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Peripheral arterial disease (PAD) is a common complication associated with diabetes, which can lead 
to foot ischemia. The condition is often accompanied by infection and necrosis, ultimately leading to 
diabetic foot ulcers and the risk of amputation. Brown adipose tissue (BAT) and its secreted cytokines 
play an essential role in the regulation of glucose homeostasis, the modulation of inflammatory 
responses, and vascular endothelial cell proliferation. The transplantation of BAT into ischemic regions 
may offer therapeutic benefits in alleviating the symptoms associated with PAD. A diabetic mouse 
model was established via intraperitoneal administration of streptozocin. Subsequently, a diabetic 
lower limb ulcer model was constructed by transection of the femoral artery and ligation of the femoral 
vein. BAT harvested from the subscapular region of the mouse was employed as an adipose graft. The 
research utilized Laser Doppler monitoring, Western blot analysis, hematoxylin-eosin (HE) staining, 
immunofluorescence staining, and enzyme-linked immunosorbent assay (ELISA) to evaluate blood 
flow recovery in ischemic regions, histopathological changes, angiogenesis and tissue remodeling, 
inflammatory responses, and M1/M2 macrophage polarization. BAT transplantation significantly 
enhanced blood flow recovery in ischemic regions of diabetic lower limb ulcer mice while concurrently 
reducing necrotic tissue. Pathological analyses demonstrate that BAT transplantation mitigates 
ischemic tissue damage, stimulates angiogenesis, and supports tissue remodeling. Furthermore, 
the Western blotting, immunofluorescence, and ELISA results revealed that BAT transplantation 
significantly reduces inflammatory levels in ischemic tissues, increases the expression of angiogenic 
factors, and promotes the polarization of macrophages from the M1 to the M2 phenotype. The 
research has demonstrated that BAT transplantation can mitigate ischemic injury in diabetic lower 
limb ulcer mice, attenuate inflammatory responses, and facilitate the restoration of blood flow. These 
effects may be linked to alterations in macrophage polarization.
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Transplantation, Inflammation, Macrophage.

Diabetes is a prevalent disease that seriously threatens human health. Peripheral vascular disease (PVD), 
a common complication of diabetes, affects major blood vessels in the heart, brain, limbs, and other organs, 
thereby significantly impacting the health of individuals with diabetes worldwide. Peripheral arterial disease 
(PAD) affects approximately 20% of individuals with diabetes and is regarded as the most severe and detrimental 
form of PVD1. The condition is characterized by stenosis and occlusion of the lower limb arteries. In patients 
with PAD, poor peripheral circulation frequently leads to ischemic lesions, compounded by infection and 
necrosis, ultimately resulting in diabetic foot. Such patients might require amputation in as much as 22% of 
cases2. However, the treatment of PAD poses significant challenges, as no particularly effective drugs or 
treatment approaches have been found so far3. Currently, the treatment of PDA primarily focuses on regulating 
glucose and lipid metabolism, alongside the application of vasodilators, anticoagulants, antiplatelet agents, and 
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neuroprotective strategies. In many diabetic foot patients who develop gangrene, amputation often emerges as 
the only viable option.

Adipose tissue is abundant in the human body and serves as the principal organ for energy storage. Recent 
studies have demonstrated that adipose tissue plays a crucial role in the internal microenvironment, such as 
inflammation and tumor4. In addition to energy storage, adipose tissue exerts diverse effects across various 
physiological and pathological conditions due to its considerable plasticity. Human adipose tissue is categorized 
into white adipose tissue (WAT) and brown adipose tissue (BAT). WAT primarily functions as energy storage, 
while BAT regulates energy expenditure and rapid heat generation. Research has shown that BAT contributes 
to maintaining systemic glucose homeostasis by alleviating inflammation in adipose tissue5. Liu et al.6,7 
demonstrated that the transplantation of BAT can significantly improve the metabolic condition of diabetic 
and obese murine models. Furthermore, it can reduce blood glucose levels and insulin resistance in mice with 
metabolic dysfunctions. Sun et al.8,9 reported that adipose grafts can secrete a considerable amount of growth 
factors that promote angiogenesis and facilitate wound healing. This mechanism contributes to reducing local 
inflammation and shortens the healing duration in diabetic murine models.

The pathogenesis of PAD is multifaceted, but restoring blood supply to the ischemic region remains the 
primary therapeutic objective10. Patients with PAD often suffer from ischemic tissue necrosis, impaired wound 
healing, and various associated symptoms. Therefore, the treatment of PAD involves not only the reconstruction 
and recanalization of ischemic blood vessels but also the modulation of inflammatory responses and the 
facilitation of epithelial tissue repair in wounds. Adipose tissue is recognized as the most extensive endocrine 
organ in the human body. Previous studies have confirmed that adipose tissue is closely associated with 
angiogenesis and inflammation11. A considerable number of cytokines produced by adipose tissue participate 
in regulating glucose homeostasis, modulating inflammatory responses, and stimulating fibroblast proliferation. 
Leptin, the first identified adipokine, is capable of inhibiting insulin action and further aggravating insulin 
resistance in diabetic conditions12; Adiponectin promotes the release of nitric oxide in vascular endothelial 
cells, downregulates inflammatory factors and cytokines associated with endothelial injury, thereby reducing 
inflammation13; In contrast, chemokines intensify inflammation and play a role in the development of insulin 
resistance14. Moreover, fat transplantation is a well-established technique that has been employed in clinical 
practice for over a century. Hence, adipose tissue transplantation could serve as a promising modality for 
treating or alleviating the symptoms of PAD.

This study established a diabetic lower limb ulcer mouse model to simulate PAD, and normal mouse BAT 
was transplanted into the ischemic lower limb. Furthermore, the recovery of blood flow and the necrosis at 
the ischemic site were observed in the transplanted mice. In addition, changes in the body weight and blood 
glucose levels of the mice were monitored. At 21 days post-transplantation, the gastrocnemius muscle of the 
mice was harvested to observe histopathological changes and assess the level of inflammation, the levels of 
angiogenesis-related factors, and the polarization of macrophages. This research aimed to illustrate the function 
of BAT transplantation in alleviating ischemic injury associated with PAD and explore the mechanisms.

Materials and methods
Experimental animals and grouping
Thirty male C57BL/6J mice (weight: 18–22 g) were purchased from Shanghai SLAC Laboratory Animal Co., 
Ltd. The mice were reared in the Center for Basic and Translational Research Animal Laboratory at the Second 
Affiliated Hospital Zhejiang University School of Medicine (temperature, 22 ± 2 °C; humidity, 40–70%; 12/12 h 
dark/light cycle) with unrestricted access to food and water during the experiment. The protocol of the animal 
study was reviewed and approved by the Laboratory Animal Ethics Committee of the Second Affiliated Hospital 
of Zhejiang University School of Medicine (Year 2024, Approval No. 345). In our research, intraperitoneal 
administration of pentobarbital sodium was used to induce anesthesia and euthanasia, with the euthanasia 
dose being three times the anesthetic dose. All methods and experiments in this research were performed in 
accordance with the ARRIVE guidelines and relevant regulations.

The mice were randomly divided into three groups, namely the Normal group (Sham group), the Model 
group (Diabetic lower limb ulcer model group), and the BAT group (BAT transplantation group), with each 
group comprising ten individuals. All mice in each group were subjected to laser doppler, glucose level, and 
body weight monitoring. To minimize intergroup variations, only samples from the Model and BAT group 
with the necrosis scores (refer to below) of 1, 2, and 3 were subjected to WB analysis (one sample per score), 
immunofluorescence, and ELISA assays (five randomly selected samples). In the Normal group, three samples 
were randomly chosen for WB analysis, while five were subjected to immunofluorescence and ELISA analyses.

Antibodies and reagents
UCP1 Polyclonal antibody (23673-1-AP), VEGFA Polyclonal antibody (19003-1-AP), PDGFB Polyclonal 
antibody (AF0240), TGF-β Polyclonal antibody (21898-1-AP), TNF-α Monoclonal antibody (60291-1-LG), 
Arginase-1 Polyclonal antibody (16001-1-AP), and CoraLite488-conjugated Anti-Rabbit IgG (SA00014-2) were 
procured from Proteintech (Chicago, USA); FGF21 Rabbit Polyclonal Antibody (AF6897) and GDF15 Rabbit 
Polyclonal Antibody (AF6975) were procured from Beyotime (Shanghai, China); Recombinant Anti-CD31 
antibody (GB15063), Anti-α-SMA Rabbit pAb (GB111364), Anti-CD68 Rabbit pAb (GB113109-100), and Anti-
CD163 Rabbit pAb (GB11340-100) were procured from Servicebio (Wuhan, China); IL-6 Polyclonal antibody 
(IPB0062) and IL-1β Polyclonal antibody (IPB0002) were procured from BAIJIA; IL-1β (BPE20533), IL-10 
(BPE20005), TNF-α (BPE20220), and Arg-1 (BPE20450) ELISA Kit were procured from Lengdon (Shanghai, 
China); IL-10 Rabbit pAb (bs-0698) was procured from Bioss (Beijing, China); DAPI (S19119) was procured 
from Yuanye (Shanghai, China).
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Establishment of diabetic lower limb ulcer in mice
Establishment of diabetic mice model
Prior to modeling, the mice were fasted for 8 h and received an intraperitoneal injection of streptozotocin (STZ) 
dissolved in citrate buffer at pH 4.5. Continuous administration was carried out for three days, with dosages 
of 80 mg/kg on the first day, 60 mg/kg on the second day, and 80 mg/kg on the third day. After one week of 
continuous feeding, blood samples were collected from the tail to measure blood glucose levels (repeated three 
times). A random blood glucose level > 16mmol/L or a fasting blood glucose level ≧ 11.1mmol/L indicated the 
successful establishment of the diabetic mouse model.

Establishment of lower limb ulcer model in diabetic mice
Once the diabetic mouse model was successfully established, a diabetic lower extremity ulcer model was 
constructed by high ligation of both the femoral artery and vein, followed by disconnection of the femoral artery. 
Mice were anesthetized by intraperitoneal administration of 0.1% pentobarbital sodium at 0.1 mL per 10 g of 
body weight. Muscle relaxation and limb inactivity were confirmed by a lack of response when the whiskers 
were stimulated. The mice were immobilized on the operating table, and the fur on the lower limbs was removed 
by using depilatory cream. Subsequently, the skin was sterilized with 75% alcohol, and the right lower limb 
was designated as the surgical area. Under a stereomicroscope, the skin over the inguinal region was incised to 
expose the femoral artery while separating the veins and nerves. The femoral arteries and veins were ligated near 
the knee joint using 4 − 0 silk sutures. The upper end of the arterial bifurcation was also ligated accordingly, and 
the artery was severed using ophthalmic scissors. The bleeding was controlled by applying pressure for 5 min, the 
skin was sutured with 6 − 0 thread, and the area was disinfected with 75% alcohol. Subsequently, the mice were 
placed on a constant temperature electric blanket at 37 °C for 30 to 60 min until they woke up.

Preparation of BAT grafts
C57BL/6J male mice (18–22 g) were anesthetized by intraperitoneal injection of 0.1% pentobarbital sodium. 
Following anesthesia, the mice were fixed and the heart and a part of the liver were exposed. Firstly, a 5 ml 
syringe needle was inserted gently into the left ventricle, followed by an incision in the right atrial appendage. 
Perfusion with normal saline was conducted until the liver appeared white. BAT was harvested subcutaneously 
from the scapular region of the mice using a sterile blade. Fifty milligrams of each specimen were collected as fat 
grafts and temporarily stored at a low temperature before transplantation.

BAT transplantation
The BAT group received simultaneous BAT transplantation during the ischemic surgical procedure. Following 
surgery, the skin incision was sutured, and the operative site was irrigated with normal saline. In contrast, the 
model control group only underwent ischemic surgery to establish a diabetic lower limb ulcer model, while the 
normal control group underwent a sham operation.

Evaluation of limb necrosis and laser doppler monitoring
The body weight and blood glucose levels of the mice were evaluated weekly. Limb ischemia was observed on the 
14th day after ischemic surgery. The following reference scores were used for evaluation:

0: No significant changes in skin color or temperature;
1: necrosis was confined to the toes without toe shedding
2: necrosis was confined to the foot, with or without toe shedding
3: necrosis extended to the lower leg, with toe loss
4: necrotic area progressed to the thigh and above, requiring amputation

Laser Doppler flow imaging was utilized to dynamically monitor changes in blood flow in the lower limbs of 
mice in all groups before and after ischemic surgery and on postoperative days 3, 7, 14, and 21. Each mouse 
was monitored for approximately 20 s. The ratio of mean perfusion in the ischemic limb to that in the normal 
limb was statistically analyzed. Following anesthesia, the mice were positioned on a 37 °C thermostatic pad to 
maintain their body temperature. Once circulation and respiration stabilized, the mice were secured in a supine 
position on the detection pad. The unoperated left lower limb served as a reference for analyzing relative blood 
perfusion in the right lower limb. After the test, the mice were placed in a prone position on a 37 °C constant 
temperature electric blanket for 30 to 60 min until they woke up.

Western blot analysis
Twenty-one days post-surgery, the adductor and gastrocnemius muscle tissue from the right hind limb (surgical 
limb) were collected. The tissues were cleansed, washed with precooled PBS, sliced into 1 mm × 1 mm blocks, 
and a tenfold volume of RIPA lysis buffer was added. The mixture was homogenized thoroughly on ice. After 
lysis, the tissue was centrifuged at 12,000  rpm for 10 min at 4  °C, and the supernatant was transferred to a 
new centrifuge tube. The BCA assay was performed to quantify the protein concentration in each group15. 
Loading buffer was added, and the samples were denatured by heating in a metal bath at 100 °C. Thereafter, 
protein samples were separated using 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene fluoride membranes. The membranes were blocked with skim milk 
powder for 2 h at room temperature and incubated overnight at 4 °C with primary antibodies (UCP1, VEGF-A, 
FGF21, GDF15, and PDGF-β polyclonal antibodies). Subsequently, the membranes were washed three times for 
5 min each with PBST, followed by incubation with anti-rabbit horseradish peroxidase-conjugated secondary 
antibodies (goat anti-rabbit IgG) for one hour at room temperature. After washing three times for 5 min each 
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with PBST, unbound secondary antibody proteins were visualized using autoradiography. Densitometric analysis 
was conducted using ImageJ, and the relative band densities of the proteins were normalized to those of GAPDH 
and adjusted against normal control samples.

Histology staining and Immunofluorescence
Twenty-one days post-surgery, the gastrocnemius muscle tissue from the right hind limb (surgical limb) of 
mice was collected and fixed in a 10% paraformaldehyde solution. Muscle tissues of each group were embedded 
in paraffin and sectioned into 3  μm slices. Hematoxylin and eosin staining was performed to evaluate the 
pathological changes in muscle tissue. For immunofluorescence, sections were fixed with 4% paraformaldehyde 
for 20 min and treated with Triton X-100 for another 20 min. Non-specific binding sites were blocked for 1 h 
by using 5% BSA in PBS. Subsequently, the samples were incubated overnight with antibodies against α-SMA, 
CD31, CD68, CD163, TGF-β, TNF-α, IL-1β, IL-6, IL-10, and Arg-1. Then, immunostaining was performed 
using CoraLite488-conjugated goat anti-rabbit antibodies for 1  h at room temperature, followed by nuclear 
counterstaining with DAPI. Images were captured using a fluorescence microscope and analyzed with NIS-
Elements software.

ELISA assay
The gastrocnemius muscle tissue from the right hind limb (surgical limb) of mice was collected 21 days after 
the surgery. The tissue homogenate was prepared by using a high-speed homogenizer under low-temperature 
conditions. Following centrifugation, the supernatant was collected, and the levels of TNF-α, IL-1β, IL-10, and 
Arg-1 in the supernatant were quantified according to the protocols described in the ELISA kit.

Statistical analysis
The data acquired in this study were statistically analyzed using GraphPad Prism 8.0 (GraphPad, United States) 
and presented as means ± standard deviation. Pairwise comparisons between groups were analyzed by the 
Student’s t-test, while comparisons between multiple groups were analyzed by One-way ANOVA. In this study, 
P < 0.05 was considered statistically significant.

Results
Changes in blood glucose level and body weight of mice
After the STZ injection, the weight and blood glucose levels of the mice were monitored weekly. Blood glucose 
levels reached the diabetic threshold by the second week. Blood glucose was allowed to stabilize for one week, 
and the diabetic lower limb ulcer model was established. Subsequently, BAT transplantation was performed. 
Furthermore, the alterations in blood flow 21 days post-surgery were relatively limited, and the necrotic damage 
was irreversibly established. Consequently, the experiment was concluded 21 days after the surgery. (Fig. 1A)

Weight change: The weight of mice in the Normal group increased gradually. In contrast, the weight of the 
mice in the Model group and the BAT group declined after STZ injection. More significant weight loss was 
observed following ischemic surgery, with the weight showing an increasing trend during the second week. The 
weight changes in all three groups were similar. (Fig. 1B)

Blood glucose change: After administration of STZ, blood glucose levels increased significantly before 
stabilizing. Following ischemic surgery, blood glucose levels rose again but decreased two weeks after surgery. 
The decline was more pronounced in the BAT transplantation group compared to the Model group but the 
difference was not statistically significant. (Fig. 1C)

Evaluation of ischemic lower limb necrosis and changes in blood perfusion
The necrosis of the ischemic lower limb in mice was observed fourteen days after surgery. The mean necrosis score 
was 2.3 points in the model group and 1.9 points in the BAT transplantation group (Table 1). The distributions 
of necrosis scores between the two groups did not reach statistical significance (the Mann Whitney U test result: 
p = 0.2217 > 0.05). However, Among mice with lower limb ischemia, necrosis was mainly localized to the soles of 
the feet in the BAT group, with some toes presenting necrosis and exfoliation. In contrast, necrosis in the model 
group had advanced to the shank, with most toes showing signs of necrosis and exfoliation, and even some cases 
of gangrene. (Figure 2A and B)

The lower limb blood flow was monitored by a laser Doppler flowmeter on the day of ischemic surgery, as 
well as before the surgery and on the 3rd, 7th, 14th, and 21st days after the procedure. Our findings show that, 
compared to the model group, the recovery of lower limb blood perfusion in the BAT group was significantly 
better on postoperative days 7 and 14. Subsequently, both groups progressively returned to normal levels. 
(Figure 2C and D)

BAT was successfully transplanted into mice with diabetic lower limb ulcers
Mitochondrial uncoupling protein 1 (UCP1) is highly expressed in BAT. Twenty-one days post-surgery, UCP1 
expression in the gastrocnemius muscle of mice from each group was assessed using Western blotting. The 
results indicated that UCP1 protein levels were significantly elevated in the BAT group compared with normal 
mice (Fig. 3A and C; P < 0.05). In contrast, no significant changes were detected between the model group and 
normal mice. These findings confirmed the therapeutic efficacy of BAT transplantation in diabetic mice with 
lower limb ulcers.

Fibroblast growth factor 21 (FGF21) is predominantly expressed in skeletal muscle, BAT, and other tissues, 
and plays a crucial role in angiogenesis. Growth differentiation factor 15 (GDF15) is synthesized by macrophages 
and endothelial cells16. GDF15 inhibits excessive macrophage activation and the expression of TNF-α via an 
autocrine negative feedback regulation mechanism17, thereby contributing to anti-inflammatory, anti-apoptotic, 
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and antioxidant responses. Furthermore, FGF21 expression levels showed no significant differences among 
the groups. (Figure 3B and F; P > 0.05). Nonetheless, the expression of GDF15 in the tissues of the BAT group 
was elevated, indicating that BAT transplantation may inhibit excessive macrophage activation and mitigate 
inflammation (Fig. 3B and G; P < 0.05).

Group n Score = 0 Score = 1 Score = 2 Score = 3 Score = 4 Average

Normal group 10 9 1 0 0 0 0.1

Model group 10 0 2 4 3 1 2.3

BAT group 10 0 4 3 3 0 1.9

Table 1.  Necrosis scores of mice in each group.

 

Fig. 1.  (A) Fourteen days following STZ injection, the mice underwent lower limb ischemia surgery, followed 
by BAT transplantation; the experiment was concluded on the 21st day post-surgery. (B) Weekly weight 
changes. (C) Weekly blood glucose levels. Data are presented as the mean ± SD (n = 10).
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Histopathological changes in muscle tissue of diabetic mice with lower limb ulcers following 
BAT transplantation
Hematoxylin-eosin staining revealed significant destruction of muscle fiber structure in mice from the Model 
group. The tissue exhibited a loose structure with disrupted muscle fibers, broadened muscle spaces, and an 
elevated number of damaged cells. In contrast, the gastrocnemius muscle tissue in the BAT group presented an 

Fig. 2.  (A) Ischemic necrosis was observed fourteen days post-surgery. (B) “Scores of 2, 3, and 4” indicates 
that the mice experienced toe shedding, with the model group exhibiting a greater extent of toe shedding 
compared to the BAT group (n = 10). (C) Changes in blood flow in the lower limbs were assessed prior to 
the surgery and at 0, 3, 7, 14, and 21 days post-surgery. (D) The ratio of mean perfusion in the ischemic limb 
to that in the normal limb was employed to evaluate the restoration of blood flow. Data are presented as the 
mean ± SD (n = 10), **P<0.01, vs. the Model group, *P<0.05, vs. the Model group.
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Fig. 3.  (A) Protein levels of UCP1, VEGF-A, and PDGF-β from muscular tissue. (B) Protein levels of FGF21 
and GDF15. (C) UCP-1 protein was highly expressed in the BAT group. (D) VEGF-A protein was highly 
expressed in the BAT group. (E) No significant difference in PDGF-β protein levels was found between these 
groups. (F) No significant difference in FGF21 protein levels was observed between these groups. (G) GDF15 
protein was highly expressed in the BAT group. Data are presented as the mean ± SD (n = 3), *P<0.05, vs. the 
Model group.
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intact structure, with muscle cells showing a normal shape and neat arrangement. Despite some mild muscle 
fiber atrophy, necrosis, and myolysis, only a minimal number of damaged cells was observed. (Fig. 4A)

Platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31) and α-smooth muscle actin (α-SMA) reflect 
the distribution of smooth muscle cells and new arterial microvessels in tissues. Under the microscope, within 
fields of the same size, we observed that the expression of red fluorescein-labeled CD31 and alpha-SMA in the 
gastrocnemius muscle tissue of the BAT group was greater than that in the model group and the normal group 
(Fig. 4B). These findings imply that BAT transplantation can promote microvascular regeneration after injury.

The impact of BAT transplantation on angiogenesis
Vascular endothelial growth factor-A (VEGF-A) plays a pivotal role in promoting neovascularization and 
enhancing vascular permeability18. VEGF-A participates in the thermogenesis and angiogenesis of BAT via 
paracrine or autocrine mechanisms19. Overexpression of VEGF-A can give rise to brown adipose-like cells in 
white adipose tissue20. Hence, VEGF-A expression might be correlated with the formation of BAT. In addition, 
platelet-derived growth factor (PDGF) assumes a crucial role in wound healing, expediting the regeneration and 
repair of damaged tissues by stimulating the proliferation and migration of fibroblasts, smooth muscle cells, and 
other cells. The expression of PDGF-B is not only associated with angiogenesis but also mirrors wound healing. 
The expression levels of VEGF-A and PDGF-β in the gastrocnemius muscle of mice from each group were 
determined using Western blot analysis. The results showed that the protein levels of VEGF-A were significantly 
elevated in the BAT group compared to the Model group (Fig. 3A and D; P < 0.05). However, no significant 
difference was observed between the Model group and the Normal group. Decreased protein levels of PDGF-β 
were observed in both the BAT group and the Model group compared to the Normal group. Nonetheless, no 
significant differences were observed between these groups. Furthermore, the protein levels of PDGF-β in 
the BAT group were marginally elevated relative to those in the model group; still, no statistically significant 
difference was detected (Fig. 3A and E; P > 0.05).

Fig. 4.  (A) Muscle tissue hematoxylin-eosin staining (×200). (B) CD31 and α-SMA immunofluorescence 
staining (CD31 and α-SMA staining is red, DAPI staining is blue, arrows indicate new blood vessels, ×200).
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BAT transplantation mitigates excessive inflammation after ischemic injury
The levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α, as well as anti-inflammatory cytokines IL-10 
and Arg-1, were evaluated using immunofluorescence staining 21 days after surgery. The results demonstrated 
significantly raised expression of IL-1β, IL-6, and TNF-α in the tissues of model mice compared to those of normal 
mice. Conversely, following BAT transplantation, a marked reduction in the expression levels of IL-1β, IL-6, and 
TNF-α was observed relative to the model group, which was accompanied by an increase in the expression levels 
of IL-10 and Arg-1 (Fig. 5A, B, C, E and F). Furthermore, the concentrations of pro-inflammatory cytokines IL-
1β and TNF-α, as well as anti-inflammatory cytokines IL-10 and Arg-1 in tissue, were quantified using ELISA. 
Notably, M1 macrophages were primarily responsible for the secretion of IL-1β and TNF-α, whereas IL-10 and 
Arg-1 were predominantly secreted by M2 macrophages. The results indicated significantly reduced levels of IL-
1β and TNF-α in the BAT group compared to the model group, accompanied by markedly elevated levels of IL-
10 and Arg-1 (Fig. 5G, H, I and J; P < 0.05). Therefore, BAT transplantation effectively attenuated inflammatory 
responses and promoted the polarization of M2 macrophages within tissues.

Transforming growth factor beta (TGF-β) plays an essential role in promoting the proliferation of 
mesenchymal cells, which leads to extracellular matrix production and mediates the fibrotic response within 
tissues. This factor is significantly upregulated in mesenchymal cells during chronic inflammatory conditions. 
Immunofluorescence staining revealed elevated TGF-β levels in the tissues of model mice compared to those 
in normal mice, which decreased following BAT transplantation (Fig. 5D). These findings indicate that elevated 
TGF-β levels may be associated with sustained chronic inflammation.

Impact of BAT transplantation on macrophage polarization following ischemic injury
CD68 is recognized as a marker for M1 macrophages, whereas CD163 serves as a marker for M2 macrophages. 
Ischemic injury resulted in elevated CD68 expression in tissues; however, BAT transplantation effectively 
decreased CD68 expression while increasing CD163 expression (Fig. 6). These results indicated that ischemic 
injury promotes M1 polarization while inhibiting M2 polarization of macrophages in diabetic mice, which was 
reversed by BAT transplantation.

Discussion and conclusion
The management of PAD primarily encompasses pharmacological interventions, surgical procedures, and stem 
cell therapies. Owing to the intricate etiology and unclear pathogenesis of PAD, effective pharmacological agents 
specifically targeting this condition are currently lacking. Existing medications primarily focus on mitigating 
symptoms rather than targeting the underlying cause. Endovascular intervention for reconstructing affected 
vessels is a commonly used surgical approach for PAD. Nevertheless, the surgery poses a higher risk for 
patients with severe diabetes complications and the elderly. Stem cell therapy represents a significant area of 
research in the management of PAD but has yet to be applied in clinical practice. Fat grafting is a time-honored 
clinical technique with several advantages, including abundant availability, easy harvesting, and low immune 
rejection in autologous transplantation. Sun et al.8 demonstrated that fat grafts can secrete a substantial array 
of growth factors that facilitate angiogenesis and promote wound healing. In contrast to the singular target of 
pharmacological interventions, fat transplantation offers a broader range of therapeutic targets. Adipose tissue 
not only contains adipose-derived stem cells but also secretes various adipokines, enhancing its functional 
potential. Furthermore, autologous fat grafting is considered safer than stem cell therapy. Consequently, fat 
grafting may represent a viable treatment option for PAD. Currently, research on fat transplantation for the 
treatment of PAD and diabetic foot remains predominantly in the preliminary exploratory phase. There is a 
significant lack of in-depth mechanistic studies, as well as robust clinical validation of efficacy and safety. In 
2019, K.C. Moon et al.21 treated 10 patients with ischemic diabetic foot ulcers using autologous adipose-derived 
stromal vascular fraction cells. The treatment significantly increased transcutaneous oxygen partial pressure and 
skin microvascular blood flow. Roberto Lonardi et al.22 harvested microfragmented adipose tissue from patients 
with mild lower limb amputations and injected it into the peristomal areas around the amputation sites. After 
6 months, 80% of the treated residual limbs achieved successful healing. Overall, fat transplantation has shown 
some clinical efficacy as an adjuvant therapy for diabetic foot, but further studies are needed.

Adipose tissue in humans and mammals is classified into two distinct types: WAT and BAT. Fruhbeck et al.23 
reported the presence of activated BAT in adults, as evidenced by positron emission tomography (PET) imaging 
in 2009. BAT is the primary site of adaptive non-shivering thermogenesis in the body. Its thermogenic activity 
is regulated by sympathetic innervation, which involves UCP1. UCP1 is located in the inner mitochondrial 
membrane and serves as a hallmark protein of BAT24. As opposed to WAT, BAT plays a pivotal role against 
obesity and metabolic disorders by utilizing glucose and lipid substrates for energy expenditure25. Stanford5 
demonstrated that BAT transplantation enhances glucose homeostasis and insulin sensitivity in the body. In 
STZ-induced type 1 diabetic mice, BAT transplantation was found to not only improve glucose metabolism 
but also mitigate tissue inflammation and reverse the clinical manifestations of diabetes26. Targeted disruption 
of the UCP1 gene in mice has been shown to specifically inhibit the thermogenic function of BAT without 
inducing body weight gain. Conversely, genetic ablation of BAT can result in obesity, diabetes mellitus, and 
hyperlipidemia27,28. This discovery indicates that beyond thermogenesis, BAT also plays a significant role in 
modulating human metabolism. Furthermore, BAT facilitates the repair of muscle injuries. Bryniarski et al.29 
revealed that BAT transplantation into damaged muscle tissues enhances muscle regeneration, as evidenced by 
in vivo transplantation experiments. Moreover, several studies have confirmed the presence of UCP1-positive 
cells (marker gene for BAT) in muscle tissue during skeletal muscle regeneration30,31. Although the origin and 
function of these cells remain unknown, their role in facilitating muscle regeneration has been validated. These 
findings confirm that BAT plays a distinct role in regulating the body’s metabolic functions and facilitating 
skeletal muscle regeneration. The current study proposes that BAT represents a more effective target for fat 
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Fig. 5.  (A) IL-1β immunofluorescence staining (IL-1β staining is red, DAPI staining is blue, ×200). 
(B) IL-6 immunofluorescence staining (IL-6 staining is green, DAPI staining is blue, ×200). (C) 
TNF-α immunofluorescence staining (TNF-α staining is red, DAPI staining is blue, ×200). (D) 
IL-6 immunofluorescence staining (TGF-β staining is green, DAPI staining is blue, ×200). (E) IL-
10 immunofluorescence staining (IL-10 staining is red, DAPI staining is blue, ×200). (F) Arg-1 
immunofluorescence staining (Arg-1 staining is red, DAPI staining is blue, ×200). (G-J). The content of IL-1β, 
IL-6, IL-10, and Arg-1 in tissue homogenates. Data are presented as the mean ± SD (n = 5), *P<0.05, vs. the 
Model group, #P<0.05, vs. the Normal group.
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grafting compared to WAT. Nonetheless, fat transplantation is primarily limited by the low survival rate of 
adipose tissue and many complications. Mitigating tissue necrosis following fat transplantation is essential for 
enhancing the success rate of this procedure. Qiu et al.32 reported the browning of adipose tissue during fat 
grafting. In addition, the incorporation of exosomes derived from adipose stem cells during fat transplantation 
can promote adipose browning and enhance the survival rate of the graft33. Cai’s study34 demonstrated higher 
retention rates with BAT compared to WAT, with the grafts exhibiting more complete tissue structure and 

Fig. 6.  (A) CD68 immunofluorescence staining (CD68 staining is red, DAPI staining is blue, ×200). (B) 
CD163 immunofluorescence staining (CD163 staining is green, DAPI staining is blue, ×200).

 

Scientific Reports |         (2025) 15:8820 11| https://doi.org/10.1038/s41598-025-93261-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


enhanced vascularization. A higher survival rate of adipose tissue was observed with direct transplantation of 
BAT compared to WAT, lending support to BAT being the preferred choice for transplantation. In the present 
study, newly adult mice were selected as BAT donors to obtain samples with enhanced biological activity. 
Simultaneously, the in vitro duration of adipose tissue was minimized to ensure the activity of BAT grafts.

This study employed a diabetic lower limb ulcer mouse model to simulate PAD in patients with diabetic foot. 
Diabetic foot ulcer (DFU) involves multiple pathogenic factors such as vascular pathology, neuropathy, infection, 
and so on35. The combination of high glucose microenvironment and microcirculatory injury contributes to the 
development of PAD and tissue ischemia, thereby resulting in tissue damage and an inflammatory response. 
Furthermore, elevated blood glucose levels perpetuate a chronic and severe inflammatory state that inhibits 
angiogenesis and tissue repair, leading to diabetic foot. The model used in this study effectively simulated this 
process, representing the advantages and innovations of this animal model. Nevertheless, this model employs 
surgical techniques to induce ischemia, representing an acute vascular injury. In contrast, the mouse model has 
certain limitations when compared to human PAD. Firstly, human diabetic vascular disease is predominantly 
attributed to atherosclerosis, a chronic vascular condition. Secondly, this model utilized a type 1 diabetes mouse 
model, while human diabetic vasculopathy typically arises from type 2 diabetes. Future research should focus 
on key areas limiting the application of the model, such as surgical injuries compromising the accuracy of the 
model. The changes in blood perfusion rate reflect vessel regeneration and remodeling in the limb following 
ischemic injury. At equivalent recovery time, mice receiving BAT transplantation exhibited significantly 
improved outcomes compared to those without such intervention. Mice exhibit a superior recovery capacity 
compared to humans, with ischemic regions gradually recovering. Conversely, necrotic areas typically do not 
recover. Consequently, necrosis was evaluated, and a higher degree of necrosis was found closer to the proximal 
end. In mice with grafting, necrosis was typically localized to the foot, whereas the necrosis extended to above 
the ankle in nongrafted mice.

Although the pathogenesis of PAD is poorly understood, it is primarily associated with chronic inflammation, 
delayed wound healing, and dysregulation of angiogenesis. This study proposes a reciprocal influence and 
interaction among these three factors. Under physiological conditions, a well-regulated inflammatory response 
can promote effective wound healing. However, individuals with diabetes frequently dysregulated glucose and 
lipid metabolism, which can synergistically enhance the release of inflammatory mediators and promote the 
infiltration of macrophages and other immune cells, resulting in a state of chronic inflammation within the 
body36. Concurrently, the high-glucose microenvironment impairs the chemotactic aggregation capabilities 
of neutrophils and macrophages, resulting in elevated levels of inflammatory mediators37. A prolonged 
inflammatory response triggers the release of proteolytic enzymes that degrade the nascent extracellular 
matrix, resulting in localized edema and impeding wound healing38. Therefore, an appropriate inflammatory 
response promotes wound healing. However, the inflammatory response is dysregulated in diabetic patients. 
Chronic inflammatory response impairs angiogenesis and wound healing, serving as a critical factor in the 
pathogenesis of PAD and DFU. In this study, increased expressions of inflammatory factors IL-1β and TNF-α 
were detected, as well as decreased expression of anti-inflammatory factor IL-10, and reduced levels of 
angiogenesis-related proteins VEGF and PDGF in the ischemic tissue of model mice. Ischemia may trigger 
an exaggerated inflammatory response in diabetic mice, which impairs angiogenesis, thereby hindering the 
restoration of blood supply and resulting in necrosis. Following BAT transplantation, a significant reduction in 
inflammatory markers was achieved in ischemic tissue, accompanied by an elevated expression of angiogenesis-
related proteins. Consequently, blood supply was restored and necrosis was ameliorated. BAT transplantation 
may mitigate the excessive inflammatory response following ischemic injury, enhance angiogenesis, and restore 
tissue repair functions of the body.

Extended exposure to a hyperglycemic environment negatively impacts the functionality of inflammatory 
cells, including macrophages and neutrophils. As highly plastic cells, macrophages undergo phenotypic and 
morphological differentiation in response to microenvironmental stimuli, such as pathogen invasion, tissue 
damage, and metabolic disorders, thereby secreting a variety of chemokines and cytokines39. This process is 
referred to as macrophage polarization. A high glucose microenvironment promotes the polarization of M1 
macrophages while inhibiting their transition to the M2 phenotype, shifting the balance towards chronic 
inflammation in wounds and impeding the healing process40. M1 macrophages primarily synthesize and secrete 
pro-inflammatory cytokines, such as IL-1 and IL-6, which mediate inflammatory responses. In contrast, M2 
macrophages produce cytokines, such as IL-10, that play a critical anti-inflammatory role. In the early stages of 
healing, monocytes are recruited and differentiate into pro-inflammatory M1 macrophages at the wound site, 
activating the inflammatory response. Upon entering the proliferation phase, M1 macrophages are polarized 
into anti-inflammatory M2 macrophages that inhibit inflammation and facilitate tissue repair. In this study, an 
increased expression of the M1 macrophage marker CD68 was observed in ischemic tissues of diabetic mice with 
lower limb ulcers, whereas the expression of M2 markers Arg-1 and CD163 were downregulated. Furthermore, 
tissue homogenates revealed elevated levels of inflammatory cytokines IL-1β, IL-6, and TNF-α secreted by M1 
macrophages, alongside a reduction in the anti-inflammatory cytokine IL-10 produced by M2 macrophages. 
These results indicated that diabetes inhibits the polarization of M1 macrophages to the M2 phenotype, thereby 
maintaining ischemic tissue in a prolonged inflammatory state. However, BAT transplantation effectively 
reversed this trend, facilitating the transition from M1 macrophages to the M2 phenotype and reducing tissue 
inflammation levels. Therefore, high glucose levels may disrupt the balance of macrophage polarization, leading 
to chronic inflammation that inhibits angiogenesis in injured tissues and results in ischemic necrosis. BAT 
transplantation facilitates the polarization of M1 macrophages to the M2 phenotype, mitigates the chronic 
inflammatory response, enhances angiogenesis in ischemic tissue, and accelerates healing.

Despite the high biocompatibility associated with autologous fat transplantation, our experimental findings 
revealed that a subset of mice developed severe infections post-transplantation, resulting in cyst formation 
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and necrosis at the graft site, and even gangrene. These adverse outcomes may be attributed to inflammation 
or infection from liquefied necrotic adipose tissue or could potentially reflect inadequacies in our surgical 
technique. Consequently, several critical issues must be addressed prior to the clinical application of BAT 
transplantation: (1) the low survival rate of transplanted BAT; (2) severe infections due to ischemic necrosis and 
subsequent liquefaction of the transplanted BAT; (3) surgical and anesthetic risks; (4) the challenge of obtaining 
sufficient quantities of BAT in adult patients. Studies have demonstrated that the transplantation of platelet-
rich plasma (PRP) at an appropriate concentration in conjunction with adipose tissue yields superior outcomes 
compared to fat transplantation alone41. Furthermore, Zhu et al.33. found that incorporating exosomes derived 
from adipose stem cells during fat transplantation can enhance adipose browning and improve the survival 
rate of transplanted adipose. The approach provides an effective strategy for enhancing the survival rate of BAT 
grafts.

In this study, BAT transplantation was found to facilitate the polarization of M1 macrophages to the M2 
phenotype, inhibit chronic inflammation, and promote angiogenesis while accelerating the healing of ischemic 
tissues. This may represent only one of the mechanisms through which BAT transplantation ameliorates PAD 
and warrants further investigation. Furthermore, the combined transplantation of BAT presents a viable 
approach to enhance transplantation success rates and mitigate infection risks, representing one of our future 
research directions.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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