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Introduction

Diabetes mellitus result in a number of consequences when persis-
tent hyperglycemia occurs. Epidemiological data suggest that the 
prevalence of diabetes in adults is increasing annually and is 
expected to reach 9.9% in 2045 [1]. A serious complication of diabe-
tes is diabetic foot ulcer, which increases patient mortality and disa-
bility, and is challenging to cure [2]. Chronic, non-healing lesions are 
a common sign of diabetic foot ulcers, and they place a significant 
financial and emotional burden on patients. The development of a 
non-healing phenotype is tightly linked to inadequate vascular net-
works, despite the fact that the etiology of chronic, non-healing dia-
betic wounds varies [3,4]. Insufficient angiogenesis in diabetic 
wounds results in diminished vascularity and capillary density [5]. 
Thus, healing of diabetic wounds may be improved by enhanced 
angiogenesis.

Currently, regulation of angiogenesis and inflammation is the 
main strategy used to treat diabetic wounds. The use of recombinant 
human epidermal growth factor hyperbaric oxygen therapy, vascular 
endothelial progenitor cell therapy, gaseous carbon dioxide 
transdermal delivery, and other therapeutic methods has been 
established. Local mast cell therapy, nitric oxide therapy, and 
negative-pressure trauma therapy can also be used [6,7,8,9,10,11,12]. 
An emerging treatment is the use of hydrogels [13,14]. Although 
various techniques have been developed, only a small number of 
clinical therapies have been widely used to treat diabetic wounds. 
Consequently, one of the main therapeutic challenges is the 
development of more efficient treatments for diabetic wounds.

Dihydroartemisinin has demonstrated a potent antiangiogenic 
effect [15,16] but had a positive effect on angiogenesis in zebrafish 
[17]. In addition, dihydroartemisinin has been shown to have anti-
inflammatory properties [18,19] as well as the ability to modify the 
immune system and regulate immunological responses [20]. 
However, the function and mechanism of action of topical 
dihydroartemisinin in treatment of diabetic wounds have not been 
investigated. Here, we propose a potential wound-healing hypothesis 
for topical dihydroartemisinin wounds in a mouse model of diabetes 
induced by streptozotocin.

Materials and methods

Preparation of dihydroartemisinin

A dihydroartemisinin suspension was prepared by dissolving dihy-
droartemisinin (125 mg/kg; MedChemExpress, China) in absolute 
ethanol. This suspension was then stored at 4°C until further use 
[21,22].

Induction of the diabetic mouse model

Male C57BL/6J were obtained from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. We exclusively used male mice to rule 
out the impact of hormones associated with sexual development on 
the healing of skin wounds [23]. After a week of adaptation, mice 
were fasted for 12 h, and streptozotocin was administered via 
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ABSTRACT
Impaired skin wound healing is a common complication of diabetes mellitus. Angiogenesis is a critical step 
in wound healing because it allows oxygen and nutrients to reach the injured area, thereby promoting 
wound cell proliferation, re-epithelialization, and collagen regeneration. However, the neovascularization of 
patients with diabetes often decreases. Dihydroartemisinin is an active metabolic product of artemisinin, and 
it is antimalarial medicine with low toxicity to human beings. This study investigated the effects of topical 
Dihydroartemisinin on diabetic wound healing. We used a mouse model of the dorsal skin defect in diabetes 
caused by streptozotocin (STZ) and topically applied Dihydroartemisinin to full-thickness cutaneous wound. 
Under an advanced positive microscope, the pathological morphology of the wound skin was observed, 
together with the positive expression of platelet endothelial cell adhesion molecule-1 (CD31) and vascular 
endothelial growth factor (VEGF). Western blotting and qRT-PCR were used to determine protein and mRNA 
levels in the wound skin. We found that Dihydroartemisinin improve the healing of wounds in diabetic mice as 
compared with the untreated control group. In addition, Dihydroartemisinin increases the expression of CD31 
and VEGF in diabetic mice. Therefore, Dihydroartemisinin effectively accelerate the process of diabetic wound 
healing by promoting angiogenesis, implying that Dihydroartemisinin may be used as a topical drug for the 
treatment of diabetic wounds.
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intraperitoneal injection 5 days in a row at a dose of 50 mg/kg/d 
[24,25,26]. Streptozotocin (Sigma–Aldrich, USA) was freshly dissolved 
in a pH of 4.5 sterile 0.1 M sodium citrate buffer (Solarbio, China). 
Blood glucose levels were measured weekly after the streptozotocin 
injection. Two consecutive blood glucose levels of >300 mg/dL (16.7 
mmol/L) were considered diabetic. The wound experiment was per-
formed after 4 weeks and randomly allocated to the indicated 
groups: nondiabetic, streptozotocin diabetic, and streptozotocin dia-
betic + dihydroartemisinin treatment. The identical quantity of 
sodium citrate was administered into the mice of the nondiabetic 
group.

Dorsal excisional wound model

After 4 weeks of diabetes induction, hair removal was performed on 
the mice’s backs using a depilator and hair removal cream (Veet, 
China). Using a sterile 6-mm skin punch biopsy (Acuderm, USA), two 
full-thickness (skin and panniculus carnosus) excisional incisions 
were created on the back of each mouse. The wound was covered 
with a transparent bio-occlusive dressing (Tegaderm; Health Care, 
USA), thereby creating a moist wound chamber environment 
[27,28,29,30]. On the second day, mice in the dihydroartemisinin 
treatment group were treated with 125 mg/kg dihydroartemisinin 
once a day on the lesion area for 14 days, the nondiabetic group con-
sisted of mice without streptozotocin modeling and after hair 
removal.

Evaluation of diabetic full-thickness wound healing

Using the ImageJ analysis program, the wound area was determined 
from the photos taken at days 0, 3, 5, 7, 10, 12, and 14 after wounding 
and expressed as a percentage of the initial wound area. Wound clo-
sure rates were calculated using the following formula: (wound area 
on day 0 × wound area on day X)/wound on day 0 × 100%.

Hematoxylin-eosin staining and immunohistochemical analysis

The skin of each group was taken with scissors at the specified time 
point, encompassing the entire wound and the 5 mm-wide sur-
rounding margin of the unwounded skin. The skin samples were 
then split down the middle of the lesion to acquire the maximum 
diameter of the wound margin, and they were instantly fixed by dip-
ping them in a 10% formalin solution for histological analysis. The 
samples were serially sectioned at a thickness of 4 μm, deparaffin-
ized, and rehydrated. Haematoxylin and eosin (H&E) was used to 
stain the morphology of the wound. Immunohistochemistry was 
performed using cell adhesion molecule-1 (CD31) antibodies on tis-
sue sections. The sections were de-paraffinised, rehydrated, and 
heated for antigen recovery in a microwave oven. The sections were 
incubated overnight at 4°C with anti-CD31 antibody (Abcam, USA). 
A general two-step kit (ZSGB-BIO, China) was used for incubation, 
and a DAB kit was used for color development. After counterstain-
ing with hematoxylin, the slides were assessed using an advanced 
forward fluorescence microscope (Carl Zeiss Microscopy GmbH, 
Germany).

Qualitative real-time polymerase chain reaction

The expression of vascular endothelial growth factor (VEGF) mRNA 
was assayed using qRT-RCR. Total RNA was extracted in skin tissues  
using the TRIzol reagent (Beijing ComWin Biotech Co., Ltd. China), The 
Fast All-in-One RT Kit (ESscience Biotech) was then used to synthesise 
cDNA from the extracted total RNA. Real-time polymerase chain reac-
tion (RT-PCR) was performed with 2X Universal SYBR Green Fast qPCR 
Mix (ABclonal, China). The relative expression levels of each RNA sam-
ple were calculated with the standard 2-∆∆Ct method and normalized 
using the housekeeping gene β-actin. The primer sequences used are 
listed in Table 1.

Western blotting

VEGF protein expression was detected using Western blotting. Proteins 
were extracted using Radioimmunoprecipitation assay (RIPA) buffer 
(Solarbio, China), which contained protease inhibitors. The 
Bicinchoninic acid assay (Beyotime, China) method was used to quan-
tify the concentration of the collected proteins. The samples were elec-
trophoresed on polyacrylamide gel and transferred to a polyvinylidene 
fluoride (PVDF) membrane. The membrane was blocked with 5% skim 
milk for 2h. Subsequently, the corresponding anti-VEGFA antibody 
(1:1000, Abcam, UK) was incubated at 4°C for 12 h. After washing with 
Tris-buffered saline with Tween solution (TBST), the membranes were 
incubated with the corresponding secondary antibody (ZSGB-BIO, 
China) for 1 h at room temperature. Images were visualized using a 
multicolor fluorescence imaging system (Amersham, UK). Grey level 
analysis was performed using the ImageJ software.

Statistical analysis

The student’s unpaired 2-talied t test was used for all statistical analy-
ses. Statistical significance was set at p < 0.05.

Results

General conditions of the diabetic mice

C57BL/6J mice were administered streptozotocin by intraperitoneal 
injection to establish a model of diabetes. All diabetic mice had a 
blood glucose higher than 16.7 mmol/L seven days after injection, 
and these levels remained stable throughout the experiment. The 
weights of all mice were measured at the set time points. The weights 
of all mice were measured at the set time points. The weight in the 
nondiabetic group increased rapidly, while that in the streptozotocin 
diabetic group and the streptozotocin diabetic + dihydroartemisinin 
treatment group increased slowly and then exhibited poor growth 
four weeks after injection (Figure 1C).

Dihydroartemisinin treatment accelerated wound healing in 
diabetic mice

Full-thickness skin wounds were created on the backs of diabetic 
mice treated with dihydroartemisinin. Figure 2A displays 

Table 1.  Primer sequences used in RT-PCR

Primer Forward primer Reverse primer
VEGF 5’-CTGCTCTAACGATGAAGCCCTG-3’ 5’-GCTGTAGGAAGCTCATCTCTCC-3’;
β-Actin 5’-CATTGCTGACAGGATGCAGAAGG-3’ 5’-TGCTGGAAGGTGGACAGTGAGG-3’
VEGF: vascular endothelial growth factor; RT-PCR: real-time polymerase chain reaction.
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representative photos of the wound region in each group at 0, 3, 
5, 7, 10, 12, and 14 d following surgery. The results revealed that 
on postoperative day 3, there were no notable variations in all 
groups.  The nondiabetic group had significantly earlier wound 
closure beginning on day 5, with 31.7% closure versus 19.3 and 
7.9% closure in the streptozotocin diabetic + dihydroartemisinin 
treatment group and the streptozotocin diabetic group, respec-
tively (p < 0.05). Wound healing significantly improved from day 7 
to day 14 with an average of 40.5 and 93.8% wound closure in the 
nondiabetic group versus 34.2 and 91.0% for the streptozotocin 
diabetic + dihydroartemisinin treatment group and versus 20.2 

and 47.1% for the streptozotocin diabetic group, respectively (p < 
0.01) (Figure 2B).

Dihydroartemisinin treatment promoted re-epithelialization

Mice in the nondiabetic group showed complete re-epithelialization 
and well-formed granulation tissue, as observed by hematoxylin and 
eosin staining (Figure 2C). Compared with the diabetic group, dihy-
droartemisinin-treated wounds showed noticeably higher re-epithe-
lialization. These findings imply that one of the dihydroartemisinin’s 
mechanisms of action is to promote re-epithelialization.

Figure 1.  Study design. (A) Schematic representation of the wound healing experiment in nondiabetic and streptozotocin diabetic mice. (B) Changes in blood 
glucose after injection. (C) Changes in body weight after injection. P values were calculated using the student’s unpaired 2-talied t test. *p < 0.05 and **p < 0.01.

Figure 2.  Topical dihydroartemisinin accelerates wound closure in streptozotocin diabetic mice. (A) Days 0, 3, 5, 7, 10 and 14 representative photos of the 
wound surface in each group. (B) At the indicated time points, the wound areas were measured, and wound closures (the percentage of wound that healed) 
were calculated (n ≥ 3). The results are expressed as mean ± SD. P values were calculated using the student’s unpaired 2-talied t test. *p < 0.05 and **p < 0.01 
for nondiabetic and streptozotocin diabetic + dihydroartemisinin vs. streptozotocin diabetic. (C) Representative histological sections of hematoxylin and eosin 
staining (scale bar = 200 μm). Arrows indicate epithelialization. The nondiabetic group tended to be normal.
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Dihydroartemisinin treatment promoted angiogenesis

Angiogenesis is essential for wound healing because it requires the 
healing process to transport oxygen and nutrients through the 
blood into new tissue formation sites. First, CD31 is found on the 
surface of endothelial cells and is widely used as a marker of angio-
genesis. Second, Vascular Endothelial Growth Factor A (VEGFA) is 
known for its role in directing endothelial cell migration and vascu-
larization during wound healing. We used CD31 immunohistochem-
istry to identify blood vessels in wound sections and ImageJ’s 
built-in digital image analysis tools to measure blood vessel density 
and examine wound bed vascularization. Immunohistochemistry 
staining for CD31 showed that the mice in the nondiabetic group 
had more mature blood capillaries in their dermal defects from 
postoperative day 14. In contrast, the number of new vessels in the 
streptozotocin diabetic group was relatively low (Figure 3A). The 
number of mature vessels in the defects treated with dihydroarte-
misinin was noticeably higher than that in the untreated wounds 14 
days after the operation.

In addition, CD31 protein expression in the skin of mice was 
detected by Western blot after 14 days of dosing. As shown in 
Figure  4A, the streptozotocin diabetic + dihydroartemisinin 
treatment group had a higher expression of this protein than 
the  streptozotocin diabetic group and the nondiabetic group. 
This  finding supports the immunohistochemistry findings 
and  suggests that topical dihydroartemisinin may encourage 
neovascularization.

Angiogenesis is a multistep and complex process regulated by a 
variety of cytokines and growth factors, among which VEGF is the 
most important stimulating factor. VEGF induces endothelial cells 
growth and migration, and prevents its apoptosis. In addition, it 
enhances vascular permeability in numerous tissues. Next, 
immunohistochemistry analysis of VEGF was performed to further 
confirm whether dihydroartemisinin promotes angiogenesis. The 
findings demonstrated that the positive expression of VEGF in the 
streptozotocin diabetic + dihydroartemisinin treatment group 
increased compared with the streptozotocin diabetic group and 
tended to reach or was greater than that in the nondiabetic group 
(Figure 5A).

According to the aforementioned findings, dihydroartemisinin 
therapy accelerate the healing of diabetic wounds. The mechanism 
of action of VEGF was also examined to determine whether topical 
dihydroartemisinin improved angiogenesis in diabetic wounds. 
VEGF expression in diabetic wounds is shown in Figure 6A. 
According to Western blot results, the streptozotocin diabetic + 
dihydroartemisinin therapy group and nondiabetic group had 
considerably higher levels of VEGF total protein than the 
streptozotocin diabetic group. When VEGF was investigated using 
Qualitative real-time polymerase chain reaction (qRT-PCR), the 
findings showed that VEGF expression levels in the 
dihydroartemisinin treatment group were signficantly higher than 
those in the stretozotocin diabetic group (Figure 6C). Collectively, 
these findings suggest that topical dihydroartemisinin may promote 
angiogenesis and accelerate wound healing.

Discussion

In the present study, topical dihydroartemisinin significantly the 
time to wound healing and promotes epithelialization at the wound 
site in diabetic animals. Topical dihydroartemisinin also increased 
the expression of CD31 and VEGF in the streptozotocin diabetic 
mice. Therefore, our findings suggest that dihydroartemisinin 
stimulates angiogenesis by elevating VEGF expressions, and 

Dihydroartemisinin is typically administered orally or through the 
digestive tract, where it inhibits tumor cell proliferation and angio-
genesis [31,32]. It has been demonstrated to encourage angiogen-
esis in the early stages of zebrafish embryonic development and is 
administered by adding the medication directly to systemic water, 
followed by continuous embryonic culture [17]. In addition, topical 
dihydroartemisinin has been shown to have positive anti-inflam-
matory effects, alleviates the signs and symptoms of atopic derma-
titis [21], and reduces psoriatic skin inflammation [33,34]. This 
shows that the various effects of dihydroartemisinin may be related 
to the various experimental settings and drug delivery methods. As 
it is unknown how topical dihydroartemisinin affects skin 

Figure 3.  Topical dihydroartemisinin increases microvascular density in 
wound skin tissues of diabetic mice. (A) The expression of CD31 protein in 
the wounds of mice was detected by immunohistochemistry. Representative 
immunohistochemistry images are shown (scale bar = 50 μm). (B) CD31 quan-
tification results are expressed as mean ± SD. P values were calculated using 
the student’s unpaired 2-talied t test. **p < 0.01.
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angiogenesis in diabetes, we performed tests on mice that had 
received streptozotocin injections to confirm the effect of dihy-
droartemisinin on the skin.

On the one hand, dihydroartemisinin produces few adverse 
side effects [35]. Topical dihydroartemisinin has therapeutic effect 
on immune-related diseases, such as atopic dermatitis and 
psoriasis in mice, thus, topical dihydroartemisinin could become 
a  useful therapy for diabetic wound. On the other hand, 
dihydroartemisinin inhibited the expression of VEGF in cancer 
cells, and this reaction mainly occurs in the blood [36]. However, 
skin topical administration mainly occurs outside the blood vessel. 
And it is unknown how topical dihydroartemisinin affects skin 
angiogenesis in diabetes. In addition, DHA have a positive role in 
angiogenesis in zebrafish [17]. Here, we found that topical 
dihydroartemisinin increased the expression of CD31 and VEGF in 
the streptozotocin diabetic mice. Therefore, our findings are 
consistent to the evidences provided by [17].

In this study, we found that topical DHA dramatically improves 
the healing of the wound in diabetic mice and increases the 
expression of CD31 and VEGF.  These results indicated that topical 
dihydroartemisinin stimulates angiogenesis by elevating CD31 
and VEGF expression.

Conclusions

The animal tests in our study revealed that topical dihydroartemisinin 
can boost CD31 and VEGF expression to improve angiogenesis and 
help diabetic wounds heal.
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Figure 5.  Topical dihydroartemisinin increases vascular endothelial 
growth factor (VEGF) expression in wound skin tissues of diabetic mice. (A) 
IHC of VEGF protein on mouse wound skin tissues. Representative immu-
nohistochemistry images are shown (scale bar = 50 μm). (B) VEGF quantifi-
cation results are expressed as mean ± SD. P values were calculated using 
the student’s unpaired 2-talied t test. **p < 0.01. Arrows indicate positive 
expression.

Figure 4.  Topical dihydroartemisinin increases CD31 protein level in wound 
skin tissues of diabetic mice. (A) Immunoblots of CD31 and actin in wound 
skin tissues of the mice (each lane contains wound skin tissue lysates from 
an individual mouse). (B) CD31 protein expression in the nondiabetic group 
vs. the streptozotocin diabetic group vs. the streptozotocin diabetic + dihy-
droartemisinin group (n ≥ 3). The results are expressed as mean ± SD. P val-
ues were calculated using the student’s unpaired 2-talied t test. *p < 0.05 
and **p < 0.01.
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