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Preface

The 21st century has been characterized by profound and often irreversible alterations
to the global environment. Some are so subtle as to be additive from the insidious pres-
ence of microplastics, endocrine disruptors, persistent organic pollutants, and heavy
metals. These pollutants have penetrated every level of biological organization, from
cellular machinery to entire ecosystems. The result is a rising wave of health threats,
environmental disruptions, and novel chronic diseases whose causes are increasingly
referred to as environmental exposures. In the face of these challenges, the field of
environmental toxicology has transitioned from the periphery of scientific inquiry to
the forefront of planetary health.

Environmental Toxicology — Understanding, Impact, and Mitigation Strategies for a
Sustainable Future is born into these imperative times as an interdisciplinary book that
embodies the nuance, timeliness, and international importance of environmental
toxicology in today’s world. It synthesizes novel research and informed commentary
from globally and methodologically diverse sources, each striving to expand our
understanding of the effects of anthropogenic pollutants on biological systems and
how science can react with diagnostic acuity as well as strategic action.

This book brings together contributions that address toxicological problems on
molecular, organismal, and ecological scales. Some chapters discuss the molecular
mechanisms by which heavy metals, such as mercury, cadmium, arsenic, and lead,
disrupt cellular function, antioxidant defense, and hormonal homeostasis. The
mechanistic investigations elucidate how environmental exposure is translated into
pathophysiological conditions, including diabetes mellitus and Alzheimer’ disease,
via the induction of oxidative stress, p-cell dysfunction, and neurotoxicity.

Other chapters shift the focus away from environmental and ecotoxicological back-
grounds towards technological and methodological innovation. Electrochemical sensor
development, functionalized materials, and computational modeling are presented not
only as analytical equipment for pollutant detection but also as gateways to real-time
environmental monitoring, risk mapping, and data-informed remediation. This book
demonstrates how environmental toxicology is increasingly intersecting with materi-
als science, nanotechnology, and artificial intelligence, envisioning a toolkit of early
warning, targeted intervention, and eco-friendly solutions.

At a systems level, this book also considers the cascading environmental effects of
pollution. Chapters highlight how pollutants degrade biodiversity, destabilize eco-
system services, and erode food and water security, particularly in nations struggling
with uncontrolled industry and inadequate waste management infrastructure.

What unifies these disparate contributions is a shared appreciation: that pollutants
cannot be treated as separate risks. Their effect is synergistic, their pathways complex,
and their effect diffuse, transcending disciplinary borders and geopolitical boundaries.



Environmental toxicology is today as much about prevention and prediction as it is
pathology and mechanistic understanding. It demands coordination between disciplines
such as analytical chemistry, histopathology, public health, materials engineering, and
computational biology. It challenges us to redefine environmental health not merely as

a scientific matter, but as a matter of public imperative.

As editors, we believe that Environmental Toxicology — Understanding, Impact, and
Mitigation Strategies for a Sustainable Future offers analytical rigor and applied value. It
is a timely reference for toxicologists, environmental scientists, clinicians, regulators,
engineers, and graduate students committed to a solution to the toxicological prob-
lems of modern life. Most importantly, it is a sign of a broader shift in the scientific
community—toward integrative action from individual observation, toward collective
responsibility from fragmented insight.

We take this opportunity to express our sincerest appreciation to all the contributing
authors for their intellectual contributions, to the reviewers and co-editors for their
thorough assessments, and to the IntechOpen editorial staff for their invaluable
support throughout the publication process. We believe that this volume not only
educates but also inspires, promoting new scholarship, informing policy discussions,
and advancing the international dialogue on environmental justice and ecological
resilience.

Dr. Suna Sabuncuoglu
Professor,

Department of Toxicology,
Hacettepe University,
Ankara, Tiirkiye

Dr. Onur Kenan Ulutas
Associate Professor,
Department of Toxicology,
Gazi University,

Ankara, Tiirkiye
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Chapter 1

Histopathological Perspectives on
Toxic Environmental Pollutants:
Cellular Damage Pathways

and Strategic Interventions in
Mammalian Systems

Akinpelu Moronkeji, Temidayo Daniel Adeniyi,

Samuel Ayobami Fasogbon, Joshua Olayinka Ajala,
Emmanuel Tolulope Adegoke, Comfort E. Williams,
Abiodun Oyeleke, Charles Egede Ugwu, Olubunmi Esan,
Bob-Manuel Chinonso Osuji and Puritan Umeboro

Abstract

Environmental toxicants (ETs) are pervasive and often exert synergistic effects
that pose significant health risks to mammalian systems. Major pollutants such as
airborne particulate matter (PM, s/PM; o), heavy metals, and various classes of agri-
cultural pesticides continue to contribute to environmental degradation and disease
burden. These toxicants originate from diverse sources, including battery manufac-
turing, metal plating, phosphate fertilisers, plastic stabilisers, plumbing systems,
fossil fuel combustion, and intensive agricultural practices. A systematic evaluation
of their public health implications is critical for informing policy and intervention.
This chapter explores the mechanisms of toxicity of these environmental pollutants,
highlighting their cellular and histopathological effects on mammalian tissues while
proposing intervention strategies to safeguard human health and the ecosystem.

Keywords: environmental pollution, histopathology, mammalian system,
oxidative stress, public health

1. Introduction

1.1 Overview of major environmental pollutants

Environmental toxicants (ETs) are widespread contaminants that can adversely
affect mammalian health as toxicants bioaccumulate in organs, inducing oxidative
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stress and disrupting enzymatic functions, which can lead to DNA damage, thus
predisposing to cancer and various types of metabolic diseases [1]. The exposure

to ETs, like pesticides, organic pollutants, and heavy metals, can lead to multi- and
transgenerational effects on fertility [2]. Reports have highlighted the integral role of
the NLRP3 inflammasome in mediating the inflammatory responses triggered by ETs,
contributing to organ damage and autoimmune diseases [3].

1.1.1 Airborne particulate matter (PMy s, PM; )

Particulate matter (PM) is a complex mixture of solid particles and liquid droplets
of varying sizes and content suspended in air. Sources include natural phenomena like
volcanic eruptions and anthropogenic activities like industrial processes and vehicular
emissions [4]. Indoor PM concentrations can exceed outside levels originating from
activities such as cooking and smoking [5]. Fine (PM,s) and ultrafine particulate
(UFP) matter (PM, o) represent considerable health concerns, particularly to the
respiratory system and infant development.

They can penetrate deeply into the lungs, causing respiratory disorders as well as
systemic effects [6]. Exposure to PM, 5 causes pro-inflammatory cytokine release,
DNA damage, and the buildup of cancer metabolites [7]. PM, 5 exposure triggers
pro-inflammatory cytokine release, DNA damage, and cancer metabolite accumula-
tion [7]. PM exposure in the developing brain promotes oxidative stress, inflamma-
tion, and blood-brain barrier disruption, potentially leading to neurodevelopmental
problems such as attention deficit disorders and autism spectrum disorders [8].

1.1.2 Heavy metals

Heavy metals are elements that naturally occur and have atomic weights and densities
that are at least five times greater than those of water [9]. Although elements like copper
are considered essential trace nutrients for biological functions, other heavy metals such
aslead (Pb), cadmium (Cd), and mercury (Hg) are known for their high toxicity and
tendency to bioaccumulate. These metals can infiltrate the environment through air,
water, soil, and food chains, posing serious threats to human and ecological health by
contributing to both acute and long-term health complications [10-12]. Anthropogenic
activities associated with industrial, agricultural, and technological applications have
significantly elevated the widespread presence of pollutants in the environment [13,

14]. Reports have documented the deleterious impact of heavy metal exposure, includ-
ing toxicity associated with multiple organ damage, and they are classified as human
carcinogens as they accumulate in environmental matrices and can enter the food chain,
leading to bioaccumulation in humans and causing various diseases, including cancer [9,
15]. Lead interferes with enzymatic systems and calcium signalling, particularly affecting
children’s developing nervous systems, while cadmium accumulates in the kidneys and
liver, causing nephrotoxicity and increasing the risk of cancer [16, 17]. This mechanism of
exerting toxicity is by strongly coordinating with biological molecules, replacing essential
metals in proteins and enzymes, and inducing oxidative stress. Treatment strategies for
metal poisoning often involve chelation therapy, especially in acute cases [18, 19].

1.1.3 Pesticides (pyrethroids, organophosphates, carbamates, ovganochlorines)

Both synthetic and natural pesticides are widely employed in agriculture and
public health for pest control, but their extensive application has led to environmental
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contamination and potential toxic effects on various organisms [20-22]. Conventional
pesticides can persist in the environment for decades, harming non-target species and
ecosystems. These chemicals accumulate in the food chain, affecting human health by
damaging organs, causing diseases, and potentially leading to death [23]. Biopesticides,
derived from natural sources, offer a safer alternative with reduced environmental impact
and lower toxicity to humans and beneficial organisms [24]. Pyrethroids, synthetic
analogues of natural pyrethrins, exert neurotoxic effects by targeting sodium channels

in nerve cells. Their exposure has been linked to oxidative stress, inflammation, and
mitochondrial dysfunction, which could contribute to neurodegenerative diseases like
Parkinson’s [25]. Pyrethroids also reduce antioxidant levels, induce kidney toxicity, alter
immune responses, and disrupt carbohydrate and lipid metabolism, increasing the risk of
obesity [26, 27]. Pyrethroids are classified based on their chemical structure and symp-
tomology, with Type I and Type II compounds exhibiting different effects on sodium
channel currents and neuronal excitability [28]. Organophosphates (OPs) are highly
toxic compounds widely used as pesticides and in other applications. Their principal
mechanism of toxicity is the inhibition of acetylcholinesterase, leading to acetylcholine
accumulation in cholinergic synapses [29]. This can cause cholinergic crisis, characterised
by muscle twitching, respiratory distress, and potentially death. Acute exposure can trig-
ger status epilepticus, resulting in long-term brain damage if uncontrolled [30]. Clinical
manifestations include cholinergic excess, nicotinic effects, cardiac complications, and
respiratory failure, with management involving resuscitation, atropine administration,
and oxime therapy [31]. Organochlorines, particularly dichlorodiphenyltrichloroethane
(DDT) and its metabolites, are considered persistent organic pollutants (POPs) due

to their environmental persistence, bioaccumulative potential, and toxicity [32, 33].
Furthermore, beyond reproductive toxicity, these compounds have also been implicated
in the disruption of the central nervous system (CNS), immune function, and metabolic
processes [34].

1.2 Sources and pathways of exposure
1.2.1 Industrial emissions

Industrial activities are significant sources of environmental contaminants,
particularly heavy metals and chemical pollutants. Heavy metals like mercury, lead,
and cadmium, released from industries such as battery manufacturing, can contami-
nate air, soil, and water. These pollutants can enter the human body via inhalation,
ingestion, or dermal absorption, leading to a range of health problems such as cancer,
cardiovascular disorders, and neurological impairments [35]. Likewise, the combus-
tion of fossil fuels in industrial settings releases polycyclic aromatic hydrocarbons
(PAHs), volatile organic compounds (VOCs), and other airborne contaminants,
which are associated with respiratory illnesses, central nervous system dysfunction,
and additional adverse health effects [36].

1.2.2 Agricultural runoff and pesticide usage

Modern agricultural practices heavily rely on chemical fertilisers and pesti-
cides, which can contaminate water resources through runoff and seepage [37].
Organophosphate pesticides, in particular, are widely used and can inhibit acetyl-
cholinesterase, leading to neurological disorders [38]. These agrochemicals remain
persistent in the environment, accumulate in aquatic organisms, and subsequently
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enter the food chain, ultimately posing health risks to humans. Pesticide exposure can
occur via several channels, including contaminated food, water, and direct contact,
resulting in developmental defects, skin disorders, and potential carcinogenic effects
[23, 39]. The presence of these chemicals in the aquatic ecosystem has caused popula-
tion declines in fish and other species, disrupting food webs [40].

1.2.3 Environmental persistence and bioaccumulation

Persistent organic pollutants (POPs) are synthetic compounds that are resistant
to degradation and persist for extended periods within the environment [41]. These

S/N Toxicant

Modulatory mechanism

1. Arsenic (As)

Inhibits mitochondrial enzymes such as pyruvate dehydrogenase and
succinate dehydrogenase, hence disrupting cellular respiration. It causes
oxidative stress, disrupts DNA repair pathways, and promotes apoptosis,
making it both carcinogenic and hazardous to many organs, including the
skin, liver, and kidneys [43, 44].

2. Lead (Pb)

Lead interferes with several enzymatic pathways and mimics calcium. It
causes long-term neurotoxicity, anaemia, and developmental abnormalities
in children by interfering with the release of neurotransmitters, preventing
haem synthesis by blocking enzymes such as §-aminolevulinic acid
dehydratase, and building up in bone [45, 46].

3. Mercury (Hg)

Mercury exposure can lead to glutathione depletion, increased reactive
oxygen species (ROS) formation, and damage to DNA and protein structures.
In the nervous system, Hg alters neurotransmitter receptors, cytoskeleton,
and synaptic proteins, disrupting synaptic structure and function.
Methylmercury, an organic form, is particularly neurotoxic, as it can cross
the blood-brain barrier and affect multiple molecular pathways, including
glutamate signalling and the antioxidant [47-49].

4, Cadmium (Cd)

Primarily targets the liver and kidneys, inducing oxidative stress and
inflammation [50, 51]. Cadmium exposure leads to elevated ROS levels, DNA
damage, and inhibition of DNA repair mechanisms. Chronic exposure can
result in various cancers, osteoporosis, and respiratory issues. Exposure is also
linked to mitochondrial dysfunction, epigenetic changes, and the disruption
of essential metals [52, 53].

5. Benzene (C¢Hg)

Benzene is a known haematotoxic and leukaemogenic chemical that targets
haematopoietic stem cells (HSCs), causing haematological disorders

and cancer. When metabolised, benzene produces toxic intermediates

that accumulate in the bone marrow, generating ROS and damaging
haematopoietic progenitor cells [54].

6. Particulate matter
(PM, 5 and PM; o)

PM can penetrate deep into lung alveoli, entering the bloodstream, causing
systemic inflammation, oxidative stress, and endothelial dysfunction by
generating ROS, activating pro-inflammatory pathways, and impairing
mitochondrial function, resulting in increased morbidity and mortality
and contributing to cardiovascular diseases, respiratory disorders, and
neurodegenerative conditions [36, 55-59].

7. Organophosphate
pesticides

Organophosphates (OPs) are potent neurotoxins that primarily exert their
toxicity by predominantly inhibiting acetylcholinesterase (AChE), resulting
in excessive accumulation of acetylcholine at synapses. This resultsin a
cholinergic crisis, which involves continuous activation of muscles, glands,
and the CNS, resulting in seizures and respiratory paralysis [30, 60-62].

Table 1.

Toxicodynamic mechanisms of some environmental contaminants on the mammalian systems.
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lipophilic substances bioaccumulate in living organisms and biomagnify through food
chains, posing serious threats to human health and ecosystems [42]. POPs include
pesticides, industrial chemicals, and byproducts [41]. Their ubiquitous prevalence in
various environmental compartments, including water, soil, and air, facilitates long-
range transport and global distribution. Table 1 shows the toxicodynamic mechanism
of selected environmental toxicants affecting the mammalian system.

2. Diagnostic relevance of histopathological evaluation in environmental
toxicology

Histopathological evaluation remains integral in the diagnosis and assessment
of tissue alterations induced by toxic environmental pollutants, as microscopic
examination of tissue architecture provides critical insight into cellular and subcel-
lular changes resulting from chronic or acute exposure to pollutants such as heavy
metals, persistent organic pollutants (POPs), particulate matter, and volatile organic
compounds [57, 63, 64]. In non-clinical toxicological evaluations, histopathology
provides critical insight into organ-specific toxicity and carcinogenicity by identify-
ing characteristic morphological alterations such as inflammation, necrosis, fibrosis,
hyperplasia, and neoplasia, which serve as definitive evidence of pollutant-induced
tissue damage [65]. Furthermore, while this diagnostic approach not only buttresses
the link between exposure and disease manifestation, it also aids in determining the
severity, reversibility, and pathogenesis of toxic insults on the mammalian system.
Within environmental toxicology, histopathological analysis serves as an indispens-
able tool for validating experimental findings, guiding regulatory decisions, and
advancing public health risk assessments [66]. For cancer detection, histopathology
provides accurate identification of malignancies, guides tumour grading and staging,
and detects biomarkers that influence treatment decisions [67].

2.1Role of histopathology in detecting early and chronic tissue damage

Environmental toxicological studies often require the use of selected histopatho-
logical techniques for detecting early-stage cellular changes, inflammatory responses,
degenerative alterations, and precancerous lesions [68, 69]. These methods enable
detailed examination of tissue architecture and cellular morphology, allowing for
accurate diagnosis and treatment planning in various conditions, including cervi-
cal cancer [70, 71]. While conventional bright-field microscopy has limitations,
advanced imaging techniques can offer high-resolution 3D volumetric imaging of
tissue structures at the nanometre scale, enhancing cancer pathobiology research
[72]. Furthermore, machine learning approaches, including both classical and deep
learning techniques, are increasingly being applied to histopathological image analy-
sis, improving diagnostic accuracy and efficiency [73]. Despite significant progress,
challenges remain in standardising techniques and scoring patterns to ensure reli-
ability across different contexts. For instance, histopathological examination remains
the gold standard for diagnosing and staging liver diseases, particularly non-alcoholic
steatohepatitis (NASH). It allows for accurate assessment of disease severity, includ-
ing steatosis, inflammation, and fibrosis, which are crucial for determining prognosis
and guiding treatment. While non-invasive methods are advancing, they cannot
yet match the detailed information provided by liver histology [74]. However, the
integration of digital pathology and artificial intelligence (AI) is revolutionising
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histopathological analysis, as Al-based technologies can automate slide evaluation,
eliminate observer subjectivity, and extract hidden patterns relevant to disease
progression, further offering potential improvements in disease grading and prognos-
tication across various organ systems [75].

2.2 Relevance in toxicological screening and health surveillance

Histopathology is particularly significant in toxicological investigations, providing
vital insights into the effects of chemicals and drugs on biological tissues. It is essen-
tial for identifying target organ toxicity, evaluating dose-response relationships, and
characterising mechanisms of action at the cellular level. Histopathological examina-
tion is particularly important in non-clinical toxicological evaluations, offering data
on organ-specific toxicity and carcinogenicity. Recent advancements in digital pathol-
ogy and deep learning have created opportunities to improve workflow efficiency and
provide more objective assessments in toxicologic histopathology [76]. Mechanistic
toxicology, which studies molecular, biochemical, and cellular interactions leading
to toxicological effects, relies heavily on histopathology to evaluate health risks and
safety in pharmacological and environmental toxicology. This approach has led to
the discovery of biomarkers for monitoring potential toxicity progression following
exposure to various substances [5]. In occupational health, histologic evaluation of
dust burden in lung tissues can reveal environmental/occupational aetiologies that
may otherwise be misclassified as idiopathic pulmonary fibrosis. Minimal criteria
for dust characterisation in lung biopsies have been proposed to improve diagnosis
accuracy [77].

2.3 Histopathological alterations in mammalian organs
2.3.1 Respiratory system

Globally, air pollution significantly affects human health, particularly the respira-
tory system. Exposure to fine PM is linked to reduced lung function, lower quality
of life, and increased risks of acute respiratory infections, asthma, COPD, and
lung cancer [78, 79]. Approximately 30% of respiratory diseases have been linked
to personal exposure to high concentrations of ambient particulate matter (PM),
which consists of tiny solid particles or liquid droplets suspended in the air [6]. These
particles, originating from both human activities and natural sources, represent a
heterogeneous mixture of various sizes and chemical compositions. Common con-
stituents include sulphur dioxide, nitrogen dioxide, salts, carbonaceous materials,
VOCs, polycyclic aromatic hydrocarbons (PAHs), and endotoxin [80, 81]. Exposure
to PM can induce significant lung injury through multiple mechanisms. Generally,
PM fractions of larger sizes (> PM2.5) deposit in the upper airways through impac-
tion, while lesser fractions (< PM2.5) seep deeper into the lower airways and alveoli,
depending on flow rates and diffusion, and could be transported to other regions
through the bloodstream after inhalation [82]. Furthermore, pulmonary fibrosis is
promoted by PM2.5 via the induction of mitochondrial dysfunction and epithelial-
mesenchymal transition in alveolar type II cells [83]. Short-term exposure triggers
inflammatory responses, particularly involving macrophages and neutrophils, but
the lung can initiate repair mechanisms [84]. Exposure to PM, 5 also leads to oxidative
stress, downregulation of antioxidant pathways, and damage to alveolar type II cells
[85]. The NLRP3 inflammasome in macrophages plays a crucial role in PM, s-induced
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lung injury by mediating pyroptosis and exacerbating inflammation, oxidative stress,
and apoptosis [86]. PM2.5 causes oxidative stress in human lung tissue and BEAS-2B
cells by activating enzymes such as nicotinamide adenine dinucleotide phosphate
(NADPH), quinine oxidoreductase (NQO), haem oxygenase-1 (HO-1), and
glutamate-cysteine ligase catalytic subunit (GCLC). These enzymes stimulate Nrf2
via transmitting signals from phosphatidylinositol-4,5-biphosphate 3-kinase, which
are linked to Nrf2 signalling, while also downregulating Nrf2-related transcription
factors and increasing IL-8 gene expression [87, 88]. Additionally, PM2.5 activates the
oxidative stress-related IL-6/AKT/STAT3/NF-«B signalling pathway, which upregu-
lates intercellular adhesion molecule-1 (ICAM-1) expression in vascular endothelial
cells. This cascade contributes to oxidative stress, DNA damage, and eventual death of
pulmonary epithelial cells [89].

2.3.2 Alveolar damage, bronchial inflammation, fibrosis

Particulate matter exposure adversely affects the respiratory system via oxida-
tive stress induction and inflammation by ROS generation, further leading to the
activation of immune responses involving cytokines and chemokines, creating a
cycle of inflammation that can lead to apoptosis, necrosis, and widespread tissue
damage, which are processes central to the pathogenesis of asthma, COPD, and other
pulmonary disorders, highlighting the need for stringent protection and regulatory
measures [90-92]. Histologically, PM causes alveolar wall thickening, inflammatory
cell infiltration, and pulmonary fibrosis [93]. PM induces oxidative stress, trig-
gering inflammatory responses and fibrotic changes through pathways involving
TXNIP/NF-kB and TGF-f/Smad3. These mechanisms contribute to epithelial-to-
mesenchymal transition, increasing fibronectin production and promoting fibrosis.
Chronic PM exposure results in bronchiolitis, characterised by fibrosis and distortion
of small airways, particularly the distal membranous and respiratory bronchioles.
Furthermore, exposure disrupts intracellular calcium homeostasis, a key regulator
of cellular processes. Elevated intracellular Ca** levels, triggered by ROS and lipid
peroxidation, activate inflammatory pathways and further ROS production, creating
avicious cycle of cellular damage [94].

2.3.3 Hepatic system
2.3.3.1 Hepatocellular degeneration and steatosis

Non-alcoholic fatty liver disease (NAFLD), a multifactorial disorder characterised
by fat accumulation in the liver, is one of the most common chronic liver conditions
globally. Environmental toxicants like heavy metals and organic pollutants play a
significant role in the development of metabolic dysfunction-associated steatotic liver
disease [95, 96]. Acute exposure to pollutants like PM triggers low-grade inflamma-
tion in the lungs and liver, marked by elevated pro-inflammatory cytokines, as shown
in Figure 1. Key molecular pathways involved include JNKs-AP1, NF-«xB, and TLR4.
Additionally, pollutant exposure disrupts peroxisome proliferator-activated recep-
tor (PPAR) activity, impairing lipid and glucose metabolism [98]. Exposure to Cd,
Pb, As, and Hg is associated with increased risk of non-alcoholic fatty liver disease
(NAFLD) and altered liver injury markers [99]. These metals induce hepatic lipid
accumulation by activating lipogenesis and inhibiting fatty acid p-oxidation through
various signalling pathways [17]. Perfluorooctane sulfonate (PFOS), an organic
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Diagram of inhaled particulate matter promoting hepatic steatosis [97].

pollutant, promotes hepatic steatosis by inhibiting AMP-activated protein kinase
(AMPK) phosphorylation, leading to increased acetyl-CoA carboxylase activity and
reduced fatty acid oxidation. Endocrine-disrupting chemicals (EDCs) interfere with
nuclear receptors, disrupt hormonal signalling, and impair mitochondrial function,
contributing to MASLD development [100]. Occupational exposure to toxicants is
also implicit in MASLD progression to advanced chronic liver disease and hepatocel-
lular carcinoma [101].

2.3.4 Renal system

Heavy metals like Pb, Cr, Cd, Hg, and As pose significant health risks because
of their persistence in the environment and potential to contaminate soil and
drinking water [102]. Human exposure commonly arises from industrial activities
such as mining, tanning, textile dyeing (chromium), battery production (cad-
mium), pesticide and fertiliser use (mercury), and smelting processes (arsenic)
[103]. These metals can accumulate in the body and damage vital organs. Toxicity
is determined by factors such as the absorbed dose, the route of exposure, and
whether the exposure was acute or chronic. Toxic effects are largely mediated by
oxidative stress caused by free radical generation, resulting in cellular injury and
various health disorders [104]. Kupffer cells (KCs) play an integral role in the
progression of liver diseases such as alcohol-associated liver disease (ALD) and
non-alcoholic fatty liver disease (NAFLD) [95, 96]. When activated, KCs release
pro-inflammatory cytokines and chemokines, contributing to liver inflammation
and fibrosis [96, 105]. They interact with hepatic stellate cells, promoting their
activation and subsequent fibrosis. Interestingly, KCs can also transdifferenti-
ate into fibrocytes, directly participating in liver fibrosis. Activation of pattern
recognition receptors on KCs and other liver cells causes the generation of pro-
inflammatory and pro-fibrotic factors, further exacerbating liver damage [105].
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2.3.4.1 Glomerular and tubular injury due to Cd and Pb exposure

Cadmium and lead are non-essential heavy metals with no physiological function
in humans and are recognised for their high toxicological significance, with chronic
exposure, even at low environmental levels, strongly linked to nephrotoxicity, ele-
vated risk of chronic kidney disease (CKD), and metabolic disorders such as diabetes
mellitus [106]. These metals predominantly accumulate in the proximal renal tubules,
causing structural damage such as tubular atrophy, interstitial fibrosis, and glomeru-
lar injury. Chronic elevated Pb exposure can lead to irreversible kidney changes such
as interstitial fibrosis, tubular atrophy, glomerular sclerosis, and, eventually, renal
failure. Co-exposure to Cd and Pb has been shown to enhance nephrotoxicity, with
Cd being the principal cause of renal tubular destruction and Pb amplifying Cd’s
effects [106]. Pb induces oxidative stress indirectly by increasing the concentration
of free Fe, which acts as a Fenton’s metal. The elevated Fe in the blood occurs due to
the Pb displacement from the haemoglobin molecule (plumbemia). Pb mimics and
displaces essential cations (Ca*, Zn*, Cu®*, and Mn?"), which are crucial cofactors of
antioxidant enzymes, thus reducing their activity by elevating oxidative stress in the
tissues. In addition, Cd primarily enters the body via ingestion of contaminated food,
inhalation of tobacco smoke, and inhalation of polluted air. Smokers, for instance,
have been found to exhibit Cd blood levels 4-5 times higher than non-smokers [107].
Once absorbed into the bloodstream, Cd binds to albumin and is transported to the
liver, where it induces the synthesis of metallothionein (MT). This leads to the forma-
tion of cadmium-metallothionein (CAMT) complexes [108]. Cadmium’s long biologi-
cal half-life of about 25 years leads to its progressive accumulation in renal tissue.
Although only a portion of inhaled (10-50%) and ingested (5-10%) Cd is absorbed,
long-term exposure poses significant health risks [109].

2.3.5 Nervous system
2.3.5.1 Neurotoxic effects of chronic pesticide exposure: Mechamnisms and implications

Chronic pesticide exposure, particularly to organophosphates, pyrethroids, and
fungicides, has been increasingly associated with neurological and neurodegenerative
disorders, such as Alzheimer’ disease, Parkinson’s disease, and amyotrophic lateral
sclerosis (ALS). These chemicals induce oxidative stress, disrupt neurotransmis-
sion, and cause neuronal damage in brain regions such as the hippocampus, corpus
striatum, cerebral cortex, and cerebellum [110, 111]. Pesticides act through multiple
neurotoxic pathways. They inhibit acetylcholinesterase activity, impair mitochondrial
function by disrupting the electron transport chain (ETC) and oxidative phos-
phorylation (OXPHOS), and elevate ROS, resulting in oxidative damage [112]. Some
pesticides, such as rotenone, DDT, and DDE, also activate NADPH oxidases, further
promoting ROS accumulation and neuroinflammation [113]. Many pesticides can
cross the blood-brain barrier, leading to direct neural damage and gliosis, which is
directly associated with injury or neurodegeneration [114]. Pyrethroids, in particular,
have been implicated in behavioural impairments, Tau hyperphosphorylation, and
neurofibrillary tangle formation consistent with Alzheimer’s pathology. Fungicides at
environmentally relevant doses (e.g., 0.1 pg/L in drinking water) have been shown to
promote B-amyloid (AP, 4) fibrillogenesis, elevate BACE1 levels, reduce neprilysin
activity, and increase cerebral amyloid deposition, contributing to cognitive decline
and cerebral amyloid angiopathy [115, 116]. The cumulative neurotoxic effects of

9



Environmental Toxicology — Understanding, Impact, and Mitigation Strategies for a Sustainable Future

chronic pesticide exposure are mediated through oxidative stress, mitochondrial
dysfunction, neuroinflammation, and dysregulation of Af and tau-related pathways,
all of which compromise neuronal integrity and brain function [8, 117]. This evidence
underscores the need for urgent, stricter regulatory measures and neuroprotec-

tive strategies, particularly for at-risk populations such as agricultural workers and
residents in farming regions. Additionally, while certain heavy metals are well-
established contributors to the development and exacerbation of various diseases,
emerging pollutants have also been increasingly associated with histopathological
alterations, as documented in Table 2. Figure 2 also highlights the potential neuro-
pathological mechanisms associated with pesticide exposure.

Pollutant type Organ affected Histopathological findings Reference
Polystyrene Lung Cytotoxic and inflammatory [118]
microplastics
Polystyrene Placenta Oxidative stress, mitochondrial swelling, and [119]
microplastics trophoblast degeneration
Polyethylene Tleum Villous atrophy, hyperplasia of goblet cells, nuclear [120]
microplastics pyknosis, and heightened immunoreactivity of p53
Polystyrene Liver, kidney, Disruptions in amino acid metabolism, oxidative [121]
microspheres brain stress pathways, and pro-inflammatory cytokine
expression

Titanium dioxide Liver Fibrosis, inflammation, and hepatocellular [122]
nanoparticles necrosis
Glyphosate Brain Increased immunoreactivity [60]
agrochemical

Table 2.

Summary of histopathological effects of selected emerging pollutants.
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Diagram of potential neuropathological mechanisms of pesticides [117].
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3. Environmental and regulatory controls
3.1 Phasing out persistent organic pollutants (POPs)

Persistent organic pollutants (POPs) are synthetic toxicants known for their envi-
ronmental persistence, bioaccumulative potential, and long-range transport. Derived
primarily from industrial chemicals and agricultural pesticides, these compounds
pose considerable health and ecological risks due to their high toxicity and resistance
to degradation [123]. Common examples include dichlorodiphenyltrichloroethane
(DDT), polychlorinated biphenyls (PCBs), and dioxins. In humans, exposure mainly
occurs through the intake of contaminated food, especially fatty animal-based
products, where POPs accumulate in adipose tissues. Secondary exposures may occur
via drinking contaminated water or dermal contact. Importantly, POPs can cross
the placenta and be transferred to infants through breast milk. Despite this, global
health agencies emphasise that the benefits of breastfeeding continue to outweigh the
potential risks posed by POPs [124, 125].

Histopathological studies in laboratory models have demonstrated typical tissue
damage from POP exposures, such as hepatocellular ballooning, renal tubular vacuolisa-
tion, and aberrant immune infiltration [125]. Additionally, zebrafish larvae exposed to
realistic human-relevant POP mixtures exhibited cartilage malformations and impaired
bone mineralisation, largely mediated by interference with nuclear receptor signalling
pathways, including androgen, vitamin D, and retinoic acid receptors [126].

3.2 Air and water quality regulation

Air and water pollution are major global public health challenges. Airborne pollut-
ants like PM, 5, VOCs, SO,, and NOy largely stem from fossil fuel combustion, industrial
processes, and vehicle emissions, while water contaminants such as Pb, Cd, As, Hg, and
pesticides are linked to activities like mining, agriculture, and improper waste disposal
[127]. The variable chemical makeup of these pollutants, including trace metals, inor-
ganic salts, and organic matter, contributes to oxidative stress, inflammation, and organ
damage. PM, 5, for instance, can cause alveolar injury and fibrosis, while chronic exposure
to waterborne heavy metals leads to renal and hepatic toxicity and DNA damage [128,
129]. Many developing and underdeveloped countries lack comprehensive regulatory
policies on air and water quality. In contrast, developed nations like the United States have
established frameworks such as the Clean Air Act and the Safe Drinking Water Act, which
enable the Environmental Protection Agency (EPA) to regulate pollutants. Additionally,
the World Health Organisation (WHO) offers global guidelines to protect vulnerable
populations [130]. However, enforcement and implementation vary widely across
regions, with significant disparities between high-income and low-resource settings [127].
Technological advancements such as satellite-based environmental monitoring, real-time
air quality sensors, and community-level water testing have greatly enhanced pollution
surveillance [131].

3.3 Biomedical intervention
3.3.1 Use of antioxidants and chelators

Environmental toxicants frequently induce excessive production of ROS, leading
to oxidative stress that compromises mitochondrial function and causes structural
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damage to lipids, proteins, and DNA. This oxidative injury manifests histologi-

cally as cytoplasmic vacuolisation, necrosis, and apoptotic cell death [56, 132, 133].
Antioxidant therapies, particularly N-acetylcysteine (NAC), help restore redox bal-
ance and protect cellular structures, with evidence showing NACs efficacy in revers-
ing cadmium-induced renal and mitochondrial damage [134]. Particulate matter and
ultrafine particulates (UFPs), rich in trace metals and organics, further aggravate
systemic oxidative stress and inflammation [135].

Chelation therapy using agents like ethylenediaminetetraacetic acid (EDTA)
and dimercaptosuccinic acid (DMSA) enhances metal excretion and improves
histopathological outcomes in metal-exposed individuals but must be applied
carefully to prevent loss of essential minerals. Oxidative injury is often amplified
by pollutants such as nitrogen dioxide, ozone, and polycyclic aromatic hydrocar-
bons (PAHs), which promote ROS generation through redox reactions like the
Fenton reaction. These free radicals disrupt mitochondrial function, fragment
DNA, and activate pro-inflammatory pathways such as NF-xkB and MAPK [135].
A crucial regulator of antioxidant defence is nuclear factor erythroid 2-related
factor 2 (Nrf2), which controls the expression of detoxification and cytoprotec-
tive genes [136]. Nrf2 activation mitigates oxidative damage induced by environ-
mental pollutants, while its deficiency heightens susceptibility to cytotoxicity
and inflammation [137]. This pathway is increasingly recognised as a promising
therapeutic target for pollution-induced tissue injury. Recent findings by Issa
et al. [138] demonstrate that chronic exposure to thiamethoxam (TMX), a widely
used neonicotinoid pesticide, causes dose-dependent liver and kidney injury,
marked by suppressed antioxidant activity, increased lipid peroxidation, and
DNA fragmentation. Immunomodulatory drugs have shown efficacy in pollutant-
induced injury. For example, corticosteroids have been used in murine models to
normalise alveolar architecture and reduce lung inflammation triggered by PM
via suppression of IL-1f and TNF-a [139, 140]. These interventions may reduce
mucosal damage and chronic inflammation, although further clinical validation is
required.

3.4 Public health strategies
3.4.1 Biomonitoring and health surveillance

Biomonitoring (BM) is a useful technique in exposure assessment since it tracks
exposure to harmful contaminants and their effects in exposed subjects’ bodily
fluids. This method evaluates the overall absorbed dose of xenobiotic chemicals while
accounting for individual factors such as age, gender, and physiological conditions,
as well as the numerous exposure sources arising from the environment and personal
habits (such as diet and cigarette smoking). Using a non-invasive matrix, the mea-
surement of chemicals in urine is a reliable method for obtaining exposure profiles at
low environmental levels [141]. According to Viegas et al. [142], BM includes expo-
sure from every source. It can be used to evaluate the efficacy of current risk-man-
agement strategies and find unintended and unforeseen exposures. Biomonitoring
involves the assessment of chemicals and their metabolites within the human body,
typically by analysing exhaled breath condensate, blood, urine, hair, or breast milk. It
offers a combined indicator of the degree of chemical exposure from several exposure
pathways.
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3.4.2 Risk communication and community-based intervention

Effective risk communication remains essential for community-based interven-
tions addressing environmental pollution, as it helps the public understand the harm-
ful effects of chemical contamination. Success relies on delivering culturally sensitive,
locally tailored messages that consider community demographics, history, and
sociocultural factors [143]. Understanding community perceptions and knowledge
sources enhances the relevance and impact of these strategies, further fostering trust,
engagement, and more effective responses to environmental health risks [144]. In
several low- and middle-income countries (LMICs), inadequate data from poor waste
management and infrastructural limitations hinder accurate risk assessment, which
negatively impacts effective communication that is not only crucial for guiding public
health actions but also for reducing anxiety, encouraging behaviour change, foster-
ing trust, and promoting environmental justice [145-147]. Furthermore, adequate
engagement of the community further strengthens the interpretation of scientific
findings, facilitates message dissemination, and ensures policies reflect public needs,
which is an approach endorsed by the WHO’s Helsinki Statement [148]. Involving
local stakeholders in health policy development increases its relevance and sustain-
ability [149]. Also, multisectoral interventions spanning transport, urban planning,
industry, agriculture, and personal behaviour are increasingly employed to reduce
pollution exposure, often supported by legislation and public-private partnerships,
while behavioural interventions remain essential for minimising personal exposure
risks [150].

4, Conclusion

The ongoing rise in industrialisation, urban development, and global expan-
sion continues to escalate environmental pollution, exposing mammalian systems
to a wide array of toxicants such as heavy metals, pesticides, and emerging
micro- and nanoplastics. These pollutants exert their harmful effects through
diverse cellular and molecular mechanisms such as oxidative stress, mitochondrial
dysfunction, inflammation, apoptosis, and dysregulation of signalling pathways.
Histopathological assessments have proven invaluable in revealing organ-specific
structural and functional damage, making them essential endpoints in environ-
mental toxicology. While advanced technologies like digital pathology, Al-based
lesion detection, and integrative omics have significantly enhanced our ability
to detect and characterise toxicological impacts. However, critical research gaps
remain, including the lack of chronic, low-dose exposure models, standardised
detection methods for micro- and nanoplastics in tissues, and insufficient
mechanistic insight into emerging toxicants. Moreover, there is a notable scarcity
of human epidemiological and histopathological data, highlighting the need for
dedicated biobanks and tissue repositories. To effectively mitigate the health risks
associated with environmental pollutants, future efforts must adopt a holistic,
interdisciplinary approach, integrating histopathology, toxicology, environmental
science, and public health, with priority given to developing harmonised proto-
cols, enhancing mechanistic studies using high-resolution molecular tools, and
translating scientific findings into actionable policy through robust regulatory
toxicology and stakeholder engagement.
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Al artificial intelligence

CdMT cadmium-metallothionein

CKD chronic kidney disease

DDT dichlorodiphenyltrichloroethane

ETs environmental toxicants

GCLC glutamate-cysteine ligase catalytic subunit
HO-1 haem oxygenase-1

ICAM-1 intercellular adhesion molecule-1

KCs Kupfter cells

MT metallothionein

NADPH nicotinamide adenine dinucleotide phosphate
NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

NQO quinine oxidoreductase

PAHs polycyclic aromatic hydrocarbons

PM particulate matter

POPs persistent organic pollutants

PPAR peroxisome proliferator-activated receptor
ROS reactive oxygen species

UFPs ultrafine particulates

VOCs volatile organic compounds
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Chapter 2

Leachate Pollution Index: An
Assessment and Treatment Strategy
Designing Tool for Landfills

Rachna Jain and Dipanjali Majumdar

Abstract

Landfilling has been considered the most conventional, efficient, and cost-
effective waste management technique for developed and developing nations.
Traditionally, open dumping has been practiced in India for ages as a simple waste
management solution which has now been gradually replaced by sanitary landfilling.
Leachate, a seepage liquid percolated from both landfills, is a toxic cocktail of differ-
ent industrial chemicals, heavy metals, micro and nanoparticle waste, and microbial
metabolic products that make it a potential environmental threat. Leachate Pollution
Index is a comprehensive tool for assessing and characterizing landfill leachate in
terms of its pollution potential. The present study assesses the quality of leachate
from both sanitary and open landfill in a typical urban environment under a tropical
climate to understand the requisite rationale to identify potential treatment strategies
using the leachate pollution Index as a tool. Samples were collected from an unlined
open dump and a sanitary landfill site in West Bengal. Leachate pollution was assessed
based on its physicochemical properties (BOD, COD, phenols, total coliforms,
nitrogen, total dissolved solids (TDS), chlorides, and heavy metals) as per APHA
standards. The cumulative leachate pollution potential due to organic, inorganic, and
heavy metal components was reported in terms of the Leachate Pollution Index (LPI).
LPI values for both sites were observed to be in the range of 12-24 units, significantly
higher than the standard discharge limit (LPI < 7.4), and hence they can be termed as
a potential environmental threat that needs immediate attention before releasing to
the environment.

Keywords: landfill, pollutant parameters, leachate pollution index, assessment,
contamination

1. Introduction

Landfilling is considered to be the most convenient, economical, and effective
waste management technique. Conventionally open dumping has been practiced
worldwide, in which the entire trash has been dumped into an unlined piece of land.
In landfill metabolic fluid, leachate seeps down from the heap and contaminates the
whole environment, especially surface water, through which the pollutants seep down
to the groundwater channel and, in between, contaminate the soil matrix. Leachate
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is a dark-colored toxic liquid comprising recalcitrant chemicals, POPs, pesticides,
heavy metals, and microbial metabolic products [1]. There is no monitoring/control
on the generation and spread of either leachate or other landfill emissions, and hence
it becomes an open source for land, air, and water pollution [2].

1.1 Leachate pollution index (LPI)

Perilous discharge/recycling of wastewater results in terrestrial as well as aquatic
pollution, resulting in adverse health impacts, poor soil quality, bad odor, etc. Discharge
of contaminated water enhances the eutrophication process, which deteriorates dis-
solved oxygen content and hence affects aquatic flora and fauna [3-5]. Major fraction of
this recycled water is used in irrigation, and other allied agricultural activities; heavily
polluted discharge affects soil quality in terms of increased salinity, disturbed alkanity,
bioaccumulation of industrial chemicals as well as heavy metals (Cu, Pb, Ag, Zn), etc. [6,
71. Hence, monitoring discharged water is essential to determine the pollution threat.

LPI is a metric tool for the estimation of pollution potency of that particular land-
fill site, signifying the combination of toxicants being discharged into the environ-
ment, in order to design a suitable and effective treatment strategy to deal with this.
The present study represents the comparative pollution potential of an open municipal
solid waste dump and a lined engineered landfill site. LPI was calculated as per the
waste fraction; for organics (LPI,,), inorganics (LPI;,), and heavy metals (LPIyy,),
the cumulative LPI index of landfill sites was then observed by adding them together.
The seasonal and temporal variations of sanitary landfill leachate on the basis of
organic LPI fraction have been previously reported, and the order of potency was
observed as LPISumme, > LPIyinter > LPIMonsoon [8]. Similarly, the microbial leachate
treatment potential in terms of LPI reduction using organic and inorganic pollutant
parameters was also reported [9]. However, the heavy metal profile is an important
parameter that determines the toxicity potential of landfill sites. Hence, incorporating
selected heavy metals is a key parameter for LPI calculation that helps in assessing the
toxic characteristics of leachate along with its physicochemical pollution potential.

In lieu of this, the present study has been designed to evaluate the comprehensive
comparative leachate pollution potential of an open landfill and a sanitary landfill.
Leachate pollution potential was assessed individually as organic, inorganic, and
heavy metal pollution and represented as cumulative LPI.

2. Materials and methods

All the chemicals used in the present study were of analytical grade > 99% purity.
2.1 Sampling site
2.1.1 Open landfill

Landfill leachate was collected from an adjacent open drain emerging from Dhapa
Landfill, located at 22°32'09”N and 88°23'56"E. Dhapa is a well-known open heap of
dump situated in the eastern fringes of Kolkata, West Bengal. It is spread in around
3 acres of land area and receives 2500 tons of waste per day. Dhapa is also known for
‘Garbage farming, and around 40% of green vegetables available in the local Kolkata
markets is being supplied from here [10]. Dhapa open dump receives unsegregated
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waste. In the absence of any lining, the leachate formed from the mixed waste is
uncontrolled that accumulates in small digs and leachate pools.

2.1.2 Sanitary landfill

A lined landfill site located in Baidyabati Municipality in West Bengal was chosen
for this study. It is the first engineered landfill site in West Bengal, wherein segregated
inert waste is dumped on an inclined surface and generated leachate seeps down and
collected in a raw leachate pool [8, 9]. This raw leachate is further treated by the air
stripping method in two consecutive aeration tanks and after sedimentation, this
primarily treated leachate is discharged into nearby surface water bodies in Figure 1.

2.2 Sampling

Leachate samples were collected in winter 2021 from both sites by standard grab
sampling method. From the sanitary landfill, two samples, before (raw; SLF-R) and after
treatment (primary treated — SLF-PT), were collected. Samples were maintained and
stored at 4°C in a refrigerator for analysis; for heavy metal estimation, samples were stored
atlow pH (pH 2-3). Microbial analysis was done within 6-8 hrs of sample collection.

2.3 In situ leachate characterization

Landfill leachate was characterized into three major waste components, that
is, organic, inorganic, and heavy metals; the following pollutant parameters were
observed under each category-

* Organic part: COD, BOD, total phenols, and total coliforms (TC)

* Inorganic part: pH, chloride, Total Dissolved Solids (TDS), Total Suspended
Solids (TSS), Total Kjeldahl’s Nitrogen (TKN)

* Heavy metals: Chromium (Cr), lead (Pb), arsenic (As), Zinc (Zn), Nickel (Ni),
Copper (Cu), Iron (Fe)

All the parameters were analyzed using the standard APHA method [11].

Figure 1.
Satellite view of Dhapa Open dumpsite and sanitary landfill site (Regional Waste Management Centre) Baidyabati.
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2.4 Leachate pollution index (LPI)

LPI is a measure to determine the contamination potential of a landfill, which will
further decide landfill condition and assess its remediation potential. On the basis of
their status, landfills can be prioritized for management and remediation measures.
The basic concept of LPI is an attempt to make an efficient system to compare the
contamination potential of different landfills present in a given geographical area
[12]. Eighteen different physicochemical parameters including organic, inorganic,
and heavy metal fraction were used for the calculation of LPI, and their weight fac-
tors were ranked on a scale of 1 to 5 by the panelists [13]. The highest is given to heavy
metal, followed by inorganic and organic pollutants. The order seems to follow the
complexity in environmental reduction.

LPI of each fraction, organic, inorganic, and heavy metal waste, was calculated
individually by the method described in our previous study [8]. Cumulative/overall
LPI was then observed by adding them using the following equation:

Overall LPI =0.232LPI,, +0.257 LPI, +0.511LPI, .

LPI,,, LPI of organic fraction; LPI;,, LPI of inorganic fraction; LPIy,,,, LPI of heavy
metal fraction.
Statistical analysis was done by using one-way ANOVA using SPSS 2021.

3. Results
3.1 Physicochemical characterization of leachate

Leachate samples collected from both open and sanitary landfills were observed to be
highly polluted. Comparative analysis revealed that the pollution potential of open landfill
is significantly higher (five to seven times) than that of both raw and primary treated
leachate. The cumulative pollution overview depicted that TDS (52%), TSS (31%), and
COD (8%) shared the maximum pollution load in an open landfill, whereas in a sanitary
landfill, alkalinity and Total Kjeldahl’s nitrogen (TKN) also contributed significantly,
along with COD and TDS. Raw leachate possessed 41% TDS, 36% COD, 12% alkalinity,
and 4% TKN as major pollutants; all the other organic, inorganic, and heavy metal frac-
tions were present as micropollutants. Pollution parameters of primarily treated leachate
were significantly less (13-81%) than both open dump and raw leachate, which clearly
shows the efficiency of the air stripping method for leachate treatment, but still, the
values were quite high, and hence this partially treated leachate cannot be considered safe
for environmental discharge [9]. COD was observed to be the most prominent polluting
factor, followed by TDS and alkalinity.

The BOD value of the raw and primary treated samples was found to be 285 and
214 mg/L, respectively, whereas in open landfill leachate, the parameter was five
times higher. Similarly, COD varied between 4032 and 7715 mg/L. The organic waste
fraction was majorly dominated by COD contamination, 70-96%, followed by BOD
4-13%. Open landfills also possessed 12% of the total coliform (TC) fraction. Total
phenols shared a 0.019-0.004% fraction of the total pollution potential, with values
in the range of 1.6-3.2 mg/L; although the percent share of TC and total phenols was
less, they were still very much higher than the standard discharge limit and possessed
a potential pollution threat.
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In the inorganic fraction, TDS was a major contaminant in all three samples, that
is, open dump (58%), raw leachate (65%), and primarily treated leachate (32%),
with a concentration range of 1285-40,650 mg/L. TSS (34.5%) followed next in open
landfill leachate, whereas in raw and primary treated leachate, alkanity followed
TDS with 20 and 36% share, respectively. TKN concentration was observed to be
591-2781 mg/L and contributed 4, 7, and 14% share in open landfill, raw, and primary
treated leachate, respectively. Chloride was also found to be significantly higher in
primarily treated leachate samples; open landfill showed the least chloride content.

Among heavy metals, iron was the most polluting one; 30% was in open landfills, 59%
was raw, and 63% was primarily treated leachate samples. Lead was the most dominant
metal (36%) in the open landfill leachate, followed by 19% arsenic, whereas raw and pri-
mary treated leachate possessed 18 and 24% of nickel share. Copper also shared 2-3.19%
while zinc was present in very low concentrations in all samples.

Variation in the pollution parameters in different classes, as evident, may be due
to the diverse nature of the dumped waste [14, 15]. Open dump site receives compara-
tively more organic and municipal waste fractions and therefore, their BOD, COD,
chloride, and TDS content are comparatively higher. On the other hand, in sanitary
landfill sites, inert waste is dumped, and hence its organic parameters are signifi-
cantly low (Figure 2) [16].
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Pollutant parameter distribution as per different fractions of waste.
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Some prominent studies on leachate characterization in India and across the globe
are listed below (Table1).

Most of the studies reported above have focused only on major pollutant param-
eters, viz. BOD, COD, pH, nitrogen, and chlorides. In concurrence with our findings,
studies done in India, Thailand, Indonesia, and Morocco have also reported high pol-
lutant load in terms of BOD and COD from leachate samples collected from concen-
trated/open landfill sites. Dumping of unsegregated waste with compostable matter
and high organic content may be the possible reason behind the high organic load
in leachate. Whereas in sanitary landfills located in Malaysia, Virginia, and Beijing,
the BOD/COD ratio was very low, corresponding to the higher inorganic fraction of
dumped waste. The heavy metal content of the landfill leachate showed high variation
as listed above. In India and Algeria, the heavy metal concentration was quite high
compared to that of leachate collected from Ireland.

3.2 Leachate pollution index (LPI)

LPI of both landfill sites was calculated in terms of three fractions: organic, inor-
ganic, and heavy metals. The fractional and cumulative LPI of both sites are described
in Table 2.

LPIL,, of open dump leachate was significantly higher, 11.03 LPI units, than
sanitary leachate, 7.28, for primary treated and 8.26 LPI units for raw leachate as
compared to standard 1.7968 (i.e., 23.2% of 7.4).

LPI;, of the open landfill is way higher than that of raw and primary treated
sanitary leachate; 10.53, 3.37, and 2.36, respectively. Overall, the LPI of both sites was
observed to be significantly higher than the standard 1.9 LPI units (25.7% of 7.4) with
R”> 0.9. This huge difference may be due to the dumping of highly organic waste at
open landfills; in contrast, only inert & non-recyclable waste is being discharged into
the sanitary landfills, and therefore, the scope of generation of inorganic pollution is
negated [8].

Heavy metal fraction of both open and sanitary leachate varied between 2.27 and
2.36 LPI units, which are lower than the standard value of 3.78 LPI units. But still, the
concentration of analyzed toxic heavy metals, that is, As, Cu, Zn, Ni, Cr, Pb, and Fe,
is significantly higher than their respective standard discharge limit.

3.2.1 Cumulative index: LPI

The cumulative LPI of the landfill site was calculated by the summation of all
three factors as described by [13]. It was observed that the LPI of open landfill
leachate was significantly higher (23.8 LPI units) than raw (14.4 LPI units) and
primarily treated (12.01 LPI units) leachate samples. Aeration treatment seems to
be an effective treatment strategy as both individual pollutant parameters, as well as
LPI, pollution load have come down to a certain limit, but still, the values were quite
high from the standards, that is, 74 LPI units for surface water discharge (Figure 3).
Secondary treatment becomes quintessential in these circumstances to maintain
environmental sustainability. LPI values in the present study are quite comparable
with other reported Indian and International studies, as listed below. Variation in the
LPI value may be attributed to different factors, viz. type of waste being dumped,
frequency of dumping, the proportion of organic, inorganic as well heavy metal
constituents; along with this, several environmental factors, temperature, humid-
ity, tropical zone, rate of precipitation and capacity of landfill site also impacts the
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S1. No. Location Type of Organic fraction Inorganic fraction (mg/L) Heavy Metals (ppb) Reference
Landfill (mg/L)
BOD COD TDS TSS pH* so,~ PO,” Ammonia CI Pb Cu As Ni Zn  Ag
Nitrogen/
T.N.
1 Baydyabati, India SF 214-285 4032-7716 1285-8604 744-2315 86592 3.75-6 4.13-6 591-888  182-385 0.04- 0.036 0.005 0.006- 013- — Present
0.08 0.02 048 Study
2 Dhapa, India CLL 1630 6317 40,649 24,140 776 274 2513 2781 1176 0.14 0.03 0.005 026 0.024 — Present
Study

3 Morocco CLL 4707 13,743 NR 1264 78 NR NR 4027 NR NR NR NR NR NR NR [6]
4 Oman CLL 2400- 3600- 5126- 1201270 8.2-8.6 36-417 16-68 562-4655 NR BDL  1.83- BDL BDL BDL NR [17]

13,200 33,600 36,246 6.41
5 Brazil CLL NR 3542 NR NR NR NR NR NR 3631 NR NR NR NR NR NR [18]
6 CLL 950 28,000 NR NR NR NR NR 3.50 NR NR NR NR NR 178 NR [19]
7 Indonesia CLL 3960 6280 NR 72.3 7.8 NR NR 373.33 NR NR NR NR NR NR NR [20]
8 Nonthaburi Semi-SF 760 3380 NR NR NR NR NR 1150 NR NR NR NR NR 1.35- NR [21]

Landfill, Thailand 1.6
9 Varanasi, India CLL 1335-3120 8300- 2300-8322 8.8-9.1 NR NR NR 765— ND NR ND ND ND ND [22]
12,000 1221
10 Virginia, USA SF NR 4737 NR NR NR NR NR 1897 NR NR NR NR NR NR [23]
11 Brahmapuram, CLL 4250-5100  19,800- 11,020-  110-498 6.0-8.1 446-2597 184.88- 1530-4000 2660- NR NR NR NR NR NR [24]
India 24,000 32,760 268 6700
12 Beijing, China LL 105 2305 NR NR NR NR NR 1240 NR NR NR NR NR NR NR [25]
13 Ireland SF 33-984  190-7160 NR NR 6.8-8.5 NR NR 120-4027  160- 0.6~ 0.003- 11412 10-661 10- 10— [26]
2620 1047 2423 7639 2187

14 Ludhiana, India CLL 396-410 1335-2000 5300-6600 600-875 9.3-9.5 48-65 NR NR NR TA TA TA TA TA NR [2]
15 India CLL 1180- 898- 2740-7070 NR 8.2-8.6 345-456 NR NR 285368 NR NR NR NR NR NR [27]

14,420 10,900
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SL. No. Location Typeof  Organicfraction Inorganic fraction (mg/L) Heavy Metals (ppb) Reference
Landfill (mg/L)
BOD COD TDS TSS pH* S0, PO, Ammonia CI Pb Cu As Ni Zn Ag
Nitrogen/
T.N.
16 Malaysia CLL 326 2345 NR NR 83 NR NR 1568 NR NR NR NR NR NR NR  [28]
17 Malaysia SF 83 935 NR NR 77 NR NR 540 NR NR NR NR NR NR NR [28]
18 Algeria CLL 900-980  3552-3792 NR NR 8.27 2954— 48-58  55-85 4300- 349 039 NR 0.37 143 NR [29]
3056 4500

CLL, concentrated landyfill leachate; SF, sanitary landfills.

Table 1.
Review of reported studies on Leachate characterization across the globe.
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Pollutant variable Observed Concentration Sub-Index Values Weight Factors Cumulative Pollution Ratings
OD SLF-R SLF-PT OD SLF-R SLF-PT oD SLF-R SLF-PT
COD 6317 7715 4032 65 70 60 0.267 17.36 18.69 16.02
BOD 1630 285 214 25 7 7 0.263 6.57 1.84 1.84
Phenol compounds 1.90 324 1.60 5 5 5 0.246 123 123 123
Coliforms 10,333 1025 560 100 70 55 0.224 224 15.68 12.32
LPI, 4756 3744 3141
11.0339 8.68631 7.287352
pH 7.76 9.2 8.65 5 8 3 0.214 1.07 171 0.64
Chloride 117.65 183 385.04 5 5 5 0.187 0.93 0.93 0.93
TDS 40649.6 8603.67 1285.33 90 17 15 0.195 17.55 3315 2.92
Total Kjeldahl’s nitrogen 2781.05 888.257 591.13 8 28 18 0.206 1.65 5.77 371
Ammoniacal nitrogen 1305.11 92.6 46.67 100 7 5 0.198 19.8 139 0.99
LPI; 41.003 13.12 9.2
10.54 3.38 2.36
Chromium 0.008 0.02 0.024 5 5 8 0.125 0.625 0.625 1
Lead 0.14 0.082 0.044 6 7 5 0.123 0.738 0.861 0.615
Arsenic 0.005 0.005 0.000012 5 5 5 0.119 0.595 0.595 0.595
Zinc 0.024 0.131 0.484 5 7 8 0.11 0.55 0.77 0.88
Nickel 0.264 0.006 0.02 10 5 5 0.102 1.02 0.51 0.51
Copper 0.03 0.036 0.03 5 7 6 0.098 0.49 0.686 0.588
Iron 0.171 0.767 0.104 5 6 5 0.088 0.44 0.528 0.44
LPlym 4.458 4.575 4.628
2.278 2.338 2.365
LPI Value 23.849 14.395 12.017

OD, open land(fill leachate; SLF-R, raw sanitary land(fill leachate; SLE, PT., primary treated sanitary landfill leachate.

Table 2.

LPI of open and sanitary landfills.
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Figure 3.
Leachate Pollution Index in compavrison to standard discharge limit.

leachate characteristics [12]. Seasonal variation also plays a major role in leachate
characteristics, as depicted in our previous study [8]. The results of the study depict
significantly higher LPI in the summer season than in winter and monsoon season.
This is attributed to dilution of pollutants due to added surface run off and dew
deposition, whereas in summer, the pollutants are concentrated due to excessive tem-
perature, leading to a high vaporization rate. As compared to summer and monsoon,
winters are meant to be a more stable season, reflecting the exact pollution scenario

(Table 3).

S1. No. Location Type of Landfill LPIvalue References

1 West Bengal, India Active, Engineered 12.01-14.3 Present Study

2 West Bengal, India Active, urban 238 Present Study

3 Multaga landfill leachate, Active, urban 26 [17]

Oman
4 Barka landfill leachate, Active, urban 32.24 [17]
Oman

5 West Bengal, India Active, Engineered 16-19.9 9]

6 Hanoi, Vietnam Urban, active 24.7 Hoai et al. [30]

7 Mutuail, Bangladesh Active 19.81 Parvin & Tareq [31]

8 Ulu Maasop, Malaysia Active, 36 years old, rural 15.28 Hussein et al. [32]

area
9 Kampung Keru, Malaysia ~ Closed 29 years old urban 13.89 Hussein etal. [32]
area

10 Ramma, India, Rural, active 15.62 Mishra et al. [33]

11 Kerala, India Active urban 31.99 Arunbabu et al. [34]

12 West Bengal, India Active, urban 28.9 [35]

13 Mobhali, India Urban 27 Ranaetal. [36]

14 Warri, Nigeria Urban, active 6.37-743 Godwin & Oghenekohwiroro
[37]

Table 3.

Reported LPI index of different landfill sites as compared to the present study.
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3.3 LPI: A potential tool for identification of suitable secondary leachate
treatment strategy

In addition to the assessment of the pollution potential of a particular landfill site,
LPI can also be used as a tool for identifying appropriate treatment strategies. Based
on LPI fractionation, it is evident that organic, inorganic, and heavy metal fractions
share 23.2, 25.7, and 51.1% of the cumulative LPI of the particular site. Therefore, the
individual LPI value of each fraction should not exceed 1.8 (LPI,,), 1.9 (LPL,), and
3.78 (LPl,y,) for safe and sustainable water discharge. Based on this, a suitable treat-
ment strategy can be designed, that is, if

* LPI,, is >1.8 — Biological treatment.
* LPI;, is >1.9 — Physicochemical and Advance oxidation.
* LPIy, is >3.78 — Adsorption, Oxidation, etc.

But in general, all three factors are aligned with each other, and hence, a combined
treatment strategy is always effective than standalone ones. Also, the applied treat-
ment technology depends on the ultimate use of treated water; that is, if the ultimate
use is drinking, then advanced oxidation and nanoparticle-based methods can be
used, but if the treated water is meant for surface discharge, then high-end technolo-
gies can be avoided. Different researchers have reported physicochemical (stripped
air, coagulation, flocculation), biological (using bacteria, fungi, algae, plants, etc.),
and advanced oxidation methods (ionization, Fenton, RO) for leachate treatment
[38-43]. The present study reports significantly higher organic (LPI7.2-11.03) and
inorganic (LPI 2.36-10.54) pollution loads; hence, combined physicochemical and
biological treatment methods would be appropriate for treatment purposes. However,
standalone physicochemical methods are quite expensive, generate a lot of sludge,
and are not suitable for large-scale implementation; hence, a combined strategy can
be a sustainable solution [16].

Irrespective of the efficiency of the method applied, it is mandatory to monitor
the treatment process carefully so that the ecological balance is not disturbed. Most
wastewater treatment technologies lead water up to surface water standards, and it is
mainly used for irrigation and domestic use, as detailed below.

Based on the leachate containment potential, the following treatment strategies
may be recommended for implementation at engineered landfill sites (Figure 4).

3.4 Wastewater use/disposal

Apart from toxic chemicals, pesticide residues and other recalcitrant chemicals,
wastewater is also a huge source of phosphates, nitrates, and other micronutrients
required for soil fertility, therefore treated wastewater can be easily applied on soils
for agricultural use, which will in turn, reduce 25-50% of fertilizer use and increase
the crop productivity by 15-27% as compared to normal water irrigation. In the small
cities of Gujrat, the selling of sewage/wastewater is a regular income generation prac-
tice. In peri-urban areas, wastewater irrigation practices increase vegetable and other
perishable production, that is, fodder, etc., by four times in a single piece of land [44].
Individual data and reports on leachate disposal are not available, and hence, consoli-
dated wastewater generation and disposal strategies are explained below.
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LPIor LPIin LPIhm
>1.8 >1.9 >3.78

Probable Treatnrent¥echnology

Biological Treatment «Coagulation/ Membrane
Strategies Flocculation Filtration
=Aerobic/Anaerobic «Ozonation «Chemical
=Activated Sludge <Photo-catalysis Adsorption

-Trickling Filters +Fenton Oxidation -Biosorption

+Batch reactors

Figure 4.
Possible Leachate treatment strategies.

Wastewater-based irrigation is being done all around the country; major produc-
tion and places are listed below (Table 4).

3.5 Hurdles in safe water discharge: Status and need for the knowledge and skills
on the safe use of wastewater

* The high salinity of wastewater decreases soil productivity. Therefore, only toler-
ant plants can be grown in those places [45].

* Excessive release of industrial effluent results in toxin accumulation that
promotes the overgrowth of weeds, algae, and cyanobacteria and deteriorates
groundwater and downstream water quality.

» Wastewater is a rich source of plant nutrients; therefore, excess fertilizers should
be applied accordingly.

SI.No Name of the Crop Place
1 Cereals (Paddy, Wheat) Hyderabad, Ahmedabad,
Kanpur

2 Vegetables (Cucurbits, eggplant, okra, amaranths, mint, and corianderinthe = New Delhi, Hyderabad
summers; Spinach, mustard, cauliflower, and cabbage in the winters)

3 Flowers (roses, marigold, and Jasmine) Kanpur & Hyderabad

4 Avenue trees and parks Hyderabad

5 Aquaculture East Kolkata

6 Agroforestry (sapota, guava, coconut, mango, arecanut, teak, neem, banana, = Hubli-Dharwad in
Ramphal, curry leaf, pomegranate, lemon, galimara, mulberry, etc.) Karnataka

Table 4.

Reported literature on wastewater-based irvigation.
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* Regular soil testing is essential to understand nutrient requirements.

* For certain crops, especially fodder crops, irrigation must be stopped before
1-2 weeks of harvesting so that the pollutants cannot accumulate in the crops.

* On heavily contaminated lands, non-food crops with high economic value, like
sisal, mahogany, Eucalyptus, poplar, bamboo, neem (Azadirachta indica), shisha
(Dalbergia sissoo), etc., can be grown to develop a green belt around the city.
These plants accumulate pollutants in their root, and hence the groundwater
is not much polluted. Biochemical oxygen demand removal efficiency of tree
plantations has also been observed to be 80.0-94.3% [46].

* A selective cultivation approach can be used to accumulate maximum pollutants
from the wastewater into the non-edible parts. It should be promoted in public
parks, golf courses, green belts, and tree plantations.

 Efficient strains of microbes for wastewater remediation should be searched out
and applied at the field scale.

¢ Increased funding may be provided for research to design efficient, cost-
effective, and sustainable natural wastewater treatment systems that conserve
nutrients while effectively removing pathogens and other pollutants.

* Wastewater should be appropriately diluted so that the toxin remains below the
lethal dose and does not affect crop productivity.

4, Conclusion

Leachate is a potential source of water pollution and is a hidden threat to envi-
ronmental sustainability. Hence, regular monitoring of landfill leachate is necessary
to keep an eye on the possibility of creating pollution in the nearby surface as well as
groundwater bodies. Leachate samples analyzed in the present study were found to
be heavily contaminated, as depicted by significantly higher values of all the organic
and inorganic pollutant parameters. Therefore, direct discharge of this effluent from
both open dumps and sanitary landfill sites is not feasible, and the application of an
appropriate treatment strategy is the need of the hour.

Regular quality checks of the discharge effluent will help in designing suitable
treatment strategies for better management of waste in the landfill and ultimately
result in a clean and green environment.
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Chapter 3

The Impact of Heavy Metals

on Pancreatic B-Cell Function:
Mechanisms and Implications for
Development of Diabetes Mellitus

Tugba Kose

Abstract

Environmental exposure to heavy metals is an increasingly recognized risk factor in
the development of metabolic disorders, including diabetes mellitus (DM). Pancreatic
p-cells are particularly vulnerable to oxidative and functional damage induced by toxi-
cants such as cadmium (Cd), arsenic (As), lead (Pb), and manganese (Mn); however,
the mechanisms of toxicity remain inadequately defined. This study aimed to evaluate
the cytotoxic, oxidative, and functional effects of CdCl,, NaAsO,, MnCl,, and PbCl,
on insulin-secreting MIN6 and INS-1 pancreatic f-cell lines. Cells were exposed to
different concentrations of heavy metals for 24 h. Cell viability was assessed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay, while intra-
cellular reactive oxygen species (ROS) and lipid peroxidation (measured as malondialde-
hyde, MDA), were quantified to determine oxidative stress. Glucose-stimulated insulin
secretion (GSIS) was evaluated using a high glucose challenge and ELISA-based insulin
quantification. Exposure to 2 pM CdCl, and NaAsO,, and 5 pM MnCl, and PbCl,, sig-
nificantly reduced cell viability and insulin secretion in both cell lines. These treatments
also induced a marked increase in ROS generation and malondialdehyde (MDA) levels,
indicating enhanced oxidative stress and lipid peroxidation. Cd, As, Pb, and Mn exert
dose-dependent cytotoxic effects on pancreatic p-cells by impairing viability, disrupting
insulin secretion, and inducing oxidative stress. These findings support the hypothesis
that chronic exposure to heavy metals contributes to p-cell dysfunction, and may play
arole in diabetes pathogenesis. Gaining insight into these mechanisms is essential for
guiding environmental health policies and creating targeted intervention strategies.

Keywords: heavy metals, pancreatic cell damage, diabetes mellitus, oxidative stress,
environmental health

1. Introduction

Exposure to environmental pollutants is often underestimated; however, signifi-
cant risk factors in the development and progression of various chronic diseases [1].
Despite increasing awareness, the role of these pollutants, particularly toxic heavy
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metals, in metabolic disorders such as diabetes mellitus (DM) remains insufficiently
explored. Epidemiological and experimental studies have drawn growing attention
to the association between environmental toxicants and the global rise in diabetes
prevalence [1, 2].

DM is a multifaceted metabolic disorder characterized by chronic hyperglycemia,
resulting from impaired insulin resistance, insulin secretion, or a combination of
both. It exists primarily in two forms: Type I (insulin-dependent) and type II (non-
insulin-dependent) [3]. Emerging evidence suggests that exposure to environmental
pollutants can overload pancreatic p-cells, induce cellular stress, and impair their
functional capacity. In addition to promoting insulin resistance and disrupting
glucose metabolism, these pollutants can directly damage pancreatic islets, contribut-
ing to diabetes pathogenesis [2]. Given the rising environmental burden of disease,
there is a pressing need for comprehensive research into the mechanisms by which
environmental contaminants contribute to diabetes.

Cadmium (Cd) is among the most harmful toxic metal pollutants, known for
its ability to bioaccumulate over time and exert toxic effects on multiple organ
systems, including the kidneys, bones, and pancreas [4-6]. Cd is commonly used in
industrial processes, such as battery production, pigments, and plastic manufactur-
ing, and is ranked seventh on the U.S. Agency for Toxic Substances and Disease
Registry’s Substance Priority List [7]. In nonoccupational environments, cadmium
(Cd) exposure primarily happens through contaminated food, water, and tobacco
smoke. Prolonged Cd exposure has been associated with nephrotoxicity, cancer,
bone damage, and metabolic disturbances, including hyperglycemia and hypoinsu-
linemia [5, 8].

Arsenic (As), another widespread environmental pollutant, is commonly found
in groundwater and industrial waste [9]. Chronic arsenic exposure is associated with
oxidative stress, inflammation, and DNA damage, all of which can impair pancreatic
B-cell function [10]. Epidemiological data link arsenic exposure to increased insulin
resistance, glucose intolerance, and diabetes risk, particularly in populations with
high levels of arsenic in drinking water [9, 10].

Lead (Pb), although now less commonly used in industrial materials due to regula-
tory controls, remains an environmental hazard due to its persistence in soil and
water [11]. Pb exposure has been shown to alter calcium signaling pathways, essential
for insulin granule exocytosis. In vitro, PbCl, has been reported to reduce insulin
secretion and increase lipid peroxidation in INS-1 cells [12]. Moreover, Pb exposure
enhances ROS production, promoting oxidative DNA damage and impairing f-cell
function, as shown in studies using both p-cell lines and isolated islets [13, 14].

Manganese (Mn), though essential in small amounts for enzymatic and metabolic
functions, can be neurotoxic and metabolically disruptive at high levels [15]. Excess
Mn has been linked to impaired insulin signaling, mitochondrial dysfunction and
B-cell apoptosis [16]. In vitro investigations using MING cells revealed that high Mn
concentrations cause a significant increase in ROS and a reduction in insulin secretion
[14, 17]. Additionally, studies have shown that Mn disrupts the antioxidant defense
system, including enzymes such as superoxide dismutase (SOD) and catalase, making
B-cells more susceptible to oxidative injury [16, 18].

To investigate the cellular and molecular mechanisms underlying heavy metal-
induced pancreatic damage, 7 vitro models such as INS-1 (rat insulinoma) and
MIN6 (mouse insulinoma) cells are widely utilized [19, 20]. These p-cell lines
provide a controlled system to evaluate the cytotoxic, oxidative, and metabolic
effects of toxicants. Studies have demonstrated that exposure to Cd, As, Pb, and
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Mn in INS-1 and MING cells leads to decreased cell viability, reduced insulin
secretion, altered gene expression, and increased oxidative stress. Such findings
underscore the relevance of environmental toxicants in p-cell dysfunction and DM
development [21].

This study aimed to investigate the cytotoxic and functional effects of four
environmental heavy metals—Cd, As, Pb, and Mn—on pancreatic p-cell viability,
oxidative stress, and insulin secretion using two iz vitro models: MIN6 (mouse)
and INS-1 (rat) p-cell lines. By comparing the responses of these two cell types to
metal-induced toxicity, this study aimed to enhance the understanding of
how environmental toxicants can contribute to p-cell dysfunction and the
development of DM.

2. Materials and methods
2.1 Materials

Unless specified otherwise, all chemicals (including CdCl,, NaAsO,, MnCl,, PbCl,)
and laboratory plastic wares were purchased from Sigma-Aldrich (Dorset, UK).

2.2 Cell culture

The mouse MING cells, an insulin-secreting pancreatic -cell line, were used in
this study. The cells (<30 passages) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing 15% heat-inactivated fetal bovine serum (FBS), 100 U/
mL penicillin, and 0.1 mg/mL streptomycin. The cells were maintained at 37°C ina
humidified incubator with 5% CO,. MING cells were split when 80-90% confluent,
then were used for experiments.

INS-1 cells, a rat insulin-secreting pancreatic f-cell line, were cultured in RPMI
1640 medium, supplemented with 50 U/mL penicillin, 2 mM L-glutamine, 10%
FBS, 1 mM sodium pyruvate, 50 pM f-mercaptoethanol, and 0.1 mg/mL strepto-
mycin in a humidified atmosphere with 5% CO; at 37°C, based on the method of
Asfari et al. [22]. INS-1 cells were split when 80-90% confluent, then were used for
experiments.

2.3 Measurement of cell viability

MING6 and INS-1 pancreatic p-cells were seeded in 96-well plates at a density
of 2 x 10* cells per well and allowed to adhere under standard culture conditions.
Once confluent, the cells were treated with varying concentrations of Cd, As, Pb,
or Mn for 24 h. After exposure, the treatment medium was removed and replaced
with fresh medium with 0.2 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT). The cells were incubated for an additional 4 hours
at 37°C to allow for the formation of formazan crystals by metabolically active
cells. After incubation, the medium was carefully removed, and the resulting
blue formazan crystals were solubilized by adding 100 pL of dimethyl sulfoxide
(DMSO) to each well. Absorbance was measured at 570 nm using a microplate
reader (BioTek pQuant Monochromatic Microplate Spectrophotometer, MTX
Lab Systems, Inc., USA). Cell viability was shown as a percentage relative to the
untreated control group.
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2.4 Determination of intracellular reactive oxygen species (ROS)

Intracellular ROS levels in MIN6 and INS-1 pancreatic p-cells were measured using
the cell-permeant probe 2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA),
according to the manufacturer’ instructions. Briefly, cells from different treatment
groups were harvested and washed three times with sterile phosphate-buffered saline
(PBS) to remove residual culture media and extracellular contaminants. Following
washing, the cells were incubated in the dark at 37°C for 90 minutes in PBS contain-
ing 10 pmol/L H,DCFDA. After incubation, excess extracellular dye was removed by
washing the cells three additional times with sterile PBS. The oxidation of H,DCFDA
to the fluorescent product 2,7'-dichlorofluorescein (DCF) within the cells was used
as an indicator of intracellular ROS production. Fluorescence intensity was measured
using flow cytometry with excitation at 485 nm and emission detection at 525 nm.
ROS levels were presented as relative fluorescence units, normalized to those of
the control group treated with 0.01% DMSO. All measurements were performed in
triplicate to ensure reproducibility.

2.5 Lipid peroxidation (MDA)

Lipid peroxidation in MIN6 and INS-1 pancreatic f-cells was measured by
the detection of the endpoint product malondialdehyde (MDA), according to the
manufacturer’s instructions, using the MDA microplate assay kit from Cohesion
Biosciences (London, UK). MDA levels in the cell culture supernatant were measured
by colorimetric analysis at 532 and 600 nm. MDA concentrations were normalized to
total protein content and expressed as nmol/mg protein.

2.6 Glucose-stimulated insulin secretion (GSIS)

MING6 and INS-1 pancreatic -cells were plated and maintained under standard
culture conditions until they achieved suitable confluency for the GSIS assay. The cells
were then washed twice with PBS and subsequently treated with Cd, As, Pb, or Mn
for 24 h at specified concentrations. After treatment, the culture medium was dis-
carded, and the cells were rinsed with PBS to remove any remaining metal ions. Next,
the cells were incubated at 37°C in glucose- and serum-free DMEM, supplemented
with 2 mM L-glutamine and 25 mM HEPES (pH 74), and adjusted to a final glucose
concentration of 25 mM to stimulate insulin secretion. Following a 15-minute incuba-
tion, the supernatants containing secreted insulin were collected, and the cells were
subsequently lysed using the method outlined by Cheng et al. [23]. Cell lysis was per-
formed using an acid/ethanol solution (1.5:70 v/v%) to extract intracellular insulin for
determining total insulin content. Both media samples and cell lysates were analyzed
using a commercial insulin ELISA kit, and absorbance was measured at 450 nm using
amicroplate reader. Insulin secretion was normalized to the total insulin content of
the cells to account for variations in cell number or viability. Each experimental condi-
tion was conducted in at least four biological replicates per metal concentration.

2.7 Statistical analysis

Data were expressed as means + SEM. Statistical analysis was performed by
GraphPad Prism 10.0 (GraphPad Software, San Diego, CA, USA) using one-way
analysis of variance (ANOVA) and Tukey’s multiple comparisons post hoc test to
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compare the means of the experimental groups. Data represents duplicate measure-
ments from three independent experiments. Groups that do not share the same letters
are significantly different (p < 0.05).

3. Results
3.1 Cytotoxic effects of heavy metals on MIN6 and INS-1 pancreatic f cells

The impact of various heavy metals on the viability of MIN6 and INS-1 pan-
creatic p cells was assessed using the MTT assay. To evaluate whether these metals
could synergistically enhance cytotoxicity, the cells were exposed to CdCl,, MnCl,,
NaAsO,, and PbCl, for 24 h at varying concentrations. A significant reduction in cell
viability was observed at 2 pM concentrations of CdCl, and NaAsO,, whereas MnCl,
and PbCl, induced notable cytotoxicity at 5 uM in both cell lines (Figures 1 and 2).
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Figure 1.

Dose-dependent effect of heavy metals on MING cell viability. Different doses of CdCly, MnCl,, NaAsO,, and
PbCl, were exposed to MING for 24 h. Data are presented as mean + SEM, representing at least three independent
experiments (n = 3). Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc
test, with p < 0.05 indicating significant differences between control and treatment groups.
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Figure 2.

Dose-dependent effect of heavy metals on INS-1 cell viability. Different doses of CdCly, MnCl,, NaAsO,, and
PbCl, were exposed to MING for 24 h. Data are presented as mean + SEM, representing at least three independent
experiments (n = 3). Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc
test, with p < 0.05 indicating significant differences between control and treatment groups.

3.2 Induction of oxidative stress by heavy metals

The influence of heavy metals on intracellular ROS levels and lipid peroxidation
(MDA) was evaluated. As shown in Figure 3A and B, exposure to cytotoxic concen-
trations of the metals significantly elevated ROS levels in both cell lines compared
to untreated controls. Lipid peroxidation, assessed by measuring malondialdehyde
(MDA) levels, also increased markedly following treatment with 2 pM CdCl,, 2 pM
NaAsO,, and 5 pM MnCl, or PbCl, (Figure 3B).

3.3 Effect of heavy metals on insulin secretion

To assess insulin secretion, MIN6 and INS-1 cells were incubated with 2.5 mM
glucose (low glucose, negative control) or 16.7 mM glucose (high glucose, positive
control). Cells treated with 2 pM CdCl,, 2 puM NaAsO,, 5 pM MnCl,, or 5 pM PbCl,
showed a significant decline in insulin release compared to the high glucose control
(Figure 4), indicating a disruption in p-cell function.

50



The Impact of Heavy Metals on Pancreatic f-Cell Function: Mechanisms and Implications...
DOI: http://dx.doi.org/10.5772/intechopen.1011942

A MING INS-1
1.0+ .
- * &
. : 0.8
a
o — 3
S 2 2 0.6
— @ O
H E @ 2
2 2 2 5 0.4
§'s =
3 5 0.2
0.0-
° = | = w -
pud (&7 < o
£ =
[+]
o
B MING INS-1
8+ 10+
£ - . Bl -
e © e
< o < o T
a 4 o
S = £
E_z— -E- 2
0- oy
Tt 2 & 2 & T 3 £ 2 &
| =
3 S

Figure 3.

He%wy metals increased intracellular ROS (A) and MDA (B) levels in MING6 and INS-1 cells. The effect of heavy
metals on intracellular levels of ROS (A) and (B) MDA in MING6 and INS-1 cells was determined by assays.
Data ave presented as mean + SEM, representing at least three independent experiments (n = 3). Statistical
significance was determined using one-way ANOVA followed by Tukey’s post hoc test, with p < 0.05 indicating
significant differences between control and treatment groups.

4. Discussion

The present study investigated the cytotoxic effects of four environmentally
relevant heavy metals: Cd, Mn, As, and Pb, on pancreatic p-cell function using
two widely accepted in vitro models: MIN6 and INS-1 cells. Our findings demon-
strate that exposure to these metals significantly impairs $-cell viability, disrupts
GSIS, and elevates intracellular ROS, all of which are indicative of p-cell dysfunc-
tion and stress.

Cd was found to be the most toxic among the tested metals, consistent with
previous reports highlighting its high affinity for sulthydryl groups in proteins and
its ability to disrupt cellular redox homeostasis [7]. In vitro studies using MIN6 and
INS-1 cell lines have demonstrated that Cd reduces cell viability, disrupts insulin
gene expression, and impairs insulin secretion through mechanisms involving
mitochondrial dysfunction and the generation of reactive oxygen species [8, 24]. For
example, Hong et al. [7] reported that Cd exposure at low micromolar concentrations
significantly decreased insulin secretion in MING cells by interfering with calcium
homeostasis and mitochondrial potential.
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Figure 4.

Thge effect of heavy metals on insulin secretion in high glucose-treated MING6 and INS-1 cells. Insulin secretion
in MING6 and INS-1 cells treated with high glucose (16.7 mM) was significantly reduced following exposure to
heavy metals. Data ave presented as mean + SEM, representing at least three independent experiments (n = 3).
Statistical significance was determined using one-way ANOVA followed by Tukey’s post hoc test, with p < 0.05
indicating significant differences between control and treatment groups.

As, commonly present in contaminated drinking water, it has also been shown to
damage f-cells. Chronic exposure to inorganic arsenic compounds such as NaAsO, has
been linked to impaired insulin signaling and p-cell death. Iz vitro, exposure in MING6 cells
has been shown to reduce GSIS, increase oxidative stress markers, and alter f-cell gene
expression, including key regulators such as Pdx1 and Ins1 [25]. Similarly, Sanchez-Soria
etal. [26] demonstrated that arsenic trioxide induced mitochondrial fragmentation and
suppressed insulin secretion in INS-1 cells, emphasizing the role of mitochondrial integ-
rity in p-cell survival. Those results aligned with this study, supporting the hypothesis that
chronic arsenic exposure contributes to insulin resistance and the development of DM.

Pb exposure led to moderate but significant reductions in both viability and
insulin output. Pb is known to interfere with calcium signaling and disrupt mitochon-
drial activity, both of which are essential for insulin granule exocytosis. Furthermore,
Pb-induced ROS production likely contributes to lipid peroxidation and membrane
damage in B-cells. Our results align with previous studies, reporting an association
between elevated blood lead levels and impaired glucose tolerance [11, 14].

Mn as an essential trace element, exerted cytotoxic effects at elevated concentra-
tions. Mn-induced p-cell dysfunction is likely mediated through oxidative stress and
mitochondrial dysregulation, consistent with earlier studies showing Mn overex-
posure impairs insulin signaling and alters antioxidant enzyme activities [15, 25].
Interestingly, the biphasic nature of Mn'’s biological activity—beneficial at physiologi-
cal levels but harmful at toxic concentrations—highlights the need for precise regula-
tion of metal exposure in maintaining p-cell integrity.
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Comparative analysis of MIN6 and INS-1 cells revealed generally consistent
responses across both models, though some variation in sensitivity was noted [27, 28].
This may reflect species-specific differences in metal uptake, detoxification path-
ways, or antioxidant capacity. Nonetheless, the use of both cell lines strengthens the
translational relevance of our findings, suggesting that heavy metal exposure poses a
substantial risk to f-cell function across mammalian systems [19, 27].

Overall, our study reinforces the emerging paradigm that environmental pollut-
ants—particularly heavy metals—are important, but often overlooked, contributors
to p-cell dysfunction and the pathogenesis of DM. The observed impairments in
cell viability, insulin secretion, and redox balance underscore the need for stricter
environmental controls and increased public health efforts to mitigate exposure to
these toxic elements. Future research should aim to elucidate the precise molecular
mechanisms underlying metal-induced p-cell damage and explore potential protec-
tive strategies, such as antioxidant supplementation or pharmacological intervention.
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Chapter 4

The Role of Emerging
Environmental Contaminants on
Alzheimer’s Disease

L. Ipek Bosgelmez and Beyza Mertas

Abstract

According to the latest data from WHO, about 57 million individuals world-
wide were living with dementia in 2021, with 10 million new cases diagnosed each
year. Alzheimer’s disease (AD) accounts for approximately 60-80% of dementia
cases and ranks as the seventh leading cause of death globally. Currently, the
therapeutic options available for AD have limited effectiveness, and potential
disease-modifying therapies are not widely adopted or reliably deemed safe.
Therefore, implementing preventive strategies and raising public awareness
about the relevant AD risk factors are crucial. Existing data delineate various
risk factors for AD, encompassing non-modifiable factors such as age, genetic
predisposition, and gender, alongside modifiable factors including environmental
pollution and diet. This chapter aims to explore emerging environmental risk
factors that contribute to AD, including air pollution, toxic elements, pesticides,
microplastics, nanoplastics, endocrine disruptors, pharmaceuticals and personal
care products, environmental disasters, and global climate change. The intricate
and multifaceted nature of neurodegenerative disorders such as AD necessi-
tates an interdisciplinary approach to unravel the underlying mechanisms. This
involves the effective application of various omics techniques—such as genom-
ics, transcriptomics, proteomics, metabolomics, and lipidomics—paired with
advanced artificial intelligence (AI) methods, including machine learning and
deep learning.

Keywords: Alzheimer’ disease, environmental risk factors, air pollution, water
pollution, soil pollution, microplastics and nanoplastics, toxic metals, pesticides,
pharmaceuticals and personal care products, changes to the natural environment,
environmental disasters, global climate change, endocrine disruptors, noise pollution,
light pollution

1. Introduction
Alzheimer’s disease (AD), first characterized by Dr. Alois Alzheimer in 1906, is a

progressive neurodegenerative disorder marked by a progressive decline in cognitive
functions and behavioral capabilities. It is recognized as the most common form of
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dementia and poses a growing challenge in the context of the aging global popula-
tion. Currently, AD is an enduring and largely untreatable condition, with only a
limited number of medications available, imposing a significant socio-economic
burden [1, 2]. In 2021, AD and other dementias ranked as the seventh leading cause
of mortality worldwide, accounting for approximately 1.8 million deaths. The
mortality rate for AD is strongly correlated with aging (Figure 1a), particularly
among individuals over 70 years of age [3]. Additionally, country-specific data
highlight the global importance of this issue (Figure 1b). Furthermore, women are

(a) Deaths from dementia-related diseases, by age, World m
Estimated annual number of deaths from Alzheimer's and other dementia diseases.
2 million
1.5 million
1 millian Thenean oy

500,000

50-6% years old
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Data source: IHME, Global Burden of Disease (2024) OurWorldinDataorg/causes-of -death | CC BY
2 :
(b) Death rate from Alzheimer's, 2021 m

Estimated annual number of deaths from Alzheimer's disease and other forms of dementia per 100,000 people.
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Data source: IHME, Global Burden of Disease (2024) CurwWorldinData.org/causes-af -death | CC BY
Mote: To allow for comparisons between countries and over time, this metric is age-standardized,

Figure 1.
(a) Mortality rate from AD and other dementias by age, (b) Global view of AD-velated mortality across
countries [3].
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disproportionately impacted by dementia worldwide, comprising 68% of deaths
related to AD and other dementias [4]. The hallmark features of AD include amyloid
plaques—aggregates of amyloid-beta (Af) peptides—and neurofibrillary tangles,
composed of hyperphosphorylated tau protein within the brain’s neural structures.
This pathological protein aggregation disrupts the functions and communication of
neuronal networks, thereby accelerating the cognitive decline typically observed in
disease progression.

2. An overview of risk factors and hypotheses

As illustrated in Figure 2, risk factors related to AD are categorized into two
groups: “non-modifiable factors,” such as genetics, gender, and aging; and “modifi-
able factors,” including lifestyle, various diseases, and environmental pollution. The
key point is that these modifiable factors can be targeted to potentially prevent or
delay up to 45% of dementia cases. Currently, these factors are categorized according
to the stages of life, as early life, midlife, and late life risk factors [5]. The constantly
evolving landscape of related AD research results in the daily emergence of new risk
factors and updates in clinical practice.

Various hypotheses related to AD (Figure 3), such as the amyloid, tau propaga-
tion, cholinergic, mitochondrial cascade, inflammatory, neurovascular, and metal ion

hypotheses, have been proposed [6].
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Figure 2.
Risk factors and other key points of AD.
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Figure 3.
Currently known hypotheses related to AD.

3. Neuroexposome and environmental risk factors

The term “exposome” refers to lifetime environmental exposures, including life-
style factors, that begin prenatally [7]. Due to its variability and dynamism, precisely
characterizing an individual’s exposure history is challenging. An “Alzheimer’s disease
(AD) exposome” has been proposed to better understand environmental factors
influencing genetic and non-genetic risks for AD and related dementias [8]. Figure 4
outlines the environmental risk factors currently recognized in this context.

3.1 Air pollution

Long-term air pollution exposure is linked to health risks, including cognitive
decline, as studies clarify the harmful effects of specific pollutants. Airborne con-
taminants, such as particulate matter (PM, s and PMy), nitrogen dioxide (NO,),
ozone (03), and sulfur dioxide (SO,), may lead to impaired cognitive function,
particularly in older adults. The data in Figure 5a [9] and 5b [3] show air pollutant
emissions and average annual PM, s exposure, respectively, and offer a compre-
hensive overview of the global situation. Guo et al. reported a global rise in age-
standardized mortality rates and disability-adjusted life years (DALYs) related to AD
and other dementias, based on an analysis of ambient air pollution indicators—such
as PM, s, NO,, and O;—and covariates from 1990 to 2019 across 149 countries and
territories [10].

Over the past three decades, O; levels increased annually by 0.17%, while PM, 5
and NO, decreased by 0.33% and 0.14%, respectively. A 10 pg/m’ rise in PM, s was
associated with a 0.118 (95% CI: 0.060-0.175) increase in ASMR and a 0.966 (95%
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Disasters

Figure 4.
A rvepresentation of proposed environmental risk factors on neurodegenerative diseases.

CI: 0.321-1.611) increase in DALYs. Similarly, every 10 pg/m’ increase in O; correlated
with a 0.112 rise in ASMR and a 1.068 rise in DALYs. Notably, stronger associations
between O; and dementia were observed in the Global South compared to the Global
North. Prolonged exposure to NO, has been linked to lower memory and executive
function assessment scores. Specifically, a significant decline of —0.10 in memory
performance has been observed for each interquartile range increase [11].

Increased particulate matter exposure is associated with higher risks of cognitive
decline, supported by odds ratios (OR: 1.49 for PM, s; 1.30 for PM) [12]. A recent
systematic review [13] across Europe, Asia, and North America links PM, 5 and PM,
to behavioral issues in adults and the elderly, including olfactory dysfunction, cogni-
tive deterioration, dementia, depression, and anxiety, with memory effects being
most common. Some studies suggest gender-specific vulnerabilities, with women
showing a higher incidence of adverse outcomes. Further research is needed to clarify
the relationship between PM exposure and dementia risk.

Prolonged exposure to poor air quality is linked to neuroinflammation, immune
response alterations, blood-brain barrier (BBB) disruption, and accumulation of
AB-42 and a-synuclein, elevating risks of Alzheimer’s and Parkinson’s diseases,
especially in APOE ¢4 allele carriers. This early-life exposure potentially heightens the
risk of developing neurodegenerative diseases later in life [14].

Formaldehyde has also been implicated in the pathogenesis of neurodegenerative
diseases due to its mechanism of action, which is significantly associated with height-
ened accumulation of Ap. Exposure to exogenous formaldehyde may exacerbate this
process in individuals who demonstrate a predisposition to Ap accumulation, influ-
enced by factors such as age or genetic traits. The receptor for advanced glycation end
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(a) Emissions of air pollutants, World. 1750 to 2022

Air pollutants are gases that can lead to negative impacts on human health and ecosystems. Most are

produced from energy, industry, and agriculture.
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(b) Average annual exposure to PM2.5 air pollution. 2020
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(a) air pollutant emissions [9], (b) average annual exposure to PM, 5 [3].

products (RAGE) is essential for the transport of Ap across the BBB. The interaction
of ligands with RAGE plays a crucial role in regulating the expression of the amyloid
precursor protein (APP), a key component in the accumulation of Ap. Endogenous
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formaldehyde accumulation within the body can result from impaired metabolic
processes. In contrast, the accumulation of exogenous formaldehyde, which has been
documented to surpass the maximum permissible concentration in various regions
globally, may present more immediate and severe consequences [15]. Exposure to
formaldehyde may lead to insulin deficiency, which impairs glucose metabolism and
subsequently results in the accumulation of RAGE ligands, particularly advanced
glycation end products (AGEs). The accumulation of glucose and the disruption

of insulin-dependent biochemical signaling may trigger a cascade of reactions that
promote neuroinflammation and various cellular disorders. Consequently, this
increases the level of RAGE ligands in the system. The overexpression of RAGE at the
BBB facilitates the transport of Af from the bloodstream into the brain. An increase
in ligand-RAGE interactions subsequently upregulates the expression of the APP and
beta-site amyloid precursor protein cleaving enzyme 1 (BACE1) genes, disrupting
the equilibrium of APP processing and leading to the formation of elevated Af levels.
The accumulation of AP contributes to the development of amyloid plaques. This
phenomenon exhibits a cyclical nature; the deposition of amyloid plaques provokes
neuroinflammation and diminishes neuroplasticity [15].

3.2 Water and soil pollution

Water pollution is a growing concern globally as the population and industri-
alization continue to rise. Contaminants detected in water sources include heavy
metals such aslead (Pb), mercury (Hg), and arsenic (As), as well as pharmaceuti-
cal and cosmetic waste [16]. A study conducted in China found that an increase
in water pollution resulted in worse mental health, with low-income participants
being particularly vulnerable. Notably, the pollutants associated with adverse
mental health outcomes were As, Hg, Pb, ammonia nitrogen (NH;-N), volatile
phenol, and chemical oxygen demand (COD). Researchers also reported that
water treatment ameliorated mental health by 0.12 percent [17]. It is also worth
noting that water is the primary source of exposure to inorganic As. In Project
FRONTIER, the association between the current and long-term As exposure and
neuropsychological functioning was examined. The study included 434 partici-
pants, with a mean long-term As exposure of 240.15 pg/L-years over 34 years. The
approximate current As level in the area where participants reside was 6.33 pg/L.
Researchers have reported that long-term, low-level exposure to As is associated
with impairments in global cognition, immediate memory, language, process-
ing speed, and executive functioning [18]. Another study hypothesized that
psychoactive pharmaceuticals from drinking water can cross maternal biologi-
cal barriers and induce neurological disorders, including AD, by changing gene
and protein expression [19]. In their previous study, Kaushik et al. [20] treated
human neuronal cells with valproate and a mixture of fluoxetine, venlafaxine,
and carbamazepine, and they found almost a 2-fold change in expression of genes
associated with AD such as nuclear protein 1 (NUPR1), dihydropyrimidinase
related protein 2 (DRP2), and Thrombospondin-1 (T'SP1). NUPRI1 is a gene that
plays a role in cell apoptosis and regulation [21]. Both mixture and carbamazepine
administration resulted in the upregulated expression of NUPRI, just as observed
in AD patients [20]. Researchers suggest NUPRI is related to brain damage [22],
while Xu et al. found inhibition of NUPRI improves learning and memory iz vivo
and reduces apoptosis [23]. Another downregulated gene in both AD and, due to
the mixture and carbamazepine administration, is DRP2 [20, 24]. A current study
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found that DRP2 may be involved in regulating neuronal dedifferentiation during
memory formation in complex conditioned tasks. This process appears to increase
the pool of neuronal precursor cells, which can then differentiate in a targeted
manner to encode newly acquired behaviors [25].

TSP-1 gene expression is downregulated in AD patients and in vivo models. One
study indicates that Ap reduces astrocytic TSP-1 secretion [26], while another sug-
gests this gene offers protection against Af-induced mitochondrial fission, dysfunc-
tion, and apoptosis [27]. Taken together, these results indicate that mixtures of
pharmaceutical waste in drinking water pose a significant risk factor for AD through
multiple mechanisms. However, there are limited studies that investigate the associa-
tion between pharmaceutical waste and AD. More demographic studies are crucial for
taking effective measures and analyzing levels of heavy metals, especially As, as well
as cosmetic and pharmaceutical waste, in drinking water.

The Food and Agriculture Organization of the United Nations (FAO) defines soil
pollution as “the presence in the soil of a chemical or substance out of place and/or
present at a higher than normal concentration that has adverse effects on any non-tar-
geted organism” [28]. According to the FAO, several sources contribute to soil pollu-
tion, including pesticides, plastic and healthcare waste, naturally occurring asbestos,
organic contaminants, transportation, and trace elements [29]. Li et al. found that
soil As concentration was significantly associated with AD mortality rates, whereas
no such association was observed for Pb, Cd, and Hg. The researchers noted the lack
of investigation into As levels in drinking water as a limitation and emphasized the
necessity of incorporating water exposure assessments in future studies on As and AD
prevalence, given the potential for metal exchange between soil and water [30]. An
analysis of data from all 48 US states examined the correlation between AD mortality
rates and 41 trace elements. Results showed that soil selenium levels had the strongest
inverse relationship with AD mortality rates, while soil tin concentrations were most
notably linked to a decrease in AD mortality growth, followed by sulfur. The study
also posited that selenium and sulfur levels in soil could account for approximately
20.8% of the observed spatial variation in AD mortality across these states [31].
Overall, these results suggest that soil composition can be both a risk and a protec-
tive factor. Studies examining specific trace elements and their association with AD
could help determine beneficial components and improve soil quality. Furthermore,
increasing public awareness and promoting effective agricultural practices can serve
as a long-term and effective intervention.

3.3 Noise and light pollution

Alongside air pollution, noise pollution—such as traffic noise and around-the-
clock noise at work—has become a significant public health concern. Noise pollution
is an emerging health threat globally, affecting approximately 132 million people
in Europe. According to the European Environment Agency, more than 30% of
Europeans are exposed to noise levels known to increase the risk of cardiovascular,
metabolic, and mental health diseases [32]. Noise can increase the risk of both audi-
tory and non-auditory health conditions, including cardiovascular diseases, diabetes,
and cognitive/neurodegenerative disorders [33, 34]. Specific occupational and routine
environments may expose individuals to prolonged noise, potentially leading to
emotional and cognitive problems linked to neurobiological changes resembling those
seen in AD. Growing research in epidemiology and experimental studies underscores
the connection between ongoing noise exposure and declining cognitive function.
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When exposed to noise, the hypothalamic-pituitary-adrenal axis and the sympathetic
nervous system are activated, resulting in the secretion of stress hormones, including
catecholamines and cortisol. Chronic noise exposure precipitates sustained inflam-
mation and oxidative damage, which may contribute to various health issues. This
underscores the importance of mitigating noise pollution to protect public health.
Furthermore, the roles of inflammation and oxidative stress in noise-induced vascular
dysfunction, circadian rhythm disturbances, accelerated aging, neuroinflammation,
and alterations in the microbiome are significant, emphasizing their interconnected
nature [35].

In a rat model of chronic noise-induced cognitive impairment [36], the pathologi-
cal condition of the hippocampus and levels of ferroptosis were examined using
Western blotting and immunohistochemical techniques. Subsequent bioinformatics
analysis identified several key genes, including the retinoic acid receptor responder-2
gene, which has been proposed as a protective factor in AD. This gene, acting
upstream of ferroptosis, was suggested as a potential target for preventing and treat-
ing noise-induced cognitive impairment. In another study examining the molecular
mechanisms behind cognitive impairment induced by continuous noise exposure,
researchers found decreased expression of the serum/glucocorticoid-regulated kinase 1
(SGK1) gene and its associated protein. This dysregulation inhibited the intracellular
PI3K/SGK1/Foxo3 pathway, resulting in increased expression of apoptotic proteins,
including B-cell lymphoma-2 (Bcl-2), Bcl-2-associated X protein (Bax), Fas Ligand
(FasL), and tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL)
[37]. However, considering the intricate interplay of various risk factors, further data
are essential to clarify the causal relationship between noise pollution and neurode-
generative diseases [38].

3.4 Examples of known and emerging toxicants
3.4.1 Endocrine disruptors

According to WHO [39], “An endocrine disruptor is an exogenous substance or
mixture that alters function(s) of the endocrine system and consequently causes
adverse health effects in an intact organism, its progeny, or (sub)populations.”
Whether synthetic or natural in origin, their action involves mimicking or blocking
the actions of endogenous hormones. A meta-analysis of studies involving 286,610
participants identified endocrine-disrupting chemicals (EDCs) as significant risk
factors for neurodegenerative diseases, with high exposure to EDC mixtures associ-
ated with a 1.03-fold increased risk of AD. A positive correlation between AD risk and
polychlorinated biphenyls (PCBs) was also reported [40]. A study found that prenatal
BPA exposure alters gene expression in offspring’s hippocampus, affecting 1633
genes in males and 2780 in females compared to controls. These genes are involved in
inflammation, synaptic transmission, neuritogenesis, and neurodevelopment, and
are associated with AD and related neurological disorders such as cognitive impair-
ment and tauopathies. BPA exposure also increased nuclear factor-kB (NF-xB) levels
exclusively in males, indicating sex-specific pathways. It also differentially affected
BACEI1 expression—upregulating it in males with no change in females—suggesting
sex-dependent effects on amyloid processing [41].

Taken together, these findings underscore the need to consider sex differences
and prenatal exposure when investigating the association between AD and EDCs.
Exposure to EDCs begins prenatally and continues throughout life; thus, their
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cumulative effects on AD must be considered and investigated. Therefore, more
epidemiological and in vivo studies are crucial not only to improve regulatory policies
regarding these pollutants but also to make effective interventions to raise public
awareness.

3.4.2 Pesticides

The rise in the global population and the growing need for food and pest manage-
ment have resulted in extensive pesticide use, raising awareness of the potential link
between pesticides and AD. In particular, the association between prolonged expo-
sure to low doses of pesticides and AD, as well as other neurodegenerative disorders,
has garnered significant attention. A meta-analysis of seven studies reported an OR
of 1.34 (95% CI: 1.08-1.67), supporting the hypothesis that pesticides could be a risk
factor for AD [42]. A significant positive correlation between pesticide exposure
and AD was observed in high-use regions in Spain, with an OR of 2.09 compared to
lower-exposure areas. Female subjects exhibited a higher risk (OR: 2.27), suggesting
gender-specific susceptibility to pesticide neurotoxicity. These findings highlight
the importance of incorporating gender considerations in research and public health
policies targeting environmental neurodegenerative risks [43]. Hayden et al. [44]
reported that after adjusting for baseline age, gender, education, APOE €4 status, and
baseline Modified Mini-Mental State Examination scores (MMSE), Cox proportional
hazards (CPH) models indicated increased risks among pesticide-exposed individu-
als for all-cause dementia (HR 1.38, 95% CI 1.09-1.76) and for AD (HR 1.42, 95% CI
1.06-1.91). The risk of AD associated with exposure to organophosphates (hazard
ratio [HR] 1.53, 95% confidence interval [CI] 1.05-2.23) was slightly higher than that
linked to organochlorines (HR 1.49, 95% CI 0.99-2.24), which was nearly statistically
significant. In a CPH study of 26 agricultural activities, increased AD risk cor-
related with high pesticide use. The hazard ratios were higher in crop farming, fruit
arboriculture, and viticulture [3.72 (95% CI: 3.47-3.98), 1.36 (1.15-1.62), and 1.29
(1.18-1.42), respectively], while lower risks were observed among breeders [45].

Despite bans over 50 years ago due to environmental persistence, the pesticide
dichlorodiphenyltrichloroethane (DDT) and its metabolite, dichlorodiphenyldichloro-
ethylene (DDE), are still detectable in some countries, pointing to ongoing concerns. Both
compounds elevate APP levels in human neuroblastoma cells, reinforcing a mechanistic
connection. Elevated serum DDE is significantly associated with a 3.8-fold increased
risk of AD, with a correlation coefficient of 0.95 between serum and brain DDE levels.
Specifically, within the subgroup exposed to the highest tertile of DDE, carriers of the
APOE &4 allele scored approximately 1.75 points lower on the MMSE compared to those
with the APOE &3 allele. In this context, detecting individuals with high levels of DDE
and carrying an APOE &4 allele may enable early identification of some AD cases [46].
Further mechanistic investigations revealed that exposure to DDT significantly upregu-
lated APP mRNA and protein levels in SH-SY5Y cells, primary neuronal cultures, and
both wild-type (C57BL/6]) and 3xTG-AD mouse models. An increase in secreted Af levels
was also detected in SH-SY5Y cells, with this effect being counteracted by the sodium
channel blocker tetrodotoxin. Transgenic flies and 3xTG-AD mice exhibited heightened
AB pathology following DDT exposure, indicating a possible link between DDT and
ApB-aggregation. Moreover, levels of synaptic markers such as synaptophysin and PSD95
were decreased in the cortices of 3xTG-AD mice [47].

Bartholomew et al. [48] reported that administration of glyphosate to 3xTg-AD
mice resulted in decreased survival rates, increased thigmotaxis in the Morris water
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maze, and significant elevations in the enzyme BACE1, which is involved in amy-
loidogenic processing. Additionally, there was an increase in insoluble Ap-42 frac-
tions, greater plaque load and enlarged plaques, as well as elevated levels of pTau at
epitopes Threonine 181, Serine 396, and the AT8 epitope (Serine 202, Threonine 205).
Pro- and anti-inflammatory cytokines and chemokines increased and persisted in the
brain tissue of both 3xTg-AD and non-Tg groups, as well as in the peripheral blood
plasma of 3xTg-AD. Additionally, the primary metabolite of glyphosate, aminometh-
ylphosphonic acid, was detected in the brains of 3xTg-AD and non-Tg mice exposed
to glyphosate, even after a 6-month recovery period.

Recent in vitro research [49] suggests that pyrimethanil, a fungicide, accelerates
AP42 aggregation by promoting the formation of small oligomers during the lag phase
and inducing p-sheet-structured aggregates. In the presence of preformed seeds,
pyrimethanil has a dual role, fragmenting fibrils and promoting aggregation, likely
through interactions with smaller seeds. Pyrimethanil shows a higher affinity for
fibrils than for monomers, thereby weakening the interactions between monomers

and fibrils.
3.4.3 Toxic metals and other elements

Various elements such as aluminum (Al), arsenic (As), iron (Fe), manganese
(Mn), lead (Pb), copper (Cu), and cadmium (Cd) have garnered academic interest
in this context [50-53]. Some of these metals have been proposed to interfere with
key neural processes, including oxidative stress regulation, mitochondrial func-
tion, and autophagy, promoting neurodegeneration. Specifically, it has been posited
that As influences tau phosphorylation and Ap accumulation; Mn affects glutamate
regulation and excitotoxicity; and Pb and Cd impair mitochondrial bioenergetics and
induce cellular senescence, elucidating their roles in AD pathogenesis [52].

3.4.4 Microplastics and nanoplastics

Given the extensive utilization of plastics across various sectors—including food
and beverage packaging, pharmaceuticals, dietary supplements, infant feeding bot-
tles, and medical devices—exposure to plastic materials in everyday life has become
nearly unavoidable. Considering that human exposure to plastics begins prenatally, it
is essential to examine the degree of bioaccumulation within the human body, as well
as its distribution patterns and the overall fate. A recent post-mortem study found
that brain concentrations of micro- and nanoplastics (MNPs) are 7-30 times greater
than in the liver and kidney. Furthermore, brain samples from decedents in 2024
showed approximately 50% higher concentrations of MNPs compared to those from
2016. Markedly increased levels of MNPs were detected in the brain tissues of indi-
viduals diagnosed with dementia, with further accumulation observed in cerebro-
vascular walls and immune cells. Researchers have emphasized that a comprehensive
understanding of the pathways of exposure, absorption, and elimination of MNPs, as
well as their potential harmful effects—especially on the brain—is essential [54].

A recent study investigated the effects of prenatal nano-plastic exposure and
found that nano-polystyrene-exposed rats’ offspring exhibited upregulation of preg-
nancy-zone protein (PZP), fibronectin 1 (FN1), and alpha-2-macroglobulin (x-2 M)
in the hippocampus. Researchers suggested that these changes suggest potential
neural damage in the experimental group. They also found downregulation of kinesin
family member 21A (KIF21A), stathmin (STMN2), dematin actin-binding protein

67



Environmental Toxicology — Understanding, Impact, and Mitigation Stvategies for a Sustainable Future

(DMTN), and MAGUK scaffold protein discs large (DLG1) in the nano-polystyrene-
exposed rats’ offspring. They hypothesized that the downregulation of DMTN
increased the risk of brain tumors, while the downregulation of STMN2 and KIF21A
was associated with impaired synaptic development in offspring. Additionally, they
observed downregulation of DLG1, which plays a key role in neuronal development
and synaptic regulation in offspring. Given this, the results suggest prenatal exposure
to nanoplastics (NPs) represents a neurodevelopmental risk factor through several
proteins linked to neural and synaptic development and functions [55]. Another
study administered an environmentally relevant dose (10 mg/kg/day) of NPs to
APP/PS1 mice for 28 days and reported that NPs significantly elevated the number
and varying sizes of Ap plaques. Additionally, they found that NPs impair cellular
responses by decreasing the number and activation of microglia and astrocytes and
suggested that NPs exposure might exacerbate AD progression.

Researchers hypothesize that microglia are the primary cells mediating dose-
dependent NP uptake in the AD brain, providing insight into AD pathology [56].
Concurrently, co-exposure to ozone and polystyrene induces anxiety-like behaviors,
cognitive deficits, and neuronal and BBB damage. This exposure elevates neuro-
inflammation, evidenced by increased pro-inflammatory cytokines (TNF-a, IL-6,
and IL-1f) and reduced anti-inflammatory factors (TGF-f, YM-1, and IL-10). It
also enhances pyroptosis markers (caspase-1, GSDMD-N, IL-18, and IL-1f) and
exacerbates oxidative stress, indicated by decreased superoxide dismutase (SOD)
and increased 4-hydroxynonenal. Notably, exposure to either pollutant alone yielded
minimal effects. These findings suggest synergistic interactions between NPs and air
pollutants in promoting AD onset and progression [57].

Bashirova et al. examined the impact of nanoparticle size (50 and 140 nm) and
concentration (0, 10, 50, and 100 ppm) of polyethylene terephthalate (PET) on Ap1-
40 fibrillation. The findings indicate that PET50nm accelerates fibrillation more than
PET140nm across all concentrations. Fibrillation time increases with concentration
but levels off at higher amounts. PET NPs at 50 nm and 100 ppm promote Af aggre-
gation by enhancing fibril growth and nucleation [58].

3.4.5 Pharmaceuticals and personal care products

Pharmaceutical products and their metabolites, specifically non-steroidal anti-
inflammatory drugs (NSAIDs), beta-blockers, hormones, antidepressants, and
antiepileptics, are frequently detected in the environment [59]. These substances may
be regarded as emerging risk factors for AD. According to the WHO, one of the main
limitations when assessing the hazardous effects of waste pharmaceuticals is that very
few studies and monitoring programs are available [60]. Moreover, pharmaceutical
waste profiles differ internationally in both quantity and quality. Further research is
required to evaluate how changes in pharmaceutical waste composition affect public
health and to pinpoint at-risk groups. Nonetheless, it is reasonable to assume that as
the population ages and pollution rises, pharmaceutical use and waste are expected
to increase. Monitoring pharmaceutical waste, implementing preventive strategies,
and enhancing public awareness are critical measures to mitigate its potential hazards
effectively.

Personal care products constitute an emerging environmental risk factor, accumu-
lating gradually over time. The most prevalent among these are fragrances, UV filters
in sunscreens, chemicals in hair dyes, preservatives, insect repellents, and bacteri-
cidal/disinfectant agents [61]. Studies have documented the ubiquitous presence of
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pharmaceuticals and personal care products (PPCPs) across various water resources,
including surface water, groundwater, wastewater, drinking water, and oceans; a typi-
cal example is triclosan [62]. The widespread production and consumption of PPCPs
have led to an increase in their release into the environment. If adequate measures are
not taken to control their environmental release, their potential adverse effects on
public health are likely to become more pronounced over time. These adverse effects
might be attributed to their specific mechanisms of action or to certain excipients
included in the formulation.

A recent study [63] investigated the association between cognitive function and
exposure to phenols, parabens, and phthalates widely used in cosmetic ingredients.
In total, nine compounds across various categories were included in the analysis: BPA
and triclosan (TCS) as phenolics; methylparaben (MPB) and ethylparaben (EPB)
as parabens; and mono-2-ethyl-5-carboxypentyl phthalate (MECP), mono-ethyl
phthalate (MEOH), mono-2-ethylhexyl phthalate (MEHP), mono-isobutyl phthalate
(MiBP), and mono-benzyl phthalate (MBzP) as phthalates. The findings indicate
a significant correlation with cognitive impairment for each of the nine exposures.
Researchers emphasized that the cognitive function of the male population is more
affected by the compounds examined in the study. Among all the compounds,

MECP exposure was found to have the most significant influence [63]. An AD model
in Caenorhabditis elegans revealed that early-life and prolonged exposure to di(2-
ethylhexyl) phthalate (DEHP), the second most frequently identified phthalate in
cosmetic products, increases intracellular reactive oxygen species (ROS) levels and Ap
deposition [64, 65]. DEHP has been shown to upregulate bec-1, which is associated
with apoptosis and autophagy and causes apoptotic cell death when activated [64,
66]. They also hypothesized that upregulation of bec-1 leads to increased accumula-
tion of lysosome-related organelles (LROs) through AB-induced autophagosome
formation, emphasizing the significance of the autophagy-lysosomal degradation
pathway in response to DEHP exposure [64].

In addition to phthalates, exposure to heavy metals via personal care products
may constitute a significant risk factor for AD. Notably, aluminum—an element
extensively found in cosmetics, including eye shadows, mascaras, lipsticks, and
antiperspirants—raises particular concern due to its pervasive presence [67]. Even
though several studies have shown a relationship between aluminum exposure and
AD, there is insufficient evidence to conclusively establish a link between aluminum
exposure from personal care products and the development or progression of the
disease [68, 69]. In the study by Rusina et al. [70], the mean aluminum concentration
in the brains of AD patients was approximately four times higher than that of healthy
controls. A post-mortem study with familial AD patients detected co-localization of
aluminum and neurofibrillary tangles in their frontal cortex, temporal, and parietal
lobes [68]. Another study investigated aluminum-regulated mechanisms, resulting
in abnormal tau phosphorylation, and hypothesized that aluminum can modulate
tau hyperphosphorylation via protein kinases and phosphatases that take part in
the phosphorylation and production of the tau protein, such as glycogen synthase
kinase 3 beta (GSK-3p) and PP2A. They also found that aluminum influences
ubiquitin-proteasome pathway (UPP), which modulates tau hyperphosphorylation by
selectively recognizing and degrading misfolded and aggregated tau proteins. In that
study, aluminum doses specifically correlated with phosphorylated tau proteins such
as pThr181, pThr231, and pSer396 [69]. Furthermore, a study shows that aluminum
is cytotoxic and promotes oxidative stress, with AB42 significantly amplifying these
effects, nearly doubling ROS-positive cells. These findings suggest aluminum?’ role
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in AD, likely through oxidative stress and cytotoxicity, and highlight its synergistic
interaction with Af [71]. Taken together, the literature suggests that aluminum

may be a risk factor for AD, acting through multiple mechanisms, influencing tau
hyperphosphorylation via GSK-3p, UPP, and protein phosphatase 2A (PP2A), as well
as inducing oxidative stress and cell death alongside Ap42 [69, 71]. Although some
excipients used in PPCPs are associated with causing disease onset and exacerbating
prognosis, it remains unclear whether the concentrations in these products are suf-
ficient to exert such effects, emphasizing the need for further studies in this area.

3.5 Changes to the natural environment
3.5.1 Global climate change

Recent studies revealed a potential link between climate change and the increased
incidence of neurodegenerative diseases, including AD [72, 73]. Wei et al. [73] found
that a 1.5°C increase in the summer mean temperature was associated with a 12%
increase in dementia-related hospital admissions [72]. In line with these findings,
Culqui et al. (2017) reported that when the maximum daily temperature surpassed
the 34°C heatwave threshold, emergency hospital admissions for AD increased by
23.1%, with this association observed exclusively for temperatures exceeding this
threshold [74]. A recent study emphasizes the growing threat of extreme heat to older
adults living with AD and related dementias. The study indicates that higher tem-
peratures significantly increase hospital admissions for AD and related dementias,
with researchers urging clinicians and policymakers to address the risks of extreme
heat for individuals with dementia and raise public awareness [75]. Another study
found a marked increase in mortality due to AD and other forms of dementia dur-
ing and after heatwave events. Researchers have underscored the urgent need for
targeted public health interventions for AD and other dementia patients, noting that
the implementation of appropriate heatwave response policies could significantly
reduce heat-related mortality [76]. A study conducted in the United Kingdom esti-
mated that each 1°C increase in high temperature is associated with a 4.5% rise in
dementia-related hospital admissions. Also in the study, researchers considered two
potential future emissions scenarios: a low emissions scenario, in which global green-
house gas (GHG) emissions are significantly reduced under a firm global mitigation
policy, and a high emissions scenario, where GHG emissions continue to rise with
minimal mitigation efforts, alongside increasing wealth and population. In the high
emissions scenario, they predicted a 194% increase in 2030 and a 294% increase in
2040, corresponding to approximately 360 admissions in 2030 and 482 admissions
in 2040, compared to 122 admissions in 2009. In the low emissions scenario, heat-
attributable hospital admissions were predicted to rise by 214% in 2030 and 263%
in 2040. In absolute numbers, this equates to approximately 357 heat-related admis-
sions in 2030 and 412 admissions in 2040, compared to 114 in 2009 [77]. Although
several studies suggest a link between climate change and AD, the mechanisms
behind this association remain unclear. One potential mechanistic pathway through
which climate change may influence the onset or progression of AD is mediated by
age-related physiological changes that impair thermoregulatory efficiency. As a result
of decreased basal metabolic rate, reduced muscle mass, and altered vasoconstrictor
responses, older adults exhibit increased sensitivity to temperature variations and
a diminished capacity for thermoregulatory adaptation [78, 79]. Another potential
mechanism concerns the substantial anatomical overlap between specific brain
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regions involved in altered thermal perception and social cognition. This anatomical
convergence suggests that thermoregulatory homeostasis may be impaired in mental
diseases, which could help explain the increased sensitivity of individuals with
dementia to climate change [80].

3.5.2 Environmental disasters and related loss

Environmental disasters are multidimensional risk factors for AD as they include
psychological and physical trauma, heightened stress, loss of relatives and friends,
financial loss, and migration. A meta-analysis reported that natural disasters signifi-
cantly increase the risk of AD, all-cause dementia, and cognitive decline. Researchers
emphasized that hurricanes, heat waves, and earthquakes with tsunamis are associ-
ated with a heightened risk of dementia and cognitive decline compared to other
natural disasters, and they attributed this increased risk to their varying combina-
tions of physical, psychological, and social factors [81].

A study investigated dementia risk after the 2011 Great East Japan Earthquake and
tsunami and found that the loss of housing is significantly associated with a three-
year decline in cognitive performance, and disasters exacerbate dementia symptoms.
Researchers highlighted that depression onset and deteriorated social relationships
might be potential mechanisms linking cognitive decline with the loss of housing.
Interestingly, there was no significant association reported between dementia and the
loss of relatives or friends [82]. However, another study conducted in Utah found that
participants who faced three or more deaths of family members during adulthood,
which might occur due to natural disasters, had double the risk of developing AD
[83]. Every element and combination of the aftermath of disasters represents a risk
factor whose significance might vary individually. When studying the link between
AD and natural disasters, it is crucial to recognize these consequences as key risk
factors and create supportive environments for affected individuals. The findings
highlight the importance of exploring how environmental disasters influence diseases
across various cultures and regions. More global research is needed to better under-
stand the geographic, regional, and cultural factors involved.

Considering AD within the framework of natural disasters is essential, as both
patients and caregivers encounter distinct challenges in these circumstances. A study
reported that 96.3% of caregivers of AD and related dementia patients expressed a
need for additional information on emergency planning. During disaster evacuations,
caregivers reported challenges related to stigma and privacy, which may exacerbate
patients’ behavioral symptoms [84]. Given this, raising public awareness and orga-
nizing educational training programs for emergencies and disasters could benefit
patients, families, and caregivers alike. Additionally, environmental hazards, such as
unanticipated pollutant exposures, further complicate such scenarios.

4. Conclusion and future perspectives

In view of the complex nature of neurodegenerative diseases, including AD, a
growing list of disciplines in addition to neurology, epidemiology, public health, and
gerontology have started to contribute to the field. It is widely accepted that inves-
tigating novel biomarkers and drug targets is crucial for advancing the prevention
and treatment of AD. While the APOE &4 allele is a primary genetic risk factor for
AD, recent research indicates its association with Parkinson’s disease, frontotemporal
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dementia, and amyotrophic lateral sclerosis. Additionally, a five-protein panel—
SPC25, NEFL, S100A13, TBCA, and LRRN1—has been identified as a predictor of
APOE ¢4 status independently of clinical diagnoses [85]. Therefore, in addition to the
aforementioned disciplines, a number of related fields, including, but not limited to,
toxicology, pharmacology, and ecology, should take part in well-designed, controlled
studies to shed light in the sources of exposure, specific mechanisms as well as inter-
relationship between the potential mechanisms, exposure models and other required
points that remain to be fully elucidated. In this context, realizing Al’s promise in AD
research requires concerted efforts across diverse sectors and fields. Harnessing Al’s
full potential in AD research—such as developing non-invasive digital biomarkers,
exposure monitoring via wearable sensors, early detection, patient stratification, and
enhanced clinical trial efficiency—necessitates multidisciplinary collaboration [86].
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Abstract

The chapter reports the use of metalloproteomics strategies to identify the protein
abundance in muscle tissue of Psectrogaster amazonica and Raphiodon vulpinus from
Madeira River/Brazil exposed to mercury (Hg), with the aim of investigating possible
Hg:Se interactions. Metalloproteomic results allowed the calculation of selenium
values for health benefits (SeHBVs) that showed positive values for both fish species,
suggesting that fish have Se reserves in their muscle tissue necessary to control the Hg
toxic effects. Protein abundance analysis (PAA) showed that the few proteins and/
or enzymes with up- and/or downregulated expression were expressed in the groups
with higher Hg and Se concentrations. Therefore, it can be inferred that Se could be
attenuating the Hg negative action on the functions of these proteins and/or enzymes
through the formation of Se-Hg complexes in the structures of these macromolecules.
The catalase, glutathione peroxidase and superoxide dismutase activity analysis, as
well as that of lipoperoxides concentration, did not indicate that Hg concentrations
present in muscle tissue of both fish species could trigger an oxidative stress state, cor-
roborating with PAA results. The preliminary results obtained in the present chapter
provide new insights into studies of the Se mitigating effect on the Hg toxicity in fish.

Keywords: Hg and Se in Amazonian fish, toxicity antagonism of Hg and Se, Hg and Se
metallomics in fish, proteome damage, Hg and Se interaction new insights

1. Introduction

The toxic effects of mercurial species on humans and animals have been widely
debated by the scientific community over the past four decades [1-3]. Several studies
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carried out in the Amazon region have found different concentrations of methylmer-
cury in different species of fish, with the highest concentrations observed in preda-
tory species. It is noteworthy that many of these species are frequently consumed by
traditional populations in the Amazon [4-7].

Selenium (Se), a mineral with antioxidant properties, is important for the
metabolic activity of humans and animals [8]. It is known that the presence of Se in
the human diet can protect the brain against oxidative damage, can increase visual
function and protect against cataracts and maculopathy, acts on the metabolism of
thyroid hormones, in reproduction processes and other metabolic processes, as itis a
component of more than 20 selenoproteins, with an emphasis on glutathione peroxi-
dase (GPx) [9]. The capability of Se to mitigate the toxic effects of xenobiotics is a
fundamental function of this micromineral. Several studies highlight the protective
effects of Se against toxic elements, such as mercurial species, which have no biologi-
cal function in organisms [10]. Hg-Se interaction mechanisms remain unclear. It is
known that the protective effect of Se may be related to the formation of inert Hg-Se
complexes; as the formation constant of Hg-Se association (K, = 10*) is greater than
that of sulfur (S) (Hg-S, K, = 10*), Se can displace a large part of the Hg bound to
the S-containing functional groups of proteins, which can reduce their toxicity [9].
Regarding fish, it is known that despite being an important source of proteinina
healthy diet, fish—especially predatory fish—can contain significant levels of mercu-
rial species [11]. The literature has reported that the molar excess of Se, which reflects
an Se:Hg molar ratio greater than 1 in fish, could show that the Hg concentration does
not present toxic effects, and the consumption of fish can therefore be safe [11, 12].

Metallomics, a recent line of research, makes it possible to investigate the interac-
tions and functional connections between genes, metabolites, proteins, and other bio-
molecules of an organism with metallic species [13]. The aim of metallomics is to clarify
the biological role of metallic species and/or metalloids that bind to biomolecules and
the function thereof in an organism [14, 15]. In this context, metallomics can provide
new insights to elucidate the attenuating effect of Se in relation to Hg toxicity in fish.

Accordingly, this manuscript reports the obtained results using metallomic strate-
gies (the association of graphite furnace atomic absorption spectrometry [GFAAS]
techniques with Shotgun—LC-MS/MS) in a study on the mitigating effect of Se on Hg
toxicity in the organism of P. amazonica (a non-carnivorous species) and R. vulpinus
(a carnivorous species) from the Jirau region along the Madeira River in the state of
Rondonia in the Brazilian Amazon. In the last few decades, the Madeira River has
been impacted by mercury due to gold mining activities [16]. The P. amazonica and R.
vulpinus species were chosen because they are primarily consumed by the traditional
population of the Brazilian Amazon [17, 18].

2. Material and methods
2.1Fish collection and sample processing

The Chico Mendes Institute for Biodiversity Conservation and Authorization
and Information System on Biodiversity (ICMBio; Ref. SISBIO 43890-1) and the
Committee on Ethics in the Use of Animals (CEUA), protocol number n° 0316/2023,
authorized this research. Eight individuals of the species P amazonica (branquinha)
with a medium size of 17 + 2 cm and 350 + 21 g and eight individuals of the species R.
vulpinus (cachorra) with a medium size of 26 + 3 cm and 620 + 52 g were captured in
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the area of the Jirau Hydroelectric Plant reservoir on the Madeira River in the Rondonia
state of Brazil. The collection points were: (a) (S 09°47'18.3”; W 065°31'12.4"); (b) (S
09°41'0.06"; WE 064°58'43.9”); and (c) (S 09°16'12.8"; W 064°41'14"). The fish were
captured by a team of biologists from ESBR Company (Brazil’s Sustainable Energy),
using nets made of mesh measuring 1.5 cm x 10 cm from one side to the other. The

fish were euthanized on site soon after capture by myelotomy followed by cranial
drilling. The muscle tissue samples were then removed and immediately transferred to
Falcon tubes and stored in liquid nitrogen. The samples were subsequently transported
to the Bioanalytical and Metalloproteomic Laboratory (LBM) of the Institute of
Biosciences—UNESP, where they were stored in a freezer at —80°C until metallopro-
teomic and oxidative-stress analyses were performed.

2.2 Hg and Se determinations

The analysis of Hgr and Ser in muscle tissue samples and pellets was performed
using GFAAS following the method outlined by Silva et al. [19] and Moraes et al.
[20]. In brief, the procedure entails the mineralization of samples using a mixture
of concentrated sulfuric acid and 30% (m/m) hydrogen peroxide in an ultrasound-
assisted heating bath. The resulting acid extracts were then adjusted to a final volume
of 5.00 mL in volumetric flasks. To maintain the thermal stabilization of Hg and Se
during atomization, a combination of tungsten as a permanent chemical modifier and
zirconium as chemical modifier co-injected with the sample into the graphite tube,
were employed. The analyses were conducted using a SHIMADZU AA-6800 atomic
absorption spectrometer, which is equipped with a background corrector featuring a
self-reverse system and a deuterium lamp, as well as a pyrolytic graphite tube with an
integrated platform and an AS6100 automatic sampler. All determinations of Hgr and
Ser were validated by analyzing the DORM 4 certified reference material produced by
the National Research Council of Canada. Based on the findings from the Hgr and Ser
determinations in muscle tissue samples, the ratios of Hg:Se and Se:Hg were calcu-
lated, along with the Se values associated with health benefits (SeHBVs) [12].

2.3 Protein abundance analysis by shotgun: LC-MS/MS

The process outlined by Bataglioli et al. [21] was followed to extract the protein
fraction from muscle samples using Tris-HCI buffer pH 8.80 under denaturing
conditions for protein abundance analysis (PAA). Following successive centrifugation
operations at 12,000xg for 30 minutes at 4°C, the transparent protein extracts were
obtained. The total protein concentration was then calculated to normalize the protein
masses at 50 pg in all extracts from eight fish with lower HgT and SeT concentrations
(i.e., the control group) and eight fish with higher HgT and SeT concentrations (i.e.,
experimental groups). A PAA in the muscle proteome of the P. amazonica and R.
vulpinus species was performed by Shotgun—LC-MS/MS according to the procedures
already described by Bittencourt et al. [21]. Peptide identifications were performed
on a nanoACQUITY UPLC-Xevo QT of MS system (Waters, Manchester, UK). The
nanoACQUITY UPLC® was equipped with a nanoACQUITY HSS T3 reversed-phase
analytical column (75 pm x 150 mm, 1.8 pm particle size). The Xevo® G2 Q-TOF mass
spectrometer was operated in nanoelectrospray positive ion mode, and data were
collected using the mean squared-error method at high energy (19-45 V), which
allows data acquisition of both precursor and fragment ions in a single injection.

The source conditions included 2.5 kV capillary voltage, 30.0 V sample cone, 5.0 V
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extraction cone, and 80°C temperature. Data were acquired over 70 minutes, scanning
in the range of 50-2000 Da. The lockspray, which was used to ensure accuracy and
reproducibility, was operated with a solution of [Glul] fibrinopeptide (1 pmol/uL),
with a flow rate of 1 pL/min, as a reference ion in positive mode at m/z 785.8427. The
mass spectrometry raw data files were uploaded to Progenesis QI for Proteomics v4.0
(Nonlinear Dynamics, Waters, and Newcastle upon Tyne, UK) to perform a quantita-
tive analysis [22]. For alignment, a sample result was automatically selected as a refer-
ence. The remaining results were aligned with the reference with an alignment score
greater than 80%, and peak picking was performed using the automatic sensitivity
method. Peak intensities were then normalized by calculating abundance ratios rela-
tive to a reference. The peak list was searched in the UniProtKB/Swiss-Prot database
using Otophysi class data and the Mascot 2.6 software (Matrix Science, London, UK).
Trypsin was the specified enzyme, and one missed cleavage was allowed. Cysteine
carbamidomethylation was defined as a fixed modification and methionine oxidation
as a variable modification. A precursor mass tolerance of 10 ppm and a fragment ion
tolerance of 0.01 Da were applied; a false discovery rate of 1% was considered [21, 22].

2.4 Parameter analysis related to oxidative stress

A parameter analysis related to oxidative stress was conducted on homogenates
after extraction with 0.01 mol L™" phosphate buffer with pH 7.00 in an OMNI/
Analytical cell disruptor. For this analysis, 0.20 g of muscle tissue samples from
each of the individuals of the lower Cyg and Se groups and the higher Cy, and Se
groups of P. amazonica and R. vulpinus species (i.e., the biological replicates) were
used. The suspensions obtained were centrifuged at 12,000xg for 30 minutes at 4°C,
and transparent supernatants were obtained. Lipid lipoperoxidation (LPO), GPx,
catalase (CAT), and superoxide dismutase (SOD) activities were determined using
methodologies already consolidated and published in the extant literature. In case,
the GPx activity was indirectly determined by a previously described method [23]
based on the oxidation of reduced GSH. CAT activity was determined by ultraviolet
spectrophotometry as previously described [24]; SOD activity was determined
according to a reported protocol [25]; and the LPO marker was determined using
the Jiang procedure [26] based on the oxidation of Fe*" to Fe** ions by lipoperoxide
at an acidic pH in the presence of a xylenol orange metallochromic indicator.

2.5 Statistical analysis

The results of Hg and Se determinations were expressed as the mean + standard
deviation, and checked whether they were in agreement with the values of the certified
reference material using the Student’s t test and an F test and SAS Version 8 statistical
software. The significance level considered was 5% (p < 0.05) [27, 28]. In relation to data
from the CAT, SOD, GPx activity analysis, and the LPO concentrations, the Spearman
Correlation test was used to evaluate the correlation of these parameters with the Hgr
and Ser concentrations [29]. The PAA data were analyzed using the nanoAcquity UPLC
Xevo QTof MS and Protein Lynx Global Server software (version 2.5). For this, a relative
quantification using non-conflicting peptides was selected to quantify the protein or
proteins; to be considered with relative abundance variation, it should be identified and
quantified using at least two unique peptides and present a p-value <0.05 (i.e., down-
regulated proteins) and a 1-p value >0.95 (i.e., upregulated proteins) [21, 22].
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3. Results and discussion
3.1 Hg and Se determinations

Hgr and Ser concentrations were determined in eight muscle tissue samples and
four protein pellet pools derived from P. amazonica and R. vulpinus. For muscle tissue,
approximately 100 mg from each of eight individual fish samples were mineralized.
Hgr and Ser determinations were then performed using Graphite Furnace Atomic
Absorption Spectrometry (GFAAS), following the procedures detailed by Silva et al.
[19] and Moraes et al. [20]. In relation to protein pellets, the extraction and precipita-
tion of the protein fraction was carried out in four pools of muscle tissue samples—in
this case, a pool with samples from individuals with the highest concentration of Hgr
and Ser and a pool with samples from individuals with the highest concentration
of Hgr and Ser, for the two species of fish, making a total of four pools. The results
obtained are summarized in Figure 1.

Figure 1 (Graphics 1-4) illustrates the separation of individuals from both P. ama-
gonica and R. vulpinus into two distinct groups based on Hgr and Ser concentrations: a
low-concentration group and a high-concentration group. For P. amazonica, individu-
als in groups 1, 3, 6, and 7 (Graphics 1 and 2) exhibited lower mean Cy,r (6.91 + 0.117.6
4+014 g kg'l) and Cger (10.71 + 0.16 pg kg'1 t011.84 + 0.21 pug kg'l). This collective
was designated as PaHgSe; (low Cygr and Cs.r). Conversely, individuals from groups
2, 4,5, and 8 of P amazonica (Graphics 1 and 2) showed significantly higher mean
Crgr (3446 + 0.17 pg kg ™' t0 36.15 + 0.47 pg kg ™) and Cser (42.04 + 0.63 pg kg™ to
4410 £ 0.83 pg kg'l), forming the PaHgSe2 group high Cy,r and Cs.r. Similarly, for R.
vulpinus, Cpgr and Cs.r mean values allowed for the creation of two groups. Individuals
in groups 1, 3, 4, and 7 (Graphics 3 and 4) constituted RvHgSe 1, presenting lower
mean Cygr (25.65 + 0.45 pg kg™ t0 32.46 + 0.54 pg kg ' and Cser (41.81 + 0.78 pg kg™
t052.30 + 0.89 pg kg™'). The second group, RvHgSe,, comprising individuals 2, 5, 6,
and 8 (Graphics 3 and 4), exhibited the highest mean Cygr (51.70 + 0.93 ug kg'1 to
5548 + 0.99 pg kg™") and Cg,r (62.20 + 1.07 pg kg ™' to 66.44 + 113 pgkg™).

The determined Cygr and Cs.r values facilitated the calculation of Hg:Se and Se:Hg
molar ratios for all four individual groups of P. amazonica and R. vulpinus. The average
molar ratios were as follows [12, 30]:

* PaHgSe; (P. amazonica with low Cygr and Cs.r): Hg:Se = 0.26; Se:Hg = 3.9
* PaHgSe, (P. amazonica with high Cy,r and Cs.r): Hg:Se = 0.32; Se:Hg = 2.9
* Rv-HgSe; (R. vulpinus with low Cy,yr and Cser): Hg:Se = 0.26; Se:Hg = 3.8
* RvHgSe, (R. vulpinus with high Cyyr and Cser): Hg:Se = 0.33; Se:Hg = 3.0

From these molar ratios, the Selenium health benefit value (SeHBV) was calcu-
lated using Eq. 1 [31, 32]:

SeHBV =[Se: Hg x Se(umol kg )]~ [Hg : Se x Se(uumol kg ™)] 1)

* PaHgSe;: SeHBV = 0.54
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Figure 1.

Total Hg and Se concentrations in muscle, protein pellets of tissue samples from P. amazonica and R. vulpinus
species, and DORM 4 (CRM) (Graphic 1: bars 1, 3, 6, and 7: P. amazonica with lower [Hg ya]; bars 2, 4, 5, and
8: P. amazonica species with higher [Hg o1]; bar 9: Cry(ug/100 g), DORM 4; Graphic 2: bars 1, 3, 6, and 7: P.
amazonica with lower [Se,yq]; bar 2, 4. 5, and 8: P. amazonica with higher [Se,ya]; bar 9: Cs.(mg/kg), DORM
4; Graphic 3: bars 1, 3, 4, and 7: R. vulpinus with lower [Hg . ]; bars 2, 5, 6, and 8: R. vulpinus with higher
[Hgtoail; bar 9: Cry(ug/100 g), DORM 4; Graphic 4: bars 1, 3, 4, and 7: R. vulpinus with lower [Seoa1]; bars 2,
5, 6, and 8: R. vulpinus with higher [Se;oa]; bar 9: Cs.(mg/kg); DORM 4; Graphic 5: bars 1 and 6: pool of P.
amazonica with lower [Hg o] and [Seya]; bars 2 and 7: pool of P. amazonica species with higher [Hg ] and
[Sesoral; bars 3 and 8: pool of R. vulpinus with lower [Hgya1] and [Sesoa]; bars 4 and 9: pool of R. vulpinus
with higher [Hg oa1] and [Seioal; bar 5: Chy(pug/100 g), bar 10: Cs.(mg/kg), DORM 4).

e PaHgSe,: SeHBV = 1.7
* RvHgSe;: SeHBV = 2.3

* RvHgSe,: SeHBV = 2.3
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Notably, the calculated Se:Hg molar ratios were consistently greater than 1 for both
fish species. Furthermore, all calculated SeHBV values were positive; specifically,
SeHBV values for the Pa-HgSe 2 group were greater than 1, and for both groups of R.
vulpinus, values were also positive and greater than 1. These findings suggest that the
mercury concentrations observed in both the non-carnivorous P. amazonica and the
carnivorous R. vulpinus species pose a low health risk [7]. This is further supported by
the presence of sufficient selenium reserves (acting as a soft base) within the muscle
tissue of both species, which can readily complex with mercury species (acting as
soft acids) to form stable Se-Hg complexes [33]. Based on the Cy,r and Cs,r deter-
minations in muscle tissues of P amazonica and R. vulpinus, protein fractions were
extracted from muscle tissue pools corresponding to the PaHgSe;, PaHgSe,, RvHgSe;,
and RvHgSe, groups. Total mercury and selenium determinations were subsequently
performed on the respective protein pellets using GFAAS. The results are summa-
rized in Figure 1 (Graphic 5). Analysis of these results revealed that the Hgr and Ser
concentrations in the protein pellets from PaHgSe;, PaHgSe,, RvHgSe;, and RvHgSe,
groups were consistent with the initial muscle tissue determinations. Specifically,
Chgr and Cs.r were higher in the PaHgSe, and RvHgSe; groups (Graphic 5: bars 2, 4,
7,and 9) compared to the PaHgSe; and RvHgSe; groups (Graphic 5: bars 1, 3, 6, and
8). This consistency validates the use of individuals from the PaHgSe; and RvHgSe;
groups (control groups) and the PaHgSe, and RvHgSe, groups as biological replicates
for subsequent protein abundance analysis (PAA) of the muscle proteome in both
P. amazonica and R. vulpinus. Finally, method robustness was confirmed by the Hgr
and Ser determinations in the certified reference material DORM 4 (fish protein). A
recovery percentage of approximately 98% and a relative standard deviation of less
than 2 were achieved, demonstrating the reliability of the analytical procedure [16].

3.2 PAA in muscle proteome of the P. amazonica and R. vulpinus species

The fractionation and characterization experiments and PAA in muscle proteome
of the P amazonica and R. vulpinus species were carried out after the proteolytic
cleavage procedures of the protein extracts, according to the procedure described in
Item 2.3. PAA were performed by comparing the PaHgSe; and RvHgSe; groups (i.e.,
lower Cpgs.) with the PaHgSe, and RvHgSe; groups (i.e., higher Cygs.) of the two fish
species, based on the results obtained in the determinations of selenium and mer-
cury and in the Cs.r and Cygr values, as well as the SeHBV that was calculated. The
obtained results are summarized in Tables 1 and 2. The results regarding the analysis
of proteins/enzymes that did not show significant relative abundance variance are
shown in Table S1 (Supplementary Information).

It was observed that a few proteins showed up or downregulation in the muscle pro-
teome of both fish species. In this case, six proteins had downregulation and 10 had
upregulation in the muscle proteome of P. amagonica, and only one protein presented
downregulation and two upregulation in the muscle proteome of R. vulpinus species.
Regarding the proteins that were Unique, eight proteins were only expressed in the
PaHgSe, group of the muscle proteome of the P amazonica, and ten in the RvHgSe,
group of the R. vulpinus. The proteins and/or enzymes that were Unique and/or with
different expressions will be discussed next to investigate a possible correlation with
the Cpgr and Cs,r determined in the PaHgSe, and RvHgSe, groups.

Concerning proteins, the literature reports that the Hemoglobin subunits (Hbs)
(the proteins involved in oxygen transport from the gills to peripheral tissues in
fish); the Histone/isoforms (i.e., the proteins that act in the regulation of DNA
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Access Description Score
Unique Proteins Groups
ASWGB Collagen and calcium-binding EGF domain-containing 104,97 PaHgSe,
protein 1
P02018 Hemoglobin subunit alpha 318,92 PaHgSe,
013163 Hemoglobin subunit beta 216,59 PaHgSe,
Q5BJA5 Histone H2B 1/2 428,6 PaHgSe,
Q6PC60 Histone H2B 3 428,6 PaHgSe,
QIW7K5 L-lactate dehydrogenase A chain 531,76 PaHgSe,
QIPVK4 L-lactate dehydrogenase B-A chain 390,24 PaHgSe,
Q6DGK2 L-lactate dehydrogenase B-B chain 150,28 PaHgSe,
Downregulated proteins PaHgSe2 x
PaHgSel
P83751 Actin_ cytoplasmic 1 233,91 0
Q7ZVF9 Actin_ cytoplasmic 2 233,91 0
QIPVK4 L-lactate dehydrogenase B-A chain 12118 0.01
Q5XJ10 Glyceraldehyde-3-phosphate dehydrogenase 3435 0
QIMTI4 Triosephosphate isomerase A 178.69 0
Q90XGO Triosephosphate isomerase B 178.69 0
Upregulated proteins PaHgSe2 x
PaHgSel
Q90339 Myosin heavy chain_ fast skeletal muscle 180,57 1
P13104 Tropomyosin alpha-1 chain 561,4 1
QII8VO Parvalbumin-2 173.34 1
P02618 Parvalbumin beta 659.38 1
093409 Myosin regulatory light chain 2_ skeletal muscle isoform A 751.23 1
P53479 Actin_ alpha skeletal muscle 219315 1
P09227 Parvalbumin alpha 173.34 1
Q90339 Myosin heavy chain_ fast skeletal muscle 1264.44 1
Q6P0G6 Myosin_ light chain 1_ alkali; skeletal _ fast 638.78 1
P12115 Adenylate kinase isoenzyme 1 169.24 1
Table 1.

Proteins identified in the muscle tissue of P. amazonica species (PaHgSe, x PaHgSe,). Unique proteins were
expressed only in the group pool with the highest Cyyr and Cs,r (PaHgSe,).

transcription); were identified in Hg-linked protein spots (Cyg in protein spots:

2-20 mg kg'l) in the muscle, liver, and kidney proteomes of fish from the Amazon
[34-37]. The collagen protein and the calcium-binding EGF domain-containing
protein 1 (CCBE1) participate in lymphangioblast budding and angiogenic sprouting
of the venous endothelium during embryogenesis [34, 38]; these were only expressed
in the PaHgSe; and RvHgSe, groups. While the extant literature does not report Hg
binding in CCBE1 structures, CCBE1 also has a FASTA sequence with cysteine and
methionine residues, which are amino acids that have thiol and thioether groups,
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Access Description Score
Unique Proteins Groups
Q32LQ4 Betaine--homocysteine S-methyltransferase 1 148,44 RvHgSe,
P82316 Hemoglobin cathodic subunit beta 230,72 RvHgSe,
P02018 Hemoglobin subunit alpha 1592,19 RvHgSe,
Q90486 Hemoglobin subunit beta-1 1581,28 RvHgSe,
Q90485 Hemoglobin subunit beta-2 904,89 RvHgSe,
P85312 Hemoglobin subunit beta-A (Fragment) 824,97 RvHgSe,
P02139 Hemoglobin subunit beta-A/B 1501,36 RvHgSe,
P85313 Hemoglobin subunit beta-B (Fragment) 824,97 RvHgSe,
Q4KMC8 Fructose-bisphosphate aldolase C-A 172,71 RvHgSe,
Downregulated proteins RvHgSe2 x
RvHgSel
Q5XJ10 Glyceraldehyde-3-phosphate dehydrogenase 872,52 0
Upregulated proteins RvHgSe2 x
RvHgSel
093409 Myosin regulatory light chain 2_ skeletal muscle isoform A 1069,32 1
Q90339 Myosin heavy chain_ fast skeletal muscle 658.15 1
Table 2.

Proteins identified in the muscle tissue of R. vulpinus species (RvHgSe, x RoHgSe,. Unique proteins were
expressed only in the group pool with the highest Cy,rand Cs.r (RvHgSe,).

respectively (i.e., soft bases) [33]. As such, Hg and Se coordination (i.e., soft acids)
may occur in the CCBEL1 structure. A metalloproteomic study by Almeida et al. [39]
reported the identification of Hb beta 1, 2, and alpha Y2-subunits in Hg-linked protein
spots in the renal proteome of rats exposed to mercuric chloride (Cyg in protein spots:
84-138 mg kg™"). The authors posited that the PAA variance indicated that the beta
1, 2, and alpha %2-subunits of Hb showed downregulation, which could qualify the Hb
subunits as possible biomarkers of exposure to the Hg species. In the same study [39],
the authors reported that PAA indicated that H3.1 and H3.3 were only expressed in the
control group of rats exposed to mercuric chloride (HgCl,); this result corroborates
data from a metalloproteomic study by Bittarello et al. [35], who examined kidney
tissue from the Colossoma macropomum species from the Amazon River, which reports
the identification of Histone H4 in Hg-linked protein spots (Cyg = 5.85 mg kg ™).

The L-lactate dehydrogenase (LDH) enzyme and isoform (i.e., the enzyme
that acts in converting pyruvate to lactate process in carbohydrate and carboxylic
metabolic acids); betaine-homocysteine S-methyltransferase (BHMT) (i.e., the
enzyme that catalyzes the betaine conversion and homocysteine to dimethylglycine
and methionine, respectively); and fructose-bisphosphate aldolase C-A (ALDOCA)
(i.e., the enzyme that presents Zn* specific domains in its side chains and acts
in gluconeogenesis reactions) also showed expression only in the PaHgSe; and
RvHgSe, groups [34].

The literature further reports that LDH and isoforms, BHMT, and ALDOCA
were identified in Hg-linked protein spots (Cyg in protein spots: ranging from
3to 160 mg kg™') in the muscle, liver, and kidney proteomes from Amazon fish
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[35, 40-43]. These authors explained that the binding of Hg species in three
enzyme structures directly affects the biological activities thereof. Since PAA
was not carried out to identify whether there was impairment in the enzymes’
expression in respective proteomes, however, the robustness of these conclusions
was compromised. The LDH/isoforms, BHMT, and ALDOCA have cysteine and
methionine residues in the FASTA sequences and amino acids that have thiol and
thioether groups (i.e., soft bases), respectively. Thiol and thioether groups can
form stable bonds with Hg and Se species (i.e., soft acids) [33, 35, 39]. BHMT
and ALDOCA also have specific domains for Zn”* ions; when this happens, Hg
and Se species could displace Zn”* from these domains, thereby binding to these
enzyme structures [41, 44]. Regarding the BHMT enzyme, it is noteworthy that
metalloproteomic study with rats exposed to HgCl, using 2D PAGE-GFAAS-
LC-MS/MS, reported that BHMT was only expressed in Hg-linked protein spots
(Cug = 15.40 mg kg™") of the liver proteome of rats exposed to HgCl, [43]. This
finding corroborates data reported in the present study and in the study by
Queiroz et al. 2019 [44] cited above.

This study, PAA results revealed that Hbs subunits, histone/isoforms, and the
enzymes LDH/isoforms, BHMT, and ALDOCA were expressed as unique proteins/
enzymes in the muscle proteome of P. amazonica (PaHgSe, group) and R. vulpinus
(RvHgSe, group). PaHgSe, and RvHgSe, groups exhibited higher total mercury
(Chgr) and total selenium (Cser) concentrations in both muscle tissue and protein
pellets, with Cs.r levels exceeding to Cygr, resulting in positive SeHBVs. This suggests
that P amagonica and R. vulpinus possess Se reserves in their muscle tissue, enabling
them to counteract the toxic effects of Hg [12, 31, 32]. The presence of Se likely leads
to the formation of metal-binding proteins (MBPs), specifically involving complexes
such as [SeHg]-Hbs, [SeHg]-Histones, [SeHg]-CCBE1, [SeHg]-LDH/isoforms,
[SeHg]-BHMT, and [SeHg]-ALDOCA. The binding of the [SeHg]-complex (a soft
acid) to these protein/enzyme structures is likely facilitated by thiol (R-SH) and/or
thioether groups (soft bases) on cysteine and methionine residues within their FASTA
sequences, as previously discussed [33, 34, 42]. Consequently, the [SeHg]-MBPs were
exclusively expressed in the PaHgSe, and RvHgSe, groups, which exhibited elevated
Cser and Cgr levels.

Regarding the upregulation and/or downregulation results (Tables 1 and 2), only
seven proteins and 12 proteins and/or enzymes showed a decrease and/or increase in
expression in the PaHgSe, and RvHgSe, groups, respectively. It is noteworthy that the
PaHgSe,; group (group of non-predator species, which presented lower concentrations
of Hg and Se in relation to RvHgSe; group from predator species), also presented a
greater number of proteins and/or enzymes with up and/or downregulation; this may
indicates that this effect may not be related to the binding of Se and Hg species in the
structures of these proteins and/or enzymes. When analyzing the results in Tables 1
and 2, it is therefore possible to highlight the actin (actbb and actal) and parvalbumin
isoforms (pvalb2, pvalbp, and pavalba), the enzyme glyceraldehyde-3-phosphate
dehydrogenase (gapdh), and triosephosphate isomerase isoforms (tpila and tpilb),
which were expressed with up- or downregulation in the muscle proteome of the
PaHgSe, group.

Metalloproteomic studies with Semaprochilodus spp. and Arapaima gigas from
the Amazon region reported the identification of actbb and actal isoforms and
pvalb2, pvalba, and pavalbf isoforms in Hg-linked protein spots of the muscle and
liver proteomes of these fish [40, 41]. The gapdh enzyme and the tpila and tpilb
isoforms were identified in Hg-linked protein spots in the muscle and liver proteomes
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of Brachyplatystoma rousseauxii, Mylossoma sp., Myleus sp., Prochilodus nigricans, and
Cichla sp.—which are species of fish from the Amazon region—and also through
metalloproteomic strategies [40, 45]. However, these papers did not perform PAA to
investigate whether actbb and acta; pvalb2, pvalba, and pavalbp; tpila and tpilb; and
gapdh showed expression differences, which limited the discussion of results.

The myosin isoforms, the tropomyosin alpha 1 chain (tpma), and adenylate kinase
isoenzyme 1 (akl) were expressed with upregulation primarily in the PaHgSe group.
To date, the literature does not report studies related to Hg or Se species associated
with myosin, tpma, or akl. As these proteins/enzymes were expressed with upregula-
tion in higher quantities in P, amazonica (non-predator species) muscle proteome, the
species that presented lower Cs. and Cg, the expression increase may not be related
to the Se and Hg concentrations in the fish muscle tissue. It stands out that only two
myosin isoforms were expressed with upregulation and gapdh enzyme was expressed
with downregulation in the RvHgSe group (predator species with higher concentra-
tion of Hg and Se), o can reinforce the indication of the non-relationship of Se an Hg
concentrations to the differences in abundance variance up/down of proteins/enzymes
shown in Tables 1 and 2.

3.3 Analysis of parameters related to oxidative stress

The results obtained for CAT, GPx, and SOD activity, the LPO activity, and the
LPO concentration are summarized in Figure 2 and Table 3. The CAT, GPx, and SOD
activities and the LPO concentration were carried out with the aim of investigat-
ing whether Hg concentrations present in the organisms of the P. amazonica and R.
vulpinus species could trigger an oxidative stress state.

Analysis of Figure 2 suggests no apparent correlation between CHgT and CSeT
and the activities of SOD, CAT, and GPx enzymes, or LPO concentration. This held
true for both P. amazonica and R. vulpinus, regardless of whether individuals exhib-
ited lower (red bars) or higher (blue bars) concentrations of Se and Hg. Specifically,
maximum and minimum values for CAT, SOD, and GPx activities, as well as LPO con-
centrations, were observed across individuals with varying Hg and/or Se levels. The
Spearman correlation coefficient (CCSp) values, calculated by correlating the lowest
CHgT and CSeT with these enzymatic activities and LPO concentration (as shown in
Table 3), followed the same behavior. Seven positive CCSp values ranging from 0.59
to 0.89, and nine negative CCSp values ranging from —0.54 to —0.98. Notably, most
of these CCSp values (both positive and negative) were not statistically significant
(p = 0.05). Analysis of LPO concentrations revealed a consistent pattern across both
tish species: groups with lower total mercury (Cpgr) and total selenium (Cs.r) exhib-
ited significant negative correlations (CCSp.—, p < 0.05). Conversely, LPO correlations
were not significant in groups with higher Cpgr and Cger. For the CAT activity, only
R. vulpinus groups with lower Cygr and Cs.r showed negative correlations (CCSp.—);
all other CAT correlations in both species were not significant. The results for SOD
activity were more varied. In P amagonica, we found significant positive correlations
(CCSp.+) in groups with lower Cg,r, but no significant correlation in groups with lower
Cugr For R. vulpinus, significant negative correlations (CCSp.—) were observed in
groups with lower Cygr and Cs,1, though these correlations became non-significant at
higher Cpgr and Cg.r levels. Lastly, for GPx activity in P. amazonica, groups with lower
Cugrand Cg.r displayed significant positive correlations (CCSp.+), while correlations
were not significant in groups with higher Cyyr and Cser. Notably, in R. vulpinus, GPx
activity exhibited significant positive Spearman correlation coefficients (CCSp.+) for
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Figure 2.
Activity of SOD, CAT, and GPx enzymes, and LPO concentration were determined in the muscle tissue of
“individuals” of P. amazonica and R. vulpinus species.
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Variables LPO CAT SOD GPx
CCSp. CCSp. CCSp. CCSp.
P amazonica — — — —
Group with <Cgr —0.9840* —0.04105"° —0.5412* 0.6137*
Group with >Cgr -0.2419"" -0.1160"" 0.4781"" —0,06230™"
Group with <Cg,r -0.9829* ~0.04270"" 0.7915* 0.6310*
Group with >Cr —0.2424"P -0.1142"° 0.5963* -0.06270"P
R. vulpinus — — — —
Group with <Cygr -0.9413* -0.7287* -0.6072* 0.4106"°
Group with >Cgr —0.4641"° 0.4074"P -0.1865"" 0.7909*
Group with <Cg.r -0.9625* -0.7835* -0.6168* 0.5275*
Group with >Cg,r -0.2537" 0.4233"P -0.3355"P 0.8906*

CCSp. — Spearman correlation coefficient. Significant (p < 0.05).
NDNon—sigm'ﬁmnt (p 2 0.05).

Table 3.
Spearman’s correlation coefficient calculated in relation to Cyyr and Cs.; and the activities of the enzymes CAT,
SOD and GPx, and LPO concentration in the muscle tissue of P. amazonica and R. vulpinus.

groups with higher Cygr, as well as both lower and higher Cs.r. These findings contrast
with those reported by Bittarello et al. [35], who studied Plagioscion squamosissimus
(carnivorous) and Colossoma macropomum (omnivorous) from the Brazilian Amazon.
They observed a trend toward increased GPx activity and lipid peroxidation (LPO)
concentration in the liver tissue of P. squamosissimus, which also had higher Cygr.
However, their calculated CCSp values indicated a negative correlation between GPx
activity and Cpgr (—0.7040, for Cygr = 279 + 4.41ugkg — 1). This is contrary to our
current study, which found a positive correlation. Bittarello et al. [35] proposed that
the inhibition of GPx by mercury could be linked to a mercury-selenol interaction.
However, they did not measure selenium levels in the fish liver tissue samples, which
would have provided stronger support for their conclusions.

In this study, we observed a positive correlation between GPx activities and Cggr
in R. vulpinus, a species known to accumulate higher levels of mercury. Interestingly,
we also found a positive correlation with Cger, with Cger being higher than Cygr.

The selenium measurements allowed the calculation of SeHBV values, which were
consistently positive and greater than 1 for both the PaHgSe, group (P. amazonica,

a non-predatory species with higher Cy,r) and the RvHgSe, group (R. vulpinus, a
predatory species with higher Cygr). These results suggest that the mercury concen-
trations found in the muscle tissue of both P. amazonica and R. vulpinus pose a low
health risk [12, 30-32]. Therefore, the findings presented here offer new insights into
the attenuating effect of selenium on mercury’s ability to generate oxidative species
and potentially trigger oxidative stress.

4, Conclusions

The data reported in this study showed that the Hg:Se and Se:Hg molar ratios
consistently reflected positive SeHBV values across both high and low mercury
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concentration groups in muscle tissue of both fish species studied. This strongly
suggests that the organisms of both P amagzonica and R. vulpinus possess sufficient
selenium reserves in their muscle tissue to mitigate the toxic effects of mercurial
species. Furthermore, protein abundance analysis of the muscle proteome identified
alimited number of proteins and/or enzymes with either upregulation or downregula-
tion. Notably, the group with higher Cygr (which also exhibited higher Cs.t) compared
with the group with lower Cy,T, displayed a reduced number of unique proteins. It can
thus be inferred that selenium could be mitigating the negative impact of mercury on
the function of these proteins and/or enzymes by forming [Se:Hg] inert complexes
with the structures of these macromolecules. The observed correlations between SOD,
CAT, and GPx enzyme activities, and LPO concentrations were stronger with Cger
than with Cygr. This finding suggests that oxidative stress caused by mercurial species
does not occur in the muscle tissue of P. amazonica and R. vulpinus. Collectively, these
insights indicate that the consumption of P, amazonica and R. vulpinus muscle tissue as
a protein source by traditional Amazonian populations, apparently, does not present
arisk of mercury contamination. To further strengthen these findings, future metal-
loproteomic studies are recommended. Specifically, identifying Hg and Se species in
Hg/Se-associated protein spots in the muscle proteome of these fish, using a combina-
tion of two-dimensional electrophoresis (2D PAGE) with GFAAS-LC-MS/MS, would
provide greater robustness to the data reported in this study.
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Abstract

Recent advances in electrochemical sensors have considerably enhanced their
performance and broadened their application scope. The introduction of advanced
functional materials such as nanostructures, metal-organic frameworks (MOFs), and
graphene-based composites has improved sensor sensitivity, selectivity, and stabil-
ity, enabling the detection of trace-level analytes. Innovative surface modification
strategies, such as electrode functionalization, bioconjugation, and self-assembled
monolayers (SAMs), have optimized sensor interfaces, improving performance and
biorecognition capabilities. These advancements have led to the emergence of new
applications in point-of-care diagnostics, smart wearable biosensors, food safety
monitoring, and environmental remediation. The continuous integration of novel
materials and fabrication techniques is driving the evolution of electrochemical
sensors toward more sensitive, selective, and cost-effective devices for a wide range of
practical and societal challenges. The density functional theory (DFT), incorporating
the quantum theory of atom in molecules (QTAIM) and non-covalent interaction
(NCI) analysis, has been employed to investigate ZIF-8 as a model system. These
approaches underscore the efficacy of these theoretical methods in complementing
experimental findings for sensor device applications.

Keywords: chemical sensors, electrochemical performance, functional materials,
surface modification, DFT
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1. Introduction

Electrochemical sensors have become essential analytical tools for detecting
various chemical and biological substances, thanks to their high sensitivity, rapid
response, and cost-effectiveness [1, 2]. These sensors convert chemical interactions at
the electrode surface into measurable electrical signals, enabling both qualitative and
quantitative analysis of target analytes [3]. Operating on electrochemical transduc-
tion mechanisms such as amperometry, voltammetry, potentiometry, and electro-
chemical impedance spectroscopy (EIS), each technique offers distinct advantages
based on the application [4]. The demand for electrochemical sensors has surged
in environmental monitoring, biomedical diagnostics, and food safety, where they
provide portable, real-time detection of contaminants, biomarkers, and pollutants
[5]. Their ability to detect trace-level substances makes them an attractive alternative
to conventional methods like atomic absorption spectroscopy (AAS) and inductively
coupled plasma mass spectrometry (ICP-MS) [6].

Recent innovations in materials, such as nanomaterials, conductive polymers, and
metal-organic frameworks (MOFs), have significantly enhanced sensor performance,
particularly in terms of sensitivity, selectivity, and stability. Additionally, electrode
surface modification and functionalization strategies have further improved their
efficiency [7-11]. Integration with digital technologies, like artificial intelligence and
wireless communication, is expanding the applications of electrochemical sensors in
real-time monitoring and data analysis [12-15]. Despite these advancements, challenges
like electrode fouling, stability, and interference remain, requiring continued research
in material engineering and electrode optimization [16-18]. The latest developments in
electrochemical sensors explore material innovations, surface modification strategies,
and their broadening applications, particularly in detecting heavy metals and biomol-
ecules, aiming to address global challenges in environmental pollution, public health,
and food safety [19, 20]. To validate the detection processes of heavy metals, gases, and
organic dyes, the density functional theory (DFT) emerges as a highly effective method
for elucidating selective binding sites, investigating the forces that underpin a com-
poundss stability, and confirming the sensing capabilities of each compound for target
entities. The DFT approach, which encompasses the quantum theory of molecules
(QTAIM) and non-covalent interactions (NCI), provides a sophisticated framework
for interpreting experimental results and deepening our understanding of the sensor
mechanism through straightforward schematic representations, offering a more com-
prehensive insight into sensing phenomena. We conclude with a DFT model for ZIF-8.

2. Electrochemical sensors: Principles and mechanisms

Electrochemical sensors function by converting a chemical reaction or binding
event into an electrical signal, which is then analyzed to determine the concentration
of the target analyte. These sensors are broadly classified into

* Amperometric sensors: Measure current as a function of analyte concentration.

* Potentiometric sensors: Measure potential changes at the working electrode.

* Impedimetric sensors: Measure changes in charge transfer resistance and capaci-
tance at the electrode surface.
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Figure 1.
MOF-based and polymer-modified electrodes.

The working principle of electrochemical sensors involves three key components
* Electrode material: Determines charge transfer efficiency and sensor stability.

* Recognition element: Enhances selectivity by selectively binding to the target
analyte.

Transduction mechanism: Converts chemical interactions into an electrical signal,
analyzed via techniques such as cyclic voltammetry (CV), differential pulse voltam-
metry (DPV), and electrochemical impedance spectroscopy (EIS).

MOF-based and polymer-modified electrodes demonstrate superior electrochemi-
cal performance due to their high surface area, controlled porosity, and functionalized
active sites (Figure 1), which enhance analyte adsorption and charge transfer [21].

3. Functional materials in electrochemical sensors

The performance of electrochemical sensors is largely influenced by the choice
of functional materials used in their construction. Recent research has focused on
developing advanced materials that offer superior electrocatalytic properties, high
surface area, and enhanced stability. Notable examples include: Nanostructured
materials: The use of nanomaterials, such as carbon nanotubes (CNTs), graphene,
and metal nanoparticles, has revolutionized electrochemical sensors. These materials
exhibit excellent conductivity, a large surface area, and the ability to adsorb a variety
of analytes, significantly improving sensor performance, particularly in voltammetric
and amperometric applications. Metal-Organic Frameworks (MOFs): MOFs have
gained significant attention due to their high porosity, tunable structures, and large
surface areas, which provide enhanced interaction with target analytes. Materials
like HKUST-1 and ZIF-8 have been widely explored for heavy metal ion detection,
biosensing, and gas sensing applications. Their unique properties make them ideal for
the construction of high-performance electrochemical sensors (Figure 2).
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Functional materials used in electrochemical sensors for enhanced performance and sensitivity.

Conducting polymers: Polymers such as polyaniline (PANI) and polypyrrole
(PPy) are used to modify electrode surfaces, improving both the electrochemical
properties and mechanical stability of sensors. The ability to tailor their electrical
conductivity and surface reactivity makes them suitable for various sensing applica-
tions, including pH sensing, bio-detection, and toxin sensing. Hybrid Materials:

The combination of different materials, such as MOFs with conducting polymers or
graphene, has led to the creation of hybrid materials with enhanced properties. These
composite materials often exhibit synergistic effects, such as improved electrical
conductivity, chemical stability, and selectivity, which are essential for sensitive and
reliable electrochemical sensing.

4. Surface modification strategies

Surface modification is essential for improving the performance of electrochemi-
cal sensors. By tailoring the electrode surface, researchers can enhance the interaction
between the electrode and the analyte, improving both sensitivity and selectivity. Key
surface modification strategies include: Electrode functionalization: This involves
modifying the surface of electrodes with various functional groups to enhance
analyte binding and detection. Self-assembled monolayers (SAMs) are commonly
used to immobilize biorecognition elements such as enzymes, antibodies, or aptam-
ers, allowing the sensor to selectively interact with target molecules. Nanostructuring
of electrodes: Creating nanoscale features on electrode surfaces significantly increases
the surface area and facilitates better electrode-analyte interactions. Techniques such
as nanoparticle deposition and nanopatterning have led to sensors with superior
sensitivity, particularly in biosensing and chemical detection. Bioconjugation and
molecular imprinting: Bioconjugation involves the attachment of biomolecules to
the electrode surface to create specific recognition sites, whereas molecular imprint-
ing involves the creation of molecular cavities in the polymer matrix tailored for
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Surface modification strategies for enhanced sensor performance.

specific analytes. Both strategies significantly enhance the selectivity and sensitivity
of electrochemical sensors, making them particularly useful for toxin detection,
biomarker sensing, and food safety applications. Layer-by-layer (LbL) assembly: The
LbL technique allows for the precise control over the construction of multi-layered
sensor surfaces, which can improve electrochemical response and selectivity. It is
particularly useful for creating complex biosensors and chemical sensors (Figure 3).

Surface modification is essential for enhancing the sensitivity, selectivity, and
stability of electrochemical sensors. Strategies such as electrode functionalization,
nanostructuring, bioconjugation, and molecular imprinting improve analyte interac-
tion and signal transduction. Materials like metal nanoparticles, carbon nanostruc-
tures, conducting polymers, and MOFs are commonly employed to optimize surface
properties and electron transfer. Additionally, conducting polymers like polyaniline
(PANI) and polypyrrole (PPy) provide excellent biocompatibility and signal ampli-
fication properties. Chemical grafting and self-assembled monolayers (SAMs) are
also employed to introduce specific functional groups that enhance target analyte
recognition. Furthermore, molecular imprinting techniques enable the creation of
highly selective sensing surfaces for detecting specific molecules in complex samples.
These surface modification strategies have led to significant advancements in elec-
trochemical sensor technology, enabling the detection of ultra-low concentrations
of environmental pollutants, biomolecules, and industrial contaminants with high
precision and reliability.

5. Toxicology and relevance to electrochemical sensing

Toxicology is the scientific discipline that investigates the adverse effects of chemical
substances on living organisms and the environment. It plays a crucial role in under-
standing the impact of contaminants such as heavy metals, pesticides, and organic
pollutants, which pose significant risks even at trace levels. Electrochemical sensors
have emerged as powerful tools in toxicological analysis, offering rapid, sensitive,
and cost-effective detection of toxic agents in various matrices including water, food,
and biological fluids. The integration of toxicological knowledge into sensor design
enhances the development of devices tailored for early detection and quantification of
hazardous substances, thus aiding in the prevention of exposure-related health effects.

Heavy metals such as lead (Pb*), cadmium (Cd**), and mercury (ng*) are among
the most concerning environmental toxins due to their high toxicity, persistence,
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and bioaccumulation in the food chain. Chronic exposure to these metals can lead to
neurological, renal, and developmental disorders. Electrochemical sensors, especially
those based on modified electrodes with nanostructured materials or MOFs, have
shown great promise in detecting these toxicants at ultra-trace concentrations. Their
high sensitivity and selectivity stem from the engineered surface functionalities that
mimic biological interactions, making them particularly suitable for toxicological
screening in environmental and clinical settings.

From a regulatory perspective, toxicological limits established by organizations
such as the WHO, EPA, and EU are essential benchmarks in sensor development.
Electrochemical sensors must be validated to reliably detect toxic substances below
these permissible exposure limits. Moreover, real-sample testing in complex matrices
(e.g., tap water, river water, and serum) is essential to demonstrate sensor applica-
bility and robustness. By aligning with toxicological frameworks and thresholds,
electrochemical sensors contribute not only to academic research but also to public
health surveillance and environmental policy enforcement.

Figure 4 presents the differential pulse voltammetry (DPV) response for the simulta-
neous detection of Cd**, Pb**, Cu®*, and Hg”* ions using a ZIF-8@PANI-modified glassy
carbon electrode (GCE) in 0.1 M acetate buffer solution. The voltammogram exhibits
four distinct and well-separated peaks located approximately at —0.78, —0.50, —0.05,
and + 0.20 V, corresponding to the reduction of Cd**, Pb**, Cu®*, and Hg™, respectively.
Among them, the Pb** peak shows the highest current intensity (~55 pA), indicating a
strong interaction and high sensitivity of the modified electrode toward lead ions. The
well-defined separation between peaks confirms the sensor’s excellent selectivity and
ability to detect multiple heavy metal ions simultaneously without signal overlap. The
synergistic combination of ZIF-8, offering high surface area and porosity, with the con-
ductive polymer PANT significantly enhances the electron transfer kinetics and adsorption
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Figure 4.
Differential pulse voltammetry for simultaneous detection of Cd**, Pb**, Cu** and Hg*" on ZIF-8@PANI/GCE in
0.1 M acetate buffer solution.

106



Perspective Chapter: Comprehensive Overview of Electrochemical Sensors — Advanced Functional...
DOI: http://dx.doi.org/10.5772/intechopen.1011778

capacity, thereby improving the electrochemical performance of the sensor. From a toxi-
cological perspective, the detection of these metal ions is critically important due to their
severe effects on human health and the environment. Lead (Pb**) and mercury (Hg2+) are
known neurotoxins even at low concentrations, while cadmium (Cd**) is associated with
kidney damage and carcinogenic risks. Copper (Cu”*), though essential in trace amounts,
becomes toxic in excess. The reliable and simultaneous detection of these ions is therefore
essential for environmental monitoring and public health. Electrochemical sensing

offers a highly attractive platform for this purpose due to its inherent advantages such as
simplicity, low cost, portability, rapid response, and high sensitivity. The performance
demonstrated in this figure highlights the potential of the ZIF-8 @PANI/GCE sensor as an
effective tool for real-time monitoring of toxic heavy metals in environmental samples.

6. Emerging applications

As electrochemical sensors continue to evolve, their applications are expanding
into new and emerging areas. Some of the key applications include:

* Environmental Monitoring: Electrochemical sensors are increasingly used
for monitoring air quality, water pollution, and heavy metal contamination.
Techniques such as voltammetry and amperometry allow for the real-time detec-
tion of pollutants, heavy metals, and toxic substances in the environment. The
ability to detect trace amounts of pollutants in real-time makes electrochemical
sensors a powerful tool for environmental protection and sustainability.

* Biomedical Diagnostics: Electrochemical sensors are widely used in point-of-care
diagnostics, where they offer rapid, cost-effective, and non-invasive detection
of biomarkers, glucose, and other metabolites. Electrochemical biosensors have
proven to be essential tools for early disease detection, such as for cancer bio-
markers, infection monitoring, and diabetes management.

* Food Safety and Quality Control: Electrochemical sensors offer a promising solu-
tion for detecting contaminants and pathogens in food products. Their portabil-
ity, sensitivity, and ability to detect multiple analytes in real-time make them
ideal for use in food safety applications, where rapid analysis is critical.

* Wearable and Smart Sensors: The integration of flexible electrochemical sensors
into wearable devices has opened new avenues for continuous health monitor-
ing, particularly in the context of chronic disease management and personalized
medicine. These sensors enable real-time tracking of glucose levels, hydration,
and other physiological parameters, offering a more convenient and affordable
approach to healthcare.

* Industrial Process Control: Electrochemical sensors are being utilized for industrial
monitoring in sectors such as chemical production, energy storage, and pharma-
ceutical manufacturing. These sensors allow for precise and real-time monitoring
of chemical processes, enabling better quality control and process optimization.

Electrochemical sensors are gaining increasing attention in advanced detection
technologies due to their high sensitivity, rapid response, and cost-effectiveness. These
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Figures.
Emerging applications of electrochemical sensors in advanced detection technologies.

sensors have evolved beyond traditional applications and are now being integrated into
diverse fields such as environmental monitoring, biomedical diagnostics, food safety,
and industrial quality control (as indicated in Figure 5). Recent advancements in
nanomaterials, metal-organic frameworks (MOFs), and functionalized electrodes have
significantly enhanced their selectivity and detection limits. In medical diagnostics,
electrochemical sensors enable real-time monitoring of biomarkers for early disease
detection, while in environmental analysis, they facilitate the accurate quantification
of heavy metals and organic pollutants in water and soil. Moreover, the integration

of electrochemical sensors with portable and wireless technologies has opened new
possibilities for on-site and point-of-care testing, offering practical solutions for real-
world challenges. As research progresses, the continued development of miniaturized,
multi-analyte, and self-powered electrochemical sensors is expected to revolutionize
analytical detection technologies, making them more accessible and efficient.

6.1 Regulatory considerations and clinical translation

Despite significant progress in wearable and biomedical electrochemical sen-
sors, transitioning from laboratory prototypes to clinical or commercial devices
requires navigating rigorous regulatory pathways [3]. For instance, approval by
regulatory bodies such as the U.S. Food and Drug Administration (FDA) or European
Conformity (CE) marking involves comprehensive validation of safety, biocompat-
ibility, analytical performance, and long-term stability. In addition to clinical trials,
adherence to Good Manufacturing Practices (GMP) and ISO standards for medical
devices is essential. These requirements pose challenges related to reproducibility,
sensor miniaturization, and patient-specific variability. Nonetheless, addressing
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these regulatory and translational hurdles is critical for advancing electrochemical
biosensors into widespread clinical use and establishing their reliability in real-world
healthcare settings [3].

6.2 Case study: Portable electrochemical sensor for on-site heavy metal detection

A practical example of real-world deployment is the use of a portable electro-
chemical sensor based on a ZIF-8 @PANI-modified glassy carbon electrode for the
simultaneous detection of Pb**, Cd**, Cu**, and Hg2+ in river and tap water samples.
The sensor was integrated into a handheld voltammetric analyzer and tested on-site
near industrial discharge zones. Differential pulse voltammetry (DPV) measure-
ments revealed well-resolved peaks for all target ions, with recovery rates ranging
from 94-102% and relative standard deviations below 5%, confirming the sensor’s
reliability in complex matrices. This case illustrates how lab-developed sensors can
be effectively translated into field-deployable systems for environmental monitoring,
with the potential to support rapid decision-making and regulatory compliance.

7. Density functional theory (DFT) in electrochemical sensor design
Density Functional Theory (DFT) is a computational quantum mechanical
method that describes the electronic structure of atoms, molecules, and materials
by solving Schrédinger’s equation in an approximate yet computationally efficient
manner [22]. Unlike traditional wavefunction-based methods, DFT expresses the
system’s energy as a functional of electron density (p(r)), significantly reducing

computational complexity.

7.1 Adsorption behavior and surface interaction studies

DFT is widely used to predict the binding energy and orientation of analytes on
modified electrode surfaces. By analyzing adsorption configurations, researchers can:

* Identify favorable binding sites on MOFs, conducting polymers, and
nanomaterials.

* Optimize functional groups that enhance selectivity.

* Investigate hydrogen bonding, n-n interactions and metal coordination effects.
7.2 Electronic structure and charge transfer mechanisms

Understanding charge distribution and electron transfer at the electrode-analyte
interface is critical for designing high-performance sensors [23]. DFT-based density
of states (DOS) and Bader charge analysis can:

* Determine how electrons transfer between the electrode and the analyte.

* Predict the rate of electrochemical reactions based on band alignment.

* Explain how dopants and composite materials influence conductivity.
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7.3 Development of novel sensor materials

By screening materials computationally before synthesis, DFT accelerates the
development of novel sensor materials [24]. This approach enables:

* Virtual screening of MOF candidates for enhanced adsorption and electron
transfer.

* Predicting the effects of functionalization on sensor selectivity.
Identifying hybrid materials with synergistic properties.
7.4 Limitations and challenges in DFT modeling

While DFT offers powerful insight into the electronic structure and surface
interactions of sensing materials, it also presents several limitations. The accuracy of
DFT predictions heavily depends on the choice of exchange-correlation functional;
commonly used generalized gradient approximation (GGA) functionals may fail to
capture weak van der Waals interactions unless dispersion corrections (e.g., DFT-D3)
are included. Additionally, most DFT simulations are performed under vacuum or
idealized conditions, which may not accurately reflect the complexities of electro-
chemical environments such as solvent effects, pH variations, or electrode potentials.
Furthermore, DFT is fundamentally a static method and cannot inherently capture
dynamic processes like real-time charge transfer, ion diffusion, or electrochemical
kinetics unless coupled with time-dependent DFT (TD-DFT) or molecular dynam-
ics (MD) simulations. These limitations underscore the need to interpret DFT
results alongside experimental data and to continue developing multiscale modeling
approaches for more comprehensive sensor design.

8. Application of DFT on ZIF-8 as a model system

Herein, density functional theory (DFT) modeling and non-covalent interac-
tions have been employed to enhance our experimental understanding of the sensor
mechanism of ZIF-8 for selective detection of CO, and CH, gases [25, 26]. Utilizing
the DFT-D3/B3LYP/LanL2DZ [27, 28] level of theory via the Gaussian09 package [29],
we optimized each complex, with parameters fixed in the GaussView 6 interface [30].
The NCI index, visualized through color coding, elucidates the types and nature of all
interactions responsible for the stability of gases at each binding site. This tool is gener-
ated using the VMD package [31]. Figure 6 illustrates that the CO, is positioned at the
center of the ZIF-cavity, equidistant from four symmetric carbon atoms at distances of
3.89, 281, 3.91, and 3.60 A, respectively. Regarding the CH,@MOF, it has been deter-
mined that the gas is effectively stabilized within the cavity center at distances from
carbon atoms measuring 3.10, 2.81, 3.18, and 3.14 A, respectively. Both gases appear to
be nearly localized at the center of the ZIF-8 cavity, underscoring the efficacy of the
computational method employed. The NCI analysis reveals that the CO, and CH, gases
are well stabilized through van der Waals interactions (indicated by the green color).
This finding demonstrates the potential of this compound for efficient gas detection
applications. Moreover, this discovery paves the way for exploring this green material in
other fields, such as biological applications and nano-electronic devices.
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Figure 6.
Schematic representation of CO, and CH, gas sensing using DFT and NCI, featuring ZIF-8 as model.

9. Future perspectives in DFT-based sensor design

Al-Driven DFT Simulations: Machine learning can accelerate material screening
by predicting optimal electrode compositions for various analytes.

Time-Dependent DFT (TD-DFT): Can be used to investigate dynamic charge
transfer processes in real-time.

Beyond Standard Functionals: Hybrid and GW approximations offer more
accurate descriptions of electron correlation effects in sensor materials.

Multiscale Modeling: Combining DFT with Molecular Dynamics (MD) can
provide a more realistic representation of electrode-electrolyte interfaces.

10. Conclusion

Recent advancements in electrochemical sensors, particularly in the areas of
functional materials and surface modification strategies, have paved the way for a
new generation of highly sensitive, selective, and versatile sensors. These innovations
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have expanded the applicability of electrochemical sensors into emerging fields such
as wearable health monitoring, food safety, and environmental protection, while also
improving their performance in traditional applications such as biomedical diagnos-
tics and chemical detection. As the field continues to evolve, the integration of novel
materials and cutting-edge fabrication techniques will likely drive further progress in
electrochemical sensor technology, opening new possibilities for real-time, on-site,
and cost-effective detection across a range of industries. To enhance our understand-
ing the sensor mechanism between two systems, the DFT and NCI methods has
proven to be exceptionally well-suited for advanced experimental applications.
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