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A B S T R A C T   

Background: Diabetic foot ulcers (DFUs) are a severe complication of diabetes. Persistent 
inflammation and impaired vascularization present considerable challenges in tissue wound 
healing. The aim of this study was to identify the crucial regulators of DFU wound healing and 
investigate their specific mechanisms in DFU. 
Methods: DFU RNA sequencing data were obtained to identify crucial feature genes. The 
expression levels of the feature genes and their corresponding microRNAs (miRNAs) were verified 
in clinical samples. Subsequently, the expression of CD68 was determined in DFU and non- 
diabetic foot skin samples. RAW 264.7 cells were treated with advanced glycation end prod-
ucts (AGEs) to determine their viability and apoptosis. Finally, the roles of the selected crucial 
genes and their corresponding miRNAs were investigated using in vitro experiments and a mouse 
model of diabetes. 
Results: Bioinformatic analysis showed that five crucial feature genes (CORO1A, CSF1R, CTSH, 
NFE2L3, and SLC16A10) were associated with DFU wound healing. The expression validation 
showed that miR-361-3p-CSF1R had a significant negative correlation and was thus selected for 
further experiments. AGEs significantly inhibited the viability of RAW 264.7 cells and enhanced 
their apoptosis; furthermore, the AGEs significantly downregulated CSF1R and increased miR- 
361-3p levels compared with the control cells. Additionally, inhibition of miR-361-3p 
decreased the cell apoptosis caused by AGEs and increased the levels of p-AKT/AKT and p- 
PI3K/PI3K, whereas CSF1R knockdown reversed the effects of miR-361-3p. In vivo experiments 
showed that miR-361-3p inhibition promoted wound healing in diabetic mice and regulated 
PI3K/AKT levels. 
Conclusions: AGEs may regulate macrophage apoptosis via the miR-361-3p/CSF1R axis and PI3K/ 
AKT pathway, thereby influencing DFU wound healing.   
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1. Introduction 

Foot ulcers are one of the most common complications of diabetes and the main cause of lower-extremity amputations. The annual 
incidence of diabetic foot ulcers (DFUs) worldwide is 6.3%, with North America having the highest prevalence at 13.0% [1]. It is 
reported that from 1.0 to 3.5 million patients in the US are affected by DFU, and its incidence rate has been estimated to be from 15% to 
25% throughout the lifetime of diabetic patients [2]. The risk factors contributing to refractory wounds in DFUs include peripheral 
vascular disease, neuropathy, poor glycemic control, and infection susceptibility [2]. Most of these factors do not independently cause 
ulcers. Conventional medical therapy mainly involves the use of chemical drugs and the surgical reconstruction of blood flow. 
Although considerable progress has been made, the outcomes remain suboptimal worldwide, and a proportion of patients ultimately 
develop irreversible damage [3]. Thus, there is an urgent need to further explore the pathogenesis of DFU and identify effective 
therapeutic targets. 

Wound healing is a complex process that can be divided into four stages: hemostasis, inflammation, proliferation, and remodeling. 
Compared with non-diabetic wounds, the inflammatory stage of diabetic wound healing is prolonged, and the inflammatory cytokines 
such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6 are oversecreted, which leads to increased tissue damage and 
delayed diabetic wound healing due to their interference with the proliferation and remodeling stages [4]. Neutrophils, monocytes, and 

Fig. 1. Advanced glycation end products (AGEs) inhibited viability and enhanced apoptosis of macrophages in diabetic foot ulcer (DFU). (A) 
Expression of CD68 (macrophage number) in the clinical samples of DFU and non-diabetic foot skin (nDFS). *P < 0.05, compared with the nDFS 
group. (B) Viability of RAW 264.7 cells with different treatments after cultured for 6, 12, and 24 h using cell counting kit-8. (C) Apoptosis of RAW 
264.7 cells with different treatments after cultured for 12 h using flow cytometry. *P < 0.05, compared with the control group. #P < 0.05, compared 
with the HAS group. 
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macrophages are the primary immune cells that cooperate during the onset, progression, and resolution of inflammation [5,6]. Mono-
cytes circulating in the blood are recruited to the inflamed tissues and transformed into macrophages. Exposure to proinflammatory 
cytokines and microbial products contributes to M1 macrophage activation. During healing, the macrophage population shifts from a 
predominantly proinflammatory M1 phenotype to an anti-inflammatory M2 phenotype [7]. However, patients with diabetes display 
higher levels of M1 macrophages than M2 macrophages [8]. Macrophage efferocytosis of apoptotic neutrophils orchestrates the reso-
lution of inflammation by releasing anti-inflammatory molecules [9]. The wounds of diabetic mice show significant impairment in 
macrophage efferocytosis, which is associated with increased apoptosis of immune cells in damaged tissues [10]. Thus, maintaining a 
balance between macrophage phenotypes and proper frequency is essential for inflammatory response and wound healing. 

Fig. 2. Identification of the crucial differentially expressed genes (DEGs) related to diabetic wound healing. (A) Venn diagram of DEGs between the 
DFU and nDFS samples in the GSE134431 and GSE97615 datasets. (B) Top 10 Gene Ontology (GO) terms of biological process enriched by down- 
regulating trend DEGs (left) and up-regulating trend DEGs (right). (C) Nine significantly enriched Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways of the identified 360 DEGs in the 16 clusters. (D) Construction of a protein-protein interaction network based on the identified 360 
DEGs in the 16 clusters. 
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MicroRNAs (miRNAs) are endogenously expressed non-coding small RNAs that negatively modulate target gene expression by 
complementary binding to their untranslated regions, resulting in miRNA cleavage or translational silencing [11]. Several miRNAs 
have been found to regulate the complex biological processes involved in diabetic wound healing. For example, miR-129 and miR-335 
promote wound healing by inhibiting Sp1-mediated MMP-9 production, resulting in diabetic keratinocyte migration and skin recovery 
[12]. Suppression of miR-199a-5p increases the VEGFA and ROCK1 expression levels and promotes impaired wound healing, indi-
cating a therapeutic effect of miR-199a-5p on diabetic wounds [13]. Moreover, high-throughput sequencing of miRNAs in stem 
cell-derived exosomes revealed higher proportions than that in fibroblast-associated exosomes, and stem cell-derived exosomal 
miRNAs could lead to a decrease in inflammation, activation of wound cell proliferation, and angiogenesis in mice with diabetic 
wounds [14]. Zhang et al. [15] reported that macrophages are key players in diabetes complications and that miR-144-5p, an exosomal 
miRNA from bone marrow-derived macrophages in type 2 diabetes, impairs fracture healing by targeting Smad1. These findings 
suggest that the use of miRNAs may be a promising strategy for improving impaired diabetic wound healing. 

In addition, in long-term hyperglycemia, the accumulated advanced glycation end products (AGEs) can increase the secretion of pro- 
inflammatory cytokines and production of reactive oxygen species (ROS), which are pivotal signaling molecules that contribute to the 
progression of inflammatory diseases [16]. The interaction between AGEs and receptors for AGEs (RAGEs) activates Toll-like receptor 4 
(TLR4) signaling and promotes macrophage polarization from M0 to M1 [17]. In addition, AGE treatment enhances the generation of 
proinflammatory cytokines, upregulates the expression of M1 macrophage-associated markers (iNOS and CD11c), and downregulates M2 
macrophage-related markers (Arg1 and CD26) through the MAPK pathway, thereby participating in the pathogenesis of diabetes [18]. In 
patients with DFU, long-term hyperglycemia and high AGE levels contribute to a prolonged inflammatory phase and suboptimal 
inflammation levels that are insufficient to promote wound healing [19]. Therefore, in this study, AGEs were used to treat macrophages 
and the role of macrophage apoptosis in DFU was determined. RNA-seq datasets were obtained to comprehensively analyze crucial 
feature genes associated with DFU would healing. Next, the mechanisms of the selected feature genes and their corresponding crucial 
miRNAs in DFU wound healing were explored in a cellular experiment and diabetic mouse model. This study enhances our understanding 
of the basic mechanisms underlying diabetic wound healing and provides potential therapeutic targets for DFU. 

2. Results 

2.1. AGEs inhibited viability and enhanced apoptosis of macrophages in DFU 

The expression of CD68 (a macrophage surface marker) was analyzed to determine the number of macrophages in DFU. The 
expression of CD68 in DFU tissues was significantly lower than that in the non-diabetic foot skin (nDFS) group (P < 0.05, Fig. 1A), 
indicating that the number of macrophages in DFU was decreased. Therefore, RAW 264.7 cells (macrophages) were selected for further 
experiments. 

Next, the role of AGEs in macrophage viability and apoptosis was determined. After culturing for 6, 12, and 24 h, both HSA and AGE 
treatments significantly inhibited cell viability compared to the control cells (P < 0.05, Fig. 1B). However, when the cells were treated 
for 6 h, the cell viability in the AGE group was evidently higher than that in the HSA group; and when treated for 12 h, AGE treatment 
significantly suppressed the viability of RAW 264.7 cells compared with the HSA treatment (P < 0.05, Fig. 1B). Therefore, the cells 
cultured for 12 h were used for subsequent experiments. The results of flow cytometry showed no significant difference in cell 
apoptosis between the control and HSA-treated cells (P > 0.05, Fig. 1C), whereas AGEs treatment significantly increased the apoptosis 
of RAW 264.7, compared with the control cells (P < 0.05, Fig. 1C). These results indicate the importance of macrophage apoptosis in 
DFU and that AGEs could inhibit cell viability while enhancing the apoptosis of macrophages. 

2.2. Identification of the crucial differentially expressed genes (DEGs) related to diabetic wound healing 

To further investigate the molecular mechanisms of DFU pathogenesis, bioinformatics analysis was performed on GEO datasets, 
including GSE134431 and GSE97615. Based on P < 0.05 and |log2FC| > 1, a total of 1274 and 1440 differentially expressed genes 
(DEGs) were screened from the GSE134431 and GSE97615 datasets, respectively (Fig. 2A). To identify the crucial genes related to the 
healing process in DFU and eliminate the interference of normal wound healing, 837 DEGs were selected as specific genes related to the 
healing process in DFU and used for Mfuzz cluster analysis. In the DFU non-healers, DFU healers, and nDFS groups, 837 DEGs were 
divided into 16 clusters (Figure S1). Clusters 1, 2, 4, 5, 7, 8, 12, and 13 were up-clustered and contained 217 genes that were upre-
gulated during the healing process, whereas clusters 3, 11, and 14 were down-clustered and contained 143 genes that were down-
regulated during the healing process. 

Subsequently, 217 genes with upregulating trends and 143 genes with downregulating trends were submitted for functional an-
alyses, and it was found that these genes were significantly enriched in 40 Gene Ontology (GO) terms of biological processes and 9 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Fig. 2B and C). The genes with downregulated trends were significantly 
related to “cell adhesion,” “Notch signaling pathway,” “wounding healing,” “inactivation of MAPK activity,” and “establishment of 
skin barrier.” Meanwhile, the significantly enriched GO terms of the genes with upregulating trends included “immune response,” 
“inflammatory response,” “cyclooxygenase pathway,” and “phosphatidylinositol-mediated signaling” (Fig. 2B). The significantly 
enriched KEGG pathways were shown as follows: “PI3K/Akt pathway,” “thyroid hormone signaling pathway,” “pathways in cancer,” 
“Ras signaling pathway,” and “Rap1 signaling pathway” (Fig. 2C). In addition, 217 upregulated and 143 downregulated genes were 
used to construct a protein–protein interaction (PPI) network comprising 201 proteins and 354 edges (Fig. 2D). 
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Fig. 3. Selection of crucial feature genes, and prediction of miRNAs and upstream transcription factors (TFs) of the genes. (A) Selection of the tuning 
parameter “λ” in the LASSO model. (B) ROC curves of diagnostic models based on the obtained five crucial feature genes. (C) TFs regulatory network 
of the five crucial feature genes. The red circles represent the five feature genes, and the hexagons represent the predicted transcription factors. (D) 
Expression of the five crucial feature genes and the four TFs in the different groups. (E) Regulatory network of the miRNA-crucial feature genes. (F) 
Correlation analysis between the five crucial feature genes and immune cell infiltration. 
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2.3. Selection of crucial feature genes, and prediction of miRNAs and upstream transcription factors (TFs) of the genes 

Based on the expression levels of all the genes in the PPI network in the GSE134431 dataset, the LASSO regression model with 
lambda.min as λ was used to select the optimal DEGs (Fig. 3A), and five crucial feature genes including CORO1A, CSF1R, CTSH, 
NFE2L3 and SLC16A10 were obtained with their corresponding regression coefficients of 0.168, 0.161, 0.302, 0.767, and 0.153, 
respectively. After calculating the eigenvalue for each sample, a receiver operating characteristic (ROC) curve was generated to verify 
the diagnostic ability of the feature genes in DFU non-healer and healer/nDFS samples. The area under the curve (AUC) value was 
0.978 (>0.95), indicating a highly effective predictive ability of the gene cohorts (Fig. 3B). 

Upstream transcription factor (TF) prediction analysis was carried out on these five feature gene proteins. A total of 54 TFs were 
identified, and 196 TF–target relation pairs were formed (Fig. 3C). It was found that STAT5A was a hub node in the network with the 
highest degree of connectivity (degree = 49), and the expression levels of GRHL3, GATA3, and POLR3G showed significant intergroup 
variability. Furthermore, five feature genes and four TFs were selected for analysis of their expression in the different groups (Fig. 3D). 

Five feature genes were used for miRNA prediction, and 339 miRNA–gene pairs were obtained (Fig. 3E). Notably, hsa-miR-548p 
targeted three feature genes and may be an important modulator of this relational network. In this network, 11 miRNAs with a degree 
of two interacted with CSF1R, including hsa-miR-361-3p, hsa-miR-134-5p, and hsa-miR-218-5p (Fig. 3E). In addition, we also found 
that NFE2L3 and CSF1R were the target genes of hsa-miR-361-3p related to diabetic wound healing in the miRNA-gene network 
(Fig. 3E). 

2.4. Correlation analysis between the feature genes and immune infiltration 

The correlation between the five feature genes and 13 infiltrating cells with relatively high infiltrating abundance was analyzed 
(Fig. 3F), and 12 gene–cell pairs with significant correlations were obtained (Table 1), including CORO1A–activated dendritic cells, 
CSF1R–activated dendritic cells, CSF1R–M1 macrophages, CSF1R–M2 macrophages, CTSH–activated dendritic cells, CTSH–M2 
macrophages, CTSH– follicular helper T cells, NFE2L3–neutrophils, NFE2L3–CD8 T cells, SLC16A10–plasma cells, SLC16A10–follic-
ular helper T cells, and SLC16A10–M2 macrophages (Fig. 3F). 

2.5. Verification of the five feature genes and related miRNAs in the tissue and cell samples 

The expression levels of the five feature genes were determined in nDFS and DFU tissue samples by qRT-PCR. Compared with the 
nDFS samples, the expression levels of CORO1A, CSF1R, CTSH, NFE2L3, and SLC16A10 were significantly downregulated in the DFU 
samples (P < 0.05, Fig. 4A), and the expression level of CSF1R was the lowest in the DFU samples compared to that of the other four 
genes. Based on bioinformatics analysis, CSF1R was also closely related to M1 and M2 macrophages; therefore, CSF1R was selected for 
the subsequent experiments. According to the miRNA-gene network, miR-218-5p, miR-134-5p, and miR-361-3p interacted with 
CSF1R, and the levels of miR-218-5p were significantly decreased (P < 0.05), whereas miR-361-3p levels were significantly increased 
in the DFU samples compared with those in the nDFS samples (P < 0.05, Fig. 4B). No significant difference in miR-134-5p levels was 
found between nDFS and DFU samples (Fig. 4B). Therefore, CSF1R-miR-361-3p was selected for further experiments. 

The expression levels of CSF1R and miR-361-3p were measured in AGE-treated RAW 264.7 cells. HSA treatment did not signifi-
cantly affect the relative expression levels of CSF1R and miR-361-3p compared to those in the control group (P > 0.05, Fig. 4C, D, 
Figure S2). Relative to the control cells, the relative mRNA and protein expression of CSF1R was significantly downregulated in AGE- 
treated cells (P < 0.05, Fig. 4C, D, Figure S2), whereas the level of miR-361-3p was evidently higher in AGE-treated RAW 264.7 cells 
than in the control cells (P < 0.05, Fig. 4C). These results indicate that AGEs downregulate CSF1R expression while increasing miR- 
361-3p levels in RAW 264.7 cells. 

Table 1 
Information about a total of 12 gene -cell pairs with significant correlations.  

gene cell r p.value 

CORO1A Dendritic cells activated − 0.67948 0.000704 
CSF1R Dendritic cells activated − 0.77981 3.07E-05 
CSF1R Macrophages M2 0.535761 0.012307 
CSF1R Macrophages M1 0.507094 0.018964 
CTSH Dendritic cells activated − 0.55375 0.009204 
CTSH Macrophages M2 0.509753 0.018245 
CTSH T cells follicular helper − 0.45904 0.03633 
NFE2L3 Neutrophils − 0.56756 0.007284 
NFE2L3 T cells CD8 0.481564 0.02708 
SLC16A10 Plasma cells − 0.45883 0.036424 
SLC16A10 T cells follicular helper − 0.45384 0.038781 
SLC16A10 Macrophages M2 0.443433 0.044069  
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2.6. MiR-361-3p inhibition reversed the apoptosis of RAW 264.7 cells induced by AGEs by PI3K-AKT pathway 

To further explore the roles of miR-361-3p/CSF1R in AGE-induced RAW 264.7 cells, the cells with miR-361-3p inhibition or CSF1R 
knockdown were established. No significant differences in the expression levels of CSF1R and miR-361-3p were found between the 
AGEs and AGE + miR-361-3p NC groups (P > 0.05; Fig. 5A–C, Figure S3). Compared with the control group, the mRNA and protein 
expression of CSF1R was significantly downregulated in AGE-treated cells (P < 0.05); after miR-361-3p was inhibited, its expression 
was significantly upregulated compared with that in the AGE group (P < 0.05); whereas, after CSF1R knockdown, its expression was 
downregulated to a level similar to that in the AGE group (P > 0.05, Fig. 5A–C, Figure S3). The level of miR-361-3p was significantly 
increased in the AGE group relative to that in control cells (P < 0.05), and miR-361-3p inhibition decreased its level (P < 0.05, Fig. 5B). 

The apoptosis of RAW 264.7 cells after different treatments was then determined. Compared to the control group, AGEs signifi-
cantly enhanced the apoptosis of RAW 264.7 cells (P < 0.05), whereas miR-361-3p inhibition evidently decreased the cell apoptosis 
caused by AGEs (P < 0.05) and restored a similar level to that of the control cells (P > 0.05, Fig. 5D). However, si-CSF1R reversed the 
effects of the miR-361-3p inhibitor (Fig. 5D). Finally, the PI3K-AKT pathway was detected by western blotting. Compared to the 
control cells, the levels of p-AKT/AKT and p-PI3K/PI3K were significantly decreased in AGE-treated cells (P < 0.05). When miR-361-3p 
was inhibited in AGE-induced cells, the levels of p-AKT/AKT and p-PI3K/PI3K were significantly increased relative to those in the AGE 
group (P < 0.05); however, the levels caused by miR-361-3p inhibition could be reversed by CSF1R knockdown (Fig. 5E, Figure S4). 
These results suggest that miR-361-3p inhibition relieves the AGE-mediated apoptosis of RAW 264.7 cells by targeting CSF1R and 
activating the PI3K-AKT pathway. 

2.7. Effects of miR-361-3p on wound healing process in diabetic mice 

The effect of miR-361-3p on DFU wound healing was confirmed in a diabetic mouse model. After feeding mice with different 
treatments for 5, 10, and 15 days, miR-361-3p inhibition significantly promoted wound healing in diabetic mice compared to diabetic 
wound mice (P < 0.05), and the wounds healed on day 15, similar to the control group (P > 0.05, Fig. 6A and B). Additionally, the 
wound healing rate of mice gradually increased over time (Fig. 6B). The expression of CD68 in different groups was detected at the 
peak point (day 5) of the inflammatory response. The results showed that CD68 expression in diabetic wounded mice was significantly 
lower than that in control mice (P < 0.05), whereas miR-361-3p inhibition increased CD68 expression in diabetic wounded mice (P <
0.05; Fig. 6C), indicating that miR-361-3p inhibition may increase the number of macrophages in DFU mice. Finally, the protein 

Fig. 4. Verification of the five feature genes and related miRNAs in the tissue and cell samples. (A) Expression levels of the five crucial feature genes 
in the clinical samples of DFU and nDFS using quantitative reverse transcription PCR (qRT-PCR). (B) Levels of miR-218-5p, miR-134-5p, and miR- 
361-3p in the clinical samples of DFU and nDFS using qRT-PCR. *P < 0.05, compared with the nDFS group. (C) Expression of CSF1R and miR-361-3p 
in the RAW 264.7 cells treated with AGEs using qRT-PCR. (D) Protein expression of CSF1R in the RAW 264.7 cells treated with AGEs using western 
blot. *P < 0.05, compared with the control cells. 
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expression levels of CSF1R and PI3K/AKT were determined. It was found that CSF1R expression was significantly downregulated in 
diabetic wounded mice relative to control mice (P < 0.05), and miR-361-3p inhibition evidently upregulated its expression compared 
to that in diabetic mice (P < 0.05, Fig. 6D, E, Figure S5). In addition, the trends of p-AKT/AKT and p-PI3K/PI3K levels in the different 
groups were similar to those of CSF1R expression in the different groups (Fig. 6D, E, Figure S5). 

3. Discussion 

DFU is a common complication of diabetes and its management imposes a great financial burden on patients’ families and medical 

Fig. 5. MiR-361-3p inhibition reversed the apoptosis of RAW 264.7 cells induced by AGEs by PI3K-AKT pathway. (A) Expression of CSF1R in the 
cells transfected with miR-361-3p inhibitor or si-CSF1R using qRT-PCR. (B) Levels of miR-361-3p in the cells transfected with miR-361-3p inhibitor 
or si-CSF1R using qRT-PCR. (C) Protein expression of CSF1R in the cells transfected with miR-361-3p inhibitor or si-CSF1R by western blot. (D) 
Apoptosis of RAW 264.7 cells transfected with miR-361-3p inhibitor or si-CSF1R using flow cytometry. (E) Levels of p-PI3K/PI3K and p-AKT/AKT in 
the RAW 264.7 cells transfected with miR-361-3p inhibitor or si-CSF1R by western blot. *P < 0.05, compared with the control group. #P < 0.05, 
compared with the AGE group. $ P < 0.05, compared with the AGEs + miR-361-3p inhibitor group. 
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systems. Macrophages play an important role in wound healing. Macrophage-free wounds can delay re-epithelialization, impair 
angiogenesis, reduce collagen deposition, and inhibit cell proliferation [20]. In patients with diabetes, the function of macrophages is 
altered, resulting in a weakened ability to clear infections and a delay in the repair process [21]. Yang et al. [22] demonstrated that 
dysregulation of macrophages may lead to impaired wound healing in patients with diabetes, and that hyaluronic acid-paeoniflorin 

Fig. 6. Effects of miR-361-3p on wound healing process in diabetic mice. (A) Images of wound healing in diabetic mice after different treatments at 
1, 5, 10, and 15 days. (B) Wound healing rate at 5, 10, and 15 days, and line chart of wound healing rate with the increasing time in the different 
groups. (C) Expression of CD68 in the different groups at the peak point (day 5) of the inflammatory response process by immunofluorescent 
staining. (D) Representative protein bands in the different groups. (E) Quantitative analysis of CSF1R, p-PI3K/PI3K, and p-AKT/AKT in the different 
groups. *P < 0.05, compared with the control group. #P < 0.05, compared with the diabetic wound group. 
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could promote diabetic wound healing by successfully achieving a paeoniflorin-mediated macrophage transition from M1 (pro-in-
flammatory) to M2 (anti-inflammatory and pro-healing). Our study showed that the number of macrophages decreased in DFU, which 
indicates their importance in this process. AGEs are formed by non-enzymatic reactions between proteins and glucose and can induce 
oxidative stress and inflammation in macrophages [23]. Our study found that AGEs inhibited cell viability while enhancing macro-
phage apoptosis. These results indicated that AGEs may be one of the reasons for poor wound healing through the regulation of 
macrophage growth in DFU patients [24]. Therefore, in additional cellular experiments, AGEs were employed to treat RAW 264.7 cells 
and mimic a DFU cellular model. 

To further investigate the molecular mechanisms of DFU wound healing, bioinformatics analysis was performed, five crucial 
feature genes (CORO1A, CSF1R, CTSH, NFE2L3, and SLC16A10) were identified, and the combination of these five gens displayed high 
diagnostic value in DFU. Among these molecules, CTSH is a risk gene in type 1 diabetes, and transcriptional down-regulation of CTSH 
caused by pro-inflammatory cytokines could promote pancreatic β-cell apoptosis [25,26]. CORO1A plays a major role in integrin 
biology and controls neutrophil trafficking during innate immunity [27]. SLC16A10 or MCT10 participates in the transportation of 
extracellular aromatic amino acids [28]. Disruption of SLC16A10 expression in NOD mice results in an increased incidence of type 1 
diabetes [29]. NFE2L3 (Nrf3) is a leucine zipper TF belonging to the Cap ‘n’ Collar family, which also includes Nrf2. Nrf2 activation 
promotes trauma repair in diabetic mice [30]. However, there is relatively little information on Nrf3. A recent study has revealed that 
Nrf3 facilitates ultraviolet radiation-related keratinocyte apoptosis by suppressing cell adhesion, indicating its potential role in wound 
healing [31]. CSF1R encodes a protein of the colony-stimulating factor receptor, which belongs to the platelet-derived growth factor 
receptor family [32]. It is broadly expressed on the surface of monocytes and macrophages. Taken together, we speculate that the 
combination of CORO1A, CSF1R, CTSH, NFE2L3, and SLC16A10 may serve as a better diagnostic marker for predicting DFU. 

Subsequently, the miRNAs and TFs upstream of these feature genes were predicted, and the expression of the five feature genes and 
their corresponding miRNAs was validated in clinical samples (DFU and nDFS). Eventually, the miR-361-3p–CSF1R pair with a sig-
nificant negative correlation was selected for subsequent experiments. miR-361-3p has multiple biological functions and plays a key 
role in many diseases. Previous studies have demonstrated that miR-361-3p modulates cancer cell proliferation and migration by 
targeting several downstream genes, including DUSP2 [33], SOX9 [34], and TGFB1 [35]. However, the specific pathogenic role of 
miR-361-3p in diabetic disease remains unclear. Huang et al. revealed that dysregulation of miR-361-3p is associated with 
hyperglycemia-mediated inflammation and apoptosis in vascular endothelial cells, leading to the pathophysiological manifestations of 
vascular complications in diabetes [36]. Additionally, a recent study [37] has reported that exosmic circRNAs from cancer cells 
interact with miR-361-3p to regulate M2 macrophage polarization and promote tumorigenesis. Considering the essential role of M2 
macrophages in the wound healing process, the mechanism by which miR-361-3p affects macrophage polarization in DFU should be 
further verified. 

CSF1R is the target gene of miR-361-3p, and binding of CSF1/CSF1R activates the PI3K-FOXO1 pathway and induces macrophage 
migration and M2 polarization [38]. CSF1R blockade inhibits the differentiation, proliferation, and survival of M2 macrophages and 
repolarizes tumor-associated macrophages towards the M1 type [39]. In our study, CSF1R was downregulated in AGE-treated mac-
rophages, whereas miR-361-3p levels were increased. Additionally, both in vitro and in vivo experiments showed that miR-361-3p 
inhibition attenuated AGE-mediated apoptosis of RAW 264.7, and increased CSF1R expression and p-AKT/AKT and p-PI3K/PI3K 
levels. PI3K/AKT has been reported as a classic signaling pathway in cells that plays an active role in wound repair; activated AKT 
signaling can directly affect the survival, polarization, and migration of macrophages [40,41]. Combined with our findings, it can be 
inferred that miR-361-3p suppression may inhibit AGE-induced macrophage apoptosis by targeting CSF1R and activating the 
PI3K/AKT pathway. 

However, this study has several limitations. First, additional clinical cases and studies are required to clarify the molecular 
mechanisms of miR-361-3p/CSF1R. Second, miR-361-3p may exert its effects through other downstream genes. Moreover, the po-
tential functions of other feature genes or interacting miRNAs in diabetic wound healing need to be investigated and verified through 
experimental assays. 

4. Conclusion 

In conclusion, this study identified five crucial feature genes (CORO1A, CSF1R, CTSH, NFE2L3, and SLC16A10) and their corre-
sponding miRNAs by analyzing the transcriptional profiles of DFU samples. The combination of these five feature genes may provide a 
better diagnostic model for DFU patient prediction. Additionally, AGEs may regulate macrophage apoptosis via the miR-361-3p/ 
CSF1R axis and PI3K/AKT pathway, thereby influencing DFU wound healing. This study improves our understanding of macro-
phage apoptosis in the wound healing process of DFU and provides a basis for determining the miR-361-3p/CSF1R axis and PI3K/AKT 
pathway as novel therapeutic targets and pathways to promote wound healing in DFU. 

5. Materials and methods 

5.1. Patient demographics 

DFU and nDFS tissue samples (acute wound amputation specimens) were collected from clinical patients in the Department of 
General Surgery of Putuo Hospital, Shanghai University of Traditional Chinese Medicine (Shanghai, China). The inclusion and 
exclusion criteria for DFU have been previously described [42]. Tissue samples were preserved in RNAlater for RNA extraction or fixed 
in paraformaldehyde for immunofluorescence detection. This study was approved by the Ethics Committee of Putuo District Center 
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Hospital, Shanghai (Putuo Hospital, Shanghai University of Traditional Chinese Medicine, approval No: PTEC-R-2021-13-1, date: 
2021-04-30). Informed consent was obtained from all the patients. 

5.2. Data resources and preprocess 

Microarray data were downloaded from the GEO database of the NCBI for Biotechnology Information (https://www.ncbi.nlm.nih. 
gov/). The GSE134431 dataset [43] comprises RNA-seq profiles from patients with DFU, including eight nDFS samples, seven DFU 
healer samples, and six DFU non-healer samples. All the data were tested on the platform of Illumina NextSeq 500 (Homo sapiens). The 
GSE97615 dataset [44] includes the expression profiles of human oral and cutaneous wound tissue samples. We selected 12 skin 
wound healing samples for further analysis at three time points: days 1, 3, and 6 (four samples per time point). The dataset was tested 
using the Illumina HiSeq 2000 platform (Homo sapiens). After quality control, alignment, and quantitative analysis, the RPKM 
expression matrix was obtained from the database and log2 transformed (RPKM+1) for downstream analysis. 

5.3. Screening differentially expressed genes （DEGs） 

The Limma package version 3.34.7 [45] in R3.6.1 (https://bioconductor.org/packages/release/bioc/html/limma.html) was used 
to identify DEGs related to DFU. For the GSE134431 dataset, pairwise comparisons were performed between the nDFS, DFU healer, 
and DFU non-healer groups. For the GSE97615 dataset, pairwise comparisons were performed at each time point. P value < 0.05 and | 
log2fold change (FC)| > 1 were selected as thresholds to screen DEGs. After pairwise comparison of the two groups, DEGs were ob-
tained and combined into a union cohort. Then, time-series clustering analysis were conducted using the Mfuzz package [46] version 
2.42.0 (http://bioconductor.org/packages/release/bioc/html/Mfuzz.html) to analyze gene expression in each group. The parameter 
was set as a member. Ship = 0.3. 

5.4. Functional enrichment analysis and protein–protein interaction (PPI) network 

GO and KEGG (approved by Kanehisa Laboratories, Kyoto, Japan) enrichment analyses of the identified DEGs were conducted 
using the DAVID [47] tool (Version 6.8, https://david-d.ncifcrf.gov/). P < 0.05, and count number >2 were considered significantly 
enriched terms. 

The STRING [48] (Version: 10.0, http://www.string-db.org/) database was used to predict protein interactions in Homo sapiens. 
The PPI score was set as 0.4 (medium confidence). Cytoscape software [49] (version 3.4.0; http://chianti.ucsd.edu/cytoscape-3.4.0/) 
was used to construct the PPI network. 

5.5. Screening and validation of crucial genes 

LASSO Cox regression analysis was performed using the Glmnet package [50] version 4.0-2 (https://cran.r-project.org/web/ 
packages/glmnet/index.html) to identify optimal feature genes. Selected genes were evaluated using a 20 fold cross-validation pro-
cess (nfold = 20). Here, we mainly focused on the differences between the unhealed, healed, and normal groups; thus, the healed and 
normal samples were integrated into one group. Next, the expression values of the selected genes were extracted from the GSE134431 
dataset and eigenvalues were calculated using the following formula: 

featuresample =
∑n

1
Coefi ∗ xi  

here, Coefi represents the LASSO regression coefficient of the “i-th” gene; xi represents the expression value of the “i-th” gene, whereas 
n represents the gene counts. Based on this formula, we obtained the eigenvalues for each sample. An ROC curve was generated using 
the pROC package to evaluate the predictive ability of selected genes. 

5.6. Predicting upstream transcription factors (TFs) of feature genes 

The iRegulon plugin [51] (Version 1.3, http://iregulon.aertslab.org/) was used to predict the upstream TFs of feature genes. The 
parameters were set as follows: 10 K motif collections (9713 PWMs) and 1120 ChIP-seq track collections (minimum nescore = 3, rank 
threshold for visualization = 5000). The TFs with more than three target genes were selected to construct a regulatory network. 

Six databases, miRWalk, miRanda, microt4, RNA22, TargetScan, and PITA, were used to predict the corresponding miRNAs of the 
feature genes using Mirwalk2.0 [52] (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) tools. miRNA–mRNA pairs that 
existed in more than four databases were selected as candidate pairs to generate miRNA–mRNA networks. 

5.7. Correlation analysis between the feature genes expression and immune cell infiltration 

The CIBERSORT tool [53] was employed to detect the abundance of 22 immune cells in each sample. The correlation between 
feature genes and immune-infiltrating cells was evaluated using Spearman’s coefficient (cor function, http://77.66.12.57/R-help/cor. 
test.html). 
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5.8. Wound healing assay in diabetic mice model 

All animal experiments were conducted in accordance with the ARRIVE guidelines (https://arriveguidelines.org/) and approved by 
the Animal Experimental Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (date: 2018-11-16). 
Twenty-four male type 2 diabetic db/db mice (7–9 weeks old) were purchased from Shanghai Slack Laboratory Animal Co., Ltd. All the 
mice were monitored for blood glucose and weight, with diabetes status defined as blood glucose >200 mg/dl. Mice that lost more than 
20% of their body weight were excluded from the experiments. A total of 24 mice were selected and divided into four groups (n = 6): 
control, diabetic wounds, diabetic wounds + miR-361-3p NC, and diabetic wounds + miR-361-3p inhibitor. Mice with diabetic 
wounds were established as previously described [42]. Briefly, mice were anesthetized with 4% isoflurane. The skin on the back was 
shaved and wiped with 70% ethanol. Two skin wounds of 2 mm were created on the back side using a 6 mm full-thickness sterile biopsy 
punch and sterilized with 75% ethanol. Mice in the diabetic wound, diabetic wound + miR-361-3p NC, and diabetic wound +
miR-361-3p inhibitor groups were first established as diabetic wounds, and then mice in the diabetic wound + miR-361-3p NC and 
diabetic wound + miR-361-3p inhibitor groups were treated with miR-361-3p NC or inhibitor every 2 days for 6 days. The wound 
healing process was assessed using ImageJ software at the indicated time points (days 1, 5, 10, and 15). 

5.9. Immunofluorescence staining 

Patient tissues or wound-edge skin tissues from mice were fixed in 4% paraformaldehyde solution and dehydrated in an ethanol 
gradient. After clearing with xylene, tissue samples were embedded in paraffin and cut into histological sections (RM2016, Shanghai 
Leica Instrument Co., Ltd. Shanghai, China). The slides were then incubated with a primary antibody (CD68; Affinity, USA), followed 
by incubation with a goat anti-rabbit secondary antibody. Images were obtained using a confocal microscope (Nikon C1 Eclipse; 
Nikon). 

5.10. Cell transfection assay 

RAW 264.7 cells were cultured in DMEM (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA) and pen-
icillin–streptomycin (100 U/mL). miR-361-3p inhibitor/NC and si-CSF1R were obtained from Shanghai Genomeditech, Inc. 
(Shanghai, China). Cell transfection was performed using Lipofectamine 2000 (Thermo Fisher Scientific) following the manufacturer’s 
protocol. Briefly, the cells were treated with extrinsic AGEs (Sunteambio, CHINA), and then transfected with miR-361-3p inhibitor/NC 
and si-CSF1R. After transfected for 6 h, the serum-free medium was replaced with complete medium and the cells were cultured for 
another 48 h. Total RNA was extracted from cells subjected to different treatments, and cell transfection efficiency was evaluated by 
determining the levels of miR-361-3p and CSF1R using quantitative reverse transcription PCR (RT-qPCR) and western blotting. 

5.11. Cell viability and apoptosis assays 

The cells with different treatments were harvested, and a cell counting kit-8 (CCK8, Biosharp, Wuhan, China) was used to assess the 
effects of AGEs on the growth of RAW 264.7 cells. Briefly, the cells were added with 10 μL CCK8 reagent, and incubated for 2.5 h. The 
optical density (OD) at 450 nm was measured using an Infinite 200Pro (Tecan, Mannedorf, Switzerland). 

Annexin V/PI dual staining (BestBio, Shanghai, China) was used to detect the apoptosis rate of the macrophages. The cells with 
different treatments were collected, and AnnexinV-FITC (5 μL) and PI (10 μL) were added to 400 μL cell suspension. After incubation in 
the dark for 15 min, cell acquisition was conducted using an Attune CytPix flow cytometer (Thermo, CA, USA), and data were analyzed 
using FlowJo software. Each experiment was performed in triplicate. 

Table 2 
The sequences of all primers.  

Genes/miRNAs Forward primer (5′-3′) Reverse primer (5′-3′) 

hsa-miR-134-5p CGCGTGTGACTGGTTGACCA GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCCCCTC 
hsa-miR-218-5p GCGCGTTGTGCTTGATCTAA GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACATGG 
muu-miR-361-3p TCCCCCAGGTGTGATTCTG GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACAAAT 
hsa-miR361-3p CGTCCCCCAGGTGTGATTC GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAATCA 
hsa-CORO1A GGCTTTTGGGGGATCACTGT CGAAGAGGCTGCTAGGTCG 
mus-CORO1A GTGTCCCCTTCCTGTCTTGG GGAATTTGCTGGAGCGAACC 
hsa-CSF1R ATCAGCCCAAGGAGGAGGAA CAGCAGGAGCAGCAGAACT 
mus-CSF1R TGGCGAGGGTTCATTATCCG CCAGCTTGCTAGGCTCCAAT 
hsa-CTSH AGAGCTCCAGGGACTGTCTT GGTGGATAATACCGCCAGCA 
mus-CTSH AAGCCCACAACCAGAGGAAC TCCATGGAGGAAGGGTAGGG 
hsa-NFE2L3 GGAGGGCATCTCATTGGGAG GGGACAAAGCAAGATGGCCT 
mus-NFE2L3 GCTGTGGATCACAGTTCCCA CAGAGGCACACGCCATTTTG 
hsa-SLC16A10 AGGCCCTGGGCTCACTATAA CTTAACTGCGAGCATTCGGC 
mus-SLC16A10 TGATGAACATGGCCTCCCAA GAGCTCCCTACCTCTATGCC 
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT  
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5.12. Quantitative reverse transcription PCR (qRT-PCR) 

Total RNA was extracted from the skin tissue or cells using the RNAiso Plus kit (Trizol, Takara Biomedical Technology Co., Ltd., 
Beijing, China). Then, a miR-X miRNA first-Strand synthesis kit (Clontech, CA, USA) was used for the cDNA synthesis, and miRNA qRT- 
PCR TB Green®Kit (Clontech, CA, USA) was used for RT-PCR analysis. The sequences of all primers are listed in Table 2. qPCR was 
performed using an ABI7500 RT-PCR System (Thermo, Massachusetts, USA). The relative expression levels of miRNAs and mRNAs 
were analyzed based on the 2− ΔΔCt method. 

5.13. Western blotting 

RIPA lysis buffer was used to extract the total protein. Protein samples were separated using SDS-PAGE, transferred onto PVDF 
membranes, and blocked with 5% skim milk. The membranes were incubated with primary antibodies, followed by secondary anti-
bodies. The primary antibodies used in this study were listed as follows: CSF1R (Affinity, USA); PI3K p85β phospho Tyr464 (Immu-
noway, TX, USA), PI3k p85α (Abcam, Cambridge, UK), Akt (CST, MA, USA), and pAkt-Ser473 (CST, MA, USA). The expression levels of 
the related proteins were detected using an ECL kit and visualized using Image Quant LAS 4000 mini (GE Healthcare, USA). 

5.14. Statistical analysis 

Data from three independent experiments were shown as mean ± standard deviation (SD). Statistical analyses were performed 
using GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA). For two-group analyses, Student’s t-test was used, while one-way 
ANOVA followed by Tukey’s post hoc test was performed for more than two-group analyses. P < 0.05 was considered statistically 
significant. 
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