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Background: The imbalance in macrophage phenotype transition is a central

mechanism driving chronic inflammation in diabetic kidney disease (DKD).

Macrophages can polarize toward the M2 phenotype via efferocytosis, exerting

anti-inflammatory and pro-resolving effects. However, the identification and

functional validation of regulatory genes governing M2 macrophage and

efferocytosis in DKD remain to be thoroughly explored.

Methods: Differentially expressed genes were obtained based on GSE96804 and

GSE30122 data sets. Based on efferocytosis-related genes (ERGs) and M2

polarization-related genes (MRGs), ERG and MRG scores were computed in

the GSE96804 dataset. Weighted gene co-expression network analysis (WGCNA)

was carried out to identify critical module genes. Finally, macrophage-

efferocytosis-related DEGs (MEDEGs) were identified. Further, machine

learning (ML)—support vector machine (SVM), BORUTA, and lasso regression—

were employed to identify hub genes and build Nomogram predictive model.

Additionally, hub genes were confirmed through animal experiments.

Results: A total of 35 MEDEGs were identified. ML recognized 3 hub genes—

MCUR1, CYP27B1, and G6PC. Hub genes were notably downregulated in DKD

group and exhibited high predictive ability. Furthermore, the Nomogram model

based on key genes has shown potential in predicting DKD. The findings were

further validated through transcriptome sequencing of DKD model.

Conclusion: This study uncovered 3 hub genes—MCUR1, CYP27B1, and G6PC—

linked to M2 polarization, efferocytosis, and DKD. These genes may contribute to

DKD pathogenesis, providing novel targets for early diagnosis and therapeutic

interventions in DKD.
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1 Introduction

Diabetic kidney disease (DKD) is one of the most severe

microvascular complications of diabetes (1). According to the

Global Burden of Disease study, DKD accounts for more than

50% of new dialysis cases in developed countries (2). Despite

advancements in glycemic control and renin-angiotensin system

blockade therapies, 30-40% of patients still progress to irreversible

renal failure (3). This clinical challenge highlights the urgent need to

elucidate novel pathogenic mechanisms. The kidney is a complex

organ composed of more than 50 different cell types (4).

The development of kidney diseases is driven by complex

intercellular interactions in the renal microenvironment (5).

Previous DKD studies have primarily focused on hyperglycemia-

induced direct injury mechanisms affecting renal (6–8). However,

the underlying pathogenic mechanisms remain unclear, and there is

a lack of sensitive and efficient predictive biomarkers. Once DKD

progresses to overt nephropathy, it rapidly advances to the end-

stage (9).

Recent findings suggest that chronic inflammation is a key

factor driving DKD, with macrophage-mediated immune

dysregulation playing a crucial role in sustained renal injury (10,

11). Macrophage-dominant immune cell infiltration is observed in

renal tissues of DKD patients at various disease stages (12), and the

extent of macrophage infiltration is significantly correlated with the

rate of renal function decline in DKD patients (13). The pro-

inflammatory M1 phenotype dominates the early stages of injury,

whereas M2 macrophages contribute to anti-inflammatory

responses and tissue repair. The imbalance in macrophage

polarization is a crucial factor driving the persistent progression

of inflammation (14). Efferocytosis is the process by which

phagocytic innate immune cells clear apoptotic cells. It plays a

pivotal role in maintaining immune homeostasis, controlling

chronic inflammation, and facilitating tissue repair (15).

Mechanistically, efferocytosis not only eliminates cellular debris

but also promotes the polarization of macrophages toward the anti-

inflammatory and reparative M2 phenotype, establishing a self-

sustaining reparative loop (16). Macrophage efferocytosis is a

critical step in inflammation resolution. Impairment in this

process exacerbates tubular atrophy and glomerulosclerosis (17).

This study uses bioinformatics techniques to explore the

potential role of M2 polarization and efferocytosis-associated

genes. Machine learning (ML) algorithms are then applied to

pinpoint biomarkers closely tied to DKD pathology (Figure 1).
2 Methods

2.1 Data sources

The DKD gene expression datasets GSE96804 and GSE30122

were retrieved from gene expression omnibus (GEO) database

(Table 1). The keyword “efferocytosis” was used to perform a
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search in the GeneCards database (https://www.genecards.org/).

Based on literature extraction, 137 efferocytosis-related genes

(ERGs) were identified (18–20), and after integration, 137 ERGs

were derived (Supplementary Table S1). Additionally, based on

previous studies (21), we identified 46 genes associated with M2

macrophage polarization (MRGs) (Supplementary Table S2).
2.2 Differentially expressed genes

The limma package (22) was employed to analyze the

GSE96804 and GSE30122 datasets. DEGs from GSE96804 were

designated as DEGs 1, while those from GSE30122 were labeled as

DEGs 2. The selection criteria for DEGs were a fold change (FC) >

1.5 and adj.P < 0.05. Heatmaps (pheatmap package) and Volcano

plots (ggplot2 package (23)) were used to visualize DEGs expression

patterns. Finally, the overlapping DEGs genes from the two datasets

were integrated to form the final DEGs.
2.3 Single sample gene set enrichment
analysis scoring

We performed ssGSEA using the GSVA package (24), with

MRGs and ERGs as the reference background set. ssGSEA

enrichment scores were computed for all samples in the

GSE96804 dataset.
2.4 Weighted gene co-expression network
analysis analysis

WGCNA is a powerful tool for analyzing gene expression data,

aiming to identify gene modules by constructing gene co-expression

networks and further revealing key genes within these modules.

Genes were filtered by calculating the median absolute deviation

(MAD) and retaining the top 50% with highest variability. The

WGCNA package’s goodSamplesGenes function was then applied

to remove outliers (25). A scale-free co-expression network was

subsequently built using WGCNA. MRG and ERG scores were

considered as trait variables, and pearson correlation analysis was

performed between modules and MRGs/ERGs scores.
2.5 Enrichment analysis

The intersection of DEGs and module genes was obtained to

identify macrophage-efferocytosis related DEGs (MEDEGs). The

STRING database (https://cn.string-db.org/) was utilized to

construct the protein-protein interaction (PPI) network.

Functional enrichment analysis of gene ontology (GO) terms and

kyoto encyclopedia of genes and genomes (KEGG) pathways was

performed with the clusterProfiler R package.
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2.6 ML selection of hub genes

Three ML methods—lasso regression, support vector machine

(SVM), and BORUTA algorithm—were employed to filter

MEDEGs. Lasso regression enhances model interpretability
Frontiers in Endocrinology
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through regularization (26). SVM is employed to manage high-

dimensional data and optimize the classification boundary and the

BORUTA algorithm identifies significant features by evaluating the

relative importance of variables. The intersection was considered as

hub genes.
FIGURE 1

Research flowchart.
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2.7 Validation and clinical significance

The pROC package (27) was employed to calculate the area

under the ROC curve (AUC) to evaluate predictive performance.

Furthermore, the correlation between hub genes and clinical

parameters such as serum creatinine (Scr) and glomerular

filtration rate (GFR) was examined using the GSE30122 dataset

and the Nephroseq database (http://v5.nephroseq.org).

Furthermore, Nomogram was constructed using the rms package.
2.8 Immune infiltration analysis

The CIBERSORT algorithm was applied to assess immune

infiltration levels. The “PERM” parameter was set to 100, with a

critical value of P at 0.05. Assessing the correlation between hub

genes and immune cells, and heatmap was generated to

visualize associations.
2.9 Single-cell RNA sequencing analysis

Sc-RNA seq datas were analyzed using the Kidney Integrated

Transcriptomics (K.I.T.) database (https://www.humphreyslab.com/

SingleCell/). Wilson P et al. (28)conducted unbiased Sc-RNA seq on

cryopreserved human diabetic kidney samples. This study extracted

sc-RNA seq data of hub genes in DKD samples and visualized

the results.
2.10 Consensus clustering

Consensus clustering analysis was conducted on hub genes

expression matrix using the Consensus Cluster Plus package (29).

The similarity between the samples was assessed using Euclidean

distance, followed by K-means clustering. Subsequently, 500

iterations were performed with a resampling proportion of 0.8.

Next, principal component analysis (PCA) was subsequently

employed to validate the expression patterns of genes under

different subtypes. Additionally, the gene set variation analysis

(GSVA) expression profiles of different subtypes were compared.
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2.11 Molecular regulatory networks and
drug prediction

Transcription factors (TFs) were predicted through the

NetworkAnalyst 3.0 platform (JASPAR database) (https://

www.networkanalyst.ca/). The miRTarBase database was used to

predict miRNA targets. Next, the mRNA-TF, mRNA-miRNA, and

TF-miRNA-mRNA interaction networks were constructed to

elucidate their regulatory roles. Furthermore, drug prediction for

hub genes was conducted using the DGIdb database (https://

www.dgidb.org/).
2.12 Animal model validation

All methods were carried out in accordance with relevant

guidelines and regulations in the manuscript. All animal

experimental procedures were in accordance with ARRIVE guidelines.

Twenty-four SPF-grade male C57BL/6J mice (20 ± 2 g, 6–8

weeks) were purchased from Beijing Vital River Laboratory Animal

Technology Co., Ltd. (Production License No.: SCXK (Beijing)-

20210006). This study was approved by the Animal Ethics

Committee of Beijing University of Chinese Medicine (BUCM-

2023120104-4282). The detailed experimental procedures are

provided in the Supplementary Materials . Under 1%

pentobarbital sodium anesthesia administered intraperitoneally

(ip), the kidneys were completely excised, and the cortical tissue

was divided into two parts: one was fixed in 4% paraformaldehyde

for 24 hours for histopathological evaluation using HE, PAS, and

Masson staining; the other was snap-frozen in liquid nitrogen and

submitted to Shanghai Majorbio Bio-pharm Technology Co.,Ltd.

for transcriptomic sequencing.
2.13 Statistical analysis

Statistical analyses were conducted using R Studio 4.3.0.

Pearson correlation analysis was used to evaluate relationships

between variables, and the Wilcoxon test was applied to compare

differences between the two groups. P-value < 0.05 was considered

statistically significant.
3 Results

3.1 DKD is associated with efferocytosis
and M2 macrophage polarization

In the GSE96804 dataset, differential expression analysis

identified 578 significantly upregulated genes (DEGs 1_up) and

948 significantly downregulated genes (DEGs 1_down) (Figures 2A,

C; Supplementary Table S3). Similarly, in the GSE30122 dataset,

364 upregulated genes (DEGs2_up) and 177 downregulated genes

(DEGs2_down) were detected (Figures 2B, D; Supplementary Table
TABLE 1 Overview of the datasets.

Dataset Database Platform Type

GSE96804 GEO GPL17586
41 DKD cases and 20 normal

case

GSE30122 GEO GPL571
19 DKD cases and 50 normal

case

Ju CKD
Glom

Nephroseq /
12 DKD cases and 21 normal

case

Ju CKD
TubInt

Nephroseq /
17 DKD cases and 31 normal

cases
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S4). Finally, 171 DEGs were obtained (Figure 2E). ssGSEA revealed

a notable difference between the DKD and normal group (P <

0.001). Notably, the ssGSEA score was significantly elevated in

DKD group (Figures 2F, G), suggesting that the pathological

progression of DKD may involve the regulation of M2

macrophage polarization and efferocytosis.
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3.2 WGCNA analysis

Enrichment analysis was performed using background gene sets

constructed based onMRGs and ERGs, and no significant outliers were

detected (Figures 3A, B). The optimal soft-thresholding power was

identified as 9, based on the R² statistic and the mean connectivity
FIGURE 2

Efferocytosis and M2 macrophage polarization in DKD. (A, B) Volcano plot. (A) DEGs 1; (B) DEGs 2. (C, D) Heatmap. (C) DEGs 1; (D) DEGs 2; (E) Upset
plot of intersecting DEGs. (F) MRGs scores (G) ERGs scores (*P < 0.05,****P < 0.001).
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criterion (Figures 3C, D). Hierarchical clustering analysis classified the

gene expression profiles of GSE96804 dataset into 16 co-expression

modules (Figures 3E, F). Among them, the green yellow module

positively correlated with the M2 macrophage score (r = 0.95, P =

1.5×10-30), while the turquoise module negatively correlated (r = -0.81,

P = 1.7×10-15) (Figure 3E). In efferocytosis-related characteristics, the

green yellow (r = 0.92, P = 4.6×10-25) and dark red (r = 0.80, P =

1.80×10-14) modules exhibited significant positive correlations, whereas

turquoise module negatively correlated (r = -0.81, P = 2.2×10-15)

(Figure 3F). A total of 1,021 module genes associated with
Frontiers in Endocrinology 06
MRGs and 1,089 module genes associated with ERGs were

ultimately identified.
3.3 Enrichment analysis of MEDEGs

A total of 35 MEDEGs were identified (Figure 4A). The PPI

network was constructed to analyze the interactions between the 35

MEDEGs (Figure 4B). Biological process (BP) was predominantly

enriched in various metabolic processes, such as small molecule
FIGURE 3

Analysis of gene modules associated with M2 macrophage polarization and efferocytosis in DKD. (A, B) Clustering analysis of characteristic genes (A) M2
macrophages; (B) efferocytosis; (C) Selection of the soft-thresholding power; (D) WGCNA dendrogram: Co-expression modules identified and color-coded,
with a total of 16 characteristic modules; (E, F) Heatmap of correlations between co-expression modules (E) M2 macrophage polarization; (F) efferocytosis.
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catabolism and organic acid degradation. The cellular component

(CC) category was primarily enriched in microbody lumen, vesicle

lumen, and secretory granule lumen. In the molecular function (MF)

category, genes were enriched in binding to monocarboxylic acids,

vitamins, and fatty acids (Figure 4C). KEGG pathway enrichment

analysis were widely involved in various metabolic pathways, including

carbon metabolism, pentose and glucuronate interconversions, and

purine metabolism. The involvement of these pathways suggests that

DEGs may play crucial roles in energy metabolism, substance

conversion, and signal transduction (Figure 4D).
3.4 ML selection of hub genes

To further refine the selection of MEDEGs, three ML algorithms

—SVM, BORUTA feature selection, and LASSO regression—were

employed to screen hub genes (Figure 5). The SVM algorithm,

utilizing a radial basis function kernel, identified six high-weight

genes (Figures 5A, B). The BORUTA algorithm, based on random

forest importance evaluation, identified 13 key genes (Figures 5C, D).

LASSO regression, using ten-fold cross-validation, ultimately selected

five feature genes (Figure 5E). A consensus analysis integrating all
Frontiers in Endocrinology 07
three algorithms identified MCUR1, CYP27B1, and G6PC as the core

hub genes in DKD (Figure 5F).
3.5 Validation and clinical significance

The expression of MCUR1, CYP27B1, and G6PC were analyzed

in the GSE96804 dataset, revealing significantly lower expression in

the DKD group (P < 0.01) (Figure 6A). To further evaluate the

predictive capability of these three genes in distinguishing DKD from

normal samples, the AUC was calculated: MCUR1 (0.935), CYP27B1

(0.960), and G6PC (0.987) (Figure 6B). The expression trends of hub

genes in the GSE30122 dataset, Ju CKD TubInt, and Ju CKD Glom

were consistent with those observed in GSE96804 (Figures 6C, D, G).

Except for MCUR1, which exhibited a lower AUC in Ju CKD Glom,

all other AUC values exceeded 0.9 (Figures 6E, H), demonstrating

strong discriminative capability and suggesting their potential value in

the early diagnosis of DKD. Figure 6F and Figure 6I illustrate the

correlation between MCUR1, CYP27B1, and G6PC and clinical

parameters, including serum creatinine levels and GFR. Correlation

analysis revealed a significant negative correlation between hub gene

expression and Scr levels, while a positive correlation was observed
FIGURE 4

Enrichment analysis of MEDEGs. (A) Venn diagram of DEGs, ERGs, and MRGs.; (B) PPI network; (C) GO enrichment analysis; (D) KEGG enrichment analysis.
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with GFR. This suggests that alterations in these gene expressions are

not only associated with DKD progression but may also play a crucial

role in reflecting kidney function impairment.
3.6 Nomogram model

A Nomogram model for predicting DKD was developed based

on MCUR1, CYP27B1, and G6PC (Figure 7A). The calibration
Frontiers in Endocrinology 08
curve provided preliminary evidence of predictive accuracy for

DKD (Figure 7B). In the GSE96804 dataset, the risk score was

significantly higher in DKD group (P < 0.001) (Figure 7C). The

AUC based on the risk score was 0.988, suggesting a promising

discriminative ability (Figure 7D). Consistent results are also

obtained in Ju CKD TubInt (AUC = 0.949) (Figures 7E, F).

Notably, a positive correlation exists between risk score and Scr

levels (r = 0.59, P < 0.001) and a negative correlation exists between

risk score and GFR (r = -0.71, P < 0.001) (Figures 7G, H).
FIGURE 5

ML selection of hub genes. (A) Five-fold cross-validation accuracy of the SVM method under different feature numbers; (B) Five-fold cross-validation error of
the SVM method under different feature numbers; (C, D) BORUTA algorithm results. (E) Cross-validation curve of LASSO regression; (F) Sankey diagram
integrating the three machine learning approaches.
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FIGURE 6

Validation and clinical correlation analysis. (A)hub genes in GSE96804 dataset; (B) ROC curves of hub genes in GSE96804; (C) hub genes in the
GSE30122 dataset; (D) hub genes in the Ju CKD TubInt dataset; (E) ROC curves of hub genes in Ju CKD TubInt; (F) Correlation between hub genes
and clinical parameters in Ju CKD TubInt; (G) hub genes in the Ju CKD Glom dataset; (H) ROC curves of hub genes in Ju CKD Glom; (I) Correlation
between hub genes and clinical parameters in Ju CKD Glom (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
FIGURE 7

Nomogram model. (A) Nomogram; (B) Calibration curve; (C) Risk scores in GSE96804 dataset; (D) ROC curve of risk scores in GSE96804 dataset; (E) Risk
scores in Ju CKD TubInt dataset; (F) ROC curve of risk scores in Ju CKD TubInt dataset; (G) Correlation between the risk scores and Scr; (H) Correlation
between the risk scores and GFR.
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3.7 Immune infiltration analysis

To explore the immune microenvironment of DKD, we

employed the CIBERSORT algorithm to compare immune cell

infiltration levels (Figures 8A, B). Several immune cell subsets,

including gd T cells, NK cells, and macrophages (M0, M1 and M2),
Frontiers in Endocrinology 10
were significantly elevated in DKD group. These findings indicate

that immune cells could be crucial in the pathological progression

of DKD. MCUR1 was positively correlated with M2 macrophages

and neutrophils, CYP27B1 was associated with neutrophils, and

G6PC exhibited correlations with M2 macrophages, neutrophils,

and eosinophils (Figure 8C).
FIGURE 8

Immune infiltration. (A) Relative proportions of 22 immune cells; (B) Box plot comparing immune cell infiltration levels; (C) Heatmap illustrating the
correlations between hub genes and immune cell types (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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3.8 Sc-RNA seq analysis

To gain deeper insights, we performed sc-RNA seq analysis in

KIT database. Figure 9A displays the t-distributed stochastic

neighbor embedding (t-SNE) plot of sc-RNA data in DKD. The

analysis identified 12 distinct cell clusters, representing various

renal cell types, including podocytes (PODO), proximal

convoluted tubule cells (PCT), loop of Henle cells (LOH),

endothelial cells (ENDO), and parietal epithelial cells (PEC).

Regarding gene expression patterns, MCUR1 was primarily

localized in PEC, PCT, and LOH. In contrast, CYP27B1 and

G6PC were predominantly expressed in PCT (Figures 9C, D).
3.9 Consensus clustering

Consensus clustering was conducted to classify 41 DKD patients

into distinct molecular subtypes. By comprehensively evaluating cluster

stability indicators, the optimal cluster number was determined as k =

2. The consensus matrix heatmap, cumulative distribution function

(CDF) curve, and cluster stability analysis collectively confirmed the

robustness of this clustering strategy (Figures 10A-C). As a result, 41

DKD patients were divided into two subgroups: C1 (n = 21) and C2 (n

= 20). Further PCA demonstrated notable differences between two

subtypes (Figure 10D). The box plots of hub gene expression levels

clearly demonstrated that MCUR1, CYP27B1, and G6PC were

significantly higher in C1 group (Figures 10E-G). To explore

functional differences between the two subgroups, GSVA was

conducted. The results showed that the Renin-Angiotensin System

and Glycerophospholipid Metabolism pathways were upregulated in

C1, whereas NOTCH signaling, Gamma R-mediated phagocytosis,
Frontiers in Endocrinology 11
ECM-receptor interactions, and chemokine signaling pathways were

upregulated in C2 (Figure 10H).
3.10 Molecular regulatory network and
drug prediction

To elucidate the regulatory mechanisms of hub genes in DKD, a

molecular regulatory network was constructed, followed by drug

prediction analysis. At the transcriptional regulation level, a 23-

node, 27-edge network was identified, including 20 key TFs. Among

them, NFKB1 and HNF4A were identified as regulators of MCUR1

and CYP27B1, while POU2F2, MEF2A, and HOXA5 specifically

regulated MCUR1 and G6PC. Additionally, TP53 was found to

exert dual-target regulation over CYP27B1 and G6PC (Figure 11A).

The mRNA-miRNA interaction network was generated, predicting

123 miRNAs, forming a 126-node, 125-edge network (Figure 11B).

Subsequently, we constructed the TF-miRNA-mRNA network to

provide a clearer and more intuitive depiction of the

interrelationships among mRNA, miRNA, and TF (Figure 11C).

Notably, drug prediction analysis using the DGIdb database

revealed that CYP27B1 could serve as a potential therapeutic

target for 13 drugs (Figure 11C).
3.11 Animal experiment validation

Further exploration of hub genes expression was carried out

using the DKD mouse model. Histological analysis (Figure 12A):

HE, PAS, and Masson staining were used to compare the renal

pathology. The control group showed normal glomerular
FIGURE 9

Sc-RNA seq expression analysis (A) t-SNE plot of single-cell sequencing data; (B) Bubble plot of MCUR1 expression levels; (C) Bubble plot of
CYP27B1 expression levels; (D) Bubble plot of G6PC expression levels.
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morphology, well-arranged renal tubules, and no significant

pathological alterations. The DKD group exhibited classic DKD

pathological features, including glomerular hypertrophy, diffuse

thickening of the tubular basement membrane, and extensive

collagen deposition in the renal interstitium, indicating significant

renal interstitial fibrosis. Renal function assessment (Figures 12B-

D): The kidney-to-body weight ratio (kW/BW) was significantly

increased in DKD group. Scr and urine microalbumin/creatinine

ratio (mAlb/uCr) were both significantly elevated, confirming renal

dysfunction in DKD mice. Transcriptomic validation (Figures 12E-

G): Whole-transcriptome sequencing was performed to validate

hub genes expression. Compared to control group, the mRNA

expression levels of Mcur1, Cyp27b1, and G6pc in DKD renal

tissues were significantly downregulated (P < 0.05).
4 Discussion

DKD pathogenesis involves complex metabolic disorders,

inflammatory responses, and immune microenvironment
Frontiers in Endocrinology 12
dysregulation. This study systematically identified key genes

related to M2 macrophage polarization and efferocytosis

(MCUR1, CYP27B1, and G6PC) using multi-dataset analysis,

machine learning, and animal-level transcriptomic sequencing,

revealing their potential roles in immune-metabolic regulation in

DKD and constructing a predictive model.
4.1 The pathological significance of M2
macrophage polarization and efferocytosis
in DKD

Recent studies have highlighted that macrophage phenotype

polarization (M1/M2 balance) and dysfunctional efferocytosis are

critical factors in the progression of DKD (14, 30). Our study found

that the M2 macrophage score was significantly elevated in DKD

patients. M2 macrophages contribute to alleviating renal injury

through their anti-inflammatory and tissue-repair functions.

However, excessive M2 polarization is considered a risk factor for

tissue fibrosis (31, 32). Additionally, efferocytosis, a key mechanism
FIGURE 10

Consensus clustering analysis. (A) Consensus clustering matrix (k = 2); (B) CDF curve; (C) Area under the CDF curve; (D) PCA plot of two subtypes;
(E-G) Box plots of hub genes expression (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).; (H) GSVA analysis between two subtypes.
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for clearing apoptotic cells, plays a central role in maintaining tissue

homeostasis. Its dysfunction can lead to the accumulation of

apoptotic debris, triggering secondary necrosis and inflammatory

storms (33–35). Although some studies have shown that M1

macrophages possess phagocytic capability, the majority of

research supports that M2 macrophages exhibit stronger

efferocytosis compared to M1 macrophages (36–42). Interestingly,

macrophage efferocytosis promotes polarization towards the M2

phenotype, a process regarded as essential for resolving

inflammation and facilitating tissue repair, thereby aiding in the

restoration of tissue homeostasis (37, 43–46). In this study, the

elevated ERGs score in the DKD group may be associated with an

increased demand for apoptotic cell clearance; however, whether its

efficiency is impaired requires further validation.
4.2 Regulatory network and functional
analysis of hub genes
MCUR1 is a key regulatory protein of the MCU complex,

primarily expressed in the inner mitochondrial membrane. It

modulates MCU complex activity, regulating mitochondrial

calcium uptake, thereby influencing cellular energy metabolism
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and apoptosis (47). Efferocytosis is a mitochondria-mediated

process, where mitochondrial metabolism, dynamics, and inter-

organelle communication influence the clearance of apoptotic cells

by phagocytes (48, 49) and are critical for macrophage activation

and differentiation (50). In an atherosclerotic mouse model,

MCUR1 was found to regulate macrophage endocytosis

influenced by oxidized low-density lipoprotein (oxLDL) (51).

However, no studies have yet investigated MCUR1 in DKD,

highlighting the novelty of our findings.

CYP27B1 is a cytochrome P450 enzyme primarily involved in

vitamin D (VD) metabolism (52). Besides regulating calcium and

bone homeostasis, VD plays a crucial role in immune system,

particularly in modulating macrophage polarization and function

(53, 54). In DKD studies, active VD has been shown in vitro to

promote the transition of high-glucose-induced M1macrophages to

the M2 phenotype, reducing inflammation to prevent podocyte

injury (55). Additionally, it can inhibit macrophage polarization

towards the M1 phenotype via the STAT-1/TREM-1 pathway (56),

thereby alleviating renal inflammation and fibrosis and ultimately

preserving kidney function. Macrophages can synthesize active VD

and express the VD receptor (VDR) in their nuclei. Their

polarization state significantly affects their metabolic capacity for

25(OH)D3, with M2a macrophages exhibiting higher activity in

synthesizing active VD, whereas M1 macrophages display lower
FIGURE 11

Molecular regulatory network and drug prediction. (A) mRNA-TF network; (B) mRNA-miRNA network; (C) TF-miRNA-mRNA network; (D) Drug
prediction.
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activity (57). In CYP27B1 gene knockout mouse models, excessive

25(OH)D3 significantly exacerbated renal tubulointerstitial fibrosis

and oxidative stress, pathological changes that are closely associated

with macrophage phenotype alterations (58). VD can upregulate

ASAP2 transcription, promoting efferocytosis by modulating

cytoskeletal rearrangement and vesicular transport (59).

The G6PC gene encodes the catalytic subunit of glucose-6-

phosphatase, playing a crucial role in glucose production and

release, which is essential for maintaining glucose homeostasis

(60). In liver-specific G6pc knockout mice, proteins associated

with tissue inflammation and macrophage M2 polarization (such

as ARG1 and CD163) were significantly upregulated (61). Renal

G6pc deficiency leads to glucose-6-phosphate (G6P) accumulation,

which activates the pentose phosphate pathway and de novo

lipogenesis, resulting in triglyceride accumulation. The activation

of the renin-angiotensin system and increased TGF-b1 levels
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contribute to epithelial-mesenchymal transition (EMT) and

podocyte injury, ultimately impairing the glomerular filtration

barrier (62). However, research on the role of G6PC in

macrophages and DKD remains unexplored.
4.3 Molecular subtyping and potential
applications in precision medicine

Consensus clustering analysis classified DKD patients into two

subtypes, C1 and C2, based on hub genes. The C1 subtype is

characterized by activation of the RAS pathway and

glycerophospholipid metabolism, while the C2 subtype is enriched

in the NOTCH signaling and extracellular matrix (ECM) remodeling

pathways. This classification suggests that: (1) C1 subtype patients

may benefit from a combination of RAS inhibitors (e.g., ACEI/ARB)
FIGURE 12

Animal experiment validation. (A) HE, PAS, and Masson staining (×400; 50mm). (B) kW/BW at 20 weeks. (C) Scr at 20 weeks. (D) mA/uCr at 20 weeks.
(E-G) mRNA expression of Mcur1, Cyp27b1, and G6pc (*P < 0.05, **P < 0.01, ***P < 0.001).
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and lipid metabolism modulators; (2) C2 subtype patients may

require targeted interventions against fibrosis-related pathways,

such as TGF-b and ECM receptors. Additionally, the higher

expression of hub genes in the C1 subtype may indicate stronger

renal compensatory capacity, suggesting a better prognosis compared

to the C2 subtype. This molecular subtyping provides new insights

for individualized treatment strategies in DKD.
4.4 Immune microenvironment imbalance:
from mechanisms to therapeutic targets

Immune infiltration analysis revealed significantly increased

levels of M0, M1, and M2 macrophages, CD8+ T cells, and NK

cells in the DKD group, suggesting that both the innate and

adaptive immune systems contribute to the pathogenesis of DKD.

The abnormal infiltration of these immune cells may exacerbate

inflammatory responses and worsen tissue damage. Notably, the

increased infiltration of M2 macrophages in DKD may reflect the

body’s attempt to counteract inflammation through their anti-

inflammatory effects. Moreover, M2 macrophages exhibit a

correlation with hub genes, indicating that these genes may

regulate macrophage metabolic phenotypes and influence their

functions. For instance, MCUR1-mediated mitochondrial calcium

signaling may modulate macrophage cytokine secretion, while

G6PC influences macrophage polarization through glucose

metabolism. Targeting the immune-metabolic microenvironment,

such as modulating the glycolysis/oxidative phosphorylation

balance in macrophages, may offer a potential new therapeutic

approach for DKD.

Sc-RNA seq analysis further revealed the distribution patterns of

MCUR1, CYP27B1, and G6PC across different renal cell types. These

genes are primarily expressed in parietal epithelial cells of the

glomerulus, proximal convoluted tubule cells, and proximal tubular

cells, all of which play crucial roles in the pathogenesis of DKD. For

example, damage to parietal epithelial cells is closely linked to the

integrity of the glomerular filtration barrier, while injury to proximal

convoluted and proximal tubular cells may lead to tubular

dysfunction and proteinuria. Therefore, the downregulation of

these genes in specific cell types may directly impact renal structure

and function. Animal experiments confirmed the downregulation of

MCUR1, CYP27B1, and G6PC in DKD mouse models, further

supporting their potential diagnostic value in DKD.
4.5 Limitations

This study has the following limitations: (1) This study is based

on public databases; however, further in vitro and in vivo functional

studies, such as gene knock-out or overexpression, are required to

validate the role of hub genes in efferocytosis and macrophage

polarization; (2) The study primarily focuses on the roles of

MCUR1, CYP27B1, and G6PC in macrophages. However, the

mechanisms by which these genes interact with renal tubular and

glomerular cells remain unclear. Furthermore, the specific role of
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these interactions in the pathogenesis of DKD is not well

understood. (3) Although the critical roles of MCUR1, CYP27B1,

and G6PC in M2 macrophage polarization and macrophage

apoptosis phagocytosis in DKD have been revealed, the specific

molecular pathways through which these key genes regulate M2

macrophage polarization and apoptosis phagocytosis remain

unclear. Future research should focus on further validating,

through in vitro and in vivo experiments, the role of hub genes in

phagocytosis or efferocytosis polarization. Additionally, it should

investigate the molecular mechanisms underlying the regulation of

macrophage-tubule/glomerular cell interactions by hub genes, while

optimizing models based on these key genes. Furthermore, the

feasibility of using these models as non-invasive diagnostic tools or

therapeutic monitoring biomarkers should be explored.
5 Conclusion

This study systematically identified MCUR1, CYP27B1, and

G6PC as key genes associated with M2 macrophage polarization

and efferocytosis in DKD through multi-dataset analysis, machine

learning, and experimental validation. They may contribute to DKD

development via metabolic and immune pathways. Future research

should investigate their regulatory mechanisms and evaluate their

potential as therapeutic targets.
Data availability statement

The datasets used and/or analysed during the current study are

available from the corresponding author on reasonable request.
Ethics statement

The animal study protocol was approved by the Ethics

Committee of Beijing University of Chinese Medicine (BUCM-

2023120104-4282). The study was conducted in accordance with

the local legislation and institutional requirements.
Author contributions

YK: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. QJ: Conceptualization, Data curation, Formal Analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. MZ: Conceptualization, Data curation, Investigation,

Methodology, Software, Writing – original draft, Writing –

review & editing. HZ: Formal Analysis, Funding acquisition,

Resources, Writing – original draft, Writing – review & editing.
frontiersin.org

https://doi.org/10.3389/fendo.2025.1652402
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Kang et al. 10.3389/fendo.2025.1652402
DL: Conceptualization, Formal Analysis, Methodology, Writing –

original draft, Writing – review & editing. XW: Conceptualization,

Formal Analysis, Investigation, Writing – original draft, Writing –

review & editing. JZ: Funding acquisition, Methodology, Software,

Supervision, Writing – original draft, Writing – review & editing.

JL: Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing. YW:

Conceptualization, Data curation, Formal Analysis, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Software, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This research was funded

by the National Natural Science Foundation of China (grant

numbers 82174342, 82074361), the National Administration of

Traditional Chinese Medicine Inheritance and Innovation

“Hundreds and Thousands of Talents” Project (No [2018]12

issued by the National Administration of Traditional Chinese

Medicine); central Universities’ Fundamental Research Funds

(2023-JYB-JBQN-020) and joint Project of the China Association

of Chinese Medicine (2023DYPLHGG-11).
Acknowledgments

We would like to express our sincere gratitude to all the

participants and researchers who contributed to this study.
Frontiers in Endocrinology 16
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fendo.2025.1652402/

full#supplementary-material
References
1. DeFronzo RA, Reeves WB, Awad AS. Pathophysiology of diabetic kidney disease:
impact of SGLT2 inhibitors. Nat Rev Nephrol. (2021) 17:319–34. doi: 10.1038/s41581-
021-00393-8

2. Federation ID. IDF Diabetes Atlas 2023. 10th ed. Brussels, Belgium: International
Diabetes Federation. IDF Diabetes Atlas (2023).

3. Alicic RZ, Rooney MT, Tuttle KR. Diabetic kidney disease: challenges, progress,
and possibilities. Clin J Am Soc Nephrol: CJASN. (2017) 12:2032–45. doi: 10.2215/
CJN.11491116

4. Lake BB, Menon R, Winfree S, Hu Q, Melo Ferreira R, Kalhor K, et al. An atlas of
healthy and injured cell states and niches in the human kidney. Nature. (2023)
619:585–94. doi: 10.1038/s41586-023-05769-3

5. Hu S, Hang X, Wei Y, Wang H, Zhang L, Zhao L. Crosstalk among podocytes,
glomerular endothelial cells and mesangial cells in diabetic kidney disease: an updated
review. Cell Communication Signal: CCS. (2024) 22:136. doi: 10.1186/s12964-024-
01502-3

6. Su PP, Liu DW, Zhou SJ, Chen H, Wu XM, Liu ZS. Down-regulation of Risa
improves podocyte injury by enhancing autophagy in diabetic nephropathy. Military
Med Res. (2022) 9:23. doi: 10.1186/s40779-022-00385-0

7. Chen X, Tan H, Xu J, Tian Y, Yuan Q, Zuo Y, et al. Hou FF et al: Klotho-derived
peptide 6 ameliorates diabetic kidney disease by targeting Wnt/b-catenin signaling.
Kidney Int. (2022) 102:506–20. doi: 10.1016/j.kint.2022.04.028

8. Mohandes S, Doke T, Hu H, Mukhi D, Dhillon P, Susztak K. Molecular pathways
that drive diabetic kidney disease. J Clin Invest. (2023) 133(4):e165654. doi: 10.1172/
JCI165654
9. Chen Y, Lee K, Ni Z, He JC. Diabetic kidney disease: challenges, advances, and
opportunities. Kidney Dis (Basel Switzerland). (2020) 6:215–25. doi: 10.1159/
000506634

10. Tang SCW, Yiu WH. Innate immunity in diabetic kidney disease. Nat Rev
Nephrol. (2020) 16:206–22. doi: 10.1038/s41581-019-0234-4

11. Rayego-Mateos S, Rodrigues-Diez RR, Fernandez-Fernandez B, Mora-
Fernández C, Marchant V, Donate-Correa J, et al. Targeting inflammation to treat
diabetic kidney disease: the road to 2030. Kidney Int. (2023) 103:282–96. doi: 10.1016/
j.kint.2022.10.030

12. Klessens CQF, Zandbergen M, Wolterbeek R, Bruijn JA, Rabelink TJ, Bajema
IM, et al. Macrophages in diabetic nephropathy in patients with type 2 diabetes.
Nephrol Dialysis Transpl: Off Publ Eur Dialysis Transplant Assoc Eur Renal Assoc.
(2017) 32:1322–9. doi: 10.1093/ndt/gfw260

13. Nguyen D, Ping F, Mu W, Hill P, Atkins RC, Chadban SJ. Macrophage
accumulation in human progressive diabetic nephropathy. Nephrol (Carlton Vic).
(2006) 11:226–31. doi: 10.1111/j.1440-1797.2006.00576.x

14. Fu J, Sun Z, Wang X, Zhang T, Yuan W, Salem F, et al. The single-cell landscape
of kidney immune cells reveals transcriptional heterogeneity in early diabetic kidney
disease. Kidney Int. (2022) 102:1291–304. doi: 10.1016/j.kint.2022.08.026

15. Xing J, Wang K, Xu YC, Pei ZJ, Yu QX, Liu XY, et al. Efferocytosis: Unveiling its
potential in autoimmune disease and treatment strategies. Autoimmun Rev. (2024)
23:103578. doi: 10.1016/j.autrev.2024.103578

16. Mehrotra P, Ravichandran KS. Drugging the efferocytosis process: concepts and
opportunities. Nat Rev Drug Discov. (2022) 21:601–20. doi: 10.1038/s41573-022-00470-y
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2025.1652402/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1652402/full#supplementary-material
https://doi.org/10.1038/s41581-021-00393-8
https://doi.org/10.1038/s41581-021-00393-8
https://doi.org/10.2215/CJN.11491116
https://doi.org/10.2215/CJN.11491116
https://doi.org/10.1038/s41586-023-05769-3
https://doi.org/10.1186/s12964-024-01502-3
https://doi.org/10.1186/s12964-024-01502-3
https://doi.org/10.1186/s40779-022-00385-0
https://doi.org/10.1016/j.kint.2022.04.028
https://doi.org/10.1172/JCI165654
https://doi.org/10.1172/JCI165654
https://doi.org/10.1159/000506634
https://doi.org/10.1159/000506634
https://doi.org/10.1038/s41581-019-0234-4
https://doi.org/10.1016/j.kint.2022.10.030
https://doi.org/10.1016/j.kint.2022.10.030
https://doi.org/10.1093/ndt/gfw260
https://doi.org/10.1111/j.1440-1797.2006.00576.x
https://doi.org/10.1016/j.kint.2022.08.026
https://doi.org/10.1016/j.autrev.2024.103578
https://doi.org/10.1038/s41573-022-00470-y
https://doi.org/10.3389/fendo.2025.1652402
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Kang et al. 10.3389/fendo.2025.1652402
17. de Gaetano M, McEvoy C, Andrews D, Cacace A, Hunter J, Brennan E, et al.
Specialized pro-resolving lipid mediators: modulation of diabetes-associated cardio-,
reno-, and retino-vascular complications. Front Pharmacol. (2018) 9:1488.
doi: 10.3389/fphar.2018.01488

18. Boada-Romero E, Martinez J, Heckmann BL, Green DR. The clearance of dead
cells by efferocytosis. Nat Rev Mol Cell Biol. (2020) 21:398–414. doi: 10.1038/s41580-
020-0232-1

19. Doran AC, Yurdagul A Jr., Tabas I. Efferocytosis in health and disease. Nat Rev
Immunol. (2020) 20:254–67. doi: 10.1038/s41577-019-0240-6

20. GaoM, Huang J, Yang B, Liu Q, LuoM, Yang B, et al. Identification of efferocytosis-
related subtypes in gliomas and elucidating their characteristics and clinical significance.
Front Cell Dev Biol. (2023) 11:1295891. doi: 10.3389/fcell.2023.1295891

21. Gong X, Liu Y, Zhang Q, Liang K, Wei J, Du H. LHFPL2 serves as a potential
biomarker for M2 polarization of macrophages in renal cell carcinoma. Int J Mol Sci.
(2024) 25(12):6707. doi: 10.3390/ijms25126707

22. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers
differential expression analyses for RNA-sequencing and microarray studies. Nucleic
Acids Res. (2015) 43:e47. doi: 10.1093/nar/gkv007

23. Gustavsson EK, Zhang D, Reynolds RH, Garcia-Ruiz S, Ryten M. ggtranscript:
an R package for the visualization and interpretation of transcript isoforms using
ggplot2. Bioinf (Oxford England). (2022) 38:3844–6. doi: 10.1101/2022.03.28.486050

24. Hänzelmann S, Castelo R, Guinney J. GSVA: gene set variation analysis for
microarray and RNA-seq data. BMC Bioinf. (2013) 14:7. doi: 10.1186/1471-2105-14-7

25. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation
network analysis. BMC Bioinf. (2008) 9:559. doi: 10.1186/1471-2105-9-559

26. Tibshirani R. The lasso method for variable selection in the Cox model. Stat Med.
(1997) 16:385–95. doi: 10.1002/(SICI)1097-0258(19970228)16:4<385::AID-
SIM380>3.0.CO;2-3

27. Sing T, Sander O, Beerenwinkel N, Lengauer T. ROCR: visualizing classifier
performance in R. Bioinf (Oxford England). (2005) 21:3940–1. doi: 10.1093/
bioinformatics/bti623

28. Wilson PC, Wu H, Kirita Y, Uchimura K, Ledru N, Rennke HG, et al. The single-
cell transcriptomic landscape of early human diabetic nephropathy. Proc Natl Acad Sci
United States America. (2019) 116:19619–25. doi: 10.1073/pnas.1908706116

29. Wilkerson MD, Hayes DN. ConsensusClusterPlus: a class discovery tool with
confidence assessments and item tracking. Bioinf (Oxford England). (2010) 26:1572–3.
doi: 10.1093/bioinformatics/btq170

30. Sheng X, Qiu C, Liu H, Gluck C, Hsu JY, He J, et al. Systematic integrated
analysis of genetic and epigenetic variation in diabetic kidney disease. Proc Natl Acad
Sci United States America. (2020) 117:29013–24. doi: 10.1073/pnas.2005905117

31. Luo L, Wang S, Hu Y, Wang L, Jiang X, Zhang J, et al. Zhu C et al: Precisely
Regulating M2 Subtype Macrophages for Renal Fibrosis Resolution. ACS Nano. (2023)
17:22508–26. doi: 10.1021/acsnano.3c05998

32. Nikolic-Paterson DJ, Wang S, Lan HY. Macrophages promote renal fibrosis through
direct and indirect mechanisms. Kidney Int Suppl. (2014) 4:34–8. doi: 10.1038/kisup.2014.7

33. Crunkhorn S. Promoting efferocytosis heals diabetic wounds. Nat Rev Drug
Discov. (2022) 21:491. doi: 10.1038/d41573-022-00097-z

34. An Y, Zhang H, Wang C, Jiao F, Xu H, Wang X, et al. Activation of ROS/
MAPKs/NF-kB/NLRP3 and inhibition of efferocytosis in osteoclast-mediated diabetic
osteoporosis. FASEB J: Off Publ Fed Am Soc Exp Biol. (2019) 33:12515–27. doi: 10.1096/
fj.201802805RR

35. Suresh Babu S, Thandavarayan RA, Joladarashi D, Jeyabal P, Krishnamurthy S,
Bhimaraj A, et al. MicroRNA-126 overexpression rescues diabetes-induced impairment in
efferocytosis of apoptotic cardiomyocytes. Sci Rep. (2016) 6:36207. doi: 10.1038/srep36207

36. Dalli J, Serhan CN. Specific lipid mediator signatures of human phagocytes:
microparticles stimulate macrophage efferocytosis and pro-resolving mediators. Blood.
(2012) 120:e60–72. doi: 10.1182/blood-2012-04-423525

37. Soehnlein O, Steffens S, Hidalgo A, Weber C. Neutrophils as protagonists and
targets in chronic inflammation. Nat Rev Immunol. (2017) 17:248–61. doi: 10.1038/
nri.2017.10

38. Suleimanov SK, Efremov YM, Klyucherev TO, Salimov EL, Ragimov AA,
Timashev PS, et al. Radical-generating activity, phagocytosis, and mechanical
properties of four phenotypes of human macrophages. Int J Mol Sci. (2024) 25
(3):1860. doi: 10.3390/ijms25031860

39. Lv JJ, Wang H, Zhang C, Zhang TJ, Wei HL, Liu ZK, et al. CD147 sparks
atherosclerosis by driving M1 phenotype and impairing efferocytosis. Circ Res. (2024)
134:165–85. doi: 10.1161/CIRCRESAHA.123.323223
Frontiers in Endocrinology 17
40. Zhong X, Lee HN, Kim SH, Park SA, Kim W, Cha YN, et al. Myc-nick promotes
efferocytosis through M2 macrophage polarization during resolution of inflammation.
FASEB J: Off Publ Fed Am Soc Exp Biol. (2018) 32:5312–25. doi: 10.1096/fj.201800223R

41. Tajbakhsh A, Rezaee M, Kovanen PT, Sahebkar A. Efferocytosis in
atherosclerotic lesions: Malfunctioning regulatory pathways and control mechanisms.
Pharmacol Ther. (2018) 188:12–25. doi: 10.1016/j.pharmthera.2018.02.003

42. Röszer T. Adipose tissue immunometabolism and apoptotic cell clearance. Cells.
(2021) 10(9):2288. doi: 10.3390/cells10092288

43. Doyle R, Godson C, Brennan E. Promoting resolution in kidney disease: are we
nearly there yet? Curr Opin Nephrol Hypertension. (2020) 29:119–27. doi: 10.1097/
MNH.0000000000000558

44. Fredman G. DELineating resolution of inflammation. Nat Immunol. (2019)
20:2–3. doi: 10.1038/s41590-018-0278-9
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