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Abstract 25 

Aim 26 

To investigate the association of macrophage metabolic reprogramming with wound healing and 27 

angiogenesis in a murine model of chronic diabetic wounds.  28 

Methods 29 

Diabetes was induced in mice using a high-fat diet combined with streptozotocin (STZ). Successful 30 

induction was defined as a fasting blood glucose level ≥16.7 mmol/L on two separate days. Mice were 31 

randomly allocated to normal control, diabetic, vehicle, and rotenone groups. A full-thickness 32 

excisional wound approximately 2 cm in diameter was created on the dorsum of each mouse. The 33 
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rotenone group received daily intraperitoneal rotenone (1 mg/kg), whereas the vehicle group received 34 

an equivalent volume of vehicle; the normal control and diabetic groups received no additional 35 

treatment. Wound closure was evaluated on days 4, 8, 12, and 16. Histological changes were assessed 36 

by hematoxylin and eosin staining; LDHA, PKM2, and CS expression by immunohistochemistry; and 37 

iNOS and Arg-1 mRNA expression by RT-qPCR.  38 

Results  39 

Compared with the normal control group, the diabetic, vehicle, and rotenone groups showed delayed 40 

wound closure. On days 8, 12, and 16, wound closure rates were lower in all three groups than in 41 

normal controls, with the rotenone group showing the lowest rates at each time point. Histological 42 

examination further revealed greater inflammatory cell infiltration and delayed re-epithelialization in 43 

the rotenone group. In this group, LDHA and PKM2 expression began to increase on day 8. Relative to 44 

normal controls, LDHA expression was significantly higher on days 8 and 16, PKM2 expression was 45 

significantly higher on days 8, 12, and 16, and CS expression was lower at all assessed time points. In 46 

addition, iNOS mRNA expression was increased on days 4, 8, and 12, whereas Arg-1 mRNA 47 

expression was decreased on days 4 and 8 but increased on day 12.  48 

Conclusions  49 

Rotenone further delayed chronic wound healing in diabetic mice, accompanied by changes consistent 50 

with enhanced glycolysis, impaired oxidative metabolism, and an imbalance between M1- and 51 

M2-associated macrophage phenotypes. These findings suggest that macrophage metabolic 52 

reprogramming may contribute to impaired repair of chronic diabetic wounds and may represent a 53 

potential target for future  intervention. 54 

Keywords: chronic diabetic wounds; macrophage metabolic reprogramming; macrophage polarization; 55 
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mitochondrial complex I inhibition; glycolysis 56 

1. Introduction 57 

Diabetes mellitus(DM) is a chronic metabolic disorder characterized by persistent hyperglycemia 58 

resulting from impaired insulin secretion, insulin action, or both[1]. According to the International 59 

Diabetes Federation, approximately 589 million adults worldwide were living with diabetes in 2024, 60 

the vast majority of whom had type 2 diabetes mellitus (T2DM); this number is projected to continue 61 

rising in the coming years[2,3]. Chronic diabetic wounds, particularly diabetic foot ulcers (DFUs), are 62 

a major cause of disability among individuals with diabetes because of their delayed healing, high 63 

recurrence rates, and substantial risk of amputation[4,5]. Despite recent advances in wound 64 

management, chronic diabetic wounds are often characterized by persistent inflammation and impaired 65 

tissue repair. However, the molecular mechanisms underlying their development and progression 66 

remain incompletely understood, highlighting the importance of identifying key regulatory processes 67 

that influence wound healing. 68 

Macrophages are key immunoregulatory cells in wound  69 

inflammation and repair. During normal healing, they gradually shift from an early proinflammatory 70 

M1 state to a later reparative M2 state. In diabetes, hyperglycemia, oxidative stress, and persistent 71 

inflammation disrupt this transition. Consequently, M1 activation persists, whereas M2 function is 72 

impaired. These changes may prolong inflammation and delay wound healing[4,5]. Restoring 73 

macrophage functional homeostasis may therefore represent a potential approach to improving chronic 74 

diabetic wound healing. 75 

Recent studies in immunometabolism suggest that macrophage function is regulated not only by 76 



 

 4 

inflammatory signals but also by cellular metabolic states. M1 macrophages are generally considered to 77 

rely predominantly on glycolysis, whereas M2 macrophages depend more heavily on mitochondrial 78 

oxidative phosphorylation(OXPHOS) to support their reparative functions. Glycolysis-related 79 

molecules, including lactate dehydrogenase A(LDHA) and pyruvate kinase M2(PKM2), together with 80 

citrate synthase(CS), a key enzyme in the tricarboxylic acid cycle, are involved in macrophage 81 

metabolic regulation[6-9]. Although diabetes is associated with mitochondrial dysfunction and 82 

metabolic abnormalities, it remains unclear whether impaired mitochondrial OXPHOS promotes 83 

macrophage metabolic reprogramming and subsequently affects macrophage polarization and chronic 84 

diabetic wound healing. 85 

Rotenone is a well-established inhibitor of mitochondrial complex I that suppresses oxidative 86 

phosphorylation, promotes a metabolic shift toward glycolysis, and increases reactive oxygen species 87 

production[10]. In this study, a murine model of chronic diabetic wounds was established, and rotenone 88 

was used to inhibit mitochondrial complex I. Changes in markers related to glucose metabolic 89 

reprogramming, macrophage polarization, and wound healing were evaluated to explore the potential 90 

involvement of mitochondrial dysfunction-associated macrophage metabolic reprogramming in chronic 91 

diabetic wound repair and to provide experimental evidence for further investigation of the underlying 92 

immunometabolic mechanisms. 93 

 94 

2 Materials and Methods 95 

2.1 Animals 96 

A total of 128 six-week-old male specific pathogen-free C57BL/6J mice (20 ± 2 g) were obtained from 97 
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Changsha Tianqin Biotechnology Co., Ltd. [animal production license No. SCXK (Xiang) 2024-0021]. 98 

All animal procedures were approved by the Ethics Committee of Youjiang Medical University for 99 

Nationalities (approval Nos. 2024092503 and 2025040200). 100 

2.2 Reagents and Equipment 101 

The principal reagents included streptozotocin (STZ; Beijing Solarbio Science & Technology Co., Ltd.; 102 

Cat. No. S8050-1g), rotenone (GLPBIO; Cat. No. 83794), tribromoethanol (Nanjing Aibei 103 

Biotechnology Co., Ltd.; Cat. No. M2920), and a reverse transcription kit (Yugong Biolabs; Cat. No. 104 

EG151133S). Antibodies against Arg-1 (Proteintech; Cat. No. 66129-1-Ig), iNOS (Jiangsu Qinke 105 

Biotechnology Research Center Co., Ltd.; Cat. No. 22226-1-AP), LDHA (Proteintech; Cat. No. 106 

14546-1-AP), PKM2 (Proteintech; Cat. No. 15822-1-AP), CS (Proteintech; Cat. No. 16131-1-AP), and 107 

CD31 (Affinity Biosciences; Cat. No. BF8133) were also used. 108 

The principal instruments included a gradient thermal cycler (Bio-Rad Laboratories, USA), a 109 

real-time quantitative PCR system (Roche), a UV spectrophotometer (Implen, Germany), a Multiskan 110 

microplate reader (Labsystems, Finland), and an upright fluorescence microscope (Nikon, Japan). 111 

2.3 Methods 112 

2.3.1 Establishment and Grouping of the Murine Chronic Diabetic Wound Model 113 

Following the protocol described by Dong[11], mice were acclimatized for 1 week and randomly 114 

assigned to the normal control, diabetic model, rotenone, and vehicle groups (n = 32 per group). The 115 

normal control group remained on a standard diet, whereas the other three groups received a high-fat 116 

diet for 4 weeks. After a 12-h fast with free access to water, these mice were intraperitoneally injected 117 
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with STZ (50 mg/kg/day) for 5 consecutive days, while the normal control group received an equal 118 

volume of citrate buffer. One week after model induction, mice with fasting blood glucose (FBG) 119 

levels ≥16.7 mmol/L on two consecutive measurements were considered diabetic. Mice that did not 120 

meet this criterion received one additional injection of STZ at the same dose. 121 

One week after successful establishment of the diabetic model, the mice were anesthetized by 122 

intraperitoneal administration of 1.25% tribromoethanol (0.2 mL/10 g). Adequate anesthetic depth was 123 

confirmed by the absence of a response to toe-pinch stimulation. And a circular full-thickness skin 124 

wound approximately 2 cm in diameter was created on the dorsum. The normal control and diabetic 125 

model groups received standard sterile gauze dressings. The rotenone group received a daily 126 

intraperitoneal injection of rotenone (1 mg/kg), whereas the vehicle group received an equal volume of 127 

vehicle. All interventions continued until the designated observation endpoint. The rotenone dose of 1 128 

mg/kg was selected based on preliminary experiments, in which this dose produced a measurable 129 

biological effect without causing overt toxicity or excessive mortality. 130 

2.3.2 Sample Collection 131 

The day of wound creation was defined as day 0. Wounds were photographed on days 0, 4, 8, 12, and 132 

16 to document healing. The mice were anesthetized as described above. Adequate anesthetic depth 133 

was confirmed by the absence of a response to toe-pinch stimulation. Full-thickness tissue samples, 134 

including the wound and approximately 0.5 cm of surrounding tissue, were then collected. Each sample 135 

was divided into two portions. One portion was snap-frozen in liquid nitrogen and stored at −80 °C for 136 

reverse transcription quantitative PCR (RT-qPCR). The other portion was fixed in 4% 137 

paraformaldehyde and embedded in paraffin for hematoxylin and eosin (H&E) staining and 138 

immunohistochemistry. After tissue collection, anesthetic depth was reconfirmed by the absence of a 139 
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response to toe-pinch stimulation. The mice were then euthanized by cervical dislocation. Death was 140 

confirmed by the permanent cessation of respiration and heartbeat. 141 

2.3.3 Histological Assessment of Wound Tissue by Hematoxylin and Eosin Staining 142 

Tissue samples were fixed in 4% paraformaldehyde at room temperature for 24–48 h. They were then 143 

dehydrated through a graded ethanol series and embedded in paraffin. The paraffin blocks were cut into 144 

3 μm sections. After deparaffinization and rehydration, the sections were stained with hematoxylin and 145 

eosin (H&E). Finally, the sections were dehydrated, mounted, and examined under a light microscope 146 

to assess tissue architecture, inflammatory cell infiltration, and granulation tissue formation. 147 

2.3.4 Immunohistochemical Detection of Metabolism- and Macrophage Polarization-Related 148 

Markers 149 

After deparaffinization and rehydration, the sections underwent antigen retrieval, endogenous 150 

peroxidase blocking with hydrogen peroxide, and serum blocking. They were then incubated overnight 151 

at 4 °C with primary antibodies against LDHA, PKM2, and CS (all diluted 1:200), followed by 152 

horseradish peroxidase (HRP)-conjugated secondary antibodies. Immunoreactivity was visualized with 153 

3,3′-diaminobenzidine (DAB), followed by hematoxylin counterstaining, dehydration, and mounting. 154 

Immunostaining intensity was quantified using ImageJ software. 155 

2.3.5 RT-qPCR Analysis of Nos2 and Arg1 mRNA Expression 156 

Total RNA was extracted using TRIzol reagent (50 mg per 1 mL). After assessing RNA concentration 157 

and purity, the RNA was reverse-transcribed into cDNA. RT-qPCR was performed using SYBR Green 158 

to quantify Nos2 and Arg1 mRNA expression, with Actb (β-actin) as the reference gene. Relative 159 
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expression was calculated using the 2^−ΔΔCt method. The primers were designed and synthesized by 160 

Sangon Biotech (Shanghai) Co., Ltd., and their sequences are listed in Table 1. 161 

 162 

Table 1 Primer sequences for genes related to RT-qPCR experiment on mouse wound 163 

 164 

Primer name Sequence（5' to 3'） 

iNOS-F GACGCTCGGAACTGTAGCAC 

iNOS-R TCATGTTTGCCGTCACTCCG 

Arg-1-F TGGGCAACCTGTGTCCTTTC 

Arg-1-R AGGGTCTACGTCTCGCAAGC 

β-actin-F ACTGCCGCATCCTCTTCT 

β-actin-R TCAACGTCACACTTCATGATGGA 

 165 

2.3.6 Statistical Analysis 166 

Statistical analyses were performed using IBM SPSS Statistics version 27.0 and GraphPad Prism 167 

version 9.5.1. Continuous variables were tested for normality using the Shapiro–Wilk test. Normally 168 

distributed continuous data are presented as the mean ± standard deviation (x ± S). Non-normally 169 

distributed data are presented as the median and interquartile range. Differences among groups were 170 

assessed using one-way ANOVA. Repeated measures ANOVA was used for data collected over time. 171 

Post hoc multiple comparisons were adjusted using the Bonferroni correction.  p< 0.05 was 172 

considered statistically significant. 173 
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3 Results 174 

3.1 Diabetic Mice Exhibited Changes in General Condition 175 

Compared with the normal control group, diabetic mice exhibited typical diabetic manifestations, 176 

including polydipsia, polyuria, polyphagia, and weight loss. Daily water intake increased to 20–50 mL, 177 

and the bedding became damp and malodorous. The mice also appeared less alert, showed slower 178 

responses and reduced spontaneous activity, and developed dry, dull, and ruffled fur. 179 

3.2 Compared with the Normal Control Group, Rotenone Delayed Inflammation Resolution, 180 

Granulation Tissue Formation, and Re-epithelialization in Diabetic Wounds and Reduced Wound 181 

Closure Rate (P < 0.05) 182 

Gross observation and H&E staining revealed differences in wound healing among the groups (Fig.1A 183 

and 1B). On day 4, all wounds were in the inflammatory phase, with more pronounced inflammation in 184 

the diabetic and rotenone groups than in the normal control group. Thereafter, inflammation gradually 185 

subsided in the normal control group, accompanied by granulation tissue formation and 186 

re-epithelialization. Repair was delayed in the diabetic and vehicle groups, while the rotenone group 187 

showed more persistent inflammation and less granulation tissue formation and re-epithelialization, 188 

with delayed repair remaining evident on day 16. Wound closure was slower in the other three groups 189 

than in the normal control group. On day 4, closure rates were lower in the diabetic and rotenone 190 

groups than in the normal control group (p < 0.05). Significant differences among the groups were 191 

observed on days 8, 12, and 16 (p < 0.001), with the rotenone group maintaining a comparatively low 192 

closure rate throughout the observation period (Fig. 1C). 193 
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 Figure 1 Comparison of wound healing among groups at different time points  A: Comparison of 194 

wound healing; B: H&E staining of the wound ( Scale bar = 50 μm，200 μm) ; C: Comparison of wound 195 

healing rates（n=6, x̄±S; %） 196 

3.3 Changes in Glucose Metabolism Markers After Rotenone Treatment in Diabetic Mouse 197 

Wounds 198 

Immunohistochemical analysis revealed distinct expression patterns of LDHA, CS, and PKM2 among 199 

the groups. 200 

LDHA expression was higher in the rotenone group than in the normal control group on days 201 

8 and 16 (P < 0.05). No significant difference was observed among the groups on days 4 and 12 (p > 202 

0.05) (Fig. 2A and 2D). 203 

CS expression showed an overall downward trend from day 4 onwards. Compared with the 204 

normal control group, the rotenone group exhibited lower CS expression on days 4, 8, 12, and 16 (p < 205 

0.05),and has the lowest levels among the groups at most time points(Fig. 2A and 2E). 206 
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PKM2 expression was higher in the rotenone group than in the normal control group (p < 207 

0.05) and remained relatively high at the later time points. However, no significant between-group 208 

difference in PKM2 expression was observed on day 4 (p > 0.05) (Fig. 2D and 2F). 209 

 210 

Figure 2 Mean optical density analysis of LDHA, CS, and PKM2 expression A: Immunohistochemical 211 

staining of LDHA protein expression in wound tissue ( Scale bar = 50 μm, 200 μm);  B: 212 

Immunohistochemical staining of CS protein expression in wound tissue ( Scale bar = 50 μm，200 μm); 213 

C: Immunohistochemical staining of PKM2 protein expression in wound tissue ( Scale bar = 50 μm，214 

200 μm); D: LDHA protein expression in wound tissue (x̄±S); E: CS protein expression in wound tissue 215 

( x̄±S); F: PKM2 protein expression in wound tissue ( x̄±S) 216 

3.4 Changes in Macrophage Polarization Markers After Rotenone Treatment in Diabetic Wounds 217 

in Mice 218 

RT qPCR analysis showed dynamic changes in iNOS and Arg-1 mRNA expression among the groups 219 

during wound healing. 220 
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iNOS mRNA expression differed significantly among the groups on days 4, 8, and 12 (p < 221 

0.001) and was higher in the rotenone group than in the normal control group (p < 0.05). However, the 222 

difference between these two groups was no longer significant on day 16 (Fig. 3B). 223 

Arg-1 mRNA expression also differed significantly among the groups on days 4, 8, and 12. 224 

Compared with the normal control group, the rotenone group showed lower Arg-1 mRNA expression 225 

on days 4 and 8 (p < 0.05), but higher expression on day 12 (p < 0.05). No significant difference was 226 

observed among the groups on day 16 (Fig. 3C). 227 

 228 

Figure 3 Relative expression of Arg-1 mRNA and iNOS mRNA A: Comparison of Arg-1 mRNA 229 

expression levels in wound tissues of mice in each group（n=5, x̄±S） 230 

B: Comparison of iNOS mRNA expression levels in wound tissues of mice in each group（n=4, x̄±S） 231 

 232 

4 Discussion 233 

We established a murine model of chronic diabetic wounds and administered rotenone, a mitochondrial 234 
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complex I inhibitor. This study explored the potential relationships among mitochondrial dysfunction, 235 

macrophage metabolic reprogramming, and impaired wound healing. Rotenone treatment delayed 236 

wound healing. Such change was accompanied by increased expression of iNOS, LDHA, and PKM2 237 

and decreased expression of CS. These findings suggest that mitochondrial dysfunction may be 238 

associated with a proinflammatory macrophage phenotype, enhanced glycolysis, and reduced oxidative 239 

metabolism. These changes may contribute to impaired healing of chronic diabetic wounds. However, 240 

no cell-specific metabolic intervention was performed. Therefore, these associations cannot be 241 

interpreted as direct causal relationships. 242 

The transition of macrophages from an early proinflammatory state to a later reparative state 243 

is important for normal wound healing. Louiselle et al. reported that this transition is disrupted in 244 

diabetic wounds, with persistent proinflammatory activity and impaired reparative function[12]. In the 245 

present study, iNOS expression increased at early time points in the rotenone group, whereas changes 246 

in LDHA and PKM2 were most evident from days 8 to 12. This temporal pattern suggests that 247 

inflammatory phenotypic changes and metabolic reprogramming may not occur simultaneously. It is 248 

broadly aligns with the preferential reliance of M1-associated macrophages on glycolysis and of 249 

M2-associated macrophages on oxidative phosphorylation[13,14]. The temporal sequence and 250 

regulatory links between these processes remain unclear. Arg-1 expression did not fully parallel iNOS 251 

expression. Arg-1 is associated with cell proliferation, collagen synthesis, and tissue repair[15]. This 252 

discrepancy suggests that M2- associated markers may not fully reflect reparative function in the 253 

context of diabetes and mitochondrial dysfunction. Accordingly, combining M1 and M2 markers with 254 

functional measures may provide a more comprehensive assessment of macrophage function in 255 

diabetic wounds. 256 
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 Consistent with the molecular findings, wound closure was reduced in the diabetic and 257 

rotenone-treated groups from day 8 onward. The rotenone-treated group showed a more pronounced 258 

delay at several time points, accompanied by persistent inflammatory infiltration and impaired 259 

re-epithelialization. Beyond energy metabolism, mitochondria also regulate oxidative stress and 260 

inflammation, and macrophage mitochondrial metabolism changes across different stages of wound 261 

repair[16,17]. Diabetes-associated hyperglycemia and oxidative stress may compromise this metabolic 262 

adaptation. Thus, rotenone-mediated complex I inhibition may exacerbate local metabolic 263 

dysregulation; aithough whether it impairs repair primarily by disrupting stage-dependent macrophage 264 

metabolism remains uncertain. 265 

The metabolic profile further supported a possible shift toward glycolysis. The rotenone 266 

group showed increased LDHA and PKM2 expression but persistently lower CS expression. This 267 

profile may reflect enhanced glycolysis and reduced oxidative metabolism after complex I inhibition. It 268 

is broadly consistent with the metabolic characteristics of M1 macrophages[14]. PKM2 expression also 269 

generally paralleled iNOS expression. However, the ratio of PKM2 dimers to tetramers and its nuclear 270 

translocation were not assessed. Its role in inflammatory regulation therefore remains unclear. These 271 

results suggest a possible link between metabolic changes and the inflammatory phenotype. The 272 

underlying mechanisms require further investigation. 273 

Overall, our findings suggest that mitochondrial dysfunction may be associated with 274 

macrophage metabolic reprogramming and persistent proinflammatory activity. These changes may 275 

contribute to impaired healing of chronic diabetic wounds. Future studies could integrate metabolic 276 

interventions targeting specific cell types, multiomics analyses, and lineage tracing. These approaches 277 

may help clarify the cellular and temporal mechanisms involved. 278 
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