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Wound healing is a considerable problem for clinicians. 
Ever greater attention has been paid to the role of Chi-
nese herbal monomers and compounds on wound heal-
ing. This study aims to elucidate the wound healing 
mechanism of Modified Hongyu Decoction (MHD) in vivo 
and in vitro. MHD wound healing activity in vivo was 
evaluated using an excision rat model. H and E staining, 
Masson’s staining and immunofluorescence of wound 
tissue on days 7 and 14 were performed to evaluate 
the efficacy of MHD on wound healing. Subsequently, 
human umbilical vein endothelial cells (HUVECs) were 
used to evaluate wound healing characteristics in vitro. 
Cell Counting Kit-8 (CCK-8) and scratch assays were con-
ducted to assess the effects of MHD on the proliferation 
and migration of HUVECs. The involvement of the VEGF/
PI3K/Akt signaling pathway was assessed by western 
blotting. The rats in the MHD group displayed more neo-
vascularization and collagen fibers. Western blotting of 
wound tissue showed that VEGF, PI3K, p-Akt and p-eNOS 
expression were significantly increased (p<0.05) in the 
MHD group. Cell Counting Kit-8 and scratch assays dem-
onstrated that MHD promoted HUVECs proliferation and 
migration. MHD treatment significantly increased VEGF, 
PI3K, p-Akt and p-eNOS expression in HUVECs (p<0.05), 
which was inhibited by LY294002. Both in vivo and in vit-
ro data indicated that MHD promotes wound healing by 
regulating the VEGF/PI3K/Akt signaling pathway.
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INTRODUCTION

Chronic and refractory wounds have become not only 
a major problem in the medical field, but also a chal-
lenge for doctors. Many factors, including chronic in-
flammation, diabetes mellitus and malignant tumors, can 
lead to delayed wound healing and even failure to heal. 
Indeed, millions globally suffer from chronic wounds. 
For example, a study from Germany in 2012 found that 
the prevalence of chronic nonhealing wounds was 1% to 
2% in the general population (Heyer et al., 2016). This 
not only affects their normal activities and reduces their 
quality of life, but also results in major social and eco-
nomic problems. Care for such conditions has been re-
ported to account for 2% to 3% of the healthcare budg-
ets in developed countries (Frykberg & Banks, 2015; 
2013; Richmond et al., 2013). Many biological agents and 
dressings, containing a variety of growth factors, have 
been used to accelerate wound healing. However, there 
are also some complications, including the need for pre-
cise dosing to avoid the potential for excess scar forma-
tion and bioavailability (Zielins et al., 2015). Additionally, 
these external treatments may cause adverse stimulation 
to the local wound, and changing wound dressings may 
cause unbearable pain for patients.

Wound healing is a dynamic and complex biological 
process, normally involving four phases: hemostasis, in-
flammation, proliferation and remodeling (Landen et al., 
2016). In the proliferative stage, neovascularization is 
an essential component of tissue repair, and also a key 
step of wound healing (Eming et al., 2014; Shiojima & 
Walsh, 2002). Protein kinase B (Akt), a serine/threonine 
kinase, is a vital signal center for a wide range of cel-
lular functions. PI3 kinase-dependent activation of Akt 
further affects the activity of several downstream path-
ways involved in cell proliferation, angiogenesis, senes-
cence, apoptosis and cellular survival (Hoke et al., 2016; 
Li & Wang, 2014). As upstream proteins of extracellu-
lar signaling, growth factors, including pro-angiogenic 
growth factors, activate many signaling pathways, includ-
ing PI3K/Akt, which modulate several cellular activities 
involved in acute wound healing and maintenance of tis-
sue homeostasis (Squarize et al., 2010). Additionally, the 
bioactivities of pro-angiogenic growth factors are closely 
related to endothelial cell chemotaxis at the proliferative 
phase of angiogenesis and subsequently normal angio-
genesis (Eming et al., 2014; Zielins et al., 2015). Among 
many pro-angiogenic growth factors, vascular endothelial 
growth factor (VEGF) is the most specific pro-angiogen-
ic growth factor of the vascular endothelium (D’Alessio 
et al., 2015). It activates the PI3K/Akt signaling pathway 
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after binding with VEGF receptor 2 (VEGFR2) on the 
cell membrane of endothelial cells, thereby participat-
ing in cell proliferation and angiogenesis (Olsson et al., 
2006).

Modified Hongyu Decoction (MHD) is composed of 
Pulsatilla chinensis, Pseudostellariae radix, Sargentodoxa cuneate, 
Patrinia scabiosaefolia, Astragali radix and Cornus officinalis. 
According to the theory of traditional Chinese medicine, 
it has the effect of clearing heat and toxic materials, ben-
efiting qi for activating blood circulation. In clinical tri-
als, MHD has been shown to have an outstanding effect 
on promoting wound healing. However, the underlying 
mechanisms have not been elucidated. Some active in-
gredients of MHD have been proved to protect wounds. 
Previous studies have reported that A. radix and its ac-
tive ingredients, such as Astragaloside IV and Astragalus 
polysaccharide, promoted wound re-epithelization and 
angiogenesis and regulated extracellular matrix remod-
eling by enhancing VEGF expression and activating the 
PI3K/Akt signaling pathway (Zhang et al., 2009; Chen 
et al., 2012; Zhao et al., 2017). Other active ingredients, 
for example, 5-hydroxymethylfurfural derived from pro-
cessed C. officinalis, protected human umbilical vein en-
dothelial cells (HUVECs) injured by high glucose and 
increased p-Akt protein expression (Cao et al., 2013). 
Additionally, an aqueous extract of Patrinia villosa induced 
Akt phosphorylation and enhanced HUVECs prolifera-
tion and migration, consequently promoting angiogen-
esis (Jeon et al., 2010). The above research indicated that 
the Akt signaling pathway may be the vital pathway for 
MHD to promote wound healing. Therefore, we investi-
gated the therapeutic effect and the mechanism of MHD 
on wound healing in vivo and in vitro models.

MATERIALS AND METHODS

MHD preparation

The raw herbs for MHD were purchased from Bei-
jing Tongrentang Co. Ltd (Beijing, China) (origin place 
of the raw herbs shown in Table S1 at https://ojs.ptbi-
och.edu.pl/index.php/abp/). P. chinensis 15 g (20180620), 
P. radix 15 g (200107), S. cuneate 30 g (20191204), P. vil-
losa 30 g (200110), A. radix 30 g (20200214) and C. offici-
nalis 15 g (20191218) were combined and submerged in 
distilled water (1000 mL) for 30 min. Subsequently, the 
mixture was extracted twice (1000 mL first followed by 
500 mL) over 1 h. After two rounds of extraction, the 
resulting mixture was filtered. The filtrate was concen-
trated until the established drug content was 1.35 g/mL. 
To prepare the MHD extract used for cell experiments, 
7.5 mL MHD (1.35 g/mL) was lyophilized using a LAB-
1A-50E freeze dryer (Biocool, Beijing, China), yielding 
2.02 g powder that was used in the in vitro study.

High-performance liquid chromatography of quadrupole 
time-of-flight mass spectrometry (HPLC-Q-TOF/MS) 
analysis of the main chemicals in MHD

For the qualitative analysis of the main ingredients 
in MHD, 0.2 mL MHD was extracted by adding 1 mL 
ethanol to a 1.5 mL tube. After 10 minutes of vortex, 
the mixture was centrifuged at 21 000×g for 5 min. The 
supernatant was collected and injected into a HPLC-Q-
TOF/MS system which contained a Shimadzu UFLC 
20ADXR system (Kyoto, Japan) and TripleTOF 5600 
mass spectrometer (AB SCIEX, USA).

For the column separation, a Waters ACQUITY™ 
BEH C18 column (1.7 μm, 2.1×50; 1.7 μm) was used, 
and the column temperature was set at 35°C. Separa-
tion was achieved using a mobile phase of 0.02% for-
mic acid-water as solvent A and acetonitrile as solvent 
B. The flow rate was 0.3 mL/min and the gradient elu-
tion program was as follows: 0–2 min, 10% solvent B; 
2–30 min, 10–90% solvent B; 30–32 min, 90% solvent 
B; 32–33 min, 90–10% solvent B; 33–35 min, 10% sol-
vent B. An aliquot of 2 μL supernatant was injected 
into this system. For the MS analysis, the elution was by 
ionization using the ESI source both in the positive and 
negative modes, which could acquire more MS data. In 
this study, the m/z scan for MS1 was set at a range of 
50–1200, and for information-dependent acquisition, the 
MS2 range was 50–1000. The other parameters used in 
this study were as follows: ion source gases 1 and 2 were 
both 50 psi, DP was set at 55 eV, EP was set at 15 ev 
and the collision energy was 15 eV.

Experimental animals

Twenty-four healthy male Sprague-Dawley (SD) rats 
(175–195 g) purchased from the Medical Center of Su-
zhou University (Suzhou, China) (certificate no. SCXK 
(Su) 2017-0001) were used in this study. Before the ex-
periments, all rats were adaptively fed for one week in 
polyethylene boxes with free access to autoclaved water 
and diet under controlled temperature (25°C) and a 12-h 
light/12-h dark cycle. All experiments were performed in 
adherence to the guidelines of the Institutional Animal 
Care and Use Committee of China and were approved 
by the Ethical Committee of Zhangjiagang TCM Hospi-
tal Affiliated to Nanjing University of Chinese Medicine 
(2021-08-89).

Incisional wound rat model and treatment

The rats were randomly assigned to the following four 
groups (n=6 rats/group): control group, recombinant 
bovine basic fibroblast growth factor (rb-bFGF) group 
(as the positive group), low-dose MHD (L-MHD) group, 
high-dose MHD (H-MHD) group. All rats were weighed 
and subsequently anesthetized by intraperitoneal admin-
istration of 2% pentobarbital sodium (30 mg/kg). The 
dorsal hair was shaved, the shaved area was disinfected 
with 75% alcohol and 2 cm-diameter full-thickness skin 
wounds were produced on the dorsum in the midline of 
the backs. The skin wound lost the epidermis, most of 
the dermis, the fat, and the panniculus carnosus-expos-
ing the fascia layer (Amin et al., 2015).

After surgery, surgical dressing was applied to the rats 
and the animals were maintained in individual cages. The 
L-MHD group was given 6.975 g/kg MHD, while the 
H-MHD group received 13.95 g/kg MHD by intragas-
tric administration once daily. In the rb-bFGF group, 
each skin wound was topically given rb-bFGF (150 AU/
cm2, Zhuhai Essex Bio-Pharmaceutical Co., Ltd, Guang-
dong, China) three times daily. On days 7 and 14, three 
rats in each group were euthanized by overdose anes-
thesia (Li et al., 2015), and the wound granulation tissue, 
liver and kidney were excised from each rat. A portion 
of the harvested tissue was immediately stored in liquid 
nitrogen, and the remaining tissue, liver and kidney were 
maintained in 10% buffered formalin for the following 
tests.

https://ojs.ptbioch.edu.pl/index.php/abp/
https://ojs.ptbioch.edu.pl/index.php/abp/
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Wound contraction assay

On days 0, 3, 7, 10 and 14 after injury, an image of 
each wound area was obtained and measured. The per-
centage of wound contraction was calculated by the fol-
lowing equation (Amin et al., 2015): wound contraction 
= (initial wound area − present wound area)/(initial 
wound area) ×100%.

Histological analysis

The wound tissues, liver and kidney tissues collected 
at different time points, and livers and kidneys collected 
after rats sacrificed in each group were fixed with 10% 
formalin, dehydrated, embedded in paraffin and cut into 
5 μm sections. Hematoxylin and Eosin (H&E) staining 
and Masson trichrome staining were performed using 
staining kits (Solarbio Technology Co., Ltd, Beijing, Chi-
na) according to the manufacturer’s instructions. Wound 
healing characteristics, including new epithelium, granula-
tion tissue and collagen deposition, were observed under 
an inverted microscope (Olympus CX43). Organ sec-
tions were stained with H&E for toxicity evaluation.

Immunofluorescence staining

Paraffin sections of wound tissue from days 7 and 
14 were dehydrated with xylene and gradient ethanol 
and subsequently repaired with sodium citrate. Follow-
ing three washes with 0.3% Triton in PBS to rupture 
the cell membranes, sections were blocked with immu-
nofluorescence blocking solution for 1 hour at room 
temperature and incubated with CD31 (ab28364, 1:50, 
Abcam), α-SMA (#19245, 1:50, CST), VEGFR2 (#9698, 
1:800, CST), CD34 (ab81289, 1:100, Abcam) antibod-
ies overnight at 4°C. Subsequently, the sections were 
incubated with secondary antibodies, including Alexa 
Fluor 488 donkey anti-rabbit IgG antibody (Invitrogen, 
Carlsbad, USA) and Alexa Fluor 555 donkey anti-mouse 
IgG antibody (Invitrogen, Carlsbad, USA), for 1 hour at 
room temperature at a dilution of 1:800. Finally, slides 
were counterstained with DAPI for 10 min and were 
observed with a laser confocal microscope (Olympus, 
CKX53), with images obtained using LAS X software 
(Qimaging, USA).

Cell culture and treatment

Human umbilical vein endothelial cells (HUVECs) 
were purchased from FUHENG Biotechnology Co., Ltd 
(Shanghai, China) and identified by the American Type 
Culture Collection (ATCC; Manassas, VA, USA). The 
cells were cultured in Endothelial Cell Medium (ECM; 
FUHENG Biotechnology Co., Ltd, Shanghai, China) 
supplemented with penicillin (100 U/mL), streptomycin 
(100 μg/mL) and 15% (v/v) fetal bovine serum (FBS; 
Beijing Biological Industries Co., Ltd, China) and main-
tained at 37°C under 5% CO2. After 3 passages, the cells 
were used for the experiments.

HUVECs were incubated with different MHD con-
centrations for 24 h. For blocking assay, HUVECs were 
treated with different concentrations of general PI3K/
Akt inhibitor LY294002 (Sigma).

Cell proliferation assay

Cell proliferation was determined using the cell count-
ing kit-8 (CCK-8) kit (MedChemExpress LLC, NJ, USA) 
according to the manufacturer’s instructions. HUVECs 
(2×104 cells, 100 μL per well) with ECM containing 
15% FBS were seeded in 96-well plates and incubated 

for 24 hours at 37°C under 5% CO2. The culture me-
dium was replaced by ECM with 15% FBS and differ-
ent MHD concentrations. For the control group, cells 
were continued incubation with ECM containing 15% 
FBS. The MHD concentrations were as follows: 0.1 μg/
mL, 1 μg/mL, 5 μg/mL, 10 μg/mL, 50 μg/mL, 75 μg/
mL, 100 μg/mL, 200 μg/mL, and 500 μg/mL. Fol-
lowing incubation at 37°C under 5% CO2. After incu-
bation of 24 hours, the CCK-8 solution was added to 
each well and incubated at 37°C in humidified 95% air 
and 5% CO2 for a further 1 hour. The absorbance was 
determined at 450 nm for each well using a Microplate 
Reader (Bio-Rad, Hercules, CA, USA).

Scratch assay

The effect of MHD on HUVECs migration was as-
sessed by the scratch assay (Liang et al., 2007). HUVECs 
in ECM with 15% FBS were seeded into six-well plates 
(2×105 cells/well) and incubated at 37°C under 5% CO2. 
When the cells reached approximately 80% confluence, 
three vertical scratch lines were made in each well us-
ing a 200 μL pipette tip, and cell debris was immediately 
washed out with phosphate-buffered saline (PBS). Subse-
quently, serum-free ECM (control) and serum-free ECM 
with MHD (5 μg/mL, 10 μg/mL, 25 μg/mL or 50 μg/
mL) were added to the corresponding wells for 24 h of 
incubation at 37°C and 5% CO2. Images of the scratches 
from the same areas in each well were obtained at 0 and 
24 hours, respectively, using an inverted microphoto-
graph (Olympus CX43, Tokyo, Japan) at a magnification 
of 40×. The scratch area was measured using the Image-
J software (NIH, USA).

Western blot

Wound tissues or HUVECs were lysed using lysis 
buffer with RIPA Lysis Buffer, Phenylmethanesulfonyl 
fluoride (PMSF), Ethylene Diamine Tetraacetic Acid 
(EDTA) and protease and phosphatase inhibitor. To-
tal protein concentrations were then quantified using 
the BCA protein assay kit (Thermo Fisher Scientific, 
Waltham, USA). Subsequently, equal amounts of pro-
teins were separated by 10% sodium dodecyl sulfate-po-
lyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride membranes (Millipore, 
Burlington, MA, USA) using a transfer system (Bio-Rad). 
After blocking in blocking solution for 1 hour at room 
temperature, the membranes were incubated overnight at 
4°C with primary antibodies diluted in primary antibody 
dilution buffer, followed by incubation with the horse-
radish peroxidase-conjugated secondary antibodies for 1 
hour at 37°C. The antibodies included anti-phosphoryl-
ate Akt (p-Akt, #4060, 1:1000, CST), anti-Akt (#4685, 
1:1000, CST), PI3K (#4249, 1:1000, CST), VEGFR2 
(#9698, 1:1000, CST), anti-phospho-eNOS (p-eNOS, 
ab215717, 1:1000, Abcam), anti-β-actin (ab8227, 1:5000, 
Abcam), horseradish peroxidase-conjugated anti-rabbit 
IgG (1:5000) and anti-mouse IgG (1:5000). Immunosig-
nals were detected using a chemiluminescence detection 
kit (Millipore, Burlington, MA, USA) and a gel imaging 
system (Tanon Science&Technology Co., Ltd., Shanghai, 
China). β-actin was used as an internal reference. The 
signal intensity was quantified using Image-J software.

Statistical analysis

For statistical analysis, all data values were analyzed 
and calculated using GraphPad Prism 8.0 (GraphPad 
Software Inc., San Diego, CA, USA) and expressed as 
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mean ± standard error of the mean (SEM) of three de-
terminations. The data analysis was performed by one-
way analysis of variance (ANOVA) followed by Dun-
nett’s test, and p<0.05 was considered statistically signifi-
cant.

RESULTS

HPLC-Q-TOF/MS analysis of MHD

MHD consists of six herbs that are commonly used 
in China. For the qualitative analysis of the MHD, we 
constructed an in-house component library of the MHD, 
then we compared the MS1 and MS2 data with the lit-
erature or the standard solutions. Figure 1 shows the to-
tal ion chromatography of the standards and the MHD. 
The main chemical components in MHD detected by 
HPLC–Q-TOF/MS are shown in Table S2 at https://
ojs.ptbioch.edu.pl/index.php/abp/.

Changes in body weight and hepatorenal toxicity in 
rats after MHD administration

During the entire experiment, the body weight of all 
the rats increased gradually. There was no significant dif-
ference in body weight among the four groups, which 

demonstrated that MHD did not affect body weight 
(Fig. 2A). H&E staining of rats’ liver and kidneys 
showed that, compared with the control group, there 
were no significant pathological changes in the MHD 
treatment groups, which indicated that MHD has no 
hepatorenal toxicity (Fig. 2B).

MHD promoted wound healing in vivo

The wound areas of rats were observed, and images 
were obtained on days 0, 3, 7, 10 and 14. The repre-
sentative images were combined and are presented in 
Fig. 3A. It was clear that the wound area in the four 
groups gradually decreased with time, indicating that the 
wounds were gradually healing. On day 7, the wound ar-
eas in the H-MHD and rb-bFGF groups were smaller 
than those in the control and L-MHD groups. On day 
14, the wound areas in the H-MHD and rb-bFGF groups 
were almost healed, while the wound areas in the control 
and L-MHD groups were still apparent (Fig. 3A). Then, 
the wound areas were measured, and wound contraction 
of the designated days was plotted against post wound-
ing days, as shown in Fig. 3B. From days 3 to 14, the 
percentages of wound contraction in the control group 
were respectively: 9.75%, 50.83%, 63.83% and 82.25%; 
and in the L-MHD group were respectively: 11.84%, 
46.66%, 58.07% and 87.96%; H-MHD group were re-
spectively: 11.84%, 77.94%, 93.18% and 99.52%; and 
the rb-bFGF group were respectively: 20.89%, 77.93%, 
87.26% and 99.11%. On days 7, 10 and 14, the percent-
ages of wound contraction in the H-MHD and rb-bFGF 
groups were significantly increased compared with the 
control and L-MHD groups. There was no significant 
difference in the percentages of wound contraction be-
tween the H-MHD and rb-bFGF groups (Fig. 3B). In 
general, MHD treatment promoted wound healing in 
rats.

MHD improved wound granulation tissue in vivo

H&E staining showed less inflammatory infiltration in 
the rb-bFGF and H-MHD groups compared with the 
control and L-MHD groups on day 7 (Fig. 4A). On day 
14, epithelial layer regeneration in the H-MHD group 

Figure 1. Total ion chromatography of the standards and the Modified Hongyu Decoction (MHD) in negative/positive mode by 
HPLC-Q-TOF/MS.

Figure 2. Changes in body weight and hepatorenal toxicity in 
rats after Modified Hongyu Decoction (MHD) administration. 
(A) The body weight of each group was increased with time. (B) 
Representative images of H&E staining in the liver and kidney of 
each group were observed on days 7 and 14 (40× magnification, 
scale bar=100 μm).

https://ojs.ptbioch.edu.pl/index.php/abp/
https://ojs.ptbioch.edu.pl/index.php/abp/
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was thicker and more complete than in the other groups 
(Fig. 4A). Masson’s staining revealed more collagen fib-
ers in the wounds treated with rb-bFGF or H-MHD 
than the control and L-MHD groups on both days 7 
and 14 (Fig. 4B). These data indicated that H-MHD was 
almost comparable with rb-bFGF in promoting wound 
closure, particularly during the later wound healing stage. 
In conclusion, MHD significantly increased wound clo-
sure in rats in a dose-dependent manner.

MHD enhanced angiogenesis in the wound areas of 
rats

The quantification of new blood vessel density was 
defined as the ratio of the number of VEGFR2-, CD31-, 
CD34- and α-SMA-positive staining to DAPI per field. 
As shown in Fig. 5, both on days 7 and 14, the num-
ber of VEGFR2-, CD31-, CD34- and α-SMA-positive 
staining were rarely observed in the control and L-MHD 
groups, whereas significantly more positive staining was 
seen in the rb-bFGF and H-MHD groups (Fig. 5A–B). 
The quantification showed that both rb-bFGF and H-
MHD augmented the production of VEGFR2, CD31, 
CD34 and α-SMA in the wound areas in rats, and there 

was no significant difference between these two groups 
(Fig. 5C–D). The results demonstrated that MHD could 
enhance angiogenesis in the wound areas of rats.

MHD activated the VEGF/PI3K/Akt signaling  
pathway in vivo

To investigate molecular mechanisms underlying the 
therapeutic efficacy of MHD on dorsal full-thickness 
excisional wounds in rats, we evaluated the expression 
of proteins related to the VEGF/PI3K/Akt signaling 
pathway by western blotting. Both on days 7 and 14, the 
protein expression levels of VEGFR2, PI3K, p-Akt and 
p-eNOS in the H-MHD and rb-bFGF groups were sig-
nificantly (p<0.05) higher than those in the control and 
L-MHD groups, whereas no significant differences were 
observed between the H-MHD and rb-bFGF groups 
(Fig. 6A–B). These results demonstrated that H-MHD 
activated the VEGF/PI3K/Akt signaling pathway in vivo.

MHD promoted HUVECs proliferation and migration

To determine the effect of MHD on the prolifera-
tion and migration of HUVECs, the CCK-8 assay, and 

Figure 3. Modified Hongyu Decoction (MHD) promoted wound healing in vivo. 
(A) Representative images of wound areas in each group on days 0, 3, 7, 10 and 14. (B) Percentage of wound contraction of the different 
groups on days 0, 3, 7, 10 and 14; n=3, *p<0.05, **p<0.01, compared with the control group.
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scratch assay were performed. The results showed that 
MHD promoted HUVECs proliferation in a concen-
tration-dependent manner, and that the most potent 
stimulation was at 50 μg/mL (p<0.001) (Fig. 7A). As 
shown in Fig. 7B–C, the migration areas at 24 h at lower 
MHD concentrations (5 and 10 μg/mL) were respec-
tively 18.30% and 20.03%, which was similar to that of 
the control group (11.42%) (Fig. 7B). Treatment with 25 
μg/mL MHD clearly (p<0.05) reduced the wound width 
(31.62%), while treatment with 50 μg/mL MHD exten-
sively (p<0.001) diminished the wound area (68.83%) 
at 24 h (Fig. 7B). 25 and 50 μg/mL MHD groups in-
creased the migration rate of HUVECs compared with 5 
and 10 μg/mL MHD groups (Fig. 7B). These data indi-
cated that MHD accelerated the proliferation and migra-
tion of HUVECs in a concentration-dependent manner.

MHD activated the VEGF/PI3K/Akt signaling pathway in 
HUVECs

HUVECs were incubated with different MHD con-
centrations for 24 h, and the protein expressions related 

to the VEGF/PI3K/Akt signaling pathway were detect-
ed by western blot. MHD treatment increased the pro-
tein expression of VEGFR2, PI3K, p-Akt and p-eNOS 
of HUVECs in a concentration-dependent manner. 
The protein expressions of VEGFR2, PI3K, p-Akt and 
eNOS in the 50 μg/mL MHD treatment group were 
the highest among all concentrations of MHD groups 
(Fig. 8A).

Then, we observed the effects of different treat-
ment times on the protein expression. The expression 
of VEGFR2, PI3K, p-Akt and p-eNOS protein at 5-30 
min was increased in a time-dependent manner, while 
the expressions of protein were decreased at 60-120 min. 
The expressions of VEGFR2, PI3K, p-Akt and p-eNOS 
protein at 30 min of the treatment group were highest 
among all groups (Fig. 8B). Overall, these results indicat-
ed that MHD activated the VEGF/PI3K/Akt signaling 
pathway in HUVECs.

Figure 4. MHD improved wound granulation tissue in vivo. 
(A) H&E staining was used to observe the wound tissues of each group on days 7 and 14 (upper: 40× magnification, scale bar=100 μm; 
lower: 200× magnification, scale bar=20 μm)n =3. (B) Masson’s trichrome staining was used to analyze the changes in wound tissues of 
each groups on days 7 and 14 (upper: 40× magnification, scale bar=100 μm; lower: 200× magnification, scale bar=20 μm) n=3.
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LY294002 reversed the effect of MHD on VEGF/PI3K/Akt 
signaling pathway in HUVECs

To further determine whether the angiogenic activity 
of MHD occurred through the Akt signaling pathway, 

LY294002 (a PI3K inhibitor) was used. After different 
concentrations of LY294002 treatment, the expression 
of PI3K, p-Akt, and p-eNOS were inhibited in a con-
centration-dependent manner, and the protein expres-
sion was significantly decreased after 20 μM and 50 μM 

Figure 5. Modified Hongyu Decoction (MHD) enhanced angiogenesis in the wound areas of rats. 
(A–B) CD31, VEGF, CD34 and α-SMA immunofluorescence staining of wound sections on days 7 and 14 (200× magnification, scale 
bar =100 μm) (C–D) Quantitative analysis of fluorescence intensity in CD31, VEGF, CD34 and α-SMA; n=3, *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001, compared with the control group.

Figure 6. Modified Hongyu Decoction (MHD) activated the VEGF/PI3K/Akt signaling pathway in vivo. 
(A–B) VEGFR2, PI3K and phosphorylation Akt (p-Akt) and eNOS in vivo on day 7 (A) and day 14 (B) were measured by western blot. Data 
shown in the graphs are representative of the mean ± SEM; n=3, *p<0.05, **p<0.01, ***p<0.001, compared with the control group.
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LY294002 treatment compared with 0 μM LY294002 
(Fig. 9A). Then, 20 μM LY294002 was added to MHD 
treated HUVECs. MHD treatment increased the PI3K, 
p-Akt and p-eNOS protein expression and the p-Akt/

Akt ratio in HUVECs. While LY294002 reversed the in-
creasing of PI3K, p-Akt and p-eNOS protein expression 
and the p-Akt/Akt ratio induced by MHD (Fig. 9B). 
The results indicated that angiogenic activity of Modi-

Figure 7. MHD promoted HUVECs proliferation and migration. 
(A) HUVECs were incubated with different Modified Hongyu Decoction (MHD) concentrations (0.1–500 μg/mL) for 24 h. The concentra-
tion-dependent effect of MHD on cell proliferation was determined by the CCK-8 assay; n=3, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 
compared with the control group. (B–C) The wounds of HUVECs were created and then treated with MHD at 5–50 μg/mL for 24 h. The 
images were obtained at the same positions at time 0 h and after 24 h treatment with MHD (40× magnification, Scale bar = 100 μm), 
and cell migration rate was assessed by measuring the distance between the wound edges; n=3, *p<0.05, ****p<0.0001, compared with 
the control group.

Figure 8. Modified Hongyu Decoction (MHD) activated the VEGF/PI3K/Akt signaling pathway in HUVECs. 
(A–B) The effects of varying concentration (A, 5–50 μg/mL MHD for 30 min) and time (B, 50 μg/mL MHD for 5–120 min) of MHD on 
protein expression of VEGFR2, PI3K and p-Akt, Akt and p-eNOS in HUVECs were determined via western blot assay. Values shown are 
expressed as means ± SEM, n=3. For A, *p<0.05, **p<0.01 compared with the 0 μg/mL; For B, *p<0.05, **p<0.01, ***p<0.001, compared with 
the PBS group.
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fied Hongyu Decoction (MHD) was responsible for the 
VEGF/PI3K/Akt signaling pathway.

DISCUSSION

When a wound occurs, granulation tissue composed 
of new ECM, newly formed blood vessels and fibro-
blasts will fill the wound bed (Gurtner et al., 2008). Neo-
vascularization can provide oxygen and nutrition for the 
cells in the wound to maintain fibroblast proliferation, 
collagen synthesis and reepithelization (Zhang et al., 
2016a; Eming et al., 2014), which is essential in wound 
healing. VEGF is a powerful stimulator of angiogenesis, 
which directly induces the proliferation and migration of 
endothelial cells (Simons et al., 2016; Breen, 2007). It is 
considered to be the key signal molecule of angiogenesis 
during wound healing (Barrientos et al., 2008). VEGF 
exerts biological effects by binding and activating VEG-
FR2 on the cell membrane (Terman et al., 1992; Eremi-
na & Quaggin, 2004), after which several downstream 
signaling pathways, including the PI3K/Akt, IP3/Ca2+/
eNOS/NO, FAK, p38 mitogen-activated protein kinase 
and RAS/RAF-MEK/ERK pathways, can be activated 
(Olsson et al., 2006). Therefore, the PI3K/Akt pathway 
is defined to be a VEGF-related signaling pathway (Xu 
et al., 2014; Peng et al., 2016b; Ewald et al., 2014; Peng 
et al., 2016a), and it is the central pathway to control the 
angiogenesis process of endothelial cells (Somanath et al., 
2006). Previous studies have shown that the PI3K/Akt 
signaling pathway is essential for the epithelial-mesen-
chymal transition and keratinocyte migration, and when 
dysfunctional, leads to compromised wound healing (Lee 
et al., 2012). Our study confirmed that MHD promotes 
wound healing by activating the VEGF/PI3K/Akt path-
way in vitro and in vivo.

In the in vivo experiments, we observed that a high 
MHD dose promoted wound contraction, and the ef-
fect was equivalent to the rb-bFGF group. Histological 

analysis of wound tissues by H&E and Masson’s stain-
ing confirmed that both the high MHD dose and rb-
bFGF could decrease the number of inflammatory cells, 
facilitate granulation tissue formation and stimulate new 
blood vessels and collagen fiber formation. Moreover, 
H&E staining of the liver and kidney showed that MHD 
displayed no hepatorenal toxicity. We also labeled the 
markers of neovascular endothelial cells, such as VEGF, 
CD31, CD34 and α-SMA, using immunofluorescence. 
VEGF is an angiogenic factor which has high-efficiency 
and specific targeting characteristics for endothelial cells, 
and is closely associated with angiogenesis (Breen, 2007). 
It plays a key role in the initiation of angiogenesis and 
participates in the proliferation, migration, adhesion and 
permeability of vascular endothelial cells and other vas-
cular wall components. VEGF promotes angiogenesis 
not only in physiological processes but also in inflam-
mation, tumor, trauma and other conditions. CD31 is 
used to label endothelial cells and is expressed in nor-
mal blood vessels (Lertkiatmongkol et al., 2016). CD34 
is a type I transmembrane glycoprotein, which is also 
widely used to label vascular endothelial cells (Lanza et 
al., 2001). α-SMA is mainly expressed in vascular smooth 
muscle cells and constitutes the contractile system of the 
vascular wall (Shinde et al., 2017). The results showed 
that VEGF, CD31, CD34 and α-SMA in the high MHD 
dose and rb-bFGF were greater than in the control 
group. These results confirmed that MHD promotes 
wound healing by stimulating angiogenesis.

Previous studies suggested that traditional Chinese 
medicine and extracts, including Panax ginseng, Angelica 
sinensis, A. radix, Cinnamomum cassia and Salvia miltiorrhiza 
among others, could be used as therapeutic agents for 
wound repair by stimulating angiogenesis and collagen 
synthesis (Majewska & Gendaszewska-Darmach, 2011). 
These effects were achieved by activating the VEGF/
PI3K/Akt signaling pathway. A number of their mon-
omer components have been shown to be involved in 

Figure 9. LY294002 reversed the effect of MHD on the VEGF/PI3K/Akt signaling pathway in HUVECs. 
(A) HUVECs were incubated with different concentrations of LY294002 (0.1–50 μM) for 24 hours, and the protein expression of PI3K, p-
Akt, Akt and p-eNOS was detected by western blot assay. n=3, *p<0.05, **p<0.01, compared with the 0 μM group. (B) HUVECs were incu-
bated with LY294002 (20 μM) before the exposure to MHD (50 μg/mL)After 24 hours of incubation, the protein expression of PI3K, p-Akt, 
Akt and p-eNOS was detected by western blot assay. n=3, *p<0.05, **p<0.01, compared with the untreated cells; ##p<0.01, ###p<0.001, 
####p<0.0001, compared with MHD-treated cells.
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promoting wound healing by regulating the PI3K/Akt 
signaling pathway. For example, cinnamaldehyde was re-
ported to promote angiogenesis and wound healing by 
upregulating the PI3K signaling pathway (Yuan et al., 
2018). One of the active ingredients of MHD, astraga-
loside IV, has also been reported to significantly stimu-
late angiogenesis through the PI3K/Akt signaling path-
way (Zhang et al., 2011). Using western blotting, we also 
found that a high MHD dose increased VEGF secretion, 
activated PI3K and induced the phosphorylation of Akt 
and its downstream target eNOS, thus promoting new 
blood vessel formation. There are also some reports in 
the literature about the effect of compounds on wound 
healing. For example, Danggui Buxue extract-loaded li-
posomes in thermosensitive gel enhanced in vivo dermal 
wound healing via activation of the VEGF/PI3K/Akt 
and TGF-β/Smads signaling pathways (Cui et al., 2017). 
These studies were similar to our results and demon-
strated that MHD has the potential to promote angio-
genesis through the VEGF/PI3K/Akt signaling pathway 
and is beneficial for wound healing.

HUVECs are frequently used as an in vitro model of 
angiogenesis, as angiogenesis requires endothelial cell mi-
gration and morphogenesis (Li et al., 2017). In this study, 
we also investigated the effect of MHD on HUVECs. 
In the CCK-8 and scratch assays, MHD promoted HU-
VECs proliferation and migration. Previous studies have 
also shown that some of the components of MHD, in-
cluding P. villosa (Cao et al., 2013), C. officinalis (Jeon et al., 
2010) and Astragalus (Lai et al., 2014), stimulate HUVEC 
proliferation and migration and increase HUVECs viabil-
ity, with which our results were consistent. By western 
blotting, we demonstrated that MHD promoted VEGF 
secretion and activated the PI3K/Akt signaling pathway 
in both a concentration-dependent and time-dependent 
manner. One of the active ingredients of MHD, Astra-
galus polysaccharides, has been reported to promote vascu-
lar endothelial cell proliferation and repair by activating 
the PI3K/Akt signaling pathway (Zhang et al., 2016b). 
Additionally, astragaloside IV was also observed to dis-
play an angiogenic effect on endothelial cells, which was 
reversed by LY294002 (Zhang et al., 2011). Similarly, we 
also used LY294002 to inhibit the PI3K/Akt signaling 
pathway and found that PI3K, p-Akt, and p-eNOS were 
significantly reduced in the MHD+LY294002 group 
compared with alone MHD group. This indicated that 
the MHD promotion of HUVECs proliferation depends 
on the activation of the PI3K/Akt signaling pathway.

While MHD is effective in clinical application, it is, 
however, a compound composed of a variety of natu-
ral medicinal plants. Therefore, the VEGF/PI3K/Akt 
signaling pathway may not be the only mechanism of 
its effect on promoting wound healing. Further potential 
molecular mechanisms need to be investigated. Besides, 
the limited number of rats used is also a shortage in our 
study. More animals should be considered in the follow-
ing research.

CONCLUSIONS

This study showed that MHD significantly promotes 
wound healing by activating the VEGF/PI3K/Akt sign-
aling pathway. Our study not only helps to explain the 
mechanism of MHD, but it also provides ideas for the 
development of new methods to improve wound heal-
ing.
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