&

VECTORAL

Date of publication 10/01/2023, date of current version 10/01/2023.

VECTORAL manuscript Identifier 11.01-5/VECTORAL.2023.PUB

ROLE OF METALLOTHIONEIN IN REGULATING HEAVY METAL
DETOXIFICATION AND TISSUE-SPECIFIC ACCUMULATION IN
THE KIDNEY, LIVER, AND BONE OF SMALL MAMMALS

MAREK DVOFAK !

]Deparlmem of Life Science, University of Ostrava, Chittussiho 10, Ostrava, 702 00, Czech Republic.

Corresponding author: Marek, D.

© Marek, D., Author. Licensed under CC BY-NC-SA 4.0. You may: Share and adapt the material Under these terms:

Give credit and indicate changes

Only for non-commercial use

Distribute adaptations under same license
No additional restrictions

ABSTRACT Metallothionein (MT) plays a pivotal role in heavy metal detoxification and homeostasis
in small mammals, significantly influencing tissue-specific accumulation in organs such as the kidney,
liver, and bone. This paper explores MT’s involvement in the regulation and detoxification of essential and
non-essential heavy metals, including zinc, copper, cadmium, and lead. The mechanisms underlying MT
expression, induction, and interaction with heavy metals are discussed, along with its protective functions
in metal homeostasis and cytotoxicity mitigation. Emphasis is placed on tissue-specific expression patterns
in the kidney, liver, and bone, as these organs are primary sites of metal accumulation and toxicity. In
the liver, MT’s role extends to metal sequestration and excretion, while in the kidney, MT is critical for
protecting renal cells from metal-induced damage. In bones, MT facilitates the storage of metals, influencing
skeletal health. Understanding MT’s regulatory functions in these tissues sheds light on the physiological
and pathological responses to heavy metal exposure, providing insights into environmental risk assessment
and therapeutic interventions for metal toxicity.

INDEX TERMS cadmium, heavy metal detoxification, kidney, metallothionein, metal homeostasis, tissue-

specific accumulation, zinc

I. INTRODUCTION
The accumulation and detoxification of heavy metals in
living organisms are complex biological processes with far-
reaching implications for health, ecology, and evolutionary
biology. Heavy metals, including cadmium, lead, zinc, and
copper, are elements with high atomic weights and den-
sities that exceed those of typical metals. These elements
are naturally occurring in the environment but can become
concentrated due to anthropogenic activities such as mining,
industrial production, and agricultural practices. In living
organisms, these metals perform a dual role: while some are
essential micronutrients involved in various biochemical pro-
cesses, their elevated concentrations can lead to toxic effects,
disrupting cellular functions and causing damage to tissues.
The biological challenge, therefore, lies in maintaining the
balance of these metals within a narrow concentration range
that supports physiological needs while avoiding toxicity
(Andrews & Palmiter, 1995; Zalups, 1991).
Metallothioneins (MTs) are central to the maintenance of
metal homeostasis in mammals. As low-molecular-weight,
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cysteine-rich proteins, MTs exhibit a high affinity for bind-
ing heavy metals through the thiol groups of their cysteine
residues. This binding capacity enables MTs to sequester
both essential metals like zinc and copper, as well as toxic
metals such as cadmium and lead, thereby regulating their in-
tracellular concentrations. The sequestration of these metals
serves a dual purpose: it not only mitigates potential toxicity
by neutralizing free metal ions that could otherwise catalyze
the formation of harmful reactive oxygen species, but also
facilitates the controlled storage and release of metals that
are required for enzymatic reactions and other physiological
functions. Moreover, the binding of metals by MTs plays a
role in buffering fluctuations in metal availability and aids
in detoxifying metals that are introduced into the body from
external sources (Aoyama & Suzuki, 1998; Zalups, 1991).
In mammals, the distribution and expression of MTs are
highly tissue-specific, which reflects the diverse roles that
these proteins play in different organs. Among the most
studied tissues are the kidney, liver, and bone, as these sites
are prone to heavy metal accumulation and exhibit distinct
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patterns of MT expression and metal-binding activity. The
liver, being a central organ for detoxification, serves as a
primary site for the metabolism and storage of heavy metals.
Hepatic MTs are thought to be involved in the uptake of
metals from the bloodstream and their subsequent sequestra-
tion, thereby limiting the availability of free metal ions that
could cause oxidative damage to cellular components. The
induction of MTs in the liver in response to metal exposure
is a well-documented phenomenon, suggesting that these
proteins are part of an adaptive response that enhances the
organism’s capacity to cope with metal-induced stress.

Similarly, the kidney plays a critical role in metal home-
ostasis, particularly in the excretion of excess metals. Renal
MTs contribute to the regulation of metal concentrations in
the blood and urine by binding metals within the proximal
tubular cells of the nephron (Elturki, 2022). This seques-
tration helps to prevent the reabsorption of metals into the
bloodstream, thus facilitating their excretion. The kidney’s
susceptibility to metal-induced damage, especially from cad-
mium, underscores the importance of MTs in protecting renal
tissues from metal toxicity. Cadmium exposure, in particular,
has been linked to nephrotoxicity due to its preferential
accumulation in the kidney, where it can persist for extended
periods. The induction of renal MTs in response to cadmium
exposure appears to be a protective mechanism that limits
the extent of cellular damage by sequestering the metal
and preventing its interaction with vital cellular components
(Beyersmann & Hartwig, 1999; Wu & Leung, 2002).

The accumulation of metals in the bone represents another
critical area of study, as bone tissue serves both as a reservoir
for essential minerals and as a potential site for the long-term
storage of toxic metals. Metals such as lead and cadmium can
be incorporated into the bone matrix, where they may replace
calcium ions in hydroxyapatite crystals. This substitution
not only disrupts the structural integrity of the bone but
also alters its biochemical properties, potentially leading to
skeletal disorders. MTs may play a role in mediating the
incorporation of metals into bone tissue by regulating the
transport and bioavailability of metals within the body. For
instance, MT-bound metals may be directed towards sites of
mineralization, where they become integrated into the bone
matrix, or alternatively, may be sequestered in a manner that
prevents their incorporation into bone, thereby reducing the
risk of bone-related toxic effects.

The mechanisms underlying the differential expression of
MTs across tissues and in response to metal exposure are
complex and involve a network of regulatory pathways. The
induction of MTs is primarily regulated at the transcrip-
tional level by metal-responsive transcription factor-1 (MTF-
1), which binds to metal response elements (MREs) in the
promoter region of MT genes. The activation of MTF-1 is
triggered by elevated intracellular concentrations of metals
such as zinc, copper, and cadmium, which facilitate the bind-
ing of MTF-1 to MREs, leading to increased transcription of
MT genes. This regulatory mechanism allows for the rapid
upregulation of MT expression in response to metal expo-
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sure, enabling tissues to adapt to fluctuating metal levels. Ad-
ditionally, post-transcriptional mechanisms, such as mRNA
stabilization and protein degradation pathways, contribute to
the fine-tuning of MT levels within cells, thereby influencing
the capacity of tissues to respond to metal-induced stress
(Waalkes & Poirier, 2000).

The role of MTs extends beyond the mere sequestration
of metals to include their transport and distribution within
the body. MTs facilitate the redistribution of essential metals
during periods of deficiency or increased demand. For exam-
ple, during states of zinc deficiency, MTs release zinc ions to
maintain sufficient levels for enzymatic activity and cellular
function. Conversely, during periods of excess zinc, MTs
sequester the metal to prevent toxicity. The dynamic nature of
metal-binding and release by MTs is mediated by the redox
state of the cysteine residues, which can undergo reversible
oxidation and reduction. This redox sensitivity allows MTs to
act as metal buffers, modulating the availability of free metal
ions in response to changes in the cellular redox environment.

The detoxification role of MTs is particularly evident in
conditions of heavy metal overload, where the induction of
MTs serves as a critical defense mechanism. In cases of
cadmium exposure, for instance, MT induction is observed in
both the liver and kidney, with increased MT levels correlat-
ing with the degree of cadmium accumulation. The seques-
tration of cadmium by MTs reduces the availability of free
cadmium ions, thereby limiting their interaction with cellular
macromolecules such as proteins, nucleic acids, and lipids,
which would otherwise lead to oxidative damage and cellular
dysfunction. Similarly, MTs help to mitigate the toxic effects
of lead by reducing its bioavailability and facilitating its
excretion.

In bone tissue, the sequestration of toxic metals by MTs
may influence the long-term accumulation and release of
these metals. For example, lead stored in bone can be mo-
bilized during periods of increased bone resorption, such
as during pregnancy, lactation, or osteoporosis, leading to
elevated blood lead levels. The role of MTs in regulating
metal mobilization from bone is an area of ongoing research,
with implications for understanding the chronic health effects
associated with long-term metal exposure and the develop-
ment of therapeutic strategies for metal detoxification (Dunn
& Cousins, 1994).

Il. BACKGROUND INFORMATION ON
METALLOTHIONEIN AND HEAVY METALS
Metallothionein (MT) is a family of proteins characterized
by their high affinity for metal ions and their role in binding
both essential and toxic heavy metals. Due to its cysteine-rich
structure, MT is capable of coordinating metal ions through
thiolate bonds, thereby detoxifying harmful metal species
and regulating metal homeostasis. The synthesis of MT is
induced by exposure to various metals, stress conditions,
and inflammatory signals, underscoring its role in adaptive
responses to environmental and physiological challenges.
Heavy metals are categorized as essential or non-essential
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TABLE 1. Heavy metal-binding affinity of metallothioneins.

Metal Dissociation Constant (Kd) Relative Binding Affinity Physiological Implications

Cadmium (Cd) 10-12M High Preferential accumulation in kid-
ney, liver; implicated in nephrotox-
icity and hepatotoxicity

Lead (Pb) 10-10M Moderate Bone accumulation; disrupts cal-
cium metabolism and skeletal de-
velopment

Zinc (Zn) 1079M Moderate Essential for enzymatic functions;
regulated storage and release by
MTs

Copper (Cu) 10-1'M High Involvement in redox reactions;

MTs prevent free Cu-induced ox-
idative stress

TABLE 2. Tissue-specific roles of metallothioneins in heavy metal detoxification and homeostasis.

Tissue MT Expression Level Metal Accumulation Physiological Effects

Liver High Cadmium, copper, zinc Metal detoxification; regulation of
systemic metal homeostasis

Kidney High Cadmium, zinc Prevention of metal reabsorption;
protection against nephrotoxicity

Bone Moderate Lead, cadmium Modulation of metal incorpora-

tion into bone matrix; influence on
skeletal health

based on their biological roles. Essential metals, such as
zinc (Zn) and copper (Cu), are required in trace amounts
for enzymatic and structural functions, while non-essential
metals, such as cadmium (Cd) and lead (Pb), have no known
biological role and can be toxic even at low concentrations.
The body’s ability to regulate the balance between essential
metal sufficiency and non-essential metal toxicity is critical,
and MT plays a central role in this process by binding to and
sequestering metal ions.

The structure of MT is highly conserved among different
species, characterized by the presence of metal-thiolate clus-
ters that enable the binding of divalent metal ions. Typically,
MT comprises two distinct domains: the a-domain, which
can coordinate four metal ions, and the 5-domain, capable of
binding three metal ions. The metal-thiolate clusters formed
within these domains exhibit a high degree of stability, allow-
ing MT to serve as an effective metal buffer and detoxifica-
tion agent. Upon exposure to elevated metal concentrations,
MT can bind excess metal ions, thereby preventing cellular
damage and maintaining metal homeostasis. Conversely, un-
der conditions of metal deficiency, MT may release bound
metal ions to support essential cellular functions. This dy-
namic metal-binding capability enables MT to play a crucial
role in both the storage and release of metal ions, depending
on cellular needs.

The induction of MT expression is regulated at the
transcriptional level by various factors, including metal-
responsive transcription factor-1 (MTF-1). MTF-1 is acti-
vated in response to metal ions such as Zn and Cd, lead-
ing to the binding of metal response elements (MREs) in
the promoter region of the MT gene. This metal-regulated
transcriptional control allows for the rapid upregulation of
MT synthesis in response to increased metal ion exposure.
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Additionally, MT expression can be induced by oxidative
stress, glucocorticoids, and inflammatory cytokines, further
highlighting its role in cellular protection under diverse envi-
ronmental and physiological stress conditions.

The interaction of MT with heavy metals is mediated by its
high cysteine content, which provides numerous thiol groups
for metal coordination. Each thiol group can form a covalent
bond with a metal ion, stabilizing it in a non-reactive form
and preventing it from participating in deleterious reactions,
such as the generation of reactive oxygen species (ROS). The
ability of MT to bind metals like Cd, Pb, and Hg is partic-
ularly important for detoxification, as these metals do not
participate in any known beneficial physiological processes.
The sequestration of toxic metals by MT serves to mitigate
their effects on cellular components, such as proteins, lipids,
and DNA, thereby protecting against oxidative stress and
metal-induced damage.

In contrast to its role in detoxifying non-essential metals,
MT also facilitates the physiological functions of essential
metals. For instance, the binding and release of Zn by MT
are closely linked to cellular processes that require Zn as
a cofactor, including DNA synthesis, repair, and the activa-
tion of Zn-dependent transcription factors. MT acts as a Zn
reservoir, releasing the metal in response to specific cellular
cues to support metabolic demands. Similarly, Cu-binding
by MT helps to modulate Cu levels in cells, ensuring that
adequate amounts are available for enzymatic reactions while
preventing Cu-induced toxicity. The dual role of MT in both
detoxification and essential metal regulation underscores its
versatility and importance in maintaining metal homeostasis
(Nordberg et al., 2007).

The regulation of MT expression in response to differ-
ent stimuli involves several signaling pathways, including
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TABLE 3. Heavy Metals and Their Interaction with Metallothionein

Metal Type Biological Role Interaction with Metallothionein

Zinc (Zn) Essential for enzyme function and gene ex-  MT binds Zn to regulate its intracellular availability,
pression buffering against deficiency or excess

Copper (Cu) Required for redox reactions and mitochon- ~ MT helps to maintain Cu homeostasis and protects
drial function against Cu-induced oxidative damage

Cadmium (Cd) No known biological role, highly toxic MT sequesters Cd, reducing its toxic effects by pre-

venting interaction with cellular targets
Lead (Pb) No known biological role, toxic even at low ~ MT binding to Pb reduces its bioavailability and

concentrations
Mercury (Hg)
cellular function

Toxic and bioaccumulative, interferes with

limits cellular toxicity
MT binds to Hg, reducing its harmful effects in tissues

those activated by metal ions, oxidative stress, and hormonal
changes. For example, exposure to Zn leads to the activa-
tion of MTF-1, which binds to MREs in the MT promoter
region to induce gene transcription. The synthesis of MT
in response to heavy metal exposure represents a protective
cellular mechanism that minimizes the toxic effects of excess
metals. Moreover, MT expression can be modulated by other
factors such as hypoxia, which increases the demand for MT-
mediated metal buffering under low oxygen conditions. This
complex regulation allows MT to adapt to a wide range of
environmental challenges, ensuring cellular resilience in the
face of fluctuating metal concentrations and oxidative stress.

The diverse regulatory mechanisms influencing MT ex-
pression highlight its significance in cellular adaptation to
stress. By coordinating the response to various stimuli, MT
ensures that cells can efficiently handle metal-related stress
and oxidative challenges. The interplay between MT ex-
pression and metal homeostasis also provides insights into
therapeutic strategies for metal poisoning and diseases linked
to metal imbalances, such as Wilson’s disease (copper accu-
mulation) and acrodermatitis enteropathica (zinc deficiency).
Understanding the regulation and function of MT is therefore
essential for developing interventions aimed at modulating
metal homeostasis in clinical settings.

In conclusion, metallothionein serves as a vital component
in the cellular management of metal ions, offering protection
against metal toxicity and supporting essential metal func-
tions. Its inducible expression and versatile metal-binding
properties enable it to respond dynamically to environmental
and physiological challenges. The ongoing research into the
molecular mechanisms governing MT regulation and func-
tion continues to unveil new insights into its role in health
and disease, with potential applications in the treatment of
metal-related disorders.

Ill. MECHANISMS OF METALLOTHIONEIN FUNCTION

The expression of metallothionein (MT) is intricately regu-
lated at the transcriptional level, enabling cells to respond
dynamically to fluctuations in both intracellular and extra-
cellular conditions. This tight regulation ensures that MT
synthesis is appropriately adjusted according to the metal
load and oxidative stress levels within the cell. The tran-
scriptional control of MT expression is primarily mediated
by metal-responsive transcription factor-1 (MTF-1), a zinc-
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finger protein that serves as the central regulatory factor
for MT gene activation. MTF-1 is activated in response to
elevated intracellular concentrations of certain metal ions,
with zinc (Zn) being one of the most potent inducers of
MT expression. The regulation by MTF-1 ensures that the
cellular capacity for metal detoxification and homeostasis is
modulated in direct proportion to metal exposure (Fowler &
Engel, 1987).

The activation of MTF-1 involves the binding of zinc
ions to specific cysteine-rich domains within the transcription
factor. These zinc-binding domains undergo conformational
changes upon metal binding, which enhances the ability of
MTF-1 to recognize and bind to metal response elements
(MRESs) present in the promoter regions of MT genes. MREs
are cis-acting DNA sequences that facilitate the binding
of MTF-1, thereby allowing for the precise transcriptional
regulation of MT in response to metal stimuli. The interac-
tion between MTF-1 and MREs promotes the recruitment
of the transcriptional machinery necessary for the initiation
of MT gene transcription. This leads to an upregulation of
MT mRNA levels and an increase in the synthesis of MT
protein, thereby expanding the cell’s capacity to sequester
and detoxify excess metal ions (Hamer, 2001).

The zinc-induced activation of MTF-1 not only illustrates
the specific regulatory mechanisms for MT expression but
also reflects a broader cellular strategy for maintaining metal
homeostasis. The ability of zinc to act as an inducer of MT
expression is crucial because zinc is involved in numerous
enzymatic and structural roles in cells, necessitating tight
regulation of its intracellular levels. In situations where zinc
concentrations increase, the upregulation of MT through
MTF-1 activation helps to buffer the excess zinc, thus pre-
venting potential cytotoxicity while ensuring that sufficient
zinc remains available for essential cellular functions. The
specificity and sensitivity of this regulatory system under-
score the importance of transcriptional control in the adaptive
response to metal stress and highlight the role of MT as a key
player in the maintenance of metal ion equilibrium in cells.

The regulatory role of metal-responsive transcription
factor-1 (MTF-1) extends beyond zinc, encompassing a range
of other metal ions, including cadmium (Cd), copper (Cu),
and silver (Ag), each of which can induce metallothionein
(MT) expression through the activation of MTF-1, albeit with
varying degrees of potency. While zinc is one of the most
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TABLE 4. Factors Influencing Metallothionein Expression and Their Mechanisms of Action

Factor Mechanism of Action Effect on MT Expression

Zinc (Zn) Activates metal-responsive  Upregulates MT synthesis to increase Zn binding
transcription  factor-1 ~ (MTF-  capacity
1)

Cadmium (Cd) Activates MTF-1 and induces ox-  Stimulates MT production for Cd detoxification

idative stress
Oxidative Stress

Glucocorticoids
ticoid receptor
Inflammatory Cytokines
such as NF-xB

Generates reactive oxygen species
Hormonal regulation via glucocor-

Activation of signaling pathways,

Enhances MT expression to mitigate oxidative dam-
age
Induces MT gene transcription in response to stress

Promotes MT expression during inflammation

effective inducers, cadmium, despite being a non-essential
and toxic metal, is known to elicit a robust MT response. This
suggests that the regulation of MT expression through MTF-1
serves as a critical defense mechanism against metal toxicity,
enabling cells to mitigate the harmful effects of non-essential
metals. The ability of MTF-1 to respond to a diverse array
of metal ions reflects its role in coordinating a generalized
cellular response to metal-induced stress, thereby protecting
cells from the toxic effects of metal accumulation (Liu &
Mclntosh, 2006).

In addition to metal ions, MTF-1-mediated induction of
MT expression can be modulated by non-metallic stimuli,
such as oxidative stress. Reactive oxygen species (ROS),
which are produced during conditions like inflammation,
ischemia, and exposure to environmental toxins, contribute
to oxidative damage by reacting with cellular components,
including lipids, proteins, and DNA. Under oxidative stress,
MT expression is upregulated, enhancing the cell’s protective
capacity. This upregulation is mediated through the activation
of MTF-1, and potentially other signaling pathways, leading
to an increased synthesis of MT, which plays a dual protective
role: neutralizing ROS and sequestering redox-active metal
ions that could catalyze further oxidative reactions. The an-
tioxidant properties of MT thus contribute to the maintenance
of cellular redox homeostasis and support the cell’s resilience
against oxidative challenges.

Pro-inflammatory cytokines, such as interleukin-6 (IL-6)
and tumor necrosis factor-alpha (TNF-«), have also been
shown to upregulate MT expression. The induction of MT
by cytokines may be part of a broader cellular defense
mechanism activated during inflammatory responses. In the
context of inflammation, there is often an increased demand
for metal ions, particularly zinc, to support immune cell
proliferation and function. By upregulating MT expression,
cells can better manage zinc homeostasis, ensuring adequate
availability of this essential metal for enzymatic and immune
processes while simultaneously protecting against metal-
induced oxidative stress. The cytokine-driven modulation
of MT expression thus integrates metal metabolism with
immune responses, highlighting the multifunctional nature of
MT in cellular defense.

Collectively, the induction of MT expression by metals,
oxidative stress, and cytokines reflects a broad-spectrum
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protective strategy that enables cells to cope with diverse
forms of stress. This multifaceted regulation of MT not only
maintains metal ion homeostasis under changing physiolog-
ical conditions but also fortifies cellular defenses against
environmental and metabolic insults. The versatile nature of
MT regulation through MTF-1 underscores its importance
as a key component of the cellular stress response network,
coordinating the adaptive mechanisms necessary for survival
under conditions of metal toxicity, oxidative stress, and in-
flammation.

Metallothionein’s primary function in metal binding and
detoxification is attributed to its high cysteine content, which
provides numerous thiol groups capable of forming stable
metal-thiolate complexes. The structure of MT is character-
ized by its metal-binding domains, which consist of clus-
ters of cysteine residues that coordinate metal ions such as
zinc, copper, cadmium, and mercury. The sulfur atoms of
the cysteine thiols form strong bonds with the metal ions,
creating stable, yet dynamic, metal-cysteine clusters. This
ability to sequester metals allows MT to act as an intracellular
reservoir, tightly regulating the availability of free metal ions
and mitigating their potential toxic effects.

When non-essential and potentially toxic metals, such as
cadmium or lead, enter the cell, MT can effectively bind
and neutralize these ions. By sequestering these metals, MT
prevents their interaction with critical cellular components,
such as enzymes, nucleic acids, and membrane structures,
thereby protecting cells from metal-induced toxicity. The
detoxification role of MT is particularly important in cases
of metal exposure where metals like cadmium, which lack
any known physiological role in the body, can accumulate
and disrupt cellular functions even at low concentrations.
Cadmium exposure, for instance, leads to the displacement
of zinc from metalloproteins and subsequent inactivation
of zinc-dependent enzymes. MT’s ability to bind cadmium
more tightly than zinc allows it to alleviate this inhibitory
effect and restore enzymatic activity. Similarly, MT plays
a significant role in detoxifying other harmful metals like
mercury and lead by binding these ions and facilitating their
excretion.

Furthermore, the dynamic nature of MT-metal interactions
allows for the controlled release of essential metals, such
as zinc and copper, when needed for cellular processes.
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This exchange is facilitated by the redox-sensitive nature of
MT’s cysteine thiols, which can undergo reversible oxidation
and reduction. Under oxidative conditions, some cysteine
residues in MT may form disulfide bonds, leading to the
release of bound metals. Conversely, in a reduced environ-
ment, these disulfide bonds can be broken, allowing for the
re-binding of metals to MT. This redox regulation of metal
binding not only supports MT’s role in metal detoxification
but also contributes to its function in metal homeostasis and
signaling.

In addition to its detoxification functions, metallothionein
plays a critical role in the regulation of metal homeostasis
within cells, particularly for essential metals like zinc and
copper. These metals are vital for numerous biochemical
processes, including enzymatic catalysis, gene expression
regulation, and structural stabilization of proteins. However,
their concentrations must be tightly controlled to avoid de-
ficiencies or toxicities. MT contributes to maintaining this
delicate balance by acting as a metal buffer, readily binding
and releasing metal ions in response to cellular needs.

The regulation of zinc homeostasis by MT is especially
well-characterized. Zinc is an essential trace element re-
quired for the function of hundreds of enzymes and transcrip-
tion factors. When zinc levels are elevated, MT sequesters the
excess metal to prevent cellular toxicity, thus acting as a zinc
reservoir. Conversely, when intracellular zinc levels drop,
MT can release zinc to maintain sufficient concentrations
for enzymatic activities and gene expression regulation. This
buffering capacity is crucial in tissues with high fluctuations
in zinc requirements, such as the liver, pancreas, and brain,
where zinc-dependent processes are particularly active.

Copper homeostasis is also influenced by MT, though the
mechanisms differ slightly from zinc regulation. Copper is
essential for cellular respiration, antioxidant defense, and
iron metabolism, but it is also redox-active and can generate
harmful ROS if not properly managed. MT can sequester
excess copper and reduce its potential to catalyze oxidative
damage. Moreover, MT’s ability to exchange zinc for copper,
under certain conditions, indicates that it can act as a dynamic
regulator of copper availability. This property is particularly
relevant in conditions where oxidative stress or inflammation
leads to increased cellular demand for copper-containing
enzymes such as superoxide dismutase (SOD).

Additionally, MT’s role in metal homeostasis extends be-
yond individual metal regulation; it is involved in the inter-
play between different metal ions. For instance, the induction
of MT expression by one metal can influence the cellular
handling of other metals. When cadmium induces MT ex-
pression, the sequestration of zinc by MT may transiently
reduce the availability of free zinc, impacting zinc-dependent
processes. However, the high affinity of MT for cadmium
allows for a preferential binding that eventually restores zinc
bioavailability. Similarly, changes in copper levels can affect
zinc binding to MT, indicating a competitive relationship
between these metals in MT regulation.

The homeostatic functions of MT are thus not static but
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adaptively respond to changes in metal availability and cel-
Iular conditions. MT serves as an intracellular buffer and
regulator that mitigates metal-induced stress while maintain-
ing optimal levels of essential metal ions for physiological
functions.

Metallothionein’s ability to interact with multiple metals
and respond to a variety of stimuli underscores its signif-
icance as a multifunctional protein that safeguards cellular
metal homeostasis while protecting against metal-induced
toxicity and oxidative damage.

The liver serves as a central organ for metal metabolism,
with metallothionein (MT) expression playing a significant
role in the sequestration and detoxification of metals. As a
primary site for the accumulation of both essential and toxic
metals in small mammals, the liver functions as a key regula-
tor of metal homeostasis. MT facilitates the intracellular stor-
age of metals within hepatocytes, thus providing a protective
mechanism to mitigate metal toxicity. This sequestration re-
duces the availability of free metal ions that could otherwise
catalyze harmful reactions, such as the formation of reactive
oxygen species (ROS). Furthermore, MT-mediated binding
of metals supports their excretion from the body, particularly
via the biliary system, which allows for the removal of metal-
bound MT through bile.

During periods of acute or chronic metal exposure, the
liver upregulates MT expression in response to elevated metal
levels, a process that is essential for limiting hepatotoxicity.
The inducible nature of MT synthesis allows for an adaptive
increase in metal-binding capacity under stress conditions,
providing an efficient means to cope with fluctuating metal
concentrations. This adaptive tolerance is critical for main-
taining liver function and preventing the onset of metal-
related hepatic damage. The dynamic regulation of MT in the
liver is tightly controlled by metal-responsive transcription
factors and stress-related signaling pathways, ensuring that
MT expression is appropriately matched to the degree of
metal exposure.

The kidneys play a pivotal role in filtering blood and
excreting waste products, including excess metals, which
are eliminated through urine. However, this function also
predisposes renal tissue to damage from metal accumulation,
particularly in the proximal tubules where metals are concen-
trated during filtration. Metallothionein expression

IV. FUNCTIONAL IMPLICATIONS OF METALLOTHIONEIN
IN METAL TOXICITY AND DISEASE

Heavy metals are known to induce oxidative stress through
the generation of reactive oxygen species (ROS), which can
cause extensive cellular damage, including lipid peroxida-
tion, protein oxidation, and DNA strand breaks. The ability
of metallothionein (MT) to bind metal ions plays a crucial
role in mitigating such damage by reducing the availability
of free metal ions that participate in Fenton and Haber-Weiss
reactions, which are major sources of ROS production. The
binding of MT to metals like iron (Fe), copper (Cu), and
cadmium (Cd) effectively sequesters these ions, lowering the
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TABLE 5. Metal-binding affinities of metallothionein for various metals. The dissociation constant (Ky4) values reflect the relative strength of metal binding. Lower Ky

values indicate higher binding affinity.

Metal Ion Kq (nM) Biological Role

Zinc (Zn) 1-10 Essential for enzymatic function and gene
expression

Copper (Cu*/Cu?*) 0.1-1 Required for redox reactions and antioxidant
defense

Cadmium (Cd?*) 0.01-0.1 Toxic, no known biological role

Mercury (Hg?*) 0.001-0.01 Toxic, no known biological role

Lead (Pb%*) 0.1-1 Toxic, no known biological role

TABLE 6. Induction factors and conditions influencing metallothionein expression. The table summarizes different inducers and physiological or environmental

conditions that trigger MT expression.

Inducer Condition Mechanism of Induction
Zinc (Zn) High intracellular zinc Activation of MTF-1 binding to MREs
Cadmium (Cd?*) Metal exposure Induction via MTF-1 activation

Oxidative Stress Elevated ROS levels
Pro-inflammatory Cytokines

Glucocorticoids Stress conditions

Inflammatory response

Upregulation through ROS-sensitive signal-
ing pathways

Involvement of cytokine-mediated transcrip-
tional pathways

Hormonal regulation via glucocorticoid re-
ceptor signaling

potential for redox cycling and the resultant generation of
ROS. This protective mechanism is particularly important in
tissues with high metabolic activity, such as the liver and
kidneys, where the accumulation of metals can exacerbate
oxidative stress and increase the risk of cellular injury Kégi
and Kojima, 1981; Tsuji and Alexander, 2005.

The antioxidative properties of MT are not limited to metal
sequestration; they also extend to the regulation of redox-
sensitive signaling pathways. Through its interactions with
metal ions, MT can modulate the activity of redox-sensitive
transcription factors, such as nuclear factor erythroid 2-
related factor 2 (Nrf2), which plays a central role in the
cellular defense against oxidative stress. The upregulation of
MT expression in response to oxidative stimuli contributes to
the fortification of cellular defenses, providing a dynamic re-
sponse to environmental and physiological challenges. Thus,
MT functions as both a metal detoxifier and a modulator of
redox homeostasis, enhancing the resilience of cells to metal-
induced oxidative damage.

The protective role of MT against oxidative stress is
particularly significant in organs like the liver and kidneys,
where the metabolic activity and propensity for metal ac-
cumulation are high. In these tissues, MT serves as a first
line of defense, reducing the potential for oxidative damage
by chelating excess metals and influencing redox-regulated
cellular pathways. The dual function of MT in direct metal
sequestration and redox regulation underscores its essential
role in maintaining cellular integrity under conditions of
elevated metal exposure and oxidative stress.

The inducibility of MT expression in response to oxida-
tive stress underscores its significance in adaptive protective
responses. When cells are exposed to elevated metal concen-
trations or other oxidative stressors, MT synthesis is upregu-
lated, providing an increased capacity for metal binding and
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ROS neutralization. This adaptive response helps to maintain
cellular redox homeostasis and supports tissue resilience
in the face of environmental and physiological challenges.
The molecular mechanisms underlying MT’s antioxidative
properties involve the stabilization of metal-thiolate clusters,
which prevents the dissociation of bound metals and their
subsequent participation in ROS-generating reactions.

The understanding of MT’s role in metal detoxification
has profound implications for toxicological risk assessment,
particularly concerning the evaluation of exposure risks as-
sociated with heavy metal contamination. The extent of MT
expression and its binding capacity can vary significantly
across different species and even among individuals within
the same species, leading to variations in susceptibility to
metal toxicity. This variability is influenced by genetic fac-
tors, environmental conditions, and pre-existing health sta-
tus, which collectively determine the effectiveness of MT-
mediated detoxification. Consequently, the expression levels
of MT in tissues could serve as a valuable biomarker for as-
sessing exposure to toxic metals and predicting the potential
risk for adverse health effects.

The utility of MT as a biomarker extends to its application
in environmental and occupational health, where monitoring
MT levels could help identify individuals at higher risk of
metal toxicity. This approach could be particularly relevant
for workers in industries involving mining, metal processing,
or battery manufacturing, where exposure to metals such as
lead, cadmium, and mercury is more prevalent. Additionally,
MT expression analysis in animal models can provide in-
sights into species-specific differences in metal metabolism,
aiding in the extrapolation of toxicological data from animal
studies to human health risk assessments. The incorporation
of MT-related biomarkers into risk assessment frameworks
would enhance the ability to evaluate the toxicological im-
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TABLE 7. Protective Functions of Metallothionein in Mitigating Metal-Induced Oxidative Stress

Mechanism Involved Metals

Impact on Cellular Defense

Metal Sequestration

Regulation of Redox-Sensitive
Pathways
Upregulation in Response to Oxida-
tive Stress

Zinc (Zn), Copper (Cu)

Zinc (Zn), Cadmium (Cd)

Protection of High Metabolic Tis-
sues

Predominantly Fe, Cu, Cd

Iron (Fe), Copper (Cu), Cadmium (Cd)

Reduces availability of free metal ions, thereby limit-
ing Fenton and Haber-Weiss reactions responsible for
ROS production

Modulates the activity of transcription factors such as
Nrf2, enhancing the expression of antioxidant genes
Increases MT synthesis in response to elevated ROS
levels, boosting cellular capacity for metal detoxifica-
tion and ROS neutralization

Limits oxidative damage in metabolically active or-
gans such as the liver and kidneys by chelating metals
and reducing ROS formation

pact of metal exposure more accurately, facilitating the devel-
opment of protective regulations and intervention strategies.

Chronic exposure to heavy metals has been associated
with the development of various long-term health conditions,
including renal failure, hepatic dysfunction, neurological
disorders, and osteoporosis. The role of metallothionein in
mitigating metal-induced toxicity may have significant im-
plications for the progression and management of these dis-
eases. By limiting the accumulation of toxic metals in critical
organs and tissues, MT helps to reduce cellular damage and
preserve organ function. For instance, in the context of renal
and hepatic disorders, elevated MT expression in response to
metal exposure can attenuate the extent of nephrotoxicity and
hepatotoxicity, thereby slowing the progression of chronic
kidney disease or liver damage.

However, despite the protective functions of MT, the ac-
cumulation of metals in tissues such as bone poses long-
term health risks that can persist even when MT is present.
For example, heavy metals like cadmium and lead can be
incorporated into the bone matrix, substituting for calcium
and affecting bone density and strength. The release of these
metals during bone resorption events, such as those occur-
ring in osteoporosis or other bone metabolic diseases, can
lead to re-exposure of other tissues, potentially exacerbating
systemic toxicity. This highlights the limitations of MT’s
regulatory role in chronic disease contexts, where prolonged
or excessive metal exposure overwhelms the capacity of
MT to sequester metals, thereby increasing the likelihood of
adverse health effects.

The relationship between MT and chronic diseases as-
sociated with metal exposure underscores the importance
of understanding the limitations and potential therapeutic
strategies aimed at enhancing MT function. In some cases,
pharmacological interventions that upregulate MT expres-
sion could offer protective benefits by increasing the body’s
capacity to detoxify metals and mitigate tissue damage. How-
ever, such approaches must be balanced with an understand-
ing of the dynamic interactions between MT, metal exposure,
and other cellular pathways involved in disease progression.
Further research is needed to fully elucidate the therapeutic
potential of modulating MT levels and to identify safe and
effective strategies for enhancing its protective effects in the
context of chronic metal exposure.
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V. CONCLUSION

Metallothionein (MT) plays a crucial role in the detoxifi-
cation and regulation of heavy metals within the kidney,
liver, and bone of small mammals. Its unique capacity to
bind and sequester metal ions through thiolate coordination
is fundamental in protecting tissues against metal-induced
toxicity while maintaining metal homeostasis across different
organ systems. The tissue-specific expression and function of
MT significantly influence the dynamics of metal accumula-
tion and detoxification processes, with the liver and kidneys
exhibiting pronounced MT-mediated protective effects due to
their central roles in metal metabolism and excretion. In the
liver, MT expression is upregulated in response to increased
metal exposure, facilitating the sequestration of excess metals
in hepatocytes and promoting their subsequent excretion
via bile. This mechanism helps to mitigate hepatotoxicity
and supports adaptive tolerance during episodes of acute
or chronic metal exposure. Similarly, in the kidneys, MT
provides a protective function by binding metals that pass
through the renal tubules, thereby reducing nephrotoxicity
and preserving renal function.

The role of MT in the bone, while less pronounced com-
pared to the liver and kidneys, is still significant in regulating
the deposition and mobilization of metals such as lead and
cadmium. These metals can replace calcium in the bone
matrix, potentially leading to skeletal weakening and other
long-term health consequences. MT’s contribution to the
regulation of metal storage in bone may help to modulate the
release of metals during bone resorption, thereby influencing
systemic metal exposure and toxicity.

Understanding the molecular and physiological mecha-
nisms underlying MT’s role in heavy metal detoxification
provides valuable insights into the body’s responses to metal
exposure. These insights are particularly relevant for the
development of therapeutic strategies aimed at managing
metal toxicity. For instance, enhancing MT expression phar-
macologically could offer a means to increase the body’s
capacity to detoxify harmful metals and mitigate tissue dam-
age in conditions associated with chronic metal exposure.
Additionally, MT’s potential as a biomarker for assessing
metal exposure and susceptibility to metal-induced diseases
further underscores its importance in toxicological research
and clinical applications. Thus, the study of MT not only
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advances our knowledge of metal homeostasis but also high-
lights its therapeutic potential in addressing the health risks
associated with heavy metal toxicity.
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