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Background. Peripheral arterial disease (PAD) is a typical disease of atherosclerosis, most commonly influencing the lower extremities.
In patients with PAD, revascularization remains a preferred treatment strategy. Buyang Huanwu decoction (BHD) is a popular
Chinese herbal prescription which has showed effects of cardiovascular protection through conducting antioxidant, antiapoptotic,
and anti-inflammatory effects. Here, we intend to study the effect of BHD on promoting revascularization via the Akt/GSK3β/
NRF2 pathway in diabetic hindlimb ischemia (HLI) model of mice. Materials and Methods. All db/db mice (n = 60) were
randomly divided into 6 groups by table of random number. (1) Sham group (N = 10): 7-0 suture thread passed through the
underneath of the femoral artery and vein without occlusion. The remaining 5 groups were treated differently on the basis of the
HLI (the femoral artery and vein from the inguinal ligament to the knee joint were transected and the vascular stump was ligated
with 7-0 silk sutures) model: (2) HLI+NS group (N = 15): 0.2ml NS was gavaged daily for 3 days before modeling and 14 days
after occlusion; (3) HLI+BHD group (N = 15): 0.2ml BHD (20 g/kg/day) was gavaged daily for 3 days before modeling and 14
days after occlusion; (4) HLI+BHD+sh-NC group (N = 8): local injection of adenovirus vector carrying the nonsense shRNA (Ad-
GFP) in the hindlimbs of mice before treatment; (5) HLI+BHD+sh-NRF2 group (N = 8): knockdown of NRF2 in the hindlimbs of
mice by local intramuscular injection of adenovirus vector carrying NRF2 shRNA (Ad-NRF2-shRNA) before treatment; and (6)
HLI+BHD+LY294002 group (N = 4): intravenous injection of LY294002 (1.5mg/kg) once a day for 14 days on the basis of the
HLI+BHD group. Laser Doppler examination, vascular cast, and immunofluorescence staining were applied to detect the
revascularization of lower limbs in mice. Western blot analysis was used to detect the expression of vascular endothelial growth
factor (VEGF), interleukin-1beta (IL-1β), interleukin-6 (IL-6), tumor necrosis factor- (TNF-) α, heme oxygenase-1 (HO-1),
NAD(P)H dehydrogenase quinone-1 (NQO-1), catalase (CAT), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
phosphorylated protein kinase B (p-AKT), and phosphorylated glycogen synthase kinase-3 beta (p-GSK3β). HE staining was used
to assess the level of muscle tissue damage and inflammation in the lower extremities. Local multipoint injection of Ad-NRF2-
shRNA was used to knock down NRF2, and qPCR was applied to detect the mRNA level of NRF2. The blood glucose, triglyceride,
cholesterol, MDA, and SOD levels of mice were tested using corresponding kits. The SPSS 20.0 software and GraphPad Prism 6.05
were used to do all statistics. Values of P < 0:05 were considered as statistically significant. Results and Conclusions. BHD could
enhance the revascularization of lower limbs in HLI mice, while BHD has no effect on blood glucose and lipid level in db/db mice
(P > 0:05). BHD could elevate the protein expression of VEGF, HO-1, NQO-1, and CAT (P < 0:05) and decrease the expression of
IL-1β, IL-6, and TNF-α (P < 0:05) in HLI mice. Meanwhile, BHD could activate NRF2 and promote the phosphorylation of AKT/
GSK3β during revascularization (P < 0:05). In contrast, knockdown of NRF2 impaired the protective effects of BHD on HLI
(P < 0:05). LY294002 inhibited the upregulation of NRF2 activated by BHD through inhibiting the phosphorylation of the AKT/
GSK3β pathway (P < 0:05). The present study demonstrated that BHD could promote revascularization on db/db mice with HLI
through targeting antioxidation, anti-inflammation, and angiogenesis via the AKT/GSK3β/NRF2 pathway.
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1. Introduction

Diabetes mellitus (DM) is a group of metabolic diseases
characterized by high glucose and insufficient insulin secre-
tion and/or dysfunction, which leads to chronic damage,
dysfunction, and even failure of multiple organs. Surveys
from the World Health Organization and International Dia-
betes Federation demonstrated that the global prevalence of
DM has reached 8.5%, which affects about 450 million peo-
ple [1]. The prevalence of DM imposes a heavy social and
economic burden on the world. In 2017, approximately 4
million patients worldwide died of DM, and the related
expenditures were close to $727 billion [2]. In China, this sit-
uation is even more serious. More than 840,000 people died
of DM in 2017, accounting for 21% of global diabetes deaths
[1]. The leading causes of in-hospital and death of DM
patients are microvascular and macrovascular complica-
tions, accounting for 80% of diabetes-related deaths [3].
Peripheral artery disease (PAD), a common vessel complica-
tion of DM, is featured as impaired blood flow and ischemia
caused by partial or complete occlusion of one or more non-
coronary arteries, most often involving the lower extremities
[4]. As PAD progresses, intermittent claudication (IC) usu-
ally occurs in the early stages, and in its most advanced
stage, PAD can lead to critical limb ischemia (CLI), ampu-
tation, and even death [5]. Intervention of risk factors,
optimal drug therapy, and individualized exercise are the
first-line treatments in IC. For patients with severe symp-
toms or CLI, surgery and catheter-based revascularization
are the preferred treatments [6]. These procedures ensure
that approximately 75% of patients have more than one year
of survival and limb retention [7]. However, there are still
one-third of PAD patients that are not suitable for bypass
surgery or percutaneous transluminal angioplasty (PTA)
due to excessive surgery risk or disadvantageous vascular
condition [8]. Thus, it is still necessary to develop a new
nonoperative strategy to promote the revascularization of
ischemic limbs [9].

Angiogenesis (i.e., new capillaries growing from preex-
isting vessels and then forming capillary networks to expand
blood flow distribution in ischemic tissues downstream of
the arterial occlusion) [10] is an endogenous process, which
can partially compensate for the insufficient tissue perfusion.
For approximately 2 decades, “therapeutic angiogenesis” has
been studied as an investigational approach to treat patients
with symptomatic PAD [11]. Although several angiogenesis
therapies are effective in animal models, the transformations
in the clinic are not ideal [12–14]. Previous studies indicated
that the ability of endogenous functional angiogenesis and
the effectiveness of angiogenesis therapy significantly
reduced in PAD patients [9, 15, 16]. This situation is closely
associated with the complex pathophysiological changes of
hyperglycemia, oxidative stress, and chronic inflammation
[17]. Thus, there is an urgent need to restore blood flow to
ischemic tissues while avoiding detrimental inflammation
and other side effects.

Increasingly, evidence has demonstrated that Chinese
Herbal Medicines (CHM) have a protection effect on ischemic
disease via targeting angiogenesis [18–20]. Buyang Huanwu

decoction (BHD), originally recorded in Yilin Gaicuo, is a clas-
sic Chinese herbal prescription, which has been utilized for
treating vascular diseases for hundreds of years. BHD is made
up of seven Chinese herbs: (1) Huang Qi, (2) Dang Gui, (3)
Chi Shao, (4) Chuan Xiong, (5) Hong Hua, (6) Tao Ren, and
(7) Di Long, and the detail information about these drugs was
recorded in our previous study [21]. Based on traditional Chi-
nese medicine theory, BHD has the function of invigorating
the body, enhancing blood circulation, and activating Qi flow
through energy meridians. Accumulating evidences demon-
strated that BHD could improve the outcomes of ischemic dis-
ease [22–24]. Modern pharmacological studies suggested that
the protective effects of BHD in ischemic diseases may involve
the following mechanisms: anti-inflammation [25, 26], antith-
rombus [27, 28], and antioxidation [29–31]. Other studies also
showed that BHD could promote angiogenesis through
increasing the expression of VEGF, VEGFR2, Flk-1, bFGF,
and angiopoietin-1 (Ang-1) in ischemic cardiocerebral disease
models [21, 23, 32–37]. The fact that different pathological
phenotypes have the same molecular mechanism provides a
novel theory of therapy concept that is concluded as “several
diseases, one drug” and promotes drug repurposing [38].
Accordingly, we speculate that BHD could improve the com-
plex microenvironmental state of PAD patients while targeting
angiogenesis to promote revascularization.

Nuclear factor- (erythroid-derived 2-) like 2 (NRF2),
belonging to the cap’n’collar family, is a kind of leucine zip-
per transcription factor and is also one primary molecule for
protecting and recovering the cellular environmental
homeostasis [17]. NRF2 could regulate the transcription of
multiple antioxidant genes, such as heme oxygenase-1
(HO-1) and NAD(P)H dehydrogenase quinone 1 (NQO-1)
[17, 39]. In addition, a previous study indicated that the
activation of NRF2 could confront inflammation [40].
NRF2 not only could directly bind to the promoter of
inflammatory factors to inhibit their transcription [41]
but also regulates the expression of NF-KB in a crosstalk
manner [42]. Recent studies indicated that NRF2 played
a key role in angiogenesis, and the lack of NRF2 would
lower the survival and proliferation of endothelial cells
and the function of angiogenesis [43]. In NRF2-knockout
rats, the ability of cardiac microvascular production was
also impaired [44]. In the early stage of DM, the expression
of NRF2 was increased, which is a natural defense mecha-
nism in an injured organism for confronting high glucose.
Accumulating evidences indicated that the activation of
NRF2 in diabetes or its complications was beneficial [17].
Therefore, from a clinical point of view, it is of great signifi-
cance to activate NRF2 by pharmacological methods for
patients with PAD [45]. GSK3β-mediated phosphorylation
is one of the main ways to regulate the activity of NRF2,
which strictly controls the expression of NRF2 at the level
of cell signal transduction. Recent studies have confirmed
that the phosphorylation of AKT could inhibit the activity
of GSK3β and promote the activation and nuclear transloca-
tion of NRF2 [3, 16, 33, 46, 47].

Extrapolating from those studies, we hypothesized that
BHD could promote the revascularization of PAD through
AKT/GSK3β-mediated NRF2 activation.
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2. Materials and Methods

2.1. Animals. A total of 60 db/db male mice, aged at 6-8
weeks, with C57BL/6 background, were purchased from
Jiangsu Jicui Pharmaceutical Health Biotechnology Co.,
Ltd., and housed in the laboratory animal center of Wen-
zhou Medical University. The animals were maintained on
standard chow and tap water, which were available ad libi-
tum, and were in a temperature-controlled chamber at
24°C with a 12 h light–dark cycle. All animal experimental
procedure protocols were approved by the Animal Ethics
Committee of the laboratory animal center of Wenzhou
Medical University (number wydw2014-0058).

2.2. Drugs and Reagents. BHD consists of seven herbal
medicines which include Huang Qi, Dang Gui, Chi Shao,
Chuan Xiong, Tao Ren, Hong Hua, and Di Long, with
the ratio of 120 : 6 : 5 : 3 : 3 : 3 : 3, and the specific formula-
tion was described previously [20]; CD31 polyclonal anti-
body (ab28364) and VEGF polyclonal antibody (ab46154)
were purchased from Abcam (UK); NAD(P)H dehydroge-
nase quinone 1 (NQO-1) polyclonal antibody (DF6437)
was purchased from Affinity Biosciences (USA); heme
oxygenase-1 (HO-1) polyclonal antibody (10701-1-AP), cat-
alase polyclonal antibody (21260-1-AP), and histone H3
(17168-1-AP) were purchased from Proteintech (CHN);
NRF2 monoclonal antibody (12721), Akt (4691) and
phospho-Akt monoclonal antibody (4060), glycogen syn-
thase kinase-3 beta (GSK3β) (12456) and phospho-GSK3β
(5558) monoclonal antibody, interleukin-6 (IL-6) monoclo-
nal antibody (12912), interleukin-1beta (IL-1β) monoclonal
antibody (12242), tumor necrosis factor- (TNF-) αmonoclo-
nal antibody (11948), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) monoclonal antibody (5174) were
purchased from Cell Signaling Technology (USA).

2.3. Hindlimb Ischemia (HLI) Model Establishment. The HLI
model was established with reference to the previous publi-
cation [9]. Briefly, mice were anesthetized with isoflurane
(2% isoflurane in 100% oxygen at a floodwater of 1 l/min)
and maintained on a hot plate with temperature controlled
at 37°C. After fixation, the hindlimbs were shaved and the
operation area was sterilized with iodophor. A longitudinal
incision was made in the left groin to completely expose
the femoral artery and vein. Then, the vessels from the
inguinal ligament to the knee joint were transected, and
the vascular stump was ligated with 7-0 silk sutures. The
skin incision was closed using 5-0 silk sutures. All db/db
mice (n = 60) were randomly divided into 6 groups by table
of random number. (1) Sham group (N = 10): 7-0 suture
thread passed through underneath of the femoral artery
and vein without occlusion. The remaining 5 groups were
treated differently on the basis of the HLI (the femoral artery
and vein from the inguinal ligament to the knee joint were
transected and the vascular stump were ligated with 7-0 silk
sutures) model: (2) HLI+NS group (N = 15): 0.2ml NS was
gavaged daily for 3 days before modeling and 14 days after
occlusion; (3) HLI+BHD group (N = 15): 0.2ml BHD
(20 g/kg/day) was gavaged daily for 3 days before modeling

and 14 days after occlusion; (4) HLI+BHD+sh-NC group
(N = 8): local injection of adenovirus vector carrying the
nonsense shRNA (Ad-GFP) in the hindlimbs of mice
before treatment; (5) HLI+BHD+sh-NRF2 group (N = 8):
knockdown of NRF2 in the hindlimbs of mice by local
intramuscular injection of adenovirus vector carrying NRF2
shRNA (Ad-NRF2-shRNA) before treatment; and (6) HLI
+BHD+LY294002 group (N = 4): intravenous injection of
LY294002 (1.5mg/kg) once a day for 14 days on the basis
of the HLI+BHD group. Laser Doppler examination, vascu-
lar cast, and immunofluorescence staining were applied to
detect the revascularization of lower limbs in mice.

2.4. Laser Doppler Examination. On the 0th, 7th, and 14th
day after modeling, the mice were anesthetized with 2% iso-
flurane and fixed in the prone position. Laser Doppler exam-
ination was performed on each experimental group in
sequence (Doppler blood flow monitoring system, Perimed,
USA). The average perfusion (AP) value of the left and right
lower extremities was measured, and the corresponding per-
fusion value percentage was calculated. All measurements
were done by an experienced ultrasound technician who
was blinded to the experimental design.

2.5. Determination of the Level of Blood Glucose. After fast-
ing for 12h, the blood glucose of db/db mice was measured
at 9:00 on the 0th, 7th, and 14th day after modeling. In addi-
tion, after intragastric administration of NS or BHD to the
mice, blood glucose was also measured at 60min, 120min,
and 180min. All the blood samples were collected from the
tail of the mice and measured with Accu-Chek Active Test
Strips (Roche Diagnostics GmbH, Germany).

2.6. Serum Biochemistry Analysis. On the 14th day after
modeling, the levels of superoxide dismutase (SOD), malon-
dialdehyde (MDA), triglyceride (TG), and total cholesterol
(T-CHO) in serum were measured using commercial kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). All the blood samples were collected from the portal
vein of the mice and centrifuged at 3000 rpm for 15min.
Serum was stored in aliquots at -80°C for subsequent bio-
chemical analysis.

2.7. Knockdown of NRF2. To knock down NRF2 expression
in the hindlimbs of db/dbmice, the adenovirus vector contain-
ing shRNA against NRF2 (Ad-NRF2-shRNA) was injected at
two sites of the adductor and gastrocnemius muscle with 2
× 108 plaque forming units [48]. As a control group, other
adenovirus vectors containing nonsense shRNA without
NRF2 knockdown function (Ad-GFP) were injected in the
same manner and dose. The adenovirus vector containing
shRNA against NRF2 or nonsense shRNA was constructed
by Celluloid Biotechnology Co., Ltd. (Hangzhou, China).
The specific target sequences are as follows: NRF2-shRNA:
5′-CTTGAAGTCTTCAGCATGTTA-3′; nonsense shRNA:
5′-CCTAAGGTTAAGTCGCCCTCG-3′.

The transfection was performed following the procedure
described above. 48 h after transfection, the expression of
NRF2 was determined by qPCR.
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2.8. Muscle Histopathology. The muscle of ischemic area in
the left hindlimb was collected and fixed in 4%
paraformaldehyde-buffered solution and then embedded in
paraffin according to standard procedure. Sections with
5μm thick slices were cut and then stained with hematoxylin
and eosin (HE) solution. The slides were then viewed under
an optical microscope (Olympus, Japan), and micrographs
were taken.

2.9. Vascular Cast of Hindlimb. On the 14th day after model-
ing, the mice were anesthetized with isoflurane and fixed in a
supine position on a modeling table. Shaving the chest area,
the heart was fully exposed by tissue scissors. After removing
the right atrial appendage, the left ventricle was injected with
20ml of sodium heparin and sodium nitroprusside (1 : 1)
mixed solution and 5ml of 4% paraformaldehyde in order.
Then, 2.4ml of contrast agent (MICROFIL, Flow Tech,
USA) was slowly injected. After the contrast agent was solid-
ified, the lower limbs to be tested were taken. The specimen
was put in 4% paraformaldehyde for 48 h and then decalci-
fied with EDTA. Finally, micro-CT (μCT100, SCANCO,
Switzerland) was used to perform three-dimensional recon-
struction of lower extremity blood vessels, and images of
revascularization of lower limbs were obtained.

2.10. Western Blot Analysis. Total protein isolated from the
muscle of ischemic area was uniformly mixed with SDS-
PAGE sample loading buffer, boiled for 10min, and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane.
The membranes were then blocked with 5% nonfat milk
diluted by TBST for 2 h at room temperature and then incu-
bated with primary antibodies including VEGF (1 : 1000),
IL-1β (1 : 1000), IL-6 (1 : 1000), TNF-α (1 : 1000), HO-1
(1 : 1000), NQO-1 (1 : 1000), CAT (1 : 1000), GAPDH
(1 : 5000), p-AKT(1 : 1000), and p-GSK3β (1 : 1000) at 4°C
overnight. The next day, membranes were washed three
times with TBST for 10min and then further incubated with
secondary antibodies (1 : 10000) for 2 h at room temperature.
The membranes were washed again, and blots were visual-
ized by ChemiDoc™ XRS+ Imaging System. The relative
protein levels were quantified by ImageJ software (NIH,
Bethesda, MD, USA).

2.11. Immunofluorescence Staining. To measure the level of
neovascularization in the ischemic area, the samples were sec-
tioned in 5μm slices and the antigens in tissue sections were
repaired by sodium citrate buffer at 100°C. After blocking
the antigen with goat serum for 2h, primary antibody CD-
31 (1 : 100) and secondary antibody Alexa Flour 647 conju-
gated antibody (1 : 800) were used to incubate the tissues. Eval-
uation of the immunohistochemical staining was performed
using a fluorescence microscope (Leica, Germany).

2.12. Real-Time Quantitative Reverse Transcription
Polymerase Chain Reaction (RT-qPCR). Total RNA was iso-
lated with a TRIzol reagent according to the manufacturer’s
instructions (Invitrogen, USA). cDNA is synthesized using
the PrimeScript™ RT Reagent Kit (TAKARA, Japan). Real-
time polymerase chain reactions were performed with SYBR
Green (Roche, Switzerland). The mRNA expression of NRF2

was performed using the LightCycler thermal cycler system
(Bio-Rad, U.S.A) for quantitative RT-PCR. All data was nor-
malized to the mRNA expression level of GAPDH. Gene-
specific primers were as follows: NRF2: forward, 5′-TAGA
TGACCATGAGTCGCTTGC-3′, and reverse, 5′-GCCA
AACTTGCTCCATGTCC-3′; GAPDH, the forward primer
5′-TCAACAGCAACTCCCACTCTTCCA-3′ and reverse
primer 5′-ACCCTGTTGCTGTAGCCGTATTCA-3′.

2.13. Statistical Analysis. All data were expressed as mean
± standard deviation (SD). Comparisons of differences in
continuous variables were conducted with Student’s t-test,
Mann–Whitney U test, one-way ANOVA test, or two-way
ANOVA test with Bonferroni correction for multiple com-
parisons where appropriate. Statistical analysis was per-
formed using SPSS 21.0 software and GraphPad Prism
6.05. A two-tailed value of P of 0.05 or less was considered
to be statistically significant.

3. Results

3.1. BHD Has No Effect on Blood Glucose and Lipid in db/db
Mice. To clarify if BHD would influence the blood glucose
level in db/db mice, short-term and long-term changes in
blood glucose after administration were detected. The two-
way ANOVA reveals that there was no significant difference
in blood glucose between the HLI+NS group and the HLI
+BHD group at 60min, 120min, and 180min after adminis-
tration (Figure 1(a); P > 0:05), and there was no interaction
between drug administration and the time point of measure-
ment for blood glucose (F ð3, 36Þ = 0:3169, P = 0:8130).
After 7 days and 14 days of continuous administration,
two-way ANOVA shows that there was no significant dif-
ference in fasting blood glucose between the groups (fast-
ing blood glucose was measured at 9 am) (Figure 1(b);
P > 0:05), and there was no interaction between drug admin-
istration and the time point of measurement for blood glu-
cose (F ð2, 22Þ = 1:235, P = 0:3102). The levels of serum
triglyceride and cholesterol after 14 days of administration
were also detected. Compared with the HLI+NS group, no
significant changes were observed in the HLI+BHD group
(Figures 1(c) and 1(d); P > 0:05).

3.2. BHD Enhances Tissue Perfusion and Angiogenesis in HLI.
Laser Doppler perfusion imaging showed a time-dependent
recovery and increase in tissue perfusion level in HLI mice,
reaching 30% on day 14 after modeling (Figures 2(a) and
2(b)). However, mice treated with BHD showed significantly
better improvement in perfusion on day 14 (Figures 2(a) and
2(b); P < 0:05). Vascular cast andmicro-CT were used to visu-
alize the limb vasculature. Reconstructed images of the vascu-
lar cast of limbs showed that there were more collateral vessels
in the HLI+BHD group than the HLI+NS group, and the
blood perfusion area in the HLI+BHD group was significantly
increased on day 14 (Figure 2(c)). In further experiments,
the expression of VEGFA in the ischemic region of the
lower extremities was detected. The results of WB showed
that the protein expression of VEGFA in the HLI+BHD
group was significantly increased at 14 days (Figures 2(d)
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and 2(e); P < 0:05). Meanwhile, the immunofluorescence
results of CD31-positive staining showed that the number of
CD31-positive sites in the HLI+BHD group was significantly
higher than that in the HLI+NS group, and there were more
microvascular formations in the HLI+BHD group on day 14.
(Figure 2(f)).

4. BHD Reduces Tissue
Inflammation during Revascularization

To test the effects of BHD on inflammation in the ischemic
area of the hindlimb, the protein expressions of inflamma-
tory factors IL-1β, IL-6, and TNF-α were detected by WB
and the pathological changes of ischemic tissue were
observed by HE staining on day 14. The results of WB
showed that the protein expressions of IL-1β, IL-6, and
TNF-α in the ischemic region of the hindlimbs were signifi-
cantly decreased in the HLI+BHD group (Figure 3(a); P <
0:05). Furthermore, HE staining showed that, compared
with the HLI+NS group, the ischemic tissue of the HLI
+BHD group showed less inflammatory cell infiltration
and more moderate damage (Figure 3(b)).

5. BHD Attenuates Oxidative
Stress during Revascularization

To test the effects of BHD on the oxidative stress level in
the HLI mice, the levels of SOD and MDA in the serum
and the protein expression level of HO-1, NQO-1, and
CAT in the ischemic area were detected on day 14. Serolog-
ical tests showed a significant increase in the SOD level and
a significant decrease in the MDA level in the HLI+BHD
group (Figures 4(a) and 4(b); P < 0:05). The results of WB
showed that the protein expression of HO-1, NQO-1, and
CAT in the HLI+BHD group were significantly increased
(Figure 4(c); P < 0:05).

6. BHD Could Activate NRF2 and Promote the
Phosphorylation of AKT/
GSK3β during Revascularization

To clarify the underlying mechanism of the protective effect
of BHD on db/db mice with HLI, further experiments were
carried out on day 14. The results of WB showed that the
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Figure 1: BHD has no effect on blood glucose and lipid in HLI mice. (a) The level of short-term blood glucose (n = 6). (b) The level of long-
term blood glucose after 7 days and 14 days of BHD treatment (n = 6). Results in (a) and (b) were analyzed by repeated-measure two-way
ANOVA. Post hoc Bonferroni test: NS, P > 0:05 compared with HLI+NS group. (c) The level of TC after 14 days of BHD treatment (n = 6).
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protein expression of NRF2 in nuclear was significantly
increased in the HLI+BHD group (Figure 5; P < 0:05) and
the phosphorylation level of AKT/GSK3β was also increased
(Figure 5; P < 0:05).

7. Knockdown of NRF2 Impairs the Protective
Effects of BHD on HLI

After confirming that Ad-NRF2-shRNA successfully
knocked down NRF2 on the lower extremities of diabetic
mice (Figure 6(a); P < 0:05), further experiments were car-
ried out and corresponding indicators were tested at 14 days
after modeling. Compared with the unknockdown group,
there was a significant decrease in perfusion of the NRF2
knockdown group on the laser Doppler flowmeter
(Figures 6(b) and 6(c); P < 0:05). WB showed that the phos-

phorylation level of AKT and GSK3β in the knockdown
group has not significantly decreased (Figures 6(d) and
6(e); P > 0:05). However, the NRF2 activation and nuclear
translocation were significantly attenuated (Figures 6(d)
and 6(e); P < 0:05), and IL-1β, IL-6, and TNF-α impressions
were significantly increased, compared with the unknock-
down group (Figures 6(d) and 6(f); P < 0:05). Meanwhile,
the expressions of HO-1, NQO-1, CAT, and VEGFA were
significantly reduced (Figures 6(d) and 6(f); P < 0:05).

8. BHD Activates NRF2 via Akt/GSK3β Pathway

NRF2 plays a key role in the response of cells to oxidative
stress and could regulate the expression of inflammatory fac-
tors in an indirect or direct manner [3]. The results of WB
showed that BHD significantly increased phosphorylation
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of Akt and GSK3β and ultimately promoted the activation
and nuclear translocation of NRF2 on day 14 (Figure 7; P
< 0:05). However, after the addition of LY294002, this effect
of BHD was inhibited (Figure 7; P < 0:05). It suggested that
the protective effect of BHD on diabetic HLI mice may be
achieved by activating NRF2 via the Akt/GSK3β pathway.

9. Discussion

Owing to the various pathophysiological changes including
hyperglycemia, hyperlipidemia, and insulin resistance as
well as oxidative stress, inflammation, and endothelial dys-
function in lower extremities, diabetic patients with PAD
are often difficult to get benefit from revascularization
therapy [17]. Therefore, it is necessary to control these
confounding factors while performing revascularization
therapy. The present study provides novel evidences for
the benefits of BHD in experimental PAD model (HLI)
in type 2 diabetic mice. In the beginning, we found that
BHD could enhance blood perfusion and angiogenesis in
HLI db/db mice by increasing the expression of VEGF. In
subsequent exploration, BHD was found to be able to
improve the condition of oxidative stress and chronic inflam-
matory in diabetes. Finally, we confirmed that the above
effects of BHD were achieved by activating NRF2 via the
AKT/GSK3β pathway.

BHD consists of seven herbal medicines including
Huang Qi, Dang Gui, Chi Shao, Chuan Xiong, Tao Ren,

Hong Hua, and Di Long in the ratio of 120 : 6 : 5 : 3 : 3 : 3 : 3
and is mainly known for the treatment of blood stagnation
caused by Qi deficiency [49]. These main compounds play
different roles in the classic formula. Huang Qi, with the
largest amount, is the sovereign herb for the purpose of
treating blood stasis by invigorating Qi so as to activate
blood circulation [50]. The main function of Dang Gui,
Chi Shao, Chuan Xiong, Tao Ren, and Hong Hua in BHD
is to remove blood stagnation, and Di Long is used for
dredging meridians and activating collaterals [51]. In mod-
ern times, BHD is still widely used throughout China and
elsewhere in the world for the treatment of ischemic diseases
[52]. Modern pharmacological studies based on BHD have
further confirmed that the protective effect of BHD in the
treatment of ischemic diseases may be achieved through dif-
ferent molecular mechanisms such as anti-inflammatory and
anti-antioxidative stress and promotion of angiogenesis [21].
Thus, we speculate that BHD also has a protective effect on
ischemic diseases such as PAD that occur in the lower limb.

PAD is a common and severe clinical manifestation of
atherosclerosis in the lower limb and is more likely to occur
in patients with DM [53]. The functional limitations associ-
ated with PAD are related to hemodynamic changes [54].
Compromised peripheral blood supply in the lower extrem-
ities leads to tissue ischemia and hypoxia [16], combined
with clinical phenotypes ranging from no symptom to IC
or CLI (rest pain, arterial ulceration, or gangrene) [55].
The prognosis of CLI is quite poor, with 1-year mortality

P-AKT

AKT

P-GSK3β

GSK3β

NRF2

H3

SHAM
HLI
+NS

HLI
+BHD

HLI
+BHD+

LY294002

N
RF

2/
H

3

SH
AM

HLI+NS

HLI+BHD

HLI+BHD

+LY29
40

02

0.0

0.2

0.4

0.6

1.0

0.8

⁎

p-
A

KT
/A

KT

SH
AM

HLI+NS

HLI+BHD
0.0

0.2

0.4

0.6

0.8

⁎

HLI+BHD

+LY29
40

02

p-
G

SK
3β

/G
SK

3β

SH
AM

HLI+NS

HLI+BHD

HLI+BHD

+LY29
40

02

0.0

0.5

1.0

1.5

⁎

Figure 7: BHD activates NRF2 through Akt/GSK3β signal pathway. After injection of inhibitor, the protein expression and quantitative
analysis of NRF2 in nuclear and the phosphorylation and quantitative analysis of Akt and GSK3β in ischemic area (n = 4). Mean ± SD. ∗
P < 0:05, compared with HLI+BHD group.

10 Oxidative Medicine and Cellular Longevity



and major amputation rate of 30% and 25%, respectively
[56]. According to current guidelines, surgical bypass tech-
niques or endovascular approaches are the optimal treat-
ment methods for CLI. These procedures ensure that
approximately 75% of patients have more than one year of
survival and limb retention [7]. However, there are still
up to 50% of CLI patients who are not candidate for the
abovementioned revascularization methods due to exces-
sive surgery risk or disadvantageous vascular involvement
[57]. Furthermore, for those who have undergone revascu-
larization, the risks for cardiovascular and limb events per-
sist for a long term [58]. These disappointing results have
motivated a new clinical strategy called “therapeutic angio-
genesis” which uses genic, molecular, and cellular-based
approaches to induce endogenous revascularization [11].
Endogenous revascularization is a compensatory mecha-
nism for the body to cope with insufficient tissue perfusion
after large vessel occlusion. It consists of two main parts:
(1) new capillaries grow from preexisting blood vessels to
form a capillary network and (2) functional collateral arteries
grow from preexisting arterioarteriolar anastomoses around
the occlusion [10, 59]. For approximately two decades,
growth factors such as VEGF, FGF, and HGF have been used
to treat PAD in preclinical trials and have obtained some
beneficial results. Nonetheless, the translation of therapeutic
benefits found in animal models to substantial improvements
in PAD patients has failed [60]. There are several factors that
could be responsible for these disappointing results. First,
PAD is caused by a complex pathological process, including
but not limited to oxidative stress, inflammation, endothelial
dysfunction, dyslipidemia, and hyperglycemia [61]. High
levels of extracellular blood glucose and subsequent oxidative
stress are upstream triggers for most of the tissue damage and
serious long-term complications associated with PAD and
will inhibit the ability of endothelial cells in angiogenesis
[17, 62]. In addition, the chronic inflammation of diabetes
impairs the endogenous revascularization and limits the
effectiveness of revascularization therapy [9, 15]. Second,
the animal models used in preclinical studies are usually
not totally inconsistent with the characteristics of PAD in
humans. They are more capable of forming collateral circula-
tion after ischemia and are younger and healthier, with no
PAD-related risk factors [63, 64]. Therefore, it is necessary
to control these confounding factors while performing revas-
cularization therapy. In the present study, we used type 2 dia-
betic mice to establish the model of HLI, which simulates
multiple clinical features such as hyperglycemia, hyperlipid-
emia, insulin resistance, and endothelial dysfunction of
PAD patients. Through the use of this model, we found that
although BHD could not affect the level of blood glucose and
blood lipid in db/dbmice, it could promote the revasculariza-
tion of hindlimbs by increasing the expression of VEGF and
inhibiting excessive oxidative stress and chronic inflamma-
tion in the ischemic area.

Subsequently, we wanted to clarify the underlying mech-
anism of the protective effect of BHD on HLI db/db mice. In
further exploration, we discovered enhanced nuclear trans-
location of NRF2 and increased phosphorylation levels of
AKT/GSK3β in the BHD group. NRF2, owing a unique

basic-leucine-zipper (bZIP) motif, belongs to a small family
of transcription factors [65] and is central in mediating oxi-
dative stress signal response originally [66]. In the stable
state, NRF2 combines with Kelch sample related protein-1
(Keap1) in the cytoplasm. After being activated, NRF2 trans-
locates to the nucleus and will recruit and activate a variety
of antioxidant genes: heme oxygenase-1 (HO-1), NADPH
quinone oxidoreductase (NQO-1), and catalase (CAT)
[67]. In addition, NRF2 also plays an essential role in the
regulation of inflammation. The interruption of the NRF2
pathway will increase the susceptibility to various inflam-
matory conditions [68]. The potential mechanism of the
NRF2 gene on inflammation has been confirmed in multi-
ple preclinical studies: (1) inhibiting the activation of NF-
κB by preventing the degradation of IκB-α, increasing
HO-1 expression and antioxidant defenses [40]; (2) inhi-
biting the activation of NLRP3 inflammasome, caspase-1
cleavage, and IL-1β generation in macrophages by increas-
ing the expression of NQO1 [69]; (3) inducing an anti-
inflammatory phenotype of CD8+ T cells, macrophages,
and microglia through upregulation of the cysteine and
GSH levels [38]; (4) inhibiting the migration/infiltration of
immune cells by modulating the expression of VCAM1 and
MMP9 [70, 71]; (5) directly binding to the promoter regions
of proinflammatory cytokines such as IL-6 and IL-1β and
inhibiting RNA Pol II recruitment [41]. Moreover, growing
evidence demonstrated that NRF2 possesses a novel function
called angiogenesis. Genetic ablation of NRF2 suppresses the
proliferation and angiogenic function of endothelial cells
in vitro and in vivo [43]. Furthermore, in the preclinical
model of ischemic retinopathy, cerebral ischemia, and HLI,
knockdown of NRF2 limits the effectiveness of angiogenesis
therapy [72–74]. Importantly, the activation of NRF2 could
promote the expression of angiogenic genes in wound biop-
sies in diabetic patients [75]. In summary, NRF2 nuclear
translocation could induce multiple cytoprotective responses
such as antioxidation, anti-inflammation, and proangiogen-
esis, which is consistent with the protective effect of BHD
in HLI db/db mice. Therefore, we speculate that it might be
a key pharmacological molecular target of BHD. In the pres-
ent study, compared with the HLI group, BHD-treated hind-
limb had a significantly higher level of NRF2, together with
higher level of its downstream HO-1, NQO-1, CAT, and
VEGF. Conversely, the expression of inflammatory factors
including IL-1, IL-6, and TNF-α was significantly decreased.
To further verify this point, the shRNA-mediated knock-
down of NRF2 was performed in db/db mice. As the results
showed, the antioxidation, anti-inflammation, and revascu-
larization in response to BHD were completely abrogated.
Therefore, the present study demonstrated that the protec-
tive effect of BHD on the HLI db/db mice was through the
NRF2 pathway.

Finally, further investigation was conducted to clarify the
potential regulation mechanism of BHD on NRF2. Several
recent studies have showed that the pharmacological effect
of BHD was related to the AKT pathway [32, 76, 77], which
modulates the function of multiple downstream proteins
involved in cellular proliferation, survival, metabolism, and
angiogenesis [78]. In particular, AKT could be activated
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through the phosphorylation of its S473 residue, p-Akt
(S473) consequently phosphorylating GSK3β at the S9 resi-
due, and then suppressed the function GSK3β [79]. Further-
more, emerging evidence demonstrated that GSK3β was
responsible for NRF2 degradation in a Keap1-independent
manner, and the inhibition of its function could promote
the activation of NRF2 [80–82] Thus, we speculate that
BHD might phosphorylate the S9 residue of GSKβ through
the AKT pathway, then leading to the activation NRF2. In
the present study, we demonstrated that the activation of
NRF2 induced by BHD was dependent on the Akt/GSK3β
pathway, as evidenced by the significantly decreased NRF2
protein level after treatment with the Akt/GSK3β inhibitor
LY294002.

10. Conclusion

The present study demonstrated that BHD could promote
revascularization on db/db mice with HLI through targeting
of antioxidation, anti-inflammation, and angiogenesis via
the AKT/GSK3β/NRF2 pathway.
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