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 Background: Wound healing in chronic diabetic mellitus is mainly associated with the management of angiogenesis. The 
angiogenic mechanism of vascular endothelial growth factor (VEGF) has been widely studied in the context of 
diabetic ulcers. The aim of this study was to investigate the wound-healing potential of curcumol in strepto-
zotocin-induced diabetic rats.

 Material/Methods: Sixty male SD (Sprague Dawley) rats were purchased and randomly assigned into four groups: a control group 
and a model group treated with blank ointment, a high-dose curcumol group, and a low-dose curcumol group. 
The number of animals in each group was 15. Diabetes was induced by an intraperitoneal injection of strep-
tozotocin. Two cutaneous wounds were incised at the dorsal region of all the experimental animals. Wound 
healing was assessed for all animal groups by observing the rate of wound closure. The expression of VEGF at 
the wound sites was studied by immunohistochemical staining to evaluate the vascular endothelial cell reac-
tion. VEGF protein and related mRNA levels were analyzed by Western blotting and RT-PCR (reverse transcrip-
tion-polymerase chain reaction).

 Results: Curcumol treatment significantly increased the rates of wound closure in treated animals, and hence wound 
healing was drastically enhanced for treatment groups compared to control groups. Histological observations 
and related mRNA and protein levels showed a higher VEGF expression in the treatment groups.

 Conclusions: Our analyses clearly suggested that the observed enhancement in wound healing as a result of curcumol ad-
ministration was attributable to VEGF-mediated angiogenesis.
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Background

Caring for diabetic wounds remains a major challenge in the 
medical management of patients, often due to poorer out-
comes of treatments, unavailability of standard drugs [1], and 
longer treatment cycles. The healing of diabetic ulcers is de-
termined by many factors, including blood flow rate and func-
tion of neovascularization [2]. It is well known that a normal 
blood flow will help transport oxygen, nutrients, and other re-
covery components to promote wound healing [3]. In a study 
of diabetic mice, Yoon et al. [4] used laser Doppler imaging to 
investigate wound neogenetic vessels coated with conjugated 
anti-CD31 (anti-platelet endothelial cell adhesion molecule-1) 
antibody markers and found that hemoperfusion significantly 
inhibited molecular microcirculation around injured parts and 
reduced capillary permeability.

Numerous growth factors provide the necessary cellular and 
molecular signals for a normal healing process, but these are 
inadequate in the context of diabetic ulcers. Pharmacological 
studies related to diabetic wound healing found that neoge-
netic capillaries could improve microcirculation and provide 
oxygen and affluent nutrients for tissue repair around regions 
of wound [5,6]. Wound healing in chronic diabetes mellitus is 
mainly associated with the management of angiogenesis [7], 
defined as a phenomenon involving the growth of new blood 
vessels from pre-existing vessels [8]. The mechanism of action 
of vascular endothelial growth factor (VEGF) in healing of di-
abetic ulcers has been widely studied [9], including its mito-
genic and angiogenic actions on the endothelial cells through 
binding to the membrane [9]. VEGF protein tyrosine kinase re-
ceptors have also been found to be expressed on endothelial 
cells, including VEGFR1 (also known as Fms-like tyrosine ki-
nase-1) and VEGFR2 (also known as fetal liver kinase-1 or ki-
nase insert domain-containing receptor) [10–12].

Practitioners of traditional Chinese medicine have developed 
several formulations to help promote blood circulation to ac-
celerate wound healing. For over a thousand years in China, 
an essential oil derived from Rhizoma curcumae aeruginosae 
has been prescribed for removing blood stasis and alleviating 
pain [13]. Curcumol is one of the major ingredients of this es-
sential oil with the structure of a guaiane-type sesquiterpe-
noid hemiketal [14]. It possesses anti-tumor [15,16], anti-in-
flammatory [17], anti-hepatic [18], and antioxidant properties 
with low cytotoxicity [19]. Our previous study that used cur-
cumol along with a blank control found that curcumol accel-
erated diabetic wound healing by increasing the synthesis of 
collagen to form granulation tissues. However, no direct ev-
idence could be drawn from that study on the wound heal-
ing capability of curcumol. The aim of our present study was 
to investigate the action of this compound in diabetic ulcer 
treatment in vivo.

Material and Methods

Drug

Curcumol (purity >99.9%) was obtained from Chinese Materials 
Research Center (Beijing, China). This compound was then 
mixed homogeneously with blank ointment (containing white 
Vaseline, lanolin, and liquid paraffin at the ratio of 10: 1: 1, 
mixing with stirring at 60°C for 2 hours) at the concentra-
tions of 20% (w/w).

Ethical statement

The animal handling protocol was approved by the Institutional 
Animal Care and Utilization Committee of the Experimental 
Animal Center of Zhejiang Academy of Medical Science 
(Approval No. SCXK (Zhe) 2014-0001).

Experimental animals

Sixty pathogen-free male SD rats weighing 200–220 g were pur-
chased from Zhejiang Academy of Medical Science. All exper-
imental animals were given standard diet and filter-sterilized 
water and housed in isolated cages under a controlled environ-
ment (humidity 50%–70%; 12 hour light/dark cycle; 22±2°C). A 
previously established procedure for chemically inducing type I 
diabetic mellitus in rats was employed in this study [20]. After 
an overnight fast, all animals other than those in the control 
group (n=15) received an intraperitoneal injection of strepto-
zotocin (55 mg/kg; Sigma Chemical Company, St. Louis, USA). 
Rats with plasma glucose levels >15.5 mmol/L were consid-
ered diabetic. Subsequently, two circular wounds of diameter 
1.8 cm were incised on both sides of the back flank skin of all 
rats. The rats were divided into four groups. While group 1 (con-
trol group) and group 2 (model group) rats were dressed with 
a thin layer of blank ointment twice daily, group 3 and group 
4 animals were treated topically with a thin layer of ointment 
containing 0.5 and 1 mg/kg curcumol, respectively, twice daily.

Evaluation of wound healing

Wound closure status was evaluated using a digital camera 
on days 14 and 28 after treatment. The area of wound left un-
healed was measured using ImageJ software.

Histopathological assay

At 14 and 28 days of treatment, five rats were randomly cho-
sen from each group and sacrificed by an intraperitoneal in-
jection of a pentobarbital overdose. The incision area and ad-
jacent normal skin was excised for each sacrificed animal. A 
portion of the excised samples were fixed with paraformalde-
hyde (4%) and embedded in paraffin for future use.
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Skin tissues were sectioned (4 μm). For each wound, two se-
rial sections were placed on a slide, deparaffinized, and then 
rehydrated for histopathological examination by VEGF stain-
ing. The VEGF antibody (dilution 1: 100) turned the color of 
the granulation tissue of capillary endothelial cells to appear 
brown. Immunohistochemical staining was performed accord-
ing to standard procedures. The wound sections were photo-
graphed using a Nikon Eclipse E400 light microscope (Japan) 
equipped with a camera.

Analysis of protein levels by Western blotting

Wound tissues (1 g) were lysed in 1 mL RIPA and proteinase 
inhibitor. The mixture was incubated on ice for 30 minutes and 
centrifuged at 12,000 g for 10 minutes. Protein concentration 
was determined using Bradford protein assay kit (Beyotime, 
CA, USA). Equal amounts of protein (100.0 μg) were subject-
ed to Western blot analysis. The membranes were incubated 
with primary antibodies anti-b-actin (dilution 1: 1000) and an-
ti-VEGF (dilution 1: 800) followed by the addition of second-
ary antibodies (dilution 1: 1,000) conjugated to horseradish 
peroxidase (HRP). Protein bands were visualized using a HRP 
Western blotting detection system according to the manufac-
turer’s protocol. The same membrane was stripped and re-
blotted in an antibody specific to b-actin. VEGF concentrations 
were normalized by b-actin.

RNA extraction and RT-qPCR

VEGFR1 and VEGFR2 expressions were examined by quanti-
tative real-time PCR (qRT-PCR). Total RNA was extracted from 
plasma samples using an extraction kit (Invitrogen, USA) ac-
cording to the manufacturer’s instructions, and literature re-
ports [21]. Subsequently, total RNA was reverse-transcribed into 
cDNA and used for the PCR template. The specific primer se-
quences and product sizes are listed in Table 1. The PCR ther-
mal cycle conditions were as follows: stage 1 predegeneration 
at 95°C for 30 seconds; stage 2 denaturation at 40 cycles of 5 
seconds at 95°C, and annealing and extension at 30 seconds 
at 60 °C; stage 3 melt curve at 95 °C for 15 seconds, 60°C for 
60 seconds, and 95°C for 15 seconds. The mRNA abundance 
was normalized to GAPDH levels and expressed as a percent-
age of the vehicle control (100%) for statistical analysis. Three 
independent experiments were performed.

Statistical analysis

All results were expressed as mean ±SD. The means were com-
pared using analysis of variance (ANOVA) followed by Scheffe’s 
test. Data analysis was performed using SPSS 19.0. A p value 
<0.05 was considered statistically significant.

Results

Macroscopic analysis

Blood glucose levels and weight of each rat were measured on 7, 
14, 21, and 28 days after wound incision. The body weights were 
significantly higher for the control groups compared to the diabet-
ic groups for the study period (Figure 1B). All the diabetic groups 
had glucose levels ³15.5 mmol/L compared to the control group 
(Figure 1A). However, there was no significant difference in glu-
cose levels among the diabetic groups during the period of study.

Wound closure

At 14 and 28 days of wound incision, all rats were photo-
graphed and the percentage of wound closure was evaluated 
using ImageJ software [22] and computed using the formula 
from literature, stated as percentage of wound closure=[(Area 
on 1 day – Area of X days)/Area on 1 day]×100% [23]. Wound 
closure (in percentage) was presented as mean ±SD and an-
alyzed using one-way ANOVA (Figure 2). Accelerated wound 
closure was observed in the group that received curcumol 
ointment as compared to the model group (p<0.05). Diabetic 
rats that received a high dose of curcumol ointment showed a 
higher rate of wound closure compared to the low-dose group.

Histopathological evaluation

In the results of immunohistochemistry, VEGF stained in brown 
(positive). The expression of VEGF was significantly enhanced 
in the vehicle-treated normal rats (Figure 3A) compared to 
the diabetic groups (Figure 3B) at day 14. Figure 3 shows that 
the expression of VEGF was higher in both curcumol-treated 
groups (Figure 3C, 3D) compared to the model group. In addi-
tion, one-way ANOVA showed that the expression of VEGF was 
significantly different between the groups (p<0.05) (Figure 3E).

Gene Forward 5’-3’ Reverse 5’-3’

VEGFR1 TTTAAAAGGCACCCAGCACAT TTACTCACCATTTCAGGCAAAGAC

VEGFR2 GGCCCAATAATCAGAGTGGCA TGTCATTTCCGATCACTTTTGGA

GAPDH GGGAAACTGTGGCGTGAT AAAGGTGGAGGAGTGGGT

Table 1. Specific primer sequences for RT-PCR.
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Figure 1.  (A, B) Blood glucose and body weights of different groups during the study period.

100

80

60

40

20

0

Pe
rce

nt
ag

e w
ou

nd
 h

ea
lin

g (
%

)

Days after experimentally induced wounds

14 d

**
*

28 d

14 d

28 d

Group 1 Group 2 Group 3 Group 4

Group 1
Group 2
Group 3
Group 4

***

A

B

Figure 2.  (A, B) Wound closure of different groups (* p<0.05 compared to model group; ** p<0.01 compared to model group).
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Curcumol-mediated activation of VEGF

Western blot analysis revealed that curcumol upregulated the 
expression of VEGF (Figure 4A, 4B), suggesting that it promot-
ed angiogenesis via the VEGF signaling pathway. In addition, 
curcumol increased VEGFR1 and VEGFR2 mRNA levels signifi-
cantly compared to the model group.

Effects of VEGFR1 and VEGFR2 mRNA expression

We studied the angiogenic mechanism of growth factors 
VEGFR1 and VEGFR2, which are well-characterized angiogenic 
markers. As shown in Figure 4C, VEGFR1 expression was sig-
nificantly enhanced in curcumol-treated groups compared to 
the model group. In addition, curcumol increased VEGFR2 ex-
pression in curcumol-treated groups as compared to the mod-
el group (p<0.05). Our results showed evidence of positive 
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Figure 3.  VEGF immunohistochemistry: Effect of curcumol treatment on angiogenesis as shown by the brownish appearance of 
vascular endothelial cell marker on day 14: (A) group 1; (B) group 2; (C) group 3; (D) group 4. Magnification 200×. (E) Ratio of 
VEGF positive expression (%). (** p<0.01 compared to model group; *** p<0.001 compared to model group).
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effects of curcumol on VEGFR1 and VEGFR2 expression and 
that such stimulation effects showed a relationship with the 
extension of dosage.

Discussion

Complications arising from diabetes mellitus, a common endo-
crine disease, place a significant burden on public health [24]. 
Clinical trials have indicated that diabetic wound healing oc-
curs in three phases: the inflammatory phase through compro-
mising the immune system; the proliferative phrase through 
fibroblasts proliferation, collagen deposition, and formation 
of new angiogenesis; and the remodeling phase involving rec-
ognition and restoration of tissue structural integrity [25–27]. 
Delayed wound healing in a hyperglycemic state may be due 
to several reasons, including presence of infections, immuni-
ty suppression, local ischemia, and oxidative stress [28,29]. 
In addition, angiogenesis plays a major role in diabetic ulcer 
healing [30]. For skin tissues, angiogenesis is important for 
the maintenance of tissue health and quicker wound healing. 
Impairment in the formation of new blood vessels retards the 
healing process and induces ulceration [31]. Numerous growth 
factors and cytokines are involved in regulating the angiogen-
esis [31–33]. The most potent agent is VEGF [34]. This medi-
ator initiates wound healing and promotes the expansion of 

the vascular network [35,36]. It is well documented that dia-
betes mellitus causes an increased expression of VEGF in nu-
merous tissues as a response to both hyperglycemia and tis-
sue ischemia [37].

Collectively, impairment of diabetes wound healing has been 
proposed to be mostly related to improper angiogenic response 
and a number of biochemical abnormalities. These pathogen-
ic features observed clinically in diabetic patients can be in-
vestigated in diabetic rat models. In this study, we tested and 
compared the effects of curcumol on the rates of wound en-
closure in four groups. The time profile of ulcer area determi-
nation was according to previous wound healing investigations 
(usually on day 7 or 14) [38–40]. In our study, we chose day 
14 as the first testing point. Our previous histological studies 
observed more capillaries in the granulation area as well as 
granulation maturation in the curcumol-treated group after 14 
days of treatment. Accelerated wound closure was observed 
in the group that received curcumol treatment compared to 
vehicle-treated diabetic rats. Based on the quantification of 
VEGF and its associated protein, our study demonstrated that 
curcumol enhanced angiogenesis, resulting in better wound 
healing. Considering the possibility that curcumol may mod-
ulate inflammatory responses, one limitation of the present 
study was that we did not consider measuring inflammatory-
related molecules in this wound healing study.
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Conclusions

In this study, we monitored the percentage of wound closure 
for the four experimental groups. We measured the VEGF pro-
tein and the mRNA levels of the receptors of this protein by 
Western blotting and qRT-PCR. Western blot analysis showed 
that VEGF levels have increased for both high-dose and low-
dose curcuma groups, consistent with their VEGFR1 and VEGFR2 
mRNA expression levels.

Our study found that curcumol characteristically promotes an-
giogenesis of diabetic skin ulcers. This preliminary mechanism 

of action of curcumol is VEGF-mediated, as demonstrated by 
our immunohistochemical analyses. In light of these findings, 
this study demonstrated that curcumol can be a prospective 
compound for effective treatment of diabetic ulcers, which has 
been a common complaint among diabetic patients necessi-
tating frequent clinical visits.
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