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ARTICLE INFO ABSTRACT

Keywords: Background: Diabetic kidney disease (DKD) is the primary contributor to renal failure and poses a
Diabetic kidney disease severe threat to human health. Accumulating studies demonstrated that competing endogenous
Cuproptosis

RNA (ceRNA) network is involved in cuproptosis and DKD progression. However, the role of
cuproptosis-associated ceRNA network and immune infiltration in DKD remains largely unclear.
This study aimed to investigate the cuproptosis-related ceRNA regulation network and immune
infiltration in DKD.

Methods: The rat model of DKD was induced by combining the nephrectomy of the left kidney,
high-fat diet, and streptozotocin. Differentially expressed genes (DEGs), miRNAs (DEMs), and
IncRNAs (DELs) between normal and DKD rats were obtained. DEGs were intersected with
cuproptosis-related genes (CRGs) to obtain DE-CRGs. LncRNAs and miRNAs were predicted based
on the DE-CRGs, and they were intersected with DEMs and DELs, respectively. Subsequently, a
cuproptosis-associated IncRNA-miRNA-mRNA network was established in DKD. In addition, the
relative proportion of 22 infiltrating immune cell types in each sample was calculated, and the
relationship between hub DE-CRGs and immune cells was explored.

Results: In total, there were 429 DEGs, 22 DEMs, and 48 DELs between CON and MOD groups.
Then, 73 DE-CRGs were obtained, which were significantly enriched in 22 pathways, such as
MAPK signaling pathway, IL-17 signaling pathway, and TNF signaling pathway. In addition, a
core cuproptosis-related ceRNA network that included one IncRNA (USR0000B2476D), one
miRNA (miR-34a-3p), and eight mRNAs (Mmp9, Pik3c3, Prom1, Sntal, Slc51b, Ntrk3, Snca, Egf)
was established. In addition, 18 hub DE-CRGs were obtained. CIBERSORT algorithms showed that
resting dendritic cells and resting NK cells were more infiltrated whereas regulatory T cells were
less infiltrated in DKD rats than in normal rats. Spearman’s correlation analysis revealed that hub
DE-CRGs showed significant positive or negative correlations with naive B cells, regulatory T
cells, resting NK cells, MO macrophages, resting dendritic cells, and resting mast cells.
Conclusion: A ceRNA network was comprehensively constructed, and 18 hub DE-CRGs were ob-
tained, which will provide novel insights into the pathologic mechanism elucidation and targeted
therapy development of DKD.

ceRNA network
Immune infiltration
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1. Introduction

Diabetes mellitus (DM) is a serious threat to humanity’s health today. According to data reported by the International Diabetes
Federation, there will be an estimated 780 million people living with DM in 2045 [1]. Among them, approximately 20 %-40 % of
individuals with DM develop diabetic kidney disease (DKD) [2]. DKD is a common, devastating, and expensive microvascular
complication of DM and is currently the leading cause of end-stage renal disease worldwide [3]. Worse yet, patients with DKD are at
higher cardiovascular events, hospitalizations, and mortality risks than those with only DM [4,5]. In contrast to a decline in other
diabetic complications, a similar phenomenon has not been observed in DKD [6]. DKD can be caused by multiple factors, such as
hyperglycemia, hypertension, inflammation, and oxidative stress; nevertheless, there is a lack of perfect mechanisms to explain DKD
[7]1. Although current therapies for DKD, including lifestyle changes, controlling hyperglycemia and hypertension, as well as
improving hyperlipidemia have been modestly successful [3], a large residual risk for the onset or/and progression of DKD remains
[8]. These data indicate that investigating comprehensive mechanisms of DKD is meaningful for identifying novel targets and ther-
apeutic methods.

Copper is an essential micronutrient of biological processes to maintain systemic copper homeostasis; yet, excessive copper causes
cell metabolic dysfunction [9]. Cuproptosis, namely, excessive copper contributes to abnormal lipoacylated protein aggregation, in-
terferes with iron-sulfur tuftin associated with mitochondrial respiration, causes proteotoxic stress response, and ultimately leads to
cell death [10]. In contrast to previously described various cell death, such as apoptosis, pyroptosis, necroptosis, and ferroptosis,
cuproptosis is a novel form of copper-dependent, non-apoptotic, non-ferrous, and non-necrotic programmed cell death [11]. Accu-
mulating studies have shown that copper homeostasis and cuproptosis play important regulatory roles in the progression of multiple
diseases, such as tumors [12], cardiovascular diseases [13], and cerebral diseases [14]. It has been reported that cuproptosis-related
RNAs, such as long non-coding RNAs (IncRNAs), microRNAs (miRNAs), and mRNAs, are involved in the disease prognosis and
associated with immune infiltration [15,16]. In addition, cuproptosis-related non-coding RNAs and protein-coding mRNAs are linked
via competing endogenous RNA (ceRNA) networks to promote disease progression. For instance, the
LINC00511/miR-29¢-3p/SLC31A1 axis promoted breast cancer progress via regulating copper transport [17]. However, studies on the
potential roles of the cuproptosis-related ceRNA network and the relationship between cuproptosis and immune infiltration in DKD
have not been reported yet. Thus, this study is the first to comprehensively analyze the potential mechanisms of cuproptosis-associated
ceRNA network and immune infiltration in DKD.

In this study, we carried out RNA high-throughput sequencing, including IncRNA, miRNA, and mRNA, of kidney tissues in normal
and DKD model rats. Differentially expressed (DE) IncRNAs, miRNAs, and mRNAs were obtained, and DE mRNAs were intersected with
cuproptosis-related genes (CRGs) to acquire DE-CRGs. In addition, cuproptosis-related IncRNA and miRNA were predicted based on
the DE-CRGs. A regulatory ceRNA network with DE-CR IncRNAs, miRNAs, and mRNAs was established to reveal the potential in-
fluence on DKD. Subsequently, the relative proportion of 22 infiltrating immune cell types in each sample was calculated, and the
relationship between hub DE-CRGs and immune cells was explored. Our study may reveal the most potential cuproptosis-related
ceRNA network in the DKD progress and therapeutic targets for DKD by regulating copper transport, which may provide a new
perspective on DKD and guidelines for further experimental research. The flowchart of this study is shown in Fig. 1.
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Fig. 1. Flow chart of the present study. CRGs, cuproptosis-related genes; DKD, diabetic kidney disease; DE, differentially expressed; HDF, high-fat
diet; LKN, nephrectomy of the left kidney; SD, Sprague Dawley; STZ, streptozocin.
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Fig. 2. DKD model and histological analysis. (A) The procedure of DKD model. (B) Kidney size of CON and MOD groups. (C) PAS staining of kidney
tissue in CON and MOD groups. MOD, model group; SD, Sprague Dawley; SCS, sodium-citrate solution; LKN, nephrectomy of the left kidney; HDF,
high-fat diet; STZ, streptozocin; CLU, blood glucose.

2. Materials and methods
2.1. Animal model preparation

Six male 5-week-old Sprague Dawley (SD) rats were obtained from Hunan Slack Jingda Experimental Animal Co., LTD (Changsha,
China; animal license No. SYXK(Gui)2019-0001). Rats were kept in specific-pathogen-free conditions with a temperature of 22 + 2 °C,
a 12-h light/dark cycle, along with humidity of 60 &+ 5 %, and had access to drink and normal rat chow ad libitum.

A DKD rat model was established by combining nephrectomy of the left kidney, high-fat diet (HDF), and streptozotocin treatment in
our experiment, as previously described [18-21]. After one week of adaptive feeding, rats were randomly divided into two groups, that
is, the normal control group (CON, n = 3) and the model group (MOD, n = 3). Rats in the CON group underwent sham-operated
surgery, while rats in the MOD group were subjected to nephrectomy of the left kidney under isoflurane (Ringpu, Tianjin, China)
anesthesia (3 %4 % induction, 1.5 %-2.5 % maintenance, as well as 100 % oxygen). Rats received analgesia after the surgery via
subcutaneous injection of 0.2 mg/kg meloxicam injection (Kangdien, Qingdao, China) for five consecutive days. After one day of
surgery, rats were fed a normal chow diet (CON, n = 3) or HDF with 17 % kcal protein, 32 % kcal fat, and 51 % kcal carbohydrate
(MOD, n = 3). After two weeks of recovery, 50 mg/kg STZ (Sigma-Aldrich, St Louis, USA) dissolved in 0.1M sodium-citrate solution
(pH 4.5) was injected into HFD-fed rats through tail-vein injection for one day. Meanwhile, rats in the CON group received 100 pL of
0.1M sodium-citrate solution (pH 4.5). After STZ treatment 72 h, blood glucose levels were measured from the tail vein by using an
Accu-Chek glucometer (Roche, Mannheim, Germany) for three consecutive days, and rats with three or more random blood glucose
>16.7 mmol/L were considered successful models. On the fifteenth week, all rats were anesthetized with isoflurane, and kidney tissues
were collected. Subsequently, each kidney was divided into two parts, of which one part was fixed in 4 % paraformaldehyde for 24 h
and the other part was snap-frozen in liquid nitrogen for the following analysis. The procedure of animal model preparation is
exhibited in Fig. 2A.

2.2. Histopathological analysis of kidney
The 4 % paraformaldehyde-fixed kidney tissues were embedded in paraffin and were sectioned into 5 pm slices. The kidney sections

were stained with Periodic acid-Schiff (PAS), according to a standard protocol. Histopathological features of kidney tissues were
observed using a microscope (Olympus, Tokyo, Japan).
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2.3. RNA extraction, library preparation, and sequencing

RNA high-throughput sequencing, including IncRNA, miRNA, and mRNA of kidney tissues was conducted on BGI Technology
Service Co. Ltd (Shenzhen, China). In brief, total RNA was extracted from kidney tissues using a TRIzol reagent (Invitrogen, CA, USA)
according to the manufacturer’s instructions. RNA concentration and integrity were assessed using the Qubit® 3.0 Fluorometer
(Thermo Fisher, MA, USA) and the Agilent 2100 Bioanalyzer (Agilent Technologies Inc., CA, USA), respectively. Then, the MGIEasy
Small RNA Library Prep Kit (MGI, Shenzhen, China) was used to construct the miRNA library. In terms of IncRNA and mRNA, libraries
were prepared using the BGI Optimal series two-module mRNA Library Construction Kit (MGI, Shenzhen, China) following the
manufacturer’s protocol. Subsequently, the qualified libraries of miRNA, IncRNA, and mRNA were sequenced on the Genetic
Sequencer MGISEQ-2000 (MGI, Shenzhen, China), and raw reads were generated. SOAPnuke software (v1.5.2) was employed to filter
out raw reads that contained sequencing adapter, low-quality, as well as unknown base ratio > 5 %, and high-quality clean reads were
obtained for the following analysis.

2.4. Identification of differentially expressed mRNAs, miRNAs, and IncRNAs

Differential expression statistics were performed using DESeq2 (v1.4.5), a R package. DE IncRNAs, miRNAs, and mRNAs were
screened by a threshold of |log2 (fold change)| > 1 and adjusted P value < 0.05, and were visualized by a volcano plot.

2.5. Identification of differentially expressed cuproptosis-related genes and prediction

In total, 2056 cuproptosis-related genes (CRGs) were acquired from previous literature [10,22-26]° which were merged with
differentially expressed mRNAs in sequencing analysis to obtain differentially expressed cuproptosis-related genes (DE-CRGs) in DKD
rats. Based on the DE-CRGs, RNAhybrid, Miranda, and TargetScan were used to predict miRNAs and IncRNAs. Whereafter, the
intersection between the predicted miRNAs and IncRNAs and the sequenced DE-miRNAs and DE-IncRNAs was performed by Venn
diagram to acquire DE-cuproptosis-related miRNAs and IncRNAs.

2.6. Construction of cuproptosis-related IncRNA-miRNA-mRNA network

The relationship between cuproptosis-related IncRNA-miRNA and miRNA-mRNA was carried out using Spearman correlations
analysis. LncRNA-miRNA pairs and miRNA-mRNA pairs with |correlation coefficient | > 0.80 and p-value <0.05 were screened out for
cuproptosis-related ceRNA network construction. In addition, a hub cuproptosis-related ceRNA network was established based on the
inversely regulatory relationship pairs and the threshold value of degree that was calculated using CytoNCA, a plugin of Cytoscape
3.8.0.

2.7. GO and KEGG enrichment analysis of DE-CRGs in the ceRNA network

GO and KEGG enrichment analysis of DE-CRGs were conducted using R “Phyper function” based on the Hypergeometric test and
ClueGO, a plugin of Cytoscape 3.8.0. GO terms and KEGG pathways with a threshold of p-value <0.05 were regarded as significant
enrichment.

2.8. Screening and analysis of hub DE-CRGs

Protein-protein interaction (PPI) network of DE-CRGs was established using STRING (https://string-db.org) with default values to
reveal the interaction between genes and was visualized by Cytoscape (v 3.8.0). CytoNCA and CytoHubba, plugins of Cytoscape 3.8.0,
were employed to calculate the value of each node gene based on 13 algorithms, Betweenness (BC), Closeness (CC), Degree (DC),
Eigenvector (EC), Local Average Connectivity (LAC), Network (NC), Maximal Clique Centrality (MCC), Density of Maximum Neigh-
borhood Component (DMNC), Maximum Neighborhood Component (MNC), Edge Percolated Component (EPC), BottleNeck, EcCen-
tricity, along with Radiality. The top genes were screened based on the above algorithms by the R package “UpSet”, which differential
expression between the CON and MOD groups were exhibited by the box plot and heatmap. According to Spearman’s statistical
method, the R package “corrplot” was used to analyze the correlation of hub DE-CRGs.

2.9. Evaluation of immune cell infiltration

CIBERSORT algorithm, a method for estimating different immune cell types, was used to calculate the relative proportion of 22
infiltrating immune cell types in each sample. Accurate immune cell fractions were identified using a threshold of p-value <0.05 as
screening criteria. The relationship between hub DE-CRGs and immune cells associated with DKD was performed using Spearman’s
statistical method, with a threshold of | correlation coefficient | > 0.80 and p-value <0.05 indicating a significant association.
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Fig. 3. The mRNAs, miRNAs, and IncRNAs between CON and MOD groups. (A) Volcano plot of differentially expressed mRNAs. (B) Volcano plot of
differentially expressed miRNAs. (C) Volcano plot of differentially expressed IncRNAs. (D) Venn diagram of differentially expressed mRNAs and
cuproptosis-related genes. (E) Venn diagram of differentially expressed miRNAs and predicted miRNAs. (F) Venn diagram of differentially expressed
IncRNAs and predicted IncRNAs. (G) The heatmap of 73 differentially expressed cuproptosis-related genes. (H) The heatmap of 16 differentially
expressed cuproptosis-related miRNAs. (I) The heatmap of 13 differentially expressed cuproptosis-related IncRNAs. DE, differentially expressed;
CRGs, cuproptosis-related genes.
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3. Results
3.1. Histological analysis of DKD rats

To evaluate whether the DKD model has been successfully constructed, Periodic acid-Schiff (PAS) staining was used to observe the
histopathological features of DKD rats. It can be seen that the size of the kidney was markedly enlarged in the MOD group compared to
the CON group (Fig. 2B). The results of the PAS staining as shown in Fig. 2C, the kidney tissue of rats in the CON group showed a clear
and thin glomerular capillary loop, a normal number of mesangial cells, and a clear basement membrane. In contrast, rats in the MOD
group exhibited severe pathological damages with obvious mesangial cell proliferation, hypertrophy of the glomerular capillary loop,
and thickening of the basement membrane (Fig. 2C). These results indicated that the DKD model had been successfully constructed,
and there was a pronounced renal injury in DKD rats.

3.2. Expression profiles of mRNA, miRNA, and IncRNA

To explore the differential gene expression in DKD rats, the transcriptome profiles of mRNA, miRNA, and IncRNA were investigated
from three DKD rats and three control samples. In total, there were 18823 mRNAs, 1336 miRNAs, and 2741 IncRNAs.

3.2.1. mRNA profiles and cuproptosis-related DEGs identification

The volcano plot of mRNAs is shown in Fig. 3A, 429 mRNAs were significantly different between CON and MOD groups, of which
155 and 274 mRNAs were up-regulated and down-regulated, respectively (Table S1). In addition, differentially expressed mRNAs were
merged with cuproptosis-related genes, and a total of 73 DE-CRGs were obtained for further analysis (Fig. 3D and G).

3.2.2. miRNA profiles and target miRNA prediction

A comparison of expression profile data from rats in CON and MOD groups identified 22 significantly different miRNAs with eight
up-regulated and 14 down-regulated (Fig. 3B). Furthermore, 1790 predicted miRNAs were obtained based on the above 73 DE-CRGs
using MiRanda, TargetSCan 8.0, and RNAhybrid. Among them, 16 DE-CR-miRNAs co-existed in the sequenced miRNAs and predicted
miRNAs (Fig. 3E and H).

3.2.3. LncRNA profiles and target IncRNA prediction

With the screening criteria of IncRNA mentioned above, 48 significantly different IncRNAs were identified in CON and MOD
groups, including six up-regulated and 42 down-regulated IncRNAs (Fig. 3C). In all, 878 predicted-IncRNAs were acquired based on the
above 16 DE-CR miRNAs via MiRanda, TargetSCan 8.0, and RNAhybrid. Subsequently, 878 predicted-IncRNAs were integrated with
48 sequenced lcnRNAs, and ultimately 13 overlapping IncRNAs were acquired for further analysis (Fig. 3F and I).

3.3. Construction of cuproptosis-related IncRNA-miRNA-mRNA regulatory network

To elucidate how IncRNAs and miRNAs exhibited the regulatory roles in DKD rats via targeting downstream cuproptosis-related
genes, the interaction among significantly different IncRNAs, miRNAs, and mRNAs was constructed. Firstly, the correlation analysis
between 13 DE-IncRNAs and 16 DE-miRNAs and 16 DE-miRNAs and 73 DE-mRNAs was conducted, and they were depicted in
Figure S1 and Figure S2 using heatmaps, respectively. Subsequently, we screened out 59 IncRNA-miRNA pairs and 450 miRNA-mRNA
pairs based on a cut-off with correlation coefficient value > 0.80 or < —0.8 and P < 0.05, and a cuproptosis-related ceRNA network
that included 12 IncRNAs, 16 miRNAs, and 71 mRNAs was established (Fig. 4A). To deeply explore the pivotal roles of the ceRNA
network, the top 40 scored node genes of the cuproptosis-related ceRNA network were obtained based on the above nine algorithms
(Table S2) and were employed to screen the hub ceRNA network using the R package “UpSet”, and 25 node genes were obtained
(Fig. 4B), which consisted of one IncRNA, six miRNAs, and 18 mRNAs (Fig. 4C). Of note, the hub ceRNA network showed that the
USR0000B2476D IncRNA was negatively regulatory with rno-miR-34a-3p, and rno-miR-34a-3p was negatively regulatory with eight
genes, namely, Mmp9, Pik3c3, Prom1, Sntal, Slc51b, Ntrk3, Snca, and Egf (Fig. 4D), indicating that the core ceRNA network that
consisted of USR0000B2476D, miR-34a-3p, and eight genes may involve in the progression of DKD.

3.4. GO and KEGG analysis of the cuproptosis-related mRNAs in the ceRNA network

To further identify the biological processes of 73 cuproptosis-related mRNAs in DKD rats, GO and KEGG pathway analyses were
conducted. According to the GO annotation analysis of cuproptosis-related mRNAs, a total of 977 GO items were obtained (P < 0.05), of
which 719 items, 84 items, and 174 items were in BP, CC, and MF, respectively (Table S3). As can be seen from Fig. 5A, GO biological
processes were mainly involved in response to xenobiotic stimulus (G0O:0009410), response to drug (G0:0042493), aging
(G0:0007568), etc., in BP, extracellular space (GO:0005615), extracellular region (GO:0005576), protein-containing complex
(G0:0032991), etc., in CC, protein binding (GO:0005515), enzyme binding (GO:0019899), growth factor binding (G0:0019838), etc.,
in MF. Concerning the KEGG pathways analysis, 22 pathways were significantly enriched (P < 0.05) after eliminating pathways that
belong to human diseases, such as Apelin signaling pathway, Apoptosis, Arginine and proline metabolism, MAPK signaling pathway,
IL-17 signaling pathway, and TNF signaling pathway (Fig. 5B and Table S4).
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Fig. 4. Construction of cuproptosis-related IncRNA-miRNA-mRNA regulatory network. (A) The IncRNA-miRNA-mRNA regulatory network. (B) The
upset plot of screening the hub ceRNA network. (C) The hub ceRNA network. (D) The core ceRNA network. The purple ellipses, green arrows, and
orange triangles represent mRNAs, miRNAs, and IncRNAs, respectively. The color of the lines represents the relationship among mRNAs, miRNAs,
and IncRNAs. The red lines represent positive correlation, while blue lines represent negative correlation.
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Fig. 5. GO and KEGG analysis of DE-CRGs in the ceRNA network. (A) Top ten GO enrichment annotations of biological process, cellular component,
and molecular function. (B) KEGG pathways with bold font in color were significantly enriched (P < 0.05).

3.5. Identification and integration analyses of hub DE-CRGs

To obtain the hub DE-CRGs for subsequent analysis, a PPI network was constructed based on the above 73 DE-CRGs, and two
Cytoscape plugins CytoNCA and CytoHubba were utilized to identify hub DE-CRGs according to the score of each node genes.
Eventually, the top 30 scored node genes of 73 DE-CRGs were used to identify hub DE-CRGs using the R package “UpSet”, and 18 hub
DE-CRGs were obtained (Fig. 6A). The differential expression of 18 hub DE-CRGs between normal rats and DKD rats is presented in the
heatmap (Fig. 6B) and boxplot (Fig. 6C). Of these, six hub DE-CRGs (Cdk1, Cdknla, Cyp2el, Gpx2, Krt18, Spp1l) were significantly up-
regulated in DKD rats, whereas other 12 hub DE-CRGs (Cycs, Egf, Egrl, Esrl, Fos, Igfl, Jun, Mmp9, Nos1, Prom1, Snca, Sox9) were
markedly down-regulated in DKD rats. In terms of the correlation analysis of hub DE-CRGs, there were multiple pairs with strong
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Fig. 6. Identification and integration analysis of hub DE-CRGs in DKD. (A) The upset plot of screening the hub DE-CRGs. (B) The heatmap of the
differential expression of hub DE-CRGs between normal and DKD rats. (C) The boxplot of the differential expression of hub DE-CRGs between
normal and DKD rats. (D) Correlation analysis of hub DE-CRGs. Red and Green colors represent positive and negative correlations, respectively. (E)
The location of hub DE-CRGs on chromosomes. ***P < 0.001, **P < 0.01, *P < 0.05.

positive or negative correlations with coefficient absolute value > 0.8 and p-value < 0.05, such as Cdk1 and Spp1 (0.89), Cdknla and
Sox9 (—0.90), Snca and Prom1 (0.94), Mmp9 and Cdk1 (—0.93), as well as Cdknla and Esrl (—0.99) (Fig. 6D), indicating that these
hub DE-CRGs pairs may exert synergistic or antagonistic effects in the onset and progression of DKD. From the circle plot of chro-
mosomal positions, we can see that hub DE-CRGs were located on chromosomes 1, 2, 3, 4, 5, 6, 7, 10, 12, 14, 18, and 20 (Fig. 6E).

3.6. Immune cell infiltration analysis of hub DE-CRGs

To explore whether there are immune system differences between normal and DKD rats, the immune infiltration analysis of hub DE-
CRGs was performed using the CIBERSORT algorithm. The proportions of 22 immune cell infiltration of hub DE-CRGs are exhibited in
Fig. 7A, which were mainly focused on native B cells, memory-activated CD4 " T cells, as well as Monocytes. The differential analysis of
immune cells showed that resting dendritic cells, resting NK cells, and regulatory T cells significantly differed between normal and
DKD rats, of which resting dendritic cells and resting NK cells were up-regulated and regulatory T cells were down-regulated in DKD
rats (Fig. 7B). We subsequently carried out the correlation analysis of 18 hub DE-CRGs and immune cells, and found that hub DE-CRGs
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Fig. 7. Immune cell infiltration analysis of hub DE-CRGs in DKD. (A) The relative abundances of 22 infiltrated immune cells between normal and
DKD rats. (B) Boxplots showed the differences in immune infiltrating between normal and DKD rats. (C) Correlation analysis between 18 hub DE-
CRGs and infiltrated immune cells. ***P < 0.001, **P < 0.01, *P < 0.05.

showed significant correlations with native B cells, regulatory T cells, resting NK cells, MO macrophages, resting dendritic cells, along
with resting mast cells (Fig. 7C). Regulatory T cells were dramatically positively linked to Cycs, Egrl, Fos, Igf1, Jun, as well Prom1.
Resting NK cells were significantly inversely associated with Egrl, Esrl, Igfl, Jun, and Nos1, while had a positive correlation with
Cdknla. Resting dendritic cells showed markedly negatively linked to Egf, Esrl, Mmp9, Prom1, and Snca, and positively linked to
Cdk1, Cdknla, Gpx2, and Krt18. These findings suggested that hub DE-CRGs may play critical roles in immune infiltration in DKD.

4. Discussion
DKD, a currently main cause of renal replacement therapy, places a huge physical and financial burden on patients and has become
a global severe health challenge [27]. As the concrete mechanisms of DKD are not yet clear, conventional therapeutic management

provides only finite effectiveness benefits and there is no foolproof solution to prevent end-stage renal disease. Cuproptosis, a novel
form of mitochondrial cell death, has recently been discovered. And cuproptosis-related ceRNA networks contribute to disease
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progression. To our knowledge, this is the first study to construct a regulatory circRNA-miRNA-mRNA network and immune infil-
tration in DKD based on cuprotosis. We found pronounced renal histopathological damage in DKD rats. There were significantly
different 429 mRNAs, 22 miRNAs, and 48 IncRNAs in CON and MOD rats, and a total of 73 DE-CRGs, 16 DE-CR-miRNAs, and 13
DE-CR-IncRNAs were identified, respectively. A cuproptosis-related ceRNA network that included 12 IncRNAs, 16 miRNAs, and 71
mRNAs was established. In addition, the core ceRNA network consisted of USR0000B2476D, miR-34a-5p, and eight genes. GO and
KEGG pathway analysis of 73 DE-CRGs showed that 977 GO items and 22 pathways were significantly enriched. What’s more, 18 hub
DE-CRGs were obtained, which showed significant correlations with native B cells, regulatory T cells, resting NK cells, MO macro-
phages, resting dendritic cells, and resting mast cells. These findings may provide a novel understanding of the pathogenesis of DKD.

The ceRNA is a network that reveals the interaction of different RNAs and keeps a relatively balanced. When the balance is
disturbed, it will cause diseases. In our study, a cuproptosis-related ceRNA network was constructed, which consisted of
USR0000B2476D, miR-34a-3p, and eight mRNAs. Among them, mRNAs mainly included Mmp?9, Pik3c3, Prom1, Sntal, Slc51b, Ntrk3,
Snca, and Egf. LncRNAs can act as ceRNAs to protect mRNAs from miRNA inhibition [28]. USRO000B2476D, a IncRNA, has not been
reported in previous studies. In the present study, USRO000B2476D was downregulated and was negatively regulatory with
rno-miR-34a-3p in DKD rats, indicating the down expression of USR0000B2476D may lead to DKD pathological process and protect
mRNAs via inhibiting rno-miR-34a-3p in DKD. MiR-34a is a class of small single-stranded noncoding RNA, which is involved in the
development and progression of DKD by forming a complex network with targeted genes such as Sirtl/HIF-1a [29]. We found that the
level of miR-34a was upregulated in DKD rats , which is consistent with previous studies [30,31]. In addition, miR-34a may exhibit its
pathogenic roles in DKD by regulating the function of target genes, including Mmp9, Pik3c3, Prom1, Sntal, Slc51b, Ntrk3, Snca, and
Egf.

Matrix metalloproteinase-9 (Mmp9) is one of the members of the matrix metalloproteinase family, which plays a pivotal role in the
synthesis and degradation of the extracellular matrix (ECM) and is involved in the development of renal fibrosis [32]. Dysfunctionality
of Mmp9 is closely associated with the ECM regulation in DKD, which makes Mmp9 a a potential target for therapeutic intervention in
DKD. It has been demonstrated that the elevated MMP-9 induced excessive renal ECM accumulation, of which the increased MMP-9
was shown incapable of degrading nonenzymatically glycated collagen IV that contributed to thickening of the glomerular basement
membrane, a hallmark of DKD [33]. Other studies also proved that the expression of Mmp9 significantly increased in high
glucose-induced podocytes [34], DKD rats [35], and DKD patients [36]. In contrast, previous studies showed a marked downregulation
of MMP-9 in DKD rats [37,38]. Our current study showed that MMP-9 was significantly decreased in DKD rats. Therefore, the regu-
latory mechanism of Mmp9 on DKD needs to be explored in the future.

PIK3C3, also known as Vacuolar protein sorting 34 (VPS34), is a member of the family of phosphoinositide 3-kinases—lipid kinases
that play a crucial role in autophagy regulation and has received much attention [39]. Autophagy is essential to the maintenance of
cellular homeostasis in renal cells, and disorder in autophagy is considered the main reason for the accumulation of damaged proteins
and organelles in diabetic renal cells [40]. Abnormal autophagy mediated by the dysregulation of PIK3C3 is closely related to the
pathological progression of various diseases, including DKD. Zhang et al. found that the level of autophagy-related protein VPS34 was
lower in the renal tissues of db/db mice than in the control mice [41]. Consistent with the finding of Zhang et al. the expression of
PIK3C3 was also decreased in DKD rats in the present study.

Prominin-1 (Proml) is an integral membrane protein that is related to the plasma membrane. It has been reported that loss of
Prom1 impaired autophagy and promoted epithelial-mesenchymal transition in mouse retinal pigment epithelial cells [42]. However,
the role of Prom1 in DKD has not been reported in previous studies. Alpha-1-syntrophin (SNTA1), a peripheral cytoplasmic membrane
protein, is associated with the dystrophin-glycoprotein complex in muscle cells and other mammalian tissues [43].

Solute carrier 51 p (SLC51B) is a member of the human solute carrier family. Hepatocyte nuclear factor 1 A (HNF1A) is pre-
dominantly expressed in the kidneys. It has been proved that loss of HNF1A resulted in reduced SLC51B expression, which may
decrease renal protection [44]. In the present study, the expression of SLC51B was markedly decreased; thus, we hypothesized that
HNF1A may impaired in DKD rats, which needs to be confirmed in the future. Alpha-synuclein (SNCA), a presynaptic neuronal protein,
has been reported to play an important role in the pathogenesis of Parkinson’s disease. It has also been found to affect the mito-
chondrial features recently, namely, SNCA interacts with complex I, impairs its function, promotes the production of reactive oxygen
species, and causes direct mitochondrial toxicity [45]. Mitochondrial dysfunction has been identified as a key event in the progression
of DKD [46]. Therefore, restoring mitochondrial function by targeting SNCA may be a potential therapeutic strategy in preventing DKD
progression. Epidermal growth factor (EGF) is a factor produced mainly in distal renal tubules, which has been considered a marker of
renal injury [47]. However, how these genes regulate the cuproptosis in DKD needs to be confirmed by further in vivo and in vitro
experiments.

Recently, immune-mediated inflammation has been regarded as a primary pathogenic mechanism in DKD [7]. Effector cells of
adaptive immune responses, such as T-helper 1 cell (Th1), Th2, Th17, and regulatory T cells (Treg), are increased in patients with DKD,
and the imbalance of Th 1/Th 2 and Th17/Treg has been proven to affect the development and progression of DKD [48]. Combining
the immune infiltrating difference analysis results of hub DE-CRGs, we found that the proportions of 22 immune cell infiltration of hub
DE-CRGs in DKD rats were mainly focused on native B cells, memory-activated CD4 " T cells, along with Monocyte. In addition, in DKD
rats, the infiltration of Treg decreased but that of resting dendritic cells and resting NK cells increased. Treg cells, as a potent
immunosuppressive, exert central roles in the maintenance of immune homeostasis and tolerance via producing anti-inflammatory
cytokines, such as IL-10, and transforming growth factor-p [49]. Previous studies showed that the proportion of Th1l7 cells
increased while Treg cells decreased and the imbalance of Th17/Treg in DKD patients and DKD rats [48,50]. In line with these reports,
we found that the proportion of Treg was significantly decreased. It has been demonstrated that CD4(+) T cell activation by resting
dendritic cells induced helper function and promoted the expansion and differentiation of cognate CD8(+) T cells [51]. In terms of
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resting NK cells, M1 Macrophages activated it via the engagement of IL-1p, IFN-B, and IL-15 Pathways [52]. In the present study, we
found a higher proportion of resting dendritic cells and resting NK cells in DKD rats than in controls. However, the roles of resting
dendritic cells and resting NK cells in DKD remain unclear. Furthermore, we also analyzed the correlation between cuproptosis-related
genes and immune cells. These findings showed that regulatory T cells were positively associated with Cycs, Egrl, Fos, Igfl, Jun, and
Proml, resting NK cells were inversely associated with Egr1, Esr1, Igf1, Jun, and Nos1, and resting dendritic cells had markedly linked
to Egf, Esrl, Mmp9, Proml, and Snca, etc., which may provide information for the correlation between DKD immunity and the
cuproptosis mechanism.

Further KEGG analysis of CR-DEGs in DKD rats’ samples illustrated that CR-DEGs were mainly enriched in the MAPK signaling
pathway, IL-17 signaling pathway, TNF signaling pathway, etc. As a well-known canonical pro-inflammatory pathway, the MAPK
pathway has been proven to be activated in DKD mice [53]. Consistent with previous findings, we found that the MAPK pathway was
activated in DKD rats. IL-17 acts as a critical regulator of innate immunity and has been implicated in several inflammatory diseases,
but its role in DKD has been conflicting. Ma et al. reported that diabetic IL-17A deletion mice displayed a reduction in albuminuria and
an improvement in glomerular damage and fibrosis, indicating that IL-17A signaling may accelerate the pathogenesis of DKD [54]. In
contrast, Mohamed et al. found that IL-17A levels were reduced in patients with DKD and diabetic mice deficient in IL-17A developed
more severe kidney damage, while administration of low-dose IL-17 was sufficient to suppress DKD [55]. Therefore, the specific roles
of IL-17 in DKD still need further study. TNF, a proinflammatory cytokine, can aggravate the renal inflammatory response by activating
the NF-xB signaling pathway and MAPK cascade, thereby leading to the progression of DKD [56]. Therefore, these CR-DEGs may
contribute to the progression of DKD by mediating these pathways that are closely associated with immunity and inflammation.

5. Conclusions

In this study, we explored a cuproptosis-related IncRNA-miRNA-mRNA network and immune infiltration in DKD that originated
from RNA high-throughput sequencing for the first time. Generally, the cuproptosis-related core ceRNA network consisted of
USR0000B2476D, miR-34a-3p, and eight genes (Mmp9, Pik3c3, Prom1, Sntal, Slc51b, Ntrk3, Snca, and Egf), which may involve in the
pathogenesis of DKD. In addition, eighteen hub DE-CRGs (Cdk1, Cdknla, Cyp2el, Gpx2, Krt18, Spp1, Cycs, Egf, Egrl, Esrl, Fos, Igfl,
Jun, Mmp9, Nosl, Proml, Snca, and Sox9) play important roles in the pathogenesis of immune infiltration in DKD, and resting

dendritic cells, resting NK cells, and regulatory T cells were disordered in DKD. In all, these findings provide new insights into the non-
coding RNAs and cuproptosis mechanisms of DKD, although experiments remain indispensable for validation in further research.
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