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Oroxylin A (OA) has been shown to simultaneously increase coronary flow and provide a
strong anti-inflammatory effect. In this study, we described the angiogenic properties of
OA. OA treatment accelerated perfusion recovery, reduced tissue injury, and promoted
angiogenesis after hindlimb ischemia (HLI). In addition, OA regulated the secretion of
multiple cytokines, including vascular endothelial growth factor A (VEGFA), angiopoietin-2
(ANG-2), fibroblast growth factor-basic (FGF-2), and platelet derived growth factor BB
(PDGF-BB). Specifically, those multiple cytokines were involved in cell migration, cell
population proliferation, and angiogenesis. These effects were observed at 3, 7, and
14 days after HLI. In skeletal muscle cells, OA promoted the release of VEGFA and ANG-2.
After OA treatment, the conditioned medium derived from skeletal muscle cells was found
to significantly induce endothelial cell (EC) proliferation. OA also induced EC migration by
activating the Ras homolog gene family member A (RhoA)/Rho-associated coiled-coil
kinase 2 (ROCK-II) signaling pathway and the T-box20 (TBX20)/prokineticin 2 (PROK2)
signaling pathway. In addition, OA was able to downregulate the number of macrophages
and neutrophils, alongwith the secretion of interleukin-1β, at 3 days after HLI. These results
expanded current knowledge about the beneficial effects of OA in angiogenesis and blood
flow recovery. This research could open new directions for the development of novel
therapeutic intervention for patients with peripheral artery disease (PAD).
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INTRODUCTION

Ischemia after artery obstruction that occurs during PAD is estimated to affect approximately
202 million adults worldwide (Gerhard-Herman et al., 2017; McDermott and Kibbe, 2017). The
enhancement of angiogenesis and the resulting improvement of blood flow to the limb are the key
restorative mechanisms in response to ischemia (Cooke and Losordo, 2015; Suzuki et al., 2016;
Albrecht-Schgoer et al., 2017; Fan et al., 2018). At this point, treatments have not been fully effective
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at improving blood flow through angiogenesis in PAD (Suzuki
et al., 2016; Gorenoi et al., 2017). Therefore, a better
understanding of the underlying mechanisms involved in
ischemic revascularization may help to optimize future clinical
interventions.

Angiogenesis is a tightly regulated, multi-step process. When
quiescent vessels sense angiogenic signals, such as guanosine
triphosphatase (GTPase), vascular endothelial growth factor
(VEGF), angiopoietin-2 (ANG-2), and fibroblast growth factor
(FGFs), pericytes detach from the vessel wall and liberate
themselves from the basement membrane via proteolytic
degradation. Endothelial cells (ECs) loosen their junctions and
the nascent vessel dilates (Carmeliet and Jain, 2011; Sun et al.,
2017; Lee and Kang, 2018). In the early stage of angiogenesis,
secretion of VEGF is closely related to inflammation, which can
promote aggregation of neutrophils and production of
inflammatory factor IL-1β (Saleh et al., 2015; Rajasagi et al.,
2017). For therapeutic angiogenesis, it is not enough to identify
pivotal regulators of angiogenesis as therapeutic targets to
promote blood flow recovery. The surrounding inflammatory
microenvironment should be considered at the same time to
assess functional vasculature establishment in ischemic tissues
(Liu et al., 2018; Minoshima et al., 2018). Previous research has
shown that promoting angiogenesis while reducing inflammation
can improve the prognosis of PAD (Zhang et al., 2016; Liu et al.,
2018).

Oroxylin A (OA) (PubChem CID: 5320315) is one of the main
bioactive compounds that is purified from the root of the
medicinal herb Scutellaria baicalensis Georgi. This herb has
been reported to have strong anti-inflammatory effects (Liu
et al., 2012; Tseng et al., 2012; Wang et al., 2013). OA
ameliorated some cardiac functions by increasing coronary
flow (Liu et al., 2012; Tseng et al., 2016). These anti-
inflammatory and pro-angiogenic effects of OA suggest that
OA is most likely to establish functional vasculature in
ischemic tissues and improve the prognosis of PAD. In this
study, we investigated the therapeutic efficacy of OA for
treating PAD and identified the molecular signaling pathways
involved in the pro-angiogenic response both in vivo and in vitro.

MATERIALS AND METHODS

Reagents
Avertin, simvastatin (Sim), collagenase II (C6885), and dispase II
(D4693) were purchased from Sigma-Aldrich (MO,
United States). Mouse XL Cytokine Array Kit (ARY028) and
Mouse Angiogenesis Array Kit (ARY015) were purchased from R
and D (MN, United States). α-SMA antibody (ab32575) was
purchased fromAbcam (Cambridge, United Kingdom). One Step
TUNEL Apoptosis Assay Kit (C1089) was purchased from
Beyotime Biotechnology (Shanghai, China). PE anti-F4/80
(565410), APC-CyTM7 anti-Ly-6G (560600), PerCP anti-CD45
(561047) and matrigel (354234) were purchased from BD
Company (NY, United States). Antibodies of VEGFA
(ab51745), T-box20 (TBX20) (ab197386), and Prokineticin 2
(PROK2) (ab128293) were obtained from Abcam (Cambridge,

United Kingdom). Antibodies for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (2118S), vascular endothelial growth
factor receptor 2 (VEGFR2) (9698), Rho-associated coiled-coil
kinase 2 (ROCK-II) (9029), Cofilin (5175), p-Cofilin (3313),
β-actin (4970) were bought from Cell Signaling Technology
(MA, United States). VEGFA (E-EL-M1292c), ANG-2 (E-EL-
M0098c), PDGF-BB (E-EL-M0632c), IL-1β (E-EL-M0037c)
mouse ELISA kits were obtained from Elabscience® (Wuhan,
China). FGF basic mouse ELISA kit (MFB00) and VEGFA165

(293-VE-010) were obtained from R and D (MN, United States).
Human umbilical vein endothelial cells (HUVECs, HUVEC-
20001), endothelial cell growth medium (EGM) and fatal
bovine serum (FBS) were obtained from Cyagen Biosciences
Inc. (Guangzhou, China). Skeletal muscle cells (CP-H095) and
skeletal muscle cells growth medium (CM-H095) were purchased
from Procell Life Science & Technology Co., Ltd. (Wuhan,
China). RhoA/Rac1/Cdc42 activation assay combo biochem
kit™ (#BK030) was bought from Cytoskeleton (CO,
United States). ROCK-II small interfering RNA (siRNA) (sc-
29474), scrambled siRNA (sc-37007), and siRNA transfection
reagent (sc-29528) were obtained from Santa Cruz Biotechnology
(TX, United States).

Animals
Male C57BL/6 mice of specific pathogen free, 22–25 g, were
purchased from Beijing Weitong Lihua Experimental Animal
Technology Co. Ltd. and maintained at the Animal Center of
Institute of Biomedical Engineering, Chinese Academy of
Medical Sciences (Tianjin, China). All animals were kept
under 22–25°C and a 12 h light/dark cycle with standard food
pellets and free access to tap water. All animal care and
experimental procedures were approved by the Animal Ethics
Committee of Tianjin University of Traditional Chinese
Medicine and performed in accordance with the approved
guidelines on the use of laboratory animals. The reference
number of Institutional Animal Care and Use Committee
(IACUC) is TCM-LAEC2019078.

Surgical Hind Limb Ischemia Model
Mice were anesthetized with injection of Avertin (0.33 ml/20 g)
into the abdominal cavity and maintained on a temperature-
controlled water blanket at 37°C. Depilatory cream was applied to
the limbs and the area was sterilized by 70% ethanol applications.
A 5-mm vertical skin incision was made lateral to the abdomen
and superficial to the inguinal ligament. The inguinal fat pad was
separated from the peritoneal lining to reveal the proximal
femoral artery branching from the internal iliac artery. The
femoral artery and vein were then separated from the
membrane sheath and two ligatures were tied around both
vessels approximately 2-mm apart. Vessels were transected
between the ligatures and the skin incision was closed with
two discontinuous 6–0 silk sutures. Limb in sham mice were
opened, dissected, and closed without vessel ligature and excision.
After surgery the mice were sub-divided into four groups: 1. sham
group (not HLI + saline); 2. saline group (HLI + saline); 3. OA
group (HLI + OA, 10 mg/kg/d); 4. Sim group (HLI + Sim,
10 mg/kg/d). Treatments were given daily until euthanasia.
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Perfusion Imaging
The blood flow perfusion was measured by laser doppler perfusion
imaging system both pre- and post-operatively and 3, 7, 14, 28 days
after excision of the femoral artery in three groups. The blood flow
images were collected by laser doppler high resolution imaging
system (moor instruments, United States) and stored in the form of
two-dimensional images of the whole area of the lower limbs. The
ratio of blood flow in the ischemic (right) to the control (left) limb
was calculated by moorLDI laser doppler imager review V 6.0
analysis software to show the recovery rate of ischemic hindlimb
blood flow.

Histological Analysis
The ischemic hindlimbmuscle tissues were obtained 28 days after
operation and fixed with 4% paraformaldehyde. The muscles
were dehydrated, embedded, and transversely sectioned into
5 µm pieces. Gross examination of tissue injury was performed
on hematoxylin and eosin (H and E) stained sections.

Terminal Deoxynucleotidyl
Transferase-Mediated dUTP Nick
End-Labeling Assay
TUNEL staining was performed following the manufacturers’
instructions in paraffin sections. DAPI staining was used to count
the total number of nuclei. Apoptotic myocytes were quantified
and classified as TUNEL+ cells.

Immunofluorescence
For immunofluorescent labeling, the mice were intravenously
injected with 50 µL Griffonia (Bandeiraea) Simplicifolia Lectin I
30 min before sacrifices. The paraffin sections were incubated
with Griffonia (Bandeiraea) Simplicifolia Lectin I and α-SMA
antibodies overnight at 4°C. The following day, the tissue sections
were incubated with DyLight®594 ANTI-GOAT IgG (H + L) and
FITC mouse anti-rabbit (1:200) for 1 h in the dark at room
temperature. All sections were counterstained with DAPI.

Proteome Antibody Array Analysis
To determine the regulated proteins in the gastrocnemius muscle
after ischemia, mice were euthanized after 3, 7, and 14 days. After
adding Triton X-100 to a final concentration of 1%, tissue
homogenates were frozen at −80°C for 2 h, then quickly
thawed and centrifuged at 10,000 g for 5 min to remove
cellular debris. The upper aqueous phase was transferred to a
new tube for proteome antibody array analysis, which included
Mouse XL Cytokine Array Kit for 3 days andMouse Angiogenesis
Array Kit for 7, 14 days after surgery.

Flow Cytometry Analysis
The ischemic gastrocnemius muscles were digested in 1.8 ml Hanks
Balanced Salt Solution with 7.2 mg collagenase II and 9mg dispase II
at 37°C for 1.5 h using GentleMACS™ Dissociator (MACS,
German). The strained cells were stained with PE anti-F4/80,
APC-CyTM7 anti-Ly-6G, and PerCP anti-CD45. Single-cell
suspensions were examined on a FACS Aria III flow cytometer.

Western Blotting
For this experiment, frozen skeletal samples from hindlimbs were
homogenized in lysis buffer. Protein concentration was measured
by BCA method. Nine primary antibodies were used in the
experiments: GAPDH, VEGFA, VEGFR2, ROCK2 (ROCK-II),
TBX20, PROK2, Cofilin, p-Cofilin (Ser3), β-Actin. The reactive
bands were developed using chemiluminescence according to the
manufacturer’s instruction. A semi-quantitative estimation can
be derived from the size and color intensity of the band on the
blot membrane.

Enzyme-Linked Immunosorbent Assay
Secreted VEGFA, ANG-2, FGF-2, PDGF-BB, and IL-1β in tissue
lysates or serum were determined by ELISA according to the
manufacturer’s instructions.

Cell Culture
We obtained HUVECs from Cyagen Biosciences Inc. (HUVEC-
20001) and skeletal muscle cells from Procell Life Science and
Technology Co., Ltd. (CP-H095). Endothelial cell growth
medium (EGM) contains endothelial cell basal medium
(EBM), fetal bovine serum (10%), penicillin-streptomycin
(1%), glutamine (1%), ECGS (1%), heparin (1%). EGM was
used to culture HUVECs and skeletal muscle cells growth
medium (CM-H095) was used to culture skeletal muscle cells
in a cell incubator consisting of 5% humidified CO2 at 37°C.

Preparation of Conditioned Medium
Skeletal muscle cells within a range of three passages were seeded
in skeletal muscle cells growth medium in 6-well plate at a density
of 1×104 cells per well. HUVECs within a range of five passages
were seeded in EGM in 96-well plate at a density of 3×103 cells per
well. When skeletal muscle cells density reached 60%, OA or
DMSO (control) was given to intervene skeletal muscle cells for
24 h and then the medium of skeletal muscle cell was centrifuged
at 1000 rpm for 5 min, and the supernatant was collected,
aliquoted and stored in a refrigerator at −80°C (to detect
secreted cell growth factors) or used for the culture of
HUVECs. After OA or DMSO acted on skeletal muscle cells,
the supernatants were the conditioned medium containing
growth factors. The medium of HUVECs was removed and
the skeletal muscle cells-conditioned medium were added to
HUVECs for 24 h and then cell proliferation was measured
using a BrdU kit.

Tube Formation Assay
Chilled Matrigel (50 μL) was added to each well of a 96-well plate
and allowed to polymerize for 30 min at 37°C. Cell suspension
was added per well and incubated for 18 h. Brightfield images
were taken using a Nikon microscope and quantified using
Photoshop CS5 software (Adobe Systems, United States).

Scratch Assays
With the use of WOUNDMAKER 96 (ESSEN BIOSCIENCE,
United States), horizontal scratches were made across the culture
dish. The scratches were imaged using IncuCyte Zoom (ESSEN,
United States).
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Cell Proliferation Assays
Cell proliferation was measured using a BrdU kit (Roche,
United States) and quantitated on a microplate reader,
whereas viability and total cell number were determined in
separate assays using an MTT assay kit (Invitrogen,
United States).

RNA Interference
For ROCK-II knock-down, HUVECs were transfected with ROCK-
II siRNA (10 μM) or scrambled siRNA (10 μM) using siRNA
transfection reagent according to the manufacturer’s instructions.
Knockdown efficiency was assessed by quantitative reverse
transcriptase polymerase chain reaction (qRT-PCR) 48 h later.

Quantitative Reverse Transcriptase
Polymerase Chain Reaction
qRT-PCR was performed in QuantStudio six Flex. The following
human primers were used:

GAPDH:
Forward CAACGTGTCAGTGGTGGACCTG.
Reverse GTGTCGCTGTTGAAGTCAGAGGAG.
VEGFR2:
Forward CGGACAGTGGTATGGTTCTTGCC.
Reverse GTGGTGTCTGTGTCATCGGAGTG.
ROCK-II:
Forward TCGTCACAAGGCATCGCAGAAG.
Reverse CCACCAGGCATGTACTCCATTACC.
TBX20:
Forward ACCAGCACAGCATCCATAGCAAC.
Reverse GCAATGGCCGATGGTGTCAGAG.
PROK2:
Forward ACTCCTGCTCCTCTTGCTGCTG.
Reverse GCACATGCCTCCACCACATTGG.

Transwell
A chemotactic migration assay was performed using transwell
plates with 6.5 mm diameter polycarbonate filters (8 μm pore
size). The upper and lower surfaces of the chamber were coated
with fibronectin. EGM medium was placed in the lower wells.
Cells were loaded into upper wells. The chamber was incubated at
37°C for 4 h. Migrated cells were stained with crystal violet and
quantified using an optical microscope.

Statistical Analysis
Statistical analysis was performed using SPSS software (version
17.0). Data were expressed as mean ± standard deviation (SD).
Differences between two groups were estimated with Student’s
t-test. Values of p < 0.05 were considered statistically significant.

RESULTS

Oroxylin A Ameliorated Hindlimb Ischemia
in Hind Limb Ischemia Mouse Model
Mice undergoing HLI showed a time-dependent increase in tissue
perfusion that reached about 30% restoration of blood flow by day

14 post-HLI. The mean ratios of ischemic to non-ischemic
perfusion in the OA group (0.59 ± 0.14) and Sim-treated mice
(0.52 ± 0.13) were significantly higher than that of saline group
(0.33 ± 0.10). The recovery was more pronounced by day 28. OA
treatment significantly accelerated perfusion recovery as
compared with saline (0.71 ± 0.16 versus 0.45 ± 0.10), similar
with the effect of Sim (0.63 ± 0.13), which showed that OA
improved hindlimb ischemia in limb ischemic mice (Figures
1A,B). The H and E-stained sections of the gastrocnemius muscle
shown in Figures 1C,D were used for the analysis of skeletal
muscle remodeling, damage, and necrosis. Muscle regeneration
was assessed by the number of myocytes with centrally located
nuclei. The histopathological features of necrosis were defined by
the presence of multi-cellular infiltrates and hyper-eosinophilic
muscle cells that were devoid of nuclei. In the model mice treated
with saline, the myofibers were shrunken and the intermuscular
gaps were large. In the OA-treated groups, the muscles had
repopulated with intensely staining myocytes and no obvious
infiltration of inflammatory cells, indicating that OA reduced
tissue injury and made skeletal myocytes regenerated. The
TUNEL results showed that OA significantly reduced the
gastrocnemius muscle cell apoptosis. This further
demonstrated that OA could protect the muscle tissue
surrounding the ischemic site (Figures 1E,F). In addition, the
histological findings correlated with vascular and functional
outcomes. The capillary density was assessed by quantification
of lectin positive vessels observed in the interface between the
skeletal muscles at day 28 post-ischemia. The level of capillary
density was higher in the OA-treated mice compared with saline
(Figures 1G,H). To determine the collateral formation and
demonstrate the arterial nature of the newly formed vessels in
the adductor muscle, we co-stained α-SMA and examined the
number of tube-like structures, as shown in Figures 1I,J.
Remarkably, the level of mature vessels was higher in the OA-
treated mice compared with saline. Collectively, these results
demonstrated that OA accelerated perfusion recovery, reduced
tissue injury, and promoted angiogenesis after HLI.

Oroxylin A Regulated the Secretion of
Vascular Endothelial Growth Factor A,
Angiopoietin-2, Fibroblast Growth Factor-2,
and Platelet Derived Growth Factor BB at
Distinct Time Points After Hind Limb
Ischemia
The formation of a mature vascular network requires the precise
spatial and temporal regulation of many angiogenic factors,
including VEGF, ANG-2, FGF-2, and PDGF. VEGF aids in
vascular permeability and the recruitment of ECs, FGF-2
activates ECs proliferation and migration, while PDGF
stimulates vascular stability (Carmeliet and Jain, 2011; Bai et al.,
2018). To define the molecular mediators of angiogenesis secreted
from ischemic tissue; the proteome antibody array was used to
detect the regulated proteins in the gastrocnemius muscle post
ischemia. OA modulated several secreted factors, including
VEGFA, ANG-2, FGF-2, and PDGF-BB (Supplementary
Figure S1A-C,S2). These regulated factors were correlated with
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FIGURE 1 |OA ameliorated hindlimb ischemia in amousemodel of HLI. (A) Typical blood flow perfusion photographs at different time (pre- and post-operatively, as
well as 3, 7, 14, and 28 days after excision of the femoral artery) in three groups were presented. (B) Quantification of blood perfusion at different times was performed.
Data are mean ± SD; n � 5–8/group. (C,D) H and E staining of muscle tissue in hindlimb confirmed the number of myocytes with centrally-located nuclei were increased
by OA therapy. The scale bar represented 200 μm (left) and the scale bar represented 100 μm (right). (E,F) TUNEL staining was used for detecting apoptosis (red)
of myocytes and DAPI (blue) was for nuclear staining. OA could significantly reduce the myocytes apoptosis. The scale bar represented 20 μm. Data are mean ± SD; n �
3–4/group. (G) Representative immunofluorescent images were presented to determine capillary density in ischemic muscles on day 28. Capillaries were stained with
lectin (red) and nuclei were stained with DAPI (blue). The white arrowheads showed the region of blood vessels. The scale bar represented 50 μm. (H) Quantification of
capillary density was expressed as lectin positive number per randomly chosen high-power field (HPF). n � 3/group. (I) Capillaries were stained with lectin (red), α-SMA
(green), and nuclei were stained with DAPI (blue). The white arrowheads showed the region of mature, functional blood vessels. The scale bar represented 25 μm. (J)
Quantification of the mature, functional blood vessels in the adductor muscle was expressed as lectin, α-SMA double-positive number per randomly chosen HPF. Data
are mean ± SD; n � 5/group, #p < 0.05, ##p < 0.01 vs. saline.
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the immune system and functions of cell migration, cell
proliferation, and angiogenesis. (Supplementary Figure S1D-I).
Further experiments were performed to identify the array results.

Results showed that VEGFA levels were comparable between
groups at the 3-days time point, while OA improved VEGFA
levels at day 7 and 14 after HLI, when compared with the respective

FIGURE 2 | OA regulated the secretion of VEGFA, ANG-2, FGF-2, and PDGF-BB at distinct time points during angiogenesis after HLI and resolved inflammation
during HLI. Lysates were immunoblotted with VEGF antibody, and detected with an enhanced chemiluminescence kit. Blots were normalized by densities for GAPDH as
an internal control (A,B). Quantitative VEGFA (C), ANG-2 (D), FGF-2 (E), and PDGF-BB (F) in ischemic tissue at 3, 7 and 14 days after HLI in the presence of OA or saline
were detected by ELISA. Values were represented as means ± SD (n � 3–4). Quantification by flow cytometry of F4/80+CD45+ macrophages (G) and Ly6G+F4/80-

neutrophils (H) in skeletal muscle isolated from mice undergoing HLI (day 3) and treated with saline or OA was presented. Tissue (I) and Serum (J) levels of IL-1β in mice
undergoing HLI and treated with saline or OA were detected. Data were represented as mean ± SD (n � 5). **p < 0.01 vs. sham; #p < 0.05, ##p < 0.01 vs. saline.
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saline group (Figures 2A–C). This facilitated vessel sprouting and
lumen elongation during angiogenesis (Potente et al., 2011). In
addition, OA significantly increased ischemia-induced decreases in
ANG-2 at days 3 and 7 after HLI (Figure 2D). These results were
consistent with the defined role of OA in regulating pericytes that
detach from the vessel wall to enlarge the size of the lumen
(Carmeliet and Jain, 2011). ANG-2 levels were comparable
between groups at the day 14 time point. FGF is critical for
maintaining vascular integrity, because inhibition of FGFR
signaling in ECs leads to vascular disintegration (Murakami
et al., 2008). After HLI, FGF was increased in the OA group at
days 3 and 14, as compared with saline group. However, there was
no significant difference between the two groups 7 days after HLI
(Figure 2E). Damaged PDGF-BB might lead to vascular leakage,
tortuosity, microaneurysm formation, and bleeding due to lack of
pericytes, which is not conducive to the repair of ischemic injury.
PDGF-BB plays a key role in the mature stage of angiogenesis
(Skovseth et al., 2005;Mittermayr et al., 2016). Like FGF, PDGF-BB
was also increased in the early and late stages of angiogenesis when
compared with the respective saline group and PDGF-BB levels
were comparable between groups at 7 days (Figure 2F). Current
research revealed that angiogenic factors go through a dynamic
progression in this multi-step angiogenesis process, in which
tubular structures are created, elongated, and then matured
during angiogenesis after HLI. In addition, OA promoted
angiogenesis by regulating VEGFA, ANG-2, FGF-2, and PDGF-
BB at distinct time points after HLI.

Oroxylin A Resolved Inflammation During
Hind Limb Ischemia
The inflammatory response is an integral part of the ischemic
microenvironment, which is tightly coupled to angiogenesis. OA
has been reported to have strong anti-inflammatory effects in
macrophages in vitro. Next, we sought to determine how OA
modulated the inflammatory microenvironment in vivo. In
comparison with sham group, levels of CD45+F4/80+ macrophages
(Figure 2G) and Ly6G+F4/80- neutrophils (Figure 2H) increased
significantly in skeletal muscle of mice undergoing HLI. This increase
was prevented in mice treated with OA. Meanwhile, OA significantly
decreased the ischemia-induced increase in pro-inflammatory
cytokine IL-1β (Figures 2I,J). These results indicated that OA
resolved inflammation by reducing macrophage and neutrophil
recruitment and proinflammatory cytokine production, which will
have a positive effect on promoting blood flow recovery.

Oroxylin A Promoted Release of Vascular
Endothelial Growth Factor A and
Angiopoietin-2 in Skeletal Muscle Cells
Skeletal muscle is a secretory organ that can secrete various
angiogenic factors, and is very crucial for angiogenesis. We
examined the effect of the OA-treated secretome of skeletal
muscle cells on vascular endothelial cells. OA (2.5 μM)
significantly promoted the release of VEGFA (Figure 3A) and
ANG-2 (Figure 3B) in skeletal muscle cells. After OA treatment,
the conditioned medium derived from skeletal muscle cells was

added to HUVEC in culture for 24 h. There was a statistically
significant increase in the pro-proliferative activity of ECs as
compared to conditioned medium after DMSO intervention
(Figure 3C). This study demonstrated that OA-mediated
angiogenesis was associated with increase of angiogenic factors
within the skeletal muscle microenvironment.

Oroxylin A Induced Tube Formation and
Migration in Human Umbilical Vein
Endothelial Cells
In vitro angiogenesis assays were conducted. EC proliferation and
migration contributes to dissemination of pre-existing vessels to
form new vessels. OA also significantly induced the formation of
capillary-like structures (Figures 3D,E). OA did not stimulate EC
proliferation, which was robustly stimulated by VEGFA165

(100 ng/ml). This lack of effect on proliferation was not due to
a decrease in cell viability (Figures 3F,G; Supplementary Figure
S3). We further investigated the effect of OA on cell migration
and it was observed that OA directly enhanced EC migration
following a scrape injury (Figures 3H,I). OA-induced
rearrangement of the actin cytoskeleton and enhanced the
formation of stress fibers. These stress fibers terminated at
pointed edges and were a typical morphological feature in
migrating cells (Figure 3J). These results indicated that OA
stimulated the migration of HUVECs.

Oroxylin A Induced Endothelial Cell
Migration Through the Ras Homolog Gene
Family Member A/Rho-Associated
Coiled-Coil Kinase II Pathway
To identify the mechanism of OA, we examined Rho GTPases,
which play a fundamental role in EC migration (Warner et al.,
2019). OA increased the amount of active, GTP-bound RhoA, but
did not increase the amount of Cdc42 or Rac1. In addition, OA
induced the formation of stress fiber mediated by RhoA (Figures
4A–D). Previous studies have demonstrated that VEGFR2
activation induced the stimulation of RhoA and its major
downstream effector, Rho-associated protein kinase ROCK-II,
to regulate stress fiber formation and cell migration in ECs (Bryan
et al., 2010; Liu et al., 2018). In addition, Cofilin has been
previously shown to regulate cell migration (Li et al., 2015).
Our data showed that OA increased the expression of VEGFR2,
ROCK-II, and increased the phosphorylation of Cofilin in
HUVECs in a time-dependent manner (Figures 4E–J).

ROCK-II is the downstream of VEGFR2. It is estimated that
knockdown of ROCK-II will not alter the expression of VEGFR2.
We tested the level of VEGFR2 after siROCK-II. Figures 5A–D
showed that the transfection of ROCK-II siRNA resulted in a
marked reduction in ROCK-II. After siROCK-II treatment, the
level of VEGFR2 was significantly increased for 30 min after OA
treatment, while after 60 min of OA treatment, the level of
VEGFR2 was not altered, which is not in line with the
expected results. Furthermore, the results showed that the
concurrent cell migrations and capillary-like structures of
HUVECs that were induced by OA treatments were able to be
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FIGURE 3 |OA promoted the secretion of VEGFA and ANG-2 in skeletal muscle cells and induced tube formation and migration in HUVECs. Skeletal muscle cells
were cultured with DMSO or OA (2.5 µM) for 24 h, and then the contents of VEGFA (A) and ANG-2 (B) in the supernatant were quantified by ELISA. After DMSO or OA
treatment, medium derived from skeletal muscle cells was added to HUVEC in culture for 24 h, and then assayed by a BrdU kit (C). Data were represented as mean ± SD
(n � 6). Tube formation of HUVECs were performed on Matrigel in response to DMSO, OA (2.5 μM) or VEGFA165 for 18 h, with VEGFA165 as a positive control. The
scale bars represented 100 μm (D). Quantification of tube formation were presented as several branching points (E). HUVECs were cultured with DMSO or OA (2.5, 5,
10 µM) for 24 h, and then assayed by a BrdU kit (F) and MTT assay (G). VEGFA165 was acted as a positive control. Representative images and quantification of ECs
migration following scrape injury in response to DMSO or OA (2.5 μM) were shown inH and I. The scale bars represented 150 μm. Actin cytoskeleton rearrangement in
HUVECs was shown in (J). Below is a higher magnification of the white-boxed area. Formation of stress fibers terminated at pointed edges (white arrowhead). The scale
bars represented 100 μm. Data were represented as mean ± SD (n � 5). *p < 0.05, N.S. not significant, vs. control.
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FIGURE 4 | OA induced stress fiber formation and cell migration in HUVECs through RhoA/ROCK-II pathway. The amounts of active GTP-bound RhoA (RhoA-
GTP, rhotekin-RBD), Rac1 (Rac1-GTP, PAK-PBD), Cdc42 (Cdc42-GTP, PAK-PBD) were determined by a pull-down assay, in non-stimulated (control) or OA-stimulated
(2.5 μM) HUVECs for 1 min (1′), 3′, 5′, 10′, 20′ or 30’. Total RhoA, Rac1, Cdc42 in total cell extracts were also detected (A). Quantification of active, GTP-bound state
was presented as RhoA-GTP (20′) (B) and Cdc42-GTP (3′) (C). HUVECs treated for 20 min with 2.5 μM OA after serum were starved and subsequently stained
with rhodamine-phalloidin and with DAPI for nuclei. RhoA induced actin stress fibers were visible (D). VEGFR2 (E) and ROCK-II (F)mRNA expression in HUVECs were
stimulated with 2.5 μM OA for 30, 60 min. HUVECs stimulated with DMSO, 2.5 μM OA for 30, 60 min and VEGFA165 for 60 min. Western blotting analysis of VEGFR2,
ROCK-II or p-Cofilin and total Cofilin in HUVECs were performed. β-actin expression was presented as an internal control of protein loading. VEGFA165 was acted as a
positive control (G). Quantitative data included VEGFR2 (H), ROCK-II (I) and p-Cofilin (J). Data were represented as mean ± SD (n � 3). *p < 0.05; **p < 0.01 vs. control.
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FIGURE 5 | Cell migrations and capillary-like structures of HUVECs induced by OA were decreased by silencing ROCK-II with siRNA. HUVECs were transfected
with non-specific siRNA or ROCK-II siRNA and stimulated with DMSO or 2.5 μMOA for 30, 60 min and analyzed using qRT-PCR (A). Western blotting analysis of ROCK-
II and VEGFR2 in HUVECs transfected with non-specific siRNA or ROCK-II siRNA and stimulated with DMSO or 2.5 μM OA for 30, 60 min were performed in (B).
Quantitative data included ROCK-II (C) and VEGFR2 (D). The mobility of HUVECs was analyzed by using scrape injury, with VEGFA165 as a positive control.
HUVECs were transfected with control siRNA or ROCK-II siRNA and stimulated with DMSO, 2.5 μM OA or VEGFA165 for 4 h (E). Quantitative data were shown in (F).
Performed Transwell invasion of HUVECs transfected with control siRNA or ROCK-II siRNA and stimulated with DMSO or 2.5 μM OA were presented in (G).
Representative images of tube formation of HUVECs transfected with control siRNA or ROCK-II siRNA and stimulated with DMSO, 2.5 μM OA or VEGFA165 were
presented, with VEGFA165 as a positive control (H). Quantitative data were shown in (I). Data were represented as mean ± SD (n � 3). *p < 0.05; **p < 0.01 vs. control
siRNA, &&p < 0.01 vs. ROCK-II siRNA.
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decreased by silencing ROCK-II (Figures 5E–I). This indicated
that ROCK-II played an important role in OA-induced stress
fiber formation and EC migration.

Oroxylin A Regulated the T-Box20/
Prokineticin 2 Signaling Pathway
After silencing ROCK-II with siRNA, we observed that the
concurrent cell migrations and capillary-like structures of

HUVECs were significantly decreased, but still existed.
Therefore, we speculated that OA may regulate other key
pathways to promote angiogenesis. Previous studies have
shown that loss of TBX20-PROK2 hindered tube formation
and EC migration in HUVECs (Meng et al., 2018). To verify
the hypothesis, we explored the role of OA on the TBX20/PROK2
signaling pathway. Both qRT-PCR and Western blot analysis
showed that OA significantly increased TBX20 and PROK2
expression in HUVECs (Figures 6A–E). These results

FIGURE 6 | OA regulated TBX20/PROK2 signaling pathway. Western blotting analysis of TBX20 or PROK2 in HUVECs stimulated with DMSO, 2.5 μM OA (30,
60 min) and VEGFA165 (100 ng/ml), β-actin expression an internal control of protein loading was performed, with VEGFA165 as a positive control (A). Quantitative data
included TBX20 (B) and PROK2 (C). TBX20 (D) and PROK2 (E) mRNA expression in HUVECs treated with DMSO or 2.5 μM OA for 30, 60 min were analyzed using
qRT-PCR. Statistical analysis of TBX20 (F) and PROK2 (G)mRNA of HUVECs transfected with non-specific siRNA or ROCK-II siRNA and stimulated with DMSO or
2.5 μM OA for 30, 60 min were presented. Data were represented as mean ± SD (n � 3). *p < 0.05, **p < 0.01 vs. control siRNA; &p < 0.05 vs. ROCK-II siRNA; #p <
0.05 vs. control siRNA + OA 60 min.
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indicated that OA regulated the TBX20/PROK2 signaling
pathway. Transfection of ROCK-II siRNA did not affect
TBX20 and PROK2 expression when compared with the
control siRNA, while PROK2 was robustly decreased by OA
after silencing ROCK-II with siRNA (Figures 6F,G). These
results confirmed that PROK2 functions downstream of
ROCK-II. The above results suggest that these two pathways
may play essential roles in promoting EC migration and that OA
could promote EC migration through these two pathways to
promote angiogenesis. Further investigation is required to fully
understand this detailed mechanism.

DISCUSSION

In this study, we investigated the therapeutic efficacy of OA for the
treatment of PAD. OA treatment significantly accelerated perfusion
recovery following 14 days of therapy. In addition, OA treatment
enhanced angiogenesis by inducing EC migration, promoted the
secretion of VEGFA and ANG-2 in skeletal muscle cells, and
modulated the inflammatory microenvironment. These results
suggest thatOA is emerging as a novel approach for patientswith PAD.

In recent research, pivotal regulators of angiogenesis have been
tested in human clinical trials to promote angiogenesis; however
therapeutic outcomes remain far from satisfactory. Clinical designs
for these trials have been single-targeted and have not considered
the entire mechanism of angiogenesis, like the sprouting of ECs
and further vascular maturation (Roncalli et al., 2008; Minoshima
et al., 2018). VEGFA promotes tip cell selection, stalk elongation,
and vascular maintenance (Carmeliet and Jain, 2011). FGF is
critical for maintaining vascular integrity (Carmeliet and Jain,
2011). PDGF-BB plays a key role in the mature stage of
angiogenesis (Carmeliet and Jain, 2011). Sequential delivery of
VEGF and PDGF-BB improves revascularization and heart
function after myocardial infarction (Awada et al., 2015). FGF-2
and PDGF-BB alone may cause vascular degeneration, while the
combination of the two is more conducive to vascular stability and
maturation (de Paula et al., 2009; Li et al., 2010). Sequential delivery
of VEGF, FGF-2, and PDGF resulted in significant angiogenic
differentiation of HUVECs and rapid formation ofmature vascular
networks in the chorioallantoic membrane (Bai et al., 2018).
Nintedanib, co-targeting PDGFRs, VEGFRs, and FGFR, have
been used in phase 3 trials (Scagliotti et al., 2019). In this study,
OA promoted angiogenesis by regulating VEGFA, ANG-2, FGF-2,
and PDGF-BB at distinct time points during angiogenesis. This
implies that OA therapy could be exploited as a promising strategy
to promote angiogenesis in clinic.

In this study, murine HLI model was performed on C57BL/6
mice as previously described (Limbourg et al., 2009; Brenes et al.,
2012; Zhang et al., 2016; Ministro et al., 2017; Aref et al., 2019;
Chang et al., 2019). Although there is minimal variation of the
gross vascular anatomy of the femoral artery and its main branches
in all mouse strains, the murine genetic background greatly
influences the vascular response and the recovery of perfusion
after femoral artery ligation. C57BL/6 mice are known to recover
quickly from ischemia, as compared with the slow recovering Balb/
C mice. It is critical to choose the optimal timing for perfusion

imaging and tissue harvest. In our research, mice undergoing HLI
showed a time-dependent increase in perfusion ratio that reached
about 30% restoration of blood flow by day 14 post-HLI. Themean
ratios of ischemic to non-ischemic perfusion in the OA group
(0.59 ± 0.14) were significantly higher than that of saline group
(0.33 ± 0.10), indicating OA improved perfusion in HLI mice. To
further confirm that OA is an effective compound for treating HLI,
animal experiments using other mouse strains will be performed in
the future studies.

In the traditional Chinese medicinal practice, most crude
drugs or compound formulas are prepared as decoctions and
taken orally. Pharmacokinetic studies of OA after intragastrical
administration in rats indicated that OA can be absorbed from
the gastrointestinal tract in its native form and the concentration
of OA in the plasma increased with time (Li et al., 2011; Cai et al.,
2016; Ren et al., 2020). OA has two metabolites: oroxylin A 7-O-
glucuronide (OG) and oroxylin A sodium sulfonate (OS). After
the oral administration of OA, this molecule was more widely
distributed in tissue than its metabolites and the tissue
concentration level of OA was the highest. The Cmax of OA
was lower and the elimination rate was slower than intravenous
administration. The angiogenic effects of active metabolites of
OA will be further investigated in future studies.

Several therapeutic strategies have been tested to increase
angiogenesis, including the use of growth factors and
mononuclear cells. These approaches have had limited success in
large clinical trials, which could be related to the chronic
inflammatory environment typically encountered in patients with
PAD (Cooke and Losordo, 2015; Zhang et al., 2016). Biopsies from
patients with PAD showed clear signs of inflammation, with a
significantly higher density of macrophages (Caradu et al., 2018).
The inflammatory response is an integral part of the ischemic
microenvironment, which is tightly coupled to angiogenesis
(Jalkanen et al., 2016). Inflammatory cells multitask at the
ischemic site by facilitating cellular debris removal and producing
chemokines, metabolites, and growth factors. These molecules are
helpful for the repair of ischemic tissue damage. Unfortunately, this
well-orchestrated response becomes dysregulated in PAD. The
ischemic tissue can produce a continuous inflammatory response,
resulting in impaired tissue function. Previous studies have shown
that OA had strong anti-inflammatory effects on macrophages
in vitro (Wang et al., 2013). Our data revealed that, levels of
neutrophils and macrophages increased significantly in the
skeletal muscle of mice undergoing HLI. In addition, OA
resolved inflammation by reducing neutrophil and macrophage
recruitment and down-regulating pro-inflammatory cytokine IL-
1β production in serum and tissue. OA could also promote ischemic
tissue repair by promoting angiogenesis and downregulating the
number of inflammatory cells and the secretion of inflammatory
factors. These findings offered a novel beneficial mechanism of OA
regarding PAD protection.

Angiogenesis requires EC proliferation and migration. Unlike
growth factors, OA selectively controlled EC migration, but did
not stimulate EC proliferation. Since we utilized VEGF as positive
control, cell proliferation was significantly enhanced in VEGF
group, indicating the experimental system is credible. There are
several possible explanations for this unexpected result. First, the
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OA-mediated elevated expression of VEGF in HUVEC was not
sufficient to promote proliferation of ECs. Second, OA may
inhibit proliferation of HUVEC through undiscovered
mechanisms. This inhibitory effect counteracted the mitogenic
effects of OA mediated by VEGF upregulation. Third, the
concentrations, duration of drug delivery, and observation
time may be responsible for the property of OA revealed in
the present study. Further investigation is needed to unravel the
detailed mechanisms of OA’s effects.

Other preclinical studies have showed that inhibition of RhoA
could prevent VEGF-enhanced EC migration in response to
vascular injury (Van Nieuw Amerongen et al., 2003). Our
study demonstrated that OA induced stress fiber formation
and EC migration associated with an increase in RhoA
activation, implying that RhoA may act as a possible
therapeutic target of OA for inducing EC migration. ROCK-II
is a downstream effector of RhoA. In response to VEGF, ECs with
ROCK-II knockdown exhibit a drastic reduction inmigration and
tube formation (Liu et al., 2018). OA was found to stimulate
ROCK-II expression. In HUVECs lacking ROCK-II, the
beneficial effects of OA were abrogated. These data indicated
that OA promoted tube formation through a ROCK-II-
dependent mechanism. ROCK-activated LIMK then
phosphorylates Cofilin and inactivates its actin-
depolymerization activity, leading to stabilization of actin
filaments (Li et al., 2005; Li et al., 2015). OA can upregulate

the phosphorylation at serine-3 of Cofilin, which suggests that
OA might promote stabilization of actin filaments by
phosphorylating Cofilin. Therefore, it is reasonable to assume
that the enhanced RhoA/ROCK-II/p-Cofilin signaling pathway
induced by OA is associated with stress fiber formation and
therefore improves tube formation in HUVECs.

During EC migration, in addition to the RhoA/ROCK-II
signaling pathway, the TBX20/PROK2 signaling pathway acts
as a “biological capacitor” to relay and sustain the pro-angiogenic
effect of VEGF. This may be an aspect worth exploring for the
treatment of PAD (Meng et al., 2018). TBX20 encodes a key
transcription factor that is expressed in the heart, eyes, ventral
neural tube, and limbs during embryonic development (Meins
et al., 2000). PROK2 is a secreted protein that functions
downstream of TBX20 and helps to regulate angiogenesis. A
recent study showed that TBX20-regulated tube formation and
cell migration in ECs, along with intramuscular injection of
recombinant PROK2 protein increased blood perfusion
recovery in the ischemic limb (Meng et al., 2018). Our present
study validated the upregulation of TBX20 and PROK2 after
treatment with OA in HUVECs, indicating that OAmay promote
EC migration and tube formation by promoting the TBX20/
PROK2 signaling pathway. Previous work demonstrated that the
regulation of GTPase activity is implicated in the modulation
E-cadherin expression through a pathway involving TBX (Yano
et al., 2011). ROCK inhibition resulted in a drastic change in

FIGURE 7 | OA increased angiogenesis through multiple mechanisms involving enhanced EC migration, elevated angiogenic factors release, and induced
stabilization and growth of blood vessels.
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colonymorphology, accompanied by the loss of TBX20 inmurine
embryonic stem cells and the induction of pluripotent stem cells
(Cheng et al., 2015). We evaluated whether ROCK-II regulates
the TBX20/PROK2 signaling pathway after OA treatment. The
results showed that transfection of ROCK-II siRNA did not affect
TBX20 and PROK2 expression; however, PROK2 was robustly
decreased by OA after silencing ROCK-II. For the first time, we
observed that PROK2 may be regulated by ROCK-II during
angiogenesis in vitro after OA treatment. Further studies will
be performed to determine whether ROCK-II affects PROK2
expression in the OA-treated group during angiogenesis after
HLI. These results provide new drug targets to treat diseases with
dysregulated angiogenesis.

Previous studies have shown that pathologic neovascularization
is inhibited by OA (Gao et al., 2010; Song et al., 2012; Zhang et al.,
2018; Zhao et al., 2018). The effect of OA differs between different
studies due to different concentrations and the complexity of
various tissue microenvironment. Previous studies have shown
that HUVECs cultured in medium 199 containing FBS, EGF and
endothelial cell growth supplement, which were treated with OA
for 1 h at concentrations of 1, 10, and 100 μM, were able to
suppress the VEGF and LPS-stimulated migration and tube
formation. And OA (1 μM) suppressed the VEGF-stimulated
migration and tube formation through blocking MAPK
signaling pathway induced by VEGF. In murine primary liver
sinusoidal endothelial cells (LSECs), concentrations of 20, 30, and
40 μM of OA inhibited hypoxia-induced angiogenesis as indicated
by MTT and tube formation assays. For 24 h of treatment with
oroxylin A-7-glucuronide (Oroxyloside), a main metabolite of OA,
inhibited the proliferation, migration, and tube formation of
human endothelial cells at concentrations of 40, 80, and
160 μM. Compared with previous studies, we explored the
direct effect of OA on endothelial cells. The concentrations we
chose are 2.5, 5, 10 and 20 μM. The treatment time is 24 h. The
results showed that OA inhibited the viability of endothelial cells at
20 μM and inhibited endothelial cell proliferation at 10 μM after
24 h of treatment. A concentration of 2.5 μM OA was found to
significantly induce tube formation in HUVECs. We selected
2.5 μM as the concentration of OA in subsequent experiments.
OA promoted endothelial cell migration through the GTPases
signaling pathway. The above results indicated that OA may play a
dual role: low concentration of OA promotes angiogenesis, while
high concentration of OA possesses anti-angiogenic effects. This is
not uncommon, and a similar phenomenon took place in
tetramethyl pyrazine (TMP), panax ginseng, rhubarb, and
danshensu (Zhang et al., 2010; Qin et al., 2011; Chen et al.,
2012; Zhang et al., 2014; Yin et al., 2017), implying that drug
dose is an important parameter for the efficacy of drugs and that
the same drug may play a diametrically opposite and context-
dependent role in different pathological states. This property of OA
could be particularly beneficial in the context of atherosclerosis and
cancer, where angiogenesis could fuel disease progression.

In conclusion, the data suggested that OA increased
angiogenesis through multiple mechanisms (Figure 7). First,
OA could act on ECs to stimulate endothelial migration.
Second, OA treatment increased the expression of several
angiogenic factors, including VEGFA, ANG-2, PDGF-BB, and

FGF-2 in ischemic muscle at distinct time points post ischemia.
Third, OA promoted the release of VEGFA and ANG-2 in
skeletal muscle cells, which induced proliferation of ECs.
Finally, OA promoted the formation of smooth, muscle-
covered, mature blood vessels. The maturation of blood vessels
into multilayer structures is essential for their persistence. These
results uncovered a new role of OA in tissue revascularization
following ischemic injury and could open up new directions for
the development of novel therapeutic interventions for patients
with PAD.
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