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Abstract: Background: Food contamination is a major global issue that impacts public health, agri-
culture, and food security. The toxicological effects of contaminants can pose significant health risks,
emphasizing the need for effective strategies to mitigate these dangers. Objectives: This narrative
review explores the sources, toxicities, pathophysiological aspects and mitigation approaches re-
lated to food contaminants. Methods: A comprehensive review was conducted by analyzing rele-
vant literature from PubMed, Scopus, Web of Science, and Google Scholar, with a focus on studies
published in the last decade. Articles were chosen on the basis of their relevance, and a narrative
approach was employed to summarize findings related to sources, toxicity, pathophysiology, and
mitigation strategies for food contaminants. Results: This review highlights that food contaminants
originate from diverse sources, including biological agents (bacteria, viruses), chemical substances
(pesticides, heavy metals, mycotoxins), and physical materials (glass, plastics). Their toxicity varies,
leading to acute and chronic health effects such as neurotoxicity, hepatotoxicity, endocrine disrup-
tion, and carcinogenicity. The underlying pathophysiological mechanisms include oxidative stress,
deoxyribonucleic acid damage, inflammation, and metabolic dysfunction, which contribute to dis-
orders such as cancer, metabolic syndrome, and neurological impairments. Effective mitigation
strategies encompass good agricultural practices, advanced food processing and preservation tech-
niques, regulatory enforcement, public education, and the incorporation of natural detoxifying
agents, aiming to reduce contamination and ensure food safety. Conclusions: Food contaminants
present significant health risks, so effective mitigation methods can reduce their impact. The devel-
opment of new technologies and the enforcement of stricter food safety regulations are crucial in
addressing emerging contaminants and safeguarding public health.

Keywords: Food contaminants; toxicity; mitigation strategies; pesticides; heavy metals; mycotoxins;
sources; pathophysiological insights

1. Introduction

Food contamination is a critical public health issue worldwide, as harmful substances in food
can lead to serious health risks [1]. When present in food, contaminants can negatively affect human
health and well-being [2]. These harmful substances can be introduced at various points throughout
food production, processing, packaging, transportation, and even storage and consumption. Con-
taminants can be categorized into natural and synthetic types, including chemical, biological, and
physical agents that compromise food safety [3].

Food contaminants originate from various sources, such as environmental pollution, food addi-
tives, microbial pathogens, and unintentional contamination during handling [4]. Chemical contam-
inants such as pesticides, heavy metals, mycotoxins, and industrial chemicals are of particular con-
cern because of their widespread occurrence and persistence in the food supply [5]. Biological
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contaminants, such as bacteria, viruses, and parasites, can cause foodborne illnesses, whereas physi-
cal contaminants, such as glass, plastic, or metal fragments, may lead to injury [6].

The toxicity of food contaminants depends on the type, concentration, and duration of exposure.
Chronic exposure to contaminants such as lead, cadmium, and pesticides has been linked to long-
term health effects, including neurological disorders, developmental issues, and cancer [7]. Microbial
contamination can cause foodborne diseases such as salmonellosis, listeriosis, and E. coli infections,
significantly affecting public health [8]. Vulnerable populations, including children, pregnant
women, and individuals with weakened immune systems, are particularly at risk from these contam-
inants.

Effective mitigation strategies are essential to reduce the risks posed by food contaminants.
These strategies include both preventive measures and interventions aimed at lowering contamina-
tion levels in the food supply [9]. Prevention involves safe farming practices, proper food handling,
and stringent quality control during food processing. Detection methods, such as advanced chemical
analysis and microbiological testing, are also vital for the early identification of contaminants [10].
Regulatory measures, such as setting limits for contamination levels and enforcing food safety stand-
ards, play a significant role in minimizing exposure to harmful substances [11].

This review aims to provide a thorough overview of food contaminants, focusing on their
sources, potential health risks, pathophysiological pathways, and various strategies to reduce their
presence in the food supply. By understanding these factors, we can improve food safety and ensure
that food remains safe and nutritious for consumption.

1. 1. What this study adds

The novelty of this review lies in its comprehensive approach, which involves examining food
contaminants at the molecular level and integrating both the biological mechanisms of toxicity and
practical mitigation strategies. This dual focus differentiates it from studies that focus on either aspect
alone.

2. Methodology
2.1. Study Design

This narrative review aims to provide an in-depth summary and critical analysis of the literature
on the sources, toxicity, pathophysiology, and mitigation strategies of food contaminants. A narrative
review design is employed to offer a broad discussion by integrating key studies, identifying promi-
nent trends, and delivering a coherent overview. Unlike a systematic review, this approach does not
require statistical rigor but focuses on presenting a comprehensive perspective on the subject matter.

2.2. Research question

The central research question for this review is as follows: "What are the sources, toxicities, path-
ophysiological mechanisms, and current strategies for mitigating the impact of food contaminants on
human health?" This question seeks to explore the various origins of food contamination, the health
risks they pose, their pathophysiology, and the interventions designed to minimize their adverse ef-
fects.

2.3. Eligibility criteria

Studies were selected according to specific inclusion and exclusion criteria. The inclusion criteria
included peer-reviewed articles, gray literature, and reviews published in English that focused on
food contaminants, such as pesticides, heavy metals, mycotoxins, food additives, and environmental
pollutants. Additionally, studies addressing the toxicity of food contaminants to human health and
those discussing mitigation strategies will be included. The exclusion criteria included studies unre-
lated to food contaminants, non-English publications, studies that did not address human health, and
studies with unclear methodologies or low-quality data.
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2.4. Search strategy and keywords

A systematic search will be conducted across multiple electronic databases, including PubMed,
Scopus, Web of Science, and Google Scholar. The search will utilize a combination of relevant key-

"

words such as "food contaminants," "toxicity of food contaminants," "food safety," "foodborne toxins,"

nn

"mitigation of food contaminants,” "heavy metals in food," "pesticides in food," "mycotoxins and food
safety," and "foodborne diseases and prevention." To ensure that the findings are current, the search

will be limited to studies published in the last 10 years.

2.5. Data extraction

Data extraction will be performed by collecting the following information from each eligible
study: study characteristics (authors, publication year, country of study), the type of contaminants
studied (e.g., pesticides, heavy metals, mycotoxins), sources of contamination (e.g., agricultural prac-
tices, environmental pollution, food processing), toxicity effects on human health (e.g., carcinogenic-
ity, neurotoxicity, reproductive toxicity), and mitigation strategies (e.g., regulations, technological
advances, public health interventions). The type of study will also be recorded, whether it is experi-
mental, observational, or a review.

2.6. Data analysis and synthesis

The data extracted from the selected studies will be analyzed qualitatively to identify common
patterns and trends related to the sources, toxicity, pathophysiological pathways, and mitigation
strategies of food contaminants. The synthesis will be narrative in nature, offering a comprehensive
summary of the findings and a critical discussion rather than relying on statistical analysis.

3. Results and discussion
3.1. Health impact of food contaminants

Food contaminants can harm human health through various chemical/physical, microbial or
other agents, which may originate from environmental pollution, food additives, pesticides, or natu-
rally occurring substances [12,13]. The toxicity of these contaminants depends on the type and level
of exposure, and their effects can range from acute toxicity and digestive issues to chronic diseases
such as cancer, neurodegenerative disorders, reproductive disorders, and developmental problems
[7]. They may also impair immune system function, compromising immunity or causing dysfunction.
Certain harmful substances in food can cause genetic damage, resulting in mutations or cancer [14].
Additionally, some chemicals, such as persistent organic pollutants (POPs), interfere with hormonal
regulation, potentially causing reproductive and developmental issues [15]. Foodborne chemicals can
also damage the nervous system, affecting cognitive function and behavior, and may contribute to
conditions such as Parkinson's disease or Alzheimer's disease [16].

3.2. Foodstuff contaminants

Food contaminants come from various sources, including agricultural chemicals (pesticides,
herbicides), heavy metals (lead, mercury, cadmium), mycotoxins (aflatoxins, ochratoxins), food ad-
ditives, and environmental pollutants (dioxins, PCBs) [17,18]. These contaminants can enter the body
when contaminated food is consumed in the form of pesticides, heavy metals (e.g., lead, mercury,
cadmium), food additives, or microbial toxins (such as norovirus). Biological contaminants such as
bacteria, viruses, parasites, fungi, and molds can be introduced through improper food handling,
storage, or cooking. Bacteria and fungi thrive under unsuitable conditions, such as inadequate refrig-
eration or excessive moisture [19]. Chemical contaminants such as pesticides, heavy metals, myco-
toxins, food additives, and residues from packaging materials can be absorbed during food produc-
tion, processing, or packaging, often through contact with contaminated water, soil, or equipment
[20]. Physical contaminants, such as foreign objects (glass, metal, plastic), typically occur during food
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handling, processing, or packaging due to equipment failure, human error, or environmental con-
tamination [21].

3.2.1. Chemical contaminants

Pesticides and Herbicides: Pesticides, including organophosphates, carbamates, pyrethroids,
and glyphosate, are used in agriculture to protect crops [22,23]. Prolonged exposure can lead to nerve
damage, cognitive dysfunction, immune suppression, and hormonal disruption. They may also cause
genotoxic effects such as DNA damage and chromosomal abnormalities while impairing immune
function and promoting inflammation [24-26].

Food additives (e.g., monosodium glutamate — MSG): Certain artificial colors, preservatives,
and flavor enhancers, such as MSG, can trigger genotoxicity and neuroinflammation [28,29]. Addi-
tives such as nitrates and nitrites can form carcinogenic nitrosamines in the body [30-33]. These sub-
stances may also lead to immune dysfunction, allergic reactions, and potential developmental issues,
particularly in children. Excessive MSG consumption is linked to excitotoxicity, where overstimula-
tion of neurons causes cell death [34].

Heavy metals: Metals such as lead, mercury, and cadmium can accumulate in food, triggering
oxidative stress and cellular damage [35,36]. These metals disrupt thyroid and estrogen functions and
may lead to immune suppression, cognitive deficits, developmental delays, and neurodegenerative
diseases. Mercury and lead affect neurotransmission and brain development, particularly in children
[37,38].

Phytotoxins: Phytotoxins are naturally occurring toxic substances produced by plants as sec-
ondary metabolites. These compounds function primarily as defense mechanisms to protect plants
from herbivores, pathogens, and competing vegetation 11, 23]. Phytotoxins encompass a wide range
of chemical classes, including alkaloids (e.g., strychnine), glycosides (e.g., cyanogenic glycosides
found in cassava), terpenoids (e.g., abrin from Abrus precatorius), phenolic compounds (e.g., tan-
nins), and lectins (e.g., ricin derived from castor beans). Owing to their concentration and chemical
nature, these substances can pose risks to humans, animals, and other plants, leading to effects such
as acute poisoning, neurotoxicity, liver damage, or even carcinogenesis [24]. However, some phyto-
toxins, when used in controlled doses, possess therapeutic properties, such as vincristine, which is
utilized in cancer treatment. Additionally, certain phytotoxins act as allelochemicals, suppressing the
growth of nearby plants through allelopathy. Notable examples of such toxic compounds include
ricin, nicotine, cyanogenic glycosides, and saponins, which differ in their levels of toxicity and bio-
logical impact.

Mycotoxins: Mycotoxins are harmful secondary metabolites produced by fungi such as Asper-
gillus, Penicillium, Fusarium, and Claviceps [19]. These compounds frequently contaminate crops,
food, and animal feed under warm, humid conditions. In resistance to heat, mycotoxins pose serious
health risks to humans and animals, ranging from acute effects such as poisoning, nausea, and organ
damage to chronicissues such as immune suppression, cancer, and hormonal imbalances. Commonly
found in grains, nuts, spices, coffee, fruits, and dairy products, prominent examples include aflatox-
ins (potent carcinogens found in nuts and grains), ochratoxins (kidney toxins present in cereals and
coffee), fumonisins (associated with esophageal cancer and detected in maize), deoxynivalenol (caus-
ing vomiting and immune dysfunction in wheat and maize), zearalenone (disrupting the hormonal
balance in grains), and ergot alkaloids (linked to ergotism in rye) [31].

Why are mycotoxins not considered biological food contaminants? Mycotoxins do not multiply
or develop within the host but cause harm when consumed, inhaled, or absorbed [9]. These toxins
persist in food even after the fungi that produce them are destroyed (killed), as they are chemically
stable and resistant to heat and food processing methods. Biological food contaminants refer specifi-
cally to living microorganisms, whereas mycotoxins fall into the category of chemical hazards in food
safety because they are toxic metabolites that persist in food even after the mold has died or been
removed [35].
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Processing aids: Processing aids are substances utilized during food production to achieve spe-
cific technical purposes, such as enhancing texture, flavor, or shelf life, without serving a functional
role in the finished product [25]. Common examples include enzymes such as amylase in bread-mak-
ing, solvents such as hexane for extracting oils, clarifying agents such as bentonite in wine produc-
tion, catalysts used in processes such as oil hydrogenation, and antifoaming agents such as polydi-
methylsiloxane in frying oils. Although these substances may leave trace residues in food, they can
pose health concerns if contaminant levels exceed regulatory limits. Potential hazards include toxic
solvent residues (e.g., hexane), heavy metal contamination from catalysts (e.g., nickel or palladium),
harmful byproducts (e.g., carcinogenic nitrosamines), and allergens from enzyme sources (e.g., glu-
ten-derived enzymes) [5].

Veterinary drugs: Veterinary medications play crucial roles in animal farming by treating dis-
eases, preventing infections, and increasing growth. However, improper usage or the absence of
withdrawal periods can lead to the contamination of food products with drug residues [14]. These
substances include antibiotics such as tetracyclines, sulfonamides, and penicillins; growth-promoting
hormones such as estradiol; antiparasitics such as ivermectin and organophosphates; and coccidio-
stats commonly added to poultry feed. The presence of these residues in food poses significant health
risks, including the development of antimicrobial resistance (AMR) from antibiotics, hormonal dis-
ruptions and potential cancer risks from growth hormones, and toxicity from antiparasitic agents.

Food contact materials: Food contact materials (FCMs) are substances found in items such as
packaging, storage containers, and cooking tools that can leach chemicals into food [3,21]. Examples
include bisphenol A (BPA) in plastics and resins, phthalates used to soften plastics, mineral oil hy-
drocarbons (MOHs) from recycled materials, per- and polyfluoroalkyl substances (PFASs) in grease-
resistant products, and heavy metals such as lead and cadmium from inadequately regulated mate-
rials. Exposure to these chemicals poses significant health risks, including hormonal imbalances, can-
cer, neurotoxicity, and reproductive harm.

Phthalates, which are used as plasticizers to improve flexibility and durability, are commonly
found in food packaging, cling wraps, and processing equipment [19]. These chemicals can migrate
into food and disrupt endocrine functions, potentially leading to reproductive and developmental
health risks. BPA, a compound used to make polycarbonate plastics and epoxy resins for containers
such as water bottles and linings, can leach into food [12]. As an endocrine disruptor, BPA mimics
estrogen and may interfere with hormone regulation, increasing the risk of chronic conditions such
as cancer and heart disease. The health risks associated with these chemicals include hormonal dis-
ruption, carcinogenicity, neurotoxicity, and reproductive toxicity.

Process-related contaminants: Process-related contaminants are chemical substances formed
during the processing of food as a result of heat, additives, or other treatments [23]. Examples include
acrylamide, which develops in starchy foods exposed to high temperatures; polycyclic aromatic hy-
drocarbons (PAHs) generated during grilling or smoking; chloropropanoles such as 3-MCPD pro-
duced during oil refining; furan created through high-temperature methods such as canning; and
nitrosamines, which arise in processed meats owing to interactions between nitrites and amines.
These contaminants are associated with various health hazards, including carcinogenicity, mutagen-
icity, and toxicity to organs.

Environmental pollutants: Environmental pollutants such as dioxins, polychlorinated biphen-
yls (PCBs), and persistent organic pollutants (POPs) are chemical food contaminants because they
are toxic substances that chemically interact with the body, affecting immune responses and overall
health [7,23]. POPs are hazardous chemicals that persist in the environment for long periods and
bioaccumulate in the food chain, particularly in animal fats, posing serious risks to public health.
These pollutants can contaminate food supplies through exposure to polluted water, soil, and air, as
well as through various food production processes [7,19]. Examples of POPs include PCBs, dioxins,
furans, hexachlorobenzene (HCB), and banned pesticides such as dichlorodiphenyltrichloroethane
(DDT). POPs are associated with severe health concerns, including cancer, developmental disorders,
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immune system damage, and endocrine system disruption. Owing to their stability and ability to
travel over great distances, these chemicals can impact areas far removed from their original sources.

3.2.2. Biological (microbial) contaminants

Biological food contaminants refer to living organisms or their byproducts that can cause food-
borne illnesses. Bacteria are the most common biological contaminants in food and thrive under fa-
vorable conditions, such as warm, moist, and nutrient-containing conditions [3,4,39]. Pathogenic ex-
amples include Salmonella, which is found in raw poultry, eggs, and unpasteurized milk and causes
diarrhea, fever, and abdominal cramps; Escherichia coli (E. coli), which are strains that contaminate
raw meat and produce severe gastrointestinal infections; and Listeria monocytogenes, which is found
in ready-to-eat foods such as soft cheeses and deli meats and can cause listeriosis, particularly in
pregnant women, newborns, and immunocompromised individuals. Unlike bacteria, viruses do not
grow on food but are transmitted via contaminated food or water, with common examples including
norovirus, often called the "stomach flu," and hepatitis A, which spreads through poor hygiene and
contaminated food or water, causing liver inflammation. Parasites, which are organisms that live and
feed on hosts, also pose risks; examples include Giardia lamblia, which is found in contaminated water
and causes giardiasis; Toxoplasma gondii, which is associated with undercooked meat and causes tox-
oplasmosis, which is particularly dangerous for pregnant women; and Trichinella spiralis, which is
found in undercooked pork, leading to trichinosis. Finally, fungi, such as molds and yeasts, typically
cause food spoilage, although certain molds produce harmful mycotoxins, and the consumption of
contaminated products can sometimes result in allergic reactions or mild illnesses.

3.2.3. Physical contaminants

Physical food contaminants are foreign objects or materials that accidentally end up in food dur-
ing production, processing, storage, or handling. These contaminants can cause physical harm, such
as choking, injury to the mouth or teeth, or cuts, and may also indicate poor food safety practices [40-
43]. Plastics are commonly used in food packaging, storage containers, and utensils. Although plas-
tics themselves are not direct contaminants, they can degrade or leach harmful chemicals, including
microplastics, into food. Plastics are categorized as physical food contaminants since they are foreign
materials that may unintentionally enter food during production, processing, or packaging. How-
ever, if plastics release harmful substances such as bisphenol A (BPA) or phthalates into food, they
can also be classified as chemical contaminants. Therefore, plastics can function as both physical and
chemical contaminants depending on their interaction with food. Plastics are categorized as physical
food contaminants because of their tangible and solid nature, although they may indirectly contribute
to chemical contamination under specific conditions.

Broken glass from jars, bottles, or light fixtures poses risks of severe injuries, including cuts to
the mouth, throat, or internal organs. Metal shards from machinery, utensils, or equipment used in
food processing, such as loose screws, can cause cuts or punctures to the digestive tract. Damaged
plastic packaging, utensils, or container fragments may result in choking or internal injuries if in-
gested. Stones or rocks, often from improperly cleaned grains, legumes, or vegetables, can damage
teeth or cause choking. Wood splinters from crates, pallets, or utensils may injure the mouth or throat.
Hair from humans or animals, though not physically harmful, is unappealing and signals poor hy-
giene. Bone fragments from improperly deboned meat or fish present risks of choking or injury. Fi-
nally, insects or insect parts, often due to poor storage or contamination, are unhygienic and can
spread diseases if consumed.

3.2.4. Allergenic contamination

Allergenic contamination in food refers to the unintentional inclusion of allergenic substances
in food products, which can trigger allergic reactions in sensitive individuals [11]. This type of con-
tamination can occur at any point during the food production process, including during cultivation,
processing, packaging, or preparation. It often results from cross-contact with allergens such as
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peanuts, milk, eggs, soy, wheat, fish, shellfish, tree nuts, or sesame seeds. Common factors contrib-
uting to this issue include cross-contact during manufacturing, improper storage practices, inade-
quate product labeling, shared equipment, and environmental factors such as airborne particles or
spilled food. For example, a product may become contaminated with peanuts if processed in a facility
handling peanut products or with milk proteins if made in a facility that processes dairy. Gluten
contamination can also occur in gluten-free foods if the equipment used for gluten-containing prod-
ucts is not thoroughly cleaned.

3.2.5. Radiological contaminants

Radiological contaminants are radioactive materials present in food, water, or the environment
that pose significant health risks when ingested or exposed [5,29]. These substances can result from
nuclear disasters, improper disposal of radioactive waste, or environmental contamination. Notable
examples include cesium-137 (Cs-137), which contaminates food and water following nuclear inci-
dents such as Chernobyl and Fukushima; iodine-131 (I-131), which accumulates in food and impacts
the thyroid gland; and radon, a naturally occurring radioactive gas that can affect crops growing in
polluted soil [20]. Long-term exposure to such contaminants increases the likelihood of developing
cancers, such as thyroid, lung, and liver cancers, and may lead to radiation sickness, genetic muta-
tions, and a compromised immune system, increasing the vulnerability of individuals to infections

13].

Table 1. Types, examples and health effects of food contaminants.

Types Examples Health risks

Chemical contaminants

Pesticides and organophosphates, carbamates, Neurological damage, cognitive
Herbicides pyrethroids, and glyphosate. impairments, immune suppression,
hormonal  disruptions, genetic

mutations, inflammation, and DNA

damage.

Food Additives MSG, nitrates, and nitrites Genotoxic effects, brain
inflammation, neuronal
overstimulation, immune

dysfunction, allergic reactions, and
developmental issues, especially in

children, are notable concerns.

Heavy Metals Lead, mercury, chromium, nickel, Oxidative stress contributes to brain
and cadmium dysfunction, neurodegenerative
diseases, hormonal  imbalances

affecting thyroid and estrogen
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activity, immune suppression, and

developmental delays.

Phytotoxins Cyanogenic glycosides, ricin, Toxicity causing liver damage and
saponins, and tannins. possible cancer development.

Mycotoxins Aflatoxins, ochratoxins, fumonisins, Toxicity, malignancies, immune
deoxynivalenol, zearalenone, and dysfunction, hormonal disruption,
ergot alkaloids and organ damage.

Processing Aids ~ Amylase, solvents like hexane, Toxic residues, heavy  metal
catalysts such as nickel, and contamination, allergens, and

antifoaming agents

carcinogenic byproducts.

Veterinary Antibiotics like tetracyclines, Antimicrobial resistance, endocrine

Drugs hormones like estradiol, and disruption, carcinogenesis, and
antiparasitics like ivermectin overall toxicity.

Food Contact BPA, phthalates, mineral o0il Hormonal imbalance, cancer, nerve

Materials hydrocarbons, and PFAS damage, and reproductive issues.

Process-Related

Acrylamide, PAHs, chloropropanols,

Carcinogenic, mutagenic, and toxic to

Contaminants furan, and nitrosamines organs.
Environmental Dioxins, PCBs, and POPs like DDT Cancer, birth defects, immune
Pollutants and HCB dysfunction, and hormonal
imbalance.
Biological contaminants
Bacteria Salmonella, E. coli, and Listerin Diarrhea, fever, gastrointestinal
monocytogenes infections, and listeriosis.
Virus Norovirus and Hepatitis Stomach flu, liver inflammation, and
other foodborne diseases
Paasites Giardia lamblia, Toxoplasma gondii, and ~ Giardjiasis, toxoplasmosis, and
Trichinella spiralis trichinosis.

doi:10.20944/preprints202502.0030.v1
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Fungi Molds and yeasts Health  problems and allergic
reactions caused by mycotoxin

exposure.

Physical contaminants

Plastic, shattered glass, metal bits, Physical harm like cuts or choking,
stones, wood splinters, hair, bone along with possible chemical

fragments, and pests. exposure from plastics.

Allergenic contamination

Peanuts, dairy, eggs, soybeans, Allergic reactions and in some cases,
wheat, seafood, shellfish, tree nuts, severe anaphylaxis

and sesame.

Radiological contaminants

Cesium-137, Iodine-131, and radon Cancer, genetic alterations, radiation

poisoning, and immune deficiency.

BPA: bisphenol A; DNA: deoxyribonucleic acid; DDT: dichlorodiphenyltrichloroethane; HCB: hexachloroben-
zene; MSG: monosodium glutamate; PAHs: polycyclic aromatic hydrocarbons; PCBs: polychlorinated biphen-
yls; PFAS: per- and polyfluoroalkyl substances; POPs: persistent organic pollutants.

4. Molecular Mechanisms of Toxicity

Food contaminants such as pesticides, heavy metals, food additives, and microorganisms can
trigger oxidative stress in the body. Oxidative stress arises when there is an imbalance between reac-
tive oxygen species (ROS) production and the body's ability to neutralize or repair the damage caused
by these species. These contaminants often induce ROS production, which can harm cellular compo-
nents such as lipids, proteins, and nucleic acids, contributing to diseases such as cancer, inflamma-
tion, and neurodegeneration. Additionally, contaminants can affect immune responses by altering
immune cell function, leading to immune suppression or autoimmune disorders [44].

4. 1. Genotoxicity: Contaminants in food can cause significant genetic damage through various
mechanisms, increasing the risk of cancer and other genetic disorders [45—48]. Direct DNA damage
occurs when these contaminants interact with DNA molecules, leading to mutations, chromosomal
breaks, or disruptions in cell function. Additionally, many contaminants generate reactive oxygen
species (ROS) or free radicals, which induce oxidative stress. This oxidative stress can alter DNA
bases, cause strand breaks, and lead to mutations that may promote cancer if not properly repaired.
Some contaminants further exacerbate this problem by inhibiting DNA repair mechanisms, allowing
genetic mutations to accumulate over time. Chromosomal aberrations, such as deletions, duplica-
tions, or translocations, may also result from exposure to these harmful substances, contributing to
cancer and other genetic diseases. Moreover, certain contaminants can influence gene expression
through epigenetic modifications, such as changes in DNA methylation or histone modifications.
These alterations can activate oncogenes or silence tumor suppressor genes, further increasing the
risk of cancer.
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4. 2. Oxidative stress: Contaminants, such as heavy metals, can trigger the production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS), which play a significant role in cellular
damage. Heavy metals interfere with the electron transport chain in cells, resulting in the overpro-
duction of harmful reactive species such as superoxide radicals (O;"), hydrogen peroxide (H,O,), and
hydroxyl radicals (OH). These reactive species are highly unstable and can cause extensive damage
to cellular structures [49-56], including lipid membranes, proteins, and DNA. This damage manifests
as lipid peroxidation, alterations in protein function (which may lead to enzyme dysfunction or ag-
gregation), and DNA mutations, all of which impair cellular processes and can eventually lead to cell
death. The presence of ROS and RNS also triggers an inflammatory response by activating signaling
pathways, such as nuclear factor-kappa B (NF-kB), which increases the release of proinflammatory
cytokines. Chronic oxidative stress and inflammation are strongly associated with the development
and progression of various diseases, including cardiovascular diseases, cancer, and neurodegenera-
tive disorders.

4. 3. Endocrine Disruption: Certain environmental contaminants, such as pesticides, plastics
(e.g., bisphenol A or BPA), and industrial chemicals (e.g., phthalates), have the potential to disrupt
normal hormonal processes by mimicking natural hormones such as estrogen [57-64]. These chemi-
cals can bind to hormone receptors, leading to altered signaling that affects vital biological functions
such as growth, reproduction, and metabolism. In some cases, these contaminants may block hor-
mone receptors, preventing natural hormones from binding and impeding normal actions. For ex-
ample, some pesticides can interfere with thyroid hormone receptors, disturbing metabolic and de-
velopmental processes. Furthermore, certain contaminants can affect hormone production by influ-
encing the function of endocrine glands, such as the thyroid, adrenal glands, and ovaries. Heavy
metals such as lead and cadmium, for example, are known to disrupt the synthesis and secretion of
thyroid hormones. Contaminants may also alter hormone metabolism, particularly hormones such
as estrogen and thyroid hormones, leading to imbalances that contribute to conditions such as obe-
sity, insulin resistance, and diabetes. Moreover, some chemicals, including organochlorine pesticides,
can impact the metabolism of these hormones. Finally, prolonged exposure to persistent organic pol-
lutants (POPs) can affect the expression of genes related to hormone regulation, resulting in long-
term changes that influence tissue development, growth, and reproductive health. This alteration of
gene expression increases the risk of developing hormone-related diseases, including certain types
of cancer.

4. 4. Immunotoxicity: Consuming food contaminants such as pesticides, heavy metals, myco-
toxins, and food additives can negatively impact the immune system by either suppressing its re-
sponse or triggering harmful immune reactions. Contaminants in food can significantly impact im-
mune function in various ways, leading to a compromised immune system [65-71]. These contami-
nants can interfere with the development, activation, and survival of immune cells, such as T cells, B
cells, dendritic cells, and macrophages. For example, organophosphate pesticides are known to im-
pair T-cell function, thus weakening the immune system's ability to respond to infections. Addition-
ally, contaminants can disrupt cytokine production, which plays a crucial role in regulating immune
responses. Heavy metals such as lead and mercury are especially harmful in this regard, as they can
alter cytokine release, potentially resulting in chronic inflammation or immune suppression. Further-
more, many food contaminants, such as mycotoxins such as aflatoxins, generate reactive oxygen spe-
cies (ROS) that induce oxidative stress. This oxidative damage can harm immune cells and tissues,
reducing the body’s ability to fight infections effectively. Certain contaminants, such as aflatoxins,
can also cause direct DNA damage in immune cells, leading to mutations that impair immune func-
tion and may even contribute to immune-related diseases or cancers.

4. 5. Neurotoxicity: Food contaminants can also cause neurotoxic effects, damaging both the
central and peripheral nervous systems [72-78]. Contaminants, including heavy metals and pesti-
cides, can significantly impact brain health by inducing various pathological processes. One of the
primary mechanisms is oxidative stress, where these toxins generate reactive oxygen species (ROS)
that cause neuronal damage, leading to dysfunction and eventual cell death. In addition, exposure to
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these substances triggers inflammation by activating microglia, which contributes to chronic brain

inflammation and is closely linked to neurodegenerative diseases such as Alzheimer’s disease and

Parkinson’s disease. Some contaminants, such as organophosphate pesticides, disrupt neurotrans-

mission by inhibiting acetylcholinesterase, resulting in the overstimulation of cholinergic pathways

and neurotoxicity. Another consequence of exposure is calcium dysregulation, with heavy metals

such as lead interfering with the calcium balance in neurons, causing excitotoxicity and further neu-

ronal injury. Mitochondrial dysfunction is another critical issue, as pesticides and heavy metals im-

pair mitochondrial activity, leading to energy deficits and increasing susceptibility to neurodegener-

ative processes. Finally, exposure to toxic food contaminants can also alter gene expression, influenc-
Y

ing cellular processes such as survival, apoptosis, and neuroplasticity, increasing the vulnerability of

neurons to damage and contributing to the development of neurological disorders.

Table 2. Molecular mechanisms of food contaminant toxicity.

Mechanism Description Examples Health implications
Genetic Damage Can damage DNA by Toxic metals, Increased risk of cancer,
(Genotoxicity) causing mutations, fungal toxins, genetic disorders,
chromosomal breaks, and agricultural chromosomal
producing ROS, leading to chemicals, abnormalities,
oxidative stress. They can industrial activation of cancer-
also impair DNA repair and pollutants promoting genes, and
trigger epigenetic changes suppression of tumor-
that alter gene expression. suppressing genes.
Cellular Damage Contaminants produce ROS Toxic metals, Increased likelihood of
through Oxidative and RNS that harm lipids, agricultural cancer, heart disease,
Stress proteins, and DNA, chemicals, neurodegenerative
impairing cell function and synthetic food conditions, chronic
triggering inflammation. additives inflammation, and
This can result in tissue cellular death.
damage, cellular
dysfunction, and death.
Hormonal Some pollutants mimic or Agricultural Hormonal imbalances,
Disruption obstruct natural hormones, chemicals, A BPA, weight gain, insulin
(Endocrine disrupting receptor function plasticizers  like resistance,  diabetes,
Disruption) and endocrine gland phthalates, Reproductive  issues,
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activity. They can disturb persistent and cancers associated
hormone balance, causing environmental with hormone
lasting gene expression pollutants, toxic disruptions.
changes and  affecting metals
regulation.

Impact on the Contaminants can hinder Agricultural Weakened immunity,

Immune System immune cell function, chemicals, heavy increased vulnerability
(Immunotoxicity)  disrupt cytokine production, metals (e.g., lead, to infections, persistent

and trigger oxidative stress, mercury), mold inflammation,

compromising immune toxins (e.g., immune-related
responses or causing aflatoxins), food conditions, and genetic
harmful reactions. additives mutations in immune
cells.
Damage to the Contaminants can harm the Toxic metals (e.g., Development of

Nervous System nervous system by inducing lead, = mercury), neurodegenerative

(Neurotoxicity) oxidative stress, nerve agent diseases such as
inflammation, altering pesticides Alzheimer’s and
neurotransmitter  activity, Parkinson’s, neuronal
disturbing calcium damage, excitotoxicity,
regulation, damaging mitochondrial damage,
mitochondria, and altering and altered brain
gene expression. plasticity.

BPA: bisphenol A; ROS: reactive oxygen species; RNS: reactive nitrogen species.

5. Mitigation strategies

Mitigation strategies for food contaminants rely on a comprehensive approach to safeguard food
quality and protect human health. Key measures include adopting best practices in agriculture and
manufacturing, such as good agricultural practices (GAPs) and good manufacturing practices
(GMPs), to reduce contamination risk across production, processing, and distribution stages [3,28].
The use of robust cleaning methods, maintaining optimal storage conditions, and employing modern
processing techniques such as pasteurization and irradiation are effective in minimizing contami-
nants. Establishing strict regulations, such as maximum allowable limits for pesticides, heavy metals,
and additives, along with rigorous monitoring systemes, is critical. Raising public awareness, educat-
ing consumers, and encouraging sustainable methods in food production and supply chains are
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equally important in addressing food safety challenges [56]. The mitigation strategies outlined below
provide a concise overview.

5. 1. Regulation and surveillance: Governments and health organizations establish maximum
residue limits (MRLs) for contaminants and enforce strict food safety monitoring. This includes reg-
ulatory frameworks and standards set by national and international bodies such as the World Health
Organization (WHO) and the Food and Agriculture Organization (FAO), which set acceptable con-
taminant levels for substances such as pesticides, heavy metals, toxins, and pathogens. Food safety
authorities monitor food products through inspections, sampling, and laboratory tests to detect
harmful contaminants [79-81]. Surveillance includes random marketplace testing, monitoring of food
production environments, and analysis of imported foods. When contaminants are found, mitigation
strategies are implemented, such as regulating agricultural practices, promoting organic farming, en-
forcing safe pesticide use, and ensuring proper food handling and storage to minimize contamination
[82,83]. Public education on food safety and advances in food safety technologies, such as improved
packaging and preservatives, also help reduce contamination risks. Enforcement is carried out
through inspections and penalties, whereas international collaboration ensures that the global food
supply remains safe [84-87].

5. 2. Food processing techniques: Various methods, including washing, peeling, fermentation,
and cooking, can reduce or eliminate contaminants such as pathogens, chemicals, and toxins. Heat
processing, such as pasteurization and sterilization, kills harmful microorganisms, whereas cold pro-
cessing, such as freezing, slows microbial growth. Fermentation helps control pathogens and extends
shelf-life, and drying removes moisture to inhibit microorganism growth. High-pressure processing
(HPP) and irradiation destroy pathogens while preserving the sensory qualities of food. Ultraviolet
(UV) light treatment is also effective for surface disinfection. Hygiene and sanitation practices are
critical, alongside GAP and GMP, to reduce contamination during farming, harvesting, and pro-
cessing. Food safety certifications such as hazard analysis and critical control points (HACCPs) help
identify and control contamination risks. Natural preservatives and proper packaging materials also
prolong shelf-life and reduce contamination [88-93].

5. 3. The use of biocontrol agents (BCAs), such as beneficial microorganisms and biopesticides,
helps reduce the reliance on harmful chemicals in food production. BCAs work by competing for
resources, producing antimicrobial substances, degrading toxins, inducing resistance in plants, form-
ing biofilms to prevent pathogens, and even breaking down environmental contaminants such as
pesticides and heavy metals, thereby reducing health risks [94-97].

5. 4. Consumer education: Educating the public on food safety practices, such as proper storage,
handling, and consumption, is crucial for minimizing contamination risk. Key practices include
washing hands, cooking food to appropriate temperatures, and preventing cross-contamination. Reg-
ulations set by agencies such as the FDA or EFSA establish safety limits for contaminants, and con-
sumer awareness campaigns encourage the reading of food labels, the understanding of safety stand-
ards, and the recognition of contamination signs. Promoting the choice of organic or locally produced
foods, which tend to contain fewer contaminants, is also part of consumer education efforts. Digital
platforms, such as apps or websites, can provide real-time food safety information [98-100].

5. 5. Development of safer alternatives: Advances in biotechnology and chemistry are driving
the development of safer food additives, preservatives, and pesticides. Strategies for controlling food-
stuff contamination include improving agricultural practices, using safer pesticides, and reducing
industrial pollutants. Other preventive measures involve implementing GAP, GMP, and HACCPs in
food production. Safer alternatives in food processing include the use of nontoxic preservatives and
natural additives. Biological control methods, such as probiotics or beneficial microorganisms, help
reduce harmful pathogens. Advanced detection methods, such as sensors and molecular technolo-
gies, allow for early identification of contaminants. Nanotechnology and smart packaging materials
also offer innovative ways to prevent contamination and monitor food quality in real time [101-108].
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Table 3. Mitigation strategies for food contaminants.

Mitigation Description Examples Key
strategy stakeholders
Regulatory Set limits for harmful substances in food Promoting organic Government
Oversight and and implement thorough safety checks, agriculture, agencies, health
Monitoring including inspections, tests, and ensuring  proper organizations,

samples. Create strong legal storage and and regulatory

frameworks through bodies like WHO handling, safe bodies.

and FAO, monitor production sites, and pesticide practices,

assess imported food. Promote food and using

safety awareness and incorporate enhanced

cutting-edge technology into safety packaging

procedures. solutions.
Advanced Use techniques like washing, peeling, Certifications like Food
Food cooking, and fermentation to remove HACCP, wuse of processors,
Processing contaminants. Heat methods like natural manufacturers,
Practices sterilization and pasteurization, along preservatives, and and agricultural

with freezing, reduce microbial growth. innovative producers.

Advanced methods like irradiation, packaging

high-pressure processing, and UV solutions.

treatment effectively eliminate

pathogens. Ensure strict sanitation and

hygiene during production.
Integration of Utilize beneficial microbes and Use of Farmers,
Biological sustainable biopesticides to replace environmentally researchers,
Control harmful chemicals in agriculture. These safe biopesticides and food
Measures agents fight contaminants by producing and growth- producers.

antimicrobial substances, neutralizing promoting

toxins, creating protective barriers, and microorganisms.
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breaking down harmful residues such
as heavy metals and pesticides.
Public Educate consumers on safe food Consumer Health
Awareness handling, storage, and preparation to education organizations,
and minimize contamination. Promote initiatives, mobile nonprofits,
Education hygiene practices such as hand washing, apps for food consumers, and
thorough cooking, and preventing safety, and government
cross-contamination. ~ Support  the promoting agencies.

consumption of locally sourced or awareness of food
organic foods and share food safety tips labeling.
through  digital  platforms and

campaigns.

Development  Develop safer food additives, Smart packaging, Biotech firms,
of Innovative preservatives, and pesticides using natural researchers,
Alternatives biotechnology and chemistry preservatives, and and the food

innovations. Improve farming methods probiotic solutions. ~ production

by following standards such as GAP, industry.

GMP, and HACCP. Create advanced

solutions like nontoxic preservatives,

probiotics, molecular detection tools,

and nanotech for contamination control

and quality assurance.

FAO: Food and Agriculture Organization; GAP: Good Agricultural Practices; GMP: Good Manufacturing Prac-
tices; HACCP: Hazard Analysis and Critical Control Points; UV: Ultraviolet (radiation); WHO: World Health

Organization.

6. Strengths and limitations

This study offers a comprehensive overview of food contaminants, detailing their molecular tox-
icity and various strategies to mitigate their harmful effects. It synthesizes existing scientific litera-
ture, delivering evidence-based insights into the molecular mechanisms behind toxicity, thus enhanc-
ing our understanding of food safety. By including a variety of mitigation strategies, this review pre-
sents practical solutions that can be applied in food safety management and public health initiatives.
Its limitations include that the study may lack the rigor of a systematic review, which could lead to
biases in article selection or interpretation. The study may depend heavily on secondary data, which
might not offer the same level of experimental validation as primary research does. The absence of
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quantitative data, such as risk assessments or epidemiological models, may limit the ability to accu-
rately estimate the health impacts of food contaminants.

7. Future directions

Further research is needed to explore the molecular mechanisms behind food contaminant tox-
icity, with particular attention given to their long-term effects. Studies should focus on developing
new technologies or interventions to reduce food contamination at the molecular level, prioritizing
sustainability and cost-effectiveness. Research aimed at creating universal standards for acceptable
food contamination levels and improving global food safety regulations is needed. Investigating the
toxicity of lesser-known contaminants, such as endocrine-disrupting chemicals or emerging pollu-
tants in food, is crucial to understanding future risks.

8. Conclusion

Food contaminants present serious threats to public health and originate from various sources,
such as environmental pollution, farming activities, food production processes, and packaging ma-
terials. These contaminants include biological entities (e.g., microbes such as bacteria, viruses, and
molds), chemical compounds (e.g., fertilizers, toxic metals, and synthetic additives), and physical im-
purities (e.g., fragments of plastic and glass). Their harmful effects are driven by distinct pathophys-
iological mechanisms, such as triggering oxidative damage, hormonal interference, nerve toxicity,
and cancer development, potentially resulting in both short- and long-term health issues. Gaining
insight into these mechanisms is crucial for formulating robust prevention strategies. Key measures
include adopting best practices in agriculture and manufacturing (GAPs and GMPs), leveraging in-
novative food processing methods, implementing stringent regulatory policies, and enhancing public
education to reduce the risk of exposure.

Funding Information: This research received no external funding.

Conflict of interest statement: No conflicts of interest to report.

References

1. Brown A, Patel P. Chemical contaminants in food: sources and effects on human health. Food Chem Toxicol.
2017;108:141-148.

2. World Health Organization (WHO). Foodborne disease outbreaks: guidelines for investigation and control.
Geneva: World Health Organization; 2015.

3. Green T, Andrews G. Microbial pathogens and foodborne illnesses: epidemiology and prevention
strategies. Int ] Food Microbiol. 2018;267:37-45.
Zhao X, LiY. Pesticide residues and food safety: a global overview. Food Chem. 2020;321:126754.

5. Food and Agriculture Organization (FAO). The state of food safety and nutrition in the world 2020. Rome:
FAGQ; 2020.

6. Peterson A, Clarke M. Prevention and control strategies for foodborne diseases. Public Health Revs.
2020;41(1):112-118.

7. Jackson R, Singh A. Heavy metals in food: Sources, toxicity, and public health concerns. Food Toxicol.
2018;39(2):84-95.

8.  World Health Organization. Food safety and foodborne illness: A public health priority. Geneva: WHO;
2019.

9.  United Nations Environment Programme. Chemicals in food: Environmental sources and mitigation. New
York: UNEP; 2022.

10. Zhang ], Li H, Zhou Y. Endocrine disruption and metabolic dysfunction caused by foodborne chemicals.
Toxicol Lett. 2017;278:95-105. doi: 10.1016/j.toxlet.2017.05.004.

11.  Williams S, Carter B. The neurotoxic effects of heavy metals and pesticides in food: Implications for human
health. Environ Toxicol Chem. 2019;38(1):123-134. doi: 10.1002/etc.4392.


https://doi.org/10.20944/preprints202502.0030.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0030.v1

17 of 21

12.  ChaoL, Zhai X, Xie L, et al. Persistent organic pollutants and their impact on reproductive health: A global
perspective. Reprod Toxicol. 2020;93:204-212. doi: 10.1016/j.reprotox.2020.01.006.

13. Garcia L, Mitchell D, Ross J. The role of food additives in immune system modulation: Implications for
health. Food Chem Toxicol. 2018;122:29-38. doi: 10.1016/j.fct.2018.09.027.

14. Alvarado L, Martinez C, Yu M. The carcinogenic potential of mycotoxins in food: A review of experimental
studies. Toxins. 2021;13(2):105-116. doi: 10.3390/toxins13020105.

15. Brown M, Foster T. Pesticides and the risk of neurological diseases: Evidence from recent studies. ] Neurol
Sci. 2022;433:120024. doi: 10.1016/j.jns.2022.120024.

16. Williams J, Hill S, Lee M, et al. Genetic toxicity of foodborne contaminants: A review of molecular
mechanisms. Mutagenesis. 2023;38(3):187-198. doi: 10.1093/mutage/gez074.

17.  World Health Organization. Pesticide residues in food and the environment: Review of scientific data.
Geneva: WHO; 2017. Available from: https://www.who.int/

18. Jarup L. Hazards of heavy metal contamination. Br Med Bull. 2014;68(1):167-182.

19. Rached M. Mycotoxin contamination in food: A global perspective. Food Safety Magazine. 2019;25(2):40-
45.

20. Commission Regulation (EU) No 1333/2008. On food additives. Official Journal of the European Union.
2010. Available from: https://eur-lex.europa.eu/

21. Holoubek I, Kocan A, Kovacova M. Environmental contaminants in food: Dioxins, PCBs, and their health
implications. Environ Sci Pollut Res. 2015;22(5): 345-360.

22. Benbrook CM, Wellesley S, Kegley SE. Pesticide residues in food and health risks: A systematic review of
the literature. Pestic Biochem Physiol. 2020;171:104694.

23. Pahlavani N, Motamedi H, Larki S. Organophosphate pesticides and their neurotoxic effects: A review.
Toxicol Ind Health. 2015;31(8):740-745.

24. Shrestha S, Zhang Y, Bhattarai S, et al. Impact of pesticides on immune function: Evidence from
experimental studies. Ecotoxicol Environ Saf. 2022;233:113314.

25. Van der Veen A, Vandenberg LN. Endocrine-disrupting chemicals and their impact on human health.
Environ Health Perspect. 2019;127(12):126001.

26. ZengY, Zhong Z, Jin L, et al. Genotoxicity of glyphosate-based herbicides in human cell lines: A systematic
review and meta-analysis. Toxicol Lett. 2021;341:81-89.

27. Verma P, Kumar S, Rani M. Pesticide-induced oxidative stress, neurotoxicity, and immunotoxicity: A
review. Environ Toxicol Pharmacol. 2016;46:229-238.

28. Johnson T, Lee D, Anderson R. Nitrosamine formation from nitrates and nitrites in food: A review of
carcinogenic risk. Food Chem Toxicol. 2018;115:10-18.

29. Greenfield L, Reddy B. Immune system dysfunction caused by food additives: Implications for public
health. Immunol Rev. 2021;287(1):65-80.

30. Davis A, Hamilton K. Allergic reactions and hypersensitivity responses to food additives: Mechanisms and
prevention. ] Allergy Clin Immunol. 2019;144(3):741-748.

31. O'Connor B, Roberts L. The impact of artificial food additives on neurodevelopmental disorders: A critical
review. Nutr Neurosci. 2020;23(6):411-420.

32. Taylor H, Jackson T. Neurotoxicity and excitotoxicity of monosodium glutamate (MSG): A review of
clinical implications. Neurotoxicology. 2023;45:123-131.

33. Miller G, Nguyen S, Peterson D, et al. Heavy metals and their role in immune suppression and increased
infection risks: A systematic review. Immunotoxicology. 2018;29(4): 295-304.
doi:10.1016/j.imtox.2018.02.003.

34. Walker PA, Cheng D, Wang X. Chronic heavy metal exposure and neurodegeneration: Mechanisms of
toxicity in human neural tissue. Neurotoxicol Teratol. 2019;71:52-60. doi:10.1016/j.ntt.2019.03.008.

35. Lee YH, Kim JW. Mercury and lead exposure: Effects on cognitive function and neurodevelopment.
Environ Health Perspect. 2020;128(4):450-457. doi:10.1289/ehp5286.

36. Patel R, Kumar S, Gupta R, et al. Cellular and molecular mechanisms of cadmium-induced neurotoxicity
and potential therapeutic approaches. ] Biochem Mol Toxicol. 2022;36(1):22953. doi:10.1002/jbt.22953.


https://doi.org/10.20944/preprints202502.0030.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0030.v1

18 of 21

37. Turner AE, Lin F, Richards K, et al. The role of cadmium in the suppression of T-cell and macrophage
activity in immune response. Toxicol Sci. 2021;172(3):505-515. d0i:10.1093/toxsci/kfab118.

38. Brown R, Davis TM. Impact of heavy metal exposure on thyroid and immune function. Toxicol Lett.
2017;271:28-35. d0i:10.1016/j.toxlet.2017.03.008.

39. Taylor M, White R. The role of mycotoxins in neurodegeneration: Implications for human health.
Neurotoxicology. 2019;72:72-80.

40. ZhangY, Chen W. Bisphenol A exposure and its association with neurotoxicity and cognitive dysfunction.
Int ] Neurotoxicology. 2020;35(4):242-255.

41. Thompson R, Williams M, Brown G. Hormonal Effects of Bisphenol A: Mechanisms and Health Risks.
Toxicol Lett. 2017;295:102-108.

42. Duedahl-Olesen L, Ionas AC. Formation and mitigation of PAHs in barbecued meat - a review. Crit Rev
Food Sci Nutr. 2022;62(13):3553-3568

43. Damstra T. Potential effects of certain persistent organic pollutants and endocrine disrupting chemicals on
health of children. Clin Toxicol. 2020;58(2):134-149.

44. Pavanello S, Lippi G, Fattorini D, et al. Effects of food contaminants on oxidative stress and inflammation:
Mechanisms and implications. Food Chem Toxicol. 2015;85:155-163.

45. Lu]J, QiuS, Yang Y, et al. Oxidative stress and genotoxicity of foodborne contaminants: A review. Toxicol
Lett. 2018;295:52-63. doi: 10.1016/j.toxlet.2018.02.018.

46. Vinayagamoorthy V, Singaravelu G, Suresh Kumar V, et al. Impact of foodborne contaminants on immune
response and inflammation: A focus on heavy metals and pesticides. Toxins. 2020;12(4):243-256. doi:
10.3390/toxins12040243.

47. Nascimento A, Silva A, Moreira P, et al. Pesticide-induced genotoxicity and oxidative stress in food systems:
Implications for human health. Food Control. 2021;126:107924. doi: 10.1016/j.foodcont.2021.107924.

48. Zeng L, Liu C, Zhang L, et al. Heavy metal exposure and its effects on oxidative stress and inflammatory
responses: A review of food contaminants. Toxics. 2022;10(4):175-189. doi: 10.3390/toxics10040175.

49. Yang Y, Wang Z, Xie Z, et al. Pesticide exposure and the risk of oxidative stress: Implications for human
health. Toxicol Lett. 2017;273:41-50. d0i:10.1016/j.toxlet.2017.04.020.

50. Montuori P, Fusco M, De Leonardis P, et al. Heavy metals and oxidative stress: A mechanistic insight.
Toxicol Mech Methods. 2016;26(9):1-11. doi:10.3109/15376516.2016.1221631.

51. Jurewicz J, Hanke W. Exposure to pesticides and the risk of oxidative stress. Ann Agric Environ Med.
2016;23(4):518-528. d0i:10.5604/12321966.1225852.

52. Yilmaz A, Aktas E, Kucukali T, et al. Mycotoxins and oxidative stress: A review of the literature. Food
Chem Toxicol. 2015;80:238-246. doi:10.1016/j.fct.2015.03.016.

53. Sharma M, Kaur G, Bansal N. Food additives as a source of oxidative stress in human health. ] Food Sci
Technol. 2017;54(12):3804-3815. d0i:10.1007/s11483-017-0622-z.

54. Lul, DingY, Zeng X, et al. The role of reactive oxygen species and nitric oxide in oxidative stress-induced
inflammation and neurodegenerative diseases. Oxid Med Cell Longev. 2018;2018:4871896.
doi:10.1155/2018/4871896.

55. Barchitta M, Maugeri A, D’Anto V, et al. Heavy metals and oxidative stress: Risk assessment of exposure
in human populations. Ecotoxicol Environ Saf. 2018;161:47-54. doi:10.1016/j.ecoenv.2018.04.013.

56. Zhang S, Zheng H, Zhang L, et al. Pesticide exposure and oxidative stress in humans: A comprehensive
review. Environ Int. 2019;131:104985. doi:10.1016/j.envint.2019.104985.

57.  Alzghoul MB, Lopez M, Anderson KL, Cummings BS, Calkins EJ. Bisphenol A (BPA) exposure, endocrine
disruption, and obesity. ] Obes. 2015;2015:759780. doi: 10.1155/2015/759780.

58. Fernandez MF, Arrebola JP, Taoufiki J, et al. Exposure to endocrine-disrupting chemicals and the risk of
obesity in children: A review of the evidence. Obesity. 2013;21(1):1-8. doi: 10.1002/0by.20228.

59. Langer P, Cechova M, Kastovska K, et al. Endocrine disruption by pesticides and environmental pollutants:
Mechanisms of action and links to health outcomes. Environ Health Perspect. 2014;122(5):524-34. doi:
10.1289/ehp.1307578.

60. Gauthier S, Farinetti A, Marti ], et al. Persistent organic pollutants and metabolic health: A review. Int J
Environ Res Public Health. 2020;17(17):6284. doi: 10.3390/ijerph17176284.


https://doi.org/10.20944/preprints202502.0030.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0030.v1

19 of 21

61. Vafeiadi M, Chalkiadaki G, Koutra K, et al. Endocrine disrupting chemicals: The link between
environmental exposures and human health. Environ Res. 2015;140:455-60. doi:
10.1016/j.envres.2015.02.016.

62. La Merrill M, Teton E, Nima A, et al. Low-dose exposure to bisphenol A increases risk of type 2 diabetes
through altered pancreatic islet hormone production. Nat Commun. 2019;10(1):1048. doi: 10.1038/s41467-
019-09071-9.

63. Matsuura N, Yamamoto S, Okamoto T, et al. Effects of phthalates and bisphenol A on thyroid function: A
review of human and animal studies. ] Toxicol Sci. 2017;42(4):507-15. doi: 10.2131/jts.42.507.

64. Hecker M, Gauthier J, Scheringer M, et al. Phthalates and endocrine disruption: A review. Environ Toxicol
Chem. 2015;34(8):1796-808. doi: 10.1002/etc.3059.

65. Cummings BS, Lasker JM. The effects of heavy metals on immune cell functions. ] Immunotoxicol.
2011;8(3):179-184. doi: 10.3109/1547691X.2011.586314.

66. Ghosh S, Pathak S, Ghosh D. Cytokine imbalance induced by lead exposure and its immune suppressive
effects. ] Immunol. 2016;197(1):43-50. doi: 10.4049/jimmunol.1502664.

67. Akhtar M, Alam F, Hussain A, et al. Mycotoxins and oxidative stress: Role in immune cell damage. Toxins
(Basel). 2019;11(5):285. doi: 10.3390/toxins11050285.

68. Leung PK, Cheung A, Yung RW, et al. Effects of mercury exposure on cytokine production and immune
system regulation. Immunology. 2013;138(4):391-399. doi: 10.1111/imm.12179.

69. Choi HJ, Lee Y], Song MH, et al. The impact of foodborne contaminants on immune suppression and
susceptibility to infection. ] Food Prot. 2018;81(8):1207-1213. doi: 10.4315/0362-028X.JFP-18-023.

70. Zhang Z, Zhao W, Li Z, et al. Aflatoxin Bl induces DNA damage in immune cells and promotes
tumorigenesis. Toxicol Appl Pharmacol. 2020;400:115075. doi: 10.1016/j.taap.2020.115075.

71. Liu Y, Zhang Y, Liu F, et al. Immune system disruption by foodborne contaminants: Review of the
mechanisms and health implications. Environ Toxicol Pharmacol. 2022;86:103723. doi:
10.1016/j.etap.2022.103723.

72. ZhangL, Li], Sun C, et al. Heavy metals and pesticides as neurotoxicants: Implications for Parkinson's and
Alzheimer's disease. Neurotoxicology. 2015;50:213-221. doi:10.1016/j.neuro.2015.08.003.

73. Yuan Y, Xu Y, Wang L, et al. Oxidative stress in neurotoxicity induced by environmental pollutants. J
Toxicol Environ Health B Crit Rev. 2017;20(5):296-312. doi:10.1080/10937404.2017.1397105.

74. Gonzélez-Ruiz V, Pineda ], Gémez-Arriaga P, et al. Pesticides and neuroinflammation: Current
perspectives. Neurochem Int. 2019;129:104471. doi:10.1016/j.neuint.2019.104471.

75. Choi S, Lee K, Kang ], et al. Disruption of calcium homeostasis by environmental pollutants and its
implications for neurotoxicity. Environ Toxicol Pharmacol. 2020;76:103376. doi:10.1016/j.etap.2020.103376.

76. Zhang], He X, Liao W, et al. The role of mitochondrial dysfunction in the neurotoxicity of environmental
contaminants. Toxics. 2021;9(3):58. doi:10.3390/toxics9030058.

77. LiaoL, Cui ], Zheng Z, et al. Alteration of gene expression induced by neurotoxic food contaminants and
implications for neurodegenerative diseases. Front Neurosci. 2022;16:842556. doi:10.3389/fnins.2022.842556.

78. Chen L, Wang H, Han ], et al. Environmental food contaminants and neurotoxicity: The underlying
mechanisms and  effects on the nervous system. Environ Int.  2024;154:106543.
doi:10.1016/j.envint.2021.106543.

79. World Health Organization (WHO). Codex Alimentarius: Food Standards, Guidelines and Codes of
Practice. Geneva: World Health Organization; 2020. Available from: https://www.who.int

80. Food and Agriculture Organization of the United Nations (FAO). International Food Safety Authorities
Network (INFOSAN). Rome: FAQ; 2021. Available from: https://www.fao.org

81. European Food Safety Authority (EFSA). The EFSA Journal. European Union; 2019. Available from:
https://www .efsa.europa.eu

82. United States Food and Drug Administration (FDA). Food Safety Modernization Act (FSMA). Washington,
DC: FDA; 2016. Available from: https://www.fda.gov


https://doi.org/10.20944/preprints202502.0030.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0030.v1

20 of 21

83. Jukes DJ. Regulatory frameworks and monitoring of food safety. In: Jukes D], editor. Food Safety
Management: A Practical Guide for the Food Industry. Cambridge: Woodhead Publishing; 2014. p. 1-29.

84. Igbal Z, Igbal M, Shabbir G, et al. Surveillance of foodborne contaminants: Approaches and challenges in
developing countries. ] Food Sci. 2018;83(5):1340-1348. doi: 10.1111/1750-3841.14180.

85. Pesticide Action Network. Pesticide regulation and surveillance in agriculture. PAN International, 2020.
Available from: https://www.paninternational.org

86. Zadeh HH, Fallah Z. Pesticide residues and their impacts on public health: A review of global data and
regulations. Public Health Nutr. 2021;24(4):670-683. doi: 10.1017/51368980020004726.

87.  Chichester C, Tracey E. Advances in food safety technologies and practices. Food Control. 2017;73:267-275.
doi: 10.1016/j.foodcont.2016.08.030.

88. Farkas J, Ramaswamy HS, Yagiz Y. Food Processing Technologies for the Reduction of Pathogens and
Preservation of Quality. Food Control. 2010;21(3):487-493. doi: 10.1016/j.foodcont.2009.09.011.

89. Saldafia E, Garcia A, Cardenas P. Effectiveness of Heat Treatments in Microbial Control. Food Science and
Technology International. 2011;17(2):81-89. doi: 10.1177/1082013210387250.

90. Yuan, Li], ZhangY, et al. Cold Processing Methods for Microbial Inactivation in Foods. Comprehensive
Reviews in Food Science and Food Safety. 2013;12(5):606-618. doi: 10.1111/1541-4337.12023.

91. Génzle MG. Lactic Acid Bacteria and Their Role in Fermentation of Foods. Journal of Food Protection.
2015;78(3):429-435. doi: 10.4315/0362-028X.JFP-14-341.

92. Cauvain SP, Young LR. Food Structure and Quality: An Introduction. CRC Press; 2016.

93. Mertens M, Blom T, De Vos P, et al. Application of High Pressure Processing in the Food Industry. Trends
in Food Science & Technology. 2017;66:109-116. doi: 10.1016/j.tifs.2017.06.001.

94. Bailey A, White J, Cross J. Biocontrol agents as a sustainable alternative to chemical pesticides in food safety.
Food Control. 2012;23(1):10-17.

95. Miao X, Zhang L, Lin Y, et al. Antagonistic properties of beneficial microorganisms in food spoilage control:
an overview. Food Res Int. 2014;55(1):190-197.

96. Zohri A, Felemban N, Alamri S, et al. Biofilm formation by biocontrol agents in food safety: applications
and challenges. Int ] Food Microbiol. 2015;204:56-63.

97. Castillo R, Lopez-Velasco G, Hernandez-Mendoza A, et al. Use of biocontrol microorganisms in food
preservation: mechanisms and practical considerations. Trends Food Sci Technol. 2016;57:10-22.

98. National Institute of Environmental Health Sciences. Preventing foodborne illness: How to prevent
foodborne illness. NIEHS; 2015. Available from:
https://www.niehs.nih.gov/health/topics/agents/foodborne/

99. European Food Safety Authority (EFSA). EFSA's role in monitoring food safety and consumer protection.
EFSA; 2018. Available from: https://www.efsa.europa.eu/en/topics/topic/food-safety

100. United States Food and Drug Administration (FDA). Food safety and nutrition. FDA; 2020. Available from:
https://www.fda.gov/food/food-labeling-nutrition

101. Jones, L., Smith, P., & Taylor, R. "Strategies for controlling chemical contamination in food production
systems." Food Control 2014; 42: 125-132.

102. Wang, Y., Li, J., & Zhang, Q. "Preventive measures and food safety systems: GAP, GMP, and HACCP."
Food Safety and Quality 2016; 25(3): 98-107.

103. Patel, A., & Zhang, F. "Alternative food preservatives and their applications in food safety." International
Journal of Food Science and Technology 2019; 54(7): 2019-2027.

104. Kumar, M., & Sharma, G. "Biological control methods in food safety: Role of probiotics and beneficial
microorganisms."” Food Research International 2018; 113: 78-89.

105. Turner, A., & Griffiths, M. "Advancements in food safety: Biosensors and molecular detection technologies
for contaminants." Journal of Food Science and Technology 2020; 57(5): 1224-1234.

106. Li, L., & Sun, Q. "Nanotechnology in food packaging: A review on current applications and future trends."
Food Bioprocessing and Technology 2022; 15(7): 530-540.


https://www.fda.gov/food/food-labeling-nutrition
https://doi.org/10.20944/preprints202502.0030.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202502.0030.v1

21 of 21

107. Zhang, Y., & Li, L. "Enzymatic and biological methods in food safety and contamination control." Food
Biotechnology Journal 2021; 38(4): 207-218.

108. Brown, C., & Lee, ]. "Smart packaging systems for food safety and quality assessment." Food Packaging
and Shelf Life 2020; 25: 100549.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.


https://doi.org/10.20944/preprints202502.0030.v1

