1JBPAS, May, 2026, 15(5): 2411-2430
ISSN: 2277-4998

I
J  Indernafional Journal of Bioclegy. Pharmaecy
F and Allied Seiences (ITBPAS)

‘A Bridge Beswean Laboratory md Keader’
A
sJ

WWW.ijbpas.com

PHARMACOGENOMIC BIOMARKER FOR PREDICTING DRUG
TOXICITY AND EFFICACY

N MANOJ ANGADI, RAJENDRA SV*, MAHTRE SS AND SHIVARAJ KS
Department of Pharmacology, Mallige College of Pharmacy, #71, Silvepura, Chikkabanavara
Bengaluru-560090, India, ORCID: 0000-0003-2594-862
*Corresponding Author: Dr. Rajendra Sandur V: E Mail: drrajendral972@gmail.com

Received 25" Jan. 2025; Revised 24" March 2025; Accepted 16" June 2025; Available online 1%t May 2026

https://doi.org/10.31032/1JBPAS/2026/15.5.10184
ABSTRACT

Pharmacogenomic biomarkers have emerged as critical tools in precision medicine, enabling
personalized drug therapy by predicting individual responses to medications. These
biomarkers, rooted in genetic variations, play a pivotal role in determining drug efficacy and
toxicity. Variations in genes encoding drug-metabolizing enzymes, transporters, and targets
can significantly influence therapeutic outcomes and adverse drug reactions. For instance,
polymorphisms in CYP450 enzymes affect the metabolism of numerous drugs, while genetic
variants in HLA alleles are associated with hypersensitivity reactions to specific medications.
This abstract explores the integration of pharmacogenomic biomarkers in drug development
and clinical practice, focusing on their role in optimizing therapeutic efficacy and minimizing
toxicity. By identifying patients at risk of suboptimal responses or adverse effects, these
biomarkers enhance the safety and effectiveness of pharmacotherapy. However, challenges
such as limited biomarker availability, cost, and ethical considerations must be addressed to
realize their full potential. The future of pharmacogenomics lies in advancing biomarker
discovery, fostering global regulatory frameworks, and integrating genetic testing into routine

clinical workflows.
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INTRODUCTION

Pharmacogenomics, the study of how
genetic variations influence an individual's
response to drugs, has revolutionized
personalized medicine by offering insights
into drug efficacy and toxicity. At the core
of this discipline are pharmacogenomic
biomarkers—specific genetic variations that
can predict therapeutic outcomes and
adverse drug reactions. These biomarkers
are integral to optimizing drug therapy,
enabling clinicians to tailor treatments based
on a patient’s unique genetic profile [1].
Drug efficacy and toxicity are influenced by
genetic variations in genes encoding drug-
metabolizing enzymes, transporters,
receptors, and immune system components.
For example, polymorphisms in CYP450
enzymes, such as CYP2D6 and CYP2C19,
can alter drug metabolism, leading to
therapeutic failure or increased risk of
toxicity. Similarly, genetic variations in
HLA alleles, such as HLA-B*5701, are
strongly associated with hypersensitivity
reactions to drugs like abacavir [2].

The integration of pharmacogenomic
biomarkers into clinical practice has
significant potential to enhance patient
safety, improve therapeutic outcomes, and
reduce  healthcare  costs.  However,

widespread adoption faces challenges,

including limited availability of validated

biomarkers, variability in genetic testing,
and ethical concerns surrounding genetic
data use [3].
This paper explores the role of
pharmacogenomic biomarkers in predicting
drug toxicity and efficacy, highlighting their
clinical significance, current applications,
and future directions. By bridging the gap
between  genomics and  medicine,
pharmacogenomic biomarkers pave the way
for truly personalized healthcare [4].
GERMLINE PHARMACOGENETIC
BIOMARKER:

Germline pharmacogenetic markers play a
critical role in personalizing medical
treatments by accounting for individual
genetic variability. These markers, inherited
through the germline, influence drug
metabolism, efficacy, and safety, enabling
tailored therapeutic strategies that minimize
adverse effects and optimize outcomes. By
identifying variations in genes encoding
drug-metabolizing enzymes, transporters,
and receptors, germline pharmacogenetics
provides valuable insights into how
individuals respond to medications. The
integration of these markers into clinical
practice holds significant promise for
advancing  precision medicine  and
improving patient care across various

therapeutic domains [5, 6].
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One of the most significant aspects of
germline pharmacogenetic markers is their
role in influencing drug metabolism. The
cytochrome P450 (CYP) enzyme family,
CYP2Deo,

encoded by genes such as

CYP2C19, and CYP3A4, is a prime
example of how genetic variability can
impact drug processing in the body. For
instance, polymorphisms in the CYP2D6
gene can categorize individuals into
metabolizer phenotypes: poor, intermediate,
normal, or ultra-rapid metabolizers. These
phenotypes directly affect the concentration
of drugs in the bloodstream, altering both
efficacy and the likelihood of side effects. A
poor metabolizer may experience drug
accumulation and toxicity, while an ultra-
rapid metabolizer might require higher
achieve levels.

doses to therapeutic

Understanding these genetic variations
allows clinicians to tailor drug selection and
dosing to the individual's metabolic profile,
treatment

enhancing safety and

effectiveness [7].

e
e

Toxicity

« Relevant variation: germline

* Multiple genes involved (PK/PD)
* Also a problem for targeted drugs

« Dose limiting, can cause fatal
toxicities, decrease quality of life

Efficacy
N

U * Relevant variation: somatic, with
some exceptions germline

« For targeted drugs, the presence of a
tumour alteration may be prerequisite
for drug treatment

« Primary and acquired resistances

Another critical application of germline
pharmacogenetics is in the identification of
genetic markers that predict hypersensitivity
or adverse reactions to specific drugs. A
well-known example is the HLA-B57:01
allele, which is strongly associated with
hypersensitivity to the antiretroviral drug
abacavir used in HIV treatment. Screening
for this allele before initiating therapy has
become a standard practice, significantly
reducing the risk of severe hypersensitivity
reactions. Similarly, the HLA-B15:02 allele
is linked to an increased risk of Stevens-
Johnson syndrome and toxic epidermal
individuals

necrolysis in taking

carbamazepine, an anticonvulsant
medication. By identifying at-risk patients
through pharmacogenetic testing, clinicians
can avoid prescribing these drugs or
consider alternative treatments, thereby
preventing  potentially  life-threatening
complications [8]

Pharmacogenetic markers also play a pivotal
role in determining drug efficacy. Genetic

variations in drug targets, such as receptors
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or enzymes, can influence how well a drug
performs in achieving its desired therapeutic
effect. For example, polymorphisms in the
VKORCI gene, which encodes the vitamin
K epoxide reductase complex, significantly
affect the response to warfarin, a commonly
used anticoagulant. Together with CYP2C9
variants, these genetic markers guide the
initial dosing of warfarin, reducing the risk
of bleeding or thromboembolic events.
Similarly, variations in the SLCO1B1 gene,
which encodes a liver transporter protein,
are associated with the risk of statin-induced
myopathy, particularly with simvastatin.
Patients with specific SLCOIBI1 variants
can benefit from alternative statins or
adjusted dosing, ensuring both safety and
efficacy [9, 10].

The utility of germline pharmacogenetic
markers extends beyond individual drugs to
polypharmacy, a common scenario in the
treatment of chronic diseases such as
cardiovascular disorders, diabetes, and
cancer. In such cases, genetic insights help
navigate potential drug-drug interactions
and cumulative toxicities. For instance, in
oncology, germline markers like DPYD
polymorphisms predict severe toxicity to
fluoropyrimidine-based chemotherapy, such
as 5-fluorouracil or capecitabine. Screening
for these markers enables dose adjustments
or alternative therapies, sparing patients
from debilitating side effects while

maintaining therapeutic intent [11, 12].

The adoption of germline pharmacogenetics
is further supported by advancements in
genomic technologies. High-throughput
genotyping and next-generation sequencing
have made it increasingly feasible to
perform comprehensive pharmacogenetic
testing. These technologies not only identify
single nucleotide polymorphisms (SNPs)
but also detect structural variations, copy
number changes, and rare variants that may
influence drug response. Integrating these
data into electronic health records (EHRs)
and decision-support systems ensures that
pharmacogenetic information is readily
accessible to clinicians at the point of care,
facilitating informed prescribing decisions
[13].

Despite its promise, the implementation of
germline pharmacogenetics faces several
challenges. One of the primary obstacles is
the lack of standardized guidelines for
interpreting and applying pharmacogenetic
test results. While organizations like the
Clinical Pharmacogenetics Implementation
(CPIC) and the Dutch
Pharmacogenetics Working Group (DPWGQG)

Consortium

have developed evidence-based guidelines,
their adoption varies across healthcare
systems [14]. Additionally, disparities in
access to  pharmacogenetic  testing,
particularly in low-resource settings, limit
the equitable distribution of its benefits.
Educational efforts targeting healthcare

providers and patients are essential to
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overcome misconceptions and  build
confidence in the utility of pharmacogenetic
information [15].

Somatic  alterations as  predictive
biomarkers:

Somatic alterations, which refer to genetic
changes acquired during an individual’s
lifetime, have emerged as pivotal predictive
biomarkers in personalized medicine,
particularly in the context of cancer and
other complex diseases. These alterations,
unlike germline mutations, are not inherited
but occur in somatic cells due to
environmental factors, replication errors, or
other mechanisms [16]. The identification
and characterization of somatic mutations
provide critical insights into disease
progression, therapeutic response, and
resistance mechanisms, enabling clinicians
to tailor treatments to the specific molecular
profile of a patient’s disease.

One of the most well-studied applications of
somatic alterations as predictive biomarkers
is in oncology. Many cancers are driven by
somatic mutations in key oncogenes or
tumor suppressor genes, and targeting these
mutations has  revolutionized cancer
treatment. For example, mutations in the
epidermal growth factor receptor (EGFR)
gene in non-small cell lung cancer (NSCLC)
are predictive biomarkers for response to
EGFR tyrosine kinase inhibitors (TKIs),

such as erlotinib and gefitinib [17].

Similarly, the presence of ALK gene
rearrangements or ROS1 fusions predicts
sensitivity to ALK or ROSI1 inhibitors,
respectively. These somatic alterations
allow for the stratification of patients into
subgroups that are most likely to benefit
from  targeted

therapies, = improving

treatment outcomes and minimizing
unnecessary toxicities [18].

Somatic mutations also play a critical role in
predicting resistance to therapy. For
instance, secondary mutations in the EGFR
gene, such as T790M, can confer resistance
to first-generation TKIs in NSCLC patients
[19]. The identification of such mutations
has led to the development of third-
generation inhibitors like Osimertinib,
which are specifically designed to overcome
resistance. In the case of chronic myeloid
leukaemia (CML), mutations in the BCR-
ABLI1 fusion gene, such as T315I, are
associated with resistance to imatinib,
prompting the use of alternative agents like
ponatinib [20]. These examples highlight
the dynamic nature of somatic alterations
and their utility in guiding subsequent lines
somatic

of therapy. Beyond cancer,

alterations have shown promise as
predictive biomarkers in other diseases. In
cardiovascular medicine, for example,
somatic ~ mutations in  the clonal
haematopoiesis of indeterminate potential
(CHIP) are associated with an increased risk

of atherosclerosis and myocardial infarction
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[21]. These findings suggest that targeting
pathways influenced by CHIP-associated
mutations could offer novel therapeutic
avenues. In neurodegenerative disorders,
somatic mosaicism, where different cells in
the same individual carry distinct genetic
alterations, has been implicated in
conditions like Alzheimer’s disease. While
research in these areas is still in its infancy,
the potential of somatic alterations as
predictive biomarkers beyond oncology is
becoming increasingly apparent [22].
detection and analysis of somatic alterations
rely on advanced genomic technologies,
such as next-generation sequencing (NGS)
and digital droplet PCR. These methods
enable the identification of mutations, copy
number  variations, and structural
rearrangements with high sensitivity and
specificity. Liquid biopsies, which analyze
circulating tumour DNA (ctDNA) or other
cell-free nucleic acids in the blood, have
emerged as a minimally invasive approach
for detecting somatic alterations. Liquid
biopsies are particularly valuable for
monitoring disease progression, detecting
minimal residual disease, and identifying
resistance mutations in real time, providing
clinicians with actionable information
throughout the course of treatment [23].
The status of biomarkers for predicting
toxicity:

The field of pharmacogenomics has made

significant strides in identifying biomarkers

that predict drug toxicity, enabling a more
personalized approach to medicine [24].
Currently, several well-established
biomarkers are routinely used in clinical
practice to mitigate the risk of adverse drug
reactions, improve patient safety, and
enhance the efficacy of treatments. These
biomarkers focus on genetic variations that
influence drug metabolism, transport, and
immune responses, which are key factors in
determining toxicity risks. However, while
advancements are impressive, challenges in
clinical implementation, accessibility, and
standardization persist, leaving room for
improvement in the widespread utilization
of these tools [25].

One of the most prominent biomarkers for
predicting drug toxicity is the HLA (human
leukocyte antigen) gene family, which
plays a critical role in the immune system.
Variants in these genes have been strongly
associated with severe hypersensitivity
reactions to specific drugs. For instance,
HLA-B*57:01 has been linked to
hypersensitivity reactions to abacavir, a
medication used to treat HIV [26]. Testing
for this allele is now standard practice, and
individuals who carry the variant are advised
to avoid the drug, significantly reducing the
occurrence of this potentially life-
threatening side effect. Similarly, HLA-
B*15:02 and HLA-A*31:01 are associated

with severe cutaneous adverse reactions,

such as Stevens-Johnson syndrome (SJS)
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and toxic epidermal necrolysis (TEN), to
drugs like carbamazepine and other
anticonvulsants [27]. Screening for these
alleles in at-risk populations, particularly in
Asian populations where these alleles are
more prevalent, has become a critical step in
preventing these severe reactions.

Another well-established biomarker is
TPMT (thiopurine S-methyltransferase),
an enzyme responsible for metabolizing
thiopurine drugs, including azathioprine,
mercaptopurine, and thioguanine, which
are used to treat autoimmune diseases,
leukemia, and organ transplant patients [28].
Variants in the TPMT gene that result in
reduced enzyme activity can lead to the
accumulation of toxic metabolites, causing
severe myelosuppression. Genetic testing
for TPMT wvariants allows for dose
alternative

adjustments  or therapies,

ensuring safer treatment regimens for

affected individuals. Similarly,
polymorphisms in the DPYD
(dihydropyrimidine dehydrogenase)

gene, such as DPYD 24, are associated with
severe toxicity to fluoropyrimidine drugs
like S5-fluorouracil and capecitabine,
which are commonly used in cancer
treatment. Testing for DPYD variants is
increasingly being adopted to identify
patients who require dose reductions or
alternative

therapies to avoid life-

threatening toxicities such as severe

diarrhea, mucositis, and myelosuppression
[29].
UGT1A1 (uridine diphosphate
glucuronosyltransferase 1A1) is another
key biomarker used to predict toxicity,
particularly for irinotecan, a chemotherapy
agent used in colorectal cancer. The
UGTIAI 28 variant results in reduced
enzymatic  activity, leading to the
accumulation of the active metabolite SN-
38, which increases the risk of severe
neutropenia and diarrhoea. Testing for
UGTIAI variants helps guide dose
adjustments, enabling safer use of irinotecan
[30].

While these examples highlight the progress
made in pharmacogenomic testing for drug
toxicity, challenges remain. One significant
barrier is the limited implementation of
genetic testing in routine clinical practice.
Although the clinical utility of many
biomarkers is well-established, their
adoption is often hindered by a lack of
awareness among healthcare providers,
limited access to testing facilities, and the
cost of genetic testing. Additionally, the
interpretation of test results and their
integration into clinical decision-making
can be complex, requiring specialized
knowledge and training [31].

Another challenge lies in the variability of
biomarker prevalence across different
populations. For example, the frequency of

HLA-B*15:02 is higher in Asian
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populations, making screening particularly
important in these groups. However, other
populations may not benefit as much from
such tests, highlighting the need for
population-specific research and testing
guidelines. Furthermore, many biomarkers
currently in use are single-gene markers,
which may not fully capture the complex
interactions between multiple genes and
environmental factors that contribute to drug
toxicity [32].

Despite these challenges, the future of
pharmacogenomic biomarkers for
predicting toxicity is promising. Advances
in  next-generation  sequencing  and
bioinformatics are enabling the
identification of new biomarkers and the
development of comprehensive genetic
panels that can assess multiple risk factors
simultaneously. Efforts are also underway to
integrate  pharmacogenomic data into

electronic  health  records  (EHRs),
facilitating real-time decision support for
healthcare providers. Additionally, global
initiatives aim to standardize testing
protocols and ensure equitable access to
pharmacogenomic testing across diverse
populations.

In conclusion, pharmacogenomic
biomarkers have already made a significant
impact in reducing drug toxicity and
improving patient outcomes. Biomarkers
like HLA-B*57:01, TPMT, DPYD, and

UGT1A1 have become invaluable tools in

clinical practice, allowing for safer and more
personalized drug therapies. However,
addressing challenges in accessibility,
standardization, and clinical integration is
essential to fully realize the potential of
these biomarkers. As research continues to
uncover new genetic predictors of drug
toxicity, the field of pharmacogenomics is
poised to transform the landscape of
precision medicine, ensuring safer and more
effective treatments for all patients.
Biomarkers for other organs such as the
liver, skeletal muscle, cardiac toxicity, and

vascular injury are also being developed and

are described below [33].

Liver: The prediction of drug-induced liver
toxicity, also known as drug-induced liver
injury (DILI), has advanced significantly
several

with  the identification of

pharmacogenomic  biomarkers. ~Among
these, certain HLA (human leukocyte
antigen) gene variants have shown strong
associations with DILI caused by specific
drugs. For example, HLA-B*57:01 is linked
to flucloxacillin-induced liver injury, while
HLA-DRB1*15:01 1is associated with
amoxicillin-clavulanate-related liver
toxicity. Similarly, HLA-B*35:01 increases
the risk of autoimmune-like hepatitis from
minocycline.  Variations in CYP450
enzymes, such as CYP2E1, also contribute

to altered drug metabolism and increased
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risk of hepatotoxicity, as seen with
acetaminophen [34].

Other key biomarkers include ABCBI1,
which encodes the bile salt export pump
(BSEP) and is implicated in cholestatic
DILI, and SLCOI1BI1, involved in drug
transport, which has been linked to statin-
induced liver damage. Additionally,
polymorphisms in GST (glutathione S-
transferase) genes affect detoxification
pathways, making individuals more
susceptible to oxidative stress and liver
injury from drugs like paracetamol [35].
Muscle: The identification of biomarkers
for predicting drug-induced muscle toxicity
is an evolving area of pharmacogenomics.
CYP450 enzyme polymorphisms, such as
CYP3AS5, play a role in the metabolism of
statins, where certain variants increase the
risk of muscle toxicity, including
rhabdomyolysis. SLCO1B1 gene variants,
which affect statin uptake, are strongly
associated with an increased risk of statin-
induced myopathy. Additionally, UGT2B15
and UGT1A1 variations can influence the
metabolism of drugs like zolpidem and
tamoxifen, contributing to muscle-related
side effects. Emerging research has pointed
to miR-1 and miR-133 as potential
biomarkers for muscle injury, particularly in
the context of early detection of muscle
damage caused by various drugs [36, 37].
However, biomarkers for muscle toxicity

are still not routinely used in clinical

practice due to challenges in sensitivity,
specificity, and the complex interaction of
genetic, environmental, and drug factors.
More research is needed to validate these
markers.

Vascular injury: The prediction of drug-
induced vascular injury through biomarkers
is an advancing area of research, with a
focus on identifying genetic and molecular
indicators linked to endothelial dysfunction
and vessel damage [38]. Variants in genes
such as NOS3 (endothelial nitric oxide
synthase), which regulates nitric oxide
production, have been associated with an
increased risk of vascular injury from drugs
like anthracyclines and anti-angiogenic
Similarly, VEGFA (vascular
endothelial factor A)

agents.
growth
polymorphisms may predict susceptibility to
vascular toxicities caused by therapies
targeting angiogenesis, such as tyrosine
kinase inhibitors. Emerging biomarkers,
including circulating endothelial cells
(CECs) and endothelial microparticles
(EMPs), are being explored as -early
indicators of vascular injury. Additionally,
microRNAs like miR-126 and miR-92a,
which are implicated in endothelial repair
and dysfunction, show potential as non-
invasive biomarkers. While promising,
these biomarkers require further validation
and integration into clinical practice for
routine prediction and monitoring of

vascular toxicity [39, 40].
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The selection of markers to assess

cardiotoxicity involves identifying
indicators for both structural and functional
changes in the heart, as these effects may
occur independently. While natriuretic
peptides are emerging as useful biomarkers
for structural cardiotoxicity, cardiac
troponins continue to be the most reliable
and well-established translational safety
biomarkers. Having been widely used in
clinical settings for years, troponins are
effective in detecting myocardial injury, and
their role has recently expanded to include
preclinical  safety assessments. This
broadening of their use highlights their value
in bridging clinical and experimental
research, enabling early detection and a
deeper understanding of cardiotoxic effects
in both clinical and preclinical environments
[41].

BIOMARKERS OF TESTICULAR
INJURY AND DYSFUNCTION:
Testicular injury and dysfunction can arise
from various causes, including exposure to
toxins, medications, environmental
pollutants, infections, and radiation. These
conditions may lead to impaired
spermatogenesis, hormonal imbalances, and
infertility, highlighting the need for reliable
biomarkers to predict, diagnose, and
monitor testicular health. Biomarkers play a
crucial role in identifying early signs of
testicular  damage,

allowing timely

interventions to  prevent long-term
reproductive consequences.

Biomarkers of testicular injury can be
broadly classified into hormonal, genetic,
and molecular categories. Hormonal
markers such as testosterone, inhibin B,
and follicle-stimulating hormone (FSH)
are commonly used to assess testicular
function, particularly in the context of
spermatogenesis and Leydig cell health
[42]. Emerging genetic and molecular
biomarkers, including microRNAs
(miRNAs), oxidative stress markers, and
apoptosis-related proteins, offer insights
into the cellular and molecular mechanisms
underlying testicular injury.

Advances in proteomics, genomics, and
metabolomics have significantly expanded
the repertoire of potential biomarkers,
facilitating the identification of novel
candidates for testicular dysfunction. These
biomarkers not only aid in diagnosing
conditions such as testicular cancer,
varicocele, and cryptorchidism but also help
assess the impact of toxic agents and
therapeutic interventions on testicular
health. However, challenges remain in
validating and  standardizing  these
biomarkers for clinical application [43].

In this context, the identification and
development of reliable, sensitive, and
specific biomarkers of testicular injury are

paramount to advancing reproductive health

IJBPAS, May, 2026, 15(5)

2420



N Manoj Angadi et al

Review Article

diagnostics and enabling precision medicine
in andrology.

The study of biomarkers for testicular injury
and dysfunction has evolved significantly
over the past decades, driven by the need to
better understand male reproductive health
and the impact of environmental and
pharmacological agents on testicular
function. Early research focused primarily
on hormonal biomarkers, with testosterone,
luteinizing hormone (LH), and follicle-
stimulating hormone (FSH) being
routinely measured to assess testicular
endocrine function and spermatogenesis.
These markers provided the foundation for
diagnosing conditions such as
hypogonadism, infertility, and testicular
failure. In the 1990s, the discovery of
inhibin B, a Sertoli cell-derived hormone,
marked a significant advancement in
understanding ~ spermatogenic  activity.
Inhibin B became a reliable indicator of
Sertoli cell function and spermatogenesis,
particularly in cases of male infertility.
Around the same time, anti-Miillerian
hormone (AMH) was identified as a marker
of testicular development and function in
prepubertal males, offering insights into
disorders such as cryptorchidism [44]. With
molecular

advancements in biology,

research expanded into genetic and
molecular biomarkers. Studies identified the
role of Y-chromosome microdeletions and

polymorphisms in genes like AZF

(azoospermia factor) regions in male
infertility. Additionally, mutations in genes
such as FSHR (FSH receptor) and AR
(androgen receptor) were linked to
testicular

dysfunction and impaired

spermatogenesis. Overall, historical
advancements in biomarker research have
laid the groundwork for current efforts to
develop comprehensive, sensitive, and
specific diagnostic tools for testicular health
assessment.

CURRENT RESEARCH AND NEW
FINDINGS

Recent advancements in the study of
biomarkers for testicular injury and
dysfunction have been propelled by cutting-
edge technologies in genomics, proteomics,
metabolomics, and transcriptomics. These
approaches have significantly expanded the
pool of potential biomarkers, allowing for
earlier detection, improved diagnosis, and
more precise monitoring of testicular health
[45].

Proteomics and Metabolomics: Proteomic
studies have identified novel proteins
associated with testicular dysfunction. For
example, heat shock proteins (HSPs) and
clusterin have been implicated in testicular
stress responses. Metabolomic profiling has
revealed changes in metabolites like
carnitine and polyamines, which are critical
for sperm motility and testicular energy
metabolism,

providing  insights into

IJBPAS, May, 2026, 15(5)

2421



N Manoj Angadi et al

Review Article

metabolic disruptions in testicular injury
[46].

Emerging Technologies; High-throughput
sequencing and  bioinformatics  are
facilitating the identification of novel
testicular biomarkers from large datasets.
Single-cell RNA sequencing (scRNA-seq)
is being used to characterize testicular cell
populations and identify cell-specific injury
markers. Additionally, artificial intelligence
(AD) and machine learning models are being
developed to predict testicular dysfunction
using biomarker datasets.
INTRODUCTION TO BIOMARKERS OF
ACUTE KIDNEY INJURY

Acute kidney injury (AKI) is a rapid decline
in kidney function characterized by an
inability to adequately filter waste products,
maintain  fluid balance, and regulate
electrolytes. It is a significant clinical
problem associated with high morbidity and
mortality, particularly in hospitalized and
critically ill patients. Early detection and
intervention are crucial to improving
outcomes, as AKI often progresses silently
in its initial stages and can lead to chronic
kidney disease (CKD) or permanent kidney
damage if left untreated [47]. Recent
advancements in nephrology have led to the
discovery of novel biomarkers that provide
insights into kidney injury mechanisms,
such as tubular injury, inflammation, and
oxidative stress. Key biomarkers like

neutrophil gelatinase-associated lipocalin

(NGAL), kidney injury molecule-1 (KIM-
1), and interleukin-18 (IL-18) have shown
promise in identifying AKI earlier and more
accurately than traditional methods. These
biomarkers not only aid in diagnosing AKI
but also help stratify patients by risk,
monitor disease progression, and predict
recovery or adverse outcomes [48]. The
ongoing research into AKI biomarkers has
the potential to revolutionize the
management of acute kidney injury by
enabling precision medicine approaches.
This introduction highlights the importance
of biomarker development in addressing the
diagnostic and therapeutic challenges of
AKI.

Current Research and New Findings on
Biomarkers of Acute Kidney Injury

The study of biomarkers for acute kidney
injury (AKI) has advanced rapidly, driven
by the need for early detection and improved
prognostication in patients at risk of or
experiencing kidney damage. Traditional
markers like serum creatinine and blood
urea nitrogen (BUN) remain standard but are
limited by their delayed response to injury
and lack of specificity. Current research
focuses on novel biomarkers that can detect
AKI earlier, identify its underlying
mechanisms, and predict outcomes. Tubular
Injury Biomarkers: Biomarkers such as
neutrophil gelatinase-associated lipocalin
(NGAL) and kidney injury molecule-1
(KIM-1) are among the most studied
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indicators of AKI. NGAL is released by
damaged tubular cells and provides early
detection of AKI, particularly in sepsis and
ischemic injuries. KIM-1, expressed in
proximal tubular cells after injury, is highly
specific for tubular damage and correlates
with the severity of AKI [49].

Current Research on the Translation of
Emerging Biomarkers from Preclinical
Species to Human Populations

Recent advancements in biomarker research
have focused on bridging the gap between
preclinical ~ discovery  and  clinical
application. The translation of biomarkers
involves  validating  their  relevance,
sensitivity, and specificity across species,
with an emphasis on their applicability to
human health and disease.

Cross-Species Validation of Biomarkers;
Current research emphasizes the use of
multi-species comparative studies to
conserved

identify  biomarkers across

preclinical models and humans. For
example:

Kidney Injury Molecule-1 (KIM-1) and
neutrophil gelatinase-associated lipocalin
(NGAL), initially identified in rodent models
of acute kidney injury (AKI), have been
validated in human studies. Ongoing
research focuses on refining their clinical
utility by exploring their expression in
diverse patient populations.

High-Throughput Technologies

Review Article
Omics-based  approaches  (genomics,
proteomics, metabolomics, and

transcriptomics) are central to the discovery
and translation of biomarkers. These
technologies enable the identification of
molecular pathways conserved across
species, helping prioritize biomarkers with
the highest translational potential [S0].
Single-cell RNA sequencing (scRNA-seq)
is being used to compare cellular responses
and gene expression profiles between
humans and animal models.

Humanized Models

Humanized animal models, such as mice
with humanized immune systems or
genetically modified models expressing
human genes, have gained prominence in
translational research. These models allow
researchers to study human-specific
biomarkers in a controlled preclinical
setting. For instance [51].

Humanized mouse models are being used to
validate biomarkers for cancer therapies,
such as PD-L1 expression for immune
checkpoint inhibitors.

Computational Approaches and Al:
Artificial intelligence (AI) and machine
learning are increasingly used to integrate
preclinical and human data for biomarker
validation.  Algorithms analyze large
datasets from preclinical studies and
correlate them with clinical datasets to

identify predictive biomarkers.
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Al-driven models are being developed to
predict human toxicity based on preclinical
biomarker profiles, particularly in oncology
and nephrology [52].

Challenges and Emerging Solutions

Species-Specific Differences:
Research is focusing on identifying
biomarkers conserved across species or
those with human-specific isoforms for
better translational accuracy.

Population Diversity: Efforts are being
made to validate biomarkers in diverse
human populations to account for genetic
and environmental variability.

Significance of Regulatory Qualification:
The qualification of biomarkers is critical
for bridging the gap between research and
clinical implementation. Biomarkers help in
detecting diseases at an early stage,
stratifying patients based on risk, and
predicting or monitoring therapeutic
responses. For pharmaceutical development,
qualified biomarkers can serve as surrogate
endpoints, reduce the duration of clinical
trials, and lower overall costs by identifying
responders and non-responders to therapies.
Additionally, qualified biomarkers improve
patient safety by allowing for the early
detection of adverse drug reactions or
toxicity. Regulatory qualification provides

the framework to ensure that biomarkers are

not only scientifically validated but also

meet ethical and legal requirements for use
in healthcare and research.

The Qualification Process

Regulatory qualification involves several
well-defined stages, starting with the
discovery of a biomarker and culminating in
its acceptance for specific applications in
clinical or drug development settings. The
key steps are:

Analytical Validation:

Analytical ~ validation  ensures  the
biomarker’s measurement methods are
accurate, precise, and reproducible. This
step involves developing robust assays, such
as enzyme-linked immunosorbent assays
(ELISAs), mass spectrometry, or next-

generation  sequencing, to

quantify
biomarkers reliably. Standardized protocols
are crucial to minimize variability and
ensure consistency across laboratories and
studies.

Regulatory Approval and Integration:
After thorough review, regulatory agencies
determine whether the biomarker meets the
criteria  for  qualification.  Approved
biomarkers are then integrated into clinical
practice or drug development frameworks,
often becoming essential tools for precision
medicine.

Strategies to Address Challenges

To overcome these challenges, researchers
and regulatory bodies have implemented

several strategies:
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Collaborative Initiatives: Programs like the
FDA’s Critical Path Initiative and the
Biomarkers Consortium bring together
stakeholders from academia, industry, and
regulatory agencies to share resources and
expertise, accelerating the qualification
process.

Advanced Technologies: High-throughput
platforms and computational tools,
including artificial intelligence (AI) and
machine learning, are used to streamline
biomarker discovery, validation, and
qualification. For example, Al models can
analyse large datasets to identify biomarkers
with high translational potential and predict
their performance in human populations.
CONCLUSIONS
Pharmacogenomic biomarkers hold
immense potential in predicting drug
toxicity and  efficacy, significantly
advancing personalized medicine. Through
the identification of genetic variations, these
biomarkers can help predict individual
responses to specific drugs, enabling
tailored treatment regimens that maximize
therapeutic benefit while

effects. The

minimizing
adverse integration  of
pharmacogenomic biomarkers into clinical
practice can lead to more precise dosing,
reduced trial-and-error prescribing, and
improved patient safety.

Emerging  research  highlights  the
importance of both genetic and epigenetic

factors in predicting drug responses, with

biomarkers spanning various therapeutic
areas, including oncology, cardiology, and
neuropsychiatry.  However, significant
challenges remain, such as the need for
large-scale, diverse cohort studies to
validate these biomarkers and the

development of standardized testing
protocols. Furthermore, issues related to
regulatory approval, ethical considerations,
and cost-effectiveness need to be addressed
to ensure the widespread application of
pharmacogenomic biomarkers in clinical
settings.
As our understanding of the human genome
and drug interactions deepens,
pharmacogenomic biomarkers will continue
to evolve, offering new opportunities for
precision medicine. By harnessing the
power of genomic data, clinicians can
provide safer, more effective treatments
tailored to the genetic makeup of individual
patients, paving the way for a future where
drug therapy is optimized for each patient’s
unique biology. The continued collaboration
between researchers, healthcare providers,
and regulatory bodies will be crucial to
unlocking  the  full  potential  of
pharmacogenomic biomarkers in clinical
practice.
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