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ABSTRACT

Toxicogenomics is a new interdisciplinary field that combines toxicology with the latest technological developments in
genomics to learn the effects of genetic variation on personal reactions to environmental toxicants, chemicals, and
pharmaceutical substances. Toxicogenomics can be used as a combination of genomic, transcriptomic, proteomic, and
metabolomic data to give a global picture of what toxicity mechanisms involve at the molecular scale. This strategy helps
to identify biomarkers to detect risk, adverse effects and prevent them at an early stage.Toxicogenomics integrating with
personalized (precision) medicine is an important development in the field of contemporary healthcare. It allows
personalized therapeutic approaches, which has been tailored to an individual genetic composition, surrounding
exposures and lifestyle, which enhances drug efficacy and reduces adverse drug reactions. Applications of
toxicogenomics in drug development improve early toxicity screening, improve drug failure rates, and aid regulatory
decision-making.Moreover, the field is essential to environmental and occupational health as it helps to identify
vulnerable groups and provide preventive measures. Multi-omics technologies, bioinformatics, and artificial intelligence
have continued to make strides in their field, despite obstacles like data complexity, standardization, regulatory
restrictions, and ethical issues surrounding the field of genomic data, which has only increased its capabilities. In general,
toxicogenomics has the potential to revolutionize healthcare, as it will facilitate safer drug development, accurate risk
evaluation, and tailor therapeutic regimens.
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INTRODUCTION gene expression patterns that are related to toxic exposure by

Toxicogenomics is a new interdisciplinary field which involves
the convergence of toxicology and high-tech genomic
technologies to learn the role of genetic composition in the
manner in which such an individual responds to
environmental toxins, chemicals and pharmaceutical agents.
Toxicogenomics allows defining the molecular pathways and

combining the data of genomics, transcriptomics, proteomics,
and metabolomics'. The method has given a mechanistic
perspective of the toxicity on the molecular level which has
made it very easy to discover biomarkers of early detection,
risk assessment and prevention of adverse effects’.

Also known as precision medicine, personalized medicine is a
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medical revolution that seeks to customize medical care to the
individual differences of an individual patient. It considers the
genetic variability, environmental exposures and lifestyle
factors to enhance the therapeutic effectiveness and reduce the
drug reactions’. Genomic sequencing and bioinformatics
have greatly enhanced the application of personalized
medicine and now, clinicians are able to know the tendency of
a disease and the response of a drug much better. The
integration of toxicogenomics and personalized medicine is
one of the major healthcare innovations in the contemporary
healthcare domain'. Toxicogenomics will offer important
information on inter-individual differences in toxic responses
that is fundamental in the development of safer and effective
therapeutic interventions. It aids in tailoring drug therapies by
determining the genetic predispositions and molecular
biomarkers of toxicity and aids in preventing detrimental
exposures. Such integration is not only beneficial to the safety
and efficacy of drugs but also helps to achieve better health
outcomes in society due to the possibility to assess the risk
more accurately and intervene more specifically™
Toxicogenomics can be used to prevent drug-related
morbidity and mortality as it allows the identification of
toxicity-related changes in gene expression and signaling
pathways before the occurrence of adverse events. It can be
useful in the case of personalized medicine to maximize the
patient care and assists in estimating the susceptibility of an
individual to adverse drug reactions and toxic exposures that
will enable clinicians to select drugs and dose them depending
on the genetic profile of a patient”. This does not only increase
the results of the therapeutic process but also reduces the
possibility of adverse side effects that is a significant factor in
the traditional one size fits all treatment methods. In addition,
toxicogenomics can be used to develop safer drugs through
enhancement of preclinical and clinical risk assessment.
Pharmaceutical industries can use toxicogenomic
information to reveal the possible toxicities at an early stage of
drug development, which minimizes the downfalls and delays
in later stages. Besides, it also helps the regulatory agencies in
making more effective decisions on drug approval and safety
monitoring”.

It also has a role in health field, particularly in the field of
environmental and occupational health, as it aids in the
improved evaluation of the environmental and occupational
hazards and allows the application of preventive measures to
ensure the health of susceptible groups. All in all, its

incorporation into the healthcare systems will lead to better
accuracy in diagnosis, treatment and prevention, which
represents a big leap towards safer, more effective, and

personalized medical care™"".

MOLECULAR BASIC AND MECHANISM OF
TOXICOGENOMICS

Genetic Polymorphisms and Epigenetics

Genetic polymorphisms are some of the most vital factors of
inter-individual differences in reaction to xenobiotics and
therapeutic agents. Single nucleotide polymorphism (SNPs),
deletions, insertions, and copy number variations in genes
that encode drug-metabolizing enzymes, transporters, and
receptors are variations that contribute greatly to the
absorption, distribution, metabolism, and excretion (ADME)
of the toxicsubstances’,”. As an example, the development of
polymorphisms in the cytochrome P450 enzymes (e.g.,
CYP2D6, CYP2C9, and CYP3A4) may cause changes in the
metabolic activity, which may either cause increased toxicity
or decreased therapeutic efficacy. Equally, genetic differences
in enzymes of detoxification like glutathione S-transferases
(GSTs) can alter environmental toxin and carcinogen
vulnerability".

Also significant in the regulation of gene expression but not
the sequence of DNA are the epigenetic mechanisms, which
include DNA methylation, histone-modifications and non-
coding RNAs (including microRNAs). The exposure to
toxicants can result in either reversible or hereditary
epigenetic alterations, which can affect the disease

14,15

susceptibility and toxic responses . As an illustration, the
chemical-induced carcinogenesis has been attributed to the
aberrant patterns of DNA methylation, whereas the oxidative
stress and inflammation have been attributed to the altered
patterns of microRNA expression. These epigenetic changes
can be useful mediators of environmental exposure and gene
regulation, which helps in the variation in the outcome of
toxicology"'.

Gene-Environment Interactions

Gene-environment interactions are dynamic relationships
between the genetic composition of an individual and the
external environmental factors in influencing the
toxicological responses. The environmental exposures that
include pollutants, food ingredients, drugs, and work-related
chemicals may alter the expression of genes and cellular
processes and produce a variety of biological effects based on

the genetic composition of the affected person".
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Toxicogenomics can be used to identify individual genes and
molecular pathways which are variedly expressed when toxic
agents are administered. As an example, people who have
genetic variations that cause impairment on the pathways to
detoxification could be more sensitive to the environmentally
harmful substances like heavy metals, pesticides or air
pollutants”. On the other hand, some genetic types can be
resistance or adaptation to toxic exposures. This
communication is especially applicable to multifactorial
diseases like cancer, neurodegenerative conditions and
metabolic syndromes"”, both genetic predisposition and
environmental stimuli are important components of the
disorder. Knowing about gene-environment interactions is
critical to the risk assessment and the creation of special
prevention measures. It enables distinguishing between the
high-risk groups and facilitates the execution of
individualized interventions that would help to minimize
exposure and minimize the negative health outcomes”.
Biomarkers of Toxicity

Biomarkers of toxicity are quantifiable biological markers,
which indicate exposure to toxic substances, early biological
effects, or vulnerability to adverse effects. Biomarkers in
toxicogenomics can be based on gene expression changes,
protein concentrations, or metabolite changes, and give
information on the pathophysiology of toxicity”. The

biomarkers can basically be categorized into three, including,
biomarkers of exposure, biomarkers of effect, and biomarkers
of susceptibility. Biomarker of exposure are used to show the
presence of a toxicant, or its metabolites, in the body whereas
biomarker of effect are used to show biochemical or
physiological changes induced by exposure. Biomarkers of
susceptibility, in their turn, refer to the people who are more
susceptible to the toxic effects because of genetic or epigenetic
factors™.

The next-generation sequencing and microarrays have
enabled the identification of new genomic biomarkers due to
the advancements in high-throughput technologies. As an
illustration, hepatotoxicity, nephrotoxicity, and
carcinogenicity of different compounds have been predicted
using specific signs of gene expression'’. Moreover, the
emerging indicators of toxicity and disease progression are
circulating microRNAs and epigenetic marks which are non-
invasive and sensitive. The clinical application of biomarkers
data helps to improve the diagnosis in the early stages of the
disease, better the risk assessment, and the creation of the
personal therapeutic plan. Nonetheless, issues like validation,
standardization and clinical translation are to be overcome in
order to realize their potential in healthcare as depicted in
Table 1.

S. No. Component Key Features Examples / Significance References
1. Genetic Variations in DNA sequence SNPs, insertions and deletions that [22]
Polymorphisms that affect how genes work influence how drugs work
2. Drug-Metabolizing | Enzymes that help our body to | CYP2D6, CYP2C9 and CYP3A4 (23]
Enzymes process medicines and other enzymes that affect how our body
substances breaks down medicines
3. Detoxification Enzymes that help get rid of Glutathione S-transferases (GSTs) [24]
Enzymes stuft in our body that help clean up toxins
4. Epigenetic Gene expression affecting DNA| DNA methylation and histone [25]
Mechanisms function modification that affect gene
expression
5. Non-coding RNAs | RNAs controlling genes work | microRNAs that are linked to stress [26]
and inflammation
6. Gene-Environment | Interaction between genes and | Pollutants, drugs, dietary factors [27]
Interaction environmental exposures influencing gene expression

Table 1:Molecular Basis and Mechanisms of Toxicogenomics
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TOXICOGENOMICTECHNOLOGIES AND TOOLS

The data provided above indicates that the study includes
omics technology or genomics (genomics, proteomics,
metabolomics). The development of high-throughput
technologies in the area of omics has greatly increased the
toxicogenomics process through the ability to analyze a large-
scale perspective of changes induced on the molecules by
toxicants. Genomics is interested in the analysis of genetic
variations and gene expression, next-generation sequencing
(NGS) and RNA sequencing (RNA-seq) are some of the
technologies used to identify polymorphisms and
differentially expressed genes in response to toxics™. As an
example, transcriptomic profiling has extensively been
applied in the detection of early gene expression alterations
associated with hepatotoxicity by drugs like acetaminophen,
and has been used to predict liver damage early”. The large-
scale study of proteins and their interactions, that is,
proteomics, employs mass spectrometry (MS), two-
dimensional gel electrophoresis (2D-GE), and protein
microarrays, to identify biomarkers of toxicity and detect
protein changes as a result of chemical-induced toxicity;
proteomics studies have identified proteins of stress-response
and inflammatory mediators of toxicity. These methods are
further complemented by metabolomics which is the study of
small-moleculemetabolites that are indicative of cell
physiological conditions with such techniques as nuclear

magnetic resonance (NMR) and liquid chromatography-mass

spectrometry (LC-MS) usually being used to detect
alterations in the metabolism of cells due to toxic exposure™.
Combining these methods is referred to as multi-omics,
which offers a systems-level view of the action of toxicity, and
data sharing and biomarker discovery can be further
facilitated by public databases and tools such as Comparative
Toxicogenomics Database (CTD), Gene Expression Omnibus
(GEO), and the Cancer Genome Atlas (TCGA), to
complement the application of personalized medicine™*.
Bioinformatics and Data Analysis

Bioinformatics is relevant in the analysis and interpretation of
large-scales of omics data. It entails pre-processing of data,
normalization and statistical analysis to find significant
changes in the molecules. Patterns and toxic responses are
identified by computational means clustering, principal
component analysis (PCA), hierarchical analysis, and
machine learning algorithms) to classify the responses of the
toxicants”. Gene annotation, molecular interaction network
analysis and visualization are commonly performed with the
help of tools such as BLAST, Cytoscape, and STRING. Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) are examples of platforms that aid in the
identification of affected biological pathways as well as the
molecular functions. The tools allow the researcher to
correlate the changes in gene expression with a particular
toxicity pathway, including oxidative stress, apoptosis, and
inflammation as shown in Fig 1*.
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Fig.1 Bioinformatics in Predictive Toxicology and Precision Healthcare
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Also, the predictive toxicology is actively implemented using
artificial intelligence (AI) and deep learning models. These
methods permit the in-silico models to be developed in order
to predict toxicity, which decreases the use of animal tests and

enhances the efficiency of drug discovery. The multi-omics
data integration by bioinformatics will improve personalized
riskand precision healthcare as shown in Table 2.

S. Category Technology/Tool Key Features Applications in References
No. Toxicogenomics
1. Genomics NGS, RNA-seq High-throughput [22Identification of genetic [35]
Genomics sequencing of polymorphisms and gene
DNA/RNA expression changes]
Transcriptomic Profiling Analysis of Early detection of hepatotoxicity [36]
differentially expressed|  (e.g., acetaminophen-induced)
genes
3. Proteomics Mass Spectrometry (MS) | Protein identification Detection of toxicity-related [37]
and quantification protein biomarkers
2D-GE, Protein Protein separation and| Study of stress-response proteins [38]
Microarrays interaction analysis and signaling pathways
5. Metabolomics NMR Spectroscopy Non-destructive Detection of metabolic changes [39]
metabolite analysis due to toxic exposure
7. Multi-omics | Integrated Omics Combines genomics, |  Systems-level understanding of [40]
Approaches proteomics, toxicity mechanisms
metabolomics

Table 2. Various Tools Used in Toxicogenomics

DRUG DEVELOPMENT AND PERSONALIZED
MEDICINE

The predicted drug safety and adverse drug reactions rely on
the predictive behavior of the drug data. Toxicogenomics is
now a crucial instrument in improving the safety of the drug
since it allows early identification of the molecular pathways of
toxicity. In the process of drug development, the toxicity-
related signatures in reaction to candidate compounds are
identified by gene expression profiling and pathway
analysis10. The indicators are molecular, which means that the
adverse drug reactions (ADRs) can be predicted prior to
clinical manifestation which minimizes the risk of drug failure
in later stages41. The toxicogenomic biomarkers also have the
ability to track the organ-specific toxicities, including
hepatotoxicity, nephrotoxicity, and cardiotoxicity. This
enables the pharmaceutical investigators to make changes or
remove possibly hazardous substances at the early stages of the
development process. Combining the toxicogenomic
information with the standard toxicological testing enhances
the quality of safety testing and aids in regulatory decision-

. 42,43
making™".

Tailored Therapy and Precision Medicine

Toxicogenomics enjoys the center stage in the development of
personalized medicine through promoting personalized
therapy. The differences in genetic makeup of enzymes that
process drugs, drug transporters, and receptors play a
significant role in the response and toxicity of different people
to drugs". Toxicogenomics can be used in analyzing these
variations to predict the response of a patient on a particular
drug". The information will allow clinicians to select drugs,
dose, and treatment regimens based on the genetic profile of
the patient, which will enhance therapeutic efficacy and
reduce drug side effects. Indicatively, the patients with a
decreased metabolic rate might need lower doses of the drug
because they will not be toxic, and others might need an
increased amount of the drug to achieve maximum
effectiveness. These individual strategies are especially helpful
in the process of the treatment of complicated diseases like

47

cancer when the variability of drug response is large "’

Clinical and Environmental Applications

Vol 3 (1.1 Suppl.), 2026

61



The Quintessential Journal (E-ISSN: 2584-0185)

Toxicogenomics is gradually finding application in clinical
practice to diagnose, prognose and monitor therapy of
diseases. Molecular biomarkers discovered as a result of the
toxicogenomic studies give information on the disease
pathogenesis and aid in the early detection of the toxic
effects48. Genomic and expression profiling of patients in
oncology can be used to direct personalized therapies to
enhance treatment effect and decrease unwarranted toxicity.
Besides clinical, toxicogenomics is also used in the field of
environmental and occupational health. It assists in knowing
the biological effects of being exposed to the pollutants,

50

chemicals and other environmental toxins"”
Toxicogenomics helps in risk assessment and the formulation
of preventive measures by determining the interaction
between genes and the environment and the vulnerable
populations. Moreover, it also assists in making decisions
regarding the health of the population and this is because it
helps in giving scientific support to set safety rules and limits
of exposure. All in all, safety, efficacy, and precision of
therapeutic and environmental environments are improved
with the introduction of toxicogenomics into drug

development and healthcare systemas shown in Fig 2™
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Fig 2: Applications of Toxicogenomics in Drug Development and Personalised Medicine

Technical and Regulatory Challenges

The use of toxicogenomics is also associated with certain
technical and regulatory challenges despite the great progress
in this field. To make omics data of large scale, the methods of
sample collection, processing and analysis need to be
standardized so as to achieve reproducibility and reliability52.
The inconsistency in the studies may be caused by variability
in the experimental platforms and methods of data
interpretation. Regulatively, it is still complicated to use
toxicogenomic information in the process of approving drugs.
The regulatory authorities need strong validation of
biomarkers and clear indication of the development of
molecular changes to clinical outcomes™. Absence of globally
agreed-upon principles on how to interpolate and implement

toxicogenomic data may curtail its normal usage in decision-

making. Nevertheless, there are continuous attempts to
introduce these methods into the safety assessment systems™.
Ethical and Data Privacy

Genomic data is an area of toxicogenomics that has brought a
significant ethical issue especially in terms of privacy,
confidentiality and informed consent. Genetic information is
a very sensitive one and its abuse or unauthorized access can
result in discrimination during the employment, insurance or
even social spheres”. To safeguard the personal privacy of the
individuals it is important to have safe storage and
management of the genomic information. There should be
clear policies on informed consent, which will enable the
research participants and clinical practice subjects to know
what they will do with their information. Alongside, ethical
issues regarding the data sharing should also be considered in
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order to achieve transparency but protect the rights of
patients™.

New Trends and Future Scope

The future of toxicogenomics is highly related to the
development of the emerging technologies and
interdisciplinary methods. The capability to analyze and
predict toxicity through the integration of artificial
intelligence (AI) and machine learning is becoming
increasingly accurate with the integration of these two
technologies. The multi-omics methods and systems biology
are offering a more in-depth knowledge of the biological
reaction to toxicants. In the future, the field of toxicogenomics
in healthcare is likely to grow due to the production of more
personalized risk assessment models and the creation of
targeted drugs that are currently under the development of
precision medicine. Moreover, the prediction of human-
specific toxic responses is becoming better with the help of
innovations like organ-on-chip models or platforms of high-
throughput screening. With the further development of these
technologies, toxicogenomics will probably become one of the
key factors to enhance drug safety, optimise the
pharmacologic interventions, and promote the well-being of
the population, as it will help to apply more specific and
personalised methods of disease prevention and treatment.
CONCLUSION

Toxicogenomics has become a revolution in which the
application of toxicology is combined with the latest
technology in the field of genomics to get a deeper insight into
the molecular pathogenesis of toxicity and personal
differences in reactivity to xenobiotics. It can be used to
analyze the changes in gene, proteins and metabolites caused
by toxic exposures in a comprehensive manner by integrating
high-throughput omics technologies with bioinformatics
tools. Toxicogenomics has been used in the drug development
process to increase the predictive ability of the adverse drug
reactions and also to augment the safety profile of the
therapeuticagent.

Simultaneously, the introduction into the field of personalized
medicine has helped to create personalized treatment plans,
which maximize the effectiveness of the therapeutic process
and reduce the adverse effects. Moreover, its impact on clinical
and environmental health has led to improved disease
pathophysiology, exposure hazards and susceptibility of the
population. Nevertheless, in spite of the current issues

associated with the complexity of the data, regulatory

approval, and ethical issues, the current development of the
multi-omics integration, artificial intelligence and novel
experimental models still broaden the area of toxicogenomics.
With the development of these technologies, toxicogenomics
is likely to be at the center of precision healthcare, which will
allow developing safer drugs, better patient outcomes, and
more effective strategies to promote the overall health of the
population. To sum it up, toxicogenomics is an essential step
towards the unification of the molecular science with
personalized medicine and has a lot of potential to transform
the current healthcare to be more precise, predictive, and
preventive.
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