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Abstract

Heavy metals can enter organisms through both natural and human-made sources, primarily from industrial, mining, and
agricultural activities. The current knowledge is focused on their effects on oxidative stress, cellular damage, and various
diseases and metabolic disorders. Therefore, this review offers a comprehensive analysis of the role of natural antioxidants
and chelating agents in reducing the impact of heavy metals on human health. It identifies 83 relevant studies that investigate
how these compounds neutralize metal toxicity, focusing specifically on lead, cadmium, arsenic, and mercury. Antioxidants,
both enzymatic (such as superoxide dismutase and catalase) and nonenzymatic (including vitamins C and E, as well as
polyphenols), help protect cells by scavenging free radicals and enhancing the body’s antioxidant defenses. Additionally,
natural chelating agents such as glutathione, metallothioneins, and plant-derived compounds bind to free metals, facilitating
their excretion and reducing their bioavailability.

Therefore, diets rich in antioxidant and chelating compounds, along with pharmacological agents and nanomaterials,
represent effective strategies for decreasing the burden of metals in the body. The review highlights dietary sources,
phytochemicals, minerals, and synthetic agents as protective strategies, emphasizing the need for further clinical research,
public policies, and sustainable practices to prevent heavy metal exposure and its associated health risks.
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Introduction

Heavy metals enter the environment through natural pro- mercury (Hg), which is used for gold amalgamation, are

cesses such as rock weathering and volcanic activity, but
human activities such as mining, industry, and agriculture are
the main sources of harmful exposure, posing serious risks to
human health.! Urbanization and improper disposal of chem-
ical waste, such as illegal mining activities, further increase
human exposure, particularly artisanal and small-scale gold
mining, which has expanded rapidly in many low-income
countries due to economic desperation and the promise of
immediate cash income. In many regions of Sub-Saharan
Africa, South America, and parts of Asia, mining operations
often occur without adequate oversight or modern technol-
ogy. As a result, hazardous chemicals, including metallic

employed without proper safeguards, leading to uncontrolled
releases of heavy metals.? Beyond gold extraction, the mining
of base and strategic metals such as copper (Cu), nickel (Ni),
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zinc (Zn), and rare earth elements represents a significant and
often underestimated source of environmental contamination
by cadmium (Cd), lead (Pb), arsenic (As), and chromium
(Cr). These activities generate large volumes of tailings,
smelting residues, and acid mine drainage, which facilitate
the mobilization and bioavailability of toxic metals, increas-
ing occupational and population-level exposure.'

Thus, heavy metal contamination poses significant risks
to public health globally, with particular concern for vulner-
able populations, including children and communities in
industrialized regions. Heavy metals are commonly defined
as elements with relatively high density (typically >5 g/cm?)
and potential toxicity even at low concentrations. They
have become ubiquitous environmental contaminants due
to anthropogenic activities. The primary metals of concern,
Pb, Hg, Cd, As, and Cr, persist in different environments and
bioaccumulate through food webs, creating long-term expo-
sure pathways for human populations.®

While contamination levels and trends of heavy metal
emissions have decreased in the European Union by at least
30%,* exposure remains a concern in vulnerable popula-
tions. According to the National Poison Data System (NPDS)
Annual Report published by the American Association of
Poison Control Centers, 8,884 cases of heavy metal exposure
were reported in the United States in 2021, with a notable
impact on young children.’ South America has emerged
as a region of concern due to its long history of mining
and metallurgical activities dating back to the colonial
period and the persistence of mining-related environmental
contamination in several countries.® The transition from
pre-Hispanic mining systems to colonial extractivism and
later to modern industrial mining or even illegal mining
represents a progressive amplification of chemical exposures
with long-lasting consequences for planetary and public
health. Although quantitative case counts of exposed people
since Spanish colonial mining are unavailable, there is robust
evidence that mining activities have caused massive releases
of chemical pollutants into the environment, implying exten-
sive population and worker exposures over time.

Heavy metals are dispersed in the environment due
to industrial, mining, and agricultural activities, among
other activities, and accumulate in soil, water, and food.’
Assessments indicate that manufacturing processes, particu-
larly metal-based industries, including smelting, mining,
and foundries, remain the dominant source of heavy metal
loads, accounting for anthropogenic heavy metal contam-
ination globally.® The remaining percentage is attributed to
agricultural activities, primarily through the use of
metal-containing fertilizers, pesticides, and biosolids, as
well as to water management practices associated with the
improper disposal of electronic waste, batteries, and indus-
trial byproducts.’

Traditionally, environmental distribution patterns of
heavy metals include soils, water, and air as sources for heavy

metal exposure through bioaccumulation or indirect uptake
through food webs (Figure 1).

Biochemical Mechanisms of the Toxicity of
Heavy Metals in Organisms

Heavy metals bioaccumulate in the tissues of organisms and
generate reactive oxygen species (ROS), oxidative stress, and
cell damage, which can trigger serious diseases'’ and meta-
bolic disorders in humans and animals."""* In the last two
decades, metals such as Pb, Cd, As, and Hg have been mainly
associated with serious diseases, such as cancer and neurode-
generative diseases.'

Cd causes various toxic effects through various mecha-
nisms, including genetic regulation, oxidative stress, apop-
tosis, and interactions with essential metals.'>!® Cd poisoning
also affects the gastrointestinal tract, and chronic exposure
causes mainly lung and kidney diseases.!”'®

Pb exposure causes kidney damage and changes in
calcium metabolism."”” One of the possible causes of Pb
toxicity is the competition of protein binding sites with
endogenous cations such as Ca or Zn.?** Pb is transported
by albumin® and captured by divalent metal transporter 1
(DMT1).22* High levels of Pb are associated with carcino-
genesis and alterations in neurotransmitter function, causing
neurological damage and iron deficits leading to neurotox-
icity, anemia, nephrotoxicity, and Ca interference.?

Several Pb mechanisms of toxicity include a reduc-
tion in ATP production at the mitochondrial level. This
reduction results in the inhibition of essential enzymes for
glucose oxidation and uncouples oxidative phosphorylation.?
In addition, heavy metal exposure activates signaling path-
ways associated with nuclear factor erythroid 2—related factor
2 (Nrf2) and mitogen-activated protein kinases (MAPKs),
which have been implicated in carcinogenesis.?”

Minimum concentrations of Hg are enough to affect
human health. Hg induces deterioration of the nervous and
motor system, hearing and speech difficulties, tremors, and
headaches, among other conditions.*® Organic Hg crosses
cell membranes until it reaches the blood—brain barrier and
accumulates in the central nervous system.>! Methylmercury
(MeHg) is a toxic form of Hg that binds to the thiol and selenol
groups of several enzymes, such as thioredoxin reductase,
glutathione peroxidase (GPx), and selenoenzymes,? signif-
icantly inhibiting the activity of these enzymes. The binding
of MeHg to these enzymes disrupts antioxidant defenses,
impairs cellular energy metabolism, alters ion homeostasis,
and ultimately contributes to neurotoxicity, oxidative stress,
and neuronal dysfunction.??

Zn has antioxidant functions and functions as a cofactor
for some enzymes.** It is important to note that Zn and Cu are
essential trace elements that participate in the catalytic activity
of several antioxidant enzymes, including Cu/Zn-superoxide
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Figure |. Anthropogenic Sources of Heavy Metal Environmental Pollution and Their Entry into Terrestrial and Aquatic Ecosystems.
Various Industrial, Agricultural, and Mining Activities Release Toxic Elements Such as Lead (Pb), Copper (Cu**), Arsenic (As), Mercury
(Hg), Iron (Fe), Zinc (Zn?*), Cadmium (Cd), and Nickel (Ni). These Originate from Inputs Such as Batteries, Fuels, Pesticides, Fertilizers,
Paints, Electronic Devices, Welding, and Industrial Waste. Once Released into the Environment, Metals Accumulate in Soil and Water
Bodies, Where They Can Be Incorporated by Aquatic Organisms and Agricultural Crops, Generating Risks of Bioaccumulation and

Adverse Effects on Human and Environmental Health.

dismutase (SOD1). However, disruption of their homeo-
static control or the presence of excess free ionic forms may
promote oxidative stress. Therefore, their biological effects
are strongly dose- and homeostasis dependent, shifting
from protective to toxic under conditions of dysregulation.
Zn is transported by albumin (Figure 2A), transferrin, and
a2-macroglobulin.* Zn enters glial cells through the Zinc
transporter (ZnT)-1 transporter, and a high concentration
can promote the emergence of diseases such as neurodegen-
erative diseases and multiple sclerosis.** Similarly, a rela-
tionship has been established between toxicity caused by
Cu and the evolution of Alzheimer’s disease, Parkinson’s
disease, and amyotrophic lateral sclerosis.** Copper-induced
oxidative stress has also been widely documented in exper-
imental models, where excessive Cu exposure promotes
ROS generation, lipid peroxidation, and cellular damage.*
Cu is transported in plasma predominantly by ceruloplasmin,
a copper-dependent glycoprotein that plays a central role
in systemic copper homeostasis.**** In the liver, metal-
lothioneins are involved in the process of absorption and
distribution of Cu,*** and in the intestine, copper transporter
1 (CTR1) is a high-affinity transmembrane protein that plays
a major role in cellular Cu uptake and can also facilitate the

entry of certain metal ions, thereby contributing to metal
accumulation and toxicity under conditions of excessive expo-
sure.”! In the same way, iron overload and ferroptosis have been
associated with cardiovascular disease." In addition, heavy
metal exposure has been linked to cardiac dysfunction and
arrhythmias through mechanisms involving oxidative stress,
ion-channel alterations, and impaired cardiac contractility.”®
(Figure 2B). Cadmium has also been reported to induce ferrop-
tosis, a regulated form of iron-dependent cell death characterized
by excessive lipid peroxidation and oxidative damage, thereby
contributing to cadmium-induced cellular toxicity.*

Antioxidants and Chelating Agents

Antioxidants are compounds that can neutralize free radicals
and prevent or interfere with oxidation, avoiding cellular
deterioration by preserving the balance between generation
and ROS suppression by preventing oxidative stress.* They
are classified into enzymatic molecules, such as SOD, cata-
lase (CAT), glutathione reductase (GR), and GPx, which
convert free radicals into molecules that are not harmful to
the body,"” and nonenzymatic molecules, which include
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Figure 2. (A) Mechanisms of Intestinal Absorption and Systemic Transport of Heavy Metals. The lllustration Shows How Different Metals
(As, Cd, Pb, Hg, Ni, Fe, Cu*", and Zn?*) Enter Enterocytes through Specific Transporters, Such as Slcl a2 and Atp7a, or via Nonspecific
Absorption Mechanisms. Once in the Bloodstream, Metals Interact with Plasma Proteins That Mediate Their Transport and Modulate
Their Toxicity, Including Albumin (Alb), Metallothioneins (Mtlh), Ceruloplasmin (Cp), and 3-aminolevulinic Acid Dehydratase (Alad).
These Processes Facilitate the Systemic Distribution of Metals, Increasing the Risk of Bioaccumulation and Toxicity in Different Organs.
(B) Heavy Metal Intake and Their Effects on Human Organs. Metals Such as Cadmium (Cd), Iron (Fe), Mercury (Hg), Arsenic (As), Copper
(Cu?"), Lead (Pb), Nickel (Ni), and Zinc (Zn**) Can Enter the Body through Foods Contaminated by Soil and Water. Once Absorbed,
They Are Distributed to Different Organs, Generating Specific Adverse Effects: Neurological Alterations, Liver Damage, Hypertension and
Cardiovascular Diseases, Intestinal Inflammation, Nephropathies, Reproductive Dysfunctions, Visual Disorders, and Bone Diseases Such

as Osteomalacia and Osteoporosis.

low-molecular-weight molecules such as vitamins C, E and
A, B-carotene, glutathione (GSH), melatonin, polyphenols,
carotenoids and selenium (Se), which are obtained from the
body or from the diet, such as fruits, vegetables, nuts, fish,
herbs and spices.**>? However, other compounds that help
mitigate heavy metal poisoning are chelators, which can be
endogenous or exogenous and are capable of binding to met-
als and regulating their availability in the body.** These com-
pounds can be endogenous, such as transferrin, citrate, and
GSH, which modulate the homeostasis of metals such as Fe,*
or exogenous, such as evaluated ethylenediaminetetraacetic
acid (EDTA), which is used to treat diseases related to metal
poisoning.** Other exogenous metal-binding compounds,
including cysteine, have also been reported to enhance metal
detoxification and tolerance to mercury exposure in plants.>
Synthetic chelators have shown utility in treating heavy metal
poisoning and have been proposed as therapeutic approaches
for neurodegenerative diseases such as Alzheimer’s
disease and Parkinson’s disease associated with metal
dyshomeostasis.'** (Table S1). A systematic overview of the
different classes of antioxidant and chelating agents, their
chemical nature, target heavy metals, experimental models,
and associated biological effects is provided in the supple-
mentary material (Table S2).

Although this review primarily focuses on naturally
derived antioxidants and chelating agents, selected synthetic
compounds and pharmaceutical formulations are also
discussed for comparative and contextual purposes, serving
as reference strategies to better evaluate the efficacy of
natural alternatives.

Food as a Source of Antioxidants and Chelating
Compounds

Food is an essential source of bioactive compounds with anti-
oxidant and chemical characteristics that can take up harmful
compounds, preventing chronic diseases.’' Polyphenols and
flavonoids found in fruits, vegetables, spices, cereals, tea, and
red wine possess antioxidant and anti-inflammatory proper-
ties. Sulfur compounds from garlic have also demonstrated
antioxidant and metal-detoxifying properties in an experi-
mental model of Pb exposure.*® In addition to phytoestrogens,
sulforaphane and alkylated catechols from cereals, legumes,
oils and fermented foods activate antioxidant cellular mecha-
nisms. These natural compounds have been shown to mitigate
heavy metal-induced damage through the expression of
enzymes such as SOD and CAT and the inhibition of inflam-
matory mediators such as Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) and Tumor necrosis
factor alpha (TNF-a)."* The names, chemical structures, natu-
ral sources, experimental models or tissues, and biological
functions of major polyphenols, sulfur-containing com-
pounds, and alkylated catechols are systematically summa-
rized in the supplementary material (Table S2).

Prolonged exposure to heavy metals represents a chal-
lenge for public health due to their chronic toxicity and
cumulative bioaccumulation, leading to disease or progres-
sive deterioration of health.* In this context, antioxidants
and stabilizing compounds present in natural foods have
been proposed as mitigation strategies within the fields of
nutrition and public health. However, studies addressing the
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effectiveness of these compounds remain limited. Therefore,
this review analyzes the available evidence on the biochem-
ical mechanisms through which these natural compounds
exert protective effects, with the aim of guiding mitiga-
tion strategies based on safe dietary practices and the use of
chelating agents to reduce the degree of exposure.

Methods

This scoping review was developed following the PRISMA-
ScR protocol for scoping reviews™ to ensure transparency
and rigor in the process of selection, analysis, and interpreta-
tion of the scientific literature. The objective of this scoping
review was to assess the scientific evidence on natural antiox-
idant and chelating compounds that have demonstrated effi-
cacy in inhibiting or preventing the absorption of heavy
metals. Similarly, this section describes the biochemical
mechanisms involved, the most studied metals, the primary
food sources of these compounds, and their protective effects.
The bibliographic search was carried out in the PubMed and
EMBASE databases, which were selected for their relevance
in the biomedical, toxicological, and nutritional fields.
Boolean operators (AND/OR), quotes for exact terms, and
keywords in English were applied. The search algorithm used
was (“chelating agent *”” OR “chelator *”” OR “metal chelating

agent *” OR “antioxidant *” OR “antioxidant activity” OR
“antioxidant effect *’) AND (“heavy metal *””) AND (“food”
OR “feed intake” OR “eating” OR “cooking”). The search
range was established for publications between January 1,
2020 and December 31, 2024, considering only English,
Spanish, and Portuguese articles. Articles with experimental,
observational, or review designs that explicitly address the
use of antioxidant compounds or natural chelators to inhibit
or prevent the absorption of heavy metals in organisms were
included.

The selection of the articles was carried out, where
two reviewers independently read the titles and abstracts
to apply the inclusion and exclusion criteria. Discrepancies
between reviewers were resolved by consensus. The
data were organized in an extraction matrix prepared in
Microsoft Excel, which included the following variables:
author and year of publication, title, country, type of study,
compound evaluated (antioxidant or chelator), origin of
the compound (natural or synthetic), metal analyzed, study
model (species or system in which the compound was evalu-
ated), possible mechanism of action of the compound, refer-
ence in APA format, and relevant observations. The protocol
of this review was registered on the OSF platform (Open
Science Framework): at https://osf.io/edths/. The process
of selecting articles for the development of the research is
shown in Figure 3.

Identification of studies via databases and registers J

Records identified from*:

Databases (n = 913)

Records removed before
screening:

PubMed (n = 637)

EMBASE (n = 276)

] [ Identification ]

I

Records screened

A4

Duplicate records
removed manually using
Rayyan software (n = 230)

Records excluded

\4

(n = 570)

Different publication type
(n=6)

(n=683)
o
=
5 v
3
@ Reports sought for retrieval
(n=113)
—
\ 4
3
3 Studies included in review
T:’ (n=283)

> Different design type
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Different outcome (n = 7)
Other reasons (n = 16)

Figure 3. PRISMA Flow Diagram of Study Selection.
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Results

Description and Selection of Studies

The studies were systematically organized and analyzed
using a classification based on the source and presentation of
the bioactive agents, including cyanobacteria and algae,
plant-derived materials, isolated compounds, probiotics, min-
erals, polysaccharides, vitamins, and whole food matrixes.
The whole dataset included 913 studies, 230 studies were
subsequently excluded as duplicates, and 113 were chosen.
Thirty additional studies were excluded for the following rea-
sons: different types of publications, different types of
designs, different results, and other reasons. Overall, 83 stud-
ies were selected for inclusion in this review (Table S1).
Out of the 83 selected articles that assessed the antioxidant
and chelating potential, the bioactive compounds were classi-
fied based on their sources as follows: 6 articles tested cyano-
bacteria and marine algae; 19 evaluated the antioxidant
protective effects of plant and fruit extracts; 4 examined pol-
ysaccharides; 10 focused on probiotics; 10 investigated min-
erals and vitamins; 5 studied proteins, amino acids, and their
derivatives; 25 isolated specific compounds (e.g., polyphe-
nols and proanthocyanidins); and 4 tested multiple catego-
ries. The distribution of the selected studies according to the
source of the evaluated bioactive compounds is summarized
in Figure 4.

Antioxidant and Chelating Potential of
Cyanobacteria and Marine Algae

Within the selected articles, six analyzed the antioxidant and
chelating potential of cyanobacteria and algae with original
experimental results.'®*-% Three of these articles explored
the pharmacological activity and benefits of cyanobacteria
(Arthrospira  platensis and Arthrospira maxima) on
health.!®¢*%! One study focused on the phycobiliprotein
extract of spirulina,® one on the polyphenolic extract of the
seaweed Ulva lactuca,®® and one on Chlorella vulgaris.>

Spirulina platensis can prevent Cd poisoning through
histopathology studies of the catfish liver Clarias batrachus
(Linn.), and S. platensis acts as a chelating agent by binding
to Cd, reducing bioavailability and its toxic effects on liver
tissue.'® The phenolic content obtained from S. platensis
exhibits protective effects in vitro against toxicity induced
by Cd, Hg and Pb in SH-SY5Y neuroblastoma cells. Those
studies reported that oxidative stress caused by these metals
induces death in SH-SY5Y cells, which is likely due to
necrosis. However, treatment with spirulina, which is rich
in phycobiliproteins, inhibits the release of the enzyme
lactate dehydrogenase (LDH) and effectively protects cells
against neurotoxicity induced by these metals.>” This process
suggests that an antioxidant effect stabilizes the membranes.
Thus, spirulina showed greater efficacy against Cd, followed
by Pb and, to a lesser extent, Hg.

Spirulina
(Arthrospira Ulva lactuca
platensis y Chlorella
Arthrospira vulgaris
maxima) (//
P
/_\ Polysaccharides) Ix
& Chitin % Pectin | ( .
Glucle;ns Starch Curcumin
Elsinan Cellulose Quercetin
Pullulan Rara gum Epigallocatechin
| | | Carob bean | Gallate
( Proanthocyanidins
\ 4 \ % &
@Levan ‘D‘bhitosan Ellagic Acid
Gellan Chitin Flavonoids
Curdlan Hyaluronic
Xanthan acid
Dextran . Glycogen |

Figure 4. Main Natural Sources of Bioactive Compounds with Antioxidant and Heavy Metal-chelating Potential. Various Organisms
and Foods Provide Secondary Metabolites and Biopolymers with Protective Properties: Cyanobacteria Such as Spirulina (Arthrospira
platensis and Arthrospira maxima) and Green Algae Such as Ulva lactuca and Chlorella vulgaris; Polysaccharides Derived from Fungi, Plants,
Bacteria, and Animals (Chitin, Glucans, Hyaluronic Acid, Pectin, Starch, Cellulose, Among Others); and Phenolic Compounds Present in
Fruits and Vegetables (Curcumin, Quercetin, Epigallocatechin Gallate, Proanthocyanidins, Ellagic Acid, and Flavonoids). These Compounds
Contribute to Reducing Oxidative Stress and Limiting the Bioavailability of Toxic Metals.
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Khair et al. (2021) reported that the addition of spir-
ulina to the diet increased As-induced reproductive toxicity
in male rats.® These findings suggest that microalgal supple-
mentation may exert protective effects against heavy metal
toxicity, although the magnitude and mechanisms of protec-
tion may vary depending on the specific metal involved and
the experimental context. In contrast, Montafio-Gonzalez
et al. (2021) demonstrated that an extract of spirulina phyc-
obiliproteins can protect against reproductive toxicity caused
by a single Cd dose in male mice. Spirulina and its phyc-
obiliproteins exhibit strong antioxidant activity, providing
protective effects against Cd-induced oxidative damage in
the testes and sperm, thereby enhancing certain reproductive
functions. Furthermore, the activities of CAT and GPX increase
in response to Cd and are altered by phycobiliproteins.5®2
Together, these studies underscore the context-dependent
effects of Spirulina, emphasizing the influence of metal
type, dose, and bioactive fraction on reproductive outcomes.
Specifically, Khair et al. demonstrated that chronic supple-
mentation with whole Spirulina biomass ameliorated arsenic-
induced reproductive toxicity in male rats through antioxidant
and protective mechanisms.® In contrast, Montafio-Gonzalez
et al. used purified phycobiliprotein extracts in an acute
Cd exposure model, where the antioxidant and metal-binding
properties of these bioactive fractions reduced ROS genera-
tion and tissue damage.®* Although the experimental models
differed in terms of metal exposure, dosage, and Spirulina-
derived products, both studies consistently demonstrated
protective antioxidant effects against heavy metal-induced
toxicity.

C. vulgaris has also been shown to have a protective
effect by reducing apoptosis, eliminating ROS, and improving
antioxidant enzymatic activity against oxidative damage at
the histological, physiological, and genetic levels in testicular
tissue caused by Cd.* In addition, Nabil-Adam and Shreadah
reported that an extract of Ulva lactuca significantly reduced
the levels of cardiovascular injury and inflammatory markers,
including troponin, C-reactive protein, and type B natriuretic
peptide, in rats exposed to a mixture of metals such as Ni, Cd,
Cr, Pb, and Hg. These effects were associated with improved
cardiovascular health, attenuation of oxidative stress, and
enhanced antioxidant defenses.®

Antioxidant Protective Effects of Plant and
Fruit Extracts

Several of the plant-derived extracts evaluated in this section,
including Diospyros spp., Camellia sinensis, Vitis vinifera,
and Vaccinium spp., have been reported to exhibit significant
antioxidant activity, mainly attributed to their high content of
polyphenols, flavonoids, and related bioactive compounds.
Seventeen articles with experimental results and two
reviews'** were obtained that mentioned the antioxidant or
chelating characteristics of some extracts made from some
parts of plants,’*®7 fruits,**”>7® and enriched honey.”

Notably, the mechanisms of action of these extracts remain
unclear, as many studies do not fully characterize their constit-
uent compounds or metabolites. Some of the techniques
commonly used to evaluate antioxidant activity include
the ferric reducing antioxidant power (FRAP) assay, the
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
assay, and the 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) assay.

Heavy metal toxicity can adversely affect the repro-
ductive system, but various mechanisms can help neutralize
this impact by triggering the production of natural antioxi-
dants. To reduce oxidative stress, ROS depletion and the
Nrf2/ARE signaling pathway are stabilized. Additionally,
the activities of antioxidant enzymes such as SOD, CAT, and
GPx are increased, while the expression of proteins related
to apoptosis, such as Bel-2 and Bax, is regulated. Moreover,
the NF-xB and MAPK signaling pathways, which activate
anti-inflammatory responses, can be modified to decrease
the synthesis of proinflammatory cytokines such as TNF-a
and IL-1pB. Another important strategy involves regulating
hormonal levels due to their influence on the hypothalamic-
pituitary-gonadal (HPG) axis, potentially through interac-
tions with genes such as kisspeptin and vasopressin (Avp),
which affect the expression of steroidogenic enzymes.'

On the other hand, the pulp and seed extracts of Syzygium
cumini fruit cultivated in Bangladesh exhibited higher levels
of chlorophyll and carotenoids, along with greater antioxidant
activity and a stronger ability to chelate ferrous ions compared
to the pulpy extracts. The antioxidant action was linked to the
capability of certain compounds to reduce Mo(VI) to Mo(V),
donate electrons, and chelate ferrous ions, thereby preventing
oxidative reactions.* Similarly, the hydroethanolic extract of
Amaranthus cruentus leaves contains a range of compounds,
including phenols, flavonoids, saponins, tannins, coumarins,
cardiac glycosides, and steroids. This extract protected female
Wistar rats from Pb-induced hepatorenal toxicity. A. cruentus
demonstrates antioxidant capacity by eliminating DPPH radi-
cals, which is attributed to its high concentration of phenols
and flavonoids, as well as its anti-inflammatory properties.
While chelation was not explicitly mentioned, the observed
reduction in Pb-induced toxicity indicates that phytochemi-
cals may bind to metals.™

Hydroalcoholic extracts from Punica granatum (pome-
granate), Sophora japonica (Japanese pagoda tree), and
Curcuma longa (turmeric) contain quercetin (QE), ellagic
acid (EA), and CUR. These compounds can influence the
intestinal absorption of heavy metals, including As, Pb, Hg,
Cd, Sb, Cu, Zn, and Fe. Studies employing simulated diges-
tion fluids and salivary, gastric, and intestinal fluids following
the INFOGEST protocol have demonstrated that strong
antiradical QE activity reduces the absorption of these metal
ions by trapping them in the intestine, which may help
to decrease their toxicity in the body.”! Additionally, the
hydroalcoholic extract of Tropea red onion (TRO, Allium
cepa L. var. Tropea), known for its high concentration of
phenolic compounds, has been compared with the toxins
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HgCl, and PbCl,.”” Previous studies also evaluated the effects
of key metabolites such as cyanidin, cyanidin-3-O-gluco-
side, and QE when combined with CdCl,, HgCl,, or PbCL,.
The oxidative stress response tests indicated an antioxidant
capacity, as demonstrated by the FRAP tests and the reduc-
tion of brain tissue peroxidation. The extracts preserved cell
viability after 24 and 72 hours of exposure, reducing toxicity
levels by less than 50% compared to cells exposed only to
the metal treatments, with the order of toxicity being PbCl, >
CdCl, > HgCl,. In contrast, the individual administration of
cyanidin, cyanidin-3-O-glucoside, or QE did not significantly
enhance cell survival; in fact, it increased LDH release, indi-
cating cell damage. These findings suggest that the combina-
tion of phytochemicals in the extract, with its antioxidant and
chelating properties, is more effective as a cell protector against
nonessential metals than the individual compounds alone.

The effects of Ononis natrix (AEON) on chronic Pb
poisoning in mice were evaluated through neurobehavioral,
biochemical, and histological assessments. The phenolic
compounds present in the aqueous extract of AEON exhibited
significant antioxidant activity, as evidenced by a reduction
in the levels of liver markers, including aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), and GPx,
which were elevated due to Pb exposure. These findings
suggest that AEON contains active molecules with potential
therapeutic benefits.” In another study, 24 biologically active
components were identified in the dry extract of Ferula assa-
foetida oleoresin-gum (FAE) using purification and spectros-
copy techniques. The preventive effects of FAEs were evaluated
against Cd-induced oxidative damage in rats. The in vivo
study revealed that exposure to cadmium chloride (CdClz)
altered the balance of proapoptotic and antiapoptotic mRNA
gene expression. Additionally, CdCl. increased DNA frag-
mentation and caused pathological changes in the liver and
kidneys. However, therapy with the active extracts of Ferula
assafoetida (AEDs) alongside CdCl. greatly improved all
biochemical indicators and the histological integrity of the
kidney and liver, with higher doses proving to be the most
effective. Therefore, AEDs appear to be a promising option
for food and pharmaceutical applications aimed at protecting
against oxidative damage resulting from Cd exposure.”

Another study has shown that both purple (Solanum
melongena) and white extracts of aubergine (eggplant)
possess antioxidant properties that protect fertility in rats
exposed to aluminum (a toxic metal). These extracts help
reduce inflammation, oxidative stress, and damage to
hormones and tissues. The protective effects are attributed
to the phenolic compounds present in the extracts, which
exhibit antioxidant and anti-inflammatory characteristics.
The purple variety offers a wider range of active compounds,
including catechin and p-coumaric acid. In contrast, the white
variety contains a variety of acids, including caffeic, ferulic,
chlorogenic, gallic, syringic, vanillic, protocatechic, sinapic,
p-hydroxybenzoic, and cinnamic acids.®’

Three studies on Musa sp. have shown that extracts
from Musa leaf extracts (MLE) can reduce hepatorenal

toxicity induced by Cd in mice. The MLE contains bioac-
tive compounds, including phenols, flavonoids, saponins,
and anthocyanins, which exhibit antioxidant properties.
These compounds are effective at eliminating 71% of DPPH
radicals.® Although the chelating capacity of MLE is lower
than that of EDTA, gas chromatography—mass spectrometry
(GC-MS) analysis revealed significant phytochemicals that
support its biological activity. In experiments with animals
exposed to Cd, treatment with MLE led to a reduction in lipid
peroxidation and restored levels of GSH, SOD, and CAT
enzymes in the liver, indicating protective effects against
oxidative stress. Similarly, the stem juice (PSJ) of Musa
paradisiaca shows promise in alleviating multiorgan toxicity
caused by a mixture of metals (CdClz, HgClz, Pb(NOs).). An
examination of the antioxidant properties of PSJ in isolated
organs, including the brain, thymus, heart, and lungs, showed
a decrease in antioxidant levels of GSH, GPX, CAT, and
SOD following exposure to the metal mixture.® After admin-
istering PSJ, an increase in these antioxidant levels was
observed, although malondialdehyde (MDA) levels increased
due to metal toxicity and decreased with higher doses of PSJ.
Furthermore, banana peel has been found to activate the Nrf2/
Hmox-1 pathway and inhibit the NF-kB pathway, thereby
mitigating hepatorenal damage. This action contributes to its
anti-inflammatory and antiapoptotic effects against metal-
induced hepatorenal toxicity. Additionally, extracts from
banana peels have been shown to reduce the bioavailability of
metals present in the tested mixture. These findings highlight
the nutraceutical potential of banana peel extract and suggest
its beneficial role in treating hepatorenal damage.”

An extract from the flower buds of the clove plant
(Syzygium aromaticum) at doses of 100 mg or 200 mg
decreased the activity of synaptosomal tyrosine hydroxy-
lase in the cerebral cortex by modulating dopamine metab-
olism, which improved motor capacity in mice exposed to
Pb. Additionally, it counteracts the oxidative stress induced
by this metal.® Similar effects were observed with an
extract from pitaya fruit in zebrafish, which helped mitigate
stress caused by Cu. This extract maintained the activity of
enzymes such as SOD, CAT, GST, and ALA-D while also
stabilizing the brain and intestinal antioxidant systems of the
fish. These beneficial effects were attributed to the flavonoid
content, including phenols and carotenoids. In another study
involving Caenorhabditis elegans, the extract also reduced
oxidative stress and lipid peroxidation, reversing the overex-
pression of the HSP-16.2 chaperone, which is associated with
oxidative damage.**® Moreover, the effects of grape seed
extract (GSE) prepared from the semiresistant grape variety
Cerason, known for its rich phenolic compound content,
were examined in brown rats exposed to Cd. Joint admin-
istration of GSE significantly reduced the Cd content in the
kidneys and liver. It also lowered the levels of creatinine and
ALT activity while mitigating the decreases in the activities
of CAT and SOD caused by Cd. These findings suggest that
GSE may have a protective effect against the harmful effects
of heavy metals.”
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Garlic (Allium sativum) and the fungus Poria cocos
(Fu-ling) have been shown to offer protective effects against
Pb toxicity in herbivorous carp. Their combination increases
the expression of antioxidant enzymes, stabilizes the redox
balance, and reduces oxidative damage. Additionally, this
combination enhances the expression of proteins such as
transferrin and metallothionein, which aid in chelating and
facilitating the excretion of Pb.*® Another study evaluated the
ability of citrus limon fruit juice to counteract the inhibition
of acetylcholinesterase (AChE) induced by exposure to Pb
in male Wistar rats. Its administration was found to preserve
AChE activity, an enzyme essential for neuronal function.
These findings suggest that the flavonoids and natural antiox-
idants present in the juice reduce the oxidative stress caused
by Pb and maintain the enzymatic function and integrity of
the nervous system.”

Honey enriched with the additives royal jelly, spirulina,
extracts of Arctium lappa L., Matricaria chamomilla,
Eleutherococcus senticosus, Silybum marianum, Panax
ginseng, Astragalus membranaceus, Boswellia serrata and
Salvia officinalis has been shown to reduce oxidative stress
and alterations. The presence of heavy metals and pesticides
in the habitat of zebrafish led to a significant reduction in
AChE activity in their brains. Additionally, there was an
increase in MDA levels and heightened activity of SOD and
GPx in the fish tissues. However, these negative effects were
mitigated by supplementation with honey.”

Polysaccharides and Their Antioxidant and
Chelating Potential

This section focuses on oligosaccharides and polysaccharides
as chemical entities with antioxidant and metal-chelating
capabilities, irrespective of their biological origin. The dis-
cussion is deliberately restricted to exopolysaccharides
produced by lactic acid bacteria (LAB), emphasizing their
molecular structure and functional groups. The probiotic
activity of the producing microorganisms is not addressed, as
it falls outside the scope of this review. This approach avoids
conflating chemical mechanisms with biological effects.

Four studies evaluated the protective capacity of poly-
saccharides against heavy metal poisoning. Among these, one
is a revision,* and four are original studies with an exper-
imental background.®* Thus, polysaccharides obtained
from animal (chitosan, chitin, hyaluronic acid, heparin, and
glycogen), fungal (chitin, glucanes, elsinan, and pullulan),
plant (pectin, starch, cellulose, tara gum and carob), algae
(agar, alginate, galactans, angelan, and spirulan) and bacte-
rial (levan, gellan, curdlan, xanthan, and dextran) sources
were evaluated for their ability to decrease the toxicity of
metals such as Cd, As, Hg and Pb in both humans and animal
models. Chelating effects, antioxidant properties, and modu-
lation of the intestinal microbiota against the toxicity of the
evaluated metals have been reported.®

The oligosaccharides obtained through fermentation
of water-soluble polysaccharides from the mucilage of the
seeds of Lepidium sativum (watercress) via Pichia pastoris
have shown antioxidant properties. These compounds had
a protective effect against liver toxicity caused by Cr in
albino BALB/c mice. Researchers have reported that oligo-
saccharide treatment significantly reduces Cr-induced liver
damage. Consistently, oligosaccharide therapy decreased ROS
generation.®! Similarly, dietary supplementation with chitoo-
ligosaccharides (COSs), which are synthetic oligosaccharide
derivatives, has been shown to enhance mineral deposition,
meat quality, and the oxidative state of intramuscular tissues
in broilers. COSs are short chains of partially hydrolyzed
chitin or chitosan units obtained from Zhongke Rongxin
Biotechnology Co., Ltd. (Suzhou, China). The metals they
analyzed were Fe, Zn, Cd, and Pb. They reported that COS
exhibited heavy metal-binding capacity in vitro and was
associated with improved mineral deposition, growth perfor-
mance, breast meat quality, and oxidative status in broilers
fed 30 mg/kg COS.*

The effectiveness of exopolysaccharide-producing LAB
in the bioabsorption of Pb(I1) has been assessed by examining
their adhesion to Caco-2 cells, as well as their ability to induce
anti-inflammatory responses in human keratinocytes (HaCaT)
and male rats. The bacteria studied included Lactobacillus
delbrueckii subsp. lactis NBM-0410-001 and Lactobacillus
plantarum NBM-01-07-003. These LAB formulas exhibit
chelating properties through bioadsorption mechanisms,
as evidenced by the high capacity for heavy metal adsorp-
tion observed in the NBM-04-10-001 and NBM-01-07-003
strains in cell models such as Caco-2 (intestinal) and HaCaT
(cutaneous) cells. Moreover, animal studies indicate that
supplementation with PURE LAC NBM11 powder, a formu-
lation based on LAB, can effectively reduce the presence
of Pb in the blood and protect the body from heavy metal
toxicity. This suggests a combined action of intestinal adsorp-
tion and a decrease in the bioavailability of the metal.3
Additionally, glycosaminoglycan sulfate derived from the
swim bladder of Hypophthalmichthys nobilis demonstrates
significant antioxidant activity, notably reducing the cyto-
toxicity induced by arsenic (As) in IEC-6 intestinal epithe-
lial cells. This compound also enhances the composition of
intestinal microbiota and encourages the release of ZO-1, a
crucial protein that safeguards the integrity of the epithelial
barrier, indicating its protective effect against damage caused
by heavy metals.*

Studies on the Antioxidant and Chelating
Capacity of Probiotics

This section addresses probiotics, particularly LAB, as living
biological systems capable of mitigating heavy metal toxicity
through mechanisms that extend beyond chemical chelation.
These include metal biosorption, modulation of intestinal



804

Journal of Applied Pharmaceutical Science 16(9)

microbiota, enhancement of barrier function, and regulation
of host antioxidant and inflammatory responses. Ten studies
evaluated the protective power of probiotics against heavy
metal poisoning. Among these articles, one is a review,* and
nine are original articles.?*8¢%3

The effectiveness of exopolysaccharide-producing LAB
in the bioabsorption of Pb(II) has been assessed by examining
their adhesion to Caco-2 cells, as well as their ability to induce
anti-inflammatory responses in human keratinocytes (HaCaT)
and male rats. The bacteria studied included Lactobacillus
delbrueckii subsp. lactis NBM-0410-001 and Lactobacillus
plantarum NBM-01-07-003. These LAB formulas exhibit
chelating properties through bioadsorption mechanisms, as
evidenced by the high capacity for heavy metal adsorption
observed in the NBM-04-10-001 and NBM-01-07-003 strains
in cell models such as Caco-2 (intestinal) and HaCaT (cuta-
neous) cells. Moreover, animal studies indicate that supple-
mentation with PURE LAC NBM11 powder, a formulation
based on LAB, can effectively reduce the presence of Pb in
the blood and protect the body from heavy metal toxicity.
This suggests a combined action of intestinal adsorption and
a decrease in the bioavailability of the metal.

Some foods consumed in Nigeria are relevant for their
content of probiotics, which mitigate chronic exposure to
metals during their production cycle. Among the probiotic
strains of the foods that they highlight are Enterococcus
faecium CM4; E. faecium; strains of LAB such as Enterococcus
faecalis; Pediococcus pentosaceus; Lactobacillus fermentum;
and L. brevis, L. acidophilus, and L. plantarum. In addition,
they mention the presence of yeasts such as S. cerevisiae,
P. fermentas, S. rosei, and Candida utilis. These probiotics are
obtained from foods such as fermented soybeans, yoghurt,
cheeses, fermented cereals, and legumes. The biosorp-
tion mechanism of heavy metals such as Pb, Cr, and Cd by
LAB is considered a multifaceted process that can include
biosorption, which is the nonmetabolic binding of metal ions
to the bacterial cell wall. In addition, LAB primarily reduce
mercury toxicity by decreasing its intestinal bioavailability.
This effect is mainly achieved through biosorption mecha-
nisms, including MeHg binding to functional groups present
on the bacterial cell wall, which limits intestinal absorption
and promotes fecal excretion. Consequently, the overall toxic
burden of mercury is reduced without requiring direct MeHg
conversion into elemental forms. Finally, the chelation of
metals by LAB involves the hydroxyl functional groups of
peptidoglycans and the carboxyl groups of proteins.®

Some studies have addressed whether supplementation
with certain LAB could reduce the toxicity caused by Cd and
modify gene expression in mice. These studies evaluated three
strains: Levilactobacillus brevis (AC10), Lacticaseibacillus
rhamnosus (AC11) and Pediococcus acidilactici (AC15).%
Exposure to heavy metals such as Cd, Pb, Hg and hexavalent
Cr (Cr(VD)) is related to oxidative stress, inflammation, and
variation in gene expression in vital tissues such as the liver,
brain, and intestine, affecting parameters such as lipid perox-
idation and genes related to the antioxidant response, such as

iNOS and SOD. Certain LAB exert protective effects against
heavy metal toxicity through a combination of biosorp-
tive and host-mediated mechanisms. In addition to binding
metals within the intestinal lumen, LABs contribute to the
regulation of intestinal microbiota by restoring microbial
diversity, reducing metal-induced dysbiosis, and enhancing
epithelial barrier integrity, thereby limiting systemic metal
uptake. Furthermore, these microorganisms influence host
gene expression by activating intestinal antioxidant and
detoxification pathways, particularly those associated with
Nrf2 signaling, resulting in the upregulation of antioxidant
enzymes such as SOD, CAT, and GPx and the suppression
of inflammatory mediators linked to iNOS and NF-«xB sign-
aling #8892 For example, L. plantarum P101 decreased liver
damage caused by Pb in obese mice, promoting fecal elimina-
tion, enhancing antioxidant defenses, and reducing metabolic
parameters associated with obesity.”

Another relevant strain that has good results when given
orally in microencapsulated form is Lactobacillus acidophilus
KLDS 1.0344, which reduces liver and kidney damage caused
by Pb in BALB/c mice, stabilizes blood enzymes, and demon-
strates the ability to absorb Pb. Functional groups such as amino,
amide, carboxyl, hydroxyl, phosphoryl, and thiol moieties act
as binding sites, facilitating metal sequestration and reducing
metal bioavailability. These functional groups were identified
by SEM-EDS and FTIR analyses.” In an in vitro investigation,
Lactobacillus sakei TOKAI 57 m reduced Hg toxicity in human
intestinal epithelial cells by absorbing the metal through thiol
groups. Overall, the biosorption of heavy metals by LAB occurs
through specific interactions between metal ions and functional
groups located on the bacterial cell wall.

This made it easier to restore the levels of antioxidant
enzymes such as SOD, CAT, and GPx.”” On the other hand,
P. acidilactici BT36 reduced the toxicity of Cr(VI) in mice,
minimizing Cr(VI) accumulation in the liver, improving
Cr(VI) elimination and restoring the homeostasis of the intes-
tinal microbiota. Metataxonomic and metatranscriptomic
studies have confirmed the modification of alterations caused
by Cr(VI) and the regulation of genes involved in Cr(VI)
treatment, including reducing genes.

Various studies have shown the potential of Bacillus
coagulans XY2 as a protective agent against oxidative stress
induced by heavy metals, particularly Cu. In vivo studies in
mouse models and C. elegans showed that this strain acti-
vates the antioxidant pathways DAF-16/FoxO and SKN-1/
Nrf2 and is capable of modulating the intestinal microbiota
and promoting ROS elimination. Supporting evidence has
revealed that in zebrafish larvae, B. coagulans XY2 has
a high capacity to eliminate hydrazyl stable free radicals
(DPPH) and induce the expression of key antioxidant genes,
such as SOD1, GSTP1, and CAT, especially when it is admin-
istered as a preventive measure.’*® Under Cd?" stress, this
probiotic promotes the early overexpression of IL-10 and
TGF-pB, which indicates a cytoprotective and immunomodu-
latory effect in Cyprinus carpio.’’ In summary, these discov-
eries highlight B. coagulans XY2 as a probiotic that possesses
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antioxidant and immunoregulatory properties against heavy
metal-induced damage through various cellular and molec-
ular mechanisms. %6891

Supplementation with several yeast species, including
Saccharomyces cerevisiae, C. utilis, Pichia fermentans, and
Sporidiobolus roseus, present in fermented foods, contributes
to the mitigation of heavy metal toxicity mainly through phys-
icochemical mechanisms. Their protective effect is primarily
mediated by biosorption at the yeast cell wall, which contains
B-glucans, mannans, and chitin with functional groups capable
of binding metals such as Pb, Cd, Cr, and Hg, thereby reducing
metal bioavailability in the gastrointestinal tract.*> By lowering
the luminal concentration of free metal ions, yeasts indirectly
reduce metal-induced oxidative stress and epithelial damage,
helping preserve intestinal integrity. Although they do not
mainly act through direct modulation of host antioxidant path-
ways, yeasts complement the effects of LAB and support
dietary or probiotic strategies aimed at limiting intestinal metal
absorption during chronic exposure.®

Minerals and Vitamins

While Section “Antioxidant Protective Effects of Plant and
Fruit Extracts” focuses on isolated antioxidants and chelating
agents as individual compounds, Section “Minerals and
Vitamins” addresses applied strategies for mitigating heavy
metal toxicity in complex biological and dietary contexts.
This section compiles studies evaluating antioxidant effects
through combined supplementation, food matrixes, probiot-
ics, or functional formulations, emphasizing overall biologi-
cal outcomes rather than isolated molecular mechanisms
resulting from integrated antioxidant and metal-chelating
interventions. Some original studies have evaluated dietary
micronutrient-based antioxidant strategies, including vitamin
supplementation, reporting reduced metal-induced oxidative
damage within integrated mitigation frameworks. Similarly,
ten mineral-focused articles were included in total: two
reviews®*”> and seven original studies with experimental
results.”® 192 Additionally, another original article in which
vitamins were included as antioxidants was considered.'®
Several studies have investigated the capacity of Se and its
derivatives to act as antioxidant and neutralizing agents in the
face of toxicity caused by heavy metals, revealing their joint
effects on oxidative stress and inflammation, although differ-
ent methods and models have been used.

Se supplementation, either alone or in combination
with other compounds such as Zn, confers these benefits
when provided at physiological or nutritional levels that
restore metal homeostasis and neutralize the harmful effects
of metals such as Cd, As, Pb, and Hg through the recovery
of the redox balance; the upregulation of antioxidant
enzymes, including SOD, CAT, and GPx; and the reduction
of inflammatory markers.” However, these effects are dose-
dependent, since excessive or unbound Zn may exert pro-
oxidant activity and contribute to oxidative stress. In models of

murine and aquatic samples, this was associated with reduced
tissue metal burden and improved functional and structural
integrity of tissues such as the kidney, liver and intestine.!®
Importantly, Se does not act as a classical metal chelator. Its
protective effects are primarily mediated through its incor-
poration into selenoproteins, such as GPxs and thioredoxin
reductases, which enhance antioxidant defenses and redox
homeostasis. In some cases, Se may form inert complexes
with certain metals (e.g., Hg—Se), thereby limiting toxicity
through sequestration rather than true chelation.

Se enrichment as a nutritional component and a crude
polysaccharide from Rosa roxburghii Tratt repairs kidney
damage caused by Cd and positively regulates the intes-
tinal microbiota.”® Consistently, other studies have reported
that Se protects the crayfish intestine by modulating PI3K/
Akt and NF-kB signaling and increasing short-chain fatty
acid (SCFA) production, which collectively support intestinal
immunomodulatory and metabolic functions.'”> Research on
the combination of Se and coenzyme Q10 in rats has shown
that these two compounds work together synergistically.
Se enhances the synthesis of antioxidant selenoproteins,
while coenzyme Q10 helps to block ROS production in the
mitochondria. This combination has effectively restored
testicular function and suggests a promising therapeutic
approach to combat reproductive toxicity caused by Cd.'”!
From a nutritional perspective, the combined administra-
tion of Se, vitamin C, and vitamin E did not reduce mercury
bioaccumulation, indicating the absence of a direct chelating
effect. Nevertheless, this intervention significantly decreased
lipid peroxidation and prolonged survival in mice exposed to
MeHg, suggesting that systemic antioxidant protection can
attenuate metal-induced oxidative damage and improve phys-
iological resilience despite persistent metal burden.”

In the field of aquaculture, Se-enriched Gracilaria
lemaneiformis has been used as a dietary supplement to
protect rabbitfish (Siganus oramin) against toxicity induced
by Cd, Pb, and Cr. This intervention promoted metal-
lothionein production, increased antioxidant activity, and
improved the absorption of beneficial elements such as Cu
and Zn. The strongest effects were achieved with an inter-
mediate dose of Se, underscoring the importance of adjusting
the Se concentration to optimize its benefits.”” Other studies
have provided further evidence about the role of Se nanopar-
ticles (SeNPs) in nutrition, health and the environment. These
particles, obtained through sustainable biological processes,
not only adsorb heavy metals such as Cr, Cd and Hg but also
activate antioxidant pathways such as Nrf2 and stimulate the
activity of enzymes such as GPx and TRx. Their versatility
and low environmental impact position them as promising
tools both in the protection of human health and in the reme-
diation of contaminated ecosystems.**

Finally, studies in a Korean population have shown that
a lower intake of antioxidant vitamins was related to a greater
risk of metabolic syndrome and high levels of Pb, Hg, and
Cd. Vitamin B3 reduces ROS formation and is associated
with lower levels of oxidative stress. The habitual consumption
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of curry and vitamins B1 and C was related to a lower preva-
lence of MS, suggesting a protective effect mediated by anti-
oxidant mechanisms.'” Collectively, these studies indicate
that Se contributes to redox homeostasis and supports physio-
logical responses that attenuate heavy metal-induced toxicity,
although its effects appear to be primarily antioxidant rather
than directly chelating or detoxifying. Whether administered
in free form, combined with other micronutrients, encapsu-
lated, or incorporated into functional foods, Se-based nutri-
tional interventions have been reported to activate antioxidant
defense systems, modulate inflammatory responses, atten-
uate metal-induced oxidative damage, and preserve the func-
tionality of organs particularly vulnerable to metal-induced
toxicity.

Proteins, Amino Acids, and Their Derivatives

Several studies have explored the role of proteins, amino
acids, and their derivatives in mitigating heavy metal-induced
toxicity through antioxidant and chelating mechanisms,
highlighting the relevance of endogenous molecules such as
metallothioneins and GSH.'*** Additionally, three studies that
investigated the antioxidant capacity of amino acids or their
derivatives were examined.'%1%

Metallothioneins are proteins rich in sulthydryl groups
derived from cysteine residues that, in addition to elimi-
nating free radicals, show a high affinity for metals such as
Cd, As, Zn, and Cu, which facilitates their elimination and
favors their acquisition from metal cofactors to antioxidant
enzymes.*® Likewise, GSH is a tripeptide with effective
reducing action, highlighting its ability to neutralize the ROS
caused by Cd and reduce its cytotoxicity through chelation.
Additionally, GSH was shown to reduce DNase I activity in
the brains of Cd-exposed Wistar rats, indicating a protective
effect on DNA integrity.'”

Amino acids and derivatives have also shown rele-
vant antioxidant and chelating effects. First, the compound
S-  (2-carboxyethyl)-L-cysteine (B-CEC), derived from
L-cysteine, can activate the antioxidant pathway Nrf2 in renal
cells exposed to CuO but also promote cytoprotective path-
ways against metal toxins and chemotherapeutic agents.'®
Second, a glycine derivative reduces oxidative stress,
increases sperm mitochondrial function, and positively regu-
lates steroidogenesis in a Pb toxicity model, which favors the
preservation of reproductive function.'” Third, a zinc chelate
of the hydroxy analog of methionine (Zn-HMTB) mini-
mizes the accumulation of Cd in essential organs and reduces
damage caused by inflammation in the small intestine of
piglets, corroborating its effectiveness as an anti-inflammatory
and chelating agent.'™

Amino acids and their derivatives mitigate heavy
metal-induced toxicity through complementary chelating
and antioxidant mechanisms. Sulfur-containing compounds

such as cysteine, GSH, and metallothioneins bind metal
ions via thiol groups, thereby reducing metal reactivity and
bioavailability.'1% In parallel, these molecules contribute
to redox homeostasis by ROS scavenging and preserving
the GSH/GSSG balance, which limits lipid peroxidation and
DNA damage in metal-exposed tissues.'” Through these
combined actions, amino acids and their derivatives protect
cellular structures and attenuate oxidative and genotoxic
injury under heavy metal exposure.

Isolated and Synthetic Compounds

To improve conceptual clarity, isolated nonfood-derived
compounds are systematically classified according to their
chemical nature and therapeutic application into five catego-
ries (polyphenolic phytochemicals, sulfur- and organic-acid—
containing molecules, hormones and small bioactive
metabolites, synthetic chelators, and nanomaterial-based
delivery systems), enabling clearer comparison of their anti-
oxidant and metal-chelating mechanisms.

Twenty-five articles evaluated the antioxidant and/
or chelating capacity of specific isolated and/or synthet-
ically obtained compounds. According to their chemical
nature. Hormones and derivatives: Four articles evaluated
melatonin,'”” ' and one evaluated its synthetic analog,
agomelatine (AGM)."!! Regarding organic acids, three articles
focused on EA, 1112113 one study evaluated lipoic acid (LA) and
dihydrolipoic acid (DHLA),!* one evaluated fulvic acid (FA)
and DMSA,'" and one evaluated ferulic acid."® Flavonoids'"’
and phenolic compounds include hesperidin and hesperetin,'®
zingerone,'”  isoliquiritin,'?® vitexin,'?! daidzein,'” and
sesamol.'”?® Terpenes and carotenoids include CUR,'*
and alkaloids include berberine.'” Synthetic compounds
include butylhydroxytoluene'*® and one EDTA in its calcium
and disodium forms.'”” Siderophore as deferroxamine
B-hydroxiosalicylate.!”®® Nanomaterials include two types of
magnetic nanogels (MNG).!2%130

Polyphenolic Isolated Compounds

Polyphenolic phytochemicals represent one of the most
extensively studied classes of isolated natural antioxidants.
Their multiple phenolic hydroxyl and catechol/galloyl groups
enable direct radical scavenging, metal chelation, and modu-
lation of redox-sensitive signaling pathways.

The well-known plant polyphenols include curcumin
(curcumin I), demethoxycurcumin (curcumin II), bisdemeth-
oxycurcumin (curcumin III), QE, (-) epigallocatechin (EGC),
(-) epigallocatechin gallate (EGCG), (—) epicatechin (EC),
(-) epicatechin gallate (ECG), monomeric catechins, and
oligomeric proanthocyanidins extracted from species such
as C. longa, A. cepa, Malus spp., Diospyros sp., C. sinensis,
V. vinifera, and Vaccinium spp., and Pinus spp. as anti-
dotes for Pb exposure. Among the polyphenols present in
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plant-derived extracts, curcumin (CUR) has been frequently
reported as a bioactive constituent associated with antioxidant
and metal-mitigating effects; however, its detailed biochemical
and molecular mechanisms as isolated compounds are
addressed separately and described in detail below.®

Among polyphenols, CUR is a well-known food ingre-
dient with a defensive effect on arsenic trioxide (As20s)-
induced immunotoxicity in duck spleens. CUR suppressed
the activation of the NF-kB pathway and reduced the produc-
tion of proinflammatory cytokines and the expression of
genes related to autophagy. These effects suggest that CUR
acts as a protective agent against As20s-induced immu-
nosuppression by attenuating inflammation and restoring
autophagic processes in splenic tissue.'**

CUR exerts its biological effects through a multifac-
eted mechanism that integrates chemical, redox, and signa-
ling pathways. At the molecular level, its -diketone structure
and phenolic hydroxyl groups allow for the direct chelation
of metal ions and ROS scavenging. Physiologically, CUR
activates Nrf2-dependent antioxidant and detoxification
pathways while simultaneously inhibiting proinflammatory
signaling, particularly through pathways such as NF-«B,
COX-2, and iNOS. On the other hand, proanthocyanidins
possess strong antioxidant properties, particularly against
heavy metal toxicity, due to their high content of catechol
and galloyl hydroxyl groups. These structural features
enable proanthocyanidins to directly bind (chelate) redox-
active metals such as Pb, Fe, Cu, and Cd, thereby limiting
metal-catalyzed ROS production. In animal models, CUR
enhances the activity of antioxidant enzymes; reduces oxida-
tive stress in the hippocampus; promotes Pb chelation in the
liver, kidney and blood; inhibits oxidative stress in the cere-
bellum; QE suppresses ROS production; regulates the expres-
sion of apoptotic factors and Hsp protein-70 in the brain;
decreases lipid peroxidation and the Pb load in the blood
and testes; EGCG reduces ROS formation in the blood
and brain; and proanthocyanidins block endoplasmic retic-
ulum stress and inflammatory signals in the brain, inhibit
apoptosis in the liver and have antioxidant effects in the
kidney.*

Another compound studied is rutin, which has been shown
to act as a chelating agent and antioxidant, with the ability to
form complexes with metals such as Cu and Zn. Cordeiro et al.
(2023) evaluated the toxicity of Cu and Zn, both individually
and in combination, in a model of Huntington’s disease (HD)
in C. elegans. This study focused on the protective effects of
rutin, a flavonoid present in various foods."” HD is charac-
terized by neuronal loss, motor disturbances, and dementia.
This chelating property reduces the bioavailability of
metals, which is essential for mitigating their neurotoxicity
by preventing their interaction with intracellular proteins.
Importantly, upon chelation, these metals become part of
stable coordination complexes in which their redox activity is
markedly reduced, thereby limiting their pro-oxidant potential.

Rutin-metal complexes, such as rutin-Zn and rutin-Cu(Il), have
shown greater antioxidant capacity than rutin alone, surpassing
even other flavonoids, such as QE. These interactions not only
increase the antioxidant activity but also decrease the bioavail-
ability of toxic metals. Thus, rutin significantly reduced the
number of neuronal aggregates of polyQ in worms exposed to
Cu, Zn, or both, as well as neurodegeneration.

The flavonoid isolyquiritine counteracts Cd-induced
intestinal damage in mice, improving the function of the
intestinal barrier and inhibiting apoptosis. This antiapoptotic
effect is associated with the suppression of NLRP3 inflam-
masome activation, suggesting a key role in the modulation of
the inflammatory response. Although this mechanism is rele-
vant in the intestine, its action in other organs affected by Cd,
such as the liver, heart, and kidneys, should be investigated.'*

In addition to complex flavonoids, simple catechol-type
phenolic acids such as the siderophore 2,3-dihydroxybenzoic acid
also exhibit strong metal-binding properties. The catechol
siderophore 2,3-dihydroxybenzoic acid (DHBS) has been
studied as an effective bacterial chelator, with therapeutic
potential in cases of poisoning by heavy metals such as Cd.
The bacterial strain Leclercia adecarboxylata FCH-CR2 is
capable of secreting DHBS that shows affinity for Cd. After
its intraperitoneal administration in mice, DHBS promoted
significant elimination of Cd through feces and reduced its
accumulation in organs. Cd and DHBS interact specifically
through the hydroxyl group of the benzene ring, and calori-
metric studies confirmed their spontaneous interaction.'

Hesperidin is a flavonoid found in citrus fruits and is a
glycoside of hesperetin. The protective effects of hesperidin
and hesperetin against toxicity induced by heavy metals such
as Pb, Cd, Hg, As, Ni, and Cr have been tested in experimental
models in rats, mice, fish, and human cells. Both flavonoids
present in citrus fruits exert antioxidant, anti-inflammatory,
and antiapoptotic effects. These mechanisms include the
scavenging of free radicals, the regulation of ATPases, and the
involvement of cell cycle proteins. They also affect multiple
signaling pathways, such as Nrf2/HO-1/ARE (antioxidant
defense and detoxification induction), PI3K/mTOR/Akt
(cell survival and metabolic homeostasis), MAPK/caspase-3/
Bax/Bcl-2 (apoptosis regulation and stress signaling),
and iNOS/NF-kB/TNF-a/COX-2 (inflammatory response
and nitric oxide signaling). Hesperidin possesses a strong
ability to chelate heavy metals, maintain cell membrane
integrity, and protect thiol groups (Table S2). Additionally,
hesperetin enhances the antioxidant response by promoting
the overexpression of Nrf2 and HO-1 while also increasing
the levels of antioxidant enzymes, including SOD, CAT,
and GPx."8

Similarly, vitexin, found in some plants, has a hepatopro-
tective role against Cd-induced liver damage in male albino
rats. Vitexin has a protective effect through multiple mecha-
nisms, including antioxidant, anti-inflammatory and antiapop-
totic effects. At the antioxidant level, vitexin reduced the levels
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of ROS and MDA, restoring the redox balance and increasing
the activity of antioxidant enzymes such as GSH. In terms of its
anti-inflammatory action, it attenuated the expression of proin-
flammatory markers induced by Cd. At the apoptotic level,
vitexin decreased the expression of proapoptotic proteins such
as Bax, caspase-9, and caspase-3 and increased the expression
of Bcl-2. A protein with antiapoptotic functions.'?! In addi-
tion, it reversed the histological alterations in the liver caused
by exposure to the metal. These findings position vitexin as a
promising therapeutic option against Cd-induced liver toxicity
because of its ability to modulate oxidative stress, inflamma-
tion, and apoptosis and preserve liver architecture.

An isoflavonoid present in some legumes and soybeans is
daidzein (DZ), which exhibits neuroprotective effects against
Mn-induced Parkinsonism in a zebrafish (Danio rerio) model.
DZ mitigated oxidative stress, maintained the balance of the
antioxidant system, preserved dopamine levels, and contrib-
uted to neuronal integrity.'?* Together, these effects support
its neuroprotective action. The results of this study highlight
the therapeutic potential of DZ against heavy metal-induced
neurotoxicity, particularly Parkinsonism associated with Mn
exposure, providing evidence of its possible usefulness in the
treatment of neurodegenerative disorders.

Zingerone, which is a major flavor compound in ginger,
has a protective effect against Pb-induced toxicity in the liver
and kidney tissues of albino Wistar rats. Zingerone, a natural
compound derived from ginger, can reduce oxidative stress,
suggesting its antioxidant properties and possible modula-
tory effects on the cell signaling pathways involved in heavy
metal-induced damage. This study highlights the importance
of quantifying tissue levels of Pb as an indicator of thera-
peutic efficacy and highlights the need for future research that
delves into the molecular mechanisms underlying the protec-
tive action of zingerone.!”?

Sesamol, a component of sesame-derived products, has
a protective effect against hepatotoxicity and nephrotoxicity
induced by Pb nitrate and Cd chloride in male Wistar rats.
Sesamol restored the activity of key antioxidant enzymes,
such as SOD, CAT, GPx, and GST, reducing MDA levels
and neutralizing oxidative stress. In addition, it improved the
liver and kidney biochemical parameters altered by metals
and protected the histological architecture of the liver and
kidneys.'? These findings suggest that sesamol exerts its
protective effect mainly through antioxidant and cell stabi-
lization mechanisms, making it a promising candidate for
preventing tissue damage induced by heavy metals.

Organic Acids

The pharmacological aspects of LA and its reduced metabo-
lite, DHLA, have also been reported. Both compounds can be
obtained through diet, chemical synthesis, or biotechnologi-
cal production, especially in yeasts. The therapeutic effects of
LA are attributed mainly to its ability to induce the transcrip-
tion of genes that encode proteins involved in the antioxidant
response. DHLA, for its part, chelates transition metals such

as Fe, Cu, and Zn through redox mechanisms, which signifi-
cantly reduces the generation of free radicals. In addition,
DHLA contributes to the regeneration of vitamins E and C,
and both compounds promote an increase in the intracellular
level of GSH, thus strengthening the body’s antioxidant
defense system.'™*

The potential protective effect of EA, a polyphenolic
compound of plant origin, against the toxicity induced by
heavy metals (Cd, Hg, and Pb) has been tested in SH-SY5Y
human neuroblastoma cells.®" The results showed that EA
exerts a significant cytoprotective effect, restoring cell
viability and decreasing LDH release in cells exposed to
Cd, Hg, and Pb, indicating a reduction in cell damage and
necrosis. Similarly, EA effectively reduced the oxidative
stress induced by both hydrogen peroxide and metals, with
special efficacy against Hg.®!

Polyphenols, including EA, have been widely inves-
tigated for their antioxidant and metal-chelating proper-
ties. Consequently, the protective effects of EA are induced
by exposure to heavy metals, drugs, and various chemicals.
In male Swiss mouse models, EA decreased the levels of
MDA and nitric oxide while enhancing the activity of anti-
oxidant enzymes such as CAT, SOD, and GPx. On the other
hand, in isolated rat mitochondria, a reduction in mitochon-
drial damage, a decrease in ROS and the restoration of total
dehydrogenase activity were observed. In Wistar rats exposed
to heavy metals, EA reduced the expression of inflammatory
and apoptotic markers such as ROS formation, Bax, IL-1p,
TNF-a, caspase-3, and INF-y and increased the expression of
Bcl-2."" In the context of Hg toxicity, in male rats, treatment
with EA resulted in increases in GSH, GPx, CAT, and SOD
and significant decreases in the serum levels of ALT, ALP,
AST, LDH, bilirubin, cholesterol, urea, albumin, and creati-
nine. EA can also mitigate oxidative stress and apoptosis
in laying quail (Coturnix coturnix japonica) exposed to Pb
toxicity. Its supplementation at a dose of 500 mg/kg signif-
icantly improved performance parameters, strengthened the
endogenous antioxidant system by increasing the activity
of GSH-Px and CAT, and suppressed apoptotic processes
through regulation. decreased the expression of caspase-3
and -9."? These findings suggest that EA has antioxidant
capacity and stabilizing action on membranes, which makes
it a promising candidate for neuroprotection against heavy
metal toxicity. Last, well-known plants in traditional medi-
cine include the yellow restharrow or shrubby restharrow due
to their high content of flavonoids and heterocyclic isofla-
vone cores capable of coordinating metal ions and amphi-
philic saponins for enhanced bioaccessibility (Table S2).

2,3-Dimethylsuccinic acid (DMSA) and FA have neuro-
protective effects on Pb-induced oxidative brain damage in
Nile tilapia (Oreochromis niloticus). Dietary supplementa-
tion with DMSA and FA significantly improved the antioxi-
dant status of brain tissue. Markers of lipid peroxidation, the
activity of antioxidant enzymes, and the brain histopatholog-
ical profile were evaluated, as was the accumulation of Pb
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in liver, muscle, and brain tissues. The DMSA and FA treat-
ments reduced the levels of MDA and Pb residues in the
tissues and improved the histological integrity of the brain.
In addition, the levels of GSH, glutathione-S-transferase
(GST), GPx, SOD, CAT, glucose-6-phosphate dehydroge-
nase (G6PD), LDH, and total antioxidant capacity increased.
These findings suggest that supplementation with DMSA
and FA has therapeutic potential for mitigating Pb-induced
oxidative stress in the brain tissue of fish exposed to this
metal.!'> Ferulic acid has a similar effect on Cd-induced
testicular damage in albino Wistar rats, involving a different
mechanism. Ferulic acid can reduce the accumulation of
Cd in testicular tissue and restore spermatogenesis, normal-
izing the serum levels of testosterone, FSH, and LH. Ferulic
acid restored the balance between oxidants and antioxidants
by activating the Nrf2 signaling pathway, suggesting a key
mechanism involved in its protective action. In addition, its
beneficial effects are associated with anti-inflammatory and
antiapoptotic properties, which help mitigate testicular injury
caused by acute exposure to Cd.!®

Hormones and Bioactive Metabolites

Hormones and small bioactive metabolites constitute another
class of compounds that mitigate metal-induced oxidative
damage primarily through indirect antioxidant and signaling
mechanisms rather than direct metal chelation.

Melatonin has a protective role against Cd- and
Pb-induced toxicity in various species of fish. Its main mech-
anism of action is based on its ability to directly eliminate
free radicals and increase the activity of antioxidant enzymes,
thus reducing intracellular oxidative stress.!'® Owing to its
lipophilic nature, melatonin easily crosses cell membranes,
allowing it to exert its antioxidant effects at the intracellular
level. In addition, melatonin can act by modulating antioxi-
dant gene expression, interacting with calmodulin, inhibiting
the increase in intracellular Ca?* and promoting mitochondrial
oxidative phosphorylation. Although these mechanisms have
not yet been confirmed in fish, findings in species, such as
Channa punctatus indicate that melatonin restores physiolog-
ical functions altered by heavy metals, such as the behavior
of'schools, by reducing oxidative damage without altering the
accumulation of Pb. Together, melatonin acts as a multifunc-
tional antioxidant against Cd and Pb toxicity in fish.!!

In vitro studies evaluated the cytoprotective effect of
melatonin in comparison with vitamin E and Trolox on the
toxicity induced by Cd** in human neuroblastoma (SH-SY5Y),
colon (HCT 116), and liver (HepG2) cell lines. The three anti-
oxidant compounds dose-dependently reduced ROS produc-
tion and preserved cell viability. The common mechanism of
action is based on the neutralization of ROS and protection
against cell damage induced by Cd. Vitamin E had the most
powerful protective effect, followed by melatonin and, to a
lesser extent, Trolox. These findings confirm that melatonin
acts as an intracellular antioxidant, although with less efficacy

than vitamin E in the cellular models studied.!”® Consistently,
another study evaluated the effects of supplementation with
melatonin and silymarin plus vitamin D and Ca (VitD + Ca)
on the levels of parathormone (PTH) induced by subacute Pb
exposure in male Wistar rats. The results showed that both the
antioxidants and the combination of VitD + Ca significantly
reduced the increase in PTH caused by Pb. Another report
showed that vitamin D plus Ca (VitD + Ca) was administered
to address Pb-associated disturbances in Ca-related endpoints
(e.g., PTH), while melatonin and silymarin were evaluated
as antioxidant adjuncts.!® Overall, the findings support a
protective effect primarily through attenuation of metal-
induced oxidative stress, which may contribute to preserving
calcium-related homeostasis, although the direct normaliza-
tion of calcium/vitamin D parameters is attributable to VitD +
Ca supplementation. In particular, supplementation with VitD
+ Ca seems to act directly on the alterations in calcium metabo-
lism induced by Pb, as indicated by a moderate negative corre-
lation between the serum levels of PTH and vitamin D.'®

In addition, melatonin has a chelating ability, effec-
tively decreasing the accumulation of Cr in tissues. These
results showed its potential as an antioxidant and chelating
agent against heavy metal damage.!” The protective effect of
AGM, a structural analog of melatonin, against Cd-induced
cardiotoxicity in rats has been evaluated. AGM improved
cardiac biochemical parameters (CK-MB, AST, LDH),
reduced oxidative stress (MDA, NO, MPO), and prevented
tissue damage. In addition, it decreased the activation of
the inflammatory TLR-4/NF-kB pathway and increased
the expression of HSP70, suggesting that it modulates both
oxidative stress and inflammation associated with heavy
metal toxicity."!" Melatonin has significant protective effects
by preserving organic function markers, reducing oxida-
tive stress biomarkers, and modulating pro-oxidant enzyme
activity, ROS, NO levels, and collagen content.

In addition to hormonal regulators, certain plant-derived
alkaloids also exhibit indirect antioxidant effects. Berberine,
which is a quaternary ammonia salt found typically in Berberis
plants, has shown a remarkable ability to counteract testicular
oxidative damage induced by exposure to mercury chloride
(HgClz). Berberine has antioxidant action through reduction
in lipid peroxidation and nitric oxide levels, as well as in the
restoration of GSH and the reactivation of key enzymes such
as CAT, GR, SOD and GPx. By strengthening these endog-
enous defenses, berberine not only protects testicular tissue
against oxidative stress but also prevents apoptosis, as indi-
cated by the decrease in the expression of caspase-3.!%

Synthetic Chelators

Butylhydroxytoluene (BHT), known for its use as a syn-
thetic antioxidant in the food and cosmetic industry, has
shown a significant protective effect against inorganic mer-
cury (Hg*")-induced damage to PC12 cells. BHT mitigates
the cytotoxicity and mitochondrial apoptosis caused by Hg?*
through a mechanism that includes the inhibition of ROS,
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the improvement of the intracellular content of GSH, and
the restoration of cellular survival pathways such as the Akt,
mTOR, ERK1, Nrf2 and HO1 pathways. Furthermore, BHT
reversed the overexpression of proapoptotic markers such
as p53, Bax, cytochrome c, and active caspase-3. These
results suggest that BHT not only neutralizes oxidative
stress but also increases mitochondrial integrity and cell
viability, making it a potential candidate for therapeutic
strategies  against heavy metal-induced toxicity!*
(Table S2).

Heavy metal toxicity has been evaluated in patients
with chronic kidney disease and cardiovascular disease, as
has the possible therapeutic role of chelation with EDTA in
the conjugated form with Ca and calcium disodium EDTA
(CaNa:EDTA) where referring to the chelating agent used for
heavy metal poisoning. EDTA is a synthetic compound with
an affinity for metals such as Pb and Cd, and its administra-
tion can reduce the body burden of these metals by mobi-
lizing them from their chronic tissue deposits and facilitating
their excretion'?’ (Table S2). This decrease in the tissue levels
of Cd and Pb is associated with a reduction in oxidative
stress caused by a decrease in the intracellular concentration
of ROS, which mitigates lipid peroxidation, damage to cell
membranes, protein oxidation, and DNA damage. Similarly,
the chelation of Pb could reduce its interference with nitric
oxide, improving its availability for vascular smooth muscle,
which could translate into improvements in kidney func-
tion and decreases in blood pressure. This mechanism has
also been proposed for Cd. Finally, it has been hypothesized
that EDTA could have an indirect antiatherosclerotic effect
through arterial or arteriolar decalcification, although this
aspect has not yet been definitively confirmed.

Nanomaterials and Delivery Systems

A promising tool to mitigate the toxic effects of Pb in aquatic
and aquaculture systems is the use of magnetite nanogel
(Fes04) induced by water-borne Pb, which was assessed for
histopathological changes and bioaccumulation of this metal
in African catfish (Clarias gariepinus). MNG, synthesized in
the laboratory, have been shown to exert an antitoxic effect by
efficiently adsorbing Pb ions, thus reducing their bioavaila-
bility and accumulation in tissues, especially in muscles. This
chelating effect prevented the deterioration of liver and kid-
ney functions, as well as the histological damage induced by
Pb."*® In addition, MNG improved the antioxidant immuno-
logical profile of the fish, restoring the cellular redox balance
and promoting tissue regeneration.

The administration of nanoemulsifying CUR (SNEC30)
effectively counteracted the damage by modulating the
endogenous antioxidant system in mice exposed to As. This
compound reduced ROS accumulation and restored the
activity of key enzymes, such as CAT, SOD, and GSH, in the
thymus and spleen.!® By reinforcing these cellular defenses,
SNEC30 prevents the structural and functional dysfunc-
tion caused by oxidative stress, suggesting a mechanism of

action based on the stabilization of the redox balance and the
prevention of ROS-mediated apoptosis.

Synergistic Actions of Chelators and Antioxidants

Beyond isolated compounds, several studies have
evaluated the combined or synergistic effects of antioxidants,
micronutrients, plant extracts, and biological agents. These
strategies aim to enhance endogenous antioxidant defenses,
reduce metal bioavailability, and improve detoxification
through complementary mechanisms rather than single-mol-
ecule activity.!:13"133 We included four reports that analyzed
the synergistic action of antioxidants and chelating agents
across all the categories described. 131133

It affects male and female reproductive function, but
there are some potential therapeutic strategies to counteract
its effects. This metalloid, which is widely distributed in the
environment, alters reproductive function through exces-
sive generation of ROS, which suppresses the HPG axis,
reduces steroidogenesis by inhibiting the enzymes 33-HSD
and 17B-HSD, and induces apoptosis in germ cells. This
review highlights the potential of various antioxidant inter-
ventions, both natural and pharmacological, to restore redox
balance and preserve reproductive functionality.!! In animal
models, the efficacy of compounds such as Pulsatilla nigri-
cans and Momordica charantia in preventing testicular cell
dysfunction and improving As-induced ovarian damage has
been reported. Other phytochemicals with protective effects
include those of plants, spider plants (Chlorophytum boriv-
ilianum), Indian ginseng (Withania somnifera), Christmas
bush (4lchornea cordifolia), and water lettuce (Pistia stratiotes), as
well as agents such as N-acetylcysteine, telmisartan, diphenyl
diselenide, and melatonin. In males, the most studied
compounds include QE, CUR, naringenin, resveratrol, vita-
mins C and E, folic acid, Se, Zn, melatonin, N-acetylcysteine,
alpha-LA, and extracts of green tea, ginger, moringa leaf, seed
grape, thistle (7ribulus terrestris), Indian ginseng, Ginkgo
biloba, and onion (4. cepa). In females, the most prominent
include vitamins C and E, Se, melatonin, CUR, resveratrol,
folic acid, naringenin, Zn, and extracts of ginger, moringa
leaf, grape seed, onion, N-acetylcysteine, and alpha-LA.
These compounds benefit the preservation of reproductive
function by mitigating oxidative stress, restoring hormonal
activity, and improving cell viability."!

Some phytochemical compounds can mitigate the silent
toxicity induced by heavy metals such as As, Cd, Pb, and Hg.
In their analysis, they highlighted flavonoids and phenolic
compounds such as QE, hesperidin, hesperetin, EGCG, CUR,
ferulic acid, and EA, all of which have antioxidant and chelating
properties. Plant extracts widely used in traditional medicine,
such as garlic (4. sativum), Centella asiatica, Aloe vera, spir-
ulina, and ginger (Zingiber officinale), act by reducing oxida-
tive stress, activating endogenous enzymes (SOD, CAT, GPx,
and GSH), and modulating cellular pathways such as the Nrf2/
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ARE pathway."! These natural compounds are promising strat-
egies to counteract the progressive cellular damage induced by
chronic exposure to heavy metals.

Various other compounds and extracts that mitigate Cd
toxicity in fish, including minerals such as Zn, Se, Ca and Fe
in different forms, enrichments and combinations, improve
defense against stress by regulating altered levels of antiox-
idant enzymes such as CAT, SOD and GPx and reduce the
accumulation and absorption of Cd in organs, thus lowering
the levels of MDA and MT. Vitamins such as A, E, and C,
in various forms and combinations, are also effective in
reducing the accumulation of Cd in tissues and attenuating
oxidative stress by decreasing lipid peroxides and increasing
the activity of SOD and CAT. Plants rich in phytochemicals
such as garlic, propolis, turmeric, wakame, liquorice, tomato,
CUR, rosemary, and duckweed decrease the concentration of
Cd in tissues and lipid peroxidation, preventing the altera-
tion of stress enzymes and increasing the activity of proteins
such as metallothionein.'* Probiotics, including Bacillus spp.
Lactobacillus spp. and their enriched forms regulate anti-
oxidant enzymes such as SOD, MDA, CAT, GST, and GPx
in different tissues and decrease the accumulation of Cd in
tissues. Other agents, such as taurine, melatonin, bentonite,
chitosan, zeolite, and metallothionein, also contribute to
reducing the adverse oxidative effects of Cd toxicity by regu-
lating the levels of different enzymes, increasing the tran-
scription of antioxidant genes, and improving fish tolerance.

Several compounds and extracts can also mitigate Cd
toxicity through various antioxidant mechanisms. Vitamins,
such as C (ascorbic acid) and E, and minerals, such as Zn,
Se, Ca, and Fe, play crucial roles in reducing oxidative stress
and the accumulation of Cd in tissues. In particular, vitamin
C plays an important role in the elimination of excess ROS
in cells exposed to abiotic stress, including stress caused by
metals such as Cd. Phytochemicals present in plants such
as turmeric, rosemary, tomato, garlic, and propolis, as well
as specific compounds such as rutin, chrysin, and naringin,
contribute to antioxidant defense, reducing lipid perox-
idation and restoring redox homeostasis.'** Probiotics,
including Bacillus spp. and Lactobacillus spp., regulate anti-
oxidant enzymes and decrease the accumulation of Cd in
tissues. Additionally, compounds such as taurine, melatonin,
bentonite, zeolite, and metallothionein protect against the
adverse effects of Cd by neutralizing free radicals, improving
Cd tolerance, and promoting metal excretion. For example,
melatonin is an antioxidant agent with great potential to
protect organisms under conditions of very high oxidative
stress. Additionally, in this same review, it was reported that
increasing the concentration of Se reciprocally increases the
activity of key antioxidant enzymes (GPx, CAT, and SOD)
and ROS; decreases MDA; and protects DNA, proteins, and
cell membranes from oxidative damage. In addition, it acts
as a chelator, reducing the absorption and accumulation of
Cd, restoring enzymatic function, and modulating proteins
related to metal stress. Some minerals, such as Zn, Ca, Si,

Mg, and Mn, also offer protection by decreasing oxidative
stress, regulating ionic homeostasis, and increasing antioxi-
dant activity. In particular, Zn mitigated the neurotoxicity and
mitochondrial damage induced by Cd, restoring gene expres-
sion and mitochondrial function.'3

Future Perspectives of Chelating Agents

The antioxidant and chelating potential of natural substances
to mitigate the impacts of heavy metal poisoning. Studies of
different sources of these compounds, including the most
prominent cyanobacteria, algae, plant and fruit extracts, pol-
ysaccharides, probiotics, minerals, vitamins, and isolated
substances such as hormones and derivatives, organic acids,
flavonoids, and phenolic compounds, have been conducted.
Terpenes and carotenoids, alkaloids and nanomaterials. These
studies highlight the ability of these compounds to neutralize
the damaging impacts of metals such as Cd, Pb, Hg, and As.
The processes through which these compounds carry out their
antioxidant and chelating actions are attributed to their
remarkable ability to neutralize ROS species and modify cel-
lular antioxidant pathways. Furthermore, they can inhibit
inflammatory processes (via NF-«kB and TNF-a) and reduce
the bioaccumulation and toxicity of metals such as Cd, Pb,
As, Hg, Cu, and Zn. To contextualize future perspectives on
chelating and antioxidant strategies, Figure 5 provides an
integrated overview of the main toxicological pathways
induced by heavy metals and the cellular mechanisms tar-
geted by current and emerging mitigation approaches (Figure 5).

Consistently, the relevance of compounds such as
polyphenols, flavonoids, Se, and metallothioneins in the
neutralization of ROS and the reduction in the bioavaila-
bility of heavy metals. However, few studies have focused on
sources such as cyanobacteria and algae, as well as compounds
such as melatonin and GSH, expanding the range of natural
protective agents recognized in the literature. Additionally,
this analysis confirmed that the most frequently mentioned
antioxidant mechanisms include the activation of endoge-
nous antioxidant enzymes (SOD, CAT, GPx), the increase in
intracellular GSH, the limitation of lipid peroxidation (reduc-
tion in MDA), and the regulation of signaling, such as PI3K/
Akt, MAPK, and FoxO.

The development of antioxidants is promising due to
different sources, such as C. vulgaris, AEON, and Se, which
could act as promising natural antioxidants and potential
therapeutic agents to face the global challenge of heavy metal
pollution.®’ Similarly, some diets rich in antioxidant and
chelating components can be an effective additional method
to avoid the damaging impacts of heavy metals, especially
in communities that are exposed to high levels of environ-
mental pollution. In addition, the compounds identified in this
research could be beneficial in the development of nutraceuticals
or complementary therapies for diseases linked to exposure to
heavy metals aimed at groups in vulnerable situations (Figure 4).
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Future research is recommended to better understand
the mechanisms of action of antioxidant and chelating
compounds, as well as their efficacy in different population
groups and situations of exposure to high-density metals.
It is crucial to carry out well-organized clinical studies
that evaluate the impact of dietary interventions or supple-
ments on people’s health, intending to establish effective
doses, specific procedures, and safety in their application.
In addition, it would be interesting to investigate the ability
of these compounds to clean contaminated environments
and create public policies aimed at reducing exposure
to heavy metals, promoting the use of agro-industrial
byproducts loaded with bioactive compounds, and devel-
oping educational and public strategies that promote the

consumption of healthy food that offers protection against
these metals.!?!133

Conclusion

A growing body of scientific evidence highlights the signifi-
cant potential of natural compounds as powerful allies in
addressing heavy metal toxicity. These bioactive agents,
including polyphenols, flavonoids, Se, metallothioneins, and
innovative nanomaterials, function through a variety of
mechanisms. They can neutralize ROS, enhance endogenous
antioxidant pathways, suppress inflammatory signaling, and
limit the bioavailability and tissue accumulation of harmful
metals such as Cd, Pb, Hg, and As. Importantly, the synergy
between certain antioxidants and chelators presents promis-
ing opportunities for improved protective efficacy. While
most current data come from in vitro and animal studies,
these compelling biochemical insights lay a strong founda-
tion for translating findings into applications that benefit
human health. The potential to integrate these natural com-
pounds into functional foods, nutraceuticals, or therapeutic
protocols represents a new frontier in preventive nutrition and
environmental health. Additionally, these agents could trans-
form environmental remediation practices by reducing
the bioavailability of metals in contaminated ecosystems.
Well-designed human trials must be conducted to determine
safe dosages, efficacy, and long-term safety profiles, laying
the groundwork for evidence-based public health interven-
tions. Future efforts should also explore environmental
applications, incorporating policy measures that promote sus-
tainable practices, reduce exposure sources, and foster educa-
tional initiatives emphasizing the importance of a diet rich in
protective phytochemicals.

Study Limitations

Some of the obstacles that emerged in the review include the
diversity in the experimental designs and study models used
(in vitro, in vivo, and in silico), which complicated the direct
comparison of the results. The quality of the studies also var-
ied, and although a strict method was applied for the choice of
articles, the inclusion of some significant studies could have
been excluded. Additionally, the review focused on texts in
English, Spanish, and Portuguese, which could have generated
language bias. Similarly, not all studies accurately specify the
biochemical mechanisms involved or measure the level of
mitigation achieved, and a poor representation of clinical
investigations in humans has also been noted.
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