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Abstract
Chronic Kidney Disease (CKD) is a progressive condition characterized by the gradual loss of renal function over time, 
affecting millions worldwide and representing a significant public health challenge. CKD is associated with increased 
morbidity and mortality, primarily due to cardiovascular complications, and its prevalence continues to rise due to fac-
tors such as diabetes, hypertension, and aging populations. Despite advances in understanding its etiology, early detection 
remains a challenge, and current diagnostic methods often identify the disease at advanced stages, limiting therapeutic 
options and impacting patient outcomes. Early diagnosis of CKD is crucial for implementing interventions that can slow 
disease progression, prevent complications, and improve quality of life. Consequently, there is a growing emphasis on per-
sonalized management strategies tailored to the unique molecular and clinical profiles of patients. Personalized approaches 
enable targeted therapies, optimize treatment efficacy, and reduce adverse effects, ultimately transforming CKD care 
from a one-size-fits-all model to precision medicine. Multi-omics approaches have emerged as powerful tools in modern 
medicine, offering comprehensive insights into the molecular landscape of diseases like CKD. By integrating data from 
various biological layers, such as genomics, transcriptomics, proteomics, epigenomics, and metabolomics, researchers 
can achieve a holistic understanding of disease mechanisms, identify novel biomarkers, and uncover therapeutic targets. 
This systems biology perspective enables the characterization of individual variability, facilitating the development of 
personalized treatment strategies. In conclusion, multi-omics has the potential to revolutionize early diagnosis, refine 
patient stratification, and guide the design of targeted pharmacological interventions, paving the way for a new paradigm 
in disease management.
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FSGS	� Focal segmental glomerulosclerosis
miRNAs	� microRNAs
lncRNAs	� Long non-coding RNAs
PKD	� Polycystic kidney disease
SNPs	� Single nucleotide polymorphisms
eQTL	� Expression quantitative trait loci
mRNA	� Messenger RNA
TWASs	� Transcriptome-wide association studies
TNF-α	 �Tumor necrosis factor-alpha
IL-6	� Interleukin-6
CCL2	� Chemokine (C-C motif) ligand 2
MCP-1	� Monocyte chemoattractant protein-1
IFN-γ	 �Interferon-gamma
ECM	� Extracellular matrix
TGF-β1	 �Transforming growth factor-beta 1
MMPs	� Matrix metalloproteinases
UUO	� Unilateral ureteral obstruction
PBMCs	 �Peripheral blood mononuclear cells
ncRNAs	� Non-coding RNAs
RRBS	 �Reduced representation bisulfite sequencing
LC-MS	� Liquid chromatography-mass spectrometry
TMT	� Tandem mass tags
ESRD	� End-stage renal disease
hsCRP	� High-sensitivity C-reactive protein
2D-PAGE	� Two-dimensional gel electrophoresis
KIM-1	� Kidney injury molecule-1
MR	� Mendelian randomization
IS	� Indoxyl sulfate
pCS	� p-Cresol sulfate
ADMA	� Asymmetric dimethylarginine
NOS	� Nitric oxide synthase
NO	� Nitric oxide
NMR	� Nuclear magnetic resonance
GC-MS	� Gas chromatography–mass spectrometry
PCA	� Principal component analysis
ICA	� Independent component analysis
ML	� Machine learning
AI	 �Artificial intelligence
FAIR	� Findable, Accessible, Interoperable, and 

Reusable
LUSC	� Lung squamous cell carcinoma

Introduction

Chronic Kidney Disease (CKD) represents a formidable 
global health challenge, characterized by its progressive 
nature and high prevalence worldwide. Current diagnostic 
and prognostic methods, primarily based on estimated Glo-
merular Filtration Rate (eGFR) and proteinuria, often lack 
the sensitivity and specificity required for early detection, 
precise disease stratification, and individualized therapeutic 

interventions [1]. The molecular complexity underlying 
CKD pathophysiology necessitates advanced approaches to 
decipher its intricate mechanisms and identify novel targets 
for intervention. A shift towards more sophisticated, patient-
centric strategies is underway, aiming to move beyond tradi-
tional symptom-driven medical practice [2].

Integrative multi-omics profiling offers a promising 
avenue to address these unmet needs in CKD manage-
ment [3–5]. By combining data from genomics, transcrip-
tomics, proteomics, metabolomics, and other ‘omics’ layers, 
researchers can construct a holistic view of the biological 
system, providing unparalleled molecular depth. This com-
prehensive molecular mapping facilitates the discovery of 
robust biomarkers for early diagnosis, enables accurate 
patient stratification into distinct molecular subtypes, and 
informs the development of personalized treatment strate-
gies [6]. Ultimately, this approach aims to usher in a new 
era for pharmacological interventions in CKD, moving 
towards precision medicine where treatments are tailored to 
an individual’s unique molecular signature. Chronic kidney 
disease affects approximately 850 million people globally, 
making it a substantial public health concern [7]. The con-
dition is characterized by a gradual, irreversible decline in 
renal function, progressing to End-Stage Kidney Disease 
(ESKD) and increasing the risk of premature mortality. 
Patients with advanced CKD or ESKD experience a consid-
erable burden of comorbidities, physical and mental symp-
toms, and a diminished quality of life. Despite advances in 
renal replacement therapies, such as dialysis, these interven-
tions do not fully restore kidney function and are associated 
with high costs and substantial patient morbidity [8].

The limitations of conventional diagnostic markers, such 
as serum creatinine and proteinuria, are well documented. 
These markers typically reflect renal damage at a rela-
tively advanced stage, often when significant, irreversible 
injury has already occurred [9]. Furthermore, CKD exhib-
its considerable heterogeneity in its etiology, progression, 
and response to treatment, which traditional markers fail 
to capture. This lack of precise molecular pathology-based 
stratification impedes the development of effective, targeted 
therapies and personalized management strategies, high-
lighting a critical gap in current nephrology practice [10]. 
The inherent limitations of single-marker diagnostics and 
the complex, heterogeneous nature of CKD underscore the 
necessity for more sophisticated investigative tools. Omics 
technologies offer deep molecular insights into biological 
processes, moving beyond macroscopic clinical observa-
tions to the underlying cellular and biochemical pertur-
bations [11]. By generating vast quantities of data across 
multiple biological layers, these technologies enable a 
comprehensive understanding of disease mechanisms, 
rather than focusing on isolated components. Integrative 
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multi-omics profiling addresses the complexity of CKD by 
combining diverse datasets, such as genetic predispositions, 
gene expression patterns, protein activities, and metabolic 
states [12]. This integrated approach provides a more com-
plete molecular signature of an individual’s disease state, 
facilitating the identification of subtle early changes, pre-
dicting disease trajectories, and uncovering patient-specific 
therapeutic vulnerabilities. The precision medicine para-
digm, which advocates for tailoring medical decisions to 
the individual patient, relies heavily on such comprehensive 
molecular profiling [13]. Integrating these molecular data 
with clinical information provides a robust framework for 
developing predictive, diagnostic, and prognostic biomark-
ers, guiding optimal personalized care and ultimately mov-
ing beyond a reactive, symptom-driven medical practice 
[14].

This review provides an unprecedented, holistic view 
of biological systems at molecular resolution, integrative 
multi-omics profiling is poised to revolutionize the early 
diagnosis, risk stratification, and personalized pharmaco-
logical management of CKD, ushering in a new paradigm 
for nephrology.

Overview of omics technologies in 
nephrology

Omics technologies encompass high-throughput method-
ologies designed to quantify and characterize the entirety of 
biological molecules within a system, providing an unbiased 
view of molecular landscapes. These methodologies gener-
ate extensive datasets, which are instrumental for dissect-
ing complex biological systems. In nephrology, omics tools 
have revolutionized the investigation of kidney disorders, 
allowing for a deeper understanding of molecular mecha-
nisms and the discovery of novel biomarkers [15, 16].

Genomics: the blueprint of kidney health and 
disease

Genomics, the study of an organism’s complete set of DNA, 
has been instrumental in identifying genetic predisposi-
tions to kidney diseases. Genome-Wide Association Studies 
(GWAS) have pinpointed numerous genetic variants associ-
ated with common nephropathies like diabetic kidney disease 
(DKD) and autosomal dominant polycystic kidney disease 
(ADPKD) [5, 17]. These variants, often located in non-cod-
ing regions, can influence gene expression, protein function, 
or cellular processes critical for kidney development and 
maintenance. For instance, variations in genes like APOL1 
have emerged as a major risk factor for endemic nephropa-
thies in individuals of African ancestry, highlighting how 

genetic background significantly impacts kidney suscep-
tibility [18]. Furthermore, advancements in whole-exome 
sequencing (WES) and whole-genome sequencing (WGS) 
have become invaluable for diagnosing rare and mono-
genic kidney disorders, such as congenital anomalies of 
the kidney and urinary tract (CAKUT) and certain forms 
of glomerulonephritis [19]. Identifying the causal genetic 
mutations in these conditions not only provides a definitive 
diagnosis but also opens avenues for targeted therapies and 
genetic counseling. Moving forward, integrating genomic 
data with clinical phenotypes (genotype-phenotype correla-
tion) will continue to refine prognostication and personalize 
treatment strategies [20].

Transcriptomics: the dynamic expression of kidney 
function

While genomics provides the static blueprint, transcrip-
tomics offers a dynamic snapshot of which genes are actively 
being transcribed into RNA at a given time and in a specific 
cellular context. Technologies like RNA sequencing (RNA-
seq) allow for the global measurement of gene expression 
levels within kidney tissue, cells, or biofluids [21]. This is 
crucial for understanding how genetic alterations or envi-
ronmental insults translate into cellular dysfunction and 
disease. In nephrology, transcriptomics has been pivotal in 
dissecting the molecular mechanisms underlying various 
kidney diseases [22, 23]. By comparing gene expression 
profiles of healthy and diseased kidneys, researchers can 
identify differentially expressed genes that are upregulated 
or downregulated during disease progression. This has led 
to the discovery of novel pathways involved in inflamma-
tion, fibrosis, and cellular injury in conditions like CKD, 
lupus nephritis, and acute kidney injury (AKI) [24]. For 
example, transcriptomic studies have revealed critical roles 
for specific cytokines, growth factors, and transcription fac-
tors in driving renal fibrosis. Furthermore, single-cell RNA 
sequencing (scRNA-seq) has revolutionized our ability to 
study cellular heterogeneity within the kidney, enabling the 
identification of distinct cell populations and their unique 
transcriptional signatures in health and disease. This high-
resolution approach is uncovering subtype-specific drivers 
of kidney pathology that were previously obscured by bulk 
tissue analysis [25, 26].

Proteomics: the workhorses of kidney physiology 
and pathology

The proteome, the complete set of proteins expressed by 
an organism or system, represents the functional execution 
of the genetic blueprint. Proteomics, employing techniques 
like mass spectrometry (MS), allows for the identification 
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Epigenomics: the modulators of kidney gene 
expression

Epigenomics investigates heritable changes in gene expres-
sion that occur without alterations to the underlying DNA 
sequence. This includes modifications like DNA meth-
ylation, histone modifications, and non-coding RNAs. In 
nephrology, epigenomics is increasingly recognized for its 
role in mediating the long-term consequences of environ-
mental exposures and in the pathogenesis of complex kid-
ney diseases [37]. DNA methylation patterns, for instance, 
can influence gene silencing and activation, thereby impact-
ing kidney development and the response to injury. Studies 
have shown that epigenetic modifications can contribute to 
renal fibrosis and the progression of DKD [28, 38]. Histone 
modifications, which alter chromatin structure, can also dic-
tate gene accessibility and expression crucial for kidney cell 
function. Furthermore, non-coding RNAs, such as microR-
NAs (miRNAs) and long non-coding RNAs (lncRNAs), 
play significant regulatory roles and have been implicated 
in various kidney diseases, acting as potential therapeutic 
targets [39].

Strategies and methods for integrative 
Multi-Omics profiling in CKD

A broad array of omics data types contributes to a compre-
hensive understanding of CKD pathophysiology. Each layer 
offers unique insights, and their integration provides a richer 
context for molecular mechanisms [40].

Genomics

The genetic architecture of CKD is complex and hetero-
geneous, reflecting its diverse etiologies and the interplay 
of multiple susceptibility genes and environmental factors. 
Beyond monogenic inherited kidney diseases that manifest 
early in life, common forms of CKD are increasingly recog-
nized as polygenic disorders where numerous small-effect 
genetic variants collectively contribute to disease risk [41]. 
Investigating these genomic data is crucial for understand-
ing disease pathogenesis, identifying novel therapeutic tar-
gets, stratifying patients for risk assessment, and ultimately, 
developing effective prevention strategies. Historically, our 
understanding of kidney genetics was largely confined to 
rare monogenic forms of kidney disease [42]. Conditions 
like Polycystic Kidney Disease (PKD), Alport Syndrome, 
and FSGS caused by specific gene mutations provided early 
clues into the critical roles of certain genes in kidney devel-
opment and function [43]. For instance, mutations in PKD1 
and PKD2 are the primary drivers of ADPKD, characterized 

and quantification of thousands of proteins simultaneously. 
In nephrology, proteomics is essential for understanding the 
protein-level changes that underpin kidney function and 
dysfunction. Proteomic studies have identified key proteins 
involved in glomerular filtration, tubular reabsorption, and 
interstitial processes [27]. In disease states, proteomics can 
reveal alterations in protein abundance, post-translational 
modifications (PTMs), and protein-protein interactions that 
contribute to pathology [28, 29]. For instance, research has 
identified specific protein biomarkers in urine and blood 
that can aid in the diagnosis and prognosis of AKI and DKD 
[30]. Furthermore, studying the proteomic landscape of 
kidney biopsies can provide insights into the cellular and 
molecular mechanisms driving specific glomerular diseases, 
such as focal segmental glomerulosclerosis (FSGS) and IgA 
nephropathy [31]. The identification of specific protein tar-
gets in these diseases holds promise for the development 
of targeted therapies. Analyzing the secretome (proteins 
secreted by cells) and the interactome (protein-protein 
interaction networks) are emerging areas within kidney 
proteomics that are further illuminating complex biological 
processes [32].

Metabolomics: the chemical fingerprints of kidney 
metabolism

Metabolomics focuses on the complete set of small mol-
ecules (metabolites) within a biological system. These 
metabolites, including amino acids, lipids, carbohydrates, 
and organic acids, are the end products of cellular processes 
and reflect the functional state of the organism. In nephrol-
ogy, metabolomics provides a direct link between genotype, 
phenotype, and environmental factors [33]. Metabolomic 
profiling of serum, urine, or kidney tissue can reveal pertur-
bations in metabolic pathways associated with kidney dis-
ease. For example, studies have identified altered levels of 
specific metabolites in patients with CKD, suggesting dys-
regulation of pathways like urea cycle, amino acid metabo-
lism, and lipid metabolism [34]. These metabolic alterations 
can not only contribute to disease progression but also serve 
as potential biomarkers for early detection and risk stratifi-
cation. Metabolomics has also been crucial in understanding 
the metabolic consequences of AKI and the impact of dif-
ferent therapeutic interventions on the kidney’s metabolic 
profile [35]. Furthermore, the gut microbiome’s influence 
on host metabolism and its contribution to uremic toxins has 
been elucidated through integrated metabolomic and micro-
biome studies, offering new avenues for intervention [36].
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These GWAS findings have revealed that many identi-
fied genes are involved in fundamental biological processes 
within the kidney, including glomerular filtration, tubular 
transport, immune regulation, and fibrosis [49]. However, 
the precise functional consequences of many identified SNPs 
remain elusive due to their presence in non-coding regions 
of the genome or their modest effect sizes. GWAS typically 
identifies regions of the genome containing multiple SNPs. 
Fine-mapping techniques aim to pinpoint the most likely 
causal variant(s) within these regions [50]. Imputation 
allows researchers to infer genotypes for ungenotyped SNPs 
based on reference panels, thereby increasing the density of 
genetic information [51]. Expression Quantitative Trait Loci 
(eQTL) analysis links genetic variants to variations in gene 
expression levels. By identifying SNPs that influence the 
mRNA levels of specific genes in kidney tissue, researchers 

by the formation of renal cysts. Similarly, mutations in genes 
encoding collagen IV (e.g., COL4A3, COL4A4, COL4A5) 
underlie Alport Syndrome, leading to progressive glomeru-
lar damage [44].

However, the majority of CKD cases are not attributable 
to single-gene defects. The emergence of GWAS has been 
instrumental in identifying common genetic variants, pri-
marily single nucleotide polymorphisms (SNPs), associated 
with increased risk of developing CKD [45, 46]. GWAS 
compare the genomes of individuals with and without a par-
ticular disease to pinpoint genetic loci that are statistically 
more frequent in the affected group. These studies have suc-
cessfully identified numerous genetic loci associated with 
eGFR, a key indicator of kidney function, and CKD itself 
[47, 48] (Table 1).

Table 1  Key genes and loci implicated in common CKD (Examples from GWAS)
Gene/Locus 
(Symbol)

Associated phenotype(s) Primary biological function Potential role in CKD pathogenesis

APOL1 CKD risk, hypertension-
associated nephropathy, HIV-
associated nephropathy

Apolipoprotein L1; involved in innate 
immunity and lipid metabolism.

Specific high-risk variants are strongly associated 
with CKD in individuals of African ancestry. 
Potential mechanisms include innate immunity, 
podocyte injury, and inflammation [43, 44].

SHROOM3 CKD risk, hypertension-
associated nephropathy

Actin cytoskeleton regulation; involved 
in epithelial cell polarity and tissue 
morphogenesis.

May disrupt podocyte structure and function, 
leading to proteinuria and glomerular damage 
[43–46].

UMOD CKD risk, medullary cystic 
kidney disease, hypertension

Uromodulin (Tamm-Horsfall protein); 
plays a role in tubular transport of electro-
lytes and water.

Variants associated with altered uromodulin 
processing and excretion, potentially leading to 
tubular damage and interstitial fibrosis [44–47].

PRKAG2 CKD risk, cardiac 
hypertrophy

AMP-activated protein kinase subunit 
gamma2; involved in energy metabolism.

Dysregulation of cellular energy homeostasis 
in kidney cells may contribute to damage and 
dysfunction [44–48].

CERS2 CKD risk, eGFR Ceramide synthase 2; involved in sphingo-
lipid biosynthesis.

Sphingolipids play roles in cell signaling and 
membrane integrity; altered levels may impact 
podocyte health [44–49].

Table 2  Advanced genomic and multi-omics approaches in CKD research
Approach Description Key insights gained in CKD Research
WGS Sequencing of the entire genome of an 

individual.
Identifies all types of genetic variants, including SNVs, indels, structural variants, 
and copy number variations. Crucial for identifying rare variants and novel muta-
tions in both coding and non-coding regions [50, 51].

WES Sequencing of only the protein-coding 
regions (exons) of the genome.

Efficiently identifies variants within genes that directly alter protein sequences. 
Useful for identifying causal variants in Mendelian kidney diseases and common 
variants with significant functional impact [50–52].

Transcrip-
tomics 
(RNA-Seq)

Measures the abundance of RNA 
transcripts in a cell or tissue, reflecting 
gene expression levels.

Provides a snapshot of which genes are active and to what extent. Allows for 
the study of differential gene expression in diseased versus healthy kidney tissue 
[50–52].

Proteomics The large-scale study of proteins, their 
structures, and functions.

Identifies and quantifies proteins in biological samples. Can reveal changes in protein 
abundance, post-translational modifications, and protein-protein interactions [51–53].

Metabolomics The systematic study of small 
molecules (metabolites) in biological 
systems.

Analyzes the complete set of metabolites present in cells, tissues, or biofluids. 
Reflects the functional state of the organism [50–54].

Epigenomics 
(e.g., ChIP-
Seq, ATAC-
Seq, Bisulfite 
Sequencing)

Studies the chemical modifications to 
DNA and histone proteins that regu-
late gene expression.

Investigates how genetic variants influence epigenetic marks and, consequently, gene 
expression. Crucial for understanding the role of non-coding variants [52–54].
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or tissue. This provides insights into gene expression pat-
terns, indicating which genes are actively being transcribed 
and their relative abundance [54]. In DKD, transcriptomic 
analysis has revealed molecular changes related to inflam-
mation, oxidative stress, and lipid metabolism disorders 
[55]. Cross-tissue transcriptome-wide association studies 
(TWASs) further correlate gene expression levels with CKD 

can infer that these variants may exert their functional effect 
by altering gene transcription [52, 53].

Transcriptomics

Transcriptomics focuses on the study of all RNA mole-
cules, particularly messenger RNA (mRNA), within a cell 

Table 3  Representative inflammatory genes upregulated in CKD
Gene ymbol Protein Product Role in CKD pathogenesis
TNF Tumor Necrosis Factor-alpha Potent pro-inflammatory cytokine, induces apoptosis and extra-

cellular matrix production [59].
IL6 Interleukin-6 Pro-inflammatory cytokine, promotes immune cell activation, 

fibrosis, and metabolic dysregulation [59, 60].
CCL2 Chemokine (C-C motif) ligand 2 (MCP-1) Chemoattracts monocytes and macrophages, key drivers of 

inflammation and fibrosis [60].
IFNG Interferon-gamma Activates macrophages, enhances antigen presentation, contrib-

utes to fibrosis and immune cell infiltration [60, 61].
CXCL10 Chemokine (C-X-C motif) ligand 10 (IP-10) Attracts T cells and NK cells, contributing to immune-mediated 

kidney damage and fibrosis [61, 62].
TLR4 Toll-like receptor 4 Recognizes pathogen-associated and damage-associated molecu-

lar patterns, initiating inflammatory signaling pathways [61–63].

Table 4  Key genes involved in fibrosis upregulated in CKD
Gene symbol Protein product Role in CKD pathogenesis
TGFB1 Transforming Growth Factor-beta 1 Master regulator of fibrosis, induces myofibroblast differentiation 

and ECM production [64].
COL1A1 Collagen Type I Alpha 1 Chain Major structural component of ECM, its deposition contributes to 

tissue stiffening and scarring [64].
COL4A1 Collagen Type IV Alpha 1 Chain Essential component of glomerular basement membrane and tubular 

basement membranes; dysregulation contributes to damage [64, 65].
FN1 Fibronectin 1 ECM protein involved in cell adhesion, migration, and matrix 

assembly; increased deposition is a hallmark of fibrosis [65, 66].
ACTA2 Actin Alpha 2, Smooth Muscle Marker of myofibroblast differentiation, responsible for ECM con-

traction and production [65–67].
SERPINE1 Serine (or Cysteine) Peptidase Inhibitor, 

Clade E, Member 1 (PAI-1)
Inhibitor of fibrinolysis and a strong inducer of TGF-β signaling 
and fibrosis [66, 67].

Table 5  Common proteomic methodologies in CKD research
Methodology Description Applications in CKD Advantages Limitations
LC-MS/MS 
(Shotgun 
Proteomics)

Proteins are digested into 
peptides, separated by 
liquid chromatography, 
and then analyzed by mass 
spectrometry.

Large-scale identification and quan-
tification of thousands of proteins 
in plasma, urine, and kidney tissue. 
Discovery of potential biomarkers and 
pathways.

High throughput, 
broad coverage, 
ability to identify low-
abundance proteins.

Requires extensive bioinfor-
matics analysis, can be com-
plex to standardize, variability 
in sample preparation and 
instrument performance [91].

Targeted Pro-
teomics (SRM/
PRM)

Focuses on quantifying a 
pre-defined set of proteins 
or peptides of interest.

Validation of candidate biomarkers 
identified in discovery studies, precise 
quantification of specific proteins 
involved in disease pathways.

High sensitivity and 
specificity for targeted 
proteins, reproducible 
quantification.

Limited to pre-defined targets, 
requires prior knowledge of 
target peptides, less suitable 
for discovery [92].

Protein Arrays 
(e.g., ELISA, 
Luminex)

Utilizes antibodies to 
detect and quantify specific 
proteins in a sample.

Screening for known CKD-related 
proteins (e.g., cytokines, growth fac-
tors), validation of biomarkers.

Relatively simple to 
perform, can analyze 
multiple targets 
simultaneously.

Limited by antibody avail-
ability and specificity, may not 
detect novel proteins [92, 93].

2D-PAGE/MS Proteins are separated 
based on isoelectric point 
and molecular weight, then 
excised and analyzed by 
MS.

Historically important for identifying 
large-scale changes in protein expres-
sion, particularly in tissue samples.

Good for visualizing 
global protein changes 
and isoforms.

Lower throughput compared to 
LC-MS/MS, challenges with 
analyzing highly hydrophobic 
or low-abundance proteins, 
labor-intensive [94, 95].
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(MMPs) and their inhibitors (TIMPs): While some MMPs 
involved in ECM degradation may be altered, the overall 
balance often favors ECM accumulation due to dysregula-
tion of MMPs and increased expression of their inhibitors; 
(iv) Integrins and cell adhesion molecules: These play cru-
cial roles in cell-matrix interactions and fibrotic signaling 
[64–66]. Understanding the transcriptomic regulation of 
fibrosis is critical for developing antifibrotic therapies.

Methodological considerations and applications

The application of transcriptomics in CKD research is 
diverse, encompassing various experimental models and 
human studies. Studies utilizing rodent models of CKD 
(e.g., unilateral ureteral obstruction (UUO), adenine-
induced nephropathy, diabetic nephropathy models) have 
been instrumental in identifying early transcriptomic 
changes and validating findings [67]. Transcriptomic profil-
ing of kidney biopsies from CKD patients at different stages 
and with various etiologies provides crucial insights into the 
human disease [68]. Additionally, studies analyzing periph-
eral blood mononuclear cells (PBMCs) or urine sediment 
offer the potential for non-invasive biomarker discovery 
[69, 70].

Epigenomics

The intricate interplay between genetic predisposition and 
environmental factors is well-established in CKD patho-
genesis. However, traditional genetic studies have only 
partially explained its heritability and variability. This gap 
points towards the crucial role of epigenetics – heritable 
changes in gene expression that occur without alterations in 
the underlying DNA sequence [71]. Epigenomics, the com-
prehensive study of these epigenetic modifications across 
the genome, offers a powerful lens through which to inves-
tigate the complex regulatory landscape contributing to 

phenotypes, identifying genes such as MAP3K11 as poten-
tial therapeutic targets [56, 57]. Inflammation is a central 
player in CKD pathogenesis, contributing to tubular injury, 
interstitial fibrosis, and glomerular damage. Transcrip-
tomic analyses have identified a significant upregulation of 
genes encoding pro-inflammatory cytokines, chemokines, 
and their receptors [58]. For instance, studies have consis-
tently reported increased expression of: (i) Tumor Necrosis 
Factor-alpha (TNF-α): A potent pro-inflammatory cytokine 
that exacerbates kidney damage; (ii) Interleukin-6 (IL-6): 
Involved in both acute and chronic inflammatory responses; 
(iii) Chemokine (C-C motif) ligand 2 (CCL2)/Monocyte 
Chemoattractant Protein-1 (MCP-1): Crucial for monocyte 
recruitment to the injured kidney; (iv) Interferon-gamma 
(IFN-γ): Associated with immune cell activation and fibrotic 
processes [59–61].

Conversely, genes involved in anti-inflammatory path-
ways and immune regulation may be downregulated, further 
perpetuating the inflammatory cycle. Understanding these 
inflammatory transcriptomic signatures can aid in identi-
fying patients at higher risk of progressive CKD and may 
point towards anti-inflammatory therapeutic targets [62].

Fibrosis and extracellular matrix remodeling

Kidney fibrosis, the excessive deposition of extracellular 
matrix (ECM) proteins, is the common endpoint of most 
CKD etiologies and is strongly associated with loss of kid-
ney function. Transcriptomic studies have illuminated the 
cellular and molecular players driving this process [63]. 
Key upregulated genes include: (i) Transforming Growth 
Factor-beta 1 (TGF-β1): A master regulator of fibrosis, pro-
moting the differentiation of fibroblasts into myofibroblasts, 
which are the primary producers of ECM; (ii) ECM compo-
nents: Genes encoding collagen types I and IV (COL1A1, 
COL4A1), fibronectin (FN1), and laminin (LAMA5) are 
consistently upregulated; (iii) Matrix metalloproteinases 

Table 6  Representative proteomic biomarkers identified in CKD studies
Protein Category Example Proteins Relevance in CKD Sample 

Type
Inflammation CCL2 (MCP-1), TNF-α, IL-6, 

CRP
Pro-inflammatory signaling, immune cell recruitment, progression of fibro-
sis and glomerular damage [96, 97].

Urine, 
Plasma

Tubular Injury KIM-1 (HAVCR1), NGAL 
(LCN2), Clusterin (CLU)

Markers of acute kidney injury (AKI) and chronic tubular damage [97, 98]. Urine

Fibrosis TGF-β1, Collagen I, Fibronec-
tin, MMP-2, TIMP-1

Key mediators and markers of ECM deposition and remodeling, leading to 
interstitial fibrosis [97–100].

Kidney Tis-
sue, Urine, 
Plasma

Oxidative Stress Superoxide Dismutase (SOD), 
Glutathione Peroxidase

Proteins involved in cellular defense against reactive oxygen species; 
alterations can indicate increased oxidative burden [98–100].

Kidney Tis-
sue, Plasma

Metabolism Apo-lipoproteins, Aldolase, 
Urea Cycle Enzymes

Reflect systemic metabolic disturbances and impaired kidney metabolic 
functions in CKD [99–101].

Plasma, 
Urine

Endothelial 
Dysf.

VCAM-1, Endothelin-1 Indicators of vascular damage and dysfunction, which are prevalent compli-
cations of CKD and contribute to cardiovascular morbidity [100, 101].

Plasma, 
Urine
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Challenges

CKD is a syndrome with diverse etiologies (e.g., diabetic 
nephropathy, hypertensive nephropathy, glomerulonephri-
tis). Epigenetic signatures can vary significantly across these 
conditions, requiring careful stratification of patient cohorts. 
Epigenetic profiles are highly tissue-specific [85]. While 
kidney biopsies provide the most relevant data, their inva-
sive nature limits widespread application. Surrogate tissues 
(blood, urine) may reflect systemic changes but might not 
capture kidney-specific epigenetic events accurately. The 
kidney is composed of various cell types (glomerular, tubu-
lar, interstitial, endothelial) [86]. Bulk tissue analysis can 
obscure cell-type-specific epigenetic changes, which might 
be crucial for understanding disease mechanisms. Single-
cell epigenomics approaches are beginning to address this. 
Establishing causality between an epigenetic modification 
and disease progression is challenging [87]. Longitudinal 
studies and functional validation experiments are essential 
to differentiate epigenetic consequences from drivers of the 
disease [88]. Environmental factors (diet, lifestyle, medica-
tions) can significantly influence epigenetic marks, making 
it difficult to isolate disease-specific changes. Integrating 
large-scale epigenomics data with genomics, transcrip-
tomics, proteomics, and clinical data requires sophisticated 
bioinformatics pipelines and multi-omics analytical frame-
works [89].

Proteomics

Proteomics involves the large-scale study of proteins, 
including their identification, quantification, and analysis 
of post-translational modifications. Proteins are the primary 
functional molecules in cells, and their altered expression or 
modification directly reflects cellular processes and disease 
states [90]. Tandem liquid chromatography-mass spectrom-
etry (LC-MS/MS) and Tandem Mass Tags (TMT) labeling 
techniques have been used to evaluate protein changes and 
phosphorylation sites in DKD, highlighting crucial kinases 
and signaling pathways [91]. Urinary proteomics can detect 
early molecular changes in conditions like DKD, heart 
failure, and coronary artery disease, offering non-invasive 
alternatives for diagnosis and prognostication by differenti-
ating between glomerular and extraglomerular pathologies 
[92]. In End-Stage Renal Disease (ESRD), plasma levels 
of high-sensitivity C-reactive protein (hsCRP) and cardiac 
troponins (cTnT, cTnI) have demonstrated prognostic value 
for mortality [93]. Other techniques, such as antibody-based 
arrays (e.g., protein arrays, Luminex) and two-dimensional 
gel electrophoresis (2D-PAGE) followed by mass spec-
trometry, also play valuable roles depending on the research 
question and the sample type [94].

CKD [72]. By analyzing epigenomics data, researchers aim 
to unravel how environmental exposures, metabolic stress-
ors, and lifestyle choices translate into durable changes in 
gene activity that drive kidney damage and dysfunction 
[73]. Epigenetic mechanisms act as crucial intermediaries, 
orchestrating gene expression patterns in response to intrin-
sic and extrinsic cues. The primary players in this regulatory 
network include DNA methylation, histone modifications, 
and non-coding RNAs (ncRNAs) [74]. These mechanisms 
are not static; they are dynamic, reversible, and intimately 
involved in cell differentiation, tissue homeostasis, and dis-
ease pathogenesis [75].

The investigation of epigenomics data relevant to CKD 
involves a multi-pronged approach, leveraging advanced 
molecular techniques and sophisticated bioinformatics 
tools. WGBS, this method reduced representation bisulfite 
sequencing (RRBS), Methylation BeadChips (Illumina 450 
K/EPIC arrays) [76]. Numerous studies have identified aber-
rant DNA methylation patterns in kidney tissue and periph-
eral blood cells from CKD patients. For instance, global 
hypomethylation has been observed in fibrotic kidneys, 
while specific promoter regions of pro-fibrotic genes like 
TGF-β1 and collagen I often exhibit hypermethylation, con-
tributing to their sustained expression [77, 78]. Conversely, 
tumor suppressor genes may become hypermethylated and 
silenced, potentially exacerbating kidney injury. Longitudi-
nal studies are beginning to link specific methylation sig-
natures to CKD progression rates and response to therapy 
[79]. Chromatin immunoprecipitation followed by sequenc-
ing (ChIP-seq), ATAC-seq (Assay for Transposase-Accessi-
ble Chromatin using sequencing) technique in dysregulation 
of histone-modifying enzymes (e.g., HDACs, HATs, HMTs) 
is a recurring theme in CKD [80]. For example, increased 
activity of HDACs has been implicated in promoting kidney 
fibrosis by repressing the expression of anti-fibrotic genes 
[81]. Conversely, certain histone methylation marks, such 
as H3K27me3, have been shown to be altered in diabetic 
nephropathy, influencing the expression of genes involved 
in inflammation and cellular stress. ncRNAs, particularly 
miRNAs and lncRNAs, are emerging as critical regulators 
in CKD [82]. Numerous miRNAs (e.g., miR-21, a pro-
fibrotic miRNA; miR-192, linked to renal fibrosis; miR-
126, involved in endothelial function) are dysregulated in 
various CKD etiologies, found in kidney tissue, urine, and 
circulating exosomes [83]. LncRNAs like MALAT1 and 
HOTAIR have been shown to influence key processes such 
as EMT, inflammation, and cellular senescence in renal 
cells. The stability and accessibility of ncRNAs in biofluids 
make them attractive candidates for non-invasive biomark-
ers [84].
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Key perturbed metabolic pathways in CKD

Metabolomics profiling has consistently flagged specific 
pathways that are significantly altered even in the early 
stages of renal decline.

Gut microbiota-derived metabolites (The Gut-Kidney 
Axis)  One of the most critical discoveries in CKD metab-
olomics is the strong link between uremia and the gut 
microbiome [105]. Dysbiosis in CKD patients lead to the 
overproduction of microbial metabolites derived from the 
fermentation of dietary protein, which are then absorbed, 
conjugated by the liver, and become highly toxic when the 
failing kidney cannot excrete them [106]. The most promi-
nent examples are Indoxyl Sulfate (IS) and p-Cresol Sulfate 
(pCS). These compounds are highly protein-bound, restrict-
ing their removal by dialysis, and act as potent uremic tox-
ins. They have been strongly implicated in driving renal 
damage (tubular injury), cardiovascular disease, and endo-
thelial dysfunction [107].

Amino acid metabolism  CKD often leads to significant per-
turbations in amino acid homeostasis, reflecting changes 
in protein turnover, nutritional status, and mitochondrial 
dysfunction. Taurine and glycine, generally show reduced 
levels, possibly impacting osmoregulation and detoxifica-
tion processes [108]. Arginine and citrulline changes in the 
asymmetric dimethylarginine (ADMA)/L-arginine ratio are 
highly relevant. ADMA, a competitive inhibitor of nitric 
oxide synthase (NOS), accumulates due to impaired renal 
excretion, leading to reduced Nitric Oxide (NO) bioavail-
ability, a key factor in the development of hypertension and 
vascular stiffness in CKD [109, 110].

Lipid and energy metabolism  Dyslipidemia is a hallmark of 
CKD, but metabolomics provides finer detail than simple 
total cholesterol/triglyceride measurements. Acylcarnitines 
compounds, crucial for transporting fatty acids into the 
mitochondria for beta-oxidation, frequently accumulate 
[110]. Elevated levels of long-chain and medium-chain 
acylcarnitines suggest impaired mitochondrial function and 
reduced fatty acid utilization—a potential driver of meta-
bolic inflexibility and insulin resistance often observed in 
uremia [111]. Sphingolipids and phospholipids, altered 
ratios of various lipid classes have been correlated with 

Key proteomic findings in CKD

Numerous proteomic studies have illuminated the molec-
ular underpinnings of CKD. These investigations have 
consistently identified alterations in proteins involved in 
inflammation, cellular damage, and tissue remodeling [95]. 
Pro-inflammatory cytokines (e.g., TNF-α, IL-6), chemo-
kines (e.g., MCP-1/CCL2), and complement system compo-
nents are frequently found to be upregulated in CKD. These 
proteins contribute to immune cell infiltration and activation 
within the kidney, exacerbating tissue injury [96]. Proteins 
involved in antioxidant defense mechanisms (e.g., super-
oxide dismutases, glutathione peroxidases) and markers of 
oxidative damage (e.g., protein carbonyls, advanced glyca-
tion end products) are often altered. This highlights the sig-
nificant role of oxidative stress in CKD pathogenesis [97]. 
Proteins associated with the synthesis and degradation of 
ECM such as collagen, fibronectin, and MMPs are differen-
tially expressed. Increased ECM deposition leads to intersti-
tial fibrosis and impaired kidney architecture [98]. Proteins 
related to epithelial cell integrity, transport processes, and 
mitochondrial function are altered, reflecting the functional 
decline of renal tubules. Proteins such as kidney injury 
molecule-1 (KIM-1), a known marker of tubular injury, are 
often detected [99]. CKD is associated with profound meta-
bolic disturbances. Proteomic studies have identified dys-
regulation of proteins involved in lipid metabolism, glucose 
homeostasis, and urea cycle [100].

Metabolomics

Metabolomics is the comprehensive study of small-mol-
ecule metabolites within a biological system, represent-
ing the end-products of cellular processes and providing 
a direct snapshot of physiological and pathological states 
[101]. For example, in an adenine-induced CKD murine 
model, metabolomic analysis revealed how sheep milk 
intervention modulated metabolic processes related to 
proteins, lipids, minerals, and hormones, thereby exerting 
renoprotective effects [102]. Metabolome-wide Mendelian 
randomization (MR) analyses have also identified unique 
metabolites significantly associated with CKD and kidney 
function. Metabolomics studies using plasma, serum, and 
urine have consistently identified distinct metabolic signa-
tures that correlate with CKD severity (stages G1 to G5) 
[103]. These signatures often reveal early changes missed 
by conventional diagnostics, suggesting utility in predict-
ing rapid progression or identifying patients at high risk of 
cardiovascular complications, a major cause of mortality in 
the CKD population [104].
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Challenges in multi-omics data integration

Despite significant advancements, multi-omics data integra-
tion faces several challenges that require ongoing research 
and development. High-throughput omics technologies, 
while powerful, inherently possess high false-positive and 
false-negative rates [121]. Each technology also introduces 
specific systematic biases, complicating the accurate inte-
gration of data from different platforms. The sheer volume 
and diverse formats of multi-omics data create issues with 
storage, processing, and computational requirements [122]. 
Furthermore, the rapid pace of biotechnological progress 
means that curated exemplar datasets, which could serve 
as benchmarks for data integration parameters, are often 
unavailable. These technical hurdles necessitate sophisti-
cated computational methods capable of handling disparate 
data characteristics [123].

Standardization and reproducibility

A significant challenge in multi-omics research involves 
ensuring standardization and reproducibility across differ-
ent studies and laboratories. Variations in sample collec-
tion, processing protocols, analytical platforms, and data 
analysis pipelines can lead to inconsistencies and limit the 
comparability of findings [124]. The development of robust, 
consensus-driven standards for data generation, annota-
tion, and sharing is essential to overcome this. Adherence to 
principles such as Findable, Accessible, Interoperable, and 
Reusable (FAIR) data is crucial for maximizing the utility 
of omics datasets and facilitating collaborative research. 
Establishing standardized data repositories and analytical 
workflows would enhance the reliability and translational 
potential of multi-omics discoveries in CKD [125].

Applications of integrative multi-omics in 
early diagnosis and stratification of CKD

Integrative multi-omics profiling offers transformative appli-
cations for improving the early diagnosis and precise strati-
fication of chronic kidney disease. Multi-omics approaches 
enable the discovery of novel molecular biomarkers that can 
detect CKD at its earliest stages, often before overt clinical 
symptoms or significant loss of kidney function are appar-
ent [126]. By integrating genomics, transcriptomics, pro-
teomics, and metabolomics, researchers can identify subtle 
molecular shifts indicative of disease onset or progres-
sion [127]. This facilitates the recognition of specific dis-
ease pathways and key events in disease development. For 
instance, urinary proteomics can identify early molecular 
changes in conditions such as diabetic kidney disease, heart 

CKD progression, highlighting potential disruption in cel-
lular membrane integrity and signaling pathways [112].

Approaches to data integration

The successful application of multi-omics profiling relies 
heavily on effective data integration strategies, which syn-
thesize information from disparate sources into a coherent 
biological narrative. Traditional statistical methods form 
the bedrock of multi-omics data integration [113]. These 
approaches include multivariate analysis, correlation stud-
ies, and dimensionality reduction techniques like Principal 
Component Analysis (PCA) or Independent Component 
Analysis (ICA). Such methods help identify relationships 
and patterns within and between different omics datasets 
[114]. However, integrating multiple datasets, which vary in 
statistical power, type, size, and network coverage, presents 
considerable challenges. The presence of inherently high 
false-positive and false-negative rates in high-throughput 
assays, coupled with systematic biases unique to each tech-
nology, complicates accurate network reconstruction from 
combined data [115]. Machine learning (ML) and Artificial 
Intelligence (AI) have emerged as powerful toolkits for 
extracting knowledge and understanding underlying bio-
logical patterns from the expanded scale and complexity 
of omics data [116]. ML algorithms, including supervised, 
unsupervised, and semi-supervised learning, can handle the 
high dimensionality and non-linear relationships character-
istic of multi-omics datasets [117]. AI-driven approaches 
enable predicting disease progression risks, elucidating 
molecular mechanisms, and supporting medical decision-
making. For example, AI can integrate radiomics, genom-
ics, and transcriptomics data to define optimal treatment 
allocation strategies for patients, as explored in metastatic 
clear-cell renal cell carcinoma [118].

Network-based integration techniques model biological 
systems as interconnected networks, where nodes represent 
biological entities (e.g., genes, proteins, metabolites) and 
edges represent their interactions. This approach allows for 
the visualization and analysis of functional connections and 
regulatory pathways [119]. By constructing networks from 
integrated multi-omics data, researchers can identify cen-
tral regulatory hubs, perturbed pathways, and potential drug 
targets. Methodologies have been developed to integrate 
diverse datasets differing in statistical power and type, with-
out requiring a curated training dataset, as demonstrated by 
tools like POINTILLIST. These approaches are crucial for 
building comprehensive molecular models that can track 
disease progression and identify specific disease pathways 
in CKD [120].
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benefits of integrative multi-omics is its capacity to stratify 
CKD patients into distinct molecular subtypes [137]. This 
stratification moves beyond clinical symptoms and tradi-
tional markers to uncover underlying biological differences 
that influence disease trajectory and treatment response 
[138]. For complex diseases, patients often fall into sub-
groups with differing molecular profiles, dictating varying 
responses to therapies. In kidney transplantation, systems 
biology approaches integrating multi-omics data are cru-
cial for stratifying patients and predicting their responses, 
thereby optimizing long-term graft function and survival 
[139]. This molecularly driven patient stratification is essen-
tial for choosing the ideal first-line systemic treatment, as 
explored in oncological studies integrating genomics, tran-
scriptomics, and radiomics with AI to guide therapy allo-
cation [140]. By identifying specific molecular signatures 
for each patient or disease subtype, multi-omics profiling 
enables the tailoring of treatment strategies for improved 
efficacy and reduced adverse effects. Artificial intelli-
gence, when integrated with multi-omics data, can provide 
real-time, patient-specific insights to optimize patient out-
comes [141]. This allows clinicians to make informed deci-
sions regarding drug choice and dosage, moving towards 
a truly personalized medicine approach. For example, in 
silico medicine, which leverages computational analysis of 
human data and omics platforms, offers reliable predictions 
to suggest optimal, case-specific treatments for kidney dis-
eases [142]. This integration of diverse data points guides 
therapeutic decisions, potentially preventing unnecessary 
treatments and enhancing cost-effectiveness through early 
detection and precise intervention [143].

A new paradigm for Pharmacological 
approaches in CKD

The pursuit of effective therapeutic targets and precision 
pharmacology in CKD has traditionally faced obstacles due 
to the disease’s molecular complexity. Integrative multi-
omics profiling is forging a new paradigm, offering unprec-
edented opportunities for drug discovery and personalized 
treatment [144].

Identification of therapeutic targets using multi-
omics data

Integrative multi-omics data provides a rich source for 
identifying novel therapeutic targets by unraveling com-
plex disease mechanisms and aberrant signaling pathways. 
Systems biology approaches, utilizing omics data, can gen-
erate molecular models that elucidate specific disease path-
ways and recognize key events, thereby facilitating target 

failure, and coronary artery disease, specifically detecting 
alterations in collagen turnover that precede extensive struc-
tural damage [128]. These non-invasive biomarkers offer a 
substantial advantage over traditional methods, supporting 
proactive interventions and potentially reducing the need 
for invasive procedures like renal biopsies [129].

Beyond early detection, integrative multi-omics profil-
ing enhances the ability to predict disease progression risks 
and unravel the heterogeneity within CKD patient popula-
tions. By combining clinical data with molecular profiles, 
machine learning algorithms can be trained to forecast 
individual patient trajectories and identify subgroups at 
higher risk of rapid decline [130]. For example, in AKI, 
the integration of plasma and urine biomarkers allowed 
for the identification of two molecularly distinct AKI sub-
phenotypes, which exhibited differing risks for long-term 
adverse kidney events, independent of conventional stag-
ing criteria [131]. This molecular stratification provides a 
more granular understanding of disease subtypes, enabling 
targeted preventative strategies and more accurate progno-
ses compared to relying solely on serum creatinine levels 
[132]. The translational potential of integrative multi-omics 
in CKD is increasingly demonstrated through various clini-
cal applications and case studies. For example, specific uri-
nary peptide patterns can differentiate between glomerular 
and extraglomerular pathologies, aiding in the diagnosis of 
specific kidney diseases and predicting CKD progression 
and heart failure development [133]. While not specific to 
CKD, the development of a multi-omics signature for lung 
squamous cell carcinoma (LUSC) illustrates how integrat-
ing gene expression, DNA methylation, genomic mutations, 
and clinical data can predict patient prognosis and guide 
immunotherapy selection [134]. This LUSC multi-omics 
signature (LMS) demonstrated superior predictive perfor-
mance over existing biomarkers, identifying high- and low-
risk patient groups and potential therapeutic options like 
dasatinib [135]. Analogously, in renal digital pathology, 
AI-driven image recognition, integrated with omics data, 
offers advanced high-throughput approaches for capturing 
implicit molecular features and improving diagnostic accu-
racy. These examples underscore the capability of multi-
omics to refine diagnostic processes and provide actionable 
insights in clinical settings [136].

Integrative multi-omics profiling for 
personalized management of CKD

Personalized management of CKD represents a paradigm 
shift from a one-size-fits-all approach to treatments tailored 
to individual patient characteristics. Integrative multi-omics 
profiling is central to achieving this goal. One of the primary 
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with CKD-related targets. In silico medicine, integrating 
omics platforms and computational analyses, offers reli-
able computer predictions to suggest optimal treatments in a 
case-specific manner [153]. This capability to forecast drug 
efficacy and potential adverse effects based on an individ-
ual’s molecular profile is a cornerstone of precision phar-
macology, aiming to maximize therapeutic benefit while 
minimizing harm in CKD patients [154].

Innovative strategies in CKD treatments

The integration of multi-omics technologies with extracel-
lular vesicles (EVs), particularly exosomes, analysis prom-
ises to revolutionize CKD biomarker discovery and reflect 
kidney-specific pathological changes like inflammation, 
fibrosis, and tubular injury. Their non-invasive accessibility 
via urine or plasma positions them as promising biomarkers 
for early detection, progression monitoring, and risk strati-
fication in CKD, where traditional markers (e.g., eGFR, 
albuminuria) often fail to identify disease until advanced 
stages [155]. Specific urinary EV-miRNAs, such as miR-
21, miR-192, miR-200 family members, and miR-34a, have 
been implicated in various CKD etiologies (e.g., diabetic 
nephropathy, lupus nephritis, IgA nephropathy) [156]. miR-
21, often upregulated in CKD, is linked to fibrosis and 
inflammation, while others like miR-192 are involved in 
TGF-β signaling and EMT [157]. The stability of miRNAs 
within EVs makes them particularly robust biomarkers, 
reflecting kidney injury and potential therapeutic responses. 
Beyond cell-specific markers, EV-proteomics can identify 
proteins involved in pathways critical for CKD progres-
sion, such as inflammation (e.g., cytokines, chemokines), 
oxidative stress (e.g., superoxide dismutase), extracellular 
matrix remodeling (e.g., matrix metalloproteinases, colla-
gens), and metabolic dysfunction [158]. For example, EVs 
from patients with diabetic nephropathy might carry a dis-
tinct proteomic profile associated with glucose metabolism 
dysregulation, while those from hypertensive nephropa-
thy could show markers of endothelial injury or vascular 
remodeling [159].

The true power lies in the convergence of CRISPR-Cas9 
with multi-omics, creating an unprecedented framework for 
precision medicine in CKD. Multi-omics serves as the “intel-
ligence” that guides the “surgical precision” of CRISPR-
Cas9 [160]. Multi-omics data can pinpoint the exact genetic 
targets for CRISPR intervention. Genomic sequencing of 
patients with monogenic CKDs (e.g., Autosomal Dominant 
Polycystic Kidney Disease (ADPKD) caused by PKD1 or 
PKD2 mutations, Alport Syndrome due to COL4A muta-
tions, or certain forms of Focal Segmental Glomeruloscle-
rosis (FSGS)) directly identifies the pathological mutation 
requiring correction [161, 162]. For complex, polygenic 

discovery [145]. In diabetic kidney disease, integrated pro-
teomic and transcriptomic analyses have highlighted the 
significance of the RAS, RAP1, AMPK, PPAR, and HIF-1 
signaling pathways as crucial for pathogenesis, suggesting 
these as promising targets [146]. Furthermore, cross-tissue 
transcriptome-wide association studies and Mendelian 
randomization have identified genes such as MAP3K11 
and critical inflammatory proteins like FGF5 as potential 
therapeutic targets for CKD and kidney function. The iden-
tification of potential targets must be followed by robust 
validation. Integrated omics approaches, combining com-
putational predictions with functional and clinical studies, 
provide a powerful framework for this validation [147]. For 
instance, cell experiments are routinely used to confirm the 
functional roles of model genes, as demonstrated in the vali-
dation of SERPINB13 as a potential oncogene in lung squa-
mous cell carcinoma. Such integrated validation processes 
strengthen the confidence in identified targets, moving them 
closer to clinical application [148].

Drug repurposing and precision pharmacology in 
CKD

Multi-omics data can significantly accelerate drug repur-
posing efforts, identifying existing drugs that could be 
effective for CKD based on their molecular interactions. 
This approach reduces the time and cost associated with 
de novo drug development [149]. For example, in cancer 
research, whole-genome sequencing has been applied to 
identify mutated genes that could be targeted by already 
FDA-approved drugs. Similarly, in lung squamous cell 
carcinoma, multi-omics analysis suggested dasatinib as a 
promising therapeutic option for specific tumor subtypes 
[150]. The discovery that PARP inhibitors are effective in 
small cell lung cancer also illustrates how omics data can 
identify therapeutic vulnerabilities and guide the repurpos-
ing of drugs to enhance chemotherapy efficacy. Applying 
these strategies to CKD allows for the identification of 
existing compounds that interact with newly discovered 
disease-driving pathways or targets [151].

Molecular modeling and personalized drug 
response prediction

Molecular modeling, driven by integrated omics data, 
enables the prediction of individual patient responses to 
specific drugs. Systems biology and visualization tools cre-
ate dynamic molecular models that track disease progres-
sion and elucidate specific drug-target interactions [152]. 
Molecular docking analyses, for example, can predict the 
binding affinity of small molecules to identified protein tar-
gets, as shown with capsaicin and its promising interactions 
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Emerging technologies and prospects for clinical 
translation

The trajectory of multi-omics research points toward 
increasingly refined technologies and broader clinical appli-
cability. Advanced in silico medicine, combining compu-
tational analysis with omics data, offers growing potential 
for personalized treatment predictions and understanding 
kidney physiology at a multiscale level [172]. The continu-
ous evolution of biological databases, serving as knowledge 
sources and data-sharing platforms for genes, transcripts, 
proteins, and metabolites, will further support clinical deci-
sion-making, leading to faster diagnoses and more preven-
tive, personalized care [173]. Looking ahead, the integration 
of real-time, patient-specific insights derived from multi-
omics with electronic health records and wearable technolo-
gies could revolutionize patient monitoring and intervention 
strategies [174]. There is also an ongoing need to integrate 
patient-reported outcomes and psychosocial factors with 
molecular data, providing a truly holistic view of patient 
health and well-being, as highlighted by studies on barriers 
and facilitators to self-care in dialysis patients [175]. Fur-
thermore, the continued development of non-invasive liquid 
biopsy methods, which can longitudinally evaluate tumor 
evolution through circulating cell-free DNA and extracellu-
lar vesicles, holds promise for monitoring CKD progression 
and treatment response without invasive procedures. These 
advancements collectively pave the way for a more precise, 
predictive, and personalized approach to CKD management 
[176, 177].

Conclusion

Integrative multi-omics profiling represents a profound 
advancement in understanding and managing CKD. By syn-
thesizing information from diverse biological layers such as 
genomics, transcriptomics, proteomics, epigenomics, and 
metabolomics, this approach transcends the limitations of 
traditional diagnostics, offering an unprecedented depth of 
molecular insight. The integration of these vast datasets, 
often empowered by artificial intelligence and machine 
learning, enables the discovery of novel biomarkers for early 
and accurate disease detection, precise patient stratification 
into molecularly defined subtypes, and the identification of 
individualized risk profiles. This comprehensive molecu-
lar understanding provides a robust foundation for devel-
oping personalized therapeutic strategies, moving away 
from generalized treatments towards interventions tailored 
to each patient’s unique biological signature. It facilitates 
the identification of novel drug targets by unraveling com-
plex disease pathways, supports the repurposing of existing 

CKDs, transcriptomic and proteomic analyses can reveal 
aberrantly expressed genes or proteins strongly correlated 
with disease progression (e.g., profibrotic factors like TGF-
β or inflammatory cytokines), identifying them as prime 
candidates for CRISPR-mediated downregulation or knock-
out [163]. Epigenomic profiling can uncover dysregulated 
epigenetic marks that silence protective genes or activate 
deleterious ones, which could be targeted by CRISPR-medi-
ated epigenetic editing tools to restore healthy gene expres-
sion patterns [164]. Beyond direct therapy, CRISPR-Cas9, 
guided by omics, is invaluable for creating sophisticated in 
vitro and in vivo CKD models. Human induced pluripotent 
stem cells (iPSCs) can be differentiated into kidney organ-
oids or specific renal cell types (e.g., podocytes, tubular 
epithelial cells). CRISPR-Cas9 can then introduce specific 
disease-causing mutations (identified by genomics) into 
these models or knock out/in genes (identified by transcrip-
tomics/proteomics) to study their functional consequences 
[165, 166].

Pitfalls, limitations, and opportunities for 
advancement

Despite its promise, integrative multi-omics profiling faces 
several inherent limitations. Technical issues related to data 
heterogeneity, such as varying statistical power, type, and 
systematic biases across different omics platforms, pose sig-
nificant challenges to accurate data integration. The absence 
of universally curated exemplar datasets further compli-
cates the estimation of optimal integration parameters [167]. 
Ensuring standardization and reproducibility across studies 
remains a critical bottleneck, necessitating robust proto-
cols for sample collection, processing, and data analysis, 
along with adherence to FAIR data principles [168]. More-
over, the clinical translation of multi-omics discoveries is 
often hampered by the need for rigorous validation in large, 
diverse patient cohorts. Ethical considerations surrounding 
data privacy and the equitable application of precision med-
icine also represent important areas for ongoing deliberation 
[169]. Opportunities for advancement include the continu-
ous development of sophisticated computational tools and 
AI algorithms capable of handling complex, high-dimen-
sional data, as well as the establishment of standardized, 
publicly accessible multi-omics repositories [170]. Greater 
emphasis on prospective clinical trials that integrate multi-
omics alongside traditional diagnostics will be essential to 
demonstrate the real-world impact and cost-effectiveness of 
these approaches [171].

1 3

Page 13 of 19     94 



Clinical and Experimental Medicine           (2026) 26:94 

network analysis tool for human and mouse. Nucleic Acids Res. 
2023;51(W1):W520–7.

4.	 Li F, Tian J, Zhang L, He H, Song D. A multi-omics approach to 
reveal critical mechanisms of activator protein 1 (AP-1). Biomed 
Pharmacother. 2024;178:117225.

5.	 Li X, Xiang J, Wu FX, Li M. A dual ranking algorithm based 
on the multiplex network for heterogeneous complex dis-
ease analysis. IEEE ACM Trans Comput Biol Bioinform. 
2021;19(4):1993–2002.

6.	 Cisek K, Krochmal M, Klein J, Mischak H. The application 
of multi-omics and systems biology to identify therapeutic 
targets in chronic kidney disease. Nephrol Dial Transplant. 
2016;31(12):2003–11.

7.	 Mulder S, Hamidi H, Kretzler M, Ju W. An integrative systems 
biology approach for precision medicine in diabetic kidney dis-
ease. Diabetes Obes Metab. 2018;20:6–13.

8.	 Bontha SV, Maluf DG, Mueller TF, Mas VR. Systems biology in 
kidney transplantation: the application of multi-omics to a com-
plex model. Am J Transplant. 2017;17(1):11–21.

9.	 Liu S, Gui Y, Wang MS, Zhang L, Xu T, Pan Y, et al. Serum 
integrative omics reveals the landscape of human diabetic kidney 
disease. Mol Metab. 2021;54:101367.

10.	 Chierici M, Bussola N, Marcolini A, Francescatto M, Zandonà 
A, Trastulla L, et al. Integrative network fusion: a multi-omics 
approach in molecular profiling. Front Oncol. 2020;10:1065.

11.	 Usova EI, Alieva AS, Yakovlev AN, Alieva MS, Prokhorikhin 
AA, Konradi AO, Baragetti A. Integrative analysis of multi-
omics and genetic approaches—a new level in atherosclerotic 
cardiovascular risk prediction. Biomolecules. 2021;11(11):1597.

12.	 La Cognata V, Morello G, Cavallaro S. Omics data and their inte-
grative analysis to support stratified medicine in neurodegenera-
tive diseases. Int J Mol Sci. 2021;22(9):4820.

13.	 Yoo BC, Kim KH, Woo SM, Myung JK. Clinical multi-omics 
strategies for the effective cancer management. J Proteome. 
2018;188:97–106.

14.	 Hu C, Jia W. Multi-omics profiling: the way toward precision med-
icine in metabolic diseases. J Mol Cell Biol. 2021;13(8):576–93.

15.	 Rhee EP. How omics data can be used in nephrology. Am J Kid-
ney Dis. 2018;72(1):129–35.

16.	 Panunzio A, Tafuri A, Princiotta A, Gentile I, Mazzucato G, 
Trabacchin N, Cerruto MA. Omics in urology: an overview 
on concepts, current status and future perspectives. Urol J. 
2021;88(4):270–9.

17.	 Li W, Wang S, Xu J, Xiang J. Inferring latent microRNA-dis-
ease associations on a gene-mediated tripartite heterogeneous 
multiplexing network. IEEE ACM Trans Comput Biol Bioinf. 
2022;19(6):3190–201.

18.	 Stojnev S, Pejcic M, Dolicanin Z, Velickovic LJ, Dimov I, Stefa-
novic V. Challenges of genomics and proteomics in nephrology. 
Ren Fail. 2009;31(8):765–72.

19.	 Nestor JG, Groopman EE, Gharavi AG. Towards precision 
nephrology: the opportunities and challenges of genomic medi-
cine. J Nephrol. 2018;31(1):47–60.

20.	 Aderinto N, Olatunji G, Kokori E, Ogieuhi IJ, Babalola AE, Ayo-
deji KB, Ishola IV. Genomic insights into renal diseases: advance-
ments and implications. Egypt J Intern Med. 2024;36(1):73.

21.	 Schena FP, Nistor I, Curci C. Transcriptomics in kidney biopsy is 
an untapped resource for precision therapy in nephrology: a sys-
tematic review. Nephrol Dial Transplant. 2018;33(7):1094–102.

22.	 Chen X, Chen C, Tian X, He L, Zuo E, Liu P, Lv X. DBAN: an 
improved dual branch attention network combined with serum 
Raman spectroscopy for diagnosis of diabetic kidney disease. 
Talanta. 2024;266:125052.

23.	 Tang L, Wang Y, Gong X, Xiang J, Zhang Y, Xiang Q, Li J. Inte-
grated transcriptome and metabolome analysis to investigate the 

drugs for new indications, and enables personalized drug 
response prediction through sophisticated molecular mod-
eling. As the field advances, integrating multi-omics data 
into clinical workflows promises to support personalized 
medicine, reduce adverse effects, and improve the efficacy 
of treatments. This new paradigm aligns with the broader 
movement toward precision healthcare, offering hope for 
better disease control and improved quality of life for CKD 
patients.

Acknowledgements  Not applicable.

Author contributions  Soroush Taherkhani design, conceptualization; 
Khusniddin Saidov, Marhabo Matniyozova wrote the main manuscript 
and Soroush Taherkhani and Yue Li Revise it. All authors read final 
version of manuscript.

Funding  No funding was received.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations

Conflict of interest  The authors declare no competing interests that 
may have influenced in this manuscript.

Generative AI statement  The authors declare that Gen AI and large 
language model (LLM) were used in the creation of this manuscript. 
Generative AI items like instatext, wordvice, and DeepL were used for 
structural editing and improve handwriting of the text.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and 
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if you modified the licensed 
material. You do not have permission under this licence to share 
adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit ​
h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​r​g​​/​l​i​​c​e​n​​s​e​s​/​​b​y​​-​n​c​-​n​d​/​4​.​0​/.

References

1.	 Eddy S, Mariani LH, Kretzler M. Integrated multi-omics 
approaches to improve classification of chronic kidney disease. 
Nat Rev Nephrol. 2020;16(11):657–68.

2.	 Provenzano M, Serra R, Garofalo C, Michael A, Crugliano G, 
Battaglia Y, Andreucci M. OMICS in chronic kidney disease: 
focus on prognosis and prediction. Int J Mol Sci. 2021;23(1):336.

3.	 Qian FC, Zhou LW, Li YY, Yu ZM, Li LD, Wang YZ, Li CQ. 
SEanalysis 2.0: a comprehensive super-enhancer regulatory 

1 3

   94   Page 14 of 19

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Clinical and Experimental Medicine           (2026) 26:94 

45.	 Cañadas-Garre M, Anderson K, McGoldrick J, Maxwell AP, 
McKnight AJ. Genomic approaches in the search for molec-
ular biomarkers in chronic kidney disease. J Transl Med. 
2018;16(1):292.

46.	 Ju W, Smith S, Kretzler M. Genomic biomarkers for chronic kid-
ney disease. Transl Res. 2012;159(4):290–302.

47.	 Xu X, Eales JM, Akbarov A, Guo H, Becker L, Talavera D, 
Tomaszewski M. Molecular insights into genome-wide associa-
tion studies of chronic kidney disease-defining traits. Nat Com-
mun. 2018;9(1):4800.

48.	 Vivante A. Genetics of chronic kidney disease. N Engl J Med. 
2024;391(7):627–39.

49.	 Li XY, Xiang J, Wu FX, Li M. NetAUC: a network-based multi-
biomarker identification method by AUC optimization. Methods. 
2022;198:56–64.

50.	 Parsa A, Kanetsky PA, Xiao R, Gupta J, Mitra N, Limou S, et al. 
Genome-wide association of CKD progression: the chronic renal 
insufficiency cohort study. J Am Soc Nephrol. 2017;28(3):923–34.

51.	 Verbitsky M, Krishnamurthy S, Krithivasan P, Hughes D, Khan 
A, Marasà M, Gharavi AG. Genomic disorders in CKD across the 
lifespan. J Am Soc Nephrol. 2023;34(4):607–18.

52.	 Köttgen A, Pattaro C, Böger CA, Fuchsberger C, Olden M, 
Glazer NL, Fox CS. New loci associated with kidney function 
and chronic kidney disease. Nat Genet. 2010;42(5):376–84.

53.	 Khan A, Turchin MC, Patki A, Srinivasasainagendra V, Shang 
N, Nadukuru R, Kiryluk K. Genome-wide polygenic score 
to predict chronic kidney disease across ancestries. Nat Med. 
2022;28(7):1412–20.

54.	 Granata S, Dalla Gassa A, Bellin G, Lupo A, Zaza G. Tran-
scriptomics: a step behind the comprehension of the polygenic 
influence on oxidative stress, immune deregulation, and mito-
chondrial dysfunction in chronic kidney disease. Biomed Res Int. 
2016;2016(1):9290857.

55.	 Rowland J, Akbarov A, Eales J, Xu X, Dormer JP, Guo H, et 
al. Uncovering genetic mechanisms of kidney aging through 
transcriptomics, genomics, and epigenomics. Kidney Int. 
2019;95(3):624–35.

56.	 Park J, Shrestha R, Qiu C, Kondo A, Huang S, Werth M, et al. Sin-
gle-cell transcriptomics of the mouse kidney reveals potential cel-
lular targets of kidney disease. Science. 2018;360(6390):758–63.

57.	 Chou LF, Chen TW, Yang HY, Tian YC, Chang MY, Hung CC, et 
al. Transcriptomic signatures of exacerbated progression in lepto-
spirosis subclinical chronic kidney disease with secondary nephro-
toxic injury. Am J Physiol Renal Physiol. 2021;320(5):F1001–18.

58.	 Shen J, Liu Y, Wang Q, Chen H, Hu Y, Guo X, et al. Integrated 
network pharmacology, transcriptomics, and metabolomics 
analysis to reveal the mechanism of salt Eucommiae cortex in 
the treatment of chronic kidney disease mineral bone disorders 
via the PPARG/AMPK signaling pathway. J Ethnopharmacol. 
2023;314:116590.

59.	 Tajti F, Kuppe C, Antoranz A, Ibrahim MM, Kim H, Ceccarelli 
F, et al. A functional landscape of CKD entities from public tran-
scriptomic data. Kidney Int Rep. 2020;5(2):211–24.

60.	 Chade AR, Sivasankaran SK, Sitz R, McCarthy EA, Eirin A. 
(2025). Renal single-nuclear transcriptomics identifies novel 
therapeutic targets in a preclinical model of chronic kidney dis-
ease. Kidney360, 10–34067.

61.	 Petra E, Siwy J, Vlahou A, Jankowski J. Urine peptidome in 
combination with transcriptomics analysis highlights MMP7, 
MMP14 and PCSK5 for further investigation in chronic kidney 
disease. PLoS One. 2022;17(1):e0262667.

62.	 Agoro R, Nookaew I, Noonan ML, Marambio YG, Liu S, Chang 
W, et al. Single cell cortical bone transcriptomics define novel 
osteolineage gene sets altered in chronic kidney disease. Front 
Endocrinol. 2023;14:1063083.

mechanism of intranasal insulin treatment in a rat model of vas-
cular dementia. Front Pharmacol. 2023;14:1182803.

24.	 Kim J, Park J. Single-cell transcriptomics: a novel preci-
sion medicine technique in nephrology. Korean J Intern Med. 
2021;36(3):479.

25.	 Saliba A, Du Y, Feng T, Garmire L. Multi-omics integration in 
nephrology: advances, challenges, and future directions. Semi-
nars in nephrology. Volume 44. WB Saunders; 2024, November. 
p. 151584. 6.

26.	 Delrue C, Speeckaert MM. Decoding kidney pathophysiology: 
omics-driven approaches in precision medicine. J Pers Med. 
2024;14(12):1157.

27.	 Materko W, Nascimento DGB, da Silva AS. Factor analysis of 
electrocardiographic findings, anthropometric measures, and 
age in patients with chronic kidney disease. Brain & Heart. 
2025;3(2):5548.

28.	 Peng Q, Zhang H, Li Z. Methyltransferase-like 16 drives diabetic 
nephropathy progression via epigenetic suppression of V-set 
pre-B cell surrogate light chain 3. Life Sci. 2025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​1​​0​1​6​​/​j​.​​l​f​s​.​2​0​2​5​.​1​2​3​6​9​4.

29.	 Peng Q, Zhang H, Li Z. KAT2A-mediated H3K79 succinylation 
promotes ferroptosis in diabetic nephropathy by regulating SAT2. 
Life Sci. 2025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​l​f​s​.​2​0​2​5​.​1​2​3​7​4​6.

30.	 Chavali K, Coker H, Youngblood E, Karaduta O. Proteogenom-
ics in nephrology: a new frontier in nephrological research. Curr 
Issues Mol Biol. 2024;46(5):4595–608.

31.	 Smith MPW, Banks RE, Wood SL, Lewington AJ, Selby PJ. 
Application of proteomic analysis to the study of renal diseases. 
Nat Rev Nephrol. 2009;5(12):701–12.

32.	 Cummins TD, Thongboonkerd V. Proteomics, mass spectrom-
etry and bioinformatics in renal pathophysiology. Front Physiol. 
2023;14:1338270.

33.	 Kalim S, Rhee EP. An overview of renal metabolomics. Kidney 
Int. 2017;91(1):61–9.

34.	 Zhang A, Sun H, Qiu S, Wang X. Metabolomics insights into 
pathophysiological mechanisms of nephrology. Int Urol Nephrol. 
2014;46(5):1025–30.

35.	 Weiss RH. March). Metabolomics and metabolic reprogram-
ming in kidney cancer. Seminars in nephrology. WB Saunders. 
2018(38}; 175–82. 2.

36.	 Weiss RH, Kim K. Metabolomics in the study of kidney diseases. 
Nat Rev Nephrol. 2012;8(1):22–33.

37.	 Natarajan R. Introduction: epigenetics and the kidney. Seminars 
in nephrology. Volume 33. Elsevier; 2013, July. pp. 311–3. 4.

38.	 Sandholm N, Dahlström EH, Groop PH. Genetic and epigen-
etic background of diabetic kidney disease. Front Endocrinol. 
2023;14:1163001.

39.	 Kato M, Natarajan R. Epigenetics and epigenomics in dia-
betic kidney disease and metabolic memory. Nat Rev Nephrol. 
2019;15(6):327–45.

40.	 Böger CA, Heid IM. Chronic kidney disease: novel insights 
from genome-wide association studies. Kidney Blood Press Res. 
2011;34(4):225–34.

41.	 O’seaghdha CM, Fox CS. Genome-wide association studies of 
chronic kidney disease: what have we learned? Nat Rev Nephrol. 
2012;8(2):89–99.

42.	 Luttropp K, Lindholm B, Carrero JJ, Glorieux G, Schepers E, 
Vanholder R, et al. July). Progress in uremic toxin research: 
genetics/genomics in chronic kidney disease—towards person-
alized medicine? In: Seminars in dialysis, vol. 22. Oxford, UK: 
Blackwell Publishing Ltd; 2009. p. 417–22.

43.	 Keller BJ, Martini S, Sedor JR, Kretzler M. A systems view of 
genetics in chronic kidney disease. Kidney Int. 2012;81(1):14–21.

44.	 Verbitsky M, Sanna-Cherchi S, Fasel DA, Levy B, Kiryluk K, 
Wuttke M, et al. Genomic imbalances in pediatric patients with 
chronic kidney disease. J Clin Invest. 2015;125(5):2171–8.

1 3

Page 15 of 19     94 

https://doi.org/10.1016/j.lfs.2025.123694
https://doi.org/10.1016/j.lfs.2025.123694
https://doi.org/10.1016/j.lfs.2025.123746


Clinical and Experimental Medicine           (2026) 26:94 

83.	 Yan Y, Liu H, Abedini A, Sheng X, Palmer M, Li H, Susztak K. 
Unraveling the epigenetic code: human kidney DNA methylation 
and chromatin dynamics in renal disease development. Nat Com-
mun. 2024;15(1):873.

84.	 Tampe B, Zeisberg M. Contribution of genetics and epigenetics 
to progression of kidney fibrosis. Nephrol Dial Transplant. 
2014;29(suppl4):iv72-9.

85.	 Bansal A, Balasubramanian S, Dhawan S, Leung A, Chen Z, 
Natarajan R. Integrative omics analyses reveal epigenetic mem-
ory in diabetic renal cells regulating genes associated with kidney 
dysfunction. Diabetes. 2020;69(11):2490–502.

86.	 Liu F, Chen J, Li Z, Meng X. Recent advances in epigenetics of 
age-related kidney diseases. Genes. 2022;13(5):796.

87.	 Kim JE, Jo MJ, Cho E, Ahn SY, Kwon YJ, Gim JA, Ko GJ. The 
effect of DNA methylation in the development and progression of 
chronic kidney disease in the general population: an epigenome-
wide association study using the Korean genome and epidemiol-
ogy study database. Genes. 2023;14(7):1489.

88.	 Smyth LJ, Dahlström EH, Syreeni A, Kerr K, Kilner J, Doyle R, 
et al. Epigenome-wide meta-analysis identifies DNA methylation 
biomarkers associated with diabetic kidney disease. Nat Com-
mun. 2022;13(1):7891.

89.	 Sheng X, Qiu C, Liu H, Gluck C, Hsu JY, He J, et al. Sys-
tematic integrated analysis of genetic and epigenetic varia-
tion in diabetic kidney disease. Proc Natl Acad Sci U S A. 
2020;117(46):29013–24.

90.	 Schlosser P, Grams ME, Rhee EP. Proteomics: progress and 
promise of high-throughput proteomics in chronic kidney dis-
ease. Mol Cell Proteomics. 2023. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​m​c​p​r​
o​.​2​0​2​3​.​1​0​0​5​5​0.

91.	 Cañadas-Garre M, Anderson K, McGoldrick J, Maxwell AP, 
McKnight AJ. Proteomic and metabolomic approaches in the 
search for biomarkers in chronic kidney disease. J Proteome. 
2019;193:93–122.

92.	 Romanova Y, Laikov A, Markelova M, Khadiullina R, Mak-
seev A, Hasanova M, et al. Proteomic analysis of human serum 
from patients with chronic kidney disease. Biomolecules. 
2020;10(2):257.

93.	 Øvrehus MA, Zürbig P, Vikse BE, Hallan SI. Urinary proteomics 
in chronic kidney disease: diagnosis and risk of progression 
beyond albuminuria. Clin Proteomics. 2015;12(1):21.

94.	 Siwy J, Zürbig P, Argiles A, Beige J, Haubitz M, Jankowski 
J, et al. Noninvasive diagnosis of chronic kidney diseases 
using urinary proteome analysis. Nephrol Dial Transplant. 
2017;32(12):2079–89.

95.	 Ye Z, Zhang Y, Zhang Y, Yang S, He P, Liu M, et al. Large-scale 
proteomics improve prediction of chronic kidney disease in peo-
ple with diabetes. Diabetes Care. 2024;47(10):1757–63.

96.	 Makhammajanov Z, Kabayeva A, Auganova D, Tarlykov P, 
Bukasov R, Turebekov D, et al. Candidate protein biomark-
ers in chronic kidney disease: a proteomics study. Sci Rep. 
2024;14(1):14014.

97.	 L’Imperio V, Smith A, Chinello C, Pagni F, Magni F. Proteomics 
and glomerulonephritis: a complementary approach in renal 
pathology for the identification of chronic kidney disease related 
markers. PROTEOMICS–Clinical Appl. 2016;10(4):371–83.

98.	 Mischak H, Delles C, Vlahou A, Vanholder R. Proteomic bio-
markers in kidney disease: issues in development and implemen-
tation. Nat Rev Nephrol. 2015;11(4):221–32.

99.	 Verbeke F, Siwy J, Van Biesen W, Mischak H, Pletinck A, Schepers 
E, et al. The urinary proteomics classifier chronic kidney disease 
273 predicts cardiovascular outcome in patients with chronic kid-
ney disease. Nephrol Dial Transplant. 2021;36(5):811–8.

100.	Glazyrin YE, Veprintsev DV, Ler IA, Rossovskaya ML, 
Varygina SA, Glizer SL, et al. Proteomics-based machine learn-
ing approach as an alternative to conventional biomarkers for 

63.	 Slabowska AO, Pyke C, Hvid H, Jessen LE, Baumgart S, Das V. A 
systematic evaluation of state-of-the-art deconvolution methods 
in spatial transcriptomics: insights from cardiovascular disease 
and chronic kidney disease. Front Bioinform. 2024;4:1352594.

64.	 Liu H, Doke T, Guo D, Sheng X, Ma Z, Park J, et al. Epig-
enomic and transcriptomic analyses define core cell types, 
genes and targetable mechanisms for kidney disease. Nat Genet. 
2022;54(7):950–62.

65.	 Ma M, Luo Q, Chen L, Liu F, Yin L, Guan B. Novel insights 
into kidney disease: the scRNA-seq and spatial transcriptomics 
approaches: a literature review. BMC Nephrol. 2025;26(1):181.

66.	 Chen D, Shao M, Song Y, Ren G, Guo F, Fan X, et al. Single-cell 
RNA‐seq with spatial transcriptomics to create an atlas of human 
diabetic kidney disease. FASEB J. 2023;37(6):e22938.

67.	 Si S, Liu H, Xu L, Zhan S. Identification of novel therapeutic 
targets for chronic kidney disease and kidney function by inte-
grating multi-omics proteome with transcriptome. Genome Med. 
2024;16(1):84.

68.	 Woroniecka KI, Park ASD, Mohtat D, Thomas DB, Pullman JM, 
Susztak K. Transcriptome analysis of human diabetic kidney dis-
ease. Diabetes. 2011;60(9):2354–69.

69.	 Fan Y, Yi Z, D’Agati VD, Sun Z, Zhong F, Zhang W, et al. Com-
parison of kidney transcriptomic profiles of early and advanced 
diabetic nephropathy reveals potential new mechanisms for dis-
ease progression. Diabetes. 2019;68(12):2301–14.

70.	 Wardowska A, Komorniczak M, Bułło-Piontecka B, Dȩbska-
Ślizień MA, Pikuła M. Transcriptomic and epigenetic alterations 
in dendritic cells correspond with chronic kidney disease in lupus 
nephritis. Front Immunol. 2019;10:2026.

71.	 Ko YA, Susztak K. Epigenomics: the science of no-longer-junk 
DNA. Why study it in chronic kidney disease? In: Seminars in 
nephrology, vol. 33. WB Saunders; p. 354–62.

72.	 Reddy MA, Natarajan R. Recent developments in epigenetics of 
acute and chronic kidney diseases. Kidney Int. 2015;88(2):250–61.

73.	 Smyth LJ, Duffy S, Maxwell AP, McKnight AJ. Genetic and epi-
genetic factors influencing chronic kidney disease. Am J Physiol-
Renal Physiol. 2014;307(7):F757-76.

74.	 Dwivedi RS, Herman JG, McCaffrey TA, Raj DS. Beyond 
genetics: epigenetic code in chronic kidney disease. Kidney Int. 
2011;79(1):23–32.

75.	 Li Z, Li N. Epigenetic modification drives acute kidney 
injury-to-chronic kidney disease progression. Nephron. 
2021;145(6):737–47.

76.	 Wanner N, Bechtel-Walz W. Epigenetics of kidney disease. Cell 
Tissue Res. 2017;369(1):75–92.

77.	 Chu AY, Tin A, Schlosser P, Ko YA, Qiu C, Yao C, et al. Epig-
enome-wide association studies identify DNA methylation asso-
ciated with kidney function. Nat Commun. 2017;8(1):1286.

78.	 Smyth LJ, McKay GJ, Maxwell AP, McKnight AJ. DNA hyper-
methylation and DNA hypomethylation is present at different loci 
in chronic kidney disease. Epigenetics. 2014;9(3):366–76.

79.	 Reddy MA, Natarajan R. Epigenetics in diabetic kidney disease. 
J Am Soc Nephrol. 2011;22(12):2182–5.

80.	 Uwaezuoke SN, Okafor HU, Muoneke VN, Odetunde OI, 
Odimegwu CL. Chronic kidney disease in children and the role 
of epigenetics: future therapeutic trajectories. Biomed Rep. 
2016;5(6):660–4.

81.	 Wing MR, Ramezani A, Gill HS, Devaney JM, Raj DS. Epi-
genetics of progression of chronic kidney disease: fact or fantasy? 
Seminars in nephrology. Volume 33. WB Saunders; 2013, July. 
pp. 363–74. 4.

82.	 Sung HY, Lee S, Han M, An WJ, Ryu H, Kang E, et al. Epig-
enome-wide association study of diabetic chronic kidney disease 
progression in the Korean population: the KNOW-CKD study. 
Sci Rep. 2023;13(1):8175.

1 3

   94   Page 16 of 19

https://doi.org/10.1016/j.mcpro.2023.100550
https://doi.org/10.1016/j.mcpro.2023.100550


Clinical and Experimental Medicine           (2026) 26:94 

120.	Dharmarathne G, Bogahawaththa M, McAfee M, Rathnayake U, 
Meddage DPP. On the diagnosis of chronic kidney disease using a 
machine learning-based interface with explainable artificial intel-
ligence. Intelligent Systems with Applications. 2024;22:200397.

121.	Alobaidi S. Emerging biomarkers and advanced diagnostics in 
chronic kidney disease: early detection through multi-omics and 
AI. Diagnostics. 2025;15(10):1225.

122.	Rroji M, Spasovski G. Omics studies in CKD: diagnos-
tic opportunities and therapeutic potential. Proteomics. 
2025;25(11–12):e202400151.

123.	Shao X, Gao S, Bai P, Yang Q, Lin Y, Pang M, et al. Machine 
learning-based multi‐omics models for diagnostic classification 
and risk stratification in diabetic kidney disease. Clin Transl Med. 
2025;15(1):e70133.

124.	Glorieux G, Klein J, Latosinska A. Multi-disciplinary and 
omics‐driven approaches to advance personalized medicine 
in cardiovascular and chronic kidney disease. Proteomics. 
2025;25(11–12):e00093.

125.	Hill C, Avila-Palencia I, Maxwell AP, Hunter RF, McKnight AJ. 
Harnessing the full potential of multi-omic analyses to advance 
the study and treatment of chronic kidney disease. Front Nephrol. 
2022;2:923068.

126.	Alakwaa F, Das V, Majumdar A, Nair V, Fermin D, Dey AB, 
et al. Leveraging complementary multi-omics data integration 
methods for mechanistic insights in kidney diseases. JCI Insight. 
2025;10(5):e186070.

127.	Lopes MB, Coletti R, Duranton F, Glorieux G, Jaimes Campos 
MA, Klein J, et al. The omics‐driven machine learning path to 
cost‐effective precision medicine in chronic kidney disease. Pro-
teomics. 2025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​p​m​​i​c​.​2​0​2​4​0​0​1​0​8.

128.	Grobe N, Scheiber J, Zhang H, Garbe C, Wang X. Omics and arti-
ficial intelligence in kidney diseases. Adv Kidney Disease Health. 
2023;30(1):47–52.

129.	Bastos JM, Colaço B, Baptista R, Gavina C, Vitorino R. Innova-
tions in heart failure management: the role of cutting-edge bio-
markers and multi-omics integration. Journal of Molecular and 
Cellular Cardiology Plus. 2025;11:100290.

130.	Hill C, McKnight AJ, Smyth LJ. Integrated multiomic analyses: 
an approach to improve understanding of diabetic kidney disease. 
Diabet Med. 2025;42(2):e15447.

131.	Yan H, Ji X, Li B. Advancing personalized, predictive, and pre-
ventive medicine in bladder cancer: a multi-omics and machine 
learning approach for novel prognostic modeling, immune 
profiling, and therapeutic target discovery. Front Immunol. 
2025;16:1572034.

132.	Chi S, Ma J, Ding Y, Lu Z, Zhou Z, Wang M, et al. Integrated 
multi-omics analysis identifies a machine learning-derived signa-
ture for predicting prognosis and therapeutic vulnerability in clear 
cell renal cell carcinoma. Life Sci. 2025;363:123396.

133.	Song CM, Lin TH, Huang HT, Yao JY. Illuminating diabetes via 
multi-omics: unraveling disease mechanisms and advancing per-
sonalized therapy. World J Diabetes. 2025;16(7):106218.

134.	Liu J, Shi Y, Zhang Y. Multi-omics identification of an immu-
nogenic cell death-related signature for clear cell renal cell 
carcinoma in the context of 3P medicine and based on a 101-com-
bination machine learning computational framework. EPMA J. 
2023;14(2):275–305.

135.	Dong Z, Li P, Jiang Y, Wang Z, Fu S, Che H, et al. Integrative 
Multi-Omics and Routine Blood Analysis Using Deep Learning: 
cost‐effective early prediction of chronic disease risks. Adv Sci. 
2025. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​a​d​​v​s​.​2​0​2​4​1​2​7​7​5.

136.	Ikwelle TA, Ihim AC, Ozuruoke DF, Obi PC, Obi CU, Onuora IJ, 
et al. Multi-Omics Integration in Personalized Medicine: advanc-
ing laboratory diagnostics and precision therapeutics in the era of 
individualized healthcare. Journal of Drug Delivery & Therapeu-
tics. 2025. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​2​2​2​​​7​0​​/​j​​d​d​t​.​v​1​​5​i​5​.​7​1​1​2.

differential diagnosis of chronic kidney diseases. Int J Mol Sci. 
2020;21(13):4802.

101.	Zhao YY. Metabolomics in chronic kidney disease. Clin Chim 
Acta. 2013;422:59–69.

102.	Hocher B, Adamski J. Metabolomics for clinical use and research 
in chronic kidney disease. Nat Rev Nephrol. 2017;13(5):269–84.

103.	Grams ME, Shafi T, Rhee EP. Metabolomics research in chronic 
kidney disease. J Am Soc Nephrol. 2018;29(6):1588–90.

104.	Rhee EP, Clish CB, Wenger J, Roy J, Elmariah S, Pierce KA, et 
al. Metabolomics of chronic kidney disease progression: a case-
control analysis in the chronic renal insufficiency cohort study. 
Am J Nephrol. 2016;43(5):366–74.

105.	Dahabiyeh LA, Nimer RM, Sumaily KM, Alabdaljabar MS, 
Jacob M, Sabi EM, et al. Metabolomics profiling distinctively 
identified end-stage renal disease patients from chronic kidney 
disease patients. Sci Rep. 2023;13(1):6161.

106.	Chen H, Cao G, Chen DQ, Wang M, Vaziri ND, Zhang ZH, et al. 
Metabolomics insights into activated redox signaling and lipid 
metabolism dysfunction in chronic kidney disease progression. 
Redox Biol. 2016;10:168–78.

107.	Kobayashi T, Yoshida T, Fujisawa T, Matsumura Y, Ozawa T, 
Yanai H, et al. A metabolomics-based approach for predicting 
stages of chronic kidney disease. Biochem Biophys Res Com-
mun. 2014;445(2):412–6.

108.	Kalantari S, Nafar M. An update of urine and blood metabolomics 
in chronic kidney disease. Biomark Med. 2019;13(7):577–96.

109.	Kimura T, Hamase K, Miyoshi Y, Yamamoto R, Yasuda K, Mita 
M, et al. Chiral amino acid metabolomics for novel biomarker 
screening in the prognosis of chronic kidney disease. Sci Rep. 
2016;6(1):26137.

110.	Tariq A, Chen J, Yu B, Boerwinkle E, Coresh J, Grams ME, Reb-
holz CM. Metabolomics of dietary acid load and incident chronic 
kidney disease. J Ren Nutr. 2022;32(3):292–300.

111.	Davies R. The metabolomic quest for a biomarker in chronic kid-
ney disease. Clin Kidney J. 2018;11(5):694–703.

112.	Zhang ZH, Chen H, Vaziri ND, Mao JR, Zhang L, Bai X, 
Zhao YY. Metabolomic signatures of chronic kidney disease 
of diverse etiologies in the rats and humans. J Proteome Res. 
2016;15(10):3802–12.

113.	Krisanapan P, Tangpanithandee S, Thongprayoon C, Pattha-
ranitima P, Cheungpasitporn W. Revolutionizing chronic kidney 
disease management with machine learning and artificial intel-
ligence. J Clin Med. 2023;12(8):3018.

114.	Khalid, F., Alsadoun, L., Khilji, F., Mushtaq, M., Eze-Odurukwe, 
A., Mushtaq, M. M.,… KHILJI, F. (2024). Predicting the progres-
sion of chronic kidney disease: a systematic review of artificial 
intelligence and machine learning approaches. Cureus, 16(5).

115.	Ma F, Sun T, Liu L, Jing H. Detection and diagnosis of chronic 
kidney disease using deep learning-based heterogeneous modi-
fied artificial neural network. Future Gener Comput Syst. 
2020;111:17–26.

116.	Sawhney R, Malik A, Sharma S, Narayan V. A comparative 
assessment of artificial intelligence models used for early pre-
diction and evaluation of chronic kidney disease. Decis Anal J. 
2023;6:100169.

117.	Chittora P, Chaurasia S, Chakrabarti P, Kumawat G, Chakrabarti 
T, Leonowicz Z, et al. Prediction of chronic kidney disease-a 
machine learning perspective. IEEE Access. 2021;9:17312–34.

118.	Delrue C, De Bruyne S, Speeckaert MM. Application of machine 
learning in chronic kidney disease: current status and future pros-
pects. Biomedicines. 2024;12(3):568.

119.	RAHMAN MH, Rahaman M, Arafat Y, Rahat SRUI, Hasan R, 
RIMON STH, Dipa SA. Artificial intelligence for chronic kidney 
disease risk stratification in the USA: ensemble vs. deep learning 
methods. Br J Nurs Stud. 2025;5(2):20–32.

1 3

Page 17 of 19     94 

https://doi.org/10.1002/pmic.202400108
https://doi.org/10.1002/advs.202412775
https://doi.org/10.22270/jddt.v15i5.7112


Clinical and Experimental Medicine           (2026) 26:94 

155.	Jacob V, de Berny Q, Brazier F, Presne C, Lion J, Ouled-Haddou 
H, et al. Quantification of urine and plasma levels of extracellular 
vesicles in a cohort of kidney transplant recipients and chronic 
kidney disease patients. Int J Mol Sci. 2025;26(8):3635.

156.	Peters LJ, Floege J, Biessen EA, Jankowski J, van der Vorst EP. 
MicroRNAs in chronic kidney disease: four candidates for clini-
cal application. Int J Mol Sci. 2020;21(18):6547.

157.	Al-Tantawy SM, Eraky SM, Eissa LA. Novel therapeutic target 
for diabetic kidney disease through downregulation of miRNA-
192-5p and miRNA-21-5p by celastrol: implication of autophagy, 
oxidative stress, and fibrosis. Naunyn Schmiedebergs Arch Phar-
macol. 2025;398(6):6915–28.

158.	Lan HY. Smads as therapeutic targets for chronic kidney disease. 
Kidney Res Clin Pract. 2012;31(1):4–11.

159.	Motshwari DD, Matshazi DM, Erasmus RT, Kengne AP, Matsha 
TE, George C. MicroRNAs associated with chronic kidney dis-
ease in the general population and high-risk subgroups—a sys-
tematic review. Int J Mol Sci. 2023;24(2):1792.

160.	Zeng YF, Li JY, Wei XY, Ma SQ, Wang QG, Qi Z, et al. Preclini-
cal evidence of reno-protective effect of quercetin on acute kid-
ney injury: a meta-analysis of animal studies. Front Pharmacol. 
2023;14:1310023.

161.	Secondulfo F, Del Vecchio Blanco F, Capolongo G, Piluso G, 
Nigro V, Perna AF, … Zacchia M. Genome-Based Advances in 
Modelling Renal Ciliopathies and Enhancing Patient Care. Kid-
ney and Blood Pressure Research (2025). 

162.	Wang G, Liao M, Tan DJ, Chen X, Chao R, Zhu Y, et al. Advances 
in diagnosis and treatment of inherited kidney diseases in chil-
dren. Kidney Dis. 2024;10(6):558–72.

163.	Duan A, Wang H, Zhu Y, Wang Q, Zhang J, Hou Q, et al. Chroma-
tin architecture reveals cell type-specific target genes for kidney 
disease risk variants. BMC Biol. 2021;19(1):38.

164.	Kikuchi H, Chou CL, Yang CR, Chen L, Jung HJ, Park E, et 
al. Signaling mechanisms in renal compensatory hypertrophy 
revealed by multi-omics. Nat Commun. 2023;14(1):3481.

165.	Huang J, Wang X, Ge S, Lu X, Sun C. Organoids as sophisticated 
tools for renal cancer research: extensive applications and prom-
ising prospects. Cell Mol Bioeng. 2024;17(6):527–48.

166.	Nakanoh H, Tsuji K, Fukushima K, Uchida N, Haraguchi S, Kita-
mura S, Wada J. Kidney organoids: current advances and applica-
tions. Life. 2025;15(11):1680.

167.	Van Roy N, Speeckaert MM. The potential use of targeted pro-
teomics and metabolomics for the identification and monitoring 
of diabetic kidney disease. J Pers Med. 2024;14(10):1054.

168.	Alotaibi RA, Alshahrani SS, Alotaibi HF, Alsaleh AK, Alharbi 
AK, Alharthi RT, et al. Predictive immunonutrition for paediatric 
chronic kidney disease surgery: a multi-omic data fusion frame-
work through canonical correlation analysis. J Adv Trends Med 
Res. 2025;2(1):69–75.

169.	Kaur J, Kamboj K, Yadav AK. Clinical applications of urinary 
omics in renal disorders. Exploring noninvasive disease biomark-
ers with urinary omics analysis. Academic; 2025. pp. 247–81.

170.	Xu Y, Wu J, Chen C, Ouyang J, Li D, Shi T. EMitool: explain-
able multi-omics integration for disease subtyping. Int J Mol Sci. 
2025;26(9):4268.

171.	McDonnell T, Banks RE, Taal MW, Vuilleumier N, Kalra PA. 
Personalized care in CKD: moving beyond traditional biomark-
ers. Nephron. 2025;149(6):339–57.

172.	Gong W, Ge M, Xi X, Lu Z, Zhang X, Chen D, et al. Alad as 
a prognostic biomarker regulates metabolism and immune 
responses in renal cell carcinoma through multi-omics analysis. 
Transl Oncol. 2025;61:102524.

173.	Savitha S, Keerthana R, Logeswaran K, Keerthika P, Sharmila V, 
Sangeetha M. Integration of Multi-Omics data: Genomics, Pro-
teomics, metabolomics. Harnessing AI and machine learning for 

137.	Tiwari P, Pandey R, Chadha S. (2025). Integrative Multi-Omics 
Approaches for Personalized Medicine and Health. Current 
Bioinformatics.

138.	Ali H. Artificial intelligence in multi-omics data integra-
tion: advancing precision medicine, biomarker discovery and 
genomic-driven disease interventions. Int J Sci Res Arch. 
2023;8(1):1012–30.

139.	Gavi F, Sighinolfi MC, Pallotta G, Assumma S, Panio E, Fet-
tucciari D, et al. Multiomics in Renal Cell Carcinoma: current 
landscape and future directions for precision medicine. Curr Urol 
Rep. 2025;26(1):44.

140.	Huang J. (2023). Multi-omics of chronic kidney disease in indi-
viduals with pre-diabetes or type 2 diabetes in the era of precision 
health (Doctoral dissertation, lmu).

141.	Hu J, Wang SG, Hou Y, Chen Z, Liu L, Li R, et al. Multi-omic 
profiling of clear cell renal cell carcinoma identifies metabolic 
reprogramming associated with disease progression. Nat Genet. 
2024;56(3):442–57.

142.	Wu IW, Tsai TH, Lo CJ, Chou YJ, Yeh CH, Chan YH, et al. Dis-
covering a trans-omics biomarker signature that predisposes high 
risk diabetic patients to diabetic kidney disease. NPJ Digit Med. 
2022;5(1):166.

143.	Chi S, Ma J, Ding Y, Zhou Z, Wang M, Li G, Chen Y. Integrated 
Multi-Omics Analysis Identities a Consensus Machine Learning-
Derived Signature for Predicting Prognosis and Therapeutic Vul-
nerability in Clear Cell Renal Cell Carcinoma. Available at SSRN 
4826092.

144.	Li W, Chandran SP. Machine learning-based integration of 
multi-omics data for identification of tubular epithelial cell-
specific biomarkers in diabetic nephropathy. Future Technol. 
2025;4(3):193–203.

145.	Zhan C, Tang T, Wu E, Zhang Y, He M, Wu R, et al. From multi-
omics approaches to personalized medicine in myocardial infarc-
tion. Front Cardiovasc Med. 2023;10:1250340.

146.	Acharya D, Mukhopadhyay A. A comprehensive review of 
machine learning techniques for multi-omics data integration: 
challenges and applications in precision oncology. Brief Funct 
Genomics. 2024;23(5):549–60.

147.	Lin M, Guo J, Gu Z, Tang W, Tao H, You S, et al. Machine 
learning and multi-omics integration: advancing cardiovascu-
lar translational research and clinical practice. J Transl Med. 
2025;23(1):388.

148.	Kheto A, Mohapatra S. Data integration techniques in urinary 
omics. Exploring noninvasive disease biomarkers with urinary 
omics analysis. Academic; 2025. pp. 311–40.

149.	Hu X, Chen S, Ye S, Chen W, Zhou Y. New insights into the role 
of immunity and inflammation in diabetic kidney disease in the 
omics era. Front Immunol. 2024;15:1342837.

150.	Wang, T., Li, L., Liu, L., Tan, R., Wu, Q., Zhu, X.,... Yin, Z. (2025). 
Overview of pharmacodynamical research of traditional Chinese 
medicine on hyperuricemic nephropathy: from the perspective of 
dual-regulatory effect on the intestines and kidneys. Frontiers in 
Pharmacology, 16, 1517047. doi: 10.3389/fphar.2025.1517047

151.	Zhu Y, Yu S, Yang D, Yu T, Liu Y, Du W. Integrated multi-
omics analysis unveils distinct molecular subtypes and a robust 
immune–metabolic prognostic model in clear cell renal cell car-
cinoma. Int J Mol Sci. 2025;26(7):3125.

152.	Song J, Wang C, Zhao T, Zhang Y, Xing J, Zhao X, et al. Multi-
omics approaches for biomarker discovery and precision diagno-
sis of prediabetes. Front Endocrinol. 2025;16:1520436.

153.	John A, Qin B, Kalari KR, Wang L, Yu J. Patient-specific multi-
omics models and the application in personalized combination 
therapy. Future Oncol. 2020;16(23):1737–50.

154.	Raimondo F, Pitto M. Prognostic significance of proteomics and 
multi-omics studies in renal carcinoma. Expert Rev Proteomics. 
2020;17(4):323–34.

1 3

   94   Page 18 of 19



Clinical and Experimental Medicine           (2026) 26:94 

disease: current evidence and future directions. Indus Journal of 
Bioscience Research. 2025;3(5):58–66.

177.	Jain N, Nagaich U, Pandey M, Chellappan DK, Dua K. Predictive 
genomic tools in disease stratification and targeted prevention: a 
recent update in personalized therapy advancements. EPMA J. 
2022;13(4):561–80.

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

precision wellness. IGI Global Scientific Publishing; 2025. pp. 
149–84.

174.	Hsieh JJ, Le V, Cao D, Cheng EH, Creighton CJ. Genomic classi-
fications of renal cell carcinoma: a critical step towards the future 
application of personalized kidney cancer care with pan-omics 
precision. J Pathol. 2018;244(5):525–37.

175.	Lindenmeyer MT, Alakwaa F, Rose M, Kretzler M. Perspectives 
in systems nephrology. Cell Tissue Res. 2021;385(2):475–88.

176.	Iftikhar A, Ishtiaq Q, Uzair M, Nazir QA, Ch AS, Khan ZA. 
Novel biomarkers in the early detection of chronic kidney 

1 3

Page 19 of 19     94 


	﻿Integrative multi-omics profiling for early diagnosis, stratification and personalized management of chronic kidney disease: a new paradigm 
	﻿Abstract
	﻿Introduction
	﻿Overview of omics technologies in nephrology
	﻿Genomics: the blueprint of kidney health and disease
	﻿Transcriptomics: the dynamic expression of kidney function
	﻿Proteomics: the workhorses of kidney physiology and pathology
	﻿Metabolomics: the chemical fingerprints of kidney metabolism
	﻿Epigenomics: the modulators of kidney gene expression

	﻿Strategies and methods for integrative Multi-Omics profiling in CKD
	﻿Genomics
	﻿Transcriptomics
	﻿Fibrosis and extracellular matrix remodeling
	﻿Methodological considerations and applications


	﻿Epigenomics
	﻿Challenges

	﻿Proteomics
	﻿Key proteomic findings in CKD

	﻿Metabolomics
	﻿Key perturbed metabolic pathways in CKD
	﻿Gut microbiota-derived metabolites (The Gut-Kidney Axis)
	﻿Amino acid metabolism
	﻿Lipid and energy metabolism


	﻿Approaches to data integration
	﻿Challenges in multi-omics data integration
	﻿Standardization and reproducibility

	﻿Applications of integrative multi-omics in early diagnosis and stratification of CKD
	﻿Integrative multi-omics profiling for personalized management of CKD
	﻿A new paradigm for Pharmacological approaches in CKD
	﻿Identification of therapeutic targets using multi-omics data
	﻿Drug repurposing and precision pharmacology in CKD
	﻿Molecular modeling and personalized drug response prediction
	﻿Innovative strategies in CKD treatments

	﻿Pitfalls, limitations, and opportunities for advancement
	﻿Emerging technologies and prospects for clinical translation

	﻿Conclusion
	﻿References


