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20(S)-Protopanaxadiol enhances angiogenesis via
HIF-1α-mediated VEGF secretion by activating p70S6
kinase and benefits wound healing in genetically
diabetic mice

Er-Yun Zhang1,2, Bo Gao1, Hai-Lian Shi1, Ling-Fang Huang1, Li Yang1, Xiao-Jun Wu1 and Zheng-Tao Wang1

Impaired angiogenesis is one of the crucial factors that impede the wound healing process in diabetic foot ulcers (DFUs). In this

study, we found that 20(S)-protopanaxadiol (PPD), an aglycone of ginsenosides in Panax notoginseng, stimulated angiogenesis

and benefited wound healing in genetically diabetic mice. In HUVECs, PPD promoted cell proliferation, tube formation and

VEGF secretion accompanied by increased nuclear translocalization of HIF-1α, which led to elevated VEGF mRNA expression.

PPD activated both PI3K/Akt/mTOR and Raf/MEK/ERK signaling pathways in HUVECs, which were abrogated by LY294002 and

PD98059. Furthermore, these two pathways had crosstalk through p70S6K, as LY294002, PD98059 and p70S6K siRNA

abolished the angiogenic responses of PPD. In the excisional wound splinting model established in db/db diabetic mice, PPD

(0.6, 6 and 60 mg ml−1) accelerated wound closure, which was reflected by a significantly reduced wound area and epithelial

gaps, as well as elevated VEGF expression and capillary formation. In addition, PPD activated PI3K/Akt/ERK signaling pathways,

as well as enhanced p70S6K activity and HIF-1α synthesis in the wounds. Overall, our results revealed that PPD stimulated

angiogenesis via HIF-1α-mediated VEGF expression by activating p70S6K through PI3K/Akt/mTOR and Raf/MEK/ERK signaling

cascades, which suggests that the compound has potential use in wound healing therapy in patients suffering from DFUs.
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INTRODUCTION

Diabetic foot ulcers (DFUs) are the most common complica-
tion of diabetes mellitus with an annual incidence of 1–4%,1

and they account for 84% of all diabetes-related lower-leg
amputations.2 In addition to suffering from the disease,
patients with DFUs often have a large healthcare burden and
poor quality of life.3 Indeed, over the past few decades, the
morbidity and disability of DFU have not decreased.4 Current
therapy for diabetic wounds only achieves a 50% healing rate
that quite often has a temporary effect.4 Impaired angiogenesis
is one of the crucial factors impeding the wound healing
process in DFUs.5 Angiogenesis, an important molecular event
in wound healing,5,6 involves the growth of new blood vessels
or neovascularization through nourishing the damaged tissues.
Therefore, drugs facilitating angiogenesis often benefit the
wound healing process in DFUs.

Vascular endothelial cells play a very important role in
angiogenesis, and they contribute to the wound healing
process. The vascular endothelial growth factor (VEGF) family
of proteins facilitate angiogenesis by increasing vascular perme-
ability and endothelial cell proliferation, migration and inva-
sion into the surrounding tissues.7 Cellular responses to VEGF
are mainly mediated by the receptor tyrosine kinase VEGFR2
(also known as Flk-1) on the surface of endothelial cells in a
paracrine manner.8 Human umbilical vein endothelial cells
(HUVECs) are isolated from the endothelium of veins of the
umbilical cord and are used extensively as an in vitro model for
angiogenesis research.9 The excisional wound splinting model
is a widely used animal model for wound healing study in vivo
in which the splint tightly adheres to the skin surrounding the
wound and reduces wound closure due to skin contraction and
wound dressings.10 The wound, therefore, heals through
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granulation and re-epithelialization, a process similar to the
one that occurs in humans.11

20(S)-protopanaxadiol (PPD) is one of the basic aglycones
of dammarane type saponin within Panax notoginseng (Burk.)
F.H. Chen, a famous tonic medicinal herb widely used in East
Asia, which has been shown to benefit the relief of hemorrhages,
blood stasis, blood circulation, bruises, swelling and pain.12

Ginsenosides such as Rb1, Rg3, Rg5 and notoginsenoside Ft1
have been shown to modulate angiogenesis and have the
potential to be developed as angiotherapeutic agents.13–17 In
contrast, ginsenoside CK has been shown to inhibit angiogenesis
in HUVECs.18 Similar to ginsenoside CK, researchers suggested
a few years ago that PPD could inhibit angiogenesis19 in
HUVECs (EC50 ~ 5 μM). However, in this study, we provided
compelling evidence to demonstrate that when used at low
concentrations, PPD promoted angiogenesis in HUVECs. It also
facilitated wound healing of the excisional wound splinting
model established in genetically diabetic (db/db) mice. Further
studies showed that PPD accelerated angiogenesis through
HIF-1α-mediated VEGF secretion by activating both the PI3K/
Akt/mTOR and Raf/MEK/ERK signaling pathways and their
downstream p70S6 kinase (p70S6K). Our findings re-examine
the influence of PPD on angiogenesis and provide an alternative
approach to relieve the suffering of patients with DFUs.

MATERIALS AND METHODS

Compound
PPD (purity498%) was provided by the Shanghai R&D Center for
Standardization of Chinese Medicines (Shanghai, China). Its structure
was confirmed by 1HNMR and 13CNMR spectral analysis.

Cell culture and cell viability test
HUVECs from ScienCell Research Laboratories were cultured in an
endothelial cell medium (ECM, ScienCell, San Diego, CA, USA)
supplemented with 5% fetal bovine serum (FBS, Gibco BRL,
Gaithersburg, MD, USA), 100 units per ml penicillin and 100 μg ml− 1

streptomycin and 5% CO2 at 37 °C. Cell viability after treatment with
various concentrations of PPD in low (5 mM) or high (30 mM) glucose
medium for 48 h was determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) assay (Sigma-Aldrich).
And the cell viability of the treated cells was presented as the
percentage of the control viability.

Tube formation assay
After incubated with ECM containing 1% FBS for 4 h, HUVECs
were seeded at a density of 1 × 104 cells per well in Matrigel
(BD Biosciences, Bedford, MA, USA) coated 96-well plates followed
by treatment with PPD at different concentrations for 4 h. Tubes
forming intact networks were quantified by counting the number of
branch points from five random fields per well in a blind manner
under an inverted microscope (Olympus CKX41, Tokyo, Japan).

siRNA transfection
HUVECs were cultured in 60-mm plates (for cell proliferation and
tube formation) or 100-mm plates (for western blotting analysis)
without antibiotics overnight. When the cells reached 70–80% con-
fluency, they were transiently transfected with p70S6K siRNA and
scramble siRNA (Genepharma, Shanghai, China) using lipofectamine

RNAiMAX according to the manufacturer’s recommendations. For cell
proliferation analysis, cells were treated with various concentrations of
PPD for 48 h. For tube formation assay, cells were treated with various
concentrations of PPD for 4 h. For western blotting analysis, cells were
treated with PPD for the indicated time points.

ELISA analysis
HUVECs (2× 104 cells per well) were cultured in ECM containing 1%
FBS and treated with PPD for the indicated time points. VEGF
secreted in the supernatant of the medium was examined with an
ELISA kit (R&D, Minneapolis, MN, USA) according to the manu-
facturer’s manual. Optical density was measured at 450 nm using a
microplate reader. Quantification of VEGF concentration was calcu-
lated by a standard curve plotted with recombinant human VEGF.

Excisional wound splinting model
Twelve-week-old female leptin receptor-deficient (Lepr db/JNju,
db/db) mice with high blood glucose (25.3± 7.7 mM) were provided
by the Nanjing Biomedical Research Institute of Nanjing University
(Nanjing, China). The mice were single-house maintained under a
12 h light/dark cycle at room temperature (23± 2 °C) with free access
to food and water. All animal experiments were conducted complying
with the Guide for the Care and Use of Laboratory Animals, eighth
edition (2011) (http://grants.nih.gov/grants/olaw/guide-for-the-care-
and-use-of-laboratory-animals.pdf) and the Institutional Animal Care
guidelines approved by the Experimental Animal Ethical Committee
of Shanghai University of Traditional Chinese Medicine. The exci-
sional wound splinting model was generated as described previously.10

Each wound was topically treated with 15 μl of PPD (0.6, 6 and
60 mgml− 1) or PBS every other day for 14 days.

Wound analysis
The duration from the beginning of the wound formation to the time
when the wound bed was re-epithelialized and filled completely with
new tissue was defined as the time of wound closure. To compare the
wound healing process, digital photographs of the wounds were taken
every other day. Wound area was measured with a previously
described method.20

Histopathological examination
For histological preparations, the skin was fixed in 10% formalin and
then embedded in paraffin. Skin tissues were sectioned in 4-μm-thick
slices for histopathological examination by hematoxylin/eosin (H&E)
staining.

Real-time PCR
RNA extraction, reverse transcription and real-time PCR reactions
were performed as described previously.20 The sequences of the
primers that were used are listed in Supplementary Tables S1 and 2.
All of the messenger RNA (mRNA) expression data were normalized
to the internal reference genes, which were GAPDH or β-actin, within
the same samples.

Western blotting analysis
The western blotting analysis was conducted as described previously.20

The primary antibodies used were rabbit anti-VEGF (Abcam,
Cambridge, UK), rabbit anti-CD31 (Abcam), rabbit anti-phospho-c-
Raf (Ser 338), -phospho-MEK1/2 (Ser 217 and Ser 221), -phospho-
ERK1/2 (Thr 202 and Tyr 204), -phospho-PI3K p85 (Tyr458),
-phospho-Akt (Thr308), -phospho-mTOR (Ser2481), -phospho-

PPD promotes diabetic wound healing
E-Y Zhang et al

2

Experimental & Molecular Medicine

http://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
http://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf


p70S6K (Thr389), -c-Raf, -MEK1/2, -ERK1/2, -PI3K, -AKT, -mTOR,
-p70S6K, and -HIF-1α, as well as β-actin (Cell Signaling Technology,
Danvers, MA, USA). Primary antibody binding was detected using
a peroxidase-conjugated secondary antibody (Pierce, Rockford,
IL, USA). The blots were developed by ECL detection regents
(GE Healthcare, Waukesha, WI, USA). The gray intensity of protein
bands was quantified with ImageJ and normalized to that of β-actin or
GAPDH in each sample.

ChIP analysis
HUVECs were cultured in ECM containing 1% FBS and treated with
PPD (2.5 μM) for the indicated time periods. Soluble chromatin
including the VEGF promoter region was isolated using the Simple-
ChIP plus enzymatic chromatin IP kit (Cell Signaling Technology),
as described in the manufacturer’s manual. Briefly, the cells were fixed
with formaldehyde and lysed. Chromatin was harvested and subjected
to immunoprecipitation using antibodies against HIF-1α (Abcam).
The DNA in the co-precipitated chromatin was extracted and used as
a template for real-time PCR. The reaction was performed to amplify
the VEGF promoter. The Ct value for HIF-1α antibody captured DNA

was normalized to that of the input DNA. Data were presented as fold
enrichment over input DNA.

In Vivo matrigel plug assay
The Matrigel plug assay is a widely used method to test the in vivo pro-
angiogenic effect of drugs.16 To examine the pro-angiogenic property
of PPD, Matrigels (0.5 ml) containing 20 units of heparin with PPD
(0, 1 and 2.5 μM) were injected subcutaneously into the ventral area
of C57BL/6 mice (5 weeks old). After 7 days, the mice were killed,
and the intact Matrigel plugs were collected and washed with PBS
twice. Half of the Matrigel implants from each group were frozen
immediately and lyophilized overnight to determine the hemoglobin
content using Drabkin’s reagent kit (Sigma). The remaining implants
were subjected to immunohistochemical staining.

Immunohistochemistry
The sections were subjected to immunohistochemistry analysis
according to a previously described method.20 The CD31+ vessel
was stained using the rabbit anti-mouse CD31 antibody (Abcam)
and peroxidase-conjugated goat anti-rabbit secondary antibody
(Cell Signaling Technology). Images were obtained in four different

Figure 1 PPD stimulated angiogenesis in HUVECs. (a, b) Cell viability and cell number after treatment with PPD in low (5 mM, LG) and
high (30 mM, HG) glucose medium for 48 h. n=6 per group. (c–g) Tube formation after PPD treatment for 4 h. (c) 0 μM, (d) 0.5 μM,
(e) 1 μM, (f) 2.5 μM. (g) Bar graph of total tubes formed by PPD-treated cells (percentage to control). Control, white bars; PPD, black bars.
n=6/group. Scale bar=200 μm. (h, i) VEGF secretion and mRNA expression after PPD treatment (2.5 μM). n=5 per group. *Po0.05,
***Po0.001 versus control in low glucose medium; §Po0.05, §§§Po0.001 versus control in high glucose medium.
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quadrants of each section and subjected to gray intensity statistics
using ImagePro Plus software.

Statistical analysis
To examine the differences among multiple groups, one-way ANOVA
followed by a Tukey’s multiple comparison test was conducted
with GraphPad Prism 5.0. An unpaired t-test was used to assess
the differences between two groups. All data are presented as the
mean± s.e.m. A value of Po0.05 was considered significantly different.

RESULTS

PPD induced angiogenic responses in HUVEC Cells
Consistent with a previous report,19 PPD inhibited cell viability
when used at 5 μM in HUVECs (Supplementary Figure S1).
However, when used at low concentrations from 0.25 to
2.5 μM, PPD treatment caused a concentration-dependent
increase in the cell viability of HUVECs in either low (5mM)
or high (30mM) glucose medium, with a minimal effective

Figure 2 PI3K/Akt and Raf/MEK/ERK signaling pathways were required for PPD-stimulated angiogenic responses in HUVECs.
(a) Expression of phospho-PI3K, -Akt, -mTOR, -p70S6K and -c-Raf, -MEK1/2, -ERK1/2 and β-actin in HUVECs stimulated with PPD for
the indicated time period. (b) Cell viability following PPD stimulation for 48 h after pre-treatment with LY294002 or PD98059 for 30 min.
n=6 per group. (c) VEGF mRNA expression after PPD stimulation for 24 h following pre-treatment with LY294002 or PD98059 for
30 min. n=6/group. (d) VEGF secretion after PPD stimulation for 48 h following pre-treatment with LY294002 or PD98059 for 30 min.
n=5 per group. (e–h) Representative pictures of tube formation after PPD stimulation for 4 h following pre-treatment with LY294002 or
PD98059 for 30 min. (e) Control; (f) PPD; (g) PPD+LY294002; (h) PPD+PD98059. Scale bar=200 μm. (i) Tube formation activity after
PPD stimulation for 4 h following pre-treatment with LY294002 or PD98059 for 30 min. n=5 per group. **Po0.01 and ***Po0.001
versus control; §Po0.05, §§Po0.01 and §§§Po0.001 versus PPD only.
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concentration at 1 μM (Figure 1a, Po0.01 or Po0.001). Cell
numbers of HUVECs were consistently elevated after PPD
(2.5 μM) stimulation (Figure 1b, Po0.05 or Po0.01). When
used from 0.5 to 2.5 μM, PPD induced significant tube
formation (Figure 1c–f). Compared with the control, PPD
increased the number of tube networks in a concentration-
dependent manner (Figure 1g, Po0.05 or Po0.001). Since
PPD at 2.5 μM had the best tube inductive effect, the
concentration was used for the following experiments
unless otherwise indicated. As shown in Figure 1h, PPD
led to remarkable VEGF secretion after 48 h of treatment
(Po0.001). Moreover, PPD increased VEGF mRNA expression
in a time-dependent manner (Figure 1i). These results demon-
strated that PPD treatment enhanced VEGF expression at both

the protein and mRNA levels and promoted angiogenesis in
HUVECs.

Both the PI3K/Akt/mTOR/p70S6K and Raf/MEK/ERK
signaling pathways were involved in PPD-induced
angiogenic responses in HUVECs
Both the PI3K/Akt and Raf/MEK/ERK pathways are known to
be actively involved in angiogenesis.21,22 Not surprisingly, after
PPD stimulation, both pathways were significantly activated in
HUVECs. As shown in Figure 2a, up-regulated phosphoryla-
tion of PI3K, Akt, c-Raf, MEK1/2 and ERK1/2 could be
observed as early as 15 min after PPD stimulation and persisted
for 4 h. In addition, increased phosphorylation of mTOR and
p70S6K, as well as the downstream signaling molecules of Akt,

Figure 3 PPD-induced p70S6K phosphorylation was dependent on PI3K and ERK1/2 activation in HUVECs. (a, b) Phosphorylation of Akt,
mTOR, p70S6K and ERK1/2, as well as the gray intensity analysis in HUVECs stimulated with PPD for 1 h following pre-treatment with
LY294002 for 30 min. (c, d) Phosphorylation of PI3K, Akt, mTOR, p70S6K and ERK1/2, as well as the gray intensity analysis in HUVECs
stimulated with PPD for 1 h following pre-treatment with PD98059 for 30 min. n=3 per group. *Po0.05, **Po0.01 and ***Po0.001
versus control; §Po0.05, §§Po0.01 and §§§Po0.001 versus PPD only.
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was also observed. To confirm the critical roles of the signaling
pathways in PPD-induced angiogenesis, the PI3K inhibitor
LY294002 and MEK1/2 inhibitor PD98059 were used. As
shown in Figure 2b–i, PPD-induced cell proliferation, tube
formation, and VEGF expression at the mRNA and protein
levels were effectively abolished through the addition of the
inhibitors. These results strongly indicated that PPD facilitated
angiogenesis through these two pathways.

p70S6K played a critical role in PPD-induced angiogenesis
As PPD activated both the PI3K/Akt and Raf/MEK/ERK
pathways, whether these two pathways had interactive crosstalk
was also investigated using the respective pathway inhibitors.
As shown in Figure 3a and b, LY294002 simultaneously
abrogated the increase of the phosphorylated Akt, mTOR
and p70S6K induced by PPD. However, it failed to inhibit
PPD-evoked ERK1/2 phosphorylation. On the other hand,
PD98059 attenuated PPD-elicited phosphorylation of ERK1/2
and p70S6K without affecting Akt and mTOR (Figure 3c
and d). However, both inhibitors deactivated p70S6K, which
suggested that the PI3K/Akt/mTOR and Raf/MEK/ERK
pathways had crosstalk via p70S6K.

To examine its role in PPD-induced angiogenic responses,
p70S6K was silenced using the siRNA technique. A set of
siRNAs for p70S6K were pre-examined, and the one with the
best interference efficacy was used for further experiments.
As shown in Figure 4a, p70S6K siRNA effectively decreased
cellular p70S6K protein expression. Accordingly, the pro-
angiogenic effects of PPD were strongly inhibited in p70S6K
knocked-down HUVECs, which was shown by reduced tube
formation and cell proliferation, as well as down-regulated
VEGF mRNA expression (Figure 4b–h).

PPD induced VEGF expression via activation of HIF-1α
Expression of VEGF is regulated by many transcription factors,
including HIF-1α.23 Under hypoxic or non-hypoxic conditions,
the binding of HIF-1α to the VEGF promoter is essential for
the maximal transcription of VEGF mRNA.24–27 In this study,
PPD increased VEGF secretion, as well as mRNA expression in
HUVECs after a 48 h treatment (Figure 1h and i). Not
surprisingly, PPD also enhanced HIF-1α production in
HUVECs (Figure 5a and b). In addition, it facilitated the
transfer of HIF-1α from the cytoplasm to the nucleus in a
time-dependent manner (Figure 5a and c). Further study
showed that PPD regulated HIF-1α through the PI3K/Akt
and MEK/ERK pathways as both LY294002 and PD98059
could effectively enhance cytoplasmic HIF-1α but reduce
nuclear HIF-1α (Figure 5d and e). When silencing p70S6K
from the cells using siRNA, PPD could not induce robust
nuclear translocation of HIF-1α any more (Figure 5f and g).
Further ChIP analysis showed that PPD time-dependently
increased the binding of activated HIF-1α to the promoter of
VEGF (Figure 5h). These results suggested that the activation of
HIF-1α by p70S6K mediated a PPD-induced increase in VEGF
expression.

PPD stimulated neoangiogenesis in vivo
To verify the pro-angiogenic properties of PPD, an in vivo
Matrigel plug assay was performed. Compared with the
controls, PPD-infused Matrigel implants appeared to be redder
in color (Figure 6a), which indicated that new blood vessel
formation (angiogenesis) occurred in the plugs. Accordingly,
the hemoglobin content in PPD-infused plugs increased
significantly (Figure 6a). Moreover, as shown in Figure 6b–e,
there was more CD31+ tube formation in PPD-treated
Matrigels, which indicated that PPD had in vivo pro-
angiogenic effects.

PPD promoted wound healing in genetically diabetic mice
PPD treatment accelerated wound closure in db/db mice
(Figure 7a) compared with PBS treatment. Topical adminis-
tration of different doses of PPD (0.6, 6 and 60mgml− 1)
contributed variably to wound healing. On days 8 and 14
post-injury, wound areas treated with higher doses of PPD
(6 and 60mgml− 1) were significantly narrower (Figure 7b
and c, Po0.001). Representative pictures of the wounds at 8,
12 and 14 days post-injury clearly showed that the epithelium
of the PPD-treated wounds grew faster compared to PBS-
treated controls (Figure 7d). The histological evaluation of
diabetic wounds was consistent with the increased closure rate
of the PPD-treated wounds. The epithelial gaps in PPD-treated
wounds on days 7 and 10 post-injury were reduced markedly
in contrast to PBS-treated controls (Figure 7e and f, Po0.01
and Po0.05).

Since VEGF plays an important role in wound healing and
previous studies have indicated that PPD could up-regulate
VEGF production in HUVECs, the mRNA and protein
expression levels of VEGF were measured in the wound
samples. Similar to its in vitro effect, PPD treatment led to
significant VEGF expression at both the mRNA and protein
levels on days 7 and 14 post-injury (Figure 8a–c). CD31
expression at the protein level in the wounds was also elevated
by PPD on days 7 and 14 post-injury (Figure 8b and d).
In addition, as shown in Figure 8e and f, PPD-treated
wounds included more CD31-immunoreactive capillary vessels
(Po0.001). And the phosphorylation of PI3K/Akt/ERK/
p70S6K, as well as HIF-1α was enhanced by PPD in the
wounds on day 7 post-injury (Figure 8g and h, Po0.05 or
Po0.01). All these results strongly implicated that PPD
treatment promoted angiogenesis and benefited wound healing
in diabetic mice.

DISCUSSION

Wound healing is a complex, dynamic and orderly controlled
process in which angiogenesis or neovascularization plays a
crucial pathophysiological role by nourishing newly formed
tissues.5,6 Many natural products, such as propolis,28,29 bee
venom,30 whey protein31 and curcumin,32 have been shown to
be beneficial to diabetic wound healing. In this study, our
results showed that PPD, another natural product from
P. ginseng, promoted angiogenesis in vitro through HIF-1α-
mediated VEGF secretion by activating p70S6K. In addition,
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in an excisional wound splinting model in db/db mice,11,33 PPD
accelerated the wound healing process with prominently
enhanced angiogenesis, which indicated that PPD has potential
use in treating DFUs.

Proliferation and tube formation of endothelial cells indicate
the sprouting of new blood vessels from existing vascular
structures in angiogenesis,34,35 which are promoted through
many pro-angiogenic growth factors such as VEGF, bFGF and
PDGF.36–39 In cultured HUVECs, our study showed that PPD
induced robust proliferation and tube formation accompanied
by elevated VEGF, bFGF and PDGF production at either the
mRNA or protein level (unpublished data). VEGF exerts its
biological functions by binding to transmembrane receptors,
such as VEGFR1 and VEGFR2, both of which are specifically
expressed on the surfaces of endothelial cells and contain a
cytoplasmic tyrosine kinase domain.40 Interestingly, we found
that PPD substantially up-regulated the phosphorylation of
VEGFR2 in HUVECs (unpublished data), which indicated
that the pro-angiogenic effects of PPD may be partially
mediated through VEGR2 activation. In agreement with the
in vitro experiments, PPD also promoted angiogenesis in
Matrigel plugs and diabetic wounds, such as the biomarker
for blood vessels CD31, which was elevated significantly

along with VEGF (Figure 7a), bFGF and PDGF production
(Supplementary Figure S2). The consistent in vivo and in vitro
effects suggested that PPD has a pro-angiogenic function.

VEGF is one of the most potent angiogenic factors
promoting all stages of angiogenesis.37,38 It is highly specific
for endothelial cells and likely to act on the sprouting blood
vessels of the wound edge in a paracrine manner.36 VEGF gene
expression can be modulated at the transcriptional level,
and the VEGF promoter contains various binding sites for
transcription factors, including HIF-1α and STAT3.23,41 Many
studies suggested that constitutive STAT3 activation up-
regulates VEGF expression and enhances angiogenesis.41–43

Interestingly, PPD treatment induced JAK/STAT3 phosphor-
ylation in a time-dependent manner (Supplementary
Figure S4), which suggests that the pathway was actively
involved in the promotion of PPD on angiogenesis. The
binding of HIF-1α to the VEGF promoter is essential for the
maximal transcription of VEGF mRNA.24–27 In the present
study, PPD facilitated the transport of HIF-1α from the
cytoplasm to the nucleus. Further ChIP analysis showed that
PPD could time-dependently induce the binding of HIF-1α to
the VEGF promoter, which suggests that PPD increased VEGF
production through modulation of HIF-1α.

Figure 4 p70S6K played a critical role in PPD-induced angiogenesis in HUVECs. HUVECs were transiently transfected with p70S6K.
(a) Examination of transfection efficiency by western blot. (b–e) Tube formation activity. (b) Scramble siRNA; (c) Scramble siRNA+ PPD
(2.5 μM); (d) p70S6K siRNA; (e) p70S6K siRNA+ PPD (2.5 μM). (f) Cell viability upon PPD stimulation for 48 h. n=6 per group.
(g) Number of tubes formed after PPD stimulation for 4 h. n=6/group. (h) VEGF mRNA expression after PPD stimulation for 24 h. n=6
per group. ***Po0.001 versus scramble siRNA; §§Po0.01 and §§§Po0.001 versus scramble siRNA stimulated with PPD.
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Figure 5 PPD modulated VEGF expression through HIF-1α in HUVECs. (a–c) Western blotting and gray intensity analysis of the transport of
HIF-1α from the cytoplasm to the nuclei after PPD stimulation. n=5 per group. (d, e) Western blotting and gray intensity analysis of the
transport of HIF-1α from the cytoplasm to the nuclei after PPD stimulation for 2 h following pre-treatment with LY294002 or PD98059 for
30 min. n=5 per group. (f, g) Western blotting and gray intensity analysis of the transport of HIF-1α from the cytoplasm to the nuclei after
PPD stimulation for 2 h in p70S6K -silenced HUVECs. n=5/group. (h) ChIP assay for interaction of HIF-1α and the VEGF promoter. n=6
per group. *Po0.05 and ***Po0.001 versus control, §§Po0.01 versus PPD only.
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Our next question was to uncover the way that PPD
modulated the activation of HIF-1α. Both the PI3K/Akt and
Raf/MEK/ERK pathways significantly contribute to angiogen-
esis during wound healing.21,44–46 Our findings showed that

PPD accelerated the phosphorylation of PI3K/Akt/mTOR/
p70S6K/Raf/MEK/ERK in a time-dependent manner, which
suggested that both the PI3K/Akt and MEK/ERK pathways
were actively involved in the angiogenic responses induced by

Figure 6 PPD stimulated neoangiogenesis in C57BL/6 mice. (a) PPD-infused Matrigel plugs included more hemoglobin after a one-week
implantation. (b–e) Immunostaining of CD31 in PPD-treated Matrigel plugs. (b) PPD 0 μM; (c) PPD 1 μM; (d) PPD 2.5 μM; (e) Capillary
density of PPD-treated Matrigel plugs. *Po0.05 and ***Po0.001 versus control, n=5 per group.

Figure 7 PPD benefited wound healing in db/db mice. (a) Wound closure curve in wounds treated with PPD. n=16 per group.
(b, c) Comparison of the wound area on days 8 and 14 post-injury. n=16 per group. (d) Representative pictures of wounds on days 8, 12
and 14 post-injury. Scale bar=10 mm. (e) HE staining of wounds on days 7 and 10 post-injury. Scale bar=1 mm. (f) PPD induced faster
closure of the epithelial gap. n=6 per group. *Po0.05 and **Po0.01 versus control. EG, Epithelial gap.
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PPD. However, these two pathways seemed to be independent
from each other since the inhibitor of one pathway could not
abrogate the activation of the other one. Fortunately, further
investigation showed that these two pathways had crosstalk
through p70S6K because both LY294002 and PD98059 could
efficiently block the activation of kinases. Previous studies
suggested that p70S6K is required for angiogenesis under both
in vitro and in vivo conditions and involves both VEGF and
HIF-1α expression.24 Our study showed that silencing p70S6K
activity resulted in the inhibition of PPD-induced pro-
angiogenic responses, including increases in HIF-1α activity
and VEGF secretion. Consistent with the in vitro studies, PPD
treatment enhanced the signaling of PI3K/Akt/ERK/p70S6K
associated with up-regulated HIF-1α expression in diabetic
wounds. These observations implied that p70S6K played an
important role in the pro-angiogenic activities of PPD.

Fibroblasts in the granulation of wound tissues are respon-
sible for most collagen synthesis and organization of the ECM
components,47 which contribute to wound healing through
secretion of various growth factors that facilitate angiogenesis
and matrix deposition.48 In the current study, PPD treatment
significantly enhanced the composition of mature collagen in
diabetic wounds (Supplementary Figure S2). Moreover, PPD
treatment increased the mRNA expression of bFGF, PDGF,
fibronectin, and collagen (CoL1A1, CoL1A2 and CoL3A1)
in diabetic wound beds and promoted human fibroblast
proliferation in vitro. These results implied that PPD stimulated
collagen synthesis by enhancing the proliferation of fibroblasts
in diabetic wounds.

Excessive inflammation shown by infiltration of neutrophils
is a consistent feature of diabetes-impaired wound healing.49 In
the current study, topical PPD treatment decreased

Figure 8 PPD induced neoangiogenesis in wounds of db/db mice. (a) mRNA expression levels of VEGF in wounds on days 3, 7 and 14
post-injury. n=6 per group. (b) Representative bands of VEGF and CD31 in PBS- or PPD-treated wounds. Gray intensity analysis of VEGF
(c) and CD31 (d). n=5/group. (e) Immunostaining of CD31. Scale bar=100 μm. (f) Capillary intensity analysis. (g) Western blotting
analysis of the molecules in wounds treated with PPD (6 mg ml−1) on day 7 post-injury. (h) Gray intensity analysis. PPD was used at
6 mg ml−1. *Po0.05 and **Po0.01 versus control.
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inflammatory cell infiltration in diabetic wound beds associated
with reduced levels of the pro-inflammatory cytokines/chemo-
kines IL-6, TNF-α, CD45, CXCL5 and CXCL11
(Supplementary Figure S3) in diabetic wounds. Meanwhile,
PPD reduced LPS-stimulated nitric oxide production in the
macrophage cell line RAW264.7 and high glucose induced
mRNA expression of CXCL5 and CXCL11 in HUVECs. These
results implied that PPD could inhibit inflammation in diabetic
wounds.

Taken together, we demonstrated that PPD promoted
angiogenesis through a HIF-1α-mediated increase in VEGF
production and that p70S6K activation occurred through
both the PI3K/Akt/mTOR and Raf/MEK/ERK pathways.
Furthermore, PPD accelerated wound healing in diabetic mice,
which was probably orchestrated by promoting angiogenesis
and collagen synthesis, as well as preventing inflammation. Our
results suggest that there is a promising application for PPD in
the clinical treatment of DFUs.
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