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Introduction

Xenobiotics are externally derived chemical 
substances that enter biological systems and 

possess the potential to alter normal physiological 
activities (Egwu et al., 2026). These substances, 
including potentially toxic elements (PTEs) and 

organic pollutants, pose a serious risk due to their 
long-lasting presence and poisonous nature in the 
environment (Xu et al., 2022). 

To highlight the diversity and biological relevance 
of xenobiotics, Table 1 summarizes representative 
xenobiotics along with their chemical structures 
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and associated toxicological impacts. This overview 
provides a structural basis for understanding how 
different classes of xenobiotics influence metabolic 
behavior and toxicity in biological systems.

These chemicals possess various routes of entry 
into the living system based on their sources and 
environmental occurrence. The most common 
exposure routes include inhalation, ingestion, and 
dermal absorption (Xu et al., 2022). Foreign harmful 
substances from human-made emissions, which 
are easily inhaled and directly affect the respiratory 
system. Intake risks occur when pollutants are present 
in food or drinking water. While dermal absorption 
happens through polluted soil, water, or household 
commodities.

After entering the body, these substances are taken 
up into the bloodstream and carried to different body 
tissues and organs. Their transportation depends on 
factors like their chemical nature and blood circulation 
in the body. For example, fat-soluble xenobiotics can 
easily pass-through cell barriers and disperse rapidly 
across various tissues. 

Xenobiotic metabolism occurs through two sequential 
phases, Phase I and Phase II (Esteves et al., 2021; 

Rathore et al., 2022). The initial stage of biochemical 
transformation, known as Phase I, involves enzymes 
like CYP450 in the liver to perform oxidation, 
reduction, and hydrolysis processes (Esteves et al., 
2021). Second-phase reactions include conjugation 
processes with compounds like glucuronic acid or 
antioxidant compounds, which further increase their 
ability to dissolve (Rathore et al., 2022; Xu et al., 
2022).

This study examines the specific biochemical pathways 
involved in the metabolism of foreign compounds 
and assesses the resulting effects of these substances 
on human health.

Types and sources of xenobiotics
Xenobiotics arise from numerous environmental and 
human-made sources, including pharmaceuticals, 
pesticides, industrial compounds, and food 
contaminants (Miglani et al., 2022). Due to their 
diverse chemical characteristics and biological 
interactions, they are classified into different categories. 
To provide a broader perspective on exposure, Table 
2 outlines the main types of xenobiotics along with 
their primary sources, highlighting the diverse 
environmental, industrial, and dietary origins through 
which humans are commonly exposed.

Table 1: Xenobiotics, their structures, and impact.
Chemicals Chemical formula  Structure Impact Reference
cisplatin Pt(NH₃)₂Cl₂

Pt
Cl

Cl

NH3

NH3

Kills cancer cells, causes nephrotoxicity and hepa-
totoxicity due to oxidative stress.

(Cecati, M et al., 
2026)

Bisphenol A 
(BPA)

C₁₅H₁₆O₂ HO OH

CH3 CH3

Linked to reproductive, metabolic and cardio-
vascular disorders, especially with impaired renal 
excretion.

(Sebastian Mas et 
al., 2021)

Paracetamol C₈H₉NO₂

HO

NH

O

CH3 May cause liver and kidney toxicity in humans. (Żur, J et al., 2018)

Ibuprofen C₁₃H₁₈O₂
CH3

H3C

CH3

O

OH
Gastrointestinal, Cardiovascular, and Renal health 
risks in humans.

(Żur, J et al., 2018)

DDT C₁₄H₉Cl₅ ClCl
Cl

Cl Cl

Can disrupt systemic metabolic pathways and 
hepatic metabolism.

(Kodai Motohira, et 
al., 2023)

Sodium 
benzoate

C₆H₅COONa

 

O

ONa

Cause dose-dependent hepatic toxicity leading to 
biochemical and histopathological alterations at 
higher concentrations.

(Khan, I. S et al., 
2022)

Atrazine C₈H₁₄ClN₅
N NH

NHN NH

Cl organic pollutant that can disturb ecological bal-
ance by disrupting endocrine functions.

(Nikita, Dhiman a 
et al., 2022)
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Table 2: Main Types and sources of xenobiotics.
Types Effects on humans Sources of exposure References
Pharmaceuticals  Triggers microbial resistance, hormonal 

imbalance and marine life poisoning
Hospitals, human excretion, 
pharmaceutical industries

aus der Beek et al., 2016; 
Anetor et al., 2022)

Pesticides Release brain damaging agents that remain 
stable in biosphere and intensify through food 
chain accumulation.

Agricultural spraying, soil 
contamination

Rathore et al., 2022

Industrial 
chemicals

Initiate hormonal obstruction, widespread 
poisoning, and durability. 

Industrial effluents, petroleum 
refining, chemical plants

 Brack et al., 2023; Ali et 
al., 2024

Environmental 
pollutants 

Exhibit cancer causing properties, cause bio-
accumulation, and lead to nature destruction.

Combustion processes, waste 
burning, industrial emissions

Anetor et al., 2022; Suzuki 
et al., 2022

Food additives Disrupt biological processes and alter digestive 
system microbial balance if ingested excessively.

Processed foods Aentor et al., 2022

Biological fate of xenobiotics: Absorption, distribution, 
metabolism, and excretion (ADME)
The biological effects of xenobiotics depend on their 
movement and interaction within the human body. 
After entering the body, these foreign compounds 
undergo a series of processes, including absorption, 
distribution, metabolism, and excretion, which 
collectively determine their toxicity and physiological 
impact (Lang et al., 2025; Esteves et al., 2021).

Absorption and distribution
The systemic entry of exogenous substances is 
fundamentally a trans-barrier process, where the 
final concentration reaching the blood is governed 
by intestinal permeability and preliminary hepatic 
degradation. The overall bioavailability of a 
xenobiotic is fundamentally dictated by its intrinsic 
molecular properties, specifically its fat solubility, 
ionization, and water-based diffusion, which 
collectively regulate its movement across biological 
barriers. Once systemic absorption is achieved, 
xenobiotics undergo bloodstream transport to 
various body compartments, enabling interaction 
with specific target tissues to produce beneficial or 
harmful effects. The spatial allocation or distribution 
of these substances is modulated by a complex 
interplay of hemodynamic variables, protein-binding 
affinities, and carrier-mediated transport, all of 
which dictate the localized concentration and overall 
kinetic disposition within specific tissues. Moreover, 
phenomena such as bile-intestinal recycling can 
substantially alter the retention time and systemic 
behavior of foreign compounds by enabling the 
continual re-entry of compounds, increasing the 
apparent distribution volume, and prolonging the 
elimination half-life. The gut microbiota represents 
an extra-genetic metabolic pool capable of altering 

foreign compound kinetics (Garcia-Santamarina et 
al., 2024) and biological activity, thereby contributing 
significantly to the observed individual variability in 
overall exposure (Rzeczycki et al., 2025). Concisely, 
the interplay between absorption and distribution 
serves as the primary architect of foreign compound 
toxicokinetics, as these processes collectively dictate 
the overall burden, tissue-specific localization, and 
the eventual metabolic or toxic effects within the 
human body.

Metabolism of xenobiotics
Metabolism of xenobiotics refers to the enzymatic 
biotransformation of foreign compounds into more 
polar metabolites that facilitate their elimination from 
the body. This process primarily occurs in the liver 
and involves a coordinated sequence of enzymatic 
reactions that determine whether a compound is 
detoxified or converted into more reactive species. 
(Mahanayak, 2024). This overall process is illustrated 
in Figure 1, which summarizes the sequential 
biotransformation of xenobiotics through Phase I 
and Phase II metabolic pathways leading to either 
detoxification or metabolic activation.

Xenobiotic metabolism is broadly responsible for 
regulating biological exposure by modifying the 
lipophilicity, chemical reactivity, and excretability 
of compounds. The outcome of metabolism is not 
uniform, as it may lead to either detoxification or 
metabolic activation depending on the chemical 
structure of the xenobiotic and the enzymatic 
pathways involved.

Phase I reactions (Functionalisation reactions)
Phase I reactions introduce or expose functional 
groups through oxidation, reduction, and hydrolysis, 
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thereby increasing polarity and facilitating subsequent 
conjugation reactions. CYP450 enzymes, particularly 
CYP3A4, CYP2E1, and CYP1A2, dominate this 
phase and exhibit remarkable substrate diversity. 
However, this broad specificity makes them highly 
vulnerable to induction and inhibition by drugs, 
pollutants, and dietary components, leading to 
significant inter-individual variability in metabolic 
responses (Mahanayak, 2024).

Oxidation is the predominant Phase I pathway and 
generally enhances xenobiotic elimination, yet it 
simultaneously generates ROS and electrophilic 
metabolites. These reactive species can damage 
DNA, proteins, and lipids, directly linking Phase 
I metabolism to oxidative stress, mutagenesis, and 
carcinogenesis.

Reduction and hydrolysis reactions cannot be 
considered purely detoxifying processes, as they may 
also produce metabolites with enhanced biological 
activity or toxicity depending on physiological 
conditions (Esteves et al., 2021).

The toxicological significance of Phase I metabolism 
therefore lies in its dual role: it facilitates elimination 
but also drives metabolic activation. Excess enzyme 
induction or impaired downstream detoxification can 
shift metabolism toward accumulation of harmful 
intermediates (Araújo et al., 2024).

Although Phase I metabolism primarily facilitates 
xenobiotic elimination through functionalization 
reactions, it also represents a critical stage in the 
generation of reactive intermediates. The induction 
or inhibition of CYP450 enzymes by drugs, 
environmental pollutants, and dietary constituents 
can substantially alter metabolic outcomes and 
contribute to inter-individual variability in toxic 
responses. Consequently, Phase I metabolism serves 
not only as a detoxification mechanism but also as a 
potential source of metabolic activation and toxicity.

Phase II reactions (Conjugation reactions)
Phase II reactions are generally considered protective 
because they convert xenobiotics into highly 
water-soluble metabolites for excretion. However, 
this protective capacity is not absolute (vanVugt-
Lussenburg et al., 2022).

Glucuronidation, sulfation, glutathione conjugation, 

acetylation, and methylation collectively maintain 
chemical detoxification. Yet each pathway has 
inherent limitations. Glucuronidation is a major 
detoxification route, but sulfation is easily saturated 
due to limited sulfate availability during high exposure 
conditions. Glutathione conjugation protects against 
electrophiles and ROS, but depletion of glutathione 
weakens cellular defense and enhances oxidative injury. 
Acetylation and methylation show genetic variability 
among individuals, contributing to differences in 
susceptibility to xenobiotic toxicity. Therefore, Phase 
II efficiency depends on enzyme capacity, cofactor 
availability, and cellular redox status. When Phase I 
activation exceeds Phase II detoxification capacity, 
reactive metabolites accumulate, leading to oxidative 
stress, lipid peroxidation, DNA damage, and cellular 
dysfunction (Pietrzak et al., 2026).

Although Phase II conjugation reactions are 
primarily detoxifying, their capacity can be limited 
by enzyme activity, cofactor availability, and genetic 
variation, allowing reactive metabolites to accumulate. 
Consequently, the balance between metabolic 
activation and detoxification determines xenobiotic 
toxicity and is fundamental to toxicity prediction and 
safer chemical design.

Detoxification and excretion
Detoxification refers to metabolic processes that 
convert xenobiotics and their intermediates into less 
toxic, more water-soluble compounds that can be 
efficiently eliminated from the body (Hassan et al., 
2024). This is achieved through conjugation reactions 
involving endogenous molecules such as glutathione, 
sulfate, and glucuronic acid, which increase 
hydrophilicity and reduce biological reactivity. 
(Surendradoss et al., 2023).

Following detoxification, xenobiotics are eliminated 
through excretory pathways, including renal excretion 
(urine), hepatobiliary excretion (bile and faeces), 
pulmonary exhalation, and minor routes such as sweat 
and breast milk. Figure 2 illustrates the integrated 
detoxification and excretion pathways of xenobiotics 
in the human body, showing how biotransformed 
metabolites are processed and eliminated through renal, 
hepatic, pulmonary, and secondary excretory routes.

Factors affecting xenobiotic metabolism
Xenobiotic metabolism is influenced by multiple 
biological and environmental factors that alter enzyme
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Figure 1: Biotransformation of xenobiotics.
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Figure 2: Overview of xenobiotics toxicity.

activity, metabolic pathways, and detoxification 
efficiency.

Environmental exposure
Environmental pollutants, industrial chemicals, 
pesticides, and cigarette smoke significantly influence 
xenobiotic metabolism by modulating CYP450 
enzyme expression. Polycyclic aromatic hydrocarbons 
(PAHs) present in cigarette smoke can induce CYP1A1 
and CYP1A2 enzymes, increasing the formation 
of reactive toxic intermediates. Chronic exposure 
may result in oxidative stress, enzyme dysregulation, 
and impaired detoxification (Ali et al., 2019).

Gut microbiota
The gut microbiota contributes to xenobiotic 
metabolism through hydrolysis, reduction, and 
deconjugation reactions. Microbial enzymes can 
activate, inactivate, or modify xenobiotics before 
or after hepatic metabolism. Dysbiosis may disrupt 
these metabolic pathways, affecting drug efficacy and 
toxicity through the gut–liver axis (Dikeocha et al., 
2022).

Genetic factors
Genetic polymorphisms in CYP450 enzymes such 
as CYP2D6, CYP2C19, and CYP2E1 cause major 
inter-individual differences in metabolic capacity. 
Variations in Phase II enzymes, including GSTs 
and UGTs, also affect detoxification efficiency and 
susceptibility to xenobiotic toxicity (Zhou and 
Lauschke, 2022).

Diet and lifestyle
Dietary habits and lifestyle factors strongly influence 
xenobiotic metabolism. Cruciferous vegetables may 
induce detoxification enzymes, whereas high-fat diets 
alter xenobiotic distribution. Alcohol consumption 
induces CYP2E1 activity and increases oxidative 
stress, while smoking promotes enzyme induction 
and modifies metabolic pathways.

Disease conditions
Liver diseases such as hepatitis, cirrhosis, and fatty 
liver disease impair xenobiotic clearance by reducing 
enzyme activity. Obesity, metabolic syndrome, and 
chronic inflammation can further alter metabolic 
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pathways and increase vulnerability to toxic effects 
even at lower exposure levels (Wang et al., 2022).

The combined influence of genetic, physiological, 
environmental, and microbial factors creates 
considerable variability in xenobiotic metabolism 
among individuals. As a result, susceptibility to toxic 
effects may differ substantially even under similar 
exposure conditions. This complexity represents a 
major challenge in toxicological risk assessment and 
highlights the need for personalized approaches 
to evaluating chemical safety and exposure-related 
health risks.

Bioactivation of xenobiotics
Bioactivation is a metabolic outcome in which 
relatively inert xenobiotics are converted into highly 
reactive intermediates during enzymatic processing. 
This process is primarily mediated by CYP450 
enzymes and is considered a critical toxicological 
event rather than a protective mechanism (Liu et al., 
2025).

These reactive intermediates can interact with cellular 
macromolecules such as DNA, proteins, and lipids, 
leading to oxidative stress, covalent binding, and 
cellular dysfunction. Bioactivation therefore represents 
the harmful branch of xenobiotic metabolism that 
contributes to toxicity, carcinogenesis, and organ 
damage (Gonzalez et al., 2026).

The toxicological significance of bioactivation lies in 
its ability to transform relatively harmless compounds 
into highly reactive and potentially damaging 
metabolites. This phenomenon presents a considerable 
challenge for drug development and chemical safety 
evaluation, as adverse effects may arise not from 
the parent compound itself but from its metabolic 
products. Understanding the mechanisms governing 
bioactivation is therefore essential for predicting 
toxicity and designing safer chemical entities.

Mechanisms of xenobiotic toxicity
Xenobiotic toxicity is not solely a consequence 
of reactive metabolite formation but results from 
the dynamic interplay between oxidative stress, 
inflammation, and mitochondrial dysfunction. 
Variations in chemical properties, exposure intensity, 
and endogenous defense capacity further influence 
these responses, underscoring the complexity of 
predicting toxic outcomes. Figure 2 illustrates these 

interconnected mechanisms.

Oxidative stress as a key mechanism for toxicity
Oxidative stress plays a major role in how xenobiotics 
cause toxicity inside the body. When there is excessive 
ROS production, it disrupts cellular redox homeostasis. 
The oxidants build up faster than the body’s own 
antioxidants can handle them, which seems like a 
problem. That leads to damage in biomolecules like 
lipids, proteins, and DNA, all of which are important 
cell parts. Ultimately, cells get injured, and it spreads 
to tissues too ( Jomova et al., 2023). A wide range 
of xenobiotics, including environmental pollutants, 
therapeutic drugs, and industrial chemicals, contribute 
to this imbalance. The extent of oxidative damage is 
not uniform; it varies depending on exposure dose, 
duration, and the chemical nature of the compound 
(Møller et al., 2010).

Oxidative stress is a key driver of xenobiotic toxicity 
but acts in concern with inflammatory signaling, 
mitochondrial dysfunction, and epigenetic alterations. 
This interplay highlights xenobiotic toxicity as a 
multifactorial process governed by interconnected 
molecular mechanisms rather than a single pathogenic 
pathway.

Damage to cellular components
The endurance of oxidative stress leads to progressive 
damage of key cellular components. Nucleic acids are 
particularly susceptible, and oxidative modifications to 
DNA can result in mutations and genomic instability. 
In parallel, lipid peroxidation compromises membrane 
integrity, while protein oxidation alters enzyme 
activity and structural organization (Lang et al., 
2025). When cellular repair processes are insufficient, 
cells may activate regulated death pathways, such as 
apoptosis or ferroptosis, to contain damage (Wang et 
al., 2023).

Inflammatory responses and signaling pathways
In addition to direct oxidative injury, xenobiotics can 
initiate inflammatory signaling cascades that worsen 
tissue damage. Increased production of cytokines 
and other inflammatory mediators disrupts normal 
cellular communication and encourages dysfunction 
(Liu et al., 2025). Among the key regulatory systems, 
the NF-κB pathway plays a key role by controlling 
the expression of genes associated with inflammation 
and stress responses.
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Interconnection between oxidative stress and 
inflammation
Oxidative stress and inflammation are closely 
entangled processes that reinforce each other. ROS can 
activate inflammatory pathways, while inflammatory 
responses further enhance ROS production, creating 
a self-amplifying cycle of cellular damage (Olaniyan 
et al., 2023).

Mitochondrial dysfunction
Mitochondria are a primary target of xenobiotic 
toxicity due to their central role in energy production 
and redox regulation. Disturbance in the mitochondrial 
electron transport chain leads to decreased ATP 
synthesis and increased ROS generation (Martins et 
al., 2023).

Organ-level toxic effect
The cumulative impact of these molecular events 
becomes evident at the organ level. The liver is 
particularly susceptible due to its central role in 
detoxification, frequently exhibiting oxidative and 
inflammatory injury following xenobiotic exposure 
(Zhang et al., 2022). The kidneys are also affected, as 
their filtration function promotes the accumulation 
of toxic metabolites. Furthermore, the brain is highly 
sensitive to oxidative imbalance, which can disrupt 
neuronal signaling and function.

Role of cellular defense systems (Nrf2 pathway)
The Nrf2 (Nuclear factor erythroid 2-related factor 
2) signaling pathway plays a crucial protective 
role by regulating antioxidant and cytoprotective 
gene expression. Under normal conditions, Nrf2 
helps maintain redox homeostasis; however, its 
impairment reduces the cell’s ability to counteract 
oxidative stress.

Although Nrf2 activation strengthens cellular defense 
against oxidative stress, sustained or dysregulated 
activation may support the survival of damaged 
cells and facilitate cancer progression. Therefore, 
Nrf2-targeted therapies require careful evaluation 
to balance their protective benefits against potential 
adverse effects (Hammad et al., 2023).

Epigenetic modifications
Emerging evidence suggests that xenobiotics can 
induce epigenetic alterations, including DNA 
methylation and histone modifications, which 
influence gene expression without altering the DNA 

sequence (Sobral et al., 2025). These changes may 
persist even after the initial exposure has ceased, 
contributing to long-term cellular dysfunction and 
increased disease susceptibility (Stoccoro et al., 2024).

Toxic effects on the human body
 Xenobiotics are highly harmful to the human body. 
They affect multiple organs by disrupting normal cell 
function and inducing oxidative stress. Over time, they 
can damage the liver, kidneys, and nervous system. 
Long-term exposure to xenobiotics leads to the death 
of millions of people annually.

Liver (Hepatotoxicity)
The Liver is the major organ in the human body 
responsible for the detoxification and metabolism 
of xenobiotics. Xenobiotics such as heavy metals 
(cadmium, lead, arsenic), and chemical effluents 
containing polycyclic aromatic hydrocarbons, are the 
main causes of toxicity in the liver (Li et al., 2023).

The detoxification of xenobiotics in the liver occurs 
through CYP450. During this process, intermediates 
are produced that include ROS, resulting in oxidative 
stress that affects the normal functioning of the liver. 
(Mahajan et al., 2024).

Long-term vulnerability to xenobiotics can slowly 
damage the liver. With the passage of time, it can lead 
to multiple issues like fat buildup in the liver (fatty 
liver), death of liver cells(apoptosis), and, in severe 
cases, scarring of the liver (fibrosis) (Massart et al., 
2022). These harmful effects mainly happen because 
too much oxidative stress can damage the energy-
producing parts of liver cells (mitochondria), which 
makes the liver work poorly and gradually get injured.

Kidney (Nephrotoxicity)
Kidneys are also susceptible to toxicity due to 
xenobiotics because of their involvement in processes 
like filtration, excretion, and concentration of harmful 
contaminants. Xenobiotics such as toxic metals, 
pharmaceutical drugs, and industrial chemicals are 
responsible for nephrotoxicity (Sharma and Singh, 
2023). These pollutants, like cisplatin and other 
chemicals, accumulate in renal tissue, especially in 
the proximal tubular part of the kidney, and result in 
oxidative degradation of lipids, protein damage, and 
DNA injury, and disrupt the normal functioning of 
renal tubular cells (Tang et al., 2023). 
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When the kidney is long-term exposed to these 
xenobiotics, it results in acute kidney injury, i.e., it 
impairs the blood flow to the renal part and can also 
result in tubular epithelial cell death (Xue et al., 2026).

Neurotoxicity
Xenobiotics such as pesticides, heavy metals, and air 
pollutants overcome the blood-brain barrier (BBB) 
and accumulate in the brain tissues, producing 
excessive ROS and causing neurotoxicity (Trussel 
and Brad, 2024). These toxins disturb the proper 
functioning of mitochondria, reduce ATP production, 
and can cause neuronal cell death (Maciejska et al., 
2022). Furthermore, xenobiotics lead to the release 
of cytokines that further worsen the neuronal injury 
(Rahman et al., 2025).

Endocrine disruption
Toxins such as bisphenol A (BPA), phthalates, 
pesticides, and industrial chemicals disrupt the 
endocrine system, i.e, cause hormonal imbalance. 
These toxins mimic or block natural hormones, 
specifically estrogen and thyroid hormone, and cause 
endometriosis in women, declining sperm health in 
men, and affect the growth in children (Evans, 2022). 
Endocrine disruption produces oxidative stress and 
can lead to physiological disruption (Vanivska et al., 
2025).

With the passage of time, exposure to these toxins 
causes problems such as infertility, menstrual or 
reproductive dysfunction, and developmental issues 

(Khalil et al., 2025). 

Carcinogenic effects
Industrial pollutants, pesticides, heavy metals, and 
certain drugs damage normal cells and increase 
the chances of cancer. These toxins increase the 
production of ROS and damage the DNA and 
proteins. This increases the chances of mutation in the 
cell and increases the chances of cancer development 
in different organs of the body, like the liver, lungs, 
kidneys, and bloodstream (Bharti et al., 2026).

Xenobiotic toxicity extends beyond isolated organ 
damage, as oxidative stress, inflammation, and 
metabolic disturbances can propagate systemic effects 
across multiple tissues. This integrated perspective is 
reflected in Table 3, which summarizes the principal 
mechanisms of xenobiotic-induced organ toxicity 
and their contribution to both acute and chronic 
pathological conditions.

Prevention and risk management of xenobiotics
The increasing environmental burden of xenobiotics 
highlights the urgent need to prioritize prevention 
over remediation in chemical risk governance.

Effective prevention of xenobiotic pollution requires 
a shift from conventional end-of-pipe treatment 
toward source-oriented chemical design and exposure 
reduction. Green chemistry provides a foundational 
framework for this transition by promoting the 
design of chemicals and processes that minimize

Table 3: Overview of the toxic effects of xenobiotics on different organs of the human body.
Toxic effect Xenobiotics Toxic effect on humans Reference
Hepatotoxicity
(Liver)

Heavy metals (cadmium, lead, arsenic)
Chemical effluents
Air contaminants

Fatty liver, Apoptosis, Fibrosis Li et al., 2023

Nephrotoxicity
(Kidney)

Pharmaceutical drugs (cisplatin)
Heavy metals 
Industrial chemicals 

Kidney injury, Tubular epithelial 
cell death

Sharma et al., 2023

Neurotoxicity
(Brain)

Pesticides
Heavy metals 
Air pollutants

Neuronal injury, Neuronal cell 
death

Trussel et al., 2024

Endocrine disruption Bisphenol A (BPA)
Phthalates
Pesticides
Industrial chemicals 

Infertility, Developmental issues, 
Reproductive dysfunction

Evans et al., 2022

Carcinogenic effect Certain drugs like Cyclophosphamide or 
Diethylstilbestrol
Industrial pollutants 
Pesticides 
Heavy metals

Cancer (liver, lungs, kidney, blood 
stream)

Bharti et al., 2026



June 2026 | Volume 72 | Issue 1 | Page 38

Biologia (Lahore)
toxicity, persistence, and bioaccumulation from 
the outset. Different microbes (e.g., algae, bacteria, 
fungi, actinomycetes, and viruses) are used to remove 
the toxicity of xenobiotics (Ganguly et al., 2024).

In addition to preventive design, wastewater treatment 
remains an essential control strategy. Advanced 
oxidation processes (AOPs), including ozonation, 
Fenton chemistry, and photocatalytic degradation, are 
widely applied for removing emerging contaminants 
resistant to conventional biological treatment. These 
processes rely on highly reactive radicals, particularly 
hydroxyl radicals, which degrade complex organic 
pollutants. However, their efficiency depends 
strongly on operational conditions, and complete 
mineralization is not always achieved, often resulting 
in intermediate transformation products that may 
retain toxicity. High energy requirements and 
operational costs further restrict their large-scale 
implementation (Pandis et al., 2022).

Another important preventive strategy involves 
environmental monitoring and early-warning 
detection systems. Continuous surveillance of 
water, soil, and food matrices using advanced 
analytical techniques such as chromatography and 
mass spectrometry enables early identification of 
xenobiotic contamination before it reaches harmful 
levels (Murray et al., 2023). This allows timely 
regulatory intervention and prioritization of high-risk 
chemicals for restriction or substitution. However, 
implementation of such systems remains uneven 
globally due to limited infrastructure, financial 
constraints, and insufficient technical capacity in 
many developing regions.

Risk assessment approaches are also evolving from 
single-substance models toward mixture toxicity and 
cumulative exposure frameworks. This shift reflects real-
world conditions where multiple xenobiotics coexist 
and interact, producing synergistic or antagonistic 
effects that cannot be predicted by traditional models. 
As a result, conventional toxicological approaches 
may underestimate actual environmental and human 
health risks. Modern frameworks increasingly 
integrate computational toxicology, environmental 
monitoring, and probabilistic risk assessment to 
improve predictive accuracy (Gruszecka-Kosowska et 
al., 2022).

At the regulatory level, global coordination is 

essential for effective risk management. International 
organizations emphasize persistent gaps in chemical 
governance, particularly in developing countries 
where monitoring and enforcement systems remain 
weak. 

Despite advances in monitoring and regulation, 
widespread use of synthetic chemicals makes complete 
prevention of xenobiotic exposure unrealistic. Future 
strategies should prioritize exposure reduction, 
sustainable chemical design, and predictive toxicology 
to identify hazards before environmental release and 
human exposure.

Future perspective
Recent advances in genomics, proteomics, 
metabolomics, and computational toxicology 
have created new opportunities to improve the 
understanding of xenobiotic-induced toxicity. The 
integration of these approaches may facilitate the 
identification of novel biomarkers, improve the 
prediction of toxicological responses, and provide 
deeper insight into the molecular pathways involved 
in toxicity. In addition, the application of artificial 
intelligence and machine-learning tools may enhance 
the assessment of chemical safety and support more 
accurate risk prediction models. AI and machine 
learning can help researchers identify potentially toxic 
chemicals earlier and make more accurate predictions 
about their health risks, improving chemical safety 
evaluation and public health protection.

Future research should also address the health 
consequences of chronic low-dose exposure and 
emerging contaminants, including microplastics, 
nanomaterials, and newly developed synthetic 
chemicals. Furthermore, the development of advanced 
human-relevant experimental models may improve 
toxicological evaluation and reduce the limitations 
associated with conventional testing methods.
 
Additionally, future toxicological studies should 
focus on the combined effects of multiple xenobiotics 
rather than isolated compounds, as this approach will 
provide more realistic risk assessments and support 
more effective strategies for protecting human health 
in the face of increasing chemical exposure.

Conclusion

Xenobiotics are an unavoidable aspect of human life, 
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resulting from ongoing exposure to pharmaceuticals, 
food additives, industrial chemicals, pesticides, and 
environmental pollutants. While the human body 
has effective metabolic systems for detoxifying 
and eliminating these foreign substances, their 
biotransformation may produce highly reactive 
intermediates that interfere with normal cellular 
processes. These metabolites induce oxidative stress, 
damage proteins, lipids, and nucleic acids, and 
contribute to the onset of conditions such as cancer, 
liver injury, neurotoxicity, and vascular dysfunction.

This review presents a comprehensive synthesis of 
xenobiotic metabolism and its toxicological effects 
by integrating current knowledge of metabolic 
pathways, bioactivation processes, and oxidative stress 
mechanisms. It demonstrates how chemical structure 
and metabolic transformation affect biological activity, 
thereby enhancing understanding of the molecular 
basis of xenobiotic-induced toxicity and its relevance 
to human health.

From a chemical perspective, this review contributes 
by bringing together key concepts of metabolic 
reactions, enzyme-mediated biotransformation, 
and structure–toxicity relationships into a single 
framework. This integrated approach serves as a 
valuable reference for researchers and students and 
supports the rational design of safer pharmaceuticals, 
industrial chemicals, and environmentally sustainable 
compounds. Furthermore, it emphasizes the 
importance of advancing analytical chemistry, 
toxicology, and predictive risk assessment to identify 
hazardous metabolites and minimize chemical-
induced health risks. Continued research in this field 
will not only improve the prediction and prevention 
of toxicity but also drive the development of safer 
chemicals and innovative strategies for protecting 
both human health and the environment.
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