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Abstract  

Diabetic foot ulcers (DFUs) are a multifactorial complication of diabetes mellitus 

associated with impaired angiogenesis. Potentially effective treatments for such 

wounds are currently unknown. Cross-talk between pericyte and endothelial cell 
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exosomes has been reported as a therapeutic strategy for treating DFUs. By regulating 

pericyte-endotheliocyte exosomes crosstalk, Angelica dahurica (AD) promoted angio-

genesis and accelerated diabetic wound healing in this study. AD stimulated the migra-

tion and angiogenic tubule formation of human umbilical vein endothelial cells (HU-

VECs) by stimulating exosomes derived from human cerebrovascular pericytes 

(HBVPs), which was accompanied by increased protein expressions of Wnt4, β-catenin, 

and cyclinD1. In addition, the Wnt/β-catenin pathway inhibitor XAV939 reversed the 

activation of the Wnt4/β-catenin signalling pathway in HUVECs by AD. In the STZ-

induced cutaneous wound rat model, AD enhanced angiogenesis and collagen deposi-

tion in vivo, resulting in a faster wound healing rate and a smaller wound area. AD 

concurrently promoted capillary formation by activating the Wnt4/β-catenin signalling 

pathway. AD promoted angiogenesis of HUVECs in vitro by regulating HBVPs-de-

rived exosomes via the Wnt4/β-catenin signal pathway, thereby enhancing vasculariza-

tion in regenerated tissue and promoting wound healing in vivo. The research indicated 

that AD could be used as a treatment for enhancing angiogenesis in diabetic wound 

healing. 

 

Introduction 

Diabetes is a chronic metabolic disease with numerous complications. Chronic foot 

ulcerations are common in diabetic patients1. Pathogenesis of diabetic foot ulcers 

(DFUs) is linked to vascular damage and abnormal neural system changes 2. Globally, 

it is estimated that 15-25% of diabetic patients will suffer from DFUs in their lifetime 

3, with some even requiring amputation of the lower extremities, which negatively im-

pacts patient quality of life and places a significant burden on medical institutions 4,5. 



However, the current treatments for DFUs, including anti-infection methods, debride-

ment, lesion location management of peripheral vessels, and wound dressing, are not 

satisfactory 6,7. In the future, more research will be necessary to develop effective treat-

ments for DFUs and their underlying mechanisms. 

 

Wound healing is a complex process linked to angiogenesis, which promotes vessel 

growth, proliferation, and maturation 8-10. Exosomes mediate cell-to-cell crosstalk 

through the transfer of intracellular components including DNA, RNA, and proteins 11 

and promote cutaneous wound healing by promoting collagen synthesis and angiogen-

esis. Zhang et al. reported that exosomes extracted from adipose stem cells in vitro 

promoted the tube formation of HUVECs in a high glucose environment 12, suggesting 

that exosomes enhance the angiogenesis process and wound closure rate in diabetes 

mellitus. According to a study, pericytes are specialised cells located abluminally of 

endothelial cells 13, Furthermore, direct contact and paracrine regulation between peri-

cytes and endothelial cells are essential for angiogenesis 14. However, the diabetic dis-

ease state can significantly affect the crosstalk or function of exosomes between peri-

cytes and endothelial cells, thereby delaying wound healing in diabetes 15. Therefore, 

the crosstalk of exosomes between pericytes and endothelial cells under conditions of 

high glucose is essential for vascular maturation. In spite of this, the mechanisms and 

signal molecules of pericyte-endotheliocyte crosstalk in diabetic conditions remain ob-

scure. 

 



Wnt family glycolipoproteins regulate embryonic development, homeostasis, cell 

proliferation, and differentiation 16,17. Wnt/β-catenin pathway, the canonical Wnt path-

way, is essential for wound healing, wound angiogenesis, and epithelial remodelling 18. 

According to the literature, the expression of vascular endothelial cells is influenced by 

Wnt/β-catenin pathway relative effectors when exposed to high glucose for an extended 

period of time 19. In addition, another study 20 demonstrates that the downregulation of 

the Wnt/β-catenin pathway is associated with diabetes. Wnt4 is a member of the Wnt 

family and is known to be transferred by exosomes to play a role in angiogenesis. For 

example, exosomes derived from human umbilical cord mesenchymal stem cells have 

been shown to promote angiogenesis by delivering Wnt4 to activate Wnt/β-catenin in 

endothelial cells 21. Based on these findings, we hypothesise that Wnt4 was abundant 

in cell-derived exosomes and mediated the functions of endothelial cells to promote 

angiogenesis. 

 

Herbal medicines are still used to develop new drugs and treat diseases. Angelica 

dahurica (AD) is a traditional Chinese herbal remedy known as Bai-zhi in Chinese. It 

contains numerous biologically active compounds, including furanocoumarins, impe-

ratorin, isoimperatorin, oxypeucedanin hydrate, and others 22. Numerous studies indi-

cate that AD plays a role in the treatment of pain, cold fever, furunculosis, and certain 

skin diseases 23,24. Our previous research demonstrated that AD can increase the for-

mation of new blood vessels and promote wound healing in diabetic mice 25,26. In addi-

tion, the communication between pericytes and endothelial cells plays a role in diabetic 



wound healing. However, the effects of AD on the crosstalk between pericytes and en-

dothelial cells during wound healing in diabetics remain unknown. We hypothesise that 

AD may promote diabetic wound healing by regulating pericyte-endothelial cell com-

munication. 

 

The human umbilical vein endothelial cells (HUVECs) and human cerebrovascular 

pericytes (HBVPs) were utilised in this study to determine the angiogenesis-promoting 

effect and underlying mechanism of AD. A diabetic full-thickness cutaneous wound 

model was also used to assess the AD's curative capacity. Given that the crosstalk of 

exosomes between pericytes and endothelial cells is essential for vascular development 

and maturation, we hypothesise that AD may facilitate diabetic wound healing by reg-

ulating pericyte-endotheliocyte exosomes crosstalk via the Wnt4/β-catenin signal path-

way. In vivo and in vitro experiments were conducted to determine the effects of AD 

and confirm the regulatory pathogenesis that AD accelerates diabetes-related wound 

healing by regulating pericyte-endotheliocyte exosomes crosstalk via the Wnt4/β-

catenin signal pathway. This study aims to develop a novel therapeutic approach for the 

treatment of DFUs. 

 

Results 

AD promotes wound healing in STZ rats. On rats, full-thickness cutaneous wounds 

were created and observed on days 0, 3, 7, and 11 following surgery. As shown in Fig-

ure 1A, diabetic wounds healed more slowly in STZ rats than in CON rats. In contrast, 

wound area images decreased when treated with AD, and the wound area of STZ+AD 



rats on day 11 after surgery was significantly narrower than that of STZ rats (Figure 

1A). In the STZ group, the rate of healing was considerably slower than in the CON 

group. However, the STZ+AD group had a faster wound healing rate than the STZ 

group (Figure 1B). ALT (FigureS1 C), AST (FigureS1 D), BUN (FigureS1 E), and 

Scr (FigureS1 F) did not differ significantly between the three groups. And the admin-

istration of AD had no effect on blood glucose levels (Figure S1 A) or body mass (Fig-

ureS1 B). 

 

Figure 1. AD promotes wound healing and structural improvement in STZ rats. 

 

AD increases the angiogenesis and collagen deposition in vivo.The skin tissues of 

STZ rats were stained with H&E to measure the histopathologic changes. As depicted 

in Figure 1C, H&E staining revealed that STZ rats had fewer blood vessels and slower 

wound healing compared to the CON group. On day 11, H&E staining revealed ad-

vanced wound closure and thicker granulation tissue in STZ+AD rats compared to STZ 



rats. Masson trichrome staining was used to evaluate collagen deposition and skin 

wound maturation. Masson trichrome staining revealed substantial deposition of colla-

gen in the AD intervention group (Figure 1D). Immunohistochemistry results on day 

11 indicated that the expression of Wnt4 was greater in the STZ+AD group than in the 

STZ group (Figure 2A, B). In order to confirm the effects of the Wnt4/β-catenin path-

way in diabetic wound rats, β-catenin immunofluorescence was performed on wound 

tissue. STZ+AD rats exhibited higher fluorescence intensity of skin wound tissues, sim-

ilar to CON rats, compared to STZ rats (Figure 2C). CD31 and CD146 are endothelial 

cell and pericyte cell markers, respectively. In the CON group, levels of CD31 and 

CD146 were high. Additionally, the double staining of CD31+CD146 revealed that 

STZ+AD rats had a greater number of newly formed and mature blood vessels than 

STZ rats (Figure 2D, E). 



 

Figure 2. AD increases the angiogenesis in STZ rats. 

 

AD boosts angiogenesis through Wnt4/β-catenin pathway in vivo. The Wnt4/β-

catenin pathway has been implicated in angiogenesis. Therefore, we examined the rel-

ative proteins of the Wnt4/β-catenin axis following in vivo AD treatment. Western blot-

ting (Figures 3A, B) revealed that the levels of Wnt4, β-catenin, and cyclinD1 were 

significantly higher in the skin wound tissues of rats in the STZ+AD group than in the 

STZ group. In addition, the western blot results mirrored the immunofluorescence (Fig-

ure 2C) and immunohistochemistry (Figures 2A, B) results of wound tissues. 



 

Figure 3. AD boosts angiogenesis through Wnt4/β-catenin pathway in vivo. 

 

The characterization of exosome derived from HBVPs. Western blot, transmission 

electron microscopy, and NTA were used to identify the exosomes derived from 

HBVPs under various conditions. In addition, BCA was used to measure the concen-

trations of exosomes derived from HBVPs (Figure 4D). Protein markers of exosomes 

demonstrated that ALIX, Hsc70, and TSG101 were highly expressed in all groups, 

whereas Calnexin was not detected in any of the groups (Figure 4C). Transmission 

electron microscopy was used to evaluate the exosome morphologies derived from 

HBVPs (Figure 4E). Exosome sizes were centred on approximately 100 nm (Figure 

4F). 

 



Figure 4. The characterization of exosome derived from HBVPs. 

 

Exosome ingestion and the effects of exosome derived from HBVPs on HUVEC 

vitality. Exosomes (in red) derived from HBVPs with different interventions can be 

ingested by HUVEC after 24 hours of incubation, as shown in Figure 5A. To further 

elucidate the effects of exosomes derived from HBVPs on endothelial cell vitality, HU-

VECs were maintained for 24 hours with different concentrations of exosomes derived 

from different sources (0.01-40 μg/mL, Figure 5B). Exosomes derived from CON 

group HBVPs and HM group HBVPs at concentrations of 10 μg/mL (Figure 5B-a, c) 

are effective in treating HUVECs. Exosomes derived from AD group or HG+AD group 

HBVPs at 20 μg/mL (Figure 5B-d, e) are effective in treating HUVECs. When the 

concentration of exosomes derived from HG group HBVPs was greater than 5 μg/mL, 

the viability of HUVECs was compromised (Figure 5B-b). Considering that 10 μg/mL 

of exosomes derived from HBVPs with various interventions had the least effect on the 

activity of HUVECs, this concentration was selected for further study. 



 

Figure 5. Exosome ingestion and the effects of exosome derived from HBVPs on 

HUVECs vitality. 

 

AD promotes the migration and angiogenic tubule formation of HUVECs by reg-

ulating exosomes derived from HBVPs. Scratch assay and tube formation assay were 

conducted to examine the effects of HBVPs-derived exosomes on HUVECs functions. 

Exosomes extracted from HBVPs maintained in high glucose (HG-Exo group) de-

creased the migration rate of HUVECs relative to the CON-Exo group (Figure 6A, B). 

Similarly, we designed the mannitol (HM-Exo) group to exclude the influence of cell 

osmolality, and there were no significant differences in migration rates between the 

HM-Exo and CON-Exo groups (Figures 6A, B). As shown in Figures 6C and D, the 

exosomes extracted from the HG+AD-Exo group increased the migration rate of 



HUVECs compared to the HG-Exo group. Moreover, consistent with the scratch assay, 

tube formation assay showed the parallel results. HG-Exo group had fewer lymph nodes 

and shorter tubes than CON-Exo group, but these outcomes were reversed by AD in-

tervention (Figures 6E-J). 

 

Figure 6. AD promotes the migration and angiogenic tubule formation of HUVECs 

by regulating exosomes derived from HBVPs. 

 

AD improves the angiogenesis by regulating pericyte-endotheliocyte exosomes 

crosstalk through Wnt4/β-catenin signal pathway. The Wnt4/β-catenin pathway was 

essential for angiogenesis. We measured relative protein concentrations in vitro. 



Western blotting revealed that the levels of Wnt4, β-catenin, and cyclinD1 were lower 

in the HG-Exo group compared to the CON-Exo group (Figures 7A-D). In contrast, 

these proteins were elevated in the HG+AD-Exo group (Figures 7A-D). To verify the 

effects of AD on the Wnt4/β-catenin pathway, an inhibitor of the Wnt/β-catenin signal-

ling pathway, XAV939, was utilised in vitro. The western blot (Figures 7E-H) revealed 

that XAV939 inhibited the levels of Wnt4, β-catenin, and cyclinD1. Moreover, AD can-

not reverse the effects of inhibition. 

 

Figure 7. AD improves the angiogenesis by regulating pericyte-endotheliocyte exo-

somes crosstalk through Wnt4/β-catenin signal pathway. 

 

Discussion 

Angiogenesis disorders in diabetic wounds slowed the healing of diabetic foot ulcers 

(DFUs). Current research has uncovered a novel AD mechanism that accelerates dia-

betic wound healing by enhancing intercellular communication via exosomes. This 

study demonstrates that exosomes derived from HBVPs can promote the migration and 

angiogenic tubule formation of HUVECs via the Wnt4/β-catenin signal pathway to 



accelerate angiogenesis and diabetic wound healing. This study highlights the AD reg-

ulated pericyte-endotheliocyte exosomes crosstalk. The possible mechanism is that AD-

stimulated exosomes upregulate the expression of Wnt4, β-catenin, and cyclinD1 in 

HUVECs. 

 

Exosomes play a crucial role in diabetic wound healing, promoting intercellular com-

munication to speed up angiogenesis and collagen synthesis 12. When cells are exposed 

to a high-glucose environment, a decline in pericyte number, dysfunctional pericytes, 

and endothelial cell dysfunction have been observed, according to studies 27,28. In con-

trast, endothelial cells played a positive role in angiogenesis via exosomes produced by 

other cells 12. Exosomes extracted from human amniotic epithelial cells were found to 

increase capillary density in diabetic mouse models in a study by Wei et al 29. Exosomes 

extracted from mesenchymal stem cells and pioglitazone were found to increase the 

angiogenesis capability of HUVECs, according to a previous study 30. These studies 

indicate that exosomes derived from various cell types have the potential to enhance 

endothelial cells' ability to promote angiogenesis in diabetic environments. In diabetic 

wound healing, the pericyte-endotheliocyte exosomes crosstalk is unclear. As a result, 

we investigated intercellular communication with exosomes in a diabetic environment. 

Consistent with the size of exosomes reported in previous studies 31-33, the sizes of ex-

osomes derived from HBVPs were centred around 100 nm, and HUVECs can consume 

HBVPs-extracted exosomes. In addition, we discovered that HBVPs-derived exosomes 

in high glucose conditions impaired the migration rate and tubule formation ability of 



HUVECs. In addition, in the STZ rat models, fewer blood vessels, delayed wound clo-

sure, and decreased collagen deposition were observed compared to CON rats. On the 

basis of these findings, we hypothesised that exosomes extracted from HBVPs in dif-

ferent culture conditions could influence the angiogenesis capacity of HUVECs. There-

fore, we attempt to discover a novel drug that promotes angiogenesis in diabetic wound 

healing.  

 

Angelica Dahurica (AD) is a common treatment for furunculosis and other skin dis-

eases in China. It is a traditional Chinese medicine. Numerous studies suggest that AD 

regulates angiogenesis during diabetic wound healing. According to a previous study 

33, AD promoted diabetic wound healing by enhancing the function of endothelial cells. 

Moreover, AD treatment demonstrated a clear capacity to expedite wound healing in 

infected wounds 34. Moreover, direct contact and paracrine regulation between pericytes 

and endothelial cells are essential for angiogenesis 14. Despite this, the effects of AD 

treatment on the communication between pericytes and endothelial cells remain unclear. 

In this study, in vivo and in vitro experiments were conducted to determine the effects 

of AD and to confirm the regulatory pathogenesis that AD accelerates diabetes-related 

wound healing by regulating pericyte-endotheliocyte exosomes crosstalk. Compared to 

the HG-Exo group, the exosomes extracted from the HG+AD-Exo group increased the 

rate of migration, the number of nodes, and the length of tubes in HUVECs. In addition, 

on day 11 after surgery, the wound area of STZ+AD rats was significantly smaller than 

that of STZ rats. In STZ+AD rats, H&E staining revealed more advanced wound 



closure and denser granulation tissue than in STZ rats. In AD intervention rats, Masson 

trichrome staining revealed significant collagen deposition. By regulating pericyte-en-

dotheliocyte exosomes crosstalk, our results suggest that AD may improve wound heal-

ing in a full-thickness cutaneous wound healing model in STZ rats. 

 

The Wnt/β-catenin pathway is essential for wound healing, wound angiogenesis, and 

epithelial remodelling 18,35,36. Wnt4 is known to be transferred by exosomes to partici-

pate in angiogenesis 21. Wnt4 is a member of the Wnt family. According to a previous 

study, exosomes derived from mesenchymal stem cells can deliver Wnt4 to promote 

angiogenesis in cutaneous wound healing 37. β-catenin is an essential regulator of cell 

adhesion and a key component of the Wnt pathway 38. Previous research indicated that 

when the levels of Wnt and β-catenin were increased, epidermal cell proliferation and 

migration were enhanced, and the rate of wound healing was accelerated 39,40. Similar 

to previous research, our findings indicated that the relative protein expressions of Wnt4, 

β-catenin, and cyclinD1 were significantly reduced in the skin wound tissues of STZ 

group rats, whereas the protein levels were increased in AD-treated rats compared to 

STZ group rats. With western blot, β-catenin immunofluorescence and Wnt4 immuno-

histochemistry yielded identical results. Based on these findings, we demonstrated that 

AD increased in vivo angiogenesis via the Wnt4/β-catenin pathway. Additionally, we 

performed double immunofluorescence staining for CD31 and CD146. Our research 

demonstrated that the CON group was rich in CD31 and CD146. AD treatment reversed 

the decrease in CD31+CD146 observed in STZ-treated rats. Considering CD31 and 



CD146 are endothelial cell and pericyte cell markers, respectively 41. We hypothesised 

that AD could regulate endothelial cells and pericytes to promote wound healing in 

diabetics. In the current study, Western blotting revealed that the levels of Wnt4, β-

catenin, and cyclinD1 were lower in the HG-Exo group. In contrast, these proteins were 

elevated in the HG+AD-Exo group. To verify the effects of AD on the Wnt4/β-catenin 

pathway, the Wnt/β-catenin pathway inhibitor was utilised in vitro. The Western blot 

results indicated that AD cannot reverse the inhibited protein levels of Wnt4, β-catenin, 

and cyclinD1. In a full-thickness cutaneous wound healing model in STZ rats, we hy-

pothesised that AD therapy improved angiogenesis by regulating pericyte-endothelio-

cyte exosomes crosstalk via the Wnt4/β-catenin signal pathway. However, our study 

focuses primarily on the pericyte-endotheliocyte exosomes crosstalk response associ-

ated with diabetic wound healing, highlighting the need for additional research on the 

other important cells and intracellular components associated with diabetic wound heal-

ing. 

 

Conclusion  

This study demonstrated that AD stimulated the angiogenesis of HUVECs in vitro 

by regulating HBVPs-derived exosomes via the Wnt4/β-catenin signal pathway, 

thereby increasing vascularization in regenerated tissue and facilitating wound healing 

in vivo. Therefore, the preliminary conclusion is that AD therapy improved angiogen-

esis by regulating pericyte-endotheliocyte exosomes crosstalk via the Wnt4/β-catenin 

signal pathway in a full-thickness cutaneous wound healing model, thereby providing 



a novel mechanism and method for AD in the treatment of diabetic wound healing. 

 

 
Materials and Methods 

Diabetic rat skin wound model and treatment. All experimental procedures were 

complied with guidelines of the Guide for the Care and Use of Laboratory Animals of 

the National Institutes of Health. The study was conducted with Institutional approval 

from Tianjin Medical University Animal Welfare and Ethical Review Board and in ac-

cordance with the ARRIVE guidelines. Seven-week-old Sprague-Dawley (SD) rats 

(male, 334.5±14.2 g) were purchased from SPF Biotechnology Co. Ltd. (Beijing, 

China). All rats were conducted a one-week acclimatization period and housed in pol-

ycarbonate cages with a 12:12h light/dark cycle at 22-25°C, stable humidity with ad 

libitum access to standard diet.  

The SD rats were randomly divided into control group (N = 10) or diabetic group 

(N = 20). To generate the diabetic rat model, streptozotocin (STZ, 45 mg/kg, Sigma, 

USA) (dissolved in 0.1 M citrate buffer, pH 4.5) was injected to diabetic group rats by 

tail vein fasted for 12 h. The control rats treated with the same volume citrate buffer. 

The tail blood glucose levels above 16.7 mmol/L for 3 days were diagnosed with dia-

betes. 2 rats were eliminated from diabetic group for the blood glucose below 16.7 

mmol/L. After 10 control group rats and 18 diabetic rats were anesthetized with chloral- 

hydrate, the dorsal skin was shaved and sterilized with 75% ethyl alcohol, two circular 

sterile wounds on the back of the rats were created by 15-mm punch biopsy tool. After 

the skin wound models were completed, 18 diabetic rats were randomly divided into 

STZ group (N = 9) and STZ+AD group (N = 9), the control group (N = 10) which 



served as the normal control group (Con group). The Con group and STZ group re-

ceived the same dose vehicle, rats in the STZ+AD group intragastrically received An-

gelica dahurica (Yi fang Pharmaceutical. INC Guangdong. China) at a dose of 12.5 

g/kg/d by oral gavage. All rats accepted the 11 days treatment period. And the postop-

erative rats were housed individually.  

The body weight and blood glucose from tail vein blood of rats were calculated at 

days 0, 7 (day 0 after surgery) and 18 (day 11 after surgery) after STZ injected. After 

the intervention, all animals received an intraperitoneal injection of sodium pentobar-

bital, then anesthetized, collected the blood samples and sacrificed, lastly, the wounds 

were removed using scissors and rapidly collected for further experiments. 

 

Analysis of Wound Closure Rate. The conditions of wound closure were observed by 

photographs obtained on days 0, 3, 7 and 11 after surgery and analyzed by Image-Pro 

Plus 6.0 software (NIH, USA). The wound healing rate was calculated using the fol-

lowing equation: wound healing rate (%) = (W0 − Wt)/W0 × 100, where W0 is the aera 

of wound after surgery, and Wt is the wound area at days 0, 3, 7 and 11 after surgery.  

 

Blood measurements. The levels of serum creatinine (Scr), blood urea nitrogen (BUN), 

alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured 

by standard automatic laboratory analysers (Roche, Switzerland) at days 0 and 11 after 

surgery. 

 

Histology, immunohistochemical and immunofluorescent staining. After wound 



tissues and the surrounding healthy skin of rats were collected, the skin tissues were 

immersed by 4% paraformaldehyde, embedded into paraffin, and cut it into 4μm con-

tinuous slices. The optical microscope (Olympus CKX41, Tokyo, Japan) was used to 

observe the tissues after stained. Skin slices were stained with Hematoxylin (G1080, 

Solarbio, China) and Eosin (H&E) stain (G1110, Solarbio, China) and Masson’s tri-

chrome (Masson) stain (G1346, Solarbio, China). H&E staining observed the patholog-

ical changes. Masson staining detected the renal collagen fibers. 

For immunohistochemistry, the slices were heat-induced epitope retrieval and incu-

bated with primary antibody for wnt4 (1:200, 14371-1-AP, Proteintech, China) over-

night at 4°C. Secondary antibody for goat anti-rabbit immunoglobulin G (1:200, 

Sungene Biotech, China) was used to incubate the tissues for 1 hour at 37°C. Subse-

quently, the immunoactivity was observed by Chromogen diamino-benzidine (DAB, 

ZLI-9019, ZSGB-BIO, Beijing, China) and hematoxylin was used for nuclear staining.  

Immunofluorescence of skin tissue was incubated with primary antibodies CD31 

(1:200, GB113151, Servicebio, China) and CD146 (1:200, ab75769, Abcam), then 

maintained with corresponding secondary antibodies, and DAPI (Solarbio, Beijing, 

China) was used for staining nucleus. Immunofluorescence of CD31 (a marker of en-

dothelial cells) and CD146 (a marker of pericytes) were performed to evaluate angio-

genesis and mature vessels during wound healing of rats. The optical microscope and 

fluorescence microscope (Olympus, Tokyo, Japan) were used to detect the sections, and 

Image-analysis software was used for images quantified. 

 



Cell culture and groups. The human umbilical vein endothelial cell (HUVEC, 

BNCC342247) line and human cerebrovascular pericytes (HBVPs, BNCC357532) 

were purchased from the BeiNa Culture Collection (Beijing, China). The HBVPs were 

cultured in Dulbecco’s Modified Eagle Media (DMEM, Gibco, USA) containing 5.5 

mmol/L glucose, 10% exosome-free serum (C3801-0100, VivaCell, IL), 100 U/mL pen-

icillin, and 100μg/mL streptomycin (C100C5, NCM Biotech, China). HUVEC cells 

were maintained in endothelial cell medium (ECM, 1001, SienceCell, USA) containing 

5% exosome-free fetal bovine serum (FBS, 10091-148, Gibco, USA), and 1% endothe-

lial cell growth supplement (ECGS) and 1% penicillin-streptomycin solution (C100C5, 

NCM Biotech, China). Cells were all cultured at a condition with 37°C, 5% CO2 and 

95% humidity. 

The HBVPs were designed into normal glucose group served as the control (CON) 

group, high glucose (HG) group, high mannitol (HM) group, AD group and HG+AD 

group, and HBVPs all maintained with exosome-free FBS. Cells in CON group were 

maintained in DMEM containing 5.5 mmol/L glucose, 10% exosome-free FBS, 1% 

penicillin-streptomycin solution. Cells in HG group were maintained in DMEM con-

taining 33.3 mmol/L glucose, 10% exosome-free FBS, and 1% penicillin-streptomycin 

solution. Cells in HM group were incubated with DMEM containing 5.5 mmol/L glu-

cose and 27.8 mmol/L mannitol, 10% exosome-free FBS and 1% penicillin-streptomy-

cin solution. Cells for AD group were cultured in 5.5 mmol/L glucose medium contain-

ing 200ug/ml AD. The HG+AD group was cultured in DMEM containing 33.3 mmol/L 

glucose with 200ug/ml AD. The 33.3 mmol/L glucose concentrations and 



concentrations of AD (200 ug/ml) we used according to the Cell Counting Kit 8 (CCK8) 

assay (Figure4A, 4B). 

 

Exosome Extraction and Identification. Exosome extraction kit (TransExoTM Cell 

Media Exosome Kit, FE401, TransGen Biotech, China) was utilised to extract exo-

somes from HBVPs 48 hours after interventions. The supernatant of P3-P7 HBVPs was 

collected, and a 2:1 ratio of exosome precipitation solution-cell media was added over-

night (>12 hours) at 4°C. To remove all liquid, the mixture was centrifuged at 10000g 

for 30 minutes at 4°C. The exosome mixture was subsequently resuspended by adding 

precipitation to 100-500 L PBS to resuspend the exosomes. Finally, exosome resuspen-

sion solution-cell media was added to the exosome mixture in order to obtain HBVPs 

exosome (HBVPs-exos). Using a BCA Protein Assay Kit (ZJ102L, EpiZyme, China), 

the concentrations of exosome suspension were determined. HBVPs-exos were utilised 

in further experiments or stored at -80°C. To determine the morphology, size distribu-

tion of exosomes, and exosomal markers (TSG101, ALIX, HSC70 and Calnexin), trans-

mission electron microscopy (Hitachi, Japan), Nanoparticle tracking analysis (NTA), 

and Western blotting were used. 

 

Exosome labeling and uptake. The exosomes extracted from HBVPs were labeled 

with the red membrane-labeling dye PKH26 (UR52302, Umibio, China). Subsequently, 

Diluent C containing the exosomes was mixed with PKH26 linker (PKH26 linker: Dil-

uent C = 1:9) for 10 min at room temperature. The labeled exosomes of HBVPs were 



added to exosome-free ECM medium. Finally, the above labeled exosomes ECM me-

dium was added to HUVECs for 24h, which already seeded on a 6-wells plate and 

treated with various interventions. We maintained the cells with 4% paraformaldehyde, 

washed with PBS, and fixed with DAPI (C0065, Solarbio, China). Lastly, the ability of 

HUVECs to uptake exosomes derived from HBVPs was measured by the fluorescence 

microscope. 

 

Cell viability in response to exosomes. The cell viability of the HUVECs in response 

to exosomes derived from HBVPs was measured by the CCK8 (C6005, NCM Biotech, 

China). Briefly, 3000 HUVECs were seeded in 96-wells plate and incubated with dif-

ferent concentrations of exosomes (0 μg/ml, 5 μg/ml, 10 μg/ml, 20 μg/ml, 30 μg/ml, 

and 40 μg/ml) extracted from HBVPs of various interventions in ECM medium for 24 

h. Subsequently, 110 μl ECM medium containing 10 μl CCK-8 work solution was 

added and maintained at 37°C for 3 h. Finally, the microplate reader (Bio-Rad, USA) 

was used to detect the wavelength at 450 nm. 

 

Wound Healing Assay. When the HUVECs reached 100% confluence, a sterile 200 μl 

micropipette tip was used to create wounds in a six-well plate. The floating cells were 

washed with PBS, and a 6-well plate containing fresh ECM medium containing exo-

somes extracted from HBVPs was added. Based on the exosomes extracted from 

HBVPs, the HUVECs were classified into six groups:1) No-Exo group: without exo-

somes; 2) CON-Exo group: added exosomes extracted from HBVPs maintained in 5.5 



mmol/L glucose; 3) HG-Exo group: added exosomes extracted from HBVPs main-

tained in 33.3 mmol/L glucose; 4) HM-Exo group: added exosomes extracted from 

HBVPs maintained in 5.5 mmol/L glucose and 27.8 mmol/L mannitol; 5) AD-Exo 

group: added exosomes extracted from HBVPs maintained in 5.5 mmol/L glucose me-

dium containing 200ug/ml AD; and 6) HG+AD-Exo group: added exosomes extracted 

from HBVPs maintained in 33.3 mmol/L glucose medium containing 200ug/ml AD. An 

optical microscope (Olympus, Tokyo, Japan) was used to observe the wound area at 0 

and 24 hours. Lastly, the ImageJ software was utilized to assess the wound closure. 

 

Tube formation assay. In vitro neovascularization assays of HUVECs were measured 

by Matrigel (354234, Corning, USA). Firstly, HUVECs incubated with exosomes ex-

tracted from HBVPs for 48 h. After intervention, HUVECs were seeded into 48-wells 

plate coated with Matrigel for 6 h. Lastly, the inverted microscope (Olympus, Tokyo, 

Japan) was used to observe the capillary-like structure formation and ImageJ Software 

was conducted to quantify the number of nodes and length of tubes. 

 

Inhibition of Wnt/β-catenin signaling pathway in vitro. The inhibitor of Wnt/β-

catenin signaling pathway (XAV939, Sigma, USA) was used to verify the effects of AD 

in wound healing. The HUVECs were cultured in 6-wells plate with ECM medium 

containing different interventions at 37°C in a humidification atmosphere containing 5% 

CO2 for 48 h. Western blotting was used to measure the signaling pathway. 

 



Western Blot Analysis. Total proteins from HUVECs and skin tissues were extracted 

by RIPA lysis buffer containing phosphatase inhibitors, PMSF and loading buffer. Pro-

teins were loaded equally into the 10% SDS polyacrylamide gels, and transferred onto 

nitrocellulose membranes. After blocking with 5% skimmed milk in 0.1% tris buffered 

saline tween for 1 h, subsequently, the membranes were incubated at 4°C overnight 

with primary antibodies, including: TSG101 (1:1000, ab125011, Abcam), ALIX 

(1:1000, ab275377, Abcam), HSC70 (1:1000, ab51052, Abcam), Calnexin (1:1000, 

ab133615, Abcam), Wnt4 (1:2000, A7809, ABclonal, China), β-catenin (1:1000, 

M24002, Abmart, China), cyclin D1 (1:1000, A19038, ABclonal, China), and β-actin 

(1:1000, 8H10D10, Cell Signaling). After washing, the membranes were incubated for 

1 h with the normal isotype-matched biotinylated secondary antibodies (both 1:4000, 

Sungene Biotech, China). Finally, the chemiluminescence reagent (Advansta, CA, USA) 

was used to observe the immunoblots and ImageJ software was utilized to quantify 

blots.  

 

Statistical Analysis. GraphPad Prism 8.0.1 software (GraphPad, San Diego, CA, USA) 

were conducted to analyze all data. Data are shown as the mean ± standard deviation (x 

± SD). One-way ANOVA analysis was used to evaluate the significance of the results. 

P < 0.05 was defined as statistically significance. 

 

Data availability 

The datasets used and/or analysed during the current study available from the corre-
sponding author on reasonable request. 
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Figure legends 

Figure 1: AD promotes wound healing and structural improvement in STZ rats. (A) 

Representative images showing the healing process with AD-treated rats on different 

days. (B) Representative analysis of the wound healing rates. (C) Representative im-

ages (100×) of HE staining of skin tissues. The scale bar shows 50 μm. (D) Representa-

tive images (100×) of Masson staining of skin tissues. The scale bar shows 50 μm. *p 

< 0.05 vs. CON group; #p < 0.05 vs. STZ group. Data are expressed as mean ± SD (n = 

10). 

Figure 2: AD increases the angiogenesis in STZ rats. (A, B) Representative images 

(100×) showing immunohistochemistry of Wnt4 in skin tissues (scale bar = 50 μm). (C) 

Immunofluorescence images (100×) of β-catenin (red) in skin tissues. The scale bar 

shows 50μm. (D, E) Immunohistochemical images (100×) of CD31 (red) and CD146 

(green) in the wound vessels (scale bar = 50 μm). *p < 0.05 vs. CON group; #p < 0.05 



vs. STZ group. Data are expressed as mean ± SD (n = 10). 

Figure 3: AD boosts angiogenesis through Wnt4/β-catenin pathway in vivo. (A) West-

ern blot analysis of Wnt4, β-catenin, and cyclinD1 protein levels in the wound skin 

tissues. (B) Quantitation of protein levels in (A). *p < 0.05 vs. CON group; #p < 0.05 

vs. STZ group. Data are expressed as mean ± SD (n = 10). 

Figure 4: The characterization of exosome derived from HBVPs. (A, B) The viability 

of HBVPs separately maintained with different concentrations of glucose (A) and AD 

maintained in 33.3 mmol/L glucose medium (B) for 48 h. *p < 0.05 vs. 5.5 mmol/L 

group, #P<0.05 vs the 33.3 mmol/L group. (C) Western blot of HBVPs-derived exo-

some markers. (D) The amount of exosome secretion quantified by BCA protein quan-

tity. (E) Representative electron microscopy images of exosomes derived from HBVPs 

(scale bar = 200 nm). (F) The size distribution of exosomes determined by Nanoparticle 

tracking analysis. 

Figure 5: Exosome ingestion and the effects of exosome derived from HBVPs on HU-

VECs vitality. (A) Fluorescence images (100X) of exosome ingested by HUVECs. Blue, 

nuclei. Red, exosomes. (B) Cell viability of the HUVECs in response to exosomes de-

rived from HBVPs. *p < 0.05 vs. 0 μg/ml group. 

Figure 6: AD promotes the migration and angiogenic tubule formation of HUVECs by 

regulating exosomes derived from HBVPs. (A, C) Wound healing assay is used to de-

tect cell migration under exosomes derived from HBVPs. (B, D) Migration rate (%) of 

cell migration by wound healing assay. *P<0.05 vs the CON Exo group, #P<0.05 vs the 

HG Exo group. (E, H) Representative images of tube formation under exosomes 



derived from HBVPs. (F, G) Quantitation of the number of nodes and the length of 

tubes. *P<0.05 vs the NO Exo group, #P<0.05 vs the CON Exo group. (I, J) Quantita-

tion of the number of nodes and the length of tubes. *P<0.05 vs the CON Exo group, 

#P<0.05 vs the HG Exo group. 

Figure 7: AD improves the angiogenesis by regulating pericyte-endotheliocyte exo-

somes crosstalk through Wnt4/β-catenin signal pathway. (A) Western blot analysis of 

Wnt4, β-catenin, and cyclinD1 protein levels in the HUVECs. (B-D) Quantitation of 

protein levels in (A). *P<0.05 vs the CON Exo group, #P<0.05 vs the HG Exo group, 

&P<0.05 vs the AD Exo group. (E) Representative Wnt4, β-catenin, and cyclinD1 pro-

tein expression by Western blot in HUVECs following XAV939 inhibition. (F-H) 

Quantitation of protein levels in (C). *P<0.05 vs the CON Exo group, #P<0.05 vs the 

HG Exo group, &P<0.05 vs the HG+AD Exo group. 

FigureS1: The levels of blood parameters in STZ rats after wound. Note: S 0d: the day 

before STZ intraperitoneal injection; S 7d: the 7th day after STZ intraperitoneal injec-

tion; S 18d: the 18th day after STZ intraperitoneal injection; W 0d: the day before the 

wound; W 11d: the 11th day after the wound. *P<0.05 vs the CON group. 

Gels and blots have been cut. Original blots are presented in Supplementary File. 
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