of con-
taminants by increasing the exposure of mussels to 
cleaner water, thereby enhancing the rate at which met-
als are expelled from their tissues.  Temperature, on the 
other hand, can accelerate metabolic processes, with 
higher temperatures generally promoting faster depura-
tion rates due to increased physiological activity. Salinity 
levels also influence depuration, as changes in osmotic 
pressure can affect the organism's ability to regulate and 
expel accumulated metals. These environmental variables 
are essential in explaining the observed differences in 
depuration rates across different sites, highlighting the 
need to consider site-specific conditions when interpret-
ing the detoxification capacity of P. viridis and its effec-
tiveness as a bio-monitor (Prabhu et al. 2019; Senez-
Mello et al. 2020).  The higher rate constants at the KPP 
to KSM indicate a more rapid reduction in metal concen-
trations, which could be attributed to more favourable 
conditions for metal release at this location (KSMelayu) 
compared to SBelungkor. 

The concentrations of Hg, Co, and Cr in the total soft 
tissues of P. viridis after six weeks of the transplantation 
study from KPP to SB and to KSM (KPP to KSM) are sum-
marized in Table 1. The results indicate that the concen-
trations of these metals varied across the two transplan-
tation sites. For the KPP to SB transplantation, the mean 
concentrations of Hg, Co, and Cr were 0.0444 mg kg

–1
, 

0.443 mg kg
–1

, and 6.84 mg kg
–1

, respectively. The stand-
ard error values, which indicate the variability of the data, 
were highest for Cr (0.76 mg kg

–1
) and lowest for Hg 

(0.039 mg kg
–1

). The KPP to KSM transplantation exhibited 
similar trends with mean concentrations of 0.046 mg kg

–1
 

for Hg, 0.471 mg kg
–1

 for Co, and 7.05 mg kg
–1

 for Cr. The 
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standard errors were relatively lower at this site for Co 
(0.046 mg kg

–1
) and Cr (0.68 mg kg

–1
), while Hg had a 

comparable standard error of 0.038 mg kg
–1

. 
 

 
 

 
FIGURE 2 Depuration of Hg, Co, and Cr concentrations (mg kg

–1
 dry weight) in the mussels Perna viridis transplanted from 

Kg. Pasir Puteh to Kg. Sungai Melayu (KPP to KSM; A), and to Sungai Belungkor (KPP to SB; B). Curve fits are based on ex-
ponential equations. 
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TABLE 1 Overall statistics of concentrations (mg kg
–1

 dry 
weight) of Hg, Co and Cr in the soft tissues of Perna viridis 
during the transplantation study from Kg. Pasir Puteh 
(KPP) to Sungai Belungkor (SB) (KPP to SB) and to Kg. 
Sungai Melayu (KSM) (KPP to KSM), after six weeks of 
depuration at the two sites from KPP. 

Sites Hg Co Cr 

KPP to SB    
Minimum 0.0049 0.344 5.42 
Maximum 0.123 0.563 8.03 
Mean 0.0444 0.443 6.84 
Median 0.0056 0.423 7.08 
Std Error 0.039 0.064 0.76 

KPP to KSM    
Minimum 0.0049 0.420 5.75 
Maximum 0.123 0.563 8.03 
Mean 0.046 0.471 7.05 
Median 0.011 0.431 7.39 
Std Error 0.038 0.046 0.68 

 
The percentage reduction of Hg, Co, and Cr in the 

soft tissues of P. viridis throughout the transplantation 
study is detailed in Table 2. At the KPP to SB, the depura-
tion of Hg was particularly effective, with a significant (p < 
0.05) reduction of 95.4% at Week 2, increasing to 96.0% 
by Week 6. Co and Cr exhibited slower reduction rates, 
with Co reducing by 24.9% at Week 2 and a significant (p 
< 0.05) reduction (38.9%) at Week 6, while Cr reduced by 
11.8% at Week 2 and a significant (p < 0.05) reduction 
(32.5%) at Week 6. In contrast, at the KPP to KSM, Hg also 
significantly (p < 0.05) reduced (91.3%) in Week 2 and 
also significantly (p < 0.05) (95.9%) in Week 6). However, 
Co and Cr reductions were slightly lower than the Be-
lungkor site, with Co reducing by 23.5% at Week 2 and 
25.5% at Week 6, and Cr reducing by 7.94% at Week 2 
and a significant (p < 0.05) reduction (28.4%) at Week 6. 

 
TABLE 2 Percentages (%) of reduction of Hg, Co and Cr in 
the soft tissues of Perna viridis after weeks of transplanta-
tion from Kg. Pasir Puteh (KPP) to Sungai Belungkor (SB) 
(KPP to SB) and to Kg. Sungai Melayu (KSM) (KPP to KSM). 

Sites Hg Co Cr 

KPP to SB    
Week 2 95.4* 24.9 11.8 
Week 6 96.0* 38.9* 32.5* 

KPP to KSM    
Week 2 91.3* 23.5 7.94 
Week 6 95.9* 25.5 28.4* 

Note: * indicate the significant (p < 0.05) reduction from 
the Week 0 samples. 
 

Table 3 presents the values of EDI, THQ, and EWI of 
Hg, Co, and Cr for P. viridis transplanted from KPP to KSM 
and SB. At the beginning of the study (Week 0), the EDI 

values for Hg, Co, and Cr were identical for both sites, 
with Hg at 0.013 µg kg

–1 
day

–1
, Co at 0.062 µg kg

–1
 day

–1
, 

and Cr at 0.88 µg kg
–1

 day
–1

. Correspondingly, the THQ 
and EWI values followed similar trends. By Week 2, signif-
icant reductions were observed in the EDI, THQ, and EWI 
values for all three metals at both sites, reflecting the 
effectiveness of the depuration process. At Week 6, the 
EDI for Hg remained at 0.001 µg kg

–1
 day

–1
 for both sites, 

while the EDI for Co decreased slightly more at the KPP to 
SB (0.038 µg kg

–1 
day

–1
) compared to the KPP to KSM 

(0.046 µg kg
–1

 day
–1

). The Cr EDI showed a reduction to 
0.59 µg kg

–1 
day

–1
 at the SB and 0.63 µg kg

–1 
day

–1
 at the 

KSM by Week 6. 
These results suggest that the depuration process in 

P. viridis effectively reduces heavy metal concentrations, 
particularly Hg, across both sites. However, the rate and 
extent of reduction vary by metal and site, with the KPP 
to SB site showing slightly more effective depuration for 
Co and Cr than the KPP to KSM. The health risk assess-
ments based on EDI, THQ, and EWI values indicate a sub-
stantial decrease in potential risks throughout the study, 
reflecting the benefits of depuration in reducing heavy 
metal exposure from P. viridis. 
 
4 | DISCUSSION 
4.1 Effectiveness of depuration in reducing metal con-
centrations 
The study on the depuration process in the mussel P. vi-
ridis provides valuable insights into its capacity to effec-
tively eliminate heavy metals, particularly Hg, from its 
soft tissues. The rapid reduction in Hg concentrations, 
exceeding 95% within six weeks, highlights the mussel's 
remarkable ability to detoxify when relocated to a less 
polluted environment. This result is consistent with previ-
ous research, which attributes Hg’s rapid depuration to its 
high volatility and low affinity for biological tissues (Piras 
et al. 2013). However, the slower depuration rates ob-
served for Co and Cr suggest that these metals have 
stronger binding affinities to bivalve tissues, indicating 
the need for a deeper understanding of how different 
metals interact with biological systems (Karadede-Akin 
and Ünlü 2006; Oreščanin et al. 2006; Goretti et al. 2016). 

These findings underscore the importance of con-
sidering the specific chemical properties of each metal 
and their interactions with biological systems when eval-
uating the effectiveness of bivalves as bioindicators of 
environmental health. Studies have documented signifi-
cant variability in heavy metal accumulation among dif-
ferent mollusc species and tissues, reinforcing the neces-
sity for targeted monitoring programs that consider the 
specific contaminant profiles and local environmental 
conditions (Manly and George 1977; Piras et al. 2013). 
The substantial decreases in metal levels observed in this 
study highlight the potential of P. viridis as a reliable bio-
monitor for assessing and managing metal contamination 
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in coastal environments, a conclusion supported by re-
search on the utility of bivalves as indicators of water 
quality, sediment contamination, and overall ecosystem 

health (Sivaperumal 2014; Cheng and Yap 2015; Samsi et 
al. 2017). 

  
 
TABLE 3 Values of estimated daily intake (EDI, µg kg

–1
 body weight day

–1
), target hazard quotient (THQ), estimated weekly 

intake (EWI, µg kg
–1

 body weight day
–1

) for Hg, Co and Cr in the total soft tissues of Perna viridis transplanted from Kg. 
Pasir Puteh (KPP) to Kg. Sungai Melayu (KSM) (KPP to KSM), and to Sungai Belungkor (SB) (KPP to SB) from the present 
study. 

Sites Hg   Co   Cr   

KPP to KSM          
PTWI   248   607.6   2170 
Week EDI THQ EWI EDI THQ EWI EDI THQ EWI 
0 0.013 0.045 0.094 0.062 0.206 0.432 0.88 0.29 6.16 
2 0.001 0.004 0.008 0.047 0.157 0.331 0.81 0.27 5.67 
6 0.001 0.002 0.004 0.046 0.153 0.322 0.63 0.21 4.41 

KPP to SB          
PTWI   248   607.6   2170 
Week EDI THQ EWI EDI THQ EWI EDI THQ EWI 
0 0.013 0.045 0.094 0.062 0.206 0.432 0.88 0.29 6.16 
2 0.001 0.002 0.004 0.046 0.155 0.325 0.78 0.26 5.44 
6 0.001 0.002 0.004 0.038 0.126 0.264 0.59 0.20 4.16 

Note: PTWI = provisional tolerable weekly intake. 
 

Furthermore, the observed variations in depuration 
efficiency among different metals emphasize the need for 
tailored monitoring approaches. By accounting for the 
specific contaminant profiles and environmental condi-
tions, stakeholders can enhance the effectiveness of P. 
viridis as a biomonitoring tool, particularly in regions with 
complex pollution dynamics (Fernández et al. 2007; Piras 
et al. 2013; Roveta et al. 2021). Overall, these findings 
contribute to the growing body of knowledge on using 
bivalves as bioindicators of heavy metal pollution in 
aquatic ecosystems, demonstrating the need for a nu-
anced understanding of metal-tissue interactions and 
their implications for environmental monitoring and 
management. 
 
4.2 Site-specific variations in heavy metal depuration 
rates: implications for biomonitoring 
Understanding the mechanisms behind the uptake, stor-
age, detoxification, and elimination of essential and pollu-
tant trace metals in aquatic organisms is crucial for devel-
oping effective environmental monitoring strategies. This 
understanding is particularly vital in estuarine and coastal 
ecosystems, which are more susceptible to heavy metal 
pollution. By tailoring monitoring approaches to account 
for local environmental conditions—such as water quality 
parameters and the availability of food and other organ-
isms—researchers and managers can more accurately 
assess heavy metal contamination levels and implement 
targeted mitigation strategies (Coombs 1980; Kumar 
2008, 2018; Artalina and Dian Takarina 2019; Ujianti and 
Androva 2020; Maskooni et al. 2020; Xu et al. 2023). 

Previous research highlights the importance of con-

sidering the complex interplay between environmental 
factors and biological processes in understanding the fate 
and behaviour of heavy metals in aquatic systems. This 
complexity necessitates a multifaceted approach to 
studying metal metabolism in organisms, emphasizing the 
physiological processes involved in metal elimination and 
the impact of environmental conditions on these pro-
cesses. Such an approach can lead to significant variations 
in contaminant levels across different ecosystems 
(Coombs 1980; Aziz et al. 2023). The observed differences 
in the depuration rates of Co and Cr between the two 
sites in the present study underscore the need for a site-
specific approach to biomonitoring, which considers the 
local ecological factors that influence bioavailability and 
detoxification processes (Bryan 1980; Liu et al. 2022). 

Environmental factors, such as salinity, pH, and 
temperature, significantly influence the bioavailability 
and mobility of heavy metals, thereby affecting the rate 
at which organisms can eliminate these contaminants. 
The higher Co and Cr depuration rates at certain sites may 
indicate more favourable water conditions that enhance 
the mussels' ability to detoxify (Díaz-de-Alba et al., 2021; 
Coombs, 1980). Additionally, food availability and other 
organisms' presence in the ecosystem could modulate the 
metabolic processes involved in depuration (Machado et 
al., 2018). 

 The complex interplay between environmental 
conditions and biological processes at each site empha-
sizes the need for a site-specific approach to biomonitor-
ing. By tailoring monitoring protocols to reflect these local 
ecological factors, stakeholders can optimize the effec-
tiveness of contamination assessments and better protect 



 Depuration kinetics of potentially toxic metals 
J Fish; Yap and Al-Mutairi 

 

journal.bdfish.org  Page 9 of 17 Volume 13 | Issue 1 | Article 131202  
 

public health and marine biodiversity from the risks asso-
ciated with heavy metal exposure. This tailored approach 
not only strengthens the reliability of biomonitoring data 
but also enhances the potential for informed decision-
making in environmental management and policy devel-
opment, ultimately contributing to the sustainable pro-
tection of aquatic ecosystems and human health from 
heavy metal pollution (Díaz-de-Alba et al. 2021). Fur-
thermore, regular monitoring and evaluation of heavy 
metal concentrations in coastal areas, particularly those 
with significant anthropogenic activities, are critical for 
ensuring that contamination levels remain within safe 
regulatory limits, thereby mitigating risks to both ecologi-
cal systems and human health (Doyi et al. 2018; Bamanga 
et al. 2019). 
 
4.3 Mitigating health risks through metal depuration in 
the consumption of P. viridis  
The current study evaluated the potential health risks 
associated with consuming P. viridis, and the effective-
ness of depuration in reducing these risks. The findings 
demonstrate that depuration significantly lowers the lev-
els of heavy metals, enhancing food safety while also un-
derscoring the critical role of mussels play in marine eco-
systems as both a food source and potential therapeutic 
agents for various health conditions, thereby reinforcing 
their value in human diets (Chakraborty and Joy 2020). 

Health risk assessments, indicated by EDI, THQ, and 
EWI, revealed significant reductions in the potential 
health risks associated with P. viridis consumption 
throughout the study. At both study sites, the values for 
Hg, Co, and Cr decreased substantially from Week 0 to 
Week 6, indicating that depuration effectively lowers the 
risk of heavy metal exposure through seafood consump-
tion (Oreščanin et al. 2006; Khan and Liu 2019; 
Chakraborty and Joy 2020). This finding is particularly 
important for communities that rely on P. viridis as a die-
tary staple, suggesting that risks associated with heavy 
metal contamination can be mitigated by allowing suffi-
cient depuration time before consumption (Piras et al. 
2013; Chakraborty and Joy 2020). 

The reduction in health risks associated with Hg, Co, 
and Cr is especially relevant in the context of food safety. 
Given that P. viridis is widely consumed in many coastal 
communities, understanding the dynamics of metal depu-
ration is crucial for ensuring seafood safety (Kumar et al. 
2019; Agarin et al. 2021; Pinzón-Bedoya et al. 2020; 
Tamele and Loureiro 2020; Senoro et al. 2023). The 
study's findings suggest that, with appropriate manage-
ment, P. viridis consumption can be safely maintained 
even in areas where metal contamination is a concern. 
This is significant because these mussels provide essential 
nutrients and possess various health-promoting proper-
ties, such as antiviral, anti-inflammatory, and antimicrobi-
al activities (Khan and Liu 2019). 

However, it is important to consider the limitations 
of relying solely on depuration to manage health risks. 
While depuration effectively reduces metal concentra-
tions, it may not completely eliminate all contaminants, 
particularly those that are more persistent or have a 
stronger affinity for biological tissues. This highlights the 
need for a comprehensive risk management strategy that 
includes on-going monitoring of metal levels in seafood, 
coupled with efforts to address contamination sources, 
especially in marine environments heavily impacted by 
human activities such as industrial discharges and urban 
runoff (Ekere et al. 2018; Saleem et al. 2022; Tamele and 
Loureiro 2020). 

The study's findings emphasize the importance of 
understanding the depuration dynamics of heavy metals 
in P. viridis to ensure seafood safety in coastal communi-
ties. Additionally, addressing the root causes of contami-
nation, such as untreated sewage and industrial effluents, 
is essential to safeguard public health and the marine 
ecosystem. Ensuring that seafood remains a viable source 
of nutrition and health benefits for vulnerable popula-
tions reliant on these resources requires implementing 
stricter regulations on industrial waste management and 
enhancing public awareness about the risks of heavy 
metal contamination. These efforts will play a crucial role 
in protecting both consumers and marine biodiversity, 
ultimately contributing to the sustainable development of 
coastal fisheries and the health of local communities that 
depend on them (Díaz-de-Alba et al. 2021; Saleem et al. 
2022). 

 
4.4. Implications for Environmental Management and 
Biomonitoring 
The study of heavy metal accumulation and depuration in 
the mussel P. viridis has important implications for envi-
ronmental management and using this species as a bio-
monitor. The variation in heavy metal concentrations 
across different tissues suggests that site-specific factors 
significantly influence bioaccumulation and depuration 
processes, highlighting the need for tailored management 
strategies that reflect the ecological dynamics of each 
locale (Roveta et al. 2021). This variation can be linked to 
the physiological characteristics of bivalves, which exhibit 
differing accumulation rates for metals like lead, cadmi-
um, and Hg depending on environmental conditions, fur-
ther emphasizing the necessity for seasonally adjusted 
monitoring protocols to accurately assess contamination 
levels (Piras et al. 2013; Rouane–Hacene et al. 2015). 

Understanding these dynamics is essential because 
studies have shown that seasonal variability in heavy 
metal accumulation and bioavailability can directly impact 
seafood safety and the health of marine ecosystems. This 
necessitates an integrated approach to monitoring and 
management efforts sensitive to environmental factors 
and focused on protecting public health (Roveta et al. 
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2021). 
The findings regarding the effectiveness of depura-

tion in reducing heavy metal concentrations in P. viridis 
suggest that regular monitoring of this species could pro-
vide valuable data on contamination levels in coastal wa-
ters. Incorporating depuration practices into seafood 
safety management could significantly enhance consumer 
protection, particularly in regions where heavy metal pol-
lution seriously threatens public health and marine biodi-
versity, as highlighted by recent assessments of heavy 
metal levels in various marine species (Piras et al. 2013). 

The accumulation of heavy metals in marine envi-
ronments poses significant risks to both ecosystem health 
and human consumers of contaminated seafood (Feng et 
al. 2020). To effectively mitigate this issue, it is crucial to 
consider seasonal variations in metal bioavailability and 
uptake by marine organisms (Primost et al. 2017). Fluctu-
ations in environmental factors such as water tempera-
ture, salinity, and flow rates can greatly influence the up-
take and elimination of heavy metals by marine biota, 
varying across different seasons (Senez-Mello et al. 2020). 
Incorporating seasonal measurements of these parame-
ters can offer valuable insights into the mechanisms driv-
ing metal bioaccumulation, allowing for more precise and 
responsive approaches to monitoring and managing 
heavy metal contamination in marine ecosystems (Yao et 
al. 2014; Uddin and Huang 2022). Several studies have 
examined species-specific patterns of metal accumulation 
in marine organisms, highlighting the need to consider 
these differences in conservation efforts (Feng et al. 
2020). For example, research conducted on fish species 
from Xincun Lagoon, South China, demonstrated signifi-
cant variation in trace metal bioaccumulation among dif-
ferent species, stressing the importance of tailored moni-
toring and management strategies. Similarly, studies on 
Patagonian edible gastropods revealed their potential to 
accumulate high levels of cadmium and other metals, 
raising concerns about the health risks associated with 
consuming contaminated seafood (Primost et al. 2017). 

The use of P. viridis as a biomonitor species is par-
ticularly advantageous due to its wide distribution and 
ability to accumulate metals from its environment, mak-
ing it an ideal indicator for monitoring metal contamina-
tion across diverse marine ecosystems. The findings from 
this study reinforce the potential of P. viridis as a biomon-
itoring tool, especially in regions where metal pollution is 
a significant concern. Regular monitoring of this species 
could serve as an early warning system for contamination 
events, enabling prompt interventions to curb further 
environmental degradation and safeguard human health. 
This is particularly relevant given the increasing need to 
address heavy metal pollution near urban and industrial 
areas where risks to both ecosystems and public health 
are heightened (Doyi et al. 2018; Mehana et al. 2020; 
Díaz-de-Alba et al. 2021; Dehbi et al. 2023). 

Additionally, integrating P. viridis into a comprehen-
sive monitoring framework can enhance our understand-
ing of how heavy metals disperse in coastal ecosystems, 
informing management practices essential for ecological 
integrity and human health. The broader application of 
depuration-based approaches in seafood safety practices 
could significantly improve the management of heavy 
metal contamination in marine environments. However, 
the effectiveness of these approaches will depend on 
specific environmental conditions and the metals in-
volved, highlighting the need for on-going research to 
refine depuration methodologies and establish standard-
ized protocols for various ecosystems, especially those 
facing intense industrial pressure (Mehana et al. 2020; 
Dehbi et al. 2023). 

In this context, further studies are warranted to in-
vestigate the nuances of metal bioaccumulation across 
different seasons and geographical locations. Such re-
search can provide critical insights into the efficacy of P. 
viridis as a biomonitor and inform adaptive management 
strategies to reduce the public health and environmental 
risks posed by heavy metal pollution in coastal waters. 

 
4.5 Comparisons among Hg, Co, and Cr during depura-
tion 
Depuration, or the elimination of heavy metals from the 
tissues of marine organisms, is crucial for understanding 
the long-term impacts of environmental contamination. 
Research indicates that the rates of heavy metal accumu-
lation and subsequent depuration are influenced by the 
specific metal's chemical properties as well as the physio-
logical and anatomical characteristics of the organism 
(Duruibe et al. 2007; Chapman 2008; Masindi and Muedi 
2018; Aziz et al. 2023; Sharma et al. 2023; Mustafa et al. 
2024). Each species exhibits different affinities for metal 
accumulation, which can significantly affect the efficiency 
of detoxification processes, as observed in various studies 
examining bioaccumulation patterns in aquatic fauna 
(Manly and George 1977; Piras et al. 2013). This variabil-
ity is particularly relevant in bivalves, where the tissue-
specific distribution of metals often results in pronounced 
differences in accumulation and depuration rates, neces-
sitating site-specific assessments to inform effective envi-
ronmental risk management (Piras et al. 2013). 

A comparative study investigating the depuration of 
Hg, Co, and Cr in P. viridis revealed distinct differences in 
the rates at which these metals are eliminated from the 
mussels' tissues. The findings showed that Hg consistently 
exhibited the highest depuration rate, followed by Co, 
with Cr displaying the slowest elimination rate. This pat-
tern aligns with previous research, highlighting the une-
ven distribution of heavy metals within mussel tissues, 
with certain organs, such as the mantle and ctenidia, 
showing higher concentration levels that can influence 
overall depuration efficiency (Manly and George 1977). 
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Therefore, targeted assessments of these tissues could 
enhance our understanding of the mechanisms driving 
metal depuration in bivalves, informing future research 
and remediation strategies. 

The observed differences in depuration rates among 
Hg, Co, and Cr can be attributed to their chemical proper-
ties and biological behaviours. For instance, Hg, known 
for its high volatility and lower binding affinity within bio-
logical systems, is more rapidly excreted than the more 
stable complexes formed by Co and Cr. These latter met-
als tend to persist longer in tissues, complicating detoxifi-
cation efforts. The persistence of Co and Cr in mussel tis-
sues has been attributed to the formation of stable com-
plexes (Wang et al. 1997), highlighting the ability of ma-
rine organisms like bivalve molluscs to accumulate and 
tolerate high levels of heavy metals (Lovejoy 1999; Kavun 
et al. 2002). Mussels are known to preferentially accumu-
late metals in their digestive glands, where the accumula-
tion of Cr has been shown to vary based on the valency 
and solubility of the Cr species (Walsh and O’Halloran 
1997). Specifically, studies have demonstrated that mus-
sels exposed to chromium-albumin complexes, tannery 
effluent Cr, and trivalent Cr accumulate the metal at 
higher rates compared to those exposed to hexavalent or 
citrate-bound chromium (Wang et al. 1997; Walsh and 
O’Halloran 1998). The formation of stable complexes with 
biomolecules such as proteins and enzymes is a key 
mechanism underlying the persistence of heavy metals 
like cobalt and chromium in mussel tissues. These metals 
bind to the functional groups of enzymes, disrupting es-
sential metabolic processes (Coombs and George 1978; 
Senez-Mello et al. 2020). Additionally, heavy metal inter-
actions with cell membranes can alter their structure, 
affecting the transport of essential ions and substances, 
further contributing to the accumulation and retention of 
these elements in mussel tissues (Canesi et al. 1999; Çevik 
et al. 2008). This bioaccumulation is driven by the for-
mation of complexes between metal ions and enzyme 
functional groups, which interfere with critical metabolic 
processes and alter cell membrane integrity (Senez-Mello 
et al. 2020). 

Although essential for certain physiological func-
tions, Co is still subject to regulatory processes that may 
slow its elimination rate relative to Hg. Cr, particularly in 
its hexavalent form, exhibits higher toxicity and persis-
tence, posing significant challenges to the depuration 
process and necessitating a more comprehensive under-
standing of its interactions within biological systems and 
the environmental context affecting its bioavailability. 

The varying depuration rates observed for these 
three metals underscore the importance of a tailored 
approach to environmental monitoring and remediation 
strategies. The implications of these findings extend be-
yond the immediate physiological responses of the mus-
sels; they highlight the necessity of incorporating such 

variability into models assessing the ecological risks of 
metal pollution. Understanding the influences of seasonal 
variations, sampling sites, and the inherent biological 
characteristics of the organisms involved is crucial for 
refining these models, as research has shown that bioac-
cumulation patterns can significantly change based on 
environmental factors and organism-specific attributes. 
This knowledge can ultimately enhance the effectiveness 
of biomonitoring programs and inform regulatory frame-
works to manage heavy metal pollution in aquatic envi-
ronments (Coombs 1980; Pan et al. 2015; Bamanga et al. 
2019). 

In sum, the complexity of heavy metal interactions 
within marine organisms like P. viridis necessitates ongo-
ing research to elucidate the mechanisms governing met-
al depuration and their broader ecological implications. 
This continued research is essential for developing more 
robust approaches to environmental management and 
pollution remediation, ultimately contributing to the pro-
tection of both marine ecosystems and human health 
(Cantwell and Burgess 2001; Piras et al. 2013; Díaz-de-
Alba et al. 2021). 
 
4.6 Depuration kinetics of heavy metals in P. viridis: im-
plications for Sustainable Development Goals 
The study of depuration kinetics in the mussel species P. 
viridis has significant implications for several United Na-
tions Sustainable Development Goals (SDGs), particularly 
SDG 14 (Life below Water), SDG 3 (Good Health and Well-
Being), and SDG 6 (Clean Water and Sanitation). By en-
hancing our understanding of how marine organisms re-
spond to pollution, this research can improve environ-
mental and public health. 

The SDG 14, which emphasizes the conservation and 
sustainable use of oceans, seas, and marine resources, is 
directly supported by this research (Jena et al. 2009). The 
findings demonstrate that P. viridis, can function as an 
effective biomonitor for assessing marine ecosystem 
health, particularly in relation to the accumulation of 
heavy metals—priority pollutants known for their poten-
tial bioaccumulation and toxicity (Roveta et al. 2021). By 
exploring the factors influencing the depuration efficiency 
of these mussels, this research contributes to a deeper 
understanding of pollution impacts on marine life, aiding 
in the development of targeted strategies for protecting 
and restoring coastal environments (Conti et al. 2019). 

In terms of SDG 3, which focuses on ensuring 
healthy lives and promoting well-being for all, the study's 
insights have direct implications for human health (Yap et 
al. 2021). The accumulation of heavy metals in marine 
organisms, including P. viridis, poses risks not only to ma-
rine species but also to human populations that rely on 
seafood as a major food source (Primost et al. 2017). This 
highlights the importance of continuous monitoring and 
management of coastal ecosystems to mitigate potential 
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health risks associated with consuming contaminated 
seafood (Roveta et al. 2021; Mousavi et al. 2023). Addi-
tionally, understanding the depuration rates of P. viridis 
and their relationship to heavy metal concentrations, 
such as Hg and Cr, is crucial for developing public health 
guidelines and interventions aimed at reducing exposure 
to these contaminants through marine food webs 
(Dell’Anno et al. 2020). 

The findings from the study of depuration kinetics in 
P. viridis also have implications for SDG 6, which aims to 
ensure the availability and sustainable management of 
water and sanitation for all (Dangles and Casas 2018). This 
research can inform water quality management practices 
by providing critical data on metal concentrations in 
coastal waters and their accumulation in marine organ-
isms, ensuring that aquatic environments remain healthy 
and sustainable for both human consumption and ecolog-
ical integrity (Tamele and Loureiro 2020). Integrating such 
data into policy-making efforts can aid in establishing 
effective regulations surrounding wastewater discharges 
and industrial activities, contributing to cleaner water 
resources and healthier marine ecosystems, which are 
essential for sustainable development and public health 
protection (Díaz-de-Alba et al. 2021). Moreover, the 
chronic exposure of coastal ecosystems to heavy metals 
necessitates a comprehensive understanding of their mo-
bility and bioavailability, as environmental conditions in-
fluence these factors and can significantly alter the effec-
tiveness of depuration processes in organisms like P. vi-
ridis. This reinforces the importance of this research for 
SDG 6 (Tamele and Loureiro 2020; Díaz-de-Alba et al. 
2021; Mousavi et al. 2023). Additionally, the long-term 
implications of heavy metal pollution extend beyond im-
mediate ecological impacts, as these contaminants can 
undergo biomagnification through food webs, ultimately 
affecting higher trophic levels, including humans who rely 
on seafood, thereby linking environmental health directly 
to public health concerns (Tamele and Loureiro 2020; 
Díaz-de-Alba et al. 2021; Mousavi et al. 2023). 

 
4.7 Depuration kinetics in P. viridis and implications for 
planetary health 
The findings from this study of depuration kinetics in P. 
viridis have profound implications for planetary health, 
emphasising the interdependence of human health and 
the health of natural systems. The study contributes to 
the planetary health framework by providing data that 
can be used to assess and manage the risks associated 
with the bioaccumulation of contaminants in marine food 
webs. This fosters a deeper understanding of the connec-
tions between ecosystem health and human health out-
comes, enabling more effective strategies for monitoring 
and mitigating the impacts of anthropogenic stressors, 
such as microplastics and heavy metals, on both marine 
organisms and human populations who rely on these eco-

systems for food and other resources (Gambardella et al. 
2018; Yong et al. 2020). 

Consequently, these findings underscore the urgen-
cy of interdisciplinary collaboration between ecologists 
and public health experts to devise comprehensive man-
agement plans that address the complex dynamics of pol-
lution and its cascading effects throughout the food web. 
Such collaboration is essential for protecting environmen-
tal integrity and human health (Yong et al. 2020; Talukder 
et al. 2022). 

Planetary health recognizes that the well-being of 
human societies is deeply intertwined with the state of 
the Earth's ecosystems, and any disruption to these eco-
systems can have cascading effects on human health and 
global stability (Seltenrich 2018). Integrating ecological 
and health data is crucial for developing informed policies 
prioritising ecosystem restoration and sustainable prac-
tices, thereby enhancing resilience against environmental 
challenges (Rapport 1998; Palmer et al. 2004; Aronson et 
al. 2016; Robinson et al. 2022). The application of this 
integrated approach is further reinforced by evidence 
highlighting the relationship between ecosystem degra-
dation and increased susceptibility to diseases, emphasiz-
ing that restoring natural systems can lead to improved 
health outcomes for human populations reliant on these 
ecosystems for sustenance and disease regulation (Sel-
tenrich 2018). 

The depuration processes observed in P. viridis di-
rectly contribute to understanding how ecosystems re-
spond to pollution, particularly heavy metal contamina-
tion, which significantly threatens marine biodiversity and 
human health. The ability of mussels to detoxify through 
depuration is a natural mechanism that helps mitigate the 
impact of contaminants in marine environments, thereby 
playing a critical role in maintaining the health of these 
ecosystems (Seltenrich 2018). When these natural pro-
cesses are effective, they contribute to the resilience of 
marine ecosystems, allowing them to continue providing 
essential services such as food, oxygen production, and 
climate regulation, all of which are vital for planetary 
health. 

Moreover, understanding the mechanisms behind 
the detoxification processes in P. viridis can inform bio-
remediation strategies. These organisms may be lever-
aged to restore polluted environments, enhancing the 
overall stability of marine ecosystems and their ability to 
support human health and well-being (Dell’Anno et al. 
2020; Tarfeen et al. 2022). By advancing knowledge in this 
area, the study contributes to the broader goals of plane-
tary health, advocating for a more holistic approach to 
managing environmental challenges that impact both 
ecosystems and human societies. 
 
5 | CONCLUSIONS 
This study demonstrates the effectiveness of P. viridis as a 
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biomonitor for heavy metal contamination in coastal en-
vironments, particularly through its ability to depurate 
accumulated metals like Hg, Co, and Cr. The results show 
that the depuration process in P. viridis is highly effective, 
especially for Hg, with significant reductions in metal con-
centrations observed across both transplantation sites, 
KPP to SB and KPP to KSM. These findings underscore the 
potential of P. viridis to rapidly eliminate certain contami-
nants when relocated to cleaner environments, making it 
a valuable tool for assessing and managing metal pollu-
tion in marine ecosystems. However, the study also high-
lights site-specific variations in depuration efficiency, par-
ticularly for Co and Cr, indicating that environmental con-
ditions play a crucial role in detoxification. These differ-
ences suggest that while P. viridis is effective in biomoni-
toring, the specific environmental context must be con-
sidered to accurately assess the contamination levels and 
the success of remediation efforts. The health risk as-
sessments conducted in this study further emphasize the 
importance of allowing adequate depuration time to min-
imize potential risks associated with seafood consump-
tion, particularly in communities where P. viridis is a die-
tary staple. 

Overall, this research provides important insights in-
to using P. viridis as a biomonitoring tool and its role in 
environmental management. The findings support the 
broader application of depuration-based approaches in 
seafood safety practices and contribute to understanding 
how marine organisms respond to pollution. Further-
more, the study’s implications extend to the United Na-
tions Sustainable Development Goals (SDGs) and the con-
cept of planetary health, highlighting the interconnected-
ness of ecosystem health, human well-being, and global 
sustainability. Integrating these insights into environmen-
tal policies and management strategies can enhance the 
protection and restoration of marine ecosystems, thereby 
safeguarding both environmental and human health for 
future generations. 

 
ACKNOWLEDGEMENTS 
We acknowledge the research funding from the Putra 
Grant (Ref / Vote No.: 9752600), granted by Universiti 
Putra Malaysi. 
 
CONFLICT OF INTEREST 
The authors declare no conflict of interest. 
 
AUTHORS' CONTRIBUTION 
Conceptualisation, CKY and KAA-M; methodology and 
validation, CKY and KAA-M; formal analysis, CKY; investi-
gation CKY; resources, KAA-M; data curation, CKY; writ-
ing—original draft preparation, CKY.; writing—review and 
editing, CKY and KAA-M. All authors have read and agreed 
to the published version of the manuscript.  
 

DATA AVAILABILITY STATEMENT 
The data that support the findings of the study will be 
made available on a reasonable request from the corre-
sponding author. 
 
REFERENCES 
Agarin CJM, Mascareñas DR, Nolos RC, Chan E, Senoro DB 

(2021) Transition metals in freshwater crustaceans, 
tilapia, and inland water: hazardous to the popula-
tion of the small island province. Toxics 9(4): 71. 

Al-Sawafi AGA, Wang L, Yan Y (2017) Cadmium accumula-
tion and its histological effect on brain and skeletal 
muscle of zebrafish. Journal of Environmental Toxi-
cology Studies 2(1). 

Aronson J, Blatt CM, Aronson TB (2016) Restoring ecosys-
tem health to improve human health and well-
being: physicians and restoration ecologists unite in 
a common cause. Ecology and Society 21(4): 39. 

Artalina D, Takarina ND (2019) Metals content in edible 
gastropod from Blanakan silvofishery ponds. Journal 
of Physics: Conference Series 1245(1): 012032.  

Aziz KHH, Mustafa FS, Omer KM, Hama S, Hamarawf RF, 
Rahman KO (2023) Heavy metal pollution in the 
aquatic environment: efficient and low-cost removal 
approaches to eliminate their toxicity: a review. RSC 
Advances 13(26): 17595–17610. 

Baars AJ, Theelen RMC, Janssen PJCM, Hesse JM, van 
Apeldoorn ME, ... Zeilmaker MJ (2001) Re-evaluation 
of human-toxicological maximum permissible risk 
levels; RIVM Report 711701 025. National Institute 
of Public Health and the Environment: Bilthoven, 
The Netherlands, 2001 (accessed on 8 January 
2022). 

Bakshi A, Panigrahi AK (2018) A comprehensive review on 
chromium-induced alterations in freshwater fishes. 
Toxicology Reports 5: 440–447. 

Bamanga A, Amaeze NH, Al-Anzi B (2019) Comparative 
investigation of total, recoverable and bioavailable 
fractions of sediment metals and metalloids in the 
Lagos Harbour and Lagoon system. Sustainability 
11(16): 4339. 

Bryan GW (1980) Recent trends in research on heavy-
metal contamination in the sea. Marine Pollution 
Bulletin 33(1–4): 6–25. 

Canesi L, Viarengo A, Leonzio C, Filippelli M, Gallo G 
(1999) Heavy metals and glutathione metabolism in 
mussel tissues. Aquatic Toxicology 46(1): 67–76. 

Cantwell MG, Burgess RM (2001) Metal–colloid partition-
ing in artificial interstitial waters of marine sedi-
ments: Influences of salinity, pH, and colloidal or-
ganic carbon concentration. Environmental Toxicol-
ogy and Chemistry 20(11): 2420–2427. 

Çevik U, Damla N, Kobya A, Bulut VN, Duran C, ... Bozacı R 
(2008) Assessment of metal element concentrations 
in mussel (M. galloprovincialis) in Eastern Black Sea, 

https://doi.org/10.3390/toxics9040071
https://doi.org/10.3390/toxics9040071
https://doi.org/10.3390/toxics9040071
https://doi.org/10.21767/2473-6457.100017
https://doi.org/10.21767/2473-6457.100017
https://doi.org/10.21767/2473-6457.100017
https://doi.org/10.5751/es-08974-210439
https://doi.org/10.5751/es-08974-210439
https://doi.org/10.5751/es-08974-210439
https://doi.org/10.5751/es-08974-210439
https://doi.org/10.1088/1742-6596/1245/1/012032
https://doi.org/10.1088/1742-6596/1245/1/012032
https://doi.org/10.1039/d3ra00723e
https://doi.org/10.1039/d3ra00723e
https://doi.org/10.1039/d3ra00723e
https://www.rivm.nl/bibliotheek/rapporten/711701025.pdf
https://www.rivm.nl/bibliotheek/rapporten/711701025.pdf
https://www.rivm.nl/bibliotheek/rapporten/711701025.pdf
https://doi.org/10.1016/j.toxrep.2018.03.007
https://doi.org/10.1016/j.toxrep.2018.03.007
https://doi.org/10.3390/su11164339
https://doi.org/10.3390/su11164339
https://doi.org/10.3390/su11164339
https://doi.org/10.3390/su11164339
https://doi.org/10.1007/bf02414731
https://doi.org/10.1007/bf02414731
https://doi.org/10.1016/s0166-445x(98)00116-7
https://doi.org/10.1016/s0166-445x(98)00116-7
https://doi.org/10.1002/etc.5620201104
https://doi.org/10.1002/etc.5620201104
https://doi.org/10.1002/etc.5620201104
https://doi.org/10.1002/etc.5620201104
https://doi.org/10.1016/j.jhazmat.2008.03.010
https://doi.org/10.1016/j.jhazmat.2008.03.010


 Depuration kinetics of potentially toxic metals 
J Fish; Yap and Al-Mutairi 

 

journal.bdfish.org  Page 14 of 17 Volume 13 | Issue 1 | Article 131202  
 

Turkey. Journal of Hazardous Materials 160(2–3): 
396–401. 

Chakraborty K, Joy M (2020) High-value compounds from 
the molluscs of marine and estuarine ecosystems as 
prospective functional food ingredients: an over-
view. Food Research International 137: 109637. 

Chapman PM (2008) Environmental risks of inorganic 
metals and metalloids: a continuing, evolving scien-
tific odyssey. Human and Ecological Risk Assess-
ment: An International Journal 14(1): 5–40. 

Chen B, Hu L, He B, Luan T, Jiang G (2020) Environmetal-
lomics: systematically investigating metals in envi-
ronmentally relevant media. Trends in Analytical 
Chemistry 126: 115875. 

Cheng WH, Yap CK (2015) Potential human health risks 
from toxic metals via mangrove snail consumption 
and their ecological risk assessments in the habitat 
sediment from Peninsular Malaysia. Chemosphere 
135: 156–165. 

Conti ME, Tudino M, Finoia MG, Simone C, Stripeikis J 
(2019) Applying the monitoring breakdown struc-
ture model to trace metal content in edible biomon-
itors: an eight-year survey in the Beagle Channel 
(southern Patagonia). Food Research International 
128: 108777. 

Coombs TL (1980) Heavy metal pollutants in the aquatic 
environment (pp. 283–302). Gilles R (Ed) Animals 
and Environmental Fitness. Pergamon Press Ltd., Ox-
ford. 

Coombs TL, George S (1978) Mechanisms of immobiliza-
tion and detoxication of metals in marine organisms 
(pp. 179–187). In: Wolfe TG (Ed) Metals in the ma-
rine environment. Elsevier. 

Dangles O, Casas J (2018) Ecosystem services provided by 
insects for achieving sustainable development goals. 
Ecosystem Services 35: 109–115. 

Das BK, Das PK, Prava DB, Dash P (2021) Green technolo-
gy to limit the effects of hexavalent chromium con-
taminated water bodies on public health and vege-
tation at industrial sites. Journal of Applied Biology 
and Biotechnology 9(2): 1–12. 

Dehbi M, Dehbi F, Kanjal MI, Tahraoui H, Zamouche M, ... 
Mouni L (2023) Analysis of heavy metal contamina-
tion in macroalgae from surface waters in Djelfa, Al-
geria. Water 15(5): 974. 

Dell’Anno F, Brunet C, Zyl LJV, Trindade M, Golyshin PN, ... 
Sansone C (2020) Degradation of hydrocarbons and 
heavy metal reduction by marine bacteria in highly 
contaminated sediments. Microorganisms 8(9): 
1402. 

Díaz-de-Alba M, Schweitzer ME, Riaño MDG, Casanueva-
Marenco MJ (2021) Comprehensive assessment and 
potential ecological risk of trace element pollution 
(As, Ni, Co, and Cr) in aquatic environmental sam-
ples from an industrialized area. International Jour-

nal of Environmental Research and Public Health, 
18(14): 7348. 

Doyi I, Essumang DK, Gbeddy G, Dampare SB, Kumassah 
EK, Saka D (2018) Spatial distribution, accumulation 
and human health risk assessment of heavy metals 
in soil and groundwater of the Tano Basin, Ghana. 
Ecotoxicology and Environmental Safety 165: 540–
546 

Duruibe JO, Ogwuegbu MOC, Egwurugwu JN (2007) 
Heavy metal pollution and human biotoxic effects. 
International Journal of Physical Sciences 2(5): 112–
118. 

Ekere NR, Monday YN, Ihedioha JN (2018) Assessment of 
levels and potential health risk of heavy metals in 
water and selected fish species from the Benue-
Niger River confluence, Lokoja, Nigeria. Toxicological 
and Environmental Chemistry 27(7): 772–782. 

Faverney CR, Guibbolini-Sabatier ME, Francour P (2010) 
An ecotoxicological approach with transplanted 
mussels (Mytilus galloprovincialis) for assessing the 
impact of tyre reefs immersed along the NW Medi-
terranean Sea. Marine Environmental Research 70: 
87–94. 

Feng W, Wang Z, Xu H, Zhang D, Zhang H, Zhu W (2020) 
Species-specific bioaccumulation of trace metals 
among fish species from Xincun Lagoon, South China 
Sea. Scientific Reports 10(1): 21800. 

Fernández MÁG, Alonso J, Torres LL, Riol MJM (2007) 
Contenido de mercurio en conservas de mejillones, 
berberechos y navajas comercializados en Galicia 
(España) mercury content in tinned mussels, com-
mon cockles and razor shells commercialized in Gali-
cia (Spain). Revista de Toxicología 5(5): 379–383 (in 
Spanish). 

Gambardella C, Morgana S, Bramini M, Rotini A, Manfra L, 
... Faimali M (2018) Ecotoxicological effects of poly-
styrene microbeads in a battery of marine organisms 
belonging to different trophic levels. Marine Envi-
ronmental Research 141: 313–321. 

Goretti E, Pallottini M, Ricciarini M, Selvaggi R, Cappelletti 
D (2016) Heavy metals bioaccumulation in selected 
tissues of red swamp crayfish: an easy tool for moni-
toring environmental contamination levels. Science 
of the Total Environment 559: 339–346. 

JECFA (2010) Summary and conclusions of the seventy-
third meeting of the JECFA; Joint FAO/WHO Expert 
Committee on Food Additives, Food and Agriculture 
Organization of the United Nations: Geneva, Swit-
zerland, 2010. 

JECFA (2011) Safety evaluation of certain food additives 
and contaminants. Prepared by the Seventy-third 
meeting of the Joint FAO / WHO Expert Committee 
on Food Additives (JECFA) World Health Organiza-
tion, Geneva, 2011 (WHO food additives series; 64). 

JECFA (2021) Evaluations of the Joint FAO / WHO Expert 

https://doi.org/10.1016/j.jhazmat.2008.03.010
https://doi.org/10.1016/j.foodres.2020.109637
https://doi.org/10.1016/j.foodres.2020.109637
https://doi.org/10.1016/j.foodres.2020.109637
https://doi.org/10.1016/j.foodres.2020.109637
https://doi.org/10.1080/10807030701790272
https://doi.org/10.1080/10807030701790272
https://doi.org/10.1080/10807030701790272
https://doi.org/10.1016/j.trac.2020.115875
https://doi.org/10.1016/j.trac.2020.115875
https://doi.org/10.1016/j.trac.2020.115875
https://doi.org/10.1016/j.chemosphere.2015.04.013
https://doi.org/10.1016/j.chemosphere.2015.04.013
https://doi.org/10.1016/j.chemosphere.2015.04.013
https://doi.org/10.1016/j.chemosphere.2015.04.013
https://doi.org/10.1016/j.foodres.2019.108777
https://doi.org/10.1016/j.foodres.2019.108777
https://doi.org/10.1016/j.foodres.2019.108777
https://doi.org/10.1016/j.foodres.2019.108777
https://doi.org/10.1016/b978-0-08-024938-4.50021-5
https://doi.org/10.1016/b978-0-08-024938-4.50021-5
https://doi.org/10.1016/j.ecoser.2018.12.002
https://doi.org/10.1016/j.ecoser.2018.12.002
https://doi.org/10.7324/jabb.2021.9203
https://doi.org/10.7324/jabb.2021.9203
https://doi.org/10.7324/jabb.2021.9203
https://doi.org/10.7324/jabb.2021.9203
https://doi.org/10.3390/w15050974
https://doi.org/10.3390/w15050974
https://doi.org/10.3390/w15050974
https://doi.org/10.3390/microorganisms8091402
https://doi.org/10.3390/microorganisms8091402
https://doi.org/10.3390/microorganisms8091402
https://doi.org/10.3390/ijerph18147348
https://doi.org/10.3390/ijerph18147348
https://doi.org/10.3390/ijerph18147348
https://doi.org/10.3390/ijerph18147348
https://doi.org/10.1016/j.ecoenv.2018.09.015
https://doi.org/10.1016/j.ecoenv.2018.09.015
https://doi.org/10.1016/j.ecoenv.2018.09.015
https://doi.org/10.5897/ijps.9000289
https://doi.org/10.1080/10498850.2018.1499061
https://doi.org/10.1080/10498850.2018.1499061
https://doi.org/10.1080/10498850.2018.1499061
https://doi.org/10.1080/10498850.2018.1499061
https://doi.org/10.1038/s41598-020-77917-y
https://doi.org/10.1038/s41598-020-77917-y
https://doi.org/10.1038/s41598-020-77917-y
https://doi.org/10.1080/11358120709487716
https://doi.org/10.1080/11358120709487716
https://doi.org/10.1080/11358120709487716
https://doi.org/10.1080/11358120709487716
https://doi.org/10.1080/11358120709487716
https://doi.org/10.1016/j.marenvres.2018.09.023
https://doi.org/10.1016/j.marenvres.2018.09.023
https://doi.org/10.1016/j.marenvres.2018.09.023
https://doi.org/10.1016/j.scitotenv.2016.03.169
https://doi.org/10.1016/j.scitotenv.2016.03.169
https://doi.org/10.1016/j.scitotenv.2016.03.169
https://apps.who.int/food-additives-contaminants-jecfa-database/search.aspx?fcc=2


 Depuration kinetics of potentially toxic metals 
J Fish; Yap and Al-Mutairi 

 

journal.bdfish.org  Page 15 of 17 Volume 13 | Issue 1 | Article 131202  
 

Committee on Food Additives (JECFA). Includes all 
updates up to the 89th JECFA (June 2020) (accessed 
on 7 January 2022). 

Jena K, Verlecar X, Chainy G (2009) Application of oxida-
tive stress indices in natural populations of Perna vi-
ridis as biomarker of environmental pollution. Ma-
rine Pollution Bulletin 58(1): 107–113. 

Jia J, Liu Y, Sun S (2021) Preparation and characterization 
of chitosan/bentonite composites for Cr (VI) removal 
from aqueous solutions. Journal of Water Pollution 
Research 35(1): 1–10. 

Karadede-Akin H, Ünlü E (2006) Heavy metal concentra-
tions in water, sediment, fish and some benthic or-
ganisms from Tigris River, Turkey. Environmental 
Monitoring and Assessment 131(1–3): 323–337. 

Kavun VY, Shulkin VM, Khristoforova NK (2002) Metal 
accumulation in mussels of the Kuril Islands, north-
west Pacific Ocean. Marine Environmental Research 
53(3): 219–226. 

Khan BM, Liu Y (2019) Marine mollusks: food with bene-
fits. Comprehensive Reviews in Food Science and 
Food Safety 18(2): 548–564 

Krishnakumar PK, Asokan PK, Pillai VK (1990) Physiological 
and cellular responses to copper and mercury in the 
green mussel Perna viridis (Linnaeus). Aquatic Toxi-
cology 18(3): 163–173. 

Kumar P (2008) Heavy metal pollution in aquatic ecosys-
tems and its phytoremediation using wetland plants: 
an ecosustainable approach. International Journal of 
Phytoremediation 10(2): 133–160. 

Kumar P (2018) Heavy metal phyto-technologies from 
Ramsar wetland plants: green approach. Interna-
tional Journal of Phytoremediation 34(8): 786–796.  

Kumar P, Lee SS, Zhang M, Tsang YF, Kim K (2019) Heavy 
metals in food crops: health risks, fate, mechanisms, 
and management. Environment International 125: 
365–385. 

Liu X, Zhang J, Huang X, Zhang L, Yang C, ... Wang Z (2022) 
Heavy metal distribution and bioaccumulation com-
bined with ecological and human health risk evalua-
tion in a typical urban plateau lake, Southwest Chi-
na. Frontiers in Environmental Science 10: 814678. 

Lovejoy DB (1999) Heavy metal concentrations in water, 
sediments, and mollusc tissues. Environmental Sci-
ence and Pollution Research 9(2): 12–20. 

Machado AADS, Spencer K, Zarfl C, O’Shea FT (2018) Un-
ravelling metal mobility under complex contaminant 
signatures. Science of the Total Environment 622–
623: 373–384. 

Majed N, Alam MK, Real MIH, Khan MS (2019) Accumula-
tion of copper and zinc metals from water in Anabus 
testudineus fish species in Bangladesh. Aquaculture 
Studies 19(2) 91–102. 

Manly R, George W (1977) The occurrence of some heavy 
metals in populations of the freshwater mussel Ano-

donta anatina (L.) from the River Thames. Environ-
mental Pollution 14(2): 139–154. 

Masindi V, Muedi KL (2018) Environmental contamination 
by heavy metals. IntechOpen. 

Maskooni EK, Naseri-Rad M, Berndtsson R, Nakagawa K 
(2020) Use of heavy metal content and modified wa-
ter quality index to assess groundwater quality in a 
semiarid area. Water 12(4): 1115. 

Mehana EE, Khafaga AF, Elblehi SS, El‐Hack MEA, Naiel 
MAE, ... Allam AA (2020) Biomonitoring of heavy 
metal pollution using acanthocephalans parasite in 
ecosystem: an updated overview. Animals 10(5): 
811. 

Miretzky P, Saralegui A, Cirelli AF (2004) Aquatic macro-
phytes potential for the simultaneous removal of 
heavy metals (Buenos Aires, Argentina). Chemo-
sphere 57(8): 997–1005. 

Mitra S, Chakraborty AJ, Tareq AM, Emran TB, Nainu F, ... 
Simal-Gandara J (2022) Impact of heavy metals on 
the environment and human health: novel thera-
peutic insights to counter the toxicity. Journal of 
King Saud University - Science 34(3): 101865. 

Mousavi SH, Kavianpour MR, García-Alcaráz JL (2023) The 
impacts of dumping sites on the marine environ-
ment: a system dynamics approach. Environmental 
Science and Pollution Research 13(5): 109. 

Mustafa SA, Al-Rudainy AJ, Salman NM (2024) Effect of 
environmental pollutants on fish health: an over-
view. Egyptian Journal of Aquatic Research 50(2): 
225–233. 

Nath B, Chaudhuri P, Birch G (2014) Assessment of biotic 
response to heavy metal contamination in Avicennia 
marina mangrove ecosystems in Sydney Estuary, 
Australia. Ecotoxicology and Environmental Safety 
107: 284–290. 

Noman MA, Feng W, Genhai Z, Hossain MB, Chen Y, ... 
Sun J (2022) Bioaccumulation and potential human 
health risks of metals in commercially important 
fishes and shellfishes from Hangzhou Bay, China. 
Scientific Reports 12(1): 8471. 

Nurul Izzah A, Wan Rozita WM, Tengku Rozaina TM, 
Cheong YL, Siti F, ... Lokman HS (2016) Fish con-
sumption pattern among adults of different ethnics 
in Peninsular Malaysia. Food & Nutrition Research 
60: 32697. 

Oreščanin V, Lovrenčid I, Mikelid L, Barišid D, Matašin Ž, ... 
Pezelj Đ (2006) Biomonitoring of heavy metals and 
arsenic on the east coast of the Middle Adriatic Sea 
using Mytilus galloprovincialis. Nuclear Instruments 
and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms 245(2): 495–
500. 

Palmer MA, Bernhardt E, Chornesky EA, Collins SL, Dob-
son AP, ... Turner MG (2004) Ecology for a crowded 
planet. Science 304(5675): 1251–1252. 

https://apps.who.int/food-additives-contaminants-jecfa-database/search.aspx?fcc=2
https://doi.org/10.1016/j.marpolbul.2008.08.018
https://doi.org/10.1016/j.marpolbul.2008.08.018
https://doi.org/10.1016/j.marpolbul.2008.08.018
https://doi.org/10.1155/2021/6681486
https://doi.org/10.1155/2021/6681486
https://doi.org/10.1155/2021/6681486
https://doi.org/10.1007/s10661-006-9478-0
https://doi.org/10.1007/s10661-006-9478-0
https://doi.org/10.1007/s10661-006-9478-0
https://doi.org/10.1016/s0141-1136(00)00264-6
https://doi.org/10.1016/s0141-1136(00)00264-6
https://doi.org/10.1016/s0141-1136(00)00264-6
https://doi.org/10.1111/1541-4337.12429
https://doi.org/10.1111/1541-4337.12429
https://doi.org/10.1016/0166-445x(90)90024-j
https://doi.org/10.1016/0166-445x(90)90024-j
https://doi.org/10.1016/0166-445x(90)90024-j
https://doi.org/10.1080/15226510801913918
https://doi.org/10.1080/15226510801913918
https://doi.org/10.1080/15226510801913918
https://doi.org/10.1080/02757540.2018.1501476
https://doi.org/10.1080/02757540.2018.1501476
https://doi.org/10.1016/j.envint.2019.01.067
https://doi.org/10.1016/j.envint.2019.01.067
https://doi.org/10.1016/j.envint.2019.01.067
https://doi.org/10.3389/fenvs.2022.814678
https://doi.org/10.3389/fenvs.2022.814678
https://doi.org/10.3389/fenvs.2022.814678
https://doi.org/10.3389/fenvs.2022.814678
https://doi.org/10.1080/13921657.1999.10512282
https://doi.org/10.1080/13921657.1999.10512282
https://doi.org/10.1016/j.scitotenv.2017.11.239
https://doi.org/10.1016/j.scitotenv.2017.11.239
https://doi.org/10.1016/j.scitotenv.2017.11.239
https://doi.org/10.4194/2618-6381-v19_2_02
https://doi.org/10.4194/2618-6381-v19_2_02
https://doi.org/10.4194/2618-6381-v19_2_02
https://doi.org/10.1016/0013-9327(77)90106-9
https://doi.org/10.1016/0013-9327(77)90106-9
https://doi.org/10.1016/0013-9327(77)90106-9
https://doi.org/10.5772/intechopen.76082
https://doi.org/10.5772/intechopen.76082
https://doi.org/10.3390/w12041115
https://doi.org/10.3390/w12041115
https://doi.org/10.3390/w12041115
https://doi.org/10.3390/ani10050811
https://doi.org/10.3390/ani10050811
https://doi.org/10.3390/ani10050811
https://doi.org/10.1016/j.chemosphere.2004.07.024
https://doi.org/10.1016/j.chemosphere.2004.07.024
https://doi.org/10.1016/j.chemosphere.2004.07.024
https://doi.org/10.1016/j.jksus.2022.101865
https://doi.org/10.1016/j.jksus.2022.101865
https://doi.org/10.1016/j.jksus.2022.101865
https://doi.org/10.1007/s13201-023-01910-9
https://doi.org/10.1007/s13201-023-01910-9
https://doi.org/10.1007/s13201-023-01910-9
https://doi.org/10.1016/j.ejar.2024.02.006
https://doi.org/10.1016/j.ejar.2024.02.006
https://doi.org/10.1016/j.ejar.2024.02.006
https://doi.org/10.1016/j.ecoenv.2014.06.019
https://doi.org/10.1016/j.ecoenv.2014.06.019
https://doi.org/10.1016/j.ecoenv.2014.06.019
https://doi.org/10.1016/j.ecoenv.2014.06.019
https://doi.org/10.1038/s41598-022-08471-y
https://doi.org/10.1038/s41598-022-08471-y
https://doi.org/10.1038/s41598-022-08471-y
https://doi.org/10.3402/fnr.v60.32697
https://doi.org/10.3402/fnr.v60.32697
https://doi.org/10.3402/fnr.v60.32697
https://doi.org/10.1016/j.nimb.2005.11.050
https://doi.org/10.1016/j.nimb.2005.11.050
https://doi.org/10.1016/j.nimb.2005.11.050
https://doi.org/10.1126/science.1095780
https://doi.org/10.1126/science.1095780


 Depuration kinetics of potentially toxic metals 
J Fish; Yap and Al-Mutairi 

 

journal.bdfish.org  Page 16 of 17 Volume 13 | Issue 1 | Article 131202  
 

Pan J, Pan J, Diao M (2015) Trace metal mixture toxicity in 
aquatic organisms reviewed from a biotoxicity per-
spective. Human and Ecological Risk Assessment: An 
International Journal 21(8): 2155–2169. 

Pellerin C, Nicole W (2000) Reflections on hexavalent 
chromium: Health hazards of an industrial heavy-
weight. Environmental Health Perspectives 108(9): 
A402–A407. 

Pinzón-Bedoya CH, Pinzón-Bedoya ML, Pinedo‐Hernández 
J, Urango-Cárdenas I, Marrugo‐Negrete J (2020) As-
sessment of potential health risks associated with 
the intake of heavy metals in fish harvested from the 
largest estuary in Colombia. International Journal of 
Environmental Research and Public Health 17(8): 
2921. 

Piras P, Chessa G, Cossu M, Fiori G, Piras P, Ledda G 
(2013) Lead and other heavy metals (cadmium and 
mercury) accumulation in bivalve mollusks (Mytilus 
galloprovincialis, Ruditapes spp., and Crassostrea gi-
gas) sampled in Sardinia in 2008-2012. International 
Journal of Food Sciences 2(3): 49. 

Prabhu SG, Srinikethan G, Hegde S (2019) Spontaneous 
Cr(VI) and Cd(II) biosorption potential of native pin-
nae tissue of Pteris vittata L., a tropical invasive 
pteridophyte. International Journal of Phytoremedi-
ation 21(4): 380–390.  

Primost MA, Gil MN, Bigatti G (2017) High bioaccumula-
tion of cadmium and other metals in Patagonian ed-
ible gastropods. Marine Biology Research 13(7): 
774–781. 

Rahman Z, Singh VP (2019) The relative impact of toxic 
heavy metals (THMs) (arsenic (As), cadmium (Cd), 
chromium (Cr)(VI), mercury (Hg), and lead (Pb)) on 
the total environment: an overview. Environmental 
Monitoring and Assessment 191: 1–21. 

Raj D, Maiti SK (2020) Sources, bioaccumulation, health 
risks, and remediation of potentially toxic met-
al(loid)s (As, Cd, Cr, Pb, and Hg): an epitomised re-
view. Environmental Monitoring and Assessment, 
192(2): 108. 

Rapport DJ (1998) Assessing ecosystem health. Trends in 
Ecology & Evolution 13(10): 397–402. 

Robinson JM, Aronson J, Daniels CB, Goodwin N, Liddicoat 
C, ... Breed MF (2022) Ecosystem restoration is inte-
gral to humanity's recovery from COVID-19. The 
Lancet Planetary Health 6(9): e769–e773. 

Rouane–Hacene O, Boutiba Z, Belhaouari B, Guibbolini M, 
Francour P, Faverney CR (2015) Seasonal assessment 
of biological indices, bioaccumulation, and bioavail-
ability of heavy metals in mussels Mytilus gallopro-
vincialis from Algerian west coast, applied to envi-
ronmental monitoring. Oceanologia 57(4): 362–374. 

Roveta C, Annibaldi A, Afghan A, Calcinai B, Camillo CGD, 
... Puce S (2021) Biomonitoring of heavy metals: The 
unexplored role of marine sessile taxa. Applied Sci-

ences 11(2): 580. 
Ruíz-Fernández AC, Wu RS, Lau T, Pérez-Bernal LH, 

Sánchez-Cabeza J, Chiu JMY (2018) A comparative 
study on metal contamination in Estero de Urias la-
goon, Gulf of California, using oysters, mussels and 
artificial mussels: implications on pollution monitor-
ing and public health risk. Environmental Pollution 
243: 197–205. 

Saleem M, Saleem M, Shi Z, Garrett SH, Shah MH (2022) 
Distribution and bioaccumulation of essential and 
toxic metals in tissues of Thaila (Catla catla) from a 
natural lake, Pakistan and its possible health impact 
on consumers. Journal of Marine Science and Engi-
neering 10(7): 933. 

Samsi N, Asaf R, Sahabuddin S, Santi A, Wamnebo MI 
(2017) Gastropods as a bioindicator and biomonitor-
ing water pollution. Aquaculture Indonesia 18(1): 54. 

Seltenrich N (2018) Down to earth: the emerging field of 
planetary health. Environmental Health Perspectives 
126(7): 072001. 

Senez-Mello TM, Crapez MAC, Silva CARE, Silva ET, Fonse-
ca EMD (2020) Heavy metals bioconcentration in 
Crassostrea rhizophorae: a site-to-site transplant ex-
periment at the Potengi estuary, Rio Grande do 
Norte, Brazil. Scientific Reports 10(1): 246. 

Senoro DB, Gonzales-Plasus MM, Gorospe AFB, Nolos RC, 
Baaco AT, Lin C (2023) Metals and metalloid concen-
trations in fish, its spatial distribution in PPC, Philip-
pines and the attributable risks. Toxics 11(7): 621. 

Sharma JK, Kumar N, Singh N, Santal AR (2023) Phytore-
mediation technologies and their mechanism for 
removal of heavy metal from contaminated soil: an 
approach for a sustainable environment. Frontiers in 
Plant Science 14: 1076876. 

Sivaperumal P (2014) Heavy metal concentration from 
biologically important edible species of bivalves 
(Perna viridis and Modiolus metcalfei) from Vellar 
Estuary, South East Coast of India. Journal of Aqua-
culture Research & Development 5(5): 1000258. 

Souza CBD, Silva GR (2019) Phytoremediation of effluents 
contaminated with heavy metals by floating aquatic 
macrophytes species. In: Jacob-Lopes E, Zepka LQ 
(Eds) Biotechnology and Bioengineering, 
IntechOpen. 

Talukder B, Ganguli N, Matthew RA, VanLoon GW, Hipel 
KW, Orbinski J (2022) Climate change-accelerated 
ocean biodiversity loss & associated planetary 
health impacts. Journal of Climate Change and 
Health 6: 100114. 

Tamele IJ, Loureiro PV (2020) Lead, mercury and cadmium 
in fish and shellfish from the Indian Ocean and Red 
Sea (African countries): public health challenges. 
Journal of Marine Science and Engineering 8(5): 344. 

Tarfeen N, Nisa KU, Hamid B, Bashir Z, Yatoo AM, ... 
Sayyed RZ (2022) Microbial remediation: a promis-

https://doi.org/10.1080/10807039.2015.1032211
https://doi.org/10.1080/10807039.2015.1032211
https://doi.org/10.1080/10807039.2015.1032211
https://doi.org/10.1289/ehp.108-a402
https://doi.org/10.1289/ehp.108-a402
https://doi.org/10.1289/ehp.108-a402
https://doi.org/10.3390/ijerph17082921
https://doi.org/10.3390/ijerph17082921
https://doi.org/10.3390/ijerph17082921
https://doi.org/10.3390/ijerph17082921
https://doi.org/10.4081/ijfs.2013.e49
https://doi.org/10.4081/ijfs.2013.e49
https://doi.org/10.4081/ijfs.2013.e49
https://doi.org/10.4081/ijfs.2013.e49
https://doi.org/10.1080/15226514.2018.1524845
https://doi.org/10.1080/15226514.2018.1524845
https://doi.org/10.1080/15226514.2018.1524845
https://doi.org/10.1080/15226514.2018.1524845
https://doi.org/10.1080/17451000.2017.1296163
https://doi.org/10.1080/17451000.2017.1296163
https://doi.org/10.1080/17451000.2017.1296163
https://doi.org/10.1007/s10661-019-7400-6
https://doi.org/10.1007/s10661-019-7400-6
https://doi.org/10.1007/s10661-019-7400-6
https://doi.org/10.1007/s10661-019-7400-6
https://doi.org/10.1007/s10661-020-8080-9
https://doi.org/10.1007/s10661-020-8080-9
https://doi.org/10.1007/s10661-020-8080-9
https://doi.org/10.1007/s10661-020-8080-9
https://doi.org/10.1016/s0169-5347(98)01449-9
https://doi.org/10.1016/s2542-5196(22)00171-1
https://doi.org/10.1016/s2542-5196(22)00171-1
https://doi.org/10.1016/j.oceano.2015.07.004
https://doi.org/10.1016/j.oceano.2015.07.004
https://doi.org/10.1016/j.oceano.2015.07.004
https://doi.org/10.1016/j.oceano.2015.07.004
https://doi.org/10.1016/j.oceano.2015.07.004
https://doi.org/10.3390/app11020580
https://doi.org/10.3390/app11020580
https://doi.org/10.1016/j.envpol.2018.08.047
https://doi.org/10.1016/j.envpol.2018.08.047
https://doi.org/10.1016/j.envpol.2018.08.047
https://doi.org/10.1016/j.envpol.2018.08.047
https://doi.org/10.1016/j.envpol.2018.08.047
https://doi.org/10.3390/jmse10070933
https://doi.org/10.3390/jmse10070933
https://doi.org/10.3390/jmse10070933
https://doi.org/10.3390/jmse10070933
https://doi.org/10.21534/ai.v18i1.42
https://doi.org/10.21534/ai.v18i1.42
https://doi.org/10.1289/ehp2374
https://doi.org/10.1289/ehp2374
https://doi.org/10.1038/s41598-019-57152-w
https://doi.org/10.1038/s41598-019-57152-w
https://doi.org/10.1038/s41598-019-57152-w
https://doi.org/10.1038/s41598-019-57152-w
https://doi.org/10.3390/toxics11070621
https://doi.org/10.3390/toxics11070621
https://doi.org/10.3390/toxics11070621
https://doi.org/10.3389/fpls.2023.1076876
https://doi.org/10.3389/fpls.2023.1076876
https://doi.org/10.3389/fpls.2023.1076876
https://doi.org/10.3389/fpls.2023.1076876
https://doi.org/10.4172/2155-9546.1000258
https://doi.org/10.4172/2155-9546.1000258
https://doi.org/10.4172/2155-9546.1000258
https://doi.org/10.4172/2155-9546.1000258
https://doi.org/10.5772/intechopen.83645
https://doi.org/10.5772/intechopen.83645
https://doi.org/10.5772/intechopen.83645
https://doi.org/10.1016/j.joclim.2022.100114
https://doi.org/10.1016/j.joclim.2022.100114
https://doi.org/10.1016/j.joclim.2022.100114
https://doi.org/10.3390/jmse8050344
https://doi.org/10.3390/jmse8050344
https://doi.org/10.3390/jmse8050344
https://doi.org/10.3390/pr10071358


 Depuration kinetics of potentially toxic metals 
J Fish; Yap and Al-Mutairi 

 

journal.bdfish.org  Page 17 of 17 Volume 13 | Issue 1 | Article 131202  
 

ing tool for reclamation of contaminated sites with 
special emphasis on heavy metal and pesticide pol-
lution: a review. Processes 10(7): 1358 

Tumolo M, Ancona V, Di Paola D, Losacco D, Campanale 
C, ... Uricchio VF (2020) Chromium pollution in Euro-
pean water, sources, health risk, and remediation 
strategies: an overview. International Journal of En-
vironmental Research and Public Health 17(15): 
5438. 

Uddin MM, Huang L (2022) Temporal distribution, accu-
mulation, speciation, and ecological risk of heavy 
metals in the sediment of an urban lagoon catch-
ment at Xiamen in China. Journal of Freshwater 
Ecology 38(9): 801–822. 

Ujianti RMD, Androva A (2020) Heavy metal toxicity and 
the influence of water quality in watershed for en-
hancing fisheries food security. Journal of Physics: 
Conference Series 846(1): 012049. 

USEPA (2021) US EPA Human Health Risk Assessment. 
Regional Screening Level (RSL)—Summary Table No-
vember 2021. Available online: 
https://semspub.epa.gov/work/HQ/401635.pdf (ac-
cessed on 26 December 2021). 

Walsh AR, O’Halloran J (1997) The accumulation of chro-
mium by mussels Mytilus edulis (L.) as a function of 
valency, solubility, and ligation. Marine Environmen-
tal Research 43(1–2): 41–53. 

Walsh AR, O’Halloran J (1998) Accumulation of chromium 
by a population of mussels (Mytilus edulis (L.)) ex-
posed to leather tannery effluent. Environmental 
Toxicology and Chemistry 17(7): 1429. 

Wang W, Griscom SB, Fisher NS (1997) Bioavailability of 
Cr(III) and Cr(VI) to marine mussels from solute and 
particulate pathways. Environmental Science & 
Technology 31(2): 603–611. 

WHO (1993) Guidelines for Drinking-Water Quality. Vol-
ume 1, Recommendations, 2nd edition. World 
Health Organization, Geneva, Switzerland. 

Xu X, Wang T, Sun M, Bai Y, Fu C, ... Hagist S (2023) Man-
agement principles for heavy metal contaminated 
farmland based on ecological risk. Science of the To-
tal Environment 684: 537–547. 

Yang KX, Swami K (2007) Determination of metals in ma-
rine species by microwave digestion and inductively 
coupled plasma mass spectrometry analysis. Spec-
trochimica Acta Part B: Atomic Spectroscopy 62(10): 
1177–1181. 

Yao H, Qian X, Gao H, Yu-lei W, Xia B (2014) Seasonal and 
spatial variations of heavy metals in two typical Chi-
nese rivers: concentrations, environmental risks, and 
possible sources. International Journal of Environ-
mental Research and Public Health 11(11): 11860–
11878. 

Yap CK, Al-Mutairi KA (2023) Lower health risks of poten-
tially toxic metals after transplantation of aquacul-
tural farmed mussels from a polluted site to unpol-
luted sites: a biomonitoring study in the Straits of 
Johore. Foods 12(19): 1964. 

Yap CK, Ismail A, Tan SG (2003) Background concentra-
tions of Cd, Cu, Pb and Zn in the green-lipped mussel 
Perna viridis (Linnaeus) from Peninsular Malaysia. 
Marine Pollution Bulletin 46(8): 1044–1048. 

Yap CK, Sharifinia M, Cheng WH, Al-Shami SA, Wong KW, 
Al-Mutairi KA (2021) A commentary on the use of 
bivalve mollusks in monitoring metal pollution lev-
els. International Journal of Environmental Research 
and Public Health 18(7): 3386. 

Yong CQY, Valiyaveettil S, Tang BL (2020) Toxicity of mi-
croplastics and nanoplastics in mammalian systems. 
International Journal of Environmental Research and 
Public Health 17(5): 1509. 

Yulianto B, Radjasa OK, Soegianto A (2020) Heavy metals 
(Cd, Pb, Cu, Zn) in green mussel (Perna viridis) and 
health risk analysis on residents of Semarang coastal 
waters, Central Java, Indonesia. Asian Journal of Wa-
ter, Environment and Pollution 17(3): 71–76. 

 

 
CK Yap  http://orcid.org/0000-0003-0317-0999 

KA Al-Mutairi  http://orcid.org/0000-0003-2356-0724 

 

https://doi.org/10.3390/pr10071358
https://doi.org/10.3390/pr10071358
https://doi.org/10.3390/pr10071358
https://doi.org/10.3390/ijerph17155438
https://doi.org/10.3390/ijerph17155438
https://doi.org/10.3390/ijerph17155438
https://doi.org/10.1080/02757540.2022.2117310
https://doi.org/10.1080/02757540.2022.2117310
https://doi.org/10.1080/02757540.2022.2117310
https://doi.org/10.1080/02757540.2022.2117310
https://doi.org/10.1088/1757-899x/846/1/012049
https://doi.org/10.1088/1757-899x/846/1/012049
https://doi.org/10.1088/1757-899x/846/1/012049
https://semspub.epa.gov/work/HQ/401635.pdf
https://semspub.epa.gov/work/HQ/401635.pdf
https://semspub.epa.gov/work/HQ/401635.pdf
https://doi.org/10.1016/0141-1136(96)00001-3
https://doi.org/10.1016/0141-1136(96)00001-3
https://doi.org/10.1016/0141-1136(96)00001-3
https://doi.org/10.1897/1551-5028(1998)017%3c1429%3e2.3.co;2
https://doi.org/10.1897/1551-5028(1998)017%3c1429%3e2.3.co;2
https://doi.org/10.1897/1551-5028(1998)017%3c1429%3e2.3.co;2
https://doi.org/10.1021/es960574x
https://doi.org/10.1021/es960574x
https://doi.org/10.1021/es960574x
https://doi.org/10.1016/j.scitotenv.2019.05.015
https://doi.org/10.1016/j.scitotenv.2019.05.015
https://doi.org/10.1016/j.scitotenv.2019.05.015
https://doi.org/10.3390/ijerph111111860
https://doi.org/10.3390/ijerph111111860
https://doi.org/10.3390/ijerph111111860
https://doi.org/10.3390/ijerph111111860
https://doi.org/10.3390/foods12101964
https://doi.org/10.3390/foods12101964
https://doi.org/10.3390/foods12101964
https://doi.org/10.3390/foods12101964
https://doi.org/10.3390/foods12101964
https://doi.org/10.3390/ijerph18073386
https://doi.org/10.3390/ijerph18073386
https://doi.org/10.3390/ijerph18073386
https://doi.org/10.3390/ijerph17051509
https://doi.org/10.3390/ijerph17051509
https://doi.org/10.3233/ajw200039
https://doi.org/10.3233/ajw200039
https://doi.org/10.3233/ajw200039
https://doi.org/10.3233/ajw200039
http://orcid.org/0000-0003-0317-0999
http://orcid.org/0000-0003-2356-0724

