
Frontiers in Marine Science

OPEN ACCESS

EDITED BY

Rachel Ann Hauser-Davis,
Oswaldo Cruz Foundation (Fiocruz), Brazil

REVIEWED BY

Verdiana Vellani,
University of Trieste, Italy
Kamalesh Sen,
University of Burdwan, India

*CORRESPONDENCE

M. P. Sreeram

mpscmfri@gmail.com

Prabhugouda Siriyappagouder

prabhugouda.siriyappagouder@nord.no

†
PRESENT ADDRESS

Kajal Chakraborty,
ICAR-National Bureau of Fish Genetic
Resources, Lucknow, India

RECEIVED 29 May 2025
ACCEPTED 07 July 2025

PUBLISHED 31 July 2025

CITATION

Gora AH, Sreeram MP, Rehman S, Ain QU,
Chakraborty K, Prema D, Lavanya R,
Siriyappagouder P and Asha PS (2025) A
review on metallothionein research in
marine and estuarine realms: past
paradigms and future vistas.
Front. Mar. Sci. 12:1636760.
doi: 10.3389/fmars.2025.1636760

COPYRIGHT

© 2025 Gora, Sreeram, Rehman, Ain,
Chakraborty, Prema, Lavanya, Siriyappagouder
and Asha. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Review

PUBLISHED 31 July 2025

DOI 10.3389/fmars.2025.1636760
A review on metallothionein
research in marine and estuarine
realms: past paradigms and
future vistas
Adnan H. Gora1, M. P. Sreeram2*, Saima Rehman1,
Qurat Ul Ain1, Kajal Chakraborty1†, D. Prema2, R. Lavanya2,
Prabhugouda Siriyappagouder3* and P. S. Asha2

1Marine Biotechnology Fish Nutrition and Health Division, Indian Council of Agricultural Research-
Central Marine Fisheries Research Institute, Kochi, India, 2Marine Biodiversity and Environment
Management Division, Indian Council of Agricultural Research-Central Marine Fisheries Research
Institute, Kochi, India, 3Faculty of Biosciences and Aquaculture, Nord University, Bodø, Norway
Oceans and coastal waters, vital for human survival and climate regulation, are

increasingly threatened by heavy metal pollution due to human activities including

industrialization and urbanization. Heavy metals including tin, zinc, mercury, copper,

nickel, cadmium, cobalt, vanadium, strontium, titanium, arsenic, lead, molybdenum,

and chromium are persistent pollutants that can accumulate in marine organisms,

posing significant risks to ecosystems and human health. While some heavy metals

are essential in trace amounts, they can exert undesirable biological effects at higher

concentrations and even become toxic. In response to such toxic exposure, terrestrial

and aquatic plants and animals are known to have evolved inherent mechanisms to

subdue heavy metal toxicity. These responses often involve the activation of various

stress-related proteins, including heat shock proteins, antioxidant enzymes, and

metal-binding molecules that work collectively to restore cellular homeostasis.

One of the mechanisms to mitigate metal toxicity is through the activity of

metallothionein proteins. Metallothioneins, low molecular weight, cysteine-rich

proteins, play a crucial role in mitigating the toxic effects of heavy metals. These

proteins bind heavy metals, aiding in detoxification, protecting the cells from their

undesirable effects, and maintaining metal homeostasis. Thus, metallothionein

expression and activity also serve as valuable biomarkers for assessing heavy metal

pollution, providing insights into the biological impact of these contaminants. The

present review explores the role of bacterial metallothioneins in detoxification and

their potential in environmental risk assessment, focusing on their importance in

marine species exposed to heavy metal pollution. We explore the studies that report

heavy metal contamination in the coastal waters, followed by elucidating the effects

of heavy metal exposure on metallothionein activity and expression in marine fish,

crustaceans and mollusks. Finally, we provide possible future perspectives of how

bacterial metallothioneins can be employed formitigating ecological damage caused

by heavy metals. By understanding the interactions between heavy metals and

metallothioneins, we can develop more effective strategies for monitoring and

mitigating the effects of heavy metal contamination in marine environments.
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GRAPHICAL ABSTRACT
1 Introduction

Oceans and coastal waters are essential to human survival and

prosperity, supporting numerous livelihoods and economies. The

size of the ocean economy was estimated to be around US$1.5

trillion in 2010, equivalent to some 3% of global GDP at the time. By

2030, its contribution is projected to double to US$3trn, providing

full-time employment for around 40m people (World Ocean

Initiative, 2020). Some of the major ocean-based sectors include

fisheries, aquaculture, tourism, and healthcare, while renewable

energies and deep-sea mining are emerging sectors with potential

to improve the quality of human welfare (Dankel et al., 2023). Since

the 1990s, the world oceans have consistently supplied more 80

million tonnes of aquatic animals every year for direct human

consumption or feed use (FAO, 2024). Furthermore, marine

renewable energy sources like tidal wave energy, ocean current

energy and ocean thermal energy conversion are promising

solutions for augmenting energy security for direct socioeconomic

benefits even in the most remote coastal communities

(Kazimierczuk et al., 2023). Therefore, world oceans play a critical

role in alleviating poverty, ensuring food and energy security.

Healthy oceans also contribute significantly to climate regulation

(Abraham et al., 2022) and resilience (DeVries, 2022). According to

the United Nations, the oceans contribute almost half of the global

oxygen supply and absorb 30 percent of all carbon dioxide

emissions while at the same time absorbing almost 90% of the

excess heat generated by carbon emission https://www.un.org/en/

climatechange/science/climate-issues/ocean. However, over the

past century, coastal and oceanic waters have come under

tremendous pressure from human activities (Priya et al., 2023).

Industrialization, urbanization, and the improper disposal of
Frontiers in Marine Science 02
chemical and domestic wastewater have contributed to rising

levels of aquatic pollution. Moreover, the limited effectiveness of

global and national governance systems has contributed to the

intensification of this pollution to unprecedented levels. As a result,

heavy metal concentrations in coastal and marine waters have

reached alarming levels worldwide (Ramasamy et al., 2022; Zhang

et al., 2025; Chidugu-Ogborigbo et al., 2025).

Heavy metals are a group of elements characterized by their

high atomic weight (ranging from 63.5 to 200.6) and a density

exceeding 4000 kg/m³ (Duffus, 2002). More than 50 elements on the

periodic table fall into this category, including transition metals,

metalloids, lanthanides, and actinides. Examples of these elements

include tin (Sn), zinc (Zn), mercury (Hg), copper (Cu), nickel (Ni),

cadmium (Cd), cobalt (Co), vanadium (Va), strontium (St),

titanium (Ti), arsenic (As), lead (Pb), molybdenum (Mo), and

chromium (Cr) (Dagdag et al., 2023). While certain heavy metals,

such as iron (Fe), copper (Cu), Ni, and Zn, are essential for marine

life in trace amounts, they become toxic at higher concentrations

(Jomova et al., 2022). Others like As, Cd, Cr, Pb, and Hg are

classified as highly lethal (Tchounwou et al., 2012). Unlike organic

pollutants, heavy metals are non-biodegradable, leading to their

accumulation in living organisms once released into the

environment. This accumulation can have detrimental effects on

the health of all living beings, including plants, animals and

humans, with far-reaching consequences for marine ecosystems,

mariculture activities and fisheries (Phaenark et al., 2024). Coastal

sediments often serve as the depository for contaminants from

various sources, such as riverine inputs, atmospheric deposition,

and direct industrial discharges. These sediments act as significant

sinks for trace elements through adsorption and subsequent

sedimentation (Al-Mur, 2021). Heavy metals present in sediments
frontiersin.org
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and seawater are absorbed by aquatic organisms and bioaccumulate

through the food chain, posing serious threats to both marine

ecosystems and human health (Zhou et al., 2022). Numerous

strategies like photocatalysis, flotation, flocculation and ion

exchange etc. have been developed to mitigate heavy metal

pollution in marine and coastal waters (Aziz et al., 2023).

However, precise estimation of the heavy metal load in the

aquatic fauna is a prerequisite for devising strategies to mitigate

the adverse effects of heavy metal pollution in aquatic habitats. The

extent of heavy metal contamination in coastal and marine waters

can be evaluated through water quality assessments, sediment

analysis for heavy metals, or by studying the accumulation of

these pollutants in marine organisms (Zhang et al., 2024).

Mollusks and other invertebrates, for instance, often show

significantly higher levels of heavy metals compared to other

marine life due to their habitat and feeding behaviors (Primost

et al., 2017; Shefer et al., 2015). In addition to these direct

approaches, biomarkers of exposure are powerful tools for

assessing heavy metal pollution. Being highly sensitive to metal

exposure, biomarkers can enable the early detection of such

pollutants, allowing for timely intervention and reducing their

harmful effects (Kadim and Risjani, 2022). Metallothioneins

(MTs) are particularly reliable indicators of metal exposure in

aquatic environments (Yang et al., 2024). MTs provide valuable

insights into the biological impact of heavy metals by regulating

their interference with crucial processes such as enzyme activity,

gene expression, and protein functions, leading to a more accurate

biological risk assessment of environmental contamination

(Ruttkay-Nedecky et al., 2013; Raudenska et al., 2014; Saad et al.,

2016). Furthermore, MTs have proven useful for evaluating the

effectiveness of mitigation strategies against heavy metal pollution

by tracking changes in biological responses as metal levels decrease

in aquatic habitats over time (Tom et al., 1998; Chesman et al.,

2007). This review focusses on research on metallothioneins and

how they interact with heavy metals to mitigate their toxic effects in

biological systems. We cover the literature about the assessment of

metallothionein activity in aquatic animals in response to heavy

metal exposure. Finally, an overview is provided on the metal

binding properties of metallothioneins that can be leveraged to

develop mitigation strategies against heavy metal pollution in

aquatic habitats.
2 Heavy metal pollution in coastal and
marine habitats

Heavy metals are naturally occurring elements dispersed

throughout the Earth’s crust, typically present in trace amounts—

ranging from mere parts per trillion for noble metals to as much as

5% for iron. During the Earth’s early formation, around 4 to 5

billion years ago, when the mantle was still molten, these heavy

metals largely settled into the planet’s core (Engwa et al., 2019).

Natural processes such as biogenic activity, the release of marine

salts, volcanic eruptions, and weathering are recognized as
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contributors to the release of heavy metals into the environment

(Aziz et al., 2023). Once these metals enter the soil, often carried by

rain, they can either accumulate within the soil or be further

mobilized by irrigation and additional rainfall. A portion of the

leached heavy metals infiltrates groundwater (Wang and Lei, 2018),

while the remainder is carried to coastal waters via runoff. However,

anthropogenic activities—such as industrial operations, mining,

and modern agricultural practices—play a far more significant

role in contributing to heavy metal pollution in aquatic habitats

(Li et al., 2022). As a result of these activities, millions of tons of

heavy metals—such as Cr, Cu, Zn, As, Cd, Pb, Sn—are introduced

into natural waters each year (Tchounwou et al., 2012). These heavy

metals bioaccumulate in aquatic organisms, posing significant risks

to human health and threatening the delicate balance of aquatic

ecosystems. Heavy metal accumulation in aquatic environments

often exhibits differential partitioning among water, sediment, and

biota (Phaenark et al., 2024). In Pullicat Lake, located on the

Coromandel Coast straddling the border of Andhra Pradesh and

Tamil Nadu, and the second-largest brackish water lagoon in India,

the prevalence of heavy metals followed the order Pb > Cr > Zn >

Cu in water and Cu > Cr > Pb > Zn in sediments (Akila et al., 2022).

In contrast, fish species like Lutjanus fulviflamma, Chanos chanos,

Arius sp., and Terapon jarbua, that are found commonly in the lake,

exhibited a distinct accumulation pattern, with the order Cu > Cr >

Zn > Pb. The variation in heavy metal accumulation across water,

sediment, and fish in this case helps to understand the differences in

metal chemistry, environmental partitioning, and biological uptake.

While Pb and Cr tend to bind to particulates and hence may explain

their higher accumulation in sediments. On the other hand,

essential metals like Cu and Zn are more bioavailable and actively

taken up by fish, leading to higher concentrations in their tissues.

Notably, the concentrations of Cu and Cr (3.3 to 39.1 μg/g and 0.22-

23.1 μg/g, respectively) in fish muscle tissues exceeded the

permissible limits (30 μg/g and 0.05 μg/g) established by the

World Health Organization (WHO, 1989), underscoring potential

health risks associated with the regular consumption of fish from

this ecosystem and the urgent need for regulatory measures (Akila

et al., 2022). Assessment of heavy metal contamination in coastal

sediments from the southwestern Bay of Bengal, India, indicated

notable ecological risk levels. The geo-accumulation index showed

Cd and As concentrations ranging from 0.20 to 21.76 mg/g and 2.09

to 28.18 mg/g, respectively—values consistent with contamination

thresholds (WHO, 1989). Further analysis using the ecological risk

index classified the area as being subject to moderate to high

ecological risk, emphasizing the vulnerability of these coastal

sediments to heavy metal pollution (Naik et al., 2023). In an

elaborate study in North-West Bay of Bengal was conducted by

Hasan et al. (2022) six different indices were measured to portray

the degree of pollution (heavy metal pollution index, heavy metal

evaluation index and Nemerow pollution index) and risk

assessment (potential ecological risk index, hazard quotient, and

hazard index). The pollution indices suggested that the north-west

region of Bay of Bengal is under moderate to high degree of Pb, Cu

and Cd pollution. Though human health hazards are comparatively
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low according to hazard quotient and hazard index, the study also

showed that the heavy metals Fe, Cu and Pb (466.57, 45.05, 90.16

mg/l, repsectively) exceeded the lowest biological chronic safety

limit recommended by the National Oceanographic and

Atmospheric Administration, USA (>50, >3.1 and >8.1 mg/l, for
Fe, Cu and Pb respectively). On the west coast of India, an

investigation into heavy metal dynamics within the Kadalundi-

Vallikkunnu Community Reserve—a coastal habitat comprising

mudflats, mangroves, and sand beaches at the mouth of the

Kadalundi River—revealed a clear pattern of trophic transfer

(Aarif et al., 2023). Although relatively low concentrations of Zn,

Cu, Co, Cr, Pb, and Cd were detected in sediments, significantly

higher levels were observed in invertebrate prey species. Metal

concentrations in prey ranged from 84.72–224.74 mg/kg for Zn,

26.63–170.36 mg/kg for Cu, 13.98–14.42 mg/kg for Co, 14.78–98.16

mg/kg for Cr, 18.95–157.29 mg/kg for Pb, and 9.33–60.56 mg/kg for

Cd. Corresponding increases were also recorded in shorebird

droppings, with Zn, Cu, Co, Cr, Pb, and Cd concentrations

ranging from 41.33–58.8, 31.42–52.11, 36.34–55.68, 52.3–68.21,

25.94–43.13, and 5.53–16.4 mg/kg, respectively. This progressive

increase in metal concentrations from sediment to prey to avian

excreta highlights the potential for biomagnification through

dietary exposure. Additionally, biofilm samples exhibited high

concentrations of Cr (22.64 mg/kg), Pb (28.09 mg/kg), and Cd

(18.46 mg/kg), suggesting that biofilm-feeding shorebirds may be

accumulating heavy metals through this alternative trophic

pathway. In another study, an assessment of heavy metal

accumulation in Indian Mackerel (Rastrelliger kanagurta)

harvested from nine coastal sites revealed substantial

contamination linked to local anthropogenic activities

(Mangalagiri et al., 2020). These sites were selected based on their

proximity to industrial operations—including aquaculture

hatcheries, commercial fishing zones, steel and thermal power

plants , ports , and various factories (pharmaceutica l ,

petrochemical, and textile)—as well as domestic pollution sources

such as sewage canals. The concentrations of aluminum (Al: 34.66–

58.55 mg/g), chromium (Cr: 2.62–3.24 mg/g), manganese (Mn: 0.86–

1.36 mg/g), arsenic (As: 0.67–1.47 mg/g), and lead (Pb: 0.06–0.37 mg/
g) in fish muscle tissues exceeded established normal levels,

indicating significant bioaccumulation and raising concerns about

the safety of fish consumption from these regions.

These studies underscore the pervasive and multifaceted

bioaccumulation of heavy metals in marine ecosystems, with far-

reaching implications for both environmental and human health.

The accumulation of heavy metals in organisms across multiple

trophic levels—invertebrates, fish, biofilms, and even bird

droppings—highlights significant risks, particularly for coastal

communities that rely heavily on seafood. These findings

reinforce the need for integrated monitoring strategies employing

bioindicators, stricter regulatory enforcement, and targeted risk

management efforts to address the impacts of heavy metal

pollution. By deepening our understanding of how heavy metals

affect aquatic organisms, we can better predict ecological

consequences and develop effective mitigation strategies to protect

both ecosystems and human health.
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3 Impact of heavy metal exposure,
metallothioneins and detoxification

Heavy metals in their elemental forms are only sparingly soluble

in water. However, their solubility depends strongly on the

speciation and presence of complexing agents (like organic matter

or chloride ions) tending to bind with suspended particulate matter

and sediments. The degree to which these metals accumulate in the

tissues and organs of marine organisms varies significantly by

species, driven by species-specific detoxification and metabolic

processes (Giri and Singh, 2014; Ray and Vashishth, 2024). As a

result, different organisms in the same polluted environment may

exhibit vastly different levels of metal accumulation, underscoring

the importance of selecting appropriate sentinel species for

assessing heavy metal burdens in aquatic ecosystems. Numerous

species—including fish, benthic macroinvertebrates, shrimp,

crustaceans, bacteria, periphyton, and diatoms—have been

utilized to study the effects of heavy metal contamination in

marine environments (Kadim and Risjani, 2022). However,

bioaccumulation varies significantly due to these species-specific

mechanisms. For example, in the Subarnarekha River in Ranchi,

India, the muscles of Penaeus indicus were found to accumulate As

(0.61 ug g-1) and Cd (0.0.28 ug g-1) at levels 2 and 23 times higher,

respectively, than the dorsal muscles ofMugil gulio (As: 0.32 and Cu

0.03 ug g-1) (Giri and Singh, 2014). Furthermore, considerable

variability in heavy metal accumulation can be observed even

within a single taxonomic class, across different species (Ray and

Vashishth, 2024) and across various tissues within the same species

(Malik and Maurya, 2014). For instance, in the Ennore Creek in

Southeast India the Hg concentration in Perna viridis (0.85 μg/g)

was about double that of Crassostrea madrasensis (0.43 μg/g

hepatopancreas) (Kumar et al., 2013). In two fish species collected

from the same region of the Kali river, India, the concentration of

Cd in the muscle during summer months was 22.40 μg/g in Puntius

ticto whereas in Heteropneustis fossilis, muscle Cd concentration

was more than double (45.4 μg/g) In Mastacembelus armatus

obtained from, the Cu concentration in the muscle was 41.3 μg/g

and 271.6 μg/g in the liver indicating the differential deposition of

heavy metals in the tissues of the same animal (Javed and Usmani,

2013). This variability highlights the complexity of bioaccumulation

processes and emphasizes the importance of careful species

selection and analysis to accurately assess heavy metal

contamination in aquatic environments.

For a metal to exert its biological effect—whether beneficial or

toxic—it must first cross the cell membrane, enter the cell, and bind,

either reversibly or irreversibly, to a cellular target, altering specific

biochemical processes (Hollenberg, 2010). Heavy metals can enter

organisms through various physiological routes, primarily via

ingestion through the digestive tract from water and food, or

through non-dietary absorption across membranes such as the

skin and gills. In fish, heavy metals are often absorbed through

the gill surfaces and then distributed to tissues like muscle, liver,

intestines, gills, and kidneys (Ray and Vashishth, 2024). Once inside

biological systems, metals may either participate in physiological

processes or cause harm, depending on their concentration.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1636760
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Gora et al. 10.3389/fmars.2025.1636760
Essential elements like Mn, Fe, Co, Cu, Zn, and Mo are vital for

growth and normal physiological functions, but they become toxic

at elevated levels (Jomova et al., 2022). On the other hand, elements

like Pb, Hg, and Cd have no physiological role and are toxic even at

low concentrations (Kortei et al., 2020; Lall, 2022). Toxic metals

exert their harmful effects through several common mechanisms,

such as enzyme inhibition, disruption of subcellular organelles, and

interaction with DNA, which can result in mutagenesis, apoptosis,

or carcinogenesis (Beyersmann and Hartwig, 2008) (Figure 1).

These metals may also covalently modify proteins, displace

essential metals in metal-dependent proteins (Thompson, 2022).

Some metals generate free radicals, leading to damage of vital

cellular proteins, membranes, and organelles, potentially causing

apoptosis (Engwa et al., 2019). The cumulative outcome of these

toxic mechanisms is damage to various organs, including the

nervous, respiratory, endocrine, and reproductive systems (Balali-

Mood et al., 2021). As a defense, many animals have evolved

mechanisms to mitigate heavy metal toxicity by forming non-

toxic metal-protein complexes with proteins like MTs, which play

a crucial role in detoxification.

MTs are a group of low molecular mass (∼7 kDa), cysteine-rich
and evolutionarily conserved metal-binding proteins (Lynes et al.,

2014). MTs are ubiquitous proteins, found not only throughout the

animal kingdom, but also in higher plants, and some prokaryotes.

They are a family of proteins characterized by sulfur-based metal

clusters. The MTs were initially discovered in equine renal cortex

(Figure 2) (Margoshes and Vallee, 1957) and the first amino acid

sequences of mammalian MTs revealed that these proteins

contained 61–62 amino acids, of which 20 were highly conserved

cysteines residues. In fact, over the years, four isoforms of MTs were

unraveled in mammals: the MT-1, MT-2, and MT-4 isoforms

consist of 61–62 amino acids and the MT-3 isoform comprises 68

amino acids (Vasá̌k and Meloni, 2011). With respect to aquatic

species, the cadmium-binding MTs was first studied in the marine

fish Sebastes seboides (Olafson and Thompson, 1974). As in

mammals, fish MTs are composed of two globular domains and

each domain contains a ‘mineral core’ enclosed by two large helical

turns of the polypeptidic chains (Vergani et al., 2005). The N-

terminal right-handed bdomain binds three bivalent metal ions.

The C-terminal adomain is left-handed and binds four bivalent

ions. Despite the similarity in the basic features, fish MTs have a

higher flexible character with respect to mammalian

metallothionein, that can facilitate functionality at the low

temperatures that fish may experience in marine or freshwater

environments (Capasso et al., 2003). However, it was revealed that

the higher flexibility in the fish MTs is not a function of thermal

regime but rather, it displays a significant phylogenetic dependence

(Scudiero et al., 2005). In contrast to mammalian and teleost MTs,

the invertebrates appear to have a more diverse structure of MTs.

The main difference lies in the ability of the invertebrate MTs to

bind the bivalent ions. For instance, in crabs the two domains bind

three bivalent metals each (Otvos et al., 1982; Overnell et al., 1988).

In comparison with mammalians, molluscan MTs usually have

higher glycine content (15% in mussels), randomly distributed

throughout the sequence (Roesijadi et al., 1988). Additionally,
Frontiers in Marine Science 05
research on the oyster Crassostrea virginica has shown that its

MTs are both cysteine- and glycine-rich, lacking methionine,

histidine, arginine, and aromatic amino acids, further highlighting

the distinctive amino acid profile of molluscan MTs (Bakiu

et al., 2013).

MTs bind heavy metals and play essential roles in metal ion

homeostasis, detoxification, and cellular protection against

oxidative stress induced by heavy metal exposure (Rajizadeh and

Pourbabaki, 2024). They are particularly important in regulating

the levels of essential metals like Zn and Cu, as well as detoxifying

harmful metals such as Cd and Hg (Roesijadi, 2000; Isani and

Carpenè, 2014). Their role in preventing metal toxicity was

established in early experiments in which mammalian cell lines

were found to be highly sensitive to metal ion toxicity and cells that

express excess levels of MTs were found to be extraordinarily

resistant to heavy metal toxicity (Palmiter, 1998; Smith et al.,

2008). There are several mechanisms that are put forth to explain

how cells use the MTs to evade metal toxicity. Primarily, they bind

to toxic heavy metals, preventing them from interacting with

cellular components and causing oxidative (Barrera-Escorcia and

Wong-Chang, 2010) and DNA damage (Qu et al., 2013). MTs also

facilitating the excretion of heavy metals. Since these proteins do

not present secondary structures and adopt their specific three-

dimensional structure after the binding of metal ions (Si and Lang,

2018). The metal-MT complex can then be transported to the

kidney, where the metal is excreted due to degradation of MT or

changing pH (Samuel et al., 2021). However, in some organisms like

fishes, metals can have a long biological half-life that may extend to

more than a year in the liver and kidney, reflecting the poor

efficiency of excretion pathways (Haux and Larsson, 1984).

Nevertheless, MTs also protect cells from oxidative stress by

scavenging free radicals and modulating redox states (Ruttkay-

Nedecky et al., 2013). MTs also regulate the functioning of the

enzymes which need metal ions as cofactors (Thompson, 2022).

The binding of MTs with metal ions also regulates the intracellular

concentrations of certain essential metals, particularly Zn and Cu,

which are vital for numerous enzymatic reactions. Certain MTs can

also shape the heavy metal repertoire in immune cells and promote

metal uptake by an invading intracellular pathogen (Vignesh and

Deepe, 2017). Field studies have shown significant correlations

among accumulated metal concentrations and both MT protein

and mRNA levels in fish (Knapen et al., 2007; M’kandawire et al.,

2017). However, some studies have shown that MT protein levels

may not bear significant correlation with the mRNA levels in rats

(Misra et al., 1997; Vasconcelos et al., 2002), emphasizing the need

to measure both changes in MT levels and transcriptional as well as

translation levels. Nevertheless, an important feature of the MTs

that has relevance for environmental studies is the induction of MT

expression reported in several invertebrate (Tom and Auslander,

2005) species like Perna perna (Baraj et al., 2011), Crasosstrea spp

(Hertika et al., 2019), Meretrix meretrix (Sun et al., 2024) and

Peneaus vannamei (Moksnes et al. (1995) and vertebrates like fishes

(Thanomsit et al., 2013; Bouraoui et al., 2008) in response to metal

exposure making them important species to understand the

biological effects of heavy metal pollution (Table 1).
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4 Metallothioneins as biomarkers of
heavy metal pollution

MTs are considered central in the intracellular regulation of

metals such as Cu, Zn, Hg and Cd. Increased MT synthesis is

associated with increased capacity for binding these metals and

protection against metal toxicity (Bakiu et al., 2022). Though MT
Frontiers in Marine Science 06
induction at the level of transcription is most extensively studied,

the induction of MTs in response to heavy metals is known to

occur at transcriptional, translational and post-translational

levels. After entering the cytoplasm, the ion interacts with a

complex of metal-regulatory transcription factor-1 (MTF-1) to

bind to a regulatory sequence of DNA called metal-responsive

element (MRE) (Günther et al., 2012). MREs contain a 7-bp core
FIGURE 1

Mechanisms of heavy metal-induced oxidative stress and its downstream toxicological effects in aquatic organisms. Exposure to heavy metals such
as lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As) triggers a cascade of toxicological responses in aquatic animals. These metals inactivate
transcription factors (TFs), disrupt normal gene regulation, and interfere with enzyme function by binding to active sites or altering protein structure.
A key consequence of metal exposure is the dysregulation of reactive oxygen species (ROS) production, including superoxide anions (O₂⁻), hydroxyl
radicals (·OH), and hydrogen peroxide (H₂O₂), leading to a redox imbalance within cells. This oxidative stress results in widespread cellular damage,
including (i) DNA strand breaks and mutations that can drive carcinogenesis, (ii) disruption of membrane integrity causing cell lysis, and (iii) protein
misfolding that triggers endoplasmic reticulum (ER) stress. Persistent ER stress promotes apoptotic cell death. In neural tissues, heavy metal
exposure impairs neurotransmission, potentially through ROS-mediated synaptic damage, resulting in behavioral aberrations such as altered
locomotion and reduced responsiveness. Collectively, these molecular and cellular disruptions underlie the chronic toxicity and disease pathology
associated with metal pollution in aquatic ecosystems.
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sequence (TGCRCNC) and are present in multiple copies in the

promoter/enhancer regions of almost all metal-inducible MT

genes (Searle, 1987). There are two possible models how the

MTF-1 can bind to MREs in the genome (Figure 3). The first

view is that MTF-1 acts as a metal sensor that cannot bind to DNA

in the absence of metals (Günther et al., 2012). As cells accumulate

metals, the metal binds to the a and b domains, causing a

conformational change in the protein and subsequent binding to

the MRE. When MT levels are insufficient, it chelates the metal

from the domains forcing the MTF-1 to relinquish the MREs and

thus ceasing the transcription. An alternative model proposes that

the existence of a metal-sensitive inhibitor, generally known as the

metal synthesis inhibitor (MTI) which complexes with MTF-1

rendering it inactive (Palmiter, 1994). As cellular metal levels

increase, the metal binds to the MTI releasing it from MTF-1,

allowing the transcription factor to bind to the MRE to activate

transcription. When MT levels are sufficient, the metal is removed

from the MTI, allowing it once again to bind to MTF-1, thereby

inhibiting transcription (Morby et al., 1993).
4.1 Teleosts

In Asian seabass, MT expression in response to cadmium

nitrate (CdNO₃) exposure demonstrated a biphasic dose-response
Frontiers in Marine Science 07
pattern, with the highest MT mRNA levels observed at a dose of 4

mg/kg, but no significant induction at 6 mg/kg (Thanomsit et al.,

2013). Studies in other fish species further reinforce the utility of

MTs for assessing metal pollution. For instance, in Oreochromis

mossambicus (tilapia), both laboratory and field studies in the

Chicamba reservoir of Revue river system, Mozambique, showed

that elevated Hg levels induced MT overexpression in hepatic

tissues, establishing a strong correlation between Hg exposure and

MT expression (Monjane-Mabuie et al., 2022). This supports the

potential of MTs as reliable biomarkers for monitoring metal

contamination in aquatic environments. However, the

effectiveness of MTs as biomarkers must take into account several

factors, including tissue-specific, species-specific, sex-specific, and

time-dependent variations. In Nile tilapia, for example, Cheung

et al. (2004) demonstrated that while hepatic MTmRNA levels were

significantly induced by exposure to bivalent metals like Cd2+and

Zn2+, the renal MT mRNA levels were not similarly affected. In

contrast, the gills showed a higher sensitivity to metal ion exposure,

emphasizing the importance of selecting the appropriate tissue for

MT assessment. Time-dependent responses have also been

observed in juvenile seabream, where significant MT induction

occurred 12, 24, and 48 hours after exposure to CdCl2, indicating

that the timing of sampling is crucial for accurately capturing MT

expression patterns following heavy metal challenge (Bouraoui

et al., 2008). Additionally, sex-specific differences have been
FIGURE 2

Chronological progression of significant discoveries and methodological advancements in metallothionein research from 1957 to the 2020s. The
timeline begins with the discovery of metallothioneins in horse kidney tissues (Margoshes and Vallee, 1957), followed by the identification of their
two-domain structure in the 1960s (Kagi and Valee, 1960). The 1980s saw the use of northern blotting and radiolabeled probes in MT research (Karin
et al., 1980). In 1990, gene knockout models were employed to investigate metallothionein function (Masters et al., 1994). The 2000s marked a shift
toward ecotoxicological applications using metallothioneins in aquatic indicator species (Amiard et al., 2006). Proteomics and metallomics
approaches were integrated in the 2010s to explore metallothionein interactions and metal-binding profiles (Shabb et al., 2017). The most recent
advances in the 2020s involve single-cell sequencing and epigenetic studies, providing insights into cell-specific regulation and environmental
responsiveness of metallothioneins (Lu et al., 2018; Maleckaite et al., 2019).
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TABLE 1 Studies that evaluated MT protein or gene expression in response to heavy metal exposure in aquatic animals.

Animal Species Study Aim MT induction Tissues Heavy Metals Key Findings Reference

MT concentrations failed to
reflect Cd exposure in
both species.

Le Croizier et al., 2018

Peripheral olfactory system
may be of greater utility for
assessing short-term
environmental exposures
to cadmium

Espinoza et al., 2012

r, Pb, Cd

Liver and kidneys MT did not
show statistically significant
differences between the control
and exposed group (MIX).
However, hepatic MT level
increased 1.34-fold after MIX
treatment. Consequently, no
further investigation of MT
content after treatment with
MIX variants was performed.

Stankevičiūtė
et al., 2018

No significant differences were
seen between the metal
exposure groups and
control groups

Olsvik et al., 2010

nd Pb
MT expression increased in
response to metal exposure
compared to control

Montaser et al., 2010

No correlation is present
between heavy metals and MT
content in muscle tissue.

Cretı ́ et al., 2010

Significant correlations were
found between Zn and Cu
levels and MT expression
in livers

M’kandawire
et al., 2017

Increase in gill MT mRNA
induction was observed in
non-spawning killifish exposed
to 6 ppb of waterborne CdCl2
compared with controls

Cleef-Toedt et al., 2001

d
A positive correlation occurred
between MT levels and Cu and
Pb concentrations

Girgis et al., 2019
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Teleosts

Dicentrrchus labrax,
Solea senegalensis

Cd organotropism,
accumulation and
MT induction

MT protein expression liver, muscle Cd

Oncorhynchus kisutch
Effect of cadmium on
MT induction

qRT PCR
liver, gill, and
olfactory tissues

Cd

Salmo salar

Responses of biomarkers in
Atlantic salmon (Salmo
salar) following exposure to
environmentally relevant
concentrations of complex
metal mixture

MT protein abundance Liver, kidneys Zn, Cu, Ni,

Salmo salar
Combined g-irradiation and
metal exposures in teleost

MT gene expression liver Al + Cd

Naso hexacanthus
MT expression as a
biomarker of toxicity of
heavy metals

Semi-Quantitative Analysis of
MT Gene Expression

liver gills Cd, Cu, Zn

Sparus aurata
MT content in tissues of fish
from three different fish
farming systems

MT content is determined by
estimation of cysteine residues
by the Ellman reaction

caudal muscle, gut,
liver, kidneys and gills

Cd, Pb

Clarias gariepinus
MT expression from wild
African populations of

qRT PCR liver Cu, Zn

Nothobranchius rachovii
MT response to short-term
exposure to physiological
and chemical stressors

Northern blot liver, gill, and intestine Cd

Oreochromis niloticus
Seasonal assessment of MT
gene expression pollution

qRT PCR liver and muscle Zn, Cu, Pb,
C

a

C
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TABLE 1 Continued

Animal Species Study Aim MT induction Tissues Heavy Metals Key Findings Reference

MT expression in liver was
increased in response to Cd,
whereas there was a significant
downregulation after
Cu exposure

Bakiu et al., 2022

MT is up regulated in
molluscan responses to
cadmium, but not
aluminum, exposure

Desouky, 2012

g, Zn

Metal exposure decreased the
total protein concentrations in
the gills of oysters and the
digestive gland of mussels and
an increase on metallothionein
concentrations in the gills of
both mollusks were observed.

Géret et al., 2002

u,Mn,

MT gene is heavy-metal
inducible, and modulated by
immune stimulation, hypoxia,
heat shock, and
xenobiotics exposure

Lee and Nam, 2016

g
MT levels were significantly
associated with heavy
metal levels

Hertika et al., 2018

The MT concentrations were
barely affected by
hydrodynamic conditions and
were significantly linearly
related to the Cd concentration
in the visceral mass

Geng et al., 2015

MT levels in the gills and
mantle of the mussels
increased significantly, which
were in positive correlation
with Cd accumulation

Li et al., 2015

Cd accumulation induces MT-
like protein but suppresses

Macıás-Mayorga
et al., 2015
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Trematomus hansoni
Physiological response of
fish against metal toxicity

Silver saturation and qRT PCR gills and liver Cu, Cd

Molluscs

Lymnaea stagnalis and
Dreissena polymorpha

MT response to metal
exposure in molluscs that
have contrasting feeding
behavoir and therefore metal
accumulation profiles

Determination of
cysteine residues

digestive gland Al, Cd

Crassostrea gigas and
Mytilus edulis

Influence of metal exposure
on metallothionein synthesis
and lipid peroxidation in
two bivalve mollusks:

pulse polarography gills, digestive gland Ag, Cd, Cu,

Haliotis discus hannai
Transcriptional responses of
metallothionein gene to
different stress factors

qRT PCR

Hemocyte muscle, gut
tentacle, heart testis, eye
hepatopancreas
gill, ovary

Cd, Co, Cr,C
Ni,Zn

Crassostrea iredalei and
Crassostrea glomerata

Relationship between levels
of lead, cadmium and
mercury, and
metallothionein
protein abundance

Polyclonal secondary antibody-
based immunoprecipitation

gills, stomach Pb, Cd, and

Corbicula fluminea
Influence of hydrodynamic
conditions on
metallothionein response

The MT concentrations were
calculated using a molar ratio
of 7 for Cd/MT. The Cd
bound to the MT was
measured using an ICP-MS.

visceral mass, foot, gill
and mantle

Cd

Anodonta woodiana
Cadmium accumulation and
MT biosynthesis

Indirect measurement by Cd
estimation through atomic
absorption spectrophotometry

gills, mantle, foot,
visceral mass,
digestive gland

Cd

Crassostrea angulata
Relationship between Cd
accumulation, oxidative
stress and MT

Cytosolic fraction using
differential pulse polarography

gills, digestive gland Cd
H

H
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TABLE 1 Continued

Animal Species Study Aim MT induction Tissues Heavy Metals Key Findings Reference

GSH levels to decrease and
inhibits antioxidant enzymes.

Cd
A striking induction
of MT protein expression
under Cd stress was observed

Xu et al., 2015

Cd

MT gene in the midgut gland
of Biomphalaria glabrata did
not show transcriptional
upregulation upon exposure to
Cd, in spite of the strong metal
accumulation in this organ

Niederwanger
et al., 2017

Cd

MT concentration detected in
the gills of M. galloprovincialis
increase fourfold while for the
clam R. decussatus MT
concentrations increased
twofold in response to Cd

Bebianno and
Serafim, 1998

Hg

MT showed no variation in
expression indicating that the
contact with feed containing
the observed Hg
concentrations were not
sufficient to activate
gene transcription

Soares et al., 2011

Ni and Pb
No influence of Ni and/or Pb
in MT induction in muscle

Nunez-Nogueira
et al., 2010

Cd, Cu
EcMT-1 was up-regulated after
challenge with Cd or
Cu exposure

Liu et al., 2022

Cd, Zn

MT contents increased after
single Cd exposure and also
showed a time- and dose-
dependence, in a tissue-specific
way. Zn showed a limited
ability of MT induction both
in gills and hepatopancreas

Li et al., 2013
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Crassostrea hongkongensis
MT protein expression in
response to
Cd stress

Polyclonal antibody based
immune-precipitation

gill, mantle,
digestive gland

Biomphalaria glabrata
MT response patterns due to
Cd exposure and
temperature stress

qRT PCR midgut gland

Mytilus
galloprovincialis and Ruditapes
decussatus

Comparative evaluation of
MT induction in response to
Cd in two bivalves

Differential pulse polarography
using rabbit liver MT as
working standard

gills

Crustaceans

Litopenaeus vannamei
Aquafeed as a route of Hg
toxicity of shrimp

qRT PCR
muscle, hepatopancreas
and exoskeleton

Litopenaeus vannamei
MT-like proteins and energy
reserve levels after heavy
metal exposure

Polarographic determination in
heat-denaturated cytosol

hepatopancreas, muscle

Exopalaemon carinicauda
MT-1 gene response to
heavy metal ions challenge

qRT PCR hepatopancreas

Sinopotamon henanense
MT response after exclusive
and combined
metal exposure

Indirect estimation through Cd
determination by atomic
absorption spectrophotometer

gills
and hepatopancreas
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reported, with male Nile tilapia showing significantly higher hepatic

MT gene expression compared to females in metal-polluted

environments (Awad et al., 2024), suggesting that sex may

influence MT regulation in response to heavy metal exposure.

Beyond pollution monitoring, MTs also play a role in mitigating

heavy metal toxicity. In carp myocytes, for instance, arsenic

exposure led to a significant reduction in the expression of zinc

transporters (znt1, znt5, and znt7), Zn-regulated iron-regulated

transporter-like proteins (zip8 and zip10), and MTs. However,

zinc supplementation was found to alleviate this suppression,

restoring MT expression and highlighting the protective role of

MTs in maintaining metal homeostasis under toxic conditions

(Dong et al., 2024). In conclusion, while MTs are valuable

biomarkers for assessing heavy metal contamination, their

application must consider various biological and environmental

factors, including species, tissue specificity, sex, and timing. These

factors contribute to the complexity of MT regulation but also offer

insights into their broader role in heavy metal detoxification and

protection in aquatic species.
4.2 Molluscs

Compared to teleosts, the process of biomineralization

in invertebrates complicates the relationship between MTs and

metal exposure (Mason and Jenkins, 1995). However, a positive

aspect of studying invertebrate MT responses to assess aquatic

pollution is that invertebrates tend to be more accurate

representatives of the local environment where they are found

(Tom and Auslander, 2005). Consequently, research has focused

on understanding metal uptake in invertebrates as a reflection of

pollution in aquatic habitats (Viarengo et al., 1999). Invertebrate

gills and digestive glands are the primary organs where heavy

metals accumulate (Gomes et al., 2012). For example, studies on

the gills of mussels, such as the brown mussel (Perna perna), have

shown that Cd bioaccumulation leads to significant MT induction

(Baraj et al., 2011). Similarly, exposure to metals like Ag, Cd, Hg,

and Zn for 21 days resulted in increased MT synthesis in the gills

of Mytilus edulis and the digestive gland of Crassostrea gigas

(Géret et al., 2002). In other bivalves, such as Crassostrea

cuculata and Crassostrea glomerata, MT concentrations were

consistently higher in the stomach compared to the gills, and

these levels correlated with the metal concentrations in their

respective habitats (Hertika et al., 2019). In Meretrix casta, an

economically significant shellfish species, a metallothionein gene

was recently characterized, showing predominant expression in

the hemocytes and hepatopancreas. Yang et al. (2023) cloned and

characterized a MT gene from the hard clam Meretrix meretrix,

(designated MmMT) identifying a 629−bp ORF encoding a

76−amino−acid, cysteine-rich protein typical of MTs, with

highest expression observed in hepatopancreas and hemocytes.

They also demonstrated that the MT transcripts were significantly

upregulated in response to Vibrio splendidus stimulation, and that

Escherichia coli expressing MT exhibited enhanced tolerance to

Cd2+and Cu2+. This study indicated the role of MT in both metal
T
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detoxification and immune response. Another study showed that

MT expression in response to Cd exposure was significantly

upregulated only at a water salinity of around 20 ppt, with peak

expression at 7 days post-exposure in Meretrix meretrix.

Interestingly, this increased expression diminished by 35 days,

highlighting the importance of salinity in regulating the metal-

metallothionein interaction (Sun et al., 2024). Similarly, Mytillus

coruscus exhibited time-dependent MT mRNA expression in the

hepatopancreas following exposure to Cu2+and Pb2+, peaking at 7

days and returning to normal levels by day 15 (Ge et al., 2020).

These findings underscore the complex relationship between

metal accumulation, environmental factors such as salinity, and

MT expression in invertebrates, which must be considered when

using MTs as biomarkers for aquatic pollution.
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4.3 Crustaceans

Early studies on Artemia demonstrated the presence of MTs

and their induction in response to Cd exposure (Bing-liang and

Chien, 1994). A dose-response and time-course study by Moksnes

et al. (1995) further confirmed a strong correlation between MT

induction and cadmium accumulation in the hepatopancreas of the

tropical shrimp Penaeus vannamei, as well as between their

concurrent depuration during the recovery phase. After 16 days

post-exposure, over 80% of the induced MT had been lost, and

depuration correlated significantly with time (R=0.94, p < 0.01) and

cadmium levels in the hepatopancreas, indicating that MTs can

serve as reliable biomarkers for Cd pollution in shrimp farming. In

2005, MTs in Litopenaeus vannamei were characterized, showing a
FIGURE 3

Regulation of metallothionein (MT) expression and function in response to heavy metal stress. Metal-responsive transcription factor 1 (MTF-1, green)
is activated through the intracellular accumulation of heavy metals. The activation is mediated either through direct binding of heavy metals or
through the detachment from MTI protein. Upon activation, MTF-1 undergoes a conformational change and translocates to the nucleus. Metal-
bound MTF-1 binds to specific metal response elements (MREs) in the promoter region of the metallothionein gene, represented by the consensus
sequence TGCRCNC. This binding upregulates the transcription of MT genes, leading to the synthesis of MT mRNA. The transcribed mRNA is
translated into apo-metallothionein (apo MT), a cysteine-rich protein (yellow) devoid of bound metals. Apo MT binds to intracellular heavy metal
ions, forming functional MT (yellow with metal ions).
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positive correlation between MT expression and Cd content in the

gills and hepatopancreas, although zinc exposure did not induce

MT expression (Wu and Chen, 2005). Interestingly, MT expression

in L. vannamei can also be induced by both hypersaline and

hyposaline conditions, suggesting that salinity plays a role in MT

dynamics (Wang et al., 2014). In the caridean shrimp Exopalaemon

carinicauda, a complex pattern of MT expression has been observed

in response to different metal ions. The hepatopancreas was

identified as the major site of MT production, with expression

levels hundreds of times higher than in other tissues such as muscle,

stomach, intestine, and hemocytes (Zhang et al., 2014). Notably,

MT expression in the hepatopancreas was upregulated after

exposure to CuSO₄ but downregulated after exposure to CdCl₂

(Zhang et al., 2013, 2014). A more recent study, however, reported

that MT mRNA expression in E. carinicauda increases in a dose-

dependent manner when exposed to both CuSO₄ and CdCl₂, and

identified three distinct MT isoforms: a copper-inducible isoform, a

cadmium-inducible isoform, and a third isoform (MT-1) that

responds to both Cu and Cd exposure (Liu et al., 2022). Similarly,

MT genes were recently identified in the transcriptome data of

Gammarus fossarum, a sentinel amphipod species, revealing two

MT-coding transcripts, mt1 and mt2, with organ-specific

expression patterns in the gills and caeca. In silico analysis and

experimental exposures to Cd, Zn and Ag showed that mt1 is

strongly induced by Cd exposure and is more significantly

expressed in the caeca, while mt2 is more inducible in the gills

(Esposti et al., 2024). These studies emphasize the central role of

MTs as biomarkers for assessing heavy metal-induced damage in

aquatic organisms.

However, recent findings reveal that the metal-MT interaction

is more complex than was initially thought (Florianczyk, 2007;

Chen et al., 2014). An ideal biomarker should reliably reflect

exposure to pollutants and accurately assess the effectiveness of

mitigation strategies. The specificity of MTs as indicators of heavy

metal pollution is complicated by external factors such as bacterial

infections and salinity changes, which can also influence MT

expression. Moreover, MTs participate in immune signaling

pathways (Crowthers et al., 2000), and the presence of multiple

isoforms with metal-specific affinities complicates their use as

universal biomarkers. These complexities hinder the development

of broad-spectrum MT biomarkers capable of detecting a wide

range of metals across diverse aquatic environments. Establishing a

reliable MT biomarker requires considering the physicochemical

properties of the habitat and the species under study. Additionally,

interspecific variations in MT structure-function relationships and

differences in tissue distribution within the same species must be

addressed to develop effective assays for detecting heavy metal

pollution in coastal and marine ecosystems. Despite these

challenges, the metal-binding capabilities of MTs can still be

harnessed to design effective strategies for mitigating heavy metal

pollution in aquatic environments. Understanding the intricacies of

MT dynamics across different species and environmental

conditions will be crucial for advancing both biomonitoring and

remediation efforts in marine and coastal waters.
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5 Leveraging bacterial
metallothioneins in mitigating heavy
metal induced ecological damage

The use of MTs for mitigating heavy metal pollution in aquatic

ecosystems has garnered growing interest due to their capacity to

bind and sequester metal ions. Bioremediation using bacterial MTs

is particularly effective, as it offers a reliable, efficient, and cost-

effective approach to heavy metal removal. Numerous microbes,

including microalgae and bacteria, harbor metal-binding MTs, and

their capacity to bind metal ions has been extensively studied. For

instance, the unicellular cyanobacterium Synechococcus sp. PCC

7942 was shown to bind significant amounts of heavy metals: 11.3

mg of Cu (II), 30.4 mg of Pb (II), 3.2 mg of Ni (II), 7.2 mg of Cd (II),

and 5.4 mg of Cr (III) per gram of biomass under repeated flow

conditions (Gardea-Torresdey et al., 1998). While this study did not

directly correlate MT expression with metal uptake, PCR identified

genomic loci coding for MTs, suggesting potential future avenues

for enhancing heavy metal sequestration.

Genetic modification to enhance metal uptake has also been

explored. For example, MTs from Synechococcus were expressed in

E. coli using the pGEX3X expression vector. In vivo studies of E. coli

expressing the smtA gene showed increased accumulation of Zn and

Cd ions (Shi et al., 1992). Recently, E. coli overexpressing human

metallothionein 3 were immobilized in biobeads and used for

detoxifying Cu- and Cd-contaminated water, achieving reductions

of 87.2% for copper, 32.8% for zinc, and 27.3% for Cd, highlighting

the potential for this approach in treating toxic wastewater (Gupta

et al., 2019). These findings indicate that microbe-based biofilters,

particularly those utilizing genetically modified organisms with

enhanced MT expression, hold promise as bioremediation tools.

However, significant challenges persist, such as ecological risks,

uncontrolled spread and horizontal gene transfer, high

development and maintenance costs, and potential human

health risks.

To address these concerns, the development of metallothionein-

functionalized materials present a more sustainable and eco-

friendly alternative for mitigating heavy metal pollution in coastal

and marine habitats. Although these materials also rely on

genetically modified organisms, the risk of environmental release

and gene spread is considerably lower. For example, a novel

genetically engineered fusion protein, combining metallothionein

from Cancer pagurus, a cellulose-binding module from

Cellulomonas fimi, and superfolder GFP, was expressed in E. coli.

The resulting biosorbent, created by mixing E. coli lysates with

cellulose, efficiently removed Pb from water (Xiao et al., 2020).

Another study constructed a biosorbent using E. coli that featured

metallothionein and a carbohydrate-binding module, with

biosorption capacities for Pb and Zn ions reaching 39.02 mg/g

and 29.28 mg/g, respectively (Mwandira et al., 2020).

Nanotechnology has further enhanced the potential of these

biofunctionalized materials. A recent example includes a

nanobiohybrid magnetic adsorbent (Zarei et al., 2016) developed
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by immobilizing a recombinant form of rice metallothionein onto

synthesized amine-functionalized magnetic nanocomposite

particles, achieving Cd retention of 476 mg/g. In another case,

MTs extracted from soybean debris were immobilized on nano-

silica extracted from rice straw, resulting in a maximum adsorption

capacity of 325 mg/g for lead removal from battery industry

wastewater, with a removal efficiency of 98%.

Despite these promising developments, the widespread

adoption of biofunctionalized materials faces obstacles such as

high production costs, scalability for industrial applications, and

challenges in disposing of biosorbents. These issues need to be

resolved before these technologies can be widely implemented in

large-scale water treatment and remediation efforts, particularly in

coastal and marine environments.
6 Conclusion

With the rise of anthropogenic activities worldwide, the load of

heavy metal pollution in aquatic environments has surged, posing a

serious threat to aquatic biodiversity and the ecological balance of

coastal and marine waters. Heavy metal pollution not only

endangers marine life but also impacts human health due to the

bioaccumulation of heavy metals in seafood. As a result, there is an

urgent need to understand the dynamics of heavy metal

contamination in coastal ecosystems and to develop efficient

strategies for their removal. MTs, present in aquatic vertebrates,

invertebrates, and microbes, can bind heavy metals, making them

valuable tools for assessing the responses of ecologically significant

species to metal pollution and for designing mitigation strategies to

prevent heavy metal pollution. However, a closer examination of

metallothionein expression or activity in response to heavy metal

exposure reveals a more complex relationship than previously

understood. While many studies report altered metallothionein

levels in various tissues following heavy metal exposure, the

magnitude, and sometimes the direction, of this induction is

influenced by external factors such as salinity, oxygen levels, and

the immune status of the organisms. In some cases, there is no clear

correlation between heavy metal exposure and metallothionein

induction, suggesting that the response is more nuanced and

context dependent. Nevertheless, the metal binding ability of the

MTs can be harnessed to develop efficient mitigation strategies to

subdue the heavy metal load in aquatic habitats.
7 Future perspectives

The non-specific nature of MTs calls for the development of

multi-biomarker approaches, integrating them with other

established biomarkers such as superoxide dismutase and heat

shock proteins (An et al., 2008). This combined strategy could

lead to a more robust biomonitoring platform, improving the

accuracy and reliability of assessments of heavy metal pollution in

marine environments. By expanding the range of biological
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responses being monitored, researchers can gain deeper insights

into how heavy metals affect marine ecosystems. Moreover, MTs

hold potential beyond traditional pollution monitoring, offering

new avenues for research in the context of climate change. Recent

studies have shown that metallothionein expression is sensitive to

environmental factors such as temperature changes, dissolved

oxygen levels, and salinity fluctuations—key stressors linked to

climate change (Martins and Bianchini, 2009; Abdel-Tawwab and

Wafeek, 2014; Giannetto et al., 2017). Future studies could explore

the use of MTs as biomarkers for these climate-related stressors in

model organisms, helping to elucidate the complex interactions

between pollution and shifting environmental conditions.

In addition to studying heavy metals, it is important to

investigate how metallothionein expression interacts with other

pollutants, such as organic contaminants. This could offer a more

comprehensive approach to assessing the multifaceted

environmental stressors that often coexist in aquatic ecosystems.

Understanding these interactions would significantly contribute to

the development of integrated environmental risk assessment

frameworks. Furthermore, emerging pollutants, such as 6PPD and

its degradation product 6PPD-quinone, are increasingly concerning

due to their global impact on marine life (Tian et al., 2021; Varshney

et al., 2022). These pollutants, derived from tire wear particles,

present new challenges to aquatic ecosystems. While the effects of

these contaminants on metallothionein expression are still unclear,

investigating their impact on aquatic species could be essential in

developing relevant animal models. Such models would facilitate

the assessment of the biological effects of tire wear particles and

inform mitigation strategies for these emerging threats to

marine biodiversity.

In the present decade, there has been significant research on

omics approaches in MTs especially in the domains of DNA

methylation patterns of MT genes and single-cell RNA

sequencing in human cell lines. These studies have revealed

unprecedented insights into how MTs can regulate diseases (Lu

et al., 2018; Maleckaite et al., 2019). Although such deeper

molecular studies in aquatic animal metallothioneins are missing,

in the future such studies have the potential to improve the usage of

bacterial and marine aquatic animal metallothion for better

biomarkers and screening. The integration of artificial intelligence

and machine learning in MT research is a growing area with

promising potential. Although in infancy, these platforms can

significantly enhance our understanding of mechanisms that

regulate MT response under the conditions of metal toxicity. In

2023, a machine learning classifier was built with heavy metal

signature biomarker genes as features to distinguish between

heavy metal exposure from non-heavy metal exposure gene

expression samples. While this platform developed by Mukherjee

(2023) effectively classifies gene expression profiles based on heavy

metal exposure using a biomarker gene panel, it remains unclear to

what extent MT genes contribute to the model’s decision-making.

Clarifying the individual feature importance of MTs would enhance

our understanding of their diagnostic value and mechanistic role in

metal-specific toxicity classification. Another example is the
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platform by Receptor.ai that provides a systematic, AI-enhanced

framework for identifying and prioritizing binding pockets on

metallothionein 1L (MT1L) gene and screening small molecules

against it. This opens avenues for chemical biology probes,

therapeut ic l ead discovery , and deeper mechanis t i c

characterization of MT1L and related isoforms. These future

research directions could strengthen the use of MTs as key

biomarkers in monitoring the health of coastal and marine

environments, enhancing our ability to address complex

environmental challenges.
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