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Abstract: Diabetic kidney disease (DKD) is a common complication of diabetes mellitus and one of the main causes of end-stage
renal disease. Recent studies have shown that DKD has replaced primary glomerular disease as the leading cause of chronic kidney
disease in China, and it is an increasingly serious global health problem. Understanding the development and progression of DKD
is challenging due to the complexity and heterogeneity of kidney structure and function in healthy and pathological states. In recent
years, omics technology has been more and more widely used in the study of DKD due to its advantages of high efficiency, speed
and accuracy, and has made progress in the discovery of biomarkers, pathogenesis and early diagnosis of DKD. This article reviews
the application of different omics techniques and multi-omics joint analysis in the development and progression of DKD, aiming to
offer new ideas for the early diagnosis and guiding treatment of DKD.
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According to a survey report by the International
Diabetes Federation, the prevalence of diabetes has risen
significantly; in 2015, nearly 415 million people were
affected, and it is projected to reach 642 million by 2040[1].
Diabetic kidney disease (DKD) is one of the major
microvascular complications of diabetes and has become a
leading cause of chronic kidney disease (CKD) and end-
stage renal disease (ESRD)[2-3], markedly increasing the
risk of cardiovascular events and mortality. Patients with
DKD often lack obvious clinical symptoms in the early stage;
however, once diagnosed, significant and irreversible
damage has already occurred to the body. Currently, the
diagnosis of DKD relies on laboratory indices, including
persistent proteinuria and a progressive decline in
glomerular filtration rate (GFR)[4-5]. However, studies
have shown that some DKD patients present with normal
albuminuria despite developing glomerular filtration
dysfunction and declining GFR[6]. The gold standard for the
diagnosis of DKD remains kidney pathological biopsy[7],
but this is an invasive procedure that carries potential risks,
such as bleeding, renal impairment, and even death. Due to
these risks, kidney biopsies have not been widely
implemented and are not suitable for monitoring therapeutic
responses. Early identification and diagnosis of DKD at the
subclinical stage can prevent or even halt disease
progression, thereby reducing the risk of renal damage. In
recent years, omics technologies have offered a high-
throughput screening approach for efficiently and rapidly
revealing detailed biological information about human
diseases. Common omics technologies include genomics,
transcriptomics, proteomics, metabolomics, single-cell
omics, and spatial transcriptomics[8]. Different types of
omics data can provide disease-related molecules with
differential expression, which may serve as biomarkers
during disease progression and help elucidate biological

pathways or processes that differ between disease and
control groups. Omics technologies allow for a more
comprehensive understanding of biomarker screening, the
elucidation of pathogenic molecular mechanisms, and the
discovery of drug targets in DKD research.

At present, numerous studies have reported the
characteristic changes during the development of DKD
identified via various omics techniques; however, most
reviews only summarize the advances in DKD research
using a single omics approach. This article provides an
overview of the application of genomics, transcriptomics,
proteomics, metabolomics, and integrated multi-omics in
DKD, aiming to offer new perspectives for the early
diagnosis, early treatment, and precision therapy of DKD.

1 Genomics

Genomics is the foundation of omics technologies; it
involves the application of omics to the entire genome,
aiming to collect and quantify the features of all genes
within an organism, reveal their interrelationships and
effects on the organism, and thus to identify sequence
variations in the human genome[9]. By investigating the
association between genes/genomes and  diseases,
pathogenic loci and differentially expressed genes related to
DKD can be identified. In 2004, Maeda[ 10] reported several
novel pathogenic loci for DKD, such as SLC/243 and
ELMOI, but further validation is needed. In addition, one
study downloaded DKD gene chip data from the public
Gene Expression Omnibus (GEO) database and used
genomic analysis techniques to deeply mine and analyze
glomerular gene chip data from DKD patients. The study
indicated that the gene expression profile of glomeruli in
DKD patients was significantly altered; compared to healthy
individuals, 844 differentially expressed genes were found
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in the glomeruli of DKD patients, mainly associated with
inflammatory and stress responses[11].

Rapid advances in genomics have enabled the
identification of novel susceptibility genes and biological
pathways associated with disease, thereby opening new
vistas for the diagnosis and treatment of DKD. However, the
large volume of data generated by genomics is prone to
statistical bias during analysis, and most of the identified
genetic variants lack direct biological relevance to disease.
Research conducted solely at the genomic level cannot
comprehensively explain the dynamic regulation of disease
development by the internal environment of the patient.

2 Transcriptomics

Transcriptomics refers to the study of the expression of
all RNAs in a specific cell population and investigates the
global molecular dynamics induced by environmental
factors or pathogens[12]. As a complement to genomics,
detecting changes in transcripts or the transcriptome at the
molecular level is of great significance for DKD research.
Currently, transcriptomics has been utilized for the
identification of DKD biomarkers and the exploration of
pathophysiological mechanisms. Hodgin et al[13]
performed transcriptomic studies using renal biopsy
samples and found significant increases in Janus kinase,
signal transducer and activator of transcription, vascular
endothelial growth factor receptor-2, and hypoxia-inducible
factor-1 in DKD patients. To elucidate pathomechanistic
pathways differentially regulated in early DKD, Wu et al.[ 14]
carried out transcriptomic analysis on glomerular
endothelial cells isolated from neuronal nitric oxide
synthase 3 gene knockout diabetic mice, and found that G-
protein coupled receptor 56 (GPR56), also known as
ADGRGI, was upregulated in DKD and negatively
correlated with renal function. GPR56 was shown to
promote DKD progression by exacerbating glomerular
endothelial injury and dysfunction.

Transcriptomics is an important approach to gaining
biomarkers and discovering the interplay between genetic
and environmental factors in disease. However, due to the
huge data volume and the complexity of changes from
microRNA levels to downstream protein function,
identification of precise molecular targets remains
challenging. Moreover, its suitability for real clinical
settings and the feasibility of conducting independent
cohort studies to assess biomarker performance require
further investigation.

3 Proteomics

Proteomics enables the large-scale identification and
quantification of all proteins in cells or tissues[15]. Since
gene transcription levels are often affected by post-
transcriptional modifications, RNA analyses usually lack
correlation with protein expression[16]. Therefore,
proteomics can directly quantify protein expression and
provide information directly relevant to environmental
changes or disease progression. Proteomics has been applied
in biomarker discovery, evaluation of intervention efficacy,

and drug safety assessment[17]. Darmayanti ef a/.[18] used
liquid chromatography—tandem mass spectrometry (LC-
MS/MS) to perform comparative urinary proteomic
analyses between type 2 diabetes patients and controls,
showing that the abundance of vacuolar proton ATPase
subunit C1 was significantly negatively correlated with
microalbumin and strongly reduced in urine, whereas IKBIP
(IkB kinase B-interacting protein) was upregulated and
positively correlated with microalbumin. Levels of these
proteins differed significantly among the control, type 2
diabetes, and DKD groups, indicating their association with
DKD progression and potential as preliminary biomarkers
for DKD risk prediction. Li ef al.[19] employed ultra-
sensitive quantitative phosphoproteomics to identify
phosphoproteins in urinary extracellular vesicles as potential
biomarkers for DKD. Compared with diabetic patients, 47
phosphoproteins were significantly altered in DKD patients,
suggesting that phosphorylation changes in urinary
extracellular vesicles reflect corresponding alterations in the
kidney and have potential as candidate DKD biomarkers and
as a feasible diagnostic tool for kidney disease. Fan ef al.[20]
uncovered alterations in the DKD proteomic profile and
identified vimentin and PB2-microglobulin as early
biomarkers of DKD, laying the groundwork for its
prevention, diagnosis, and treatment, although their
underlying mechanisms warrant further exploration. Peng et
al.[21] used quantitative proteomics and Mfuzz clustering
analysis on serum samples from healthy controls, diabetes
patients, early/intermediate DKD, and advanced DKD
patients. They found that 15 proteins increased during DKD
progression, including high mobility group box 1 (HMGB1),
which emerged as a promising biomarker closely associated
with renal function changes, indicating potential as an early
DKD biomarker and early monitoring target. This study
advanced the understanding of DKD and set the stage for
future clinical diagnostic application.

Proteomics has also attracted much attention in
predicting treatment efficacy and elucidating drug
mechanisms. Proteomics has broadened our understanding
of DKD pathophysiology and early/prognostic biomarkers
but faces several challenges. These novel biomarkers require
further verification and clinical translation, necessitating the
design and implementation of large-scale validation studies.

4 Metabolomics

Metabolomics is a modern strategy focusing on small-
molecule endogenous metabolic products, including
substrates, intermediates, and final products of cellular
metabolism, such as carbohydrates, fatty acids, and amino
acids[22]. Depending on the research aims or subjects,
metabolomics can be divided into untargeted and targeted
approaches. The most commonly used platforms are nuclear
magnetic resonance and LC-MS[23]. Unlike genomics or
proteomics, which emphasize genetic or protein expression
outputs, metabolomics provides a direct snapshot of the
physiological state at any given moment[24]. Metabolomics
plays a crucial role in the discovery of biomarkers for early
prediction, early diagnosis, and disease progression in DKD.
Feng et al.[25] divided 95 diabetic patients into simple
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diabetes mellitus (SDM), albuminuria DKD (ADKD), and
normoalbuminuric DKD (NADKD) groups. Using ultra-
performance liquid chromatography-mass spectrometry
(UPLC-MS)-based untargeted urinary metabolomics, they
found significant differences in urinary metabolomic
profiles among the SDM, NADKD, and ADKD groups.
ADKD patients showed distinct levels of linoleic acid
metabolism-, citric acid cycle-, arginine- and proline
metabolism-related metabolites compared to SDM and
NADKD patients. However, these metabolites did not differ
significantly between SDM and NADKD groups, offering
insights for understanding the NADKD pathogenesis and
biomarker screening. Xu et al.[26] used UPLC-MS-based
metabolomics combined with pattern recognition to identify
19 differentially expressed endogenous metabolites
associated with DKD, providing a direction for further
research. Ma et al[27] performed UPLC-MS-based
untargeted metabolomic analysis of DKD patient urine,
identifying 147 metabolites and five DKD-pathophysiology
related pathways. Altered pantothenate and Coenzyme A
biosynthesis were most significant in DKD patients. The
study indicated that pantothenate may serve as a novel
predictive biomarker for DKD occurrence and progression.
Moreover, these findings suggest that the pantothenate and
CoA biosynthesis pathways may be promising therapeutic
targets for DKD. Mogos et al[28] performed
comprehensive metabolomics analysis on blood and urine
samples from 90 type 2 diabetes patients using UHPLC-
QTOF-ESI* MS, identifying urinary O-phosphoserine,
aspartate, 5-hydroxylysine, uric acid, and
methoxytryptophan as metabolites distinguishing healthy
controls, DKD, and different proteinuria subgroups.
Identification of these potential biomarkers indicate their
roles in early DKD and type 2 diabetes progression, but
further targeted longitudinal metabolomics studies are
required to validate these findings.Mogos et al.[28] also
reported that serum glycine and kynurenic acid, and urinary
tryptophan and tiglyglycine may serve as early biomarkers
for DKD, but further research is needed for validation.

Metabolomics can reflect physiological or pathological
states of the organism, but the results may be affected by age,
sex, diet, disease state, environmental changes, or
therapeutic interventions. In addition, due to small sample
sizes, result heterogeneity, and lack of integrative validation,
most DKD biomarkers remain unidentified and systematic
work for biomarker validation and clinical evaluation is
limited. Nonetheless, the potential benefits of metabolomics
in DKD research are substantial despite these challenges.

5 Multi-Omics

In practical research, a single omics approach can only
assess disease correlation, primarily reflecting disease-
associated changes without explaining causality. Multi-
omics generally refers to the integrative application of
several high-throughput screening techniques—represented
by genomics, transcriptomics, single-cell omics, proteomics,
and metabolomics—to advance research in human disease.
Integration of disparate omics datasets can illuminate
potential pathogenic changes, which can then be validated
in further molecular studies. Through multi-omics

integration, novel associations between biomolecules and
disease phenotype can be filtered, relevant signaling
pathways can be identified, and comprehensive disease
biomarkers can be established, while simultaneously
revealing potential therapeutic targets in DKD. Multi-omics
holds the promise of providing unprecedented insights into
DKD mechanisms and the discovery of potential biomarkers.
Jiang et al.[29] integrated metabolomics and peptidomics to
investigate biological changes in DKD pathogenesis and
found that 10 metabolites and 6 polypeptides are
sequentially regulated at different DKD stages, significantly
improving the accuracy of early DKD diagnosis and status
discrimination. Yang et al.[30], using human glomerular
endothelial cells as a cellular model and applying UPLC-
MS-based metabolomics and tandem mass tag-based
proteomics, suggested that serum exosomes extracted from
DKD patients may induce endothelial dysfunction primarily
by upregulating coagulation factor fibrinogen alpha chain
and downregulating 1-methylhistidine. Liu et al[31]
conducted integrative proteomic and large-scale
metabolomic analysis on serum samples, improving
stability and accuracy in distinguishing DKD statuses and
providing reliable biomarkers for early warning and
diagnosis. Zhao et al[32] performed integrated
transcriptomic and proteomic analysis of glomerular
samples from 50 biopsy-confirmed DKD patients and 25
controls, revealing for the first time that selective alternative
polyadenylation and 3"UTR lengthening contribute to DKD
progression by enhancing translation of corresponding
proteins, offering new mechanistic insights. Wei et al.[33]
applied LC-MS and next-generation sequencing, as well as
tandem mass tag labelling, to evaluate mRNA, protein, and
phosphosite changes between DKD and model mice,
revealing RAS, RAP1, AMPK, PPAR, and HIF-1 signaling
pathways as critical in DKD pathogenesis. This approach
suggests that targeting specific molecules, proteins, kinases,
and key pathways may be a promising therapeutic strategy
for DKD. Sharma et al.[34], using a multi-omics approach,
identified the metabolite adenine as a noninvasive
biomarker of early DKD progression; through spatial
metabolomics, single-cell transcriptomics, and experimental
work, they showed that the mechanistic target of rapamycin
(mTOR) pathway is involved in adenine-induced tissue
fibrosis, demonstrating the potential of multi-omics to
elucidate DKD mechanisms and targeted therapies.

Integration of multi-omics enables multi-system,
multi-level, multi-dimensional, and multi-angle elucidation
of disease  development, characterization, and
comprehensive understanding, with great potential.
However, significant challenges remain, including the
complexity of inter-omics regulatory mechanisms, data
integration, high detection costs, and limited large-scale
clinical application.

6 Summary and Outlook

DKD increases mortality in diabetic patients and has
become a major global health challenge. The pathogenesis
of DKD is complex and involves intricate regulatory
networks; it cannot be adequately investigated in isolated
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segments but should, instead, be explored from a multi-
dimensional, multi-angle systemic biology perspective.
Typical progression of DKD is characterized by
proteinuria and reduced glomerular filtration rate; however,
reliance on these clinical indicators for DKD diagnosis has
limitations, and there is an urgent clinical need for more
sensitive, accurate biomarkers for early diagnosis and
progression assessment. Ideal biomarkers should possess
high sensitivity, specificity, non-invasiveness, ease of
acquisition, and stability.

Emerging technologies such as omics and high-
throughput screening offer more avenues for the
identification of ideal DKD biomarkers. Single-omics
technologies alone cannot fully realize their potential in
disease research; integration of different omics datasets will
help elucidate underlying pathogenic variations and
facilitate further validation in molecular studies. With the
ongoing development of multi-omics, novel associations
between biomolecules and disease phenotypes can be
filtered, relevant signaling pathways can be identified, and
detailed disease biomarkers can be constructed. This holds
significant implications for early diagnosis, therapeutic
monitoring, and prognosis assessment of DKD, and also
provides new clues for mechanistic research and therapeutic
target identification. Ultimately, these advances will
contribute to the realization of individualized, targeted
precision medicine.
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FIZEE T AEA
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Br, B RRUIEIR T O-WE R &R KA AR S5-I = IR IR
T2 0 FP AR 0 B I A DX 0 fi R XS R 2 R DKD 28 DA K AN [) 2
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P, DKD B A% Fi2 Wi 418 T A3 R 9 AR s ok
Yo Zhao S5 %} 50 (51 28 1% K UE S A DKD H 35 11 25 1) %6} A 20
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