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Background: Increasing evidence suggests that individuals with diabetic nephropathy (DN) are at a significantly higher risk of
developing atherosclerosis (AS) compared to the general population. However, the precise mechanisms underlying this association
remain unclear. This study aims to explore the shared pathways and potential biomarkers implicated in this complication.
Methods: Microarray data downloaded from the Gene Expression Omnibus (GEO) database were used to identify differentially
expressed genes (DEGs) in DN and AS. Weighted gene co-expression network analysis (WGCNA) was applied to identify co-
expression modules relevant to DN and AS. We conducted functional pathway enrichment analysis on the shared genes. Support
vector machine (SVM) and least absolute shrinkage and selection operator (LASSO) methods were utilized to identify and validate
potential diagnostic markers. Additionally, immunoinfiltration analysis was performed to examine the relationship between the core
markers of DN and AS and the expression of immunoinfiltrating cells. Finally, blood samples from patients were collected to assess
the diagnostic efficacy of PRCP.

Results: The results of common genes analysis showed that immune and inflammatory response particularly cytokine-cytokine
receptor interactions may be a common feature in the pathophysiology of DN and AS. Three potential shared diagnostic markers—
ID4, RNF213, and PRCP—were identified and validated using SVM and LASSO. Immunoinfiltration analysis revealed that the
expressions of /D4, RNF213, and PRCP were associated with variations in immune cell populations. Differential analysis of peripheral
blood microarray data indicated that only PRCP was significantly overexpressed in both AS and DN samples. Moreover, qRT-PCR
confirmed the increased expression of PRCP in peripheral blood mononuclear cells (PBMCs) samples from patients.

Conclusion: The co-expression of RNF213, PRCP, and ID4 may contribute to the development of AS and DN. PRCP, particularly,
shows promise as a diagnostic marker due to its detectability as a protein in peripheral blood.
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Introduction

The increasing prevalence of diabetes mellitus (DM) is an urgent public health concern on a global scale.'* By 2030, it is
projected that 643 million people worldwide will be living with diabetes, a figure which is expected to rise to 783 million
by 2045.7 Current research indicates that DM is a major risk factor for cardiovascular diseases (CVD), and CVD is also
the main cause of onset and death in patients with type 2 diabetes mellitus (T2DM).>”’

DN is one of the main microvascular complications of DM.® Due to long-term hyperglycemia leading to glomerular
hyperfiltration and tubulointerstitial damage, it is manifested as increased proteinuria and progressive decline in glomerular
filtration rate, which may result in end-stage renal failure.”'® AS is a disease of the arterial wall characterized by lipid deposition,
inflammatory response and fibrosis.'""'* Research has demonstrated a possible connection between DN and AS.* 71371
Atherosclerotic dyslipidemia is a significant factor in the onset and progression of DN.® Lowering atherosclerotic lipids and
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lipoproteins can diminish glomerular damage®'* and slow or stop the decline in eGFR, which can cut down on CVD-related
illnesses and deaths.®'* Conversely, DN patients experience worsened plasma dyslipidemia,'” and the combination of proteinuria
and renal dysfunction can raise the likelihood of atherosclerotic cardiovascular disease (ASCVD) in diabetic populations.'®
These findings deepen our comprehension of the connection between blood lipids and renal dysfunction and could aid in the
discovery of molecular mechanisms between two diseases.

Cytokines are a group of small molecules ranging from 8-80 kDa that act as mediators in various pathophysiological
responses. This group includes interleukin, interferon, tumor necrosis factor, growth factor, colony-stimulating factor, and
chemokine. Cytokines not only play a crucial role in regulating the immune response, but they are also involved in the
pathogenesis of inflammatory disorders. Hemodynamic changes caused by some cytokines lead to an increase in
intraglomerular pressure,'’ followed by the induction of inflammatory cells to enter the kidney by chemokines, resulting
in amplification of immune-mediated damage.'® Finally, factors such as TNF-a can cause direct damage to glomeruli,
mesangium, and epithelial cells through apoptosis.'®

ID4 is primarily located in the nucleus, RNF213 in the cytoplasm, and PRCP in vesicles, with the latter detectable in
plasma as a protein. Previous studies have found that all three factors are involved in the process of vascular endothelial
injury, inflammatory response and fibrosis caused by metabolic disorders.'®** ID4 has been shown to act as a pro-
differentiation or anti-differentiation factor in a cell-specific manner,'® regulating fatty acid uptake, triglyceride synthesis/
storage, and MSC differentiation in mesenchymal stem cells.”” RNF213 intervenes in angiogenesis, affects fat metabo-
lism and inflammation, and is involved in atherosclerotic plaque formation.?!-*? Currently, PRCP is considered to be

involved in metabolic disorders through its enzyme activity and peptide conversion, and leukocytes and plasma
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contribute the most to circulating PRCP activity, in which the close relationship between PRCP-dependent signaling and
cytokines seems to play an important role in inflammation.?>2° PRCP regulates feeding and insulin receptor substrate 1
stability, and can induce renal oxidative stress through Ang 1-7-MAS receptor-mediated nitric oxide response.”® While
MSH is present in atherosclerotic plaque, PRCP cleasts it to reduce macrophage cholesterol excretion, indirectly inhibit
the activation of melanocortin receptor and form foam cells, promoting inflammation and plaque formation.

While there is ample evidence suggesting a connection between AS and DN,*7-1371°

their co-pathogenesis and
pathophysiology remain incompletely understood. As a result, identifying co-diagnostic markers of AS and DN is of
immense clinical significance for early intervention in DN patients at risk of AS. To address this, we reviewed published
gene expression data in the GEO database and utilized a systems biology approach to investigate shared gene pathways
and diagnostic markers between DN and AS. Our goal is to use this data to uncover new potential diagnostic and

therapeutic strategies for AS patients with underlying DN. The research flowchart of this research was shown in Figure 1.

Materials and Methods

Transcriptome Data Preprocessing

We performed an extensive search of the GEO database using the keywords “diabetic nephropathy” and “atherosclerosis”. Our
selection criteria required the use of PBMC:s or tissues for sequencing. We identified a dataset for the DN group derived from
glomeruli (GSE96804, 41 DN samples and 20 normal samples) and a dataset for the AS group derived from atherosclerotic
plaques and adjacent tissues (GSE43292, 32 AS samples and 32 normal samples). To enhance our clinical prediction
capabilities using the common markers identified, we included two additional datasets based on peripheral blood:
GSE142153 (23 DN samples and 10 normal samples) and GSE20129 (48 AS samples and 71 normal samples). For the
microarray data, we performed GeneSymbol mapping based on the respective platforms, using the median value when
multiple matches were present. The data were then normalized using the log2 (X+1) method to obtain the final expression
matrix.

Pre-Screening of Diagnostic Markers

The tissue datasets GSE96804 and GSE43292 underwent differential gene expression screening using the limma
package. A truncation standard of P.adj.value <0.05 and |LogFC[>0.5 was applied. For the WGCNA, the entire
expression profile of both datasets served as the input matrix, with a soft threshold range of 1 to 30 used for topological
calculation to determine the optimal threshold. The topological overlap matrix was then utilized to classify relevant
modules, each containing at least 50 genes, and similar modules were merged. Finally, the Pearson method was used to
determine the correlation between the merged modules and disease occurrence, selecting the core module with the
strongest positive correlation as the outcome.

Screening of Diagnostic Markers

By merging the common DEGs from the GSE96804 and GSE43292 datasets with the intersecting genes identified in the
WGCNA, an expression matrix was formed. SVM is a machine learning method that uses feature vectors to identify
optimal core genes. LASSO constructs a penalty function to refine the model for optimal gene selection. Disease
occurrence was considered a categorical variable, and markers were selected using both SVM and LASSO.

Enrichment Analysis

The DEGs from the GSE96804 and GSE43292 datasets, as well as the intersecting genes identified in the WGCNA, were
merged and further enriched using the clusterProfiler package. Gene Ontology (GO) enrichment analysis, a widely
utilized bioinformatics technique, was employed to extract extensive insights from the genetic data. Additionally, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment assays were conducted to understand the biological
functions and mechanisms. The aforementioned genes also underwent module enrichment analysis using the Metascape
database to identify gene clusters with analogous functions.

Journal of Inflammation Research 2026:19 hetps: 3
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Figure | Research design flow chart.

Localization Analysis of Core Diagnostic Markers
We queried the Human Protein Atlas database for the genes /D4, RNF213, and PRCP to determine their intracellular
localization and assess whether they are secreted proteins in U2-OS cells.
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Immunoinfiltration Analysis

Utilizing the CIBERSORT algorithm, the ratio of various immune cell types can be determined by assessing the gene
expression levels associated with immune cells. The resulting data yields a matrix of immune cell components, based on
the output of 22 infiltrated immune cells, which can then be analyzed. To evaluate the correlation between core markers
and immune-infiltrating cells, the Spearman method was employed.

Clinical Validation

In our study, 5 patients with DN, 5 patients with AS, and 5 healthy people were recruited from the above hospitals from
April 2023 to May 2023, peripheral blood was collected, and PBMCs were extracted from the patients’ blood samples as
described below. In this study, each patient signed an informed consent form in advance and was approved by the Ethics
Committee of the First People’s Hospital of Huai’an Hospital. Total RNA was extracted using FastPure Cell/Tissue Total
RNA Isolation Kit V2 (Vazyme, Nanjing, China) according to the manufacturer’s protocol. cDNA was synthesized from
isolated RNA using the HiScript III All-in-one RT SuperMix Perfect for gPCR Kit (Vazyme, Nanjing, China). Taq Pro
Universal SYBR qPCR Master Mix Kit (Vazyme, Nanjing, Nanjing, China performed qRT-PCR on the synthesized
cDNA in the ABI7500 real-time PCR system (Applied Biosystems). The primer sequences used were PRCP-F:
AGCTTCTGCCCCTATCTGG, PRCP-R: GCACTGATTACATTTCCC, GAPDH-F: CAATGTGGACCGCTTTTCCTA,
GADPH-R: GGCTGTTGTCATACTTCTCATGG. The results were calculated by the 272" method.editor.

Moreover, inclusion Criteria for DN group:' Diagnosis of Type 2 Diabetes Mellitus according to ADA standards;>
Clinical diagnosis of diabetic kidney disease, defined as persistent albuminuria (UACR > 30 mg/g) and/or decreased eGFR
(< 60 mL/min/1.73m?) in the absence of other primary renal diseases. Inclusion Criteria for AS group: Patients with
ultrasonography or angiography-confirmed carotid and/or coronary atherosclerosis. Inclusion Criteria for Healthy Control
group: Individuals with normal glucose tolerance, no history of cardiovascular or renal disease, and normal routine blood
and biochemical tests. Exclusion Criteria (applied to all groups):' Age < 18 or > 80 years;> Presence of active infection,
autoimmune diseases, cancer, or other non-diabetic renal diseases;> History of organ transplantation. (Table S1. Baseline

Clinical Characteristics of the Study Participants).

Results

Differential Genetic Screening

In the DN dataset (Figure 2A), we identified 1199 DEGs. The accompanying volcano plot reveals 438 upregulated and 761

downregulated DEGs (Figure 2B). Similarly, the AS dataset produced 1071 DEGs, comprising 608 upregulated and 403

downregulated genes (Figure 2C and D). Ultimately, the AS and DN datasets revealed 207 overlapping DEGs (Figure 2E).
The identification of 207 overlapping DEGs between the DN and AS datasets underscores the shared genetic

landscape of these conditions.

Construction and Module Analysis of WGCNA

Using WGCNA, we explored the relationship between clinical traits and gene expression. Within the AS dataset, one
significant outlier was identified and removed (Figure 3A), and two significant outliers were identified and removed from
the DN dataset (Figure 3B). The optimal soft threshold for the AS dataset was determined to be 25 (Figure 3C), while the DN
dataset’s optimal soft threshold was 5 (Figure 3D). By analyzing the modules’ similarities, we identified 16 modules in both
the AS (Figure 3E) and DN datasets (Figure 3F). The brown module exhibited the most robust positive correlation with AS
(r=0.58), while the red module had the strongest positive correlation with DN (r=0.83). Ultimately, we found 37 overlapping
genes in the WGCNA results (Figure 3G).

WGCNA revealed key gene modules associated with AS and DN, with 37 overlapping genes that may play pivotal
roles in both diseases.
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|dentification of Shared Genes and Shared Pathways
We identified a total of 37 overlapping genes in the DN and AS modules and 207 overlapping DEGs. To ensure
comprehensive analysis, we combined the DEGs and module genes for subsequent enrichment analysis. In the KEGG
analysis, significant enrichment was observed in pathways such as cytokine-cytokine receptor interaction, cell adhesion
molecules, and the Rapl signaling pathway (Figure 4A). GO enrichment analysis revealed significant enrichment in
biological processes such as leukocyte migration, positive regulation of cell adhesion, and leukocyte cell-cell adhesion
(Figure 4B). In the cellular component category, significant enrichment was found in the collagen-containing extra-
cellular matrix (ECM), secretory granule membrane, and focal adhesion (Figure 4C). For molecular functions, significant
enrichment was observed in amide binding and signaling receptor activator activity (Figure 4D). Using the Metascape
database, we enriched these genes into modules, revealing five distinct modules: regulation of cell growth, biological
processes related to MHC class 11 molecules, regulation of plasma lipoprotein particle levels, IL1 and megakaryocytes in
obesity, and NABA core matrisome (Figure 4E).

Pathways related to the immune system, particularly characterized by cytokine-cytokine receptor interaction and
ECM changes, may represent shared mechanisms for the onset of DN and AS. This could provide insight into why
individuals with DN may have an increased risk of developing AS.

|dentification and Validation of Potential Shared Diagnostic Markers
To identify the hub genes with the greatest diagnostic value, we utilized machine learning algorithms to select the most
significant features. We conducted SVM and LASSO regression analyses on the candidate genes. In the AS dataset, 13
genes were identified using the SVM method (Figure 5A), and 19 genes were identified in the DN dataset (Figure 5B).
Additionally, using the LASSO method, we selected 5 genes in the AS dataset (Figure 5C) and 15 genes in the DN
dataset (Figure 5D). Comparing the genes selected by different methods in each dataset, we discovered three common
diagnostic markers: /D4, RNF213, and prolylcarboxypeptidase (PRCP) (Figure 5E). Localization studies revealed that
ID4 is primarily found in the nucleoplasm, RNF213 in the cytosol, and PRCP in vesicles. Notably, PRCP is a detectable
protein in plasma that can be utilized for clinical detection (Figure SF).

ID4, RNF213, and PRCP may serve as common diagnostic markers for AS and DN. Additionally, PRCP, as
a detectable protein in plasma, holds potential for clinical application.

Immunocorrelation Analysis of Shared Diagnostic Markers
Enrichment analysis highlighted the critical role of immunity in the development of both diseases. Therefore, we further
investigated the patterns of immune infiltration using the CIBERSORT method, which is based on 22 types of immune
cells. Significant differences were found in B cells naive, B cells memory, T cells CDS, T cells CD4 memory activated,
T cells regulatory (Tregs), and NK cells activated in AS and control samples, while dendritic cells resting showed notable
differences (Figure 6A). In the DN dataset, significant changes were observed in B cells memory, T cells CDS8,
macrophages M1, macrophages M2, dendritic cells resting, mast cells resting, mast cells activated, and neutrophils
(Figure 6B). To further understand the involvement of the three shared hub genes in immune infiltration, we conducted
a correlation analysis. /D4 displayed a strong positive correlation with macrophages M0, PRCP was positively correlated
with activated NK cells, and RNF213 was positively correlated with resting T cells CD4 in the AS dataset (Figure 6C). In
the DN dataset, PRCP also showed positive correlations with plasma cells, resting NK cells, and more (Figure 6D).
Immune infiltration patterns and correlations with hub genes indicate that immune responses are integral to the
pathogenesis of both DN and AS, with specific immune cell types linked to shared diagnostic markers.

Validation of Shared Diagnostic Markers

Analysis of shared markers revealed that /D4 was overexpressed in normal samples, while both RNF213 and PRCP were
highly expressed in AS samples in the AS tissue dataset (Figure 7A). This expression trend was also observed in the DN
tissue dataset (Figure 7B). To determine the diagnostic efficacy of these markers in peripheral blood sequencing, we
performed a differential analysis in peripheral blood microarray data. The results indicated that PRCP was significantly
higher in AS and DN samples (Figure 7C and D). ROC analysis in AS and DN cohorts confirmed the strong diagnostic

8 https: Journal of Inflammation Research 2026:19



Zhang et al

A

Cytokine-cytokine receptor interaction -
Cell adhesion molecules .
Rap1 signaling pathway - P adj
9 dAOB
Chemokine signaling pathway [ 0.06
0.04
Lysosome [ ] BN 0.02
@
Protein digestion and absorption 4 ® @ | Counts
o 6
AGE-RAGE signaling pathway in diabetic | PY 038
complications O 10
Viral protein interaction with cytokine | PY O 12
and cytokine receptor
PPAR signaling pathway - ®
Cholesterol metabolism -{®
— T T T T
0.040.050.060.070.080.09
GeneRatio
collagen-containing extracellular matrix d
secretory granule membrane - [ J
cell-substrate junction P adj
focal adhesion [ J 0.015
0.010
neuronal cell body - . 0.005
o
external side of plasma membrane
Counts
e lumen 4 ® 0 16
vesicle lumen 0O 20
24
cytoplasmic vesicle lumen 4| ® O
secretory granule lumen 4 ®
lysosomal membrane -
T T T
0.06 0.08 0.10
GeneRatio
HLADOBL
E [, = ] - Color
o CcTSK
R =
HLADMBZA™ R\
® Yo
@Qcrvas | GAl ‘ . \? ¥
e -
® |
nepa @ @ -
CSFIR
@ \erc
@ ipH1
ooer =l
PLTP
&« =
S100A9 y
. .
$100A8
@
1
@ |
COL14A1
SVIL
o - % ]
PRELP .
" o |
fec]
%w L
MCODE1 o
u OiL1s
HMCODE2 ]
BMCODE3
BEMCODE4 P
BMCODES IL18 -

leukocyte migration
positive regulation of cell adhesion .
P adj
leukocyte cell-cell adhesion 2.5e-05
¥ ® 2.0e-05
" 1.5e-05
cell chemotaxis [ ] 1.06-05
5.0e-06
cellgrowth{ @
@
positive regulation of response to external T | Counts
stimulus 7 ® e 22
O 23
regulation of T cell activaton { @ O 24
O 25
leukocyte chemotaxis { @ 8 2(75
positive regulation of MAPK cascade -
regulation of cell-cell adhesion 4*
— T T
0.096.100.108.110
GeneRatio
signaling receptor activator activity
receptor ligand activity
P a(g
amide binding 05
0.04
actin binding - 0.03
0.02
peptide binding [ ) Ll
% Counts
carbohydrate binding 4 [ ) o 10
o 1
sulfur compound binding - [ ) O 12
O 13
cytokine receptor binding - [ ] 8 1‘;
extracellular matrix structural constituent 4
heparin binding ®

T T T T
0.0450.0500.0550.0600.065

GeneRatio

MCODE GO Description

MCODE_1 GO:0001558 regulation of cell growth

MCODE_1 GO:0006935 chemotaxis

MCODE_1 GO0:0042330 taxis

MCODE_2 GO:0019886 antigen processing and presentation of
exogenous peptide antigen via MHC class
]

MCODE_2 GO:0002495 antigen processing and presentation of
peptide antigen via MHC class |1

MCODE_2 GO:0002504 antigen processing and presentation of
peptide or polysaccharide antigen via MHC
class Il

MCODE_3 GO:0097006 regulation of plasma lipoprotein particle
levels

MCODE_3 GO0:0034369 plasma lipoprotein particle remodeling

MCODE_3 GO0:0034368 protein-lipid complex remodeling

MCODE_4 WP2865 IL1 and megakaryocytes in obesity

MCODE_4 M196 PID IL23 PATHWAY

MCODE_4 GO0:0031663 lipopolysaccharide-mediated signaling
pathway

MCODE_5 M5884 NABA CORE MATRISOME

Figure 4 Pathway analysis reveals common mechanisms in AS and DN pathogenesis. (A) KEGG pathway enrichment analysis of 37 shared genes identified by WGCNA in
AS and DN. (B) Biological process (BP) category of GO enrichment analysis for 37 shared genes. (C) Cellular component (CC) category of GO enrichment analysis for 37
shared genes. (D) Molecular function (MF) category of GO enrichment analysis for 37 shared genes. (E) Module enrichment analysis of DEGs.

Journal of Inflammation Research 2026:19

https:



Zhang et al

A0.46~ C 19 20 20 19 19 16 12 6 7 8 7 7 6 2 1
= ©
c > |
S 2
T 0.44
b}
3 <
8 A
g 042 g
o &
o 2 o~
TR
2 a
= 040 5
£
2 <
s -
0.38 N=13
T T T T T T
0 50 100 150 200 250 g -
B Variables
T T

0.23 -5 -4 -3 -2 -1
D Log(A)
5 022
ﬁ 16 16 16 16 13 12 11 9 9 7 7 6 5 4 2
S 021 <
'3 -
<
© 0.20 o
w
(%]
= o |
© 0.19 P
2
S o
S > |
. N=19 o ©
0.18 T T T T T T =
S o
0 50 100 150 200 250 g o 7
£
Variables o < |
o
N
o
o
S T T T T T

I D 4 Log(A)

Main location:
DN-LASSO

Nucleoplasm
AS-LASSO s ID4 DN-SVM

RNF213

8
Main location:

Sytosol o L2] pNF213

0 PRCP

Plasma proteins

PRCP

0
4
0
0
Main location: Target protein

Vesicles

Figure 5 Identification and validation of shared diagnostic biomarkers using SYM and LASSO. (A) SVM recursive feature elimination (SVM-RFE) identifies diagnostic markers
in AS. (B) SVM-RFE identifies diagnostic markers in DN. (C) LASSO regression identifies diagnostic markers in AS. (D) LASSO regression identifies diagnostic markers in
DN. (E) Venn diagram of shared diagnostic biomarkers between DN and AS. (F) Localization of shared diagnostic markers.

10 https: Journal of Inflammation Research 2026:19



Zhang et al

=
=)

o *

ns b

ns **

ns ns ns ns

o
=

e
N

CIBERSORT Fraction

ns ns ns s *

ns ns

Type

. Normal
E3 s

o
=

=
w

o

CIBERSORT Fraction
o
N

Ns Nns nNns nNns ns nNns ns ns ps ns

ﬁ_Jﬂﬁ.#

CCaE T

0‘0- T T T T T T T T T T T T T T T
P & D @ O L & TR U2 YR N S NG
£ & F O NI A
8 RN R A
o P T L ®L
< & & v & FE &g & & F
® o Y& ¢ FHFELE S
&S & & FTEEFFT e
NN & S
N
C Correlation: *** p<0.001 ** p<0.01 * p<0.05 D Correlation: *** p<0.001 ** p<0.01

T_cells_regulatory_(Tregs) 4
T_cells_gamma_delta-
T_cells_follicular_helper-

T_cells_CD84

T_cells_CD4_naive

T_cells_CD4_memory_resting§
T_cells_CD4_memory_activated §
Plasma_cells
NK_cells_resting -
NK_cells_activated 4
Neutrophils -

Monocytes 4

Mast_cells_resting q
Macrophages_M2 4
Macrophages_M1 4
Macrophages_MO0
Dendritic_cells_resting -
Dendritic_cells_activated -

B_cells_naive -

B_cells_memory 1

Type
. Normal
E3 oN

* p<0.05

T_cells_regulatory_(Tregs) 1
T_cells_gamma_delta
T_cells_CD8 A
T_cells_CD4_naive q
T_cells_CD4_memory_resting
T_cells_CD4_memory_activated 4
Plasma_cells
NK_cells_resting 4
NK_cells_activated §
Neutrophils 4

Monocytes A

Mast_cells_resting 1
Mast_cells_activated 4
Macrophages_M2 4
Macrophages_M1 1
Macrophages_M0 -

Eosinophils A
Dendritic_cells_resting 4
Dendritic_cells_activated -

B_cells_naive q

B_cells_memory -
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Figure 7 Validation of shared diagnostic markers in AS and DN. (A) Shared diagnostic markers show significant expression differences in GSE43292. (B) Shared diagnostic
markers show significant expression differences in GSE96804. (C) Shared diagnostic markers show significant expression differences in GSE20129. (D) Shared diagnostic
markers show significant expression differences in GSEI42513. (E) ROC curve evaluating the diagnostic performance of PRCP in AS. (F) ROC curve evaluating the
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ability of PRCP (Figure 7E and F). Furthermore, qRT-PCR tests on blood samples from our patients demonstrated that
PRCP expression in AS samples (Figure 7G) and DN samples (Figure 7H) was significantly higher than in normal
samples. According to our findings, the disruption in the co-expression of RNF213, PRCP, and ID4 could potentially
contribute to the development of DN and AS. Moreover, results from peripheral blood tests indicate that PRCP may have
promising diagnostic capabilities and could be utilized in clinical settings.

Discussion

This study delves deeper into the genetic level pathophysiological connection between DN and AS. Through the
implementation of WGCNA and DEG analysis, we discovered that immune and inflammatory response-related functions
may hold significant relevance in the development of DN and AS. Additionally, our enrichment analysis of common
genes in public disease databases also revealed the enrichment of cell differentiation and inflammatory signaling
pathways. We can infer that an inflammatory environment resulting from immune and inflammatory responses might
be a shared characteristic of two diseases, with the Cytokine-cytokine receptor interaction signaling pathway potentially
playing a vital role in their co-pathogenesis.

DN is essentially a metabolic disorder manifested by local inflammation of the kidney, characterized primarily by
excessive deposition of ECM, resulting in basement membrane thickening, mesangial dilation, and tubulointerstitial
fibrosis.”'° Microinflammation and subsequent ECM dilation are common pathways for the progression of DN, and there
is evidence that inflammation is the first promoter before the development of microvascular complications in DM.”'®
Transcription factors such as NF-kB (nuclear factor kB) can be activated by hyperglycemia to regulate genes associated
with inflammation and ECM conversion. In DN, proteinuria itself is an important activator of NF-kB and an important pro-
inflammatory stimulator of tubule cells.** In addition, inflammatory cytokines such as IL-1, IL-6, IL-18 and TNF also play
a crucial role in the pathogenesis of DN. Oxidative stress produces bioactive molecules, modifies low-density lipoprotein
(LDL), and consumes nitric oxide, resulting in endothelial dysfunction, production of various oxidative reactants and free
radical diffusion, and ultimately exacerbates DN vascular damage.*” Some immune cells including B and T lymphocytes,
macrophages, dendritic cells, mast cells, and neutrophils are significantly altered and enter the kidney to participate in diabetic
kidney damage.'® Their activation is usually associated with inflammatory mediators, such as pro-inflammatory cytokines and
chemokines, which directly or indirectly affect glycolipid metabolism and promote the development of DN. In the innate
immune system, macrophages are the main infiltrating cells in human DN. The adaptive immune system mainly includes
T cells and B cells, especially the activation of T cells in the blood and the increase in the number of CD4+T cells in the kidney
are closely related to the progression of DN, among which CD4+T cells can further differentiate into Th1, Th2, Th17, Treg
cells and other cells involved in immune response and secretion of most cytokines.” ' %'4°

The researchers found that macrophages are present in the glomeruli and interstitium of all stages of DN through kidney
biopsy analysis.'®*° This is closely related to serum creatinine and tissue fibrosis, and contributes to the progression of kidney
disease by accumulating in the kidney. Macrophages also produce TNF-a, which has been shown to increase in the kidney of
DN experimental animal models.'® The loss of macrophage TNF-a leads to a decrease in hypertrophy, proteinuria, and
glomerular pathology. M1 macrophages secrete pro-inflammatory factors that exacerbate kidney cell damage, while M2
macrophages promote epithelial and vascular repair. The differentiation of M2 macrophages is key to immunology-based
treatment of DN. Activated T cells can directly or indirectly cause damage to kidneys, further inducing inflammation and
oxidative stress in DN through the secretion of factors such as IL-2 and IFN-y. In response to ongoing immune injury,
inflammatory mediators are produced by mesangial cells, endothelial cells, and podocytes, resulting in persistent chronic
inflammation and leading to renal structure remodeling and tubulointerstitial fibrosis.”*!%

Foam cells are the hallmark of AS, and atherosclerotic plaque is the main pathological basis of CVD. The accumulation of
lipid molecules, specifically LDL, under the arterial wall’s endothelium is the initial stage of AS."""'**' This accumulation is
taken up by macrophages, which differentiate into foam cells and accumulate intracellular cholesterol, resulting in the
activation of innate immune and inflammatory mediators. Cytokines, such as interferon y and IL-6, can also trigger an
inflammatory response by binding to corresponding cytokine receptors, contributing to plaque formation.*> Monocytes are
recruited into atherosclerotic plaques with the participation of CCR2 and CCRS5, where they differentiate into dendritic cells
and macrophages. Macrophages play a key role in all stages of atherosclerotic lesion progression, releasing cytokines,
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chemokines, and matrix metalloproteinases that break down ECM components and lead to the development of atherosclerotic
plaques.* Pro-inflammatory mediators such as IFN-y, TNF-a, IL-2, and IL-3 produced by cells such as TH1 and TH2 activate
macrophages and other plaque cells, accelerating the inflammatory response. Thl releases TNF-a and IFN-y to exert pro-
atherosclerotic effects. Th2 cells predominantly interact with B cells and produce IL-4, IL-5, and IL-13. Th17 cells release IL-
17A, F, and IL-22, which have pro-inflammatory effects. IL-4 and IL-5 regulate antibody production, while IL-10 inhibits the
immune response. TGF-f inhibits both Th1 and Th2 cell activation and is required for Tregs cell differentiation. Its absence
increases the entry of pro-inflammatory macrophages and T cells into the arterial wall, exacerbating AS.** In conclusion,
understanding the role of these pro-inflammatory mediators in AS can help us develop new ways to prevent or treat CVD.*

Current research suggests that chemokine signaling pathways, cytosolic DNA sensing pathways, peroxisome proliferator-
activated receptor signaling pathways, NF-kB signaling pathways, and cytokine-cytokine receptor interactions all play
a significant role in the occurrence, progression, and complications of AS,*> which aligns with our analysis. Upon discovering
the abundance of both immune and inflammatory responses in DN and AS, we hypothesized that the immune-related pathway
dominated by cytokine-cytokine receptor interaction, coupled with the alteration of the ECM, may be a common pathway for
the development of AS and DN. Integrating the gene pool yielded three central genes: /D4, RNF213, and PRCP. The
expression of /D4 was reduced, while the expression of the latter two was significantly higher in the DN and AS groups than in
the control group, with PRCP expression in peripheral blood expected to be a potential marker for the clinical diagnosis of DN.

The location of /D4 in the 4Mb region of chromosome 6p22.3 and its status as the longest protein in the ID family with 161
residues have been established through studies.'® As a differentiation regulator, /D4 plays a crucial role in adipocyte
differentiation, and its reduction can lead to impaired differentiation.”*?” Furthermore, ID4 is positively correlated with
Macrophages M0, which accumulate with disease progression and can be differentiated into various forms such as M1, M2,
TNF-a, and others, participating in the pathogenic processes of DN and AS. The pathophysiological pathway of Macrophages
MO is believed to cause co-expression dysregulation and pathogenesis. Moving on to RNF213, which is a 591 kDa E3
ubiquitin protein ligase consisting of 5207 amino acids and localized to chromosome 17q25.3.?! Studies have suggested that
RNF213 is associated with inflammation and insulin pathways, specifically involved in TNFa-mediated macrophage
inflammation and adipocyte inflammation-mediated insulin resistance.”**® Additionally, RNF213 is commonly associated
with the susceptibility gene for moyamoya disease, and its variants such as p. R4810K are known to cause arterial fragility and
susceptibility to hemodynamic stress, altering AS and thereby increasing the risk of ASCVD.** In endothelial cells, IFN-y
and TNF-a produced by Thl and Th2 synergistically activate the transcription of RNF213 in vitro and in vivo. Our study
found that RNF213 was positively correlated with T cells CD4 memory resting, and in this active process with unknown
mechanism, mediators such as RNF213 and CD4+ T cells, Thl, Th2, and IFN-y and TNF-a can trigger positive feedback
loops, enhance kidney damage, and induce plaque formation, thereby promoting chronic inflammation.

Finally, we found that PRCP was significantly elevated in AS and DN samples and had diagnostic potential in peripheral
blood, and was also involved in immune and inflammatory responses. It is a serine protease, located primarily in lysosomes,
with the ability to cleat peptide substrates such as angiotensin II and alpha-MSH.?****>7 Plasma levels of PRCP have been
reported to be significantly elevated in patients with AS, inflammation, and DN and are strongly correlated with disease
severity. > 2339 Xy, Tabrizian et al suggest that PRCP plasma concentrations can be used to reflect the metabolic status of
obese and diabetic individuals while playing a protective role in CVD.?****** Recently, De Hert et al* observed PRCP activity
in human adipose tissue for the first time and confirmed that PRCP is involved in blood glucose and lipid metabolism through
immune regulation. In addition, IL-1p and TGF-B1, key regulators of inflammation and fibrosis, have also been shown to be
correlated with PRCP, and the reduction of circulating IGF1 is closely related to inflammation and TNF-a activation in
endothelial cells. AS and DN data set analysis suggested that PRCP was correlated with immune cells such as NK cells
activated, plasma cells and NK cells resting. Therefore, we speculated that PRCP is involved in the development of DN and
AS during the differentiation of NK cells. My can participate in NK cell activation either through soluble mediators or
cytokines (IL-12, IL-18, TNF-a, CCR7, type I interferon) or through direct cell-cell interactions. Moreover, after MO and M2
are polarized into M1, M1 will also enhance the activation of NK cells, thus inducing a strong pro-inflammatory response. At
the same time, NK cells can also inhibit M1 polarization through IL-10, thereby regulating inflammatory response. It can be
seen that PRCP expression is regulated by many cytokines related to inflammatory states and chemokine release, which
damage endothelial cells and exacerbate oxidative stress response, thus contributing to DN and AS. Compared with traditional
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inflammatory indicators such as hs-CRP and IL-6, PRCP can simultaneously reflect the metabolic status of the body. Relying
on its unique pathological mechanism, it has more obvious advantages in evaluating disease progression. Moreover, compared
with common heart-kidney indicators (eg UACR, eGFR), PRCP integrates multiple factor information such as blood glucose,
blood lipids, inflammatory response, and fibrosis, and can more sensitively indicate vascular endothelial injury, having dual
significance for diagnosis and treatment. However, current research on PRCP is limited, and a standardized process for its
peripheral blood detection protocol has not yet been established. Therefore, the quantitative relationship between its enzyme
activity/concentration and disease status has not been established either. We will subsequently conduct in vitro experiments to
verify the specific mechanism of action of PRCP, and further expand the sample size of clinical patients to determine its
specific role in the cross-reaction between DN and AS.

Conclusion

This groundbreaking study utilized bioinformatics analysis to examine common pathways and genetic diagnostic markers for
DN and AS. The findings indicate that the Cytokine-cytokine receptor interaction signaling pathway may play a role in the
development of both DN and AS, and could potentially serve as a diagnostic marker for DN complicated by AS. Additionally,
the study’s immunoinfiltration correlation analysis suggests that the pathogenesis of these conditions may be linked to an
imbalance of ID4, RNF213, and PRCP expression. This research offers a new perspective on exploring the mechanisms
underlying DN concurrent AS. However, considering the influence of various factors such AS individual differences, metabolic
disorders, the application of hypoglycemic and lipid-lowering drugs and those protecting the cardiovascular and renal systems,
as well as the presence of other complications, it remains quite challenging to identify candidates and shared pathways
warranting validation in DN and AS, and to establish a multi-dimensional comprehensive evaluation system. Future studies
will delve deeper into the Cytokine-cytokine receptor interaction pathway and the expression of ID4, RNF213, and PRCP, as
well as conduct related in vitro experiments. At the same time, expand the clinical sample size, establish standardized detection
techniques through multi-center cohort studies, and gradually promote its clinical transformation pathways.
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