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Abstract: Polysaccharides are functional foods or drugs that can be used to alleviate heavy metal
poisoning by cadmium, lead, mercury, and arsenic. Industries generate substantial quantities of toxic
heavy metal wastes, such as wastewater discharges, paints, electronic waste, batteries, pigments,
and plastics, into the environment that pose a risk to human health. Therefore, it is imperative to
eliminate accumulated heavy metal ions from the body and the environment. Heavy metal toxicity
can lead to decreased energy levels and impair the functioning of vital organs, such as the brain,
lungs, kidneys, liver, and blood. Prolonged exposure can result in progressive physical, muscular,
and neurological degeneration that resembles conditions such as multiple sclerosis, Parkinson’s
disease, Alzheimer’s disease, and muscular dystrophy. Polysaccharides operate through mechanisms
such as chelation, antioxidant defense, immunomodulation, and tissue repair. Polysaccharides
involved in heavy metal removal include methionine and cysteine, together with N-acetylcysteine,
an acetylated form of cysteine, S-adenosylmethionine, a metabolite of methionine, «-lipoic acid, and
the tripeptide glutathione (GSH). These compounds effectively bind with harmful heavy metals to
create a stable complex and defend biological targets from metal ions, thus decreasing their harmful
effects and causing them to be excreted from the body. This review also highlights the importance
of polysaccharides’ ability to mitigate oxidative stress, enhance immune responses, and support
tissue repair processes. Polysaccharides are ubiquitous in nature and take part in diverse processes,
making them potential natural therapies for heavy metal-related diseases. This review discusses the
effectiveness of natural polysaccharides and the mechanisms that allow them to bind with heavy
metals to alleviate their effects from the body and the environment. Polysaccharides have inherent
features that enable them to function as pharmacological agents and regulate the immune response.

Keywords: polysaccharides; heavy metals; alleviation; chelating agent; microbiota

1. Introduction

Heavy metals are distinct metallic elements and compounds that possess the capacity
to pose a threat to human health. Cadmium (Cd), lead (Pb), mercury (Hg), and arsenic (As)
are substances that commonly exist in small quantities in the environment. When consumed
in higher dosage, they pose a risk to human health. Typically, millions of individuals
worldwide are exposed to these metals by ingestion (consumption through eating or
drinking) or inhalation (breathing in). Engaging in agricultural activities involving the
application of mineral fertilizers, and residing or working close to an industrial site that uses
these metals and their compounds increase the possibility of exposure. Similarly, residing
near a location where these metals have been inadequately disposed of also poses a risk of
exposure [1]. Subsistence, and hunting and gathering activities can also pose a great risk
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of exposure. Metals may have been the earliest poisons recognized by humans, with lead
extraction dating back to 2000 B.C., and arsenic and mercury mentioned by Theophrastus
of Eresos and Pliny the Elder [2] whereas cadmium was discovered in 1817 [2] Fewer than
30 metals have been documented to have dangerous effects on humans, with approximately
80 of the 118 elements classified as metals [2]. Heavy metals harm the body by binding to
reactive groups necessary for physiological functioning, interacting with oxygen, sulfur,
and nitrogen ligands, and forming complexes with proteins, which are influenced by
age, development stage, lifestyle, and immunological conditions [3-5]. According to
epidemiological studies, heavy metal exposure has been linked to chronic diseases like
neurological problems, diabetes, cancer, and respiratory, cardiovascular, kidney, and skin
ailments [6-8].

The principle of chelation is rooted in basic coordination chemistry. However, the
development of an optimal chelator and chelation therapy that effectively eliminates a
particular harmful metal from a specific location in the body requires a comprehensive
approach for drug design. Chelating agents are substances, either organic or inorganic, that
have the capacity to bind metal ions and create complex structures known as ‘chelates’.
Bidentate chelates have atoms that bind to ligands through either two covalent connec-
tions or one covalent and one coordinate linkage. Chelation therapy has traditionally
been employed to decrease the accumulation of harmful metals in the bodies of severely
symptomatic patients with high biological indicators [9-11]. Chelating substances can
influence the toxicity of metals by facilitating the movement of the harmful metal into urine.
A chelating agent, which can create a stable complex with a harmful metal, can protect
biological targets from metal ions, thus decreasing its harmful effects in the surrounding
area [12]. The precipitation of metal sulfides is a highly efficient technique for eliminating
heavy metal ions. An important benefit of utilizing sulfides is the reduced solubility of
metal compounds in comparison to hydroxide precipitates [13-16].

The primary way to address heavy metal poisoning is to bind and alleviate accumu-
lated heavy metals from the human body and reduce their toxic impact on organisms.
The conventional approach primarily uses polysaccharides, chelating agents, antioxidant
defense, and immunomodulation to alleviate heavy metal ions. Polysaccharides possess
distinctive chemical bonds and functional groups that enable their effective elimination of
heavy metals. Multiple investigations have additionally verified that polysaccharides have
the capacity to alleviate heavy metal toxicity [17]. Current research attributes the adsorption
mechanism of polysaccharides for heavy metals to the mix of chemical groups (such as
hydroxyl, carbonyl, sulfhydryl, etc.) and the unique spatial structure of polysaccharides.
This combination allows the polysaccharides to form complexes with other metal ions.
Conversely, plant polysaccharides have gained significant attention in studies because of
their various biological properties, including antioxidant, hypoglycemic, anti-inflammatory,
and gut flora regulation capabilities [18-20]; however, there is a scarcity of studies docu-
menting the capacity of polysaccharides derived from plants to adsorb heavy metals, and
the underlying mechanism of this adsorption process remains unclear. The potential of
polysaccharides to enhance the elimination of toxins from the human body is significant.
Several studies have investigated the elimination of heavy metals by using polysaccharides.
Nevertheless, when discussing the topic of polysaccharide adsorption of heavy metals,
many studies predominantly emphasize the adsorption of heavy metals by fungal polysac-
charides [21-24], bacterial extracellular polysaccharides [25,26], chitosan [27], and others.
Immunity, as the body’s inherent defense mechanism, plays a crucial role in combating in-
fectious diseases and regulating inflammation caused by heavy metal toxicity. Individuals
with compromised immune systems are susceptible to a range of infections and tumors
owing to weakened immune surveillance caused by low immunological function. Specific
monosaccharides, such as galactose, mannose, rhamnogalacturonan-I, arabinogalactan, and
uronic acid, are strongly linked with immunological enhancement. Chemical alterations
of polysaccharides can enhance their biological activity and potentially generate novel
functionalities [28].
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This review explores the generalizability of the therapeutic effectiveness of polysaccha-
rides in mitigating heavy metal toxicity and promoting recovery from illnesses. It focuses
on their roles in chelation, antioxidant defense, immunomodulation, and tissue repair,
emphasizing the need for further research. Polysaccharides have inherent features that
enable them to function as pharmacological agents and regulate immune responses.

2. Characteristics of Polysaccharides

Polysaccharides are macromolecules that undergo a wide range of structural mod-
ifications, making them extremely interesting and adaptable in terms of their functions.
Their composition has a far higher level of complexity than other naturally occurring
macromolecules, such as proteins and nucleic acids. Polysaccharides are composed of
more than ten monomers, referred to as monosaccharides, which can vary in number
from eleven to several thousand. Polysaccharides can be composed of either one type of
monomer (homoglycans) or numerous types of monomers (heteroglycans), and each unit
can be connected to the others in various ways. As a result, they can arrange themselves in
either linear or branched structures, form circular shapes, and include components such
as proteins and lipids. Thus, it can be inferred that an unlimited array of polysaccharide
structures exists (Figure 1) [29,30].
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Figure 1. Classification of polysaccharides (A), homopolysaccharides (B), and heteropolysaccharides
(C) of different types of natural polysaccharides. Note: GAGS means Glycosaminoglycan.

Polysaccharides are foods or drugs that offer a broad array of applications and advan-
tages in diverse sectors. Their economic advantages include the following: (1) Polysaccharides
are common in nature and can be obtained from renewable plant and microbial sources, de-
creasing dependence on non-renewable resources. (2) Polysaccharides are more cost-effective
than their synthetic counterparts, which enhances their appeal for industrial use. Their phar-
maceutical and medical advantages include the following: (1) Polysaccharides can serve as
medication transporters, safeguard medicines from degradation, and facilitate regulated re-
lease. (2) Polysaccharides have wound-healing properties and can be utilized in dressings and
ointments for wound treatment. Their food benefits include the following: (1) Polysaccharides
can serve as fat substitutes in low-fat food items, enhancing their nutritional composition.
(2) Specific polysaccharides function as prebiotics, stimulating the proliferation of beneficial
gut bacteria and enhancing gut health. (3) Polysaccharides are utilized in the food industries
to enhance the texture, stability, and shelf life of food items.

Homopolysaccharides

e Contain a single type of monomer.
e  Storage of monomer: glycogen in animals; starch in plants.
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e  Structural elements: cellulose in plants, chitin.
Heteropolysaccharides

Contain two or more types of monomer.
Extracellular support.

Bacterial cell wall.

Extracellular matrix of animals.

Natural polysaccharides are frequently used to develop solid pharmaceutical formu-
lations. They are affordable and easily accessible from a diversity of sources including
plants, animals, microbes, and marine species. Polysaccharides exhibit a diverse array of
qualities and possess excellent stability, safety, low toxicity, and a broad variety of solubility
characteristics [31]. Polysaccharides in organisms serve as both a source of energy for
cellular processes and structural elements that are often hydrophilic and can be broken
down by enzymes. Polysaccharides display a remarkable range of characteristics as a
result of distinct variations in their structural arrangement, including the composition of
monosaccharide units, the connections between chains, the length of the chains, and their
shapes. These factors affect properties such as solubility, the ability to form gels, flow
behavior, and surface characteristics [32].

Polysaccharides are the predominant type of carbohydrate found in nature. They
are characterized by their chemical structure, which consists of units of monosaccharides
linked with glycosidic bonds. These units can be either sugar residues linked together or
covalently bonded to other structures, such as peptides, amino acids, and lipids.

2.1. Sources of Polysaccharides

Polysaccharides of natural origin can be derived from diversified sources (Figure 2),
such as algae (e.g., alginate), plants (e.g., pectin, gums), microbes (e.g., dextran), and
animals (e.g., chitosan) [33,34], and can be regarded as crucial functional substances that
perform significant functions in several physiological and biological processes, such as an-
tioxidant, anticancer, anti-hyperglycemic, and immunological regulatory activities [35,36].
The utilization of microbial polysaccharides in biotechnology and biological sciences began
several years ago [35,36].
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Figure 2. Natural polysaccharide sources.
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2.2. Structural Diversity of Polysaccharides
2.2.1. Cellulose

Cellulose is a polysaccharide composed of glucose units bound by (3-1,4-glycosidic
linkages. It is a complex carbohydrate. Cellulose is the predominant organic compound
found on Earth and plays a vital role in the cell walls of plants, imparting strength and
rigidity to their structure [37]. Cellulose aid as the main source of dietary fiber for both
humans and animals. Cellulose is a non-soluble linear polymer that creates lengthy, straight
chains that are connected to each other through hydrogen bonds, resulting in the formation
of microfibrils. The microfibrils form in pairs to create macrofibrils, which provide the
plant cell wall with durability and rigidity (Figure 3) [38].
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Figure 3. Cellulose from trees with its structure (A), dextran from bacteria with its structure (B),
alginate from brown algae with its structure (C), chitin from mushrooms with its structure (D), and
hyaluronic acid/hyaluronan from whale skin with its structure (E).

The chemical composition is given by the simplified formula (3-D-glucose)n. The
variable “n” in the formula denotes the quantity of glucose units that are interconnected
to create the polymer [39]. The (3-1,4-glycosidic bond connects the C-1 and C-4 carbon
atoms of the adjoining glucose units, creating a straight chain of glucose molecules. The
hydroxyl (OH) groups on each glucose unit were positioned in alternating up- and down-
orientations. Cellulose is a homopolysaccharide with the chemical formula (C¢H;9Os)n.
It can be hydrolyzed to produce glucose (C4H120g). The number of repeated units per
chain length varies depending on the source. The glucose units in cellulose are linked
through hydrogen bonds in a repetitive manner. Within each repeating unit, six hydroxyl
groups engage in intramolecular and intermolecular hydrogen bonding with cellulose
chains, resulting in the formation of microfibrils [40,41].
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However, nanocelluloses containing metal-binding groups, including sulfonate, car-
boxylic, and phosphate groups, can eliminate heavy metal ions from polluted water. Liu P.
et al. investigated the adsorption behavior of Ag(I), Cu(Il), and Fe(IIl) ions on four different
types of nanocellulose biopolymers: sludge cellulose nanocrystals (CNCg] ), bioethanol
cellulose nanocrystals (CNCpg), phosphorylated cellulose nanocrystals from sludge (phos-
CNCgy,), and phos-CNFgp, [42]. The plant polysaccharides could exert antitumor activity
through different mechanisms, which included preventing oncogenesis, improving im-
mune response, inducing tumor cells apoptosis, and inhibiting tumor cell proliferation [43].
Cellulose, a naturally occurring polysaccharide derived from plants and trees, is recognized
as a biodegradable and environmentally sustainable resource within the natural world.
Cellulose molecules possess numerous active hydroxyl groups that demonstrate the poten-
tial for substitution with alternative functional groups [44,45]. The adsorption capacity of
heavy metal ions has been shown to be around 40-80% higher in modified cellulose as com-
pared to unmodified cellulose [46,47]. For example, cellulose that underwent modification
with a sulfo group exhibited a higher adsorption capacity compared to cellulose that was
not treated [48,49]. In general, the process of modifying and functionalizing cellulose can
effectively eliminate several heavy metal ions concurrently. Wastewater contains a diverse
range of heavy metal ions [50]. Several reports have been published regarding this research.
For example, Guclu et al. (2003) [51] identified four distinct categories of cellulose graft
copolymers that effectively removed Pb?*, Cu?*, and Cd** from aqueous solutions. The
removal of Cd?* and Cu?* from aqueous solutions has been observed in cellulosic materials
that incorporate grafted polyacrylonitrile and poly (acrylic acid) molecules [52]. Recently,
researchers have reported the use of modified cellulose hydrogels for adsorbing heavy
metal ions through an ion-exchange mechanism [53]. The modified cellulose hydrogels
exhibited maximal absorption capacities of 157.51, 393.28, and 289.97 mg g’l for Cu?",
Pb?*, and Cd?*, respectively. The adsorption of heavy metal ions via chemisorption has
been observed in a cellulose nanofiber membrane functionalized with thiol groups [54].
Langmuir isotherm analysis revealed adsorption capabilities of 49.0 mg g~ ! for Cu?*,
459 mg g*1 for Cd?*, and 22.0 mg gfl for Pb%*.

2.2.2. Dextran

Polysaccharides like dextran are abundant sources of chemically diverse and func-
tionally distinct chemical components. They also have the added benefit of being easily
modified through simple chemical processes. Dextran is a group of neutral polysaccha-
rides that have a complicated structure consisting of around 5-10% branching units linked
together through (1,3) «-linkages. Additionally, it has a main linear backbone made up of
(1,6) x-D-glycoside residues. The compound originated from bacterial sources and contains
three hydroxyl functional groups per glucose molecule (Figure 3) [55], which are conducive
to the interaction with dyes and heavy metal cations. Dextran-graft-poly(hydroxyethyl
methacrylate) gels were used as a biosorbent to eliminate dye and heavy metal cations [55].
The investigation focused on the removal of copper ions (Cu?*) through the utilization of
water-soluble porphyrins and dextran. The rapid removal of Cu?* can be achieved through
the utilization of dextran, resulting in the formation of a [(TMPyP) Cu]** complex. The
addition of acetone further enhances the removal efficiency, enabling the removal of nearly
100% Cu?* [56]. AD-MPDVBs, nanoparticles coated with submicron aminodextran and
magnetic poly(divinylbenzene), were synthesized as magnetic adsorbents to eliminate
Cu(Il), Pb(IT), and Zn(II) ions from water-based solutions. The AD-MPDVBs demonstrated
a notable and rapid capacity to adsorb Cu(ll), Pb(II), and Zn(II) ions, with equilibrium
occurring within a time frame of 30 min. Equilibrium investigations revealed that the
adsorption of Cu(II), Pb(Il), and Zn(Il) adhered to the Langmuir isotherm model. The
AD-MPDVBs exhibited maximum sorption capacities of 11.62, 100, and 40 mg/g for Cu?*,
Pb%*, and Zn?*, respectively [57].
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2.2.3. Alginate

Sodium alginate is a naturally occurring polysaccharide that can be derived from
brown algae. Sodium alginate possesses unique characteristics such as strong biocompati-
bility, biodegradability, and renewability. Furthermore, many of the hydroxyl and carboxyl
groups exhibit a strong attraction towards heavy metal ions, making them highly adsorbent.
Nevertheless, sodium alginate exhibits relatively low mechanical strength, stability, and
heat resistance (Figure 3) [58-60]. Hence, physical or chemical alteration is typically em-
ployed to improve its suitability for heavy metal adsorption. Traditionally, the techniques
used to modify sodium alginate-based adsorbents include surface grafting, cross-linking,
and combining with other materials to form composites [61,62]. Surface grafting primarily
improves the specificity for desired metal ions and raises the capacity to absorb metals,
while cross-linking can modify chemical resistance and mechanical strength [63]. Blending
sodium alginate with other substances can enhance both the adsorption capabilities and
the physical characteristics of the composite materials [64,65]. A study demonstrated the
efficacy of cobalt ferrite nanoparticles (CF), titanate nanotubes (T), and their alginate-based
nanocomposites (CF/G, T/G) as highly suitable materials for adsorbing metal ions. The ad-
sorbents produced exhibited removal efficiencies ranging from 60% to 100% for Fe3*, Cu?,
and As* ions under the specified circumstances. Both CF and T achieved the complete
elimination of Fe>* at a pH of 6.5 and after a treatment duration of 2 h [66]. Papageorgiou
et al. [67] investigated the process of sequestering Cu?* and Cd?* ions through biosorption
onto calcium alginate beads. They found that sorption occurs through a competitive mech-
anism in solutions containing several metals. Nevertheless, the elimination of heavy metals
was mostly accomplished by adsorption onto alginate beads.

2.2.4. Chitin

Chitin is a homopolymer polysaccharide composed of [poly-(3-(1,4)-N-acetyl-D-glucos-
amine]. It is present in the cell walls of fungi, yeast, and other invertebrates, such as shrimps
and crabs (Figure 3) [68]. Chitin is present in the exoskeletons of crabs and prawns as
well as in the intricate structure of marine sponges belonging to the Verongida order [69].
Ehrlich et al. were the pioneers in extracting chitin from sea sponges using a process
involving alternating incubation in a weak sodium hydroxide solution and acetic acid [70].
The chitin of pink shrimp was shown to absorb Pb?* from aqueous solutions [71]. The
highest level of adsorption was determined to be 99.7% at a pH of 9, after a contact period
of 200 min, using a biosorption dosage of 5 g/L, and an initial lead concentration of
20 mg/L. The experiment was conducted at a temperature of 30 °C with an agitation speed
of 200 rpm. Xiong investigated the utilization of chitin for the adsorption of CdZ* [72]. The
highest level of removal was achieved at pH 5.41. A positive correlation was observed
between the temperature increase from 288 to 318 K and the corresponding increase in
absorption efficiency from 87.1 to 102 mg/g. The FTIR spectra obtained before and after
the adsorption of Cd?* indicated the participation of acetylamino and hydroxyl groups
in the metal removal process. A negative value of the Gibbs free energy was determined,
indicating the viability and spontaneity of the adsorption process. The measured activation
energy was determined to be 63.1 k] /mol, which falls within the range of 40-800 kJ /mol
and suggests the occurrence of chemisorption. Mohan and Syed Shafi [73] conducted
a study investigated the efficacy of a chitin/polyethylene glycol binary blend for Cd?*
removal. The change in pH from 4 to 8 was observed to have an impact on the absorption
of metals. The optimal pH value was observed at pH 5.5, but pH values over 5.5 resulted
in a decrease in adsorption due to the precipitation of Cd** as Cd(OH),. Equilibrium was
attained after a contact time of 210 min.

2.2.5. Hyaluronic Acid/Hyaluronan

Hyaluronic acid is a polymer composed of D-glucuronic acid and N-acetyl-D-glucosa-
mine units connected with 3-1,4 and 3-1,3 glycosidic bonds. It typically has a large molec-
ular weight and is primarily found in its negatively charged form in the body’s natural
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environment [74-76]. It is synthesized within the plasma membrane, serves as a crucial
constituent of the extracellular matrix, and plays a significant role in cell motility and pro-
liferation. As a result, it is extensively dispersed throughout animal tissues (Figure 3) [75].
The as-synthesized Fe;O,@SiO,-HA microspheres can be used as an effective adsorbent for
the removal of copper ions from an aqueous solution [77]. Wang investigated the efficacy of
a hydrogel composed of hyaluronic acid methacrylate (HAMA) for the adsorptive removal
of lead (Pb(Il)) ions from aqueous solutions [78]. A suggested adsorption mechanism was
presented, which was associated with the reported analytical performance of the device.
This mechanism was then supported by experimental evidence. The adsorption capability
of the device by hyaluronic acid was attributed to both the molecular interactions arising
from the HAMA hydrogel and the electrochemical accumulation originating from the
electrode beneath.

3. Mechanism of Heavy Metal Toxicity
3.1. Common Heavy Metals of Concern
3.1.1. Cadmium and Its Mechanism of Toxicity

Cadmium (Cd), despite being uncommon, is naturally present in soil and minerals,
including sulfides, sulphates, carbonates, chlorides, and hydroxide salts, as well as in
water. Excessive concentrations of Cd in water, air, and soil may increase as a result
of industrial work, leading to significant human exposure to Cd [79]. Furthermore, the
ingestion of contaminated food results in substantial Cd exposure. Exposure to Cd can also
occur through smoking, which can increase the levels of Cd in the blood and urine. The
occurrence of Cd in polluted water has the potential to disrupt essential body functions,
which may lead to both immediate and prolonged disease [80-82]. It is a residual product
of zinc manufacturing that can potentially expose humans and animals to occupational or
natural environments. Following human absorption, this metal progressively accumulates
within the body over the course of its lifetime. Originally, it was developed as a tin substitute
during World War I; this metal was also applied in the paint industry as a pigment. Workers
may be exposed to Cd in industries such as alloy, battery, and glass production, as well
as electroplating. Given the significance of this topic, certain countries regularly conduct
air monitoring to assess the concentration of Cd [83]. Plants slowly absorb this metal
from the soil, accumulating and concentrating it; Cd then moves along the food chain,
ultimately reaching the human body. Cd pollution has been detected in rice, wheat, and
seafood [84]. Research studies have indicated that in China, the cumulative extent of land
contaminated by Cd exceeds 27,181.000 acres, and the yearly quantity of Cd industrial
waste released into the environment is estimated to exceed 680 tons. Environmental Cd
exposure is significantly greater in Japan and China than in other countries [85]. Cadmium
is a highly poisonous heavy metal that is not essential for cell function. It is known to have
a negative effect on the enzymatic systems of cells, causing oxidative stress and resulting
in nutritional deficiencies in plants [86]. The precise mechanism of Cd toxicity remains
unclear, although its impact on cellular functions is widely known [87]. The binding of
cadmium to cysteine-rich proteins, such as metallothionein, results in a 3000-fold increase in
the cadmium concentration. The cysteine-metallothionein complex induces hepatotoxicity
in the liver and then circulates to the kidney, where it accumulates in renal tissue, causing
nephrotoxicity. Cd can form complexes with cysteine, glutamate, histidine, and aspartate
ligands, which can result in iron deficiency [88]. The toxic dose of cadmium in humans is
influenced by factors such as the method of exposure (e.g., inhalation, ingestion, or skin
contact), the length of exposure, and individual vulnerability. Cadmium is a poisonous
heavy metal that builds up in the body, mainly in the kidneys and liver, and can have
harmful health consequences (Table 1). The lowest lethal dose of Cd is 5 gr in a 70 kg
man [89]. Cd and Zn share identical oxidation states, allowing Cd to substitute Zn in
metallothionein. Consequently, this substitution hinders the capacity of metallothionein to
scavenge free radicals within the cell.
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3.1.2. Lead and Its Mechanism of Toxicity

Lead (Pb), a highly poisonous metal, has created significant environmental pollution
and health issues worldwide owing to its ubiquitous usage. Pb is a shiny, silver-colored
metal that appears slightly bluish in dry climates. Upon exposure to air, it undergoes
oxidation, resulting in the formation of a diverse array of chemicals, which vary depending
on specific conditions. The primary sources of Pb are gasoline and home paints. However,
lead exposure has also been linked to other sources, such as lead bullets, plumbing pipes,
pewter pitchers, storage batteries, toys, and faucets [90]. The environment has become
contaminated by lead and its compounds as a consequence of human activities, such as
mining, manufacturing, and burning fossil fuels. This contamination affects air, water,
and soil. Lead is a harmful environmental contaminant that exhibits significant toxicity to
several organs. Although lead can be absorbed through the skin, the majority of absorption
occurs through the respiratory and digestive systems. Vehicle exhaust in the US discharges
an annual amount of lead ranging from 100 to 200,000 tons. The presence of Pb in the
general public is primarily attributed to either food or drinking water, as it can be absorbed
by plants, fixed in the soil, and enter water bodies [91]. The internationally recognized
threshold for concern regarding Pb poisoning is a blood level of 10 ug/dL [92,93].

The presence of Pb in live cells results in toxicity via both ionic mechanisms and
oxidative stress. Several studies have demonstrated that oxidative stress in living cells
arises from an imbalance between the formation of free radicals and the generation of
antioxidants, which are responsible for neutralizing reactive substances or repairing the
consequent harm.

Moreover, Pb has the possibility to disrupt the equilibrium of the antioxidant system
and trigger inflammatory reactions in multiple organs. Pb exposure can cause changes in
the body’s physiological system and is linked to multiple diseases (Table 1) [94-96].

Pb is a highly hazardous substance with detrimental effects on neurological, biological,
and cognitive functions in the human body. The primary cause of lead toxicity is the
capacity of lead metal ions to displace other divalent cations, such as Ca?*, Mg?*, and Fe?*,
and monovalent cations, such as Na*. This disruption ultimately interferes with biological
processes. The ionic mechanism of Pb toxicity induces substantial alterations in diverse
biological processes, including cell adhesion, intra- and inter-cellular signaling, protein
folding, maturation, apoptosis, ionic transportation, enzyme control, and the release of
neurotransmitters. Even at extremely low concentrations, Pb can replace calcium and
affect the function of protein kinase C, a crucial regulator of brain excitation and memory
formation [97].

3.1.3. Mercury and Its Mechanism of Toxicity

Mercury (Hg) is a naturally occurring metallic element with a shiny silver-white
appearance in the form of a liquid. It is odorless and transforms into a colorless and
odorless gas when exposed to heat. Mercury is highly poisonous, and tends to accumulate
in living organisms. The presence of Hg has a negative impact on marine ecosystems;
therefore, many studies have focused on the distribution of Hg in water. Mercury is
present in the atmosphere, water, and soil, and can be found in three different states:
elemental or metallic mercury (Hgo), inorganic mercury (Hg™, Hg2+), and organic mercury
(typically methyl or ethyl mercury) [98]. Mercury is commonly used in thermometers,
barometers, mercury arc lamps, fluorescent lamps, and catalysts. Furthermore, it has
applications in the pulp and paper sectors, serves as a constituent in batteries, and is
utilized in dental preparations such as amalgams. Elemental mercury exists in a liquid
state at room temperature and can be easily transformed into vapor. The gaseous state of
Hg is riskier than its liquid state. Container breakup leads to the release of Hg?, which
can be lethal when inhaled in large quantities. Organic mercury compounds, like methyl
mercury (Me-Hg) and ethyl mercury (Et-Hg), exhibit higher toxicity than their inorganic
counterparts do. The hierarchy of Hg toxicity, in ascending order, is as follows: Hg < Hg?*,
Hg* < CH3-Hg [99].
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Mercury is widely recognized as a dangerous metal, and its toxicity frequently leads
to acute heavy metal poisoning. In 1997, the American Association of Poison Control
Centers documented 3596 instances of mercury poisoning. Methylmercury is a neurotoxic
compound that causes microtubule disintegration, mitochondrial damage, lipid oxidation,
and the buildup of neurotoxic chemicals such as serotonin, aspartate, and glutamate [100].
According to the Environmental Protection Agency and the National Academy of Science,
approximately 8-10% of American mothers possess mercury levels that would induce
neurological issues in the children they give birth to [101]. Mercury has a significant
impact on tertiary and quaternary protein structures, causing damage and the disruption of
cellular functions. This occurs when mercury binds to selenohydryl and sulfhydryl groups,
leading to reactions with methyl mercury, which impairs cellular structure. It exhibits
liquid properties and is efficiently absorbed by the gastrointestinal tract, lungs, and the skin.
It has the ability to traverse the placenta and enter the breast milk. Chronic exposure to a
substance can lead to toxicity that affects the central nervous system (CNS) (Table 1). The
symptoms evolve from paresthesia to ataxia, and then develop into generalized weakness,
vision and hearing impairment, tremor, and muscle stiffness, ultimately resulting in coma
and death [102].

3.1.4. Arsenic and Its Mechanism of Toxicity

Arsenic is a significant heavy metal that raises concerns from both ecological and
individual health perspectives [103]. Arsenic is the 20th most prevalent element on the
planet, and its inorganic modifications, like arsenite and arsenate compounds, can cause
damage to both the environment and living organisms (Table 1). Humans can be exposed
to arsenic through natural, industrial, or unintentional sources. The contamination of
drinking water can occur due to the application of arsenical pesticides, the presence of
natural mineral deposits, or the disposal of arsenical substances. The intentional ingestion
of arsenic in situations of suicide attempts or unintentional ingestion by children can also
lead to acute poisoning [104,105]. Arsenic toxicity is a major public health concern. Humans
are exposed to arsenic mostly through the ingestion of contaminated water and food as
well as through occupational activities.

Characterizing arsenic as a single element is extremely challenging because of its
complex chemistry and the existence of several arsenic compounds. They can exist in
either trivalent or pentavalent forms and are abundant in the natural environment. Arsenic
trioxide, sodium arsenite, and arsenic trichloride are the most prevalent inorganic trivalent
arsenic compounds. It is widely recognized as a metalloid or pharmaceutical substance and
is famously known as the monarch of toxins and toxin of monarchs [106]. Arsenic exists
in the form of inorganic compounds (As®* and As®"), organic, metalloid (As?), and arsine
(AsH3), and their toxicity levels, listed in descending order, are as follows: AsHj > As®t >
As®* > A > organic arsenicals [107-109].

Table 1. Toxic mechanisms of Cd, Pb, As, and Hg.

Disrupted Macromolecule/Mechanism

Toxic Metal Organ Toxicity of Action References
. - Endoplasmic reticulum stress;
Liver damage; .
.o Dysregulation of Ca, Zn, and
Lung injuries; .
. . Fe homeostasis;
Kidney dysfunction; -
Degenerative bone disease; Apoptosis;
Cadmium (Cd) & ’ miRNA expression dysregulation; [110-113]

GI disorders;

Cancer;

Disorders in the metabolism of Zn
and C.

Cd-MT absorption by the kidneys;
ROS generation;
Altered phosphorylation cascades;
Low serum PTH.
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Table 1. Cont.

Disrupted Macromolecule/Mechanism

Toxic Metal Organ Toxicity of Action References
Increased serum ET-1, NO,
- Lung dysfunction; and EPO;
- CNS injury; Increased inflammatory cytokines
- GI colic; IL-1B, TNF-«, and IL-6 in the CNS;
Lead (Pb) - Hematological changes (anemia); Reduced GSH, SOD, CAT, and [114-117]

- Liver damage; GPx levels;
- Reduced pulmonary function; Inactivation of 6-ALAD and
- Cardiovascular dysfunction. ferrochelatase;

(inhibition of heme biosynthesis).

Arsenic (As)

- CNSinjury;

- Skin and hair changes;

- Cardiovascular dysfunction;
- GI discomfort;

- Liver damage.

Uncoupler of oxidative

phosphorylation (inhibition of

ATP formation);

Thiol binding (GSH conjugation); [118-120]
Damage of capillary endothelium;

Alterations in neurotransmitters;

Homeostasis.

Mercury (Hg)

- Gl ulceration;

- Renal dysfunction;
- CNS injuries;

- Hepatotoxicity.

ROS production;

Enzyme inhibition;

Thiol binding (GSH conjugation);
Aquaporin mRNA reduction;
Glutathione peroxidase inhibition;

[110-113]

- Increased c-fos expression.

3.2. Effects of Heavy Metal Toxicity on Living Organisms

Common heavy metals, such as cadmium, lead, mercury, and arsenic, are frequently
present in both the environment and food. Even at smaller doses, they are known to en-
danger health but are deadly in greater quantities. Heavy metal toxicity can reduce energy
levels and affect the functioning of the brain, lungs, kidneys, liver, blood composition, and
other critical organs (Figure 4). Continuing exposure can lead to gradual advancement of
physical, muscular, and neurological degenerative processes that parallel diseases such
as multiple sclerosis, Parkinson’s disease, Alzheimer’s disease, and muscular dystrophy.
Frequent long-term exposure to certain metals and their compounds will cause cancer [121].

3.2.1. Effects of Cadmium Toxicity on Living Organisms

Cd can result in both acute and chronic poisoning [122]. Cd exhibits a significant
level of toxicity towards the kidney and tends to concentrate in the proximal tubular
cells at elevated concentrations. Cd can induce bone mineralization either by bone injury
or by impairing kidney function. Research conducted in both humans and animals has
demonstrated that exposure to cadmium can lead to osteoporosis, which is characterized
by skeletal damage. Additionally, Cd exposure can disrupt calcium metabolism, contribute
to the production of renal stones, and cause hypercalciuria. Exposure to elevated amounts
of Cd through inhalation can significantly harm the respiratory system. Elevated cadmium
consumption can cause gastric irritation, resulting in symptoms such as vomiting and
diarrhea. With prolonged exposure and lower amounts, it can accumulate in the kidneys,
resulting in kidney disease, weakened bones, and lung damage [123].
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Figure 4. Organ toxicity following heavy metal ingestion. Created with the web-based BioRender
tool (BioRender.com).

3.2.2. Effects of Lead Toxicity on Living Organisms

Lead toxicity, often known as lead poisoning, can manifest as either acute or chronic
toxicity. Short-term exposure may result in symptoms, such as a loss of appetite, headache,
high blood pressure, abdominal pain, fatigue, sleep disorders, arthritis, hallucinations,
vomiting, weight reduction, difficulty passing stool, blood deficiencies, kidney failure,
irritability, slowness, memory problems, and behavioral issues. A delayed development of
typical childhood behaviors, like language and speech abilities, and permanent memory
loss are frequently observed [124-128]. Children are more susceptible to lead poisoning
because their small bodies undergo constant growth and development. Children exhibit a
higher rate of lead absorption than adults, resulting in greater harm to the body than in older
people. A prolonged exposure to lead can lead to memory loss, birth defects, psychosis,
autism spectrum disorder, allergic reactions, dyslexia, weight reduction, hyperactivity,
paralysis, muscle weakness, brain injury, kidney failure, and even death [129]. Acute
exposure arises mainly in the workplaces and specific manufacturing industries that utilize
Pb. Lead poisoning, while preventable, remains a deadly disease that can affect the common
organs in the body. When the concentration of lead in the blood-brain barrier increases, the
plasma membrane shifts to the interstitial spaces of the brain, leading to the appearance
of edema [130]. Lead has the potential to affect all organs of the body, with a particular
focus on the nervous system, followed by the bones and teeth, cardiovascular system,
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and reproductive system. Pb poisoning can also lead to hearing loss and tooth problems.
Nevertheless, adults experience comparable health impacts to children, although with
higher thresholds [94,131]. The prolonged and significant exposure of males can damage
the reproductive systems in control of sperm production.

3.2.3. Effects of Mercury Toxicity on Living Organisms

Mercury can amalgamate with other elements, resulting in the formation of both
organic and inorganic mercury compounds. Exposure to high concentrations of metallic,
organic, and inorganic mercury can harm the brain, kidneys, and growing fetus [132].
Organic mercury readily diffuses across biomembranes and, owing to its lipophilic prop-
erties, accumulates at higher levels in fatty fish species and the livers of lean fish [133].
The neurological system is highly sensitive to various forms of mercury. This substance
causes disruptions to the neurological system, the impairment of brain processes, damage
to DNA and chromosomes, allergic reactions leading to skin rashes, fatigue, and headaches,
as well as having adverse effects on reproduction, such as sperm damage, birth deformities,
and miscarriages [134]. Exposure to mercury vapors can lead to bronchitis, asthma, and
respiratory problems.

3.2.4. Effects of Arsenic Toxicity on Living Organisms

Arsenic is primarily absorbed by the small intestine. Exposure can also occur through
direct contact with the skin or through the inhalation of the substance [135]. Arsenic is
present in most paints, dyes, detergents, metals, semiconductors, and drugs. Arsenic is
additionally discharged into the environment in larger quantities by specific herbicides,
fertilizers, and animal feeding processes. Arsenic toxicity in over 30 nations worldwide is
primarily attributed to the consumption of drinking water contaminated with arsenic [136].
Arsenite and arsenate, which are inorganic forms of arsenic, pose greater risks to human
health. Arsenic can enter the human body through the inhalation of polluted air, the con-
sumption of contaminated food, and the ingestion of polluted water. Research conducted in
humans has demonstrated a clear link between drinking water contaminated with arsenic
and negative outcomes during pregnancy. Arsenic has been found to freely pass through
the placenta, especially in the early stages of pregnancy, resulting in spontaneous abortion,
stillbirth, preterm birth, and low birth weight [137,138]. A prolonged and chronic exposure
to low levels of a substance can result in the discoloration of the skin and the occurrence
of small “corns or warts” on the palms, soles, and torso. The consumption of extremely
elevated quantities can lead to death. Arsine is a highly effective substance that causes the
devastation of red blood cells, leading to immediate symptoms such as nausea, vomiting,
difficulty in breathing, and headache. Long exposure to a substance can result in the loss
of life, along with the presence of hemoglobinuria, renal failure, jaundice, and anemia in
circumstances where the exposure is not fatal [139].

3.3. Mechanism of Heavy Metal Toxicity (Oxidative Stress and DNA Damage)
3.3.1. Lead-Induced Oxidative Stress and DNA Damage

The mechanism of lead-induced oxidative stress is characterized by a disruption of
the equilibrium between the production and removal of reactive oxygen species (ROS) in
tissues and cellular structures, resulting in harm to membranes, DNA, and proteins. The
presence of double bonds in fatty acids within the cell membrane weakens the strength
of the C-H bonds on the adjacent carbon atoms, facilitating the removal of hydrogen (H)
atoms. Therefore, fatty acids with zero to two double bonds demonstrate higher resilience
to oxidative stress than polyunsaturated fatty acids that have more than two double
bonds [140]. The fundamental process responsible for lead-induced oxidative damage to
membranes is linked to changes in the fatty acid makeup of the membranes [141]. The
length as well as the level of unsaturation of fatty acid chains are factors that determine the
susceptibility of membranes to peroxidation. The elongation of arachidonic acid produced
by lead may be responsible for the increased lipid peroxidation of the membrane [142]. Thus,
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lead affects various membrane-related processes, including the functioning of membrane
enzymes, the processes of endo- and exocytosis, the movement of solutes across the bilayer,
and the transmission of signals by inducing lateral phase separation [143].

The accumulation of lead in tissues results in oxidative DNA damage such as strand
breakage. However, evidence for lead-induced oxidative damage to DNA is not entirely
conclusive [144]. 6 Aminolevulinic acid dehydrase (ALAD) is highly susceptible to the toxic
effects of Pb [145]. Exposure to Pb causes the production of reactive oxygen species (ROS)
by increasing the accumulation of $-aminolevulinic acid (ALA) [146,147] and the resultant
oxidative stress [148]. The continuous treatment of rats with ALA has been found to result in an
elevated level of 8-oxo0-7, 8-dihydro-2-deoxyguanosine and 5-hydroxyl-2-deoxycytidine, which
is understood to be responsible for the DNA damage caused by ALA [149]. Recent data indicate
that Pb exposure can cause alterations in gene expression [150], and it appears to engage with
zinc-binding sites on a crucial DNA-associated protein called human protamine [151].

3.3.2. Cadmium-Induced Oxidative Stress and DNA Damage

Cd is a widely acknowledged environmental contaminant that has several detrimental
effects on human health. It mostly affects the lungs, liver, kidneys, and testes after acute
poisoning, and can cause kidney damage, immune system dysfunction, bone damage, and
tumors with prolonged exposure. Reactive oxygen species (ROS) are frequently associated
with the harmful health effects caused by Cd exposure. Direct proof of the formation of
free radicals was presented in Veterinary Medicine International. Animals exposed to steep
levels of Cd experience acute toxicity, and indirect evidence suggests that reactive oxygen
species (ROS) have a role in chronic Cd toxicity and cancer development. Electron spin
resonance spectra showed the presence of superoxide anions, hydrogen peroxide, and
hydroxyl radicals formed by Cd in living organisms. This origination of reactive oxygen
species is commonly followed by the activation of redox-sensitive transcription factors
such as NF-kB, AP-1, and Nrf2, as well as fluctuations in the expression of genes associated
with reactive oxygen species. Oxidative stress is widely acknowledged to have significant
implications in cases of acute Cd poisoning. Nevertheless, it is frequently challenging
to find obvious evidence of oxidative stress after prolonged and ecologically significant
exposure to low levels of Cd. The changes in gene expression due to reactive oxygen
species (ROS) with chronic exposure are less significant than the changes observed in acute
cadmium poisoning. This is likely caused by induced adaptive mechanisms, such as the
increased production of metallothionein and glutathione, as a result of prolonged exposure
to Cd. In turn, these mechanisms reduce oxidative stress caused by Cd. Fluorescence
probes revealed a reduced presence of reactive oxygen species (ROS) signals in cells that
have been chronically altered by Cd. Cells that have developed resistance to apoptosis
can multiply despite DNA damage caused by oxidative stress, which could potentially
result in the development of tumors. Therefore, reactive oxygen species (ROS) are formed
as a result of sudden excessive exposure to cadmium, and they are significantly involved
in tissue damage. Chronic exposure to Cd leads to a decrease in the development of
reactive oxygen species (ROS), but the development of Cd tolerance through abnormal
gene expression plays a significant role in chronic Cd toxicity and cancer development.
The fundamental mechanisms implicated in cadmium-induced carcinogenesis include
the genetic control of proto-oncogenes [152], oxidative stress [153-157], the disruption of
cadherins, the obstruction of DNA repair, and interference with apoptosis [158]. Cadmium
is a toxic substance that can harm cells. It induces oxidative stress by promoting lipid
oxidation and altering the amount of glutathione within cells. It affects ubiquitin/ATP-
dependent proteolytic processes. Nevertheless, the precise biological pathways underlying
Cd toxicity, particularly in neural cells, are poorly understood. Neuronal cells were exposed
to various doses of metal ions to examine the connection between oxidative stress caused
by cadmium and the ubiquitin/ ATP-dependent system. This investigation showed a
reduction in glutathione levels and significant increases in protein-mixed disulfides (Pr-
SSGs) [159]. The testis is the primary organ affected by Cd toxicity effects. Multiple studies
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have demonstrated that Cd causes testicular damage in various animal species such as
mice, hamsters, rabbits, guinea pigs, and dogs [160,161]. Cd has a significant impact on the
weight of sex organs, which is a key signal of potential changes in androgen status [162,163].
Various causes of testicular toxicity induced by Cd have been suggested. [164] Researchers
observed a rise in Cd concentration in the hypothalamus, pituitary, and testis, as well as a
reduction in follicle stimulating hormone levels in the plasma of rats. These findings imply
that Cd may affect the hypothalamic—pituitary—testicular axis.

3.3.3. Mercury-Induced Oxidative Stress and DNA Damage

Many in vivo and in vitro investigations have indicated that the exposure of exper-
imental animals to inorganic or organic forms of mercury leads to the development of
oxidative stress. The strong attraction of mercuric ions to thiols indicates that the depletion
of intracellular thiols, particularly glutathione, might directly or indirectly lead to oxidative
stress in proximal tubular cells. The authors of [165] showed that administering mercury as
Hg(II) to rats caused a decrease in glutathione levels and an escalation in the production
of HyO, and lipid peroxidation in the kidney mitochondria. The study also investigated
the impact of Hg(II) on hydrogen peroxide production by rat kidney mitochondria, which
are a primary cellular site affected by Hg(II). This impact was also studied by Lund Miller
and Woods (1991) [166] within mitochondria, when provided with a respiratory chain
substrate such as succinate or malate/glutamate, and an electron transport inhibitor such
as antimycin A (AA) or rotenone. Hg(II) increased H,O, formation approximately 4-fold
at the uniquinone-cytochrome b region (AA-inhibited) and 2-fold at the NADH dehy-
drogenase region (rotenone-inhibited). These findings indicate that low concentrations
of Hg(II) lead to a reduction in mitochondrial GSH and an increase in H,O, production
in kidney mitochondria when the respiratory chain electron transport is impeded. The
increased production of hydrogen peroxide (H,O,) caused by mercury (Hg(Il)) can result
in oxidative damage to tissues, including lipid peroxidation, which is evident in cases of
mercury-induced nephrotoxicity.

3.3.4. Arsenic-Induced Oxidative Stress and DNA Damage

Many studies have been conducted on the heightened generation of reactive oxygen
species (ROS) and the reactions of plants to metal stress [167]. In addition to changes in
phosphate metabolism, oxidative stress is an additional mechanism of As poisoning in
plants [168-171]. The generation of reactive oxygen species (ROS) by arsenic is widely
recognized in mammalian cells [172] but there are few reports regarding the origin and
process of reactive oxygen species (ROS) generation in plants. The formation of reactive
oxygen species (ROS) is triggered by arsenic through the inhibition of essential enzyme
systems and the occurrence of electron leakage during the conversion of As (V) to As (I1I).
The reduction process is accompanied by the methylation of inorganic arsenic, which is
driven by redox reactions. These reactions can generate reactive oxygen species (ROS) [173].
Arsenic undergoes biomethylation to produce monomethylarsonic acid (MMA), dimethy-
larsinic acid (DMA), tetramethyalarsonium ion (TETRA), and trimethylarsenium oxide
(TMAO). Additionally, plants metabolize arsenic into arsenocholine, arsenobetaine, and
arseno-sugars [174]. Dimethylarsinic acid (DMA) induces iron-dependent oxidative stress
by releasing iron from ferritin. DNA damage occurs as a result of the direct generation of
reactive oxygen species from DMA3* [175]. In addition to methylation, the transformation
of inorganic arsenic from one oxidation state to another is a significant contributor to
oxidative stress in plants.

4. Mechanisms of Polysaccharides in Heavy Metal Protection
4.1. Chelation of Heavy Metals
The term “chelation” is borrowed from the Greek word “chele”, which refers to the

claw of a lobster and symbolizes the idea of firmly grasping or holding onto something.
The term “chelate” was first used by Sir Gilbert T. Morgan and H. D. K. Drew in 1920.
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The name refers to caliper-like groups that act as two associating units and attach to a
central atom to form heterocyclic rings [176]. The principle of chelation is rooted in basic
coordination chemistry. However, the development of an optimal chelator and chelation
therapy that effectively eliminates a particular harmful metal from a specific location in the
body requires a comprehensive approach to drug design. Chelating agents are substances,
either organic or inorganic, that have the capacity to bind metal ions and create complex
structures known as ‘chelates’. In the case of bidentate chelates, chelating agents have
atoms that bind to ligands through either two covalent connections or one covalent and
one coordinate linkage. The primary ligand atoms are typically sulfur (S), nitrogen (N),
and oxygen (O), which are present in chemical groups such as —-SH, -S-S, -NH;, =NH,
-OH, -OPOsH, and >C=0. Bidentate or multidentate ligands create cyclic structures that
encompass the metal ion and two ligand atoms bonded to it [177].

An efficient chelator should possess excellent water solubility, resistance to biotrans-
formation, and the capacity to access metal storage sites; it should also maintain chelating
efficacy at the pH of bodily fluids and exhibit the ability to build metal complexes that are
less hazardous than unbound metal ions (Figure 5).
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Figure 5. Characteristics of an ideal chelator.
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Dimercaprol, also known as British anti-Lewisite or BAL, was produced as an experi-
mental antidote to counteract the effects of Lewisite, a poisonous gas containing arsenic,
during the Second World War [178]. Following World War 11, a significant number of navy
personnel experienced widespread lead poisoning, which was subsequently attributed
to their occupation of repainted ship hulls. This establishes the medical application of
EDTA as a lead chelator. BAL has been commonly used in medical prescriptions for the
treatment of general metal intoxication, specifically in cases of human arsenic and mercury
poisoning, because of its exceptional effectiveness. In the 1960s, BAL underwent modifi-
cations to create meso 2,3-dimercaptosuccinic acid (DMSA), a dithiol compound that has
significantly reduced adverse effects. Researchers in the former Soviet Union introduced
sodium 2,3-dimercaptopropane 1-sulfonate (DMPS), which is another type of dithiol, as a
mercury-chelating agent. Chelation therapy has traditionally been employed to decrease
the accumulation of harmful metals in the bodies of severely symptomatic patients with
high biological indicators [9-11].

Chelating substances can influence the toxicity of metals by facilitating their movement
into urine. A chelating agent, which can create a firm complex with a harmful metal, can
protect biological targets from metal ions, thus decreasing their harmful effects in the
surrounding area [12].

Thiolates and amines are the most suitable ligands for soft and borderline ions like
Pb?*, Hg?*, Cd?*, and As®*. Therefore, it is generally observed that metal-binding sites
typically consist of cysteine (Cys) or histidine (His) residues. Several of these sites have
adjacent brief segments of amino acid structures that overlap between adjacent peptides
with binding activity, which are employed to provisionally confirm prominent binding
motifs. Most proteins and peptides involved in the uptake, transport, storage, or detox-
ification of necessary and unnecessary metal ions contain one or more sites where these
metals can bind. The -Cys-X-X-Cys- and -Cys-Cys- motifs seen in different proteins are
widely recognized for their ability to bind heavy metals [179,180]. It is widely recognized
that substances containing polysaccharides can form complexes with metals by chelation.
Among the functions attributed to extracellular polysaccharides, they act as natural metal
chelators, thus having the ability to bind and remove metals from the human body.

4.2. Antioxidant Properties of Polysaccharides

Antioxidants are substances that hinder or postpone the process of oxidation in sub-
stances, even when the substance is present in a far smaller amount than the substance
being oxidized [181]. Polysaccharides have emerged as crucial subjects in human diet
because of their high levels of free lipid radicals. Plant materials, animal tissues, and
microbes contain natural polysaccharides that shield them from oxidative stress and can
be utilized for various purposes or consumed for health benefits. Polysaccharides can be
extracted in pure form from source materials and utilized for applications such as food
preservation, supplementation, and medicine [182]. Furthermore, plant or animal extracts
that include combinations of polysaccharide compounds are also used directly to impede
oxidation both in vitro and in vivo. Their high antioxidant capacity allows the removal of
reactive oxygen species (ROS). Most consumers choose natural antioxidants over synthetic
antioxidants for emotional reasons [183]. Polysaccharides are used in food for two main
reasons: (1) to prevent the breakdown of lipids and the creation of harmful molecules
called free radicals during long-term storage or when exposed to high temperatures, such
as during deep-fat frying or deodorization; and (2) to decrease the levels of free radicals
in the body after consuming food. The effectiveness of natural polysaccharide is deter-
mined by their specificity towards certain substrates, as well as their reliance on synergistic
compounds included in both the antioxidant formulation and preserved food [184].

Organisms possess polysaccharide compounds that have demonstrated efficacy in
eliminating reactive oxygen species (ROS), such as superoxide, anions, hydrogen peroxide,
and hydroxyl radicals from the body. ROS are strong correlated with cardiovascular
diseases, cancer, and many neurological illnesses. Polyenoic fatty acids are the primary
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contributors to the generation of free radicals through oxidation processes. Polysaccharides
have produced significant effects in the field of human nutrition because of the presence of
elevated levels of free lipid radicals, both in food and the body generated during heavy
metal-induced oxidative stress following food consumption.

In recent years, numerous antioxidant polysaccharide biomolecules are being pre-
ferred as natural antioxidant medicines in foods and pharmaceuticals over the synthetic
antioxidants for aesthetic grounds [185,186].

4.3. Stimulation of the Immune System

Polysaccharides, by virtue of their inherent characteristics, possess the capacity to serve
as pharmaceutical agents capable of modulating the immune response. Furthermore, they
can be utilized with a high degree of safety, as they lack harmful properties, are compatible
with living organisms, and are capable of being broken down naturally. Polysaccharides
have diverse biological properties, including immunomodulatory, anti-inflammatory, an-
tioxidant, and prebiotic effects. Polysaccharides, such as lentinan, fucoidan, inulin, and
glucan, have been studied to determine their ability to modulate the immune system [187].
Polysaccharides may inhibit tumor growth or stimulate immune function in the intestinal
tract, which is another immunological effect [188]. Polysaccharides enhance the human
immune system by stimulating various immunological pathways. Immunity, as the body’s
inherent defense mechanism, plays a crucial role in combating infectious diseases and
regulating inflammation. Individuals with compromised immune systems are suscepti-
ble to a range of infections and tumors owing to weakened immune surveillance caused
by low immunological function. Specific monosaccharides, such as galactose, mannose,
rhamnogalacturonan-I, arabinogalactan, and uronic acid, are strongly linked with immuno-
logical enhancement. Chemical alterations of polysaccharides can enhance their biological
activity and potentially generate novel functionalities [28].

The incorporation of sulphate, selenium, and acetyl groups into polysaccharides alters
their structures, facilitating their cellular uptake by the immune system and potentially
inducing diverse immunological stimulation reactions [189-191]. Polysaccharides derived
from the medicinal plant Tinospora cordifolia have distinct qualities that enhance the im-
mune system. The «-1,4-glucan structural form activates various subsets of lymphocytes,
including natural killer (NK) cells, T cells, and B cells [192].

4.4. Modulation of the Gut Microbiota against Heavy Metal Toxicity

The human gut microbiota, consisting of 400-1000 bacterial species, play a vital role
in sustaining human health. They perform various important functions, such as food
metabolism, the preservation of mucosal integrity, the modulation of the immune system,
and protection against infections [193,194]. Oral exposure to heavy metals, such as lead, can
cause an imbalance in the gut microbiota of both animals and humans, leading to dysbiosis.
Several studies have shown corroborating evidence that an imbalance in gut microbes,
known as gut microbial dysbiosis, might hinder the integrity of the intestinal mucosal
barrier and the immune system of the gut mucosa. This imbalance has the potential to
lead to serious gastrointestinal infections, diarrhea, and colon inflammation [195-197]. In
addition, it can have detrimental effects that go beyond the gastrointestinal tract and lead
to extraintestinal disorders such as autism, diabetes, obesity, and non-alcoholic fatty liver
disease (NAFLD) [198-200]. Gut microbial dysbiosis is recognized as a growing contributor
to the development of several diseases due to its systemic consequences [201].

Currently, polysaccharides derived from animals and plants have demonstrated sig-
nificant potential as antioxidants [202,203]. Seaweed polysaccharide has gained significant
interest due to its numerous health benefits for the host [204,205]. Multiple research stud-
ies have demonstrated that seaweed polysaccharide exhibits anti-inflammatory, antiviral,
immunomodulatory, and anti-tumor properties [206]. Furthermore, current studies on
seaweed polysaccharides have demonstrated their crucial functions in gastrointestinal sick-
ness and its ability to enhance antioxidant capacity [207]. Polysaccharides can contribute
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to modulating brain impulses by the microbiota—gut-brain axis [208]. There is a growing
body of evidence that demonstrates the beneficial impact of seaweed polysaccharide on
the health of the host. Seaweed polysaccharide has a protective effect and can mitigate the
disruption of gut microbial equilibrium induced by heavy metal toxicity.

5. Conclusions and Future Perspectives

Increasing levels of heavy metal pollution in soil and water cause significant concern
because they have numerous harmful effects on both human health and the environment.
Wastewater containing diverse heavy metal contaminants is released into rivers, entering
the ecosystem cycle and causing irreversible harm to the environment. Living organ-
isms acquire various heavy metal ions, including cadmium, lead, mercury, and arsenic,
which cannot be easily removed. This study explored the potential of natural polysac-
charides, which operate through mechanisms such as chelation, antioxidant defense, and
immunomodulation, to bind and alleviate heavy metal ions. Polysaccharides have func-
tional groups that enhance their adsorption efficiency. These heavy metals pose a significant
risk to human health when consumed in the food chain. Polysaccharide homopolymers
can serve as eco-friendly biosorbents. A significant quantity of agricultural waste, such as
rice husks or jute, serves as a source of cellulose. The introduction of various functional
groups into a polysaccharide by grafting, blending, or mixing with nanoparticles enhances
its sorption capabilities and mechanical strength, allowing it to undergo numerous sorption
and desorption cycles. The -Cys-X-X-Cys- and -Cys-Cys- motifs found in different proteins
are widely recognized for their ability to bind heavy metals. Methionine and cysteine,
together with N-acetylcysteine, an acetylated form of cysteine, S-adenosylmethionine, a
metabolite of methionine, x-lipoic acid, and the tripeptide glutathione (GSH), aid in the
process of binding and removing metals from the human body. They are secure, cost-
effective, stable, water-loving, compatible with living organisms, capable of breaking down
naturally, and easily modified chemically to suit the specific needs of a diverse range of uses.
Chelating agents can also protect biological targets from the harmful effects of metal ions.
Polysaccharides can act as pharmacological agents and regulate immune responses. The
amenability of chitosan to modification and functionalization is enabled by the presence
of two reactive functional groups, NH; and OH. Each modification process improves the
physical and mechanical properties of the chitosan adsorbents. A chelating agent that
can create a firm complex with a harmful metal can defend biological targets from metal
ions, thus decreasing their harmful effects in the surrounding area. BAL has been broadly
used in medical prescriptions for the treatment of general metal intoxication, specifically
in cases of human arsenic and mercury poisoning, owing to its exceptional effectiveness.
This review discusses the effectiveness of natural polysaccharides and the mechanisms that
allow them to bind to heavy metals and remove them from the body and the environment.

Future Perspectives

The main objective will probably be to discover and separate polysaccharides from
particular natural sources that are well known for their effectiveness in treating heavy
metal exposure. Efforts to improve extraction technologies are anticipated to be a crucial
domain of innovation, with the goals of increasing output, maintaining bioactivity, and in-
tegrating sustainable approaches. Understanding the absorption, distribution, metabolism,
and excretion of polysaccharides in the human body through bioavailability and phar-
macokinetic studies is essential. These studies will offer useful insights into establishing
the most effective dose regimens. Combinations of polysaccharides with other natural
chemicals or conventional medicines may become a popular strategy to harness synergistic
interactions. The advancement to meticulously planned clinical trials will signify a crucial
stage, ascertaining the safety and effectiveness of polysaccharides in human populations
and expediting their transformation into therapeutic interventions for heavy metal-related
diseases. In the future, there may be a shift towards personalized medicine, where treat-
ment plans are customized according to individual variances in reaction to polysaccharides.



Foods 2024, 13, 853 20 of 27

The incorporation of nanotechnology to enhance the transportation and effectiveness of
polysaccharides could provide better stability, solubility, and precise delivery. As this sector
develops, regulatory factors and the implementation of standardized protocols will become
increasingly crucial, guaranteeing the safety, quality, and consistency of polysaccharide-
based treatments. The expected patterns in polysaccharide research indicate a potential
and dynamic future for tackling the intricate problems caused by heavy metal toxicity.
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