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Chronic Kidney Disease (CKD) is a non-curable disease associated with a progressive
loss of kidney function, which is one of the major burdens of modern medicine. Despite

CKD, Precision medicine, the great advances made in terms of CKD diagnosis and treatment, there are no per-

Genomics, Pharmacoge-

sonalized approaches, as current methods take into consideration only general charac-
nomics, Multi-omics, Artifi-

teristics, but ignore individual genetic differences between patients. The development of
cial Intelligence, Precision such genomics technologies as GWAS, NGS, WES, and WGS has allowed increasing
neph the knowledge about the genetics of CKD and disease-related genes and pathways. The
DOr: integration of genomics and multi-omics, as well as pharmacogenomics, has played an
10.5281/zenodo.23524986 essential role in diagnosis and treatment of CKD. Moreover, Al and ML techniques have
turned out to be very helpful in the interpretation of complex genomics data and making
decisions in the clinical setting. However, such barriers as high costs, lack of accessi-
bility, ethical questions, data privacy concerns, and inadequate usage in a clinical setting
have continued to limit the usage of genomics in nephrology. This paper brings to light
the progress made in the field of personalized medicine with the help of genomics in
CKD and its future potential

INTRODUCTION mortality. Diabetes Mellitus and Hypertension have
been known to be the major risk factors for this dis-

Chronic Kidney Disease is defined as the disease which
ease[1].

entails damage to the structure and function of the
kidneys for a period greater than three months. It is
worth noting that this disease is known to afflict about

Presently, current approaches toward managing CKD
patients are geared towards the control of blood pres-

10% of the global population. Chronic Kidney Disease ~ S*'® glycemia, proteinuria, and other modifiable risk

is becoming an important health issue because of the factors to prevent progression of the disease. There is

significant variation in the rate of progression and re-

connection to cardiac disease, kidney failure, and even -
sponse to treatments between patients who have

*Corresponding Author: Kiran Dhage

Address: Pravara college of pharmacy (for women) Chincholi Nashik Maharashtra

Email »: kirandhage416@gmail.com

Relevant conflicts of interest/financial disclosures: The authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

P b

if";”ﬁj INTERNATIONAL JOURNAL OF PHARMACGEUTICAL SCIENCES 3091 | Page

—

{



Kiran Dhage, Int. J. of Pharm. Sci., 2026, Vol 4, Issue 10, 3091-3101 | Review

comparable clinical presentations, thus the need to
understand the importance of genetic and molecular
factors.

Thanks to recent advancements in the field of genomic
technology, including GWAS, NGS, WES, and WGS,
the specialty of nephrology has reaped great benefits
from identification of genetic variations in both inher-
ited and complex renal diseases. These include the
major genes that are believed to be playing a key role
in development of CKD; these genes are APOLI,
UMOD, PKDI1, PKD2, NPHS1, and COL4AS. In ad-
dition to this, genomics combined with the use of other
omics, including transcriptomics, proteomics,
metabolomics, and epigenomics, have provided an
insight into the pathogenesis of CKDJ[2].

Personalized medicine using genomics approaches
involves the integration of genetic, molecular, and
clinical data to facilitate individual diagnosis, risk pre-
diction, and management of chronic kidney disease.

Pharmacogenomics and the development of artificial
intelligence are making significant strides in facilitat-
ing precise medicine for nephrology through better
drug choice, risk prediction, and decision making[3].

2. Overview of Chronic Kidney Disease

The term chronic kidney disease means that there is
an anomaly with the structure and functioning of the
kidneys that has continued for more than three months.
The diagnosis of chronic kidney disease includes an
individual’s eGFR that is lower than 60 mL/min/1.73
m2 accompanied by other evidence of kidney impair-
ment such as albuminuria. There is progressive loss of
renal functioning resulting in fluid and electrolyte im-
balance[4].

The figure demonstrates how genomic technologies,
risk assessments for genetic susceptibility, multiple
omics data, and clinical information can be inte-
grated for personalized diagnostics, risk predictions,
treatment choices, and management of CKD.
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Figure 1: Framework of Precision Nephrology for CKD Management.

2.1 Epidemiology

Chronic kidney disease has become one of the major
problems in world public health and it affects about 10
percent of the world’s population. The prevalence rate
of the patients affected by the condition is on the in-
crease due to increasing incidences of factors like dia-
betes, hypertension, obesity, and aging. One of the
main reasons for the delay in diagnosis of CKD is be-
cause the condition does not exhibit any symptoms[5].
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2.2 Classification of CKD

The stages of CKD are defined based on the Glomeru-
lar Filtration Rate (GFR) in terms of eGFR and further
categorized in terms of its severity using albuminuria
staging. The first two stages involve slightly dysfunc-
tional kidneys that have good functioning whereas the
other three stages show progressively worsening func-
tionality of the kidneys. Stage 5 or ESKD is the stage
where there has been severe malfunctioning of the
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kidney and requires renal replacement therapy such as
dialysis or transplantation of the kidney[6].

2.3 Pathophysiology

The chronic kidney disease is a consequence of a
complicated interrelationship of multiple factors in-
cluding genetics, metabolism, inflammation, and envi-
ronment. The persistent injury of the kidneys triggers
an enhancement of the inflammatory processes, devel-
opment of the fibrosis, glomerulosclerosis, and tubular
atrophy which results in the reduction of the number of
nephrons. The compensatory mechanism of hyperfil-
tration promotes the progression of the disease[7].

2.4 Risk Factors

Chronic kidney disease (CKD) development may rely
on various risk factors which are not all modifiable and
non-modifiable. The major cause of CKD is either
diabetes or hypertension followed by obesity, smoking,
cardiovascular disease, medications with harmful ef-
fect to kidneys, repeated infections of the kidney, and
unhealthy lifestyle. Age, genetic predisposition and
congenital abnormalities of kidneys can also have in-
fluence on development of CKD[8].

3. Genetics of Chronic Kidney Disease
3.1 Genetic Basis of CKD

Chronic Kidney Disease is an ailment whose causation
occurs as a result of a mixture of different components
such as environmental and genetic elements. In addi-
tion to the factors of diabetes and hypertension, genet-
ics play a major role in the assessment of risk,
progression of the disease and its response to treatment.
The findings of recent researches in genomics have

identified many genes associated with CKD, thereby
providing a clearer picture of the disease
mechanism[9].

3.2 Monogenic and Polygenic Kidney Diseases

The disease can result from the monogenic and poly-
genic nature of genetics. Monogenic diseases such as
autosomal dominant polycystic kidney disease and
Alport syndrome are a result of genetic mutation due to
an inheritable gene. Nevertheless, CKD is a polygenic
disorder since its development involves interaction
with environmental and lifestyle factors[10].

3.3 Major Genes Associated with CKD

Gene Associated Disease Role in CKD
APOLI CKD, FSGS Risk factor for CKD, particularly among people of African
descent
PKD1 ADPKD Cause renal cysts and progressive kidney dysfunction
PKD2 ADPKD The cause of cyst formation and decline in kidney function
Uromodulin. ADTKD Causes tubular dysfunction and progressive CKD
Nephrin. Genetic ](;]:fn}l?tlc Syn- Impairs glomerular filtration, leading to proteinuria
Podocin. SRNS Causes podocyte injury and progressive kidney damage
Collagen Type IV Alpha Alport Syndrome Disrupt glomerular basement membrane, causing hereditary
3/4/5. nephropathy
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3.4 Clinical Importance of Genetic Testing

It should be noted that genetic testing has now become
an essential part of the management of chronic kidney
disease patients (CKD). Genetic testing enables the
identification of genetic kidney diseases, individuals
who are genetically at risk of developing such diseases,
genetic counseling, and screening, along with devel-
opment of personalized treatment plans. An early di-
agnosis will aid in the prediction of disease
prognosis[11].

3.5 Role of Genetics in Personalized Medicine

Clinical utilization of genetic data has promoted the
concept of precision nephrology, leading to the ability
to make a more precise diagnosis, stratify patients’
risks, provide prognoses, and offer tailored treatment
for patients with chronic kidney diseases (CKD). The
discovery of genetic variants responsible for the dis-
ease helps develop therapies, monitor patients, and
implement interventions that can slow down the pro-
gression of the CKD[12].

4. Genomic Technologies in Chronic Kidney Disease
4.1 Next-Generation Sequencing

The emergence of NGS technology has changed the
way chronic kidney diseases can be diagnosed, owing
to its fast and economical means for identifying genetic
mutations associated with CKDs. It makes it easier to
diagnose hereditary kidney conditions and identify rare
mutations that help in precision medicine[13].

4.2 Whole-Exome Sequencing

WES analyzes only the coding region of the genome. It
is effective in finding out the causative gene mutation
in CKDs. This method is commonly used to find out
the cause of rare and inherited kidney disease. The
mutation causing nephrotic syndrome and polycystic
kidney disease can be found out using this
technique[14,15].

4.3 Whole-Genome Sequencing

Whole genome sequencing allows for a thorough
analysis of coding and non-coding regions of the
genome and discovery of various types of mutations
that could cause CKD. This method provides more
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comprehensive data about the genome than whole-ex-
ome sequencing and is currently widely used in prac-
tice and research[16].

4.4 Genome-Wide Association Studies

Genome wide association studies have detected many
genes that are related to CKD, such as genes affecting
kidney function, eGFR levels, proteinuria and disease
progression. The findings have helped in improving the
knowledge about CKD pathogenesis and helped to find
biomarkers and therapeutic targets for the treatment of
the disease[17].

4.5 Polygenic Risk Score

The polygenic risk score is used for assessing an indi-
vidual’s genetic predisposition for developing chronic
kidney disease through the contribution of multiple
genetic variants. With the use of PRS in combination
with the clinical and environmental risk factors, it will
be possible to enhance the process of risk prediction
and stratification of patients[18].

4.6 Single-Cell Sequencing

With the advent of single-cell sequencing, it is now
possible to perform gene expression studies on a single
cell basis that provide an understanding of hetero-
geneity in kidney cells and the underlying biological
mechanisms that cause chronic kidney disease. This
technique has contributed towards elucidating disease-
specific pathways related to inflammation, fibrosis, and
immune response and the discovery of novel biomark-
ers[19].

4.7 CRISPR-Cas9 Technology

The CRISPR-Cas9 system is an advanced technology
used to edit genes and has found great utility in CKD
studies. It helps in studying the role of genes, develop-
ing CKD models, and discovering new drug targets.
Even though this system is yet to find its place in clin-
ical practice, CRISPR therapeutics have huge potential
for mutation correction and precision medicine[20].

5. Multi-Omics Approaches in Chronic Kidney
Disease

Multi-Omics encompasses the genomic, transcrip-
tomic, epigenomic, proteomic, metabolomics, and
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microbiomic information to provide an insight into
CKD. The multi-omics approach can be applied to
determine the pathways and biomarkers that are unique

to the diseases and hence can be used in predicting,
diagnosing, and treating CKD[21].

The diagram shows the use of multi-omics and phar-
macogenomics in personalized treatment of CKD.
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Figure 2: Integration of Multi-Omics and Pharmacogenomics in Personalized CKD Treatment.

5.1 Genomics

Genomics focuses on studying the entire genome of an
individual for detecting variants that contribute to
CKD. Genomics has helped in improving our knowl-
edge about CKD predisposition, disease progression,
and therapy outcomes through gene detection and early
disease detection and risk prediction[22].

5.2 Transcriptomics

The science of transcriptomics studies the patterns of
RNA expression in order to learn about the workings
of genes both under healthy and diseased states. In the
case of chronic kidney disease (CKD), the study of the
patterns of genes can identify alterations in the func-
tions of inflammation, fibrosis, oxidative stress, and
immune regulation[23].

5.3 Epigenomics

Epigenomics is the term used for studying the heritable
changes in gene expression, which do not occur owing
to any genetic sequence changes. The epigenetic
changes like DNA methylation, histone modifications,
and noncoding RNA play a major role in regulation of
inflammatory, fibrotic and senescent genes in relation
to CKD. The epigenomic changes play a very crucial
role in CKD and can be used as biomarkers as well as
drug targets[24].
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5.4 Proteomics

The term proteomics is used to define the comprehen-
sive study of proteins along with their physiological
roles. Proteomics-based analysis of chronic kidney
disease (CKD) patients provides clues regarding pro-
tein markers associated with kidney injury, inflamma-
tion, fibrosis, and CKD development[25].

5.5 Metabolomics

Metabolomics is the study of small molecules and
metabolites to determine the biochemical variations
that occur as a result of disease conditions. In CKD, the
metabolomics approach helps to identify biochemical
variations in amino acid, lipid, energy metabolism, and
accumulation of uremic toxins[26].

5.6 Microbiomics

Microbiomics is a branch of science that studies the gut
microbial composition and its interplay with the host.
The development of CKD is facilitated by microbiome
dysbiosis and its impact on the gut-kidney axis through
increased inflammatory response, uremic toxins accu-
mulation and inflammation. Microbiome profiling has
become a new way of searching for biomarkers and
therapeutic approaches in nephrology[27].
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5.7 Integration of Multi-Omics

The incorporation of many omics techniques offers an
integrated understanding of CKD through the use of
genomics, transcriptomics, proteomics, metabolomics,
epigenomics, and microbiomes. The integration of
omics approaches helps improve CKD classification,
biomarker identification, risk prediction, and person-
alized therapies, whereas the integration of Al and
bioinformatics is improving the practice of precision
nephrology[28].

6. Pharmacogenomics in CKD

Pharmacogenomics is concerned with the impact of
genetic differences on the way people react to drugs. In
CKD patients, pharmacogenomics is useful in opti-
mizing the choice of drug and dosage based on drug
effectiveness, metabolism, and potential for adverse
drug reaction|[29].

6.1 ACE Inhibitors

ACE inhibitors are the backbone of treating patients
with CKD, especially with hypertension and protein-
uria. Genetic variation in RAAS and specifically the
I/D genotype of the ACE gene can impact the outcome
of using ACE inhibitors. The pharmacogenomic ap-
proach can be used to maximize the benefit of ACE
inhibitors while decreasing the risks associated with
their use[30].

6.2 Angiotensin Receptor Blockers

ARBs (angiotensin II receptor blockers) have been
commonly employed for the treatment of CKD in those
patients where ACE inhibitors cannot be taken by
them. Different genetic differences in renin-an-
giotensin-aldosterone system, including AGTRI,
AGT, etc., could affect the effectiveness of ARBs. The
pharmacogenomic approach could assist in improving
the use of ARBs and their efficiency[31].

6.3 SGLT2 inhibitors

Sodium-glucose co-transporter 2 inhibitors have
proven to be important drugs in the treatment of CKD
by delaying the disease course and lowering the risk of
complications in the heart and cardiovascular system.
There are studies proving that there might be genetic

differences affecting the glucose metabolism, renal
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function, and pharmacological response to these in-
hibitors[32].

6.4 Immunosuppression

Immunosuppressive medications such as tacrolimus,
cyclosporine, and mycophenolate mofetil are of ex-
treme importance for the area of kidney transplant
surgery and kidney disorders associated with immunity
[33].

6.5 Erythropoiesis-Stimulating Agents

Anemia is a frequent complication associated with
CKD and anemia can be managed using erythropoiesis
stimulating agents. There is significant variation in the
way patients respond to ESA therapy, with some of the
variation being genetically determined in the way red
blood cells are formed and iron is metabolized[34].

6.6 Vitamin D Therapy

Vitamin D deficiency has been found commonly in
patients with CKD, causing mineral and bone disease.
Genetic variations associated with vitamin D metabo-
lism and action at receptors may affect the effective-
ness of the therapy. Genetic-based personalized
supplementations may help in improving the results of
therapy in particular patients[35].

6.7 Clinical Significance of Pharmacogenomics

With pharmacogenomics included in CKD treatment,
there will be better chances for doctors to identify the
best drugs for use, their right dosages, and also possible
reactions to them, thus ensuring that all patients get the
best from their medication. With genomic testing be-
coming easier, pharmacogenomics will play a major
role in nephrology in future[36].

Personalized management of CKD is significantly
enhanced by pharmacogenomics because of its ability
to explain the differences in how patients respond to
the same drugs. The use of genetic data to guide drug
therapy can help achieve better outcomes for patients.

7. Clinical Applications of Personalized Medicine
Using Genomics Approach in Chronic Kidney Dis-
ease

Personalized medicine using genomics approach has
revolutionized the treatment of CKD by facilitating
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early detection, risk stratification, customized treat-
ment, and better disease monitoring. The use of ge-
nomic data in clinical practice promotes precision
nephrology[37].

7.1 Early Diagnosis

Through genetic testing, it is possible to detect the
occurrence of hereditary kidney diseases prior to any
damage to the kidney. Early detection helps in the
prompt management of the disease and its
prevention|38].

7.2 Risk Prediction and Stratification

Genomic data can be used to determine the suscepti-
bility of an individual to CKD and determine the
probability of progression of the condition. A combi-
nation of genetics and clinical indicators enables health
practitioners to categorize patients based on their risk
and monitor them accordingly[39].

7.3 Biomarker Discovery

There exist different biomarkers that have been identi-
fied using genomic and multi-omics research and
which are linked to kidney damage, inflammation,
fibrosis, and progression of the Such
biomarkers enhance diagnosis and help in early detec-
tion of CKD[40].

disease.

7.4 Personalized Drug Therapy

The genetic variations affect the response of the patient
towards the medications that are utilized in treating
chronic kidney disease. The use of pharmacogenomic
data helps to select the right medication and dose for
better treatment[41].

7.5 Disease Monitoring, Kidney Transplantation,
Precision Nephrology, Genetic Counseling

The use of genomics in a clinical setting has immensely
contributed to the management of chronic kidney dis-
ease (CKD) through molecular monitoring of diseases,
genetic kidney transplantation, and
nephrology tailored to an individual patient. Molecular
markers assist in the early detection of disease pro-
gression and treatment efficacy. Genetic counseling
aids patients in making proper decisions and analyzing
their risks within the family[42]. In kidney

counseling,
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transplantations, genomics and pharmacogenomics
help with donor and recipient compatibility and also
optimize the administration of drugs that suppress im-
munity. Precision nephrology makes use of genomics,
molecules, clinical and environmental data[43].

8. Artificial Intelligence and Machine Learning in
CKD

The use of genomics in a clinical setting has immensely
contributed to the management of chronic kidney dis-
ease through molecular monitoring of diseases, genetic
counseling, kidney transplantation, and nephrology
tailored to an individual patient. Molecular markers
assist in the early detection of disease progression and
treatment efficacy. Genetic counseling aids patients in
making proper decisions and analyzing their risks
within the family. In kidney transplantations, genomics
and pharmacogenomics help with donor and recipient
compatibility and also optimize the administration of
drugs that suppress immunity. Precision nephrology
makes use of genomics, molecules, clinical and envi-
ronmental data[44,45].

9. Challenges and Limitations of Genomics-Based
Personalized Medicine in Chronic Kidney Disease

In spite of the vast opportunities that genomics-based
personalized medicine holds for treatment, a number of
factors hinder the practical application of this method
in a regular medical practice. These include the high
cost of genomics technologies, lack of availability of
genetic testing, difficulties in interpreting variants of
uncertain significance (VUS), ethics and legal issues,
security problems, absence of representation of various
groups in genomics research, and lack of integration
into clinical practice. Overcoming these difficulties
will play a key role in the successful implementation of
precision nephrology[46,47].

10. Future Perspectives

Revolution in the treatment of CKD can be seen in the
future, as a result of genomics, multi-omics, artificial
intelligence (Al), gene editing, and digital health.
Methods like long read sequencing, single cell ge-
nomics, spatial transcriptomics, and CRISPR Cas9
would be instrumental in the diagnosis, biomarker
discovery, and personalized treatment, along with the
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analysis of genomics and clinical data through the use
of Al in order to predict the risk of the disease, select
treatment, and monitor the progression of the disease.
Genomics with electronic health records, wearables,
and telemedicine would provide further assistance in
the prevention and continuous healthcare of the pa-
tient[48-50].

CONCLUSION

Despite being one of the most common health problems
across the globe, chronic kidney disease (CKD) is be-
ing addressed effectively by wusing personalized
medicine based on genomics for better diagnostics, risk
stratification, and treatment. Various scientific break-
throughs in the field of genomics, such as development
of genomic technologies, integration of multiple omics,
pharmacogenomics, and artificial intelligence, con-
tribute towards precision nephrology and individual-
ization of patient care in relation to chronic kidney
disease. Despite various obstacles in the process, such
as cost, accessibility, interpretation of results, ethical
concerns, and integration of these changes into clinics,
further research can help to use genomics routinely in
CKD practice[51-55].
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