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Methods
and results

Baicalin is the major component found in Scutellaria baicalensis root, a widely used herb in traditional Chinese medicine.
Although it has been used for thousands of years to treat stroke, the mechanisms of action of S. baicalensis have not been
clearly elucidated. In this report, we studied the modulation of angiogenesis as one possible mechanism by investigating
the effects of these agents on expression of vascular endothelial growth factor (VEGF), a critical factor for angiogenesis.

The effects of baicalin and an extract of S. baicalensis on VEGF expression were tested in several cell lines. Both agents
induced VEGF expression in all cells without increasing expression of hypoxia-inducible factor-1a (HIF-1c). The
expression of reporter genes was also activated under the control of the VEGF promoter containing either a functional
or a defective HIF response element (HRE). Only minimal effects were observed on reporter activation under the HRE
promoter. Instead, both agents significantly induced oestrogen-related receptor (ERRa) expression as well as the
activity of reporter genes under the control of ERRa-binding element. Their ability to induce VEGF expression was
suppressed once ERRa expression was knocked down by siRNA or ERRa-binding sites were deleted in the VEGF
promoter. We also found that both agents stimulated cell migration and vessel sprout formation from the aorta.

Our results implicate baicalin and S. baicalensis in angiogenesis by inducing VEGF expression through the activation of
the ERRa pathway. These data may facilitate a better understanding of the potential health benefits of these agents in
the treatment of cardiovascular diseases.
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1. Introduction

Angiogenesis, the formation of new blood vessels from pre-existing vessels,
plays a critical role in many physiological and pathological conditions,
including embryonic development, wound healing, tumour growth, and
metastasis." > In a normal healthy body, angiogenesis is tightly controlled
by a balance of pro-angiogenic and anti-angiogenic factors.*

Dysregulated —angiogenesis contributes to many diseases,
including heart and brain ischaemia, neurodegeneration, delayed
wound healing, hypertension, and others. In these conditions, insuffi-
cient production of angiogenic factors leads to insufficient blood
vessel formation and subsequent tissue death. Therapeutic angiogenesis
is currently being developed to treat patients with ischaemic vascular
conditions by stimulating new blood vessel growth."?
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Among the many angiogenic factors, vascular endothelial growth factor
(VEGF) is one of the most critical and specific factors that stimulate both
physiological and pathological angiogenesis. Most VEGF-induced responses
in endothelial cells are mediated through binding to receptor tyrosine
kinases, VEGF receptor 1 (flt1) and VEGF receptor 2 (KDR/lk1).> VEGF
expression is induced by growth factors, oncogenes, and hypoxia.® The
key regulator of VEGF expression in response to hypoxia is
hypoxia-inducible factor-1 (HIF-1), a heterodimeric transcription factor
consisting of HIF-1$3, which is constitutively expressed, and HIF-1a,
which is highly regulated. Levels of HIF-1a expression are determined by
the rates of protein synthesis (regulated via an oxygen-independent mech-
anism) and protein degradation (regulated via an oxygen-dependent mech-
anism).® HIF-1 activates VEGF transcription by binding to the hypoxia
response element (HRE) in the VEGF promoter. In addition to HRE,
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multiple transcription factor-binding sites, including ERR, AP-1, Sp-1, Stat3,
and CREB, have been identified within the VEGF promoter.”

Oestrogen-related receptors (ERRs) are a family of orphan nuclear
hormone receptors initially identified based on their homology to the
oestrogen receptor ERa. ERRs are generally considered to be consti-
tutively active receptors that interact with coactivators in the absence
of exogenous ligands.'® Recent studies have found that peroxisome
proliferator-activated receptor-y coactivator-1a (PGC-1a) is a
potent ligand-independent coactivator that interacts with ERRa and
also a major regulator of mitochondrial function in response to exer-
cise and other stimuli."""> Through the activation of ERR-a;, PGC-1ax
has been shown to powerfully induce VEGF expression and angiogen-
esis in cultured muscle cells and skeletal muscle in vivo, as well as in
breast cancer cells, in an HIF-1a independent pathway.'>"*

VEGF protein and genes have been administered to treat ischaemic
disorders. After encouraging results in human Phase | trials,”” large
randomized placebo-controlled Phase VIl clinical trials have,
however, yielded somewhat disappointing results, partly due to
inadequate delivery strategies.'® Alternatively, the use of small mol-
ecules for therapeutic angiogenesis has been suggested to provide
an advantage over therapies using protein or gene therapy.'”"®

We are interested in identifying natural product-derived molecules
that can regulate VEGF expression and angiogenesis. By using a VEGF
reporter cell line, we found that Scutellaria baicalensis root and its
major component, baicalin, stimulated VEGF expression efficiently
and induced vessel sprout formation from the aorta in an ex vivo
model. The induced VEGF expression was mediated, at least in part,
by the activation of the ERR pathway.

2. Methods

2.1 Reagents and antibodies

Deferoxamine mesylate (DFX), baicalin, and antibody for 3-actin were from
Sigma. Antibody against HIF-1a was from BD Bioscience. Antibody against
caspase 3 and GAPDH were from Cell Signaling. Antibody against
B-tubulin was from Thermal Scientific. Antibodies against ERRa and
PGC-1a were from NOVUS. siRNA for ERRa, PGC-1a, and control
siRNAwere obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

2.2 Preparation of S. baicalensis extract

The root of S. baicalensis (also called Huang Qin) (obtained from E-Fong
Herbs, CA, USA) was dissolved in hot water (70°C, 1 h). The solution was
centrifuged (18 000 g, 10 min) to remove the insoluble part. The super-
natant was then transferred to a new tube and dried under vacuum to
full dryness. The dry pellet was weighted, resuspended in water, and
characterized for the presence of baicalin using HPLC/UV detection
based on a previously published method.'” The extract was found to
contain 0.55% (w/w) baicalin. A Shimadzu HPLC system (Columbia,
MD, USA) consisting of two LC-10AS solvent delivery pumps, an
SIL-10A autoinjector, and an SPD-10A UV-VIS detector was used for
quantitative analysis. Chromatographic conditions were as follows: the
analytical column was a Phenomenex (Torrance, CA, USA) IB-SIL C18
150 x 4.6 mm ID, mobile phase (A) was 0.05% trifluoroacetic acid (v/v),
and mobile phase (B) was acetonitrile. A linear gradient ran over 0—
30 min from 20 to 100% B. The flow rate was 1.0 mL/min at ambient
temperature and the injection volume was 10 pL. The detector was set
to a wavelength of 277 nm. An external calibration method was used
for the quantitative analysis. A calibration curve was obtained by plots
of the peak area vs. the concentration of the pure calibration standards.
All experiments were conducted in duplicate. Standards and samples

were prepared by diluting 1:2 with acetonitrile/0.05% trifluoroacetic
acid (1/4, v/v) prior to injection.

2.3 Cell culture

Human fibroblast MRC-5 cells (ATCC) were cultured in Eagle’s MEM with
10% FBS. Human umbilical vascular endothelial cells (HUVEC, Clonetics,
Lonza) were cultured in the endothelial growth medium (EGM-2, from
Lonza for HUVEC) containing 10% FCS. U251 human glioma cells a
were cultured in DMEM medium, as described previously.”® For cell
culture under hypoxia, cells were grown in a chamber containing 1%
O,, 5% CO,, and 94% N, at 37°C or induced by a hypoxia mimetic
agent DFX (250 pM, Sigma).

2.4 Construction of plasmids

To construct the luciferase reporter plasmid (pGL4/VEGF-Luc), a 2135 bp
fragment of the human VEGF gene promoter (—2080 to +54) containing
an HIF-1a-binding site at positions —985 and —939 was cloned into the
upstream of the luciferase gene of the pGL4.14/[luc2/Hygro] plasmid
(Promega, Madison, WI, USA), as described previously.” A reporter con-
struct with all three ERR-binding sites deleted in the VEGF promoter was
generated using a mutagenesis kit from Stratagene (La Jolla, CA, USA).
Reporter constructs containing a wild-type VEGF promoter (—1155 to
+597) (VEGF-pGL3)—either with a functional HIF-1-binding site
(VEGF-HRE) or with a mutated HIF-1-binding site (VEGF-mHRE)—
were kindly provided by Dr Marina Schorpp-Kistner (DKFZ,
Germany).?" A reporter construct containing 5x HIF-1-binding sites
(HRE) was kindly provided by Andrew Kung (Dana-Farber Cancer Insti-
tute, Boston, MA, USA).22

2.5 Transient transfection

Fugene 6 (Roche) was used to transfect report constructs; RNAIMAX
(Invitrogen) was used to transfect siRNA, according to the manufacturer’s
instructions.

2.6 Reporter cell line and luciferase reporter
assay

U251/VEGF-luc reporter cell line was established as reported pre-
viously.”® Transfected U251 cells and reporter cell line U251/VEGF-Luc
were seeded in 48-well plates (2.5 x 10*well) or in 96-well plates
(1.5 x 10%well) the day before treatment. Cells were then treated with
baicalin and S. baicalensis in a serum-free medium for indicated dose and
times. Luciferase activity was determined, as described previously.*’

2.7 Quantitative real-time PCR

Total RNA was extracted from cell lines using Qiagen RNeasy Min Kit
(Qiagen, CA, USA). Quantitative real-time PCR (qRT-PCR) was deter-
mined in ABI Prism 7900HT Sequence Detection System using SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) as
described previously.”® The following primers were used with annealing
temperature 60°C:

VEGF

Forward: AGCCTTGCCTTGCTGCTCTAC
Reverse: TGATGATTCTGCCCTCCTCCTT
HIF-1a

Forward: TGAGGAAATGAGAGAAATGCTTACA
Reverse: ACACTGAGGTTGGTTACTGTTGGT
B-Actin
Forward: AGAGATGGCCACGGCTGCTT
Reverse: GCCACAGGACTCCATGCCCA
ERRa

Forward: AAAGCCTTCTTCAAGAGGACCAT
Reverse: TGGTGATCTCACACTCGTTGGA
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PGC-1a

Forward: AGTCCCACACACAGTCGCAGTC
Reverse: CTGGGGTCAGAGGAAGAGATAAAG

2.8 Quantification of VEGF

Quantikine human VEGF Elisa kit from R&D system was used to measure
human VEGEF levels in the conditioned medium, collected as described
previously.*

2.9 Immunoblot

Total cell extract was prepared in Laemmli sample buffer,
electrophoresed on SDS gels, and immunoblotted as described
previously.?°

2.10 Migration assay

Endothelial cell migration was assessed as described previously.?® Briefly,
HUVEC (1 x 10°) were plated in EBM-2 medium containing 0.05% FCS in
the upper chamber of the transwell (8 wm pore, Costar). Serum-free
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DMEM, containing VEGF (50 ng/mL) or various conditioned media, was
added to the lower chamber of the transwell. After 5 h, non-migrated
cells were removed by cotton swab and migrated cells were stained
and examined under a microscope. The number of migrated cells was
quantified by counting the cells at x40 objectives.

2.11 Chick aortic ring assay

The aortic arch was dissected from day 12-14 chick embryos,
cut into rings, and embedded into Matrigel (BD Biosciences) in four-
well plates (NUNC), as described previously.”>** Aortic rings were
fed with an MCDB-131 serum-free medium (GIBCO, Invitrogen) con-
taining baicalin (25 uwM) and S. badicalensis (100 pwg/mL). Growing
sprouts were photographed with an Olympus inverted [X81 at x40
magnification.

2.12 Statistic analysis

Data were presented as mean £+ SD. Student’s t-test was used to
compare the means of two groups. ANOVA test was used to compare
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Figure | Baicalin and S. baicalensis (S.B.) stimulate VEGF reporter activity. (A and B) U251 cells expressing luciferase reporter containing the human
VEGF gene (U251/VEGF-luc) were incubated (24 h, under normoxia) with various concentrations of (A) S. baicalensis and (B) baicalin. (C) Baicalin
(25 M) and S. baicalensis (50 pwg/mL) were incubated with U251/VEGF-luc (24 h) under both normoxia and hypoxia conditions. Samples were
assessed for luciferase activity. Data are represented as the ratio to solvent control (water) under normoxia and are mean + SD (n = 3).

*P < 0.05 vs. control under normoxia;

#P < 0.05 vs. control under hypoxia. (D) Scutellaria baicalensis and baicalin had little effect on the cleavage

of caspase 3. Cell lysates from U251 cells, MRC-5 cells, and HUVEC treated with S. baicalensis or baicalin were analysed by immunoblotting with

an antibody against caspase 3. 3-Tubulin was used as a loading control.
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Figure 2 Baicalin and S. baicalensis (S.B.) induce VEGF expression. (A and B) Baicalin induces VEGF mRNA expression in (A) U251 and (B) MRC-5
cells. Cells were incubated (24 h) with baicalin (25 M) and S. baicalensis (50 wg/mL) under both normoxia and hypoxia, in the presence of 1% oxygen;
gRT-PCR was used to determine the effect of these agents on VEGF mRNA expression. Data are expressed as a ratio to solvent control (water)
under normoxia and are mean + SD. (n = 3). ¥P < 0.05 vs. control under normoxia; #P < 0.05 vs. control under hypoxia. (C—E) Baicalin stimulates
VEGF protein expression in (C) U251, (D) MRC-5, and (E) HUVEC. Cells were incubated (24 h) with baicalin (25 wM), and S. baicalensis (50 pg/mL) in
a serum-free medium under normoxia or hypoxia conditions; conditioned media were then collected and analysed for the presence of VEGF by

ELISA. Data were normalized to cell numbers and incubation time. *P < 0.05 vs. solvent control under normoxia;

under hypoxia.

the means of multiple groups. All the experiments were repeated two to
four times. A value of P<0.05 was considered to be statistically
significant.

3. Results

3.1 Effect of baicalin and S. baicalensis on
VEGF expression

VEGF is a critical factor in the regulation of angiogenesis. To ident-
ify new agents that regulate VEGF expression among plant extracts,
a reporter cell line, U251/VEGF-Luc, was generated that produced

#p < 0.05 vs. solvent control

luciferase activity under the human VEGF promoter.”® An extract
from the root of S. baicalensis was found to stimulate VEGF repor-
ter activity effectively in U251/VEGF-Luc cells under normoxia
(Figure 1A). Baicalin, a major component in S. baicalensis root,
was similarly found to induce VEGF reporter activity (Figure 1B).
Both agents further induced reporter activity under hypoxia
(Figure 1C). At the tested concentrations, no toxicity was observed
as these agents had little effect on the cell number (Figure 1A and
B, black bar) or cleavage of caspase 3 (Figure 1D). A 25 uM baicalin
or 50 pg/mL S. baicalensis extract was used for most subsequent
experiments, as at these concentrations, baicalin or S. baicalensis
could strongly stimulate VEGF expression with a minimal effect
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Figure 3 The effect of baicalin and S. baicalensis (S.B.) on the activation of HIF-1a.. (A and B) Baicalin has little effect on HIF-1a production. U251
cells were incubated under normoxia or hypoxia (16 h) in the absence or presence of increasing concentrations of baicalin and S. baicalensis (A) or
incubated for various times (B). Whole-cell lysates were analysed by immunoblotting with antibody against HIF-1a.. 3-Actin was used as a loading
control. (C) Scutellaria baicalensis and baicalin do not enhance HIF-1aa mRNA expression. U251/VEGF-luc cells were incubated (24 h) with
S. baicalensis (50 wg/mL) and baicalin (25 wM), then analysed for HIF-1oe mRNA expression by qRT-PCR. Data were normalized to 3-actin and
were represented as a ratio to solvent control (water for S.B. or ethanol for baicalin). (D and E) Baicalin did not act through binding to HRE.
U251 cells were transfected with plasmids expressing luciferase reporter genes driven by the VEGF promoter (VEGF) containing either a wild-type
HIF-1a-binding site (VEGF-HRE) or VEGF promoter containing a defective HRE site (VEGF-mHRE) (D), or a HRE reporter plasmid containing five
copies of the HRE site (5x HRE) (E). Transfected cells were then incubated with baicalin (25 wM), S. baicalensis (50 pg/mL), or DFX (250 wM), a
known agent that induces HIF-1a activity and assayed for luciferase activity. Data are expressed as a ratio to solvent control (water for S.B. and

DFX or ethanol for baicalin) under normoxia. *P < 0.05 vs. solvent control.

on the cell number. These results suggested that S. baicalensis, as
well as baicalin, could activate VEGF gene transcription.

We next asked whether VEGF mRNA expression was induced by
baicalin and S. baicalensis treatment. qRT-PCR data indicated that both
agents significantly stimulated VEGF mRNA expression in U251
glioma cells. They also further increased VEGF mRNA levels under
hypoxia (1% oxygen) (Figure 2A). The treatment of U251 cells with
baicalin or S. baicalensis also led to an increase in VEGF protein
expression under normoxia and a further increase under hypoxia
by enzyme-linked immunosorbent assay (ELISA) (Figure 2C).

To address whether these agents could also induce VEGF
expression in other normal cells, VEGF expression was measured in
HUVEC and MRC-5 human fibroblasts. Our results showed the
induction of VEGF mRNA expression in MRC-5 cells (Figure 2B)
in both MRC-5 and HUVEC
(Figure 2D and E). Under these concentrations, both reagents had
little effect on the cleavage of caspase 3, suggesting these reagents
had little toxic effect on these two cell lines (Figure 1D). Taken
together, these results suggested baicalin- and S. baicalensis-induced
VEGF expression by stimulating VEGF transcription.

and VEGF protein expression



Baicalin induces VEGF expression

431

A
8
- DERR o tes
© BPGC-1 & 3
£ s
o
2 <
-
=4
§ o 4 e 4
X2 @
=] E
E-]
e 2
§ L. - " ol
£ [T ]
Solvent Baicalin S.B.
control
(o
4
35 | DERRa *  HWEC
= BPGC-1a
g 3
g M
o 25
(2]
=
2
5% :
= 15
£ .
- 1 ot
4
= 0 | - S— CE— —]
Solvent Baicalin S.B.
control

B
8 MRC-
= 5
g O ERR «
c 4 PGC-1 a .
s ]
(4]
t 3
g *
°
2 2
3
5 T
£
0
Solvent Baicalin S.B.
control
D
7
6 OVEGF-Luc
e m\VEGF
£s :
=
S 4
- #
3
% #
E 2
[T iN B
D .
Control ERRu PGC-1a

Figure 4 The effect of baicalin and S. baicalensis on ERRae mRNA expression. (A) U251 cells, (B) MRC-5 cells, and (C) HUVEC were incubated (24 h)
with baicalin (25 wM) and S. baicalensis (50 pwg/mL) under normoxia. gRT-PCR was used to determine the effect of these agents on ERRa and PGC-1a
mRNA expression. Data are expressed as the ratio to solvent control (water for S.B. or ethanol for baicalin) alone. *P < 0.05 vs. solvent control. (D)
Overexpression of ERRa or PGC-1a increases VEGF reporter activity and VEGF expression. U251 cells were transfected with plasmids encoding
ERRa or PGC-1a. The transfected cells were then assayed for the VEGF luciferase activity or VEGF protein expression by ELISA. Data are expressed
as a ratio to control cDNA. *P < 0.05 vs. control cDNA for VEGF-luc activity; #P < 0.05 vs. control cDNA for VEGF expression.

3.2 Effect of baicalin and S. baicalensis on
HIF-1a pathway

To explore the underlying mechanism of the stimulation of VEGF pro-
duction, we asked whether baicalin and S. baicalensis modulated the
levels of HIF-1a, a major regulator of VEGF expression. Both
protein and mRNA levels of HIF-1a were examined in U251/
VEGF-Luc cells treated with baicalin and S. baicalensis by western
blot and qRT-PCR, respectively. We found little effect of baicalin
and S. baicalensis on HIF-1a protein (Figure 3A and B) and RNA
(Figure 3C) expression. As a control, HIF-1a was significantly elevated
under hypoxia (Figure 3A and B). These data suggested that the acti-
vation of VEGF expression by baicalin and S. baicalensis was indepen-
dent of HIF-1a expression.

We further tested the effect of baicalin and S. baicalensis on lucifer-
ase activity driven by a mutant VEGF promoter containing a defective
HIF-1a-binding site (HRE). U251 cells were first transfected with the
reporter or control plasmid prior to treatment. Baicalin and
S. baicalensis induced luciferase activity driven by the VEGF promoter,
regardless of whether the promoter contained a functional or defec-
tive HRE (Figure 3D). In contrast, DFX, an agent known to induce HRE
activity, was able to induce the wild-type reporter, but had little effect
on the mutant reporter. In a separate experiment, we looked at the
effect on a luciferase reporter driven by a promoter containing five
consecutive HREs. Compared with the strong activation of luciferase

activity by both DFX and hypoxia (1% O,), baicalin and S. baicalensis
had weak stimulation on the same reporter construct (Figure 3E).
Together, these results suggested that the increased VEGF expression
induced by baicalin and S. baicalensis was not likely mediated through
binding to the HRE site in the VEGF promoter.

3.3 Involvement of ERRa pathway in
baicalin and S. baicalensis-induced VEGF
expression
In addition to HRE, many other transcriptional-binding sites, including
ERRE (ERR response element), have also been found within the VEGF
promoter.®'>"® Recent studies have found that ERRa interacts with
PGC-1a and significantly stimulates VEGF expression and angiogen-
esis in an HIF-1a-independent pathway."*'* qRT-PCR was used to
investigate whether the PGC-1a/ERRa pathway was involved in
VEGF expression induced by baicalin. We found that the expression
of ERRa, but not PGC-1a, was significantly induced by baicalin and
S. baicalensis treatment under normoxia in all three cell lines
(Figure 4). We also observed that overexpression of ERRa or
PGC-1a could lead to the induction of VEGF expression in the
cDNA PGC-1a
(Figure 4D), in agreement with the previous report."

To further address whether ERRa/PGC-1a was involved in VEGF
induction, we studied the effect of baicalin and S. baicalensis on

cells transfected with encoding ERRa or
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Figure 5 The effect of baicalin and S. baicalensis on the activation of ERRa/PGC-1a pathway. (A and B) The depletion of ERRa or PGC-1a by siRNA.
U251 cells were transfected with ERRa siRNA, PGC-1a siRNA, and control siRNA. Cells were analysed for the expression of ERRa and PGC-1a by
(A) qRT-PCR, data are represented as ratio to control siRNA, and (B) western, GAPDH was used as a loading control. (C and D) Baicalin failed to
induce VEGF expression in ERRa- or PGC-1a-depleted cells. The siRNA-transfected cells were treated (24 h) with baicalin (25 wM) and S. baicalensis
(100 pg/mL) and assayed for luciferase activity under normoxia (C) and VEGF protein expression by ELISA (D). Data are expressed as a ratio to
solvent control (water for S.B. or ethanol for baicalin). *P < 0.05 vs. control treated with control siRNA. (E) The deletion of ERRE led to the
decreased expression of VEGF reporter activity. U251 cells were transfected with luciferase reporter activity driven by the VEGF promoter either
with functional ERREs or deleted ERREs. Cells were then treated with baicalin (25 wM) and S. baicalensis (100 pwg/mL) and assayed for luciferase
activity. Data are expressed as a ratio to control transfected with wild-type VEGF reporter and treated with solvent control (water for S.B. or
ethanol for baicalin). *P < 0.05 vs. solvent control. (F) Baicalin was able to induce luciferase activity under a promoter containing ERR DNA-binding
site (ERRE). Cells were transfected with an ERRE reporter plasmid. The transfected cells were then treated (24 h) with baicalin (25 wM) and
S. baicalensis (100 pg/mL) under normoxia and assayed for luciferase activity. Data are expressed as the ratio to solvent control (water for S.B. or

ethanol for baicalin) and are mean + SD. (n = 3). *P < 0.05 vs. solvent control.

VEGF expression when ERRa or PGC-1a was knocked down by
siRNA. As shown in Figure 5A and B, the expression of ERRa or
PGC-1a was significantly reduced by transfection of ERRa or
PGC-1a siRNA, respectively, but not by control siRNA. We further
observed that in ERRa- or PGC-1a-depleted cells, baicalin and
S. baicalensis failed to stimulate VEGF reporter activity (Figure 5C) or
VEGF expression (Figure 5D).

There are three putative ERR-binding sites (ERREs) found in the
human VEGF promoters (—2080 to +54). To address whether these
binding sites could mediate the induced VEGF luciferase activity by bai-
calin, cells were transfected with a luciferase reporter under a VEGF

promoter with ERREs either intact or deleted. As shown in Figure 5E,
VEGF luciferase activity was significantly reduced and the capability of
baicalin and S. baicalensis to induce VEGF reporter activity was also
diminished when these ERRE sites were removed. These results
suggested that ERRE plays a critical role in regulating VEGF expression.

We next asked whether baicalin and S. baicalensis could directly
induce ERRE reporter activity. A luciferase reporter construct con-
taining a binding site for ERRa was transfected into cells, which
were then treated with baicalin and S. baicalensis. Our results
showed that both agents directly induced reporter gene expression
driven by a promoter containing ERRa-binding element (ERRE)
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(Figure 5F). Taken together, our data implicated the ERRa/PGC-1a
pathway in the induction of VEGF expression by baicalin and
S. baicalensis.

3.4 Angiogenesis potential of baicalin and
S. baicalensis

VEGF is a critical factor in angiogenesis induction. To address whether
baicalin and S. baicalensis could induce angiogenesis, we used an endo-
thelial cell migration assay to examine the angiogenesis potential of
conditioned media of U251 cells, which have been treated with
S. baicalensis, baicalin, or vehicle. Conditioned medium from cells
treated with baicalin or S. baicalensis was able to induce endothelial
cell migration more effectively (Figure 6A), consistent with our obser-
vation that a higher level of VEGF expression was produced in the
medium of cells treated with baicalin and S. baicalensis.

We further examined the effect of S. baicalensis and baicalin on the
vessel sprout formation using the chick aortic arch assay, a widely
used ex vivo angiogenesis model.”* In this assay, chick aortic rings were
embedded in Matrigel and fed with a medium containing S. baicalensis
or baicalin. Sprout formation was examined by microscopy. We
found that a greater number of sprouts were formed in the presence
of S. baicalensis or baicalin (Figure 6B and C), indicating the
treatment-induced microvessel sprouting and angiogenesis.

4. Discussion

The root of S. baicalensis has been widely used in traditional Chinese
medicine for thousands of years in the treatment of various diseases,
including stroke.?>%¢ Scutellaria baicalensis and its constituent, baicalin,
have also been investigated for their ability to prevent injury caused by
ischaemia, which displays similar clinical manifestations to stroke and
myocardial infarction.?” ~3° However, the protective effects of baicalin
and S. baicalensis in these cases could not be explained solely by their
antioxidant property.27 In this study, we found S. baicalensis- and
baicalin-induced VEGF protein and mRNA expression in the culture.

The ability of S. baicalensis to induce VEGF production provides an
additional potential mechanism to explain why S. baicalensis prevents
cell damage by ischaemia. First, VEGF is one of the most potent angio-
genesis factors. Elevated levels of VEGF may enhance myocardial
angiogenesis, a desirable response to prevent cardiomyocyte
death.>" In fact, many efforts are being made to develop agents that
can promote neovascularization in ischaemic tissues.*” In addition to
its ability to induce vessel growth, a growing body of evidence has
shown that VEGF is a survival factor that can enhance cardiomyocytes
and neuronal cell survival and reduce infarct size in the brain and
heart.*® Therefore, it is conceivable that S. baicalensis could be used
to treat conditions that require angiogenesis, including wound
healing, cardiovascular, and ischaemic disease tissue repair.2'3‘34'35
The potential of using natural product-derived molecules as candi-
dates for therapeutic neovascularization has been documented pre-
curcumin, and

viously and includes resveratrol, ginseng,

sokotrasterol sulfate,”'83¢~3

has been associated with the prevention and treatment of cardiovas-

34 |
n

among others. Scutellaria baicalensis

cular diseases?® and treatment of foot ulcers in diabetic patients.
addition, it has also been used in treating gastrointestinal ulcers. Its
clinical benefits may be attributed to the stimulatory effect of
S. baicalensis on VEGF expression, as VEGF has been shown to
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Figure 6 Angiogenesis potential of S. baicalensis and baicalin.
(A) The effect of U251 conditioned medium on endothelial cell
migration. HUVEC were placed in the top chamber of a transwell,
whereas a serum-free medium, containing either VEGF (50 ng/mL)
positive control or conditioned medium (12.5%) derived from
U251 cells treated with S. baicalensis, baicalin, or vehicle, was
placed in the bottom chamber. Migrated cells were quantified 5 h
after incubation. Data are expressed as the ratio to solvent
control (water for SB. or ethanol for baicalin) and are
mean + SD. (n = 3). (B) Chick aortic rings were placed in Matrigel
and fed with an MCDB-131 serum-free medium. After 24 h,
S. baicalensis (200 pg/mL) was added to the culture. Sprout for-
mation from aorta samples were examined both before and 2 days
after S. baicalensis treatment. (C) The effects of baicalin (25 uM)
on endothelial cell sprout formation from aorta samples were exam-
ined 2 days after baicalin or vehicle treatment. Scale bar, 100 pum.

promote the healing of gastrointestinal ulcers, including inflammatory
bowel disease.>”

Although our study suggested the modulation of angiogenesis as
one mechanism to explain the benefiting effects of baicalin and
S. baicalensis, such as in treating condition caused by ischaemic
stroke, further studies are needed to better explore the therapeutic
potential of baicalin and S. baicalensis. First, little is known about the
metabolism of baicalin and S. baicalensis in the human body. Further-

more, baicalin could undergo some modifications by liver enzymes,
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such as glucuronidation, sulfation, and etc. These modifications are
highly variable depending on each individual.** How baicalin is metab-
olized and modified and how these metabolites affect its biological
activity needs to be further investigated. Finally, although
S. baicalensis has been used in traditional Chinese medicine for the
treatment of ischaemic stroke, no comprehensive clinical trial has
been conducted to demonstrate the efficacy of this substance.
Further study is needed to understand whether these substances
can improve pathological conditions caused by ischaemic stroke by
inducing VEGF in vivo and whether patients with stroke can benefit
from this activity.

HIF-1a/HRE is one of the most important pathways regulating
VEGF expression; howevers, it is unlikely the major pathway that med-
iates VEGF expression induced by baicalin or S. baicalensis, given that
baicalin and S. baicalensis treatment: (i) had little effect on cellular pro-
duction of HIF-1q; (ii) activated reporter genes under a VEGF promo-
ter containing a defective HRE; (iii) further enhanced VEGF
expression under hypoxia, contrary to the effects of DFX; and (iv)
had minimal effects on reporter gene expression under the HRE pro-
moter. Our results collectively suggested that the activation of the
ERRa and PGC-1a pathway was most likely involved in VEGF induc-
tion by baicalin and S. baicalensis. PGC-1a and ERRe, key regulators of
mitochondrial biogenesis, have been shown to effectively regulate
VEGF expression independent of HIF-1a.® ERRa is constitutively
active in the absence of exogenous ligand."® A recent study has
shown that ERR activity can be further increased by several isofla-
vones and one flavone via binding to ERR.*' Here, we found that bai-
calin and S. baicalensis could induce ERRa activity through a novel
mechanism by up-regulating ERRa expression. Although the
expression of PGC-1a was not induced by baicalin, down-regulation
of PGC-1a by PGC-1a siRNA would lead to the decreased inter-
action between PGC-1a and ERRa and reduced expression of
VEGF. Elevated level of ERRa by baicalin would promote the inter-
action between ERRa and PGC-1a and stimulate VEGF expression.
Further research is required to elucidate the mechanism underlying
the activation.

Although both baicalin and S. baicalensis can induce VEGF
expression, we observed that they differed in potency. It is possible
that the S. baicalensis extract contained additional components
other than baicalin that could also affect VEGF expression in either
a positive or a negative manner.

Baicalein, another major component in the root of S. baicalensis,
also induced VEGF expression (data not shown), which was consist-
ent with a previous report showing induction of VEGF expression
independent of HIF-1a  expression.” Our preliminary results
showed that a different mechanism might be involved in the activation
of VEGF, since baicalein alone did not induce reporter expression
driven by ERRE (data not shown).

Although we find that baicalin can induce angiogenesis by stimulat-
ing VEGF expression, it has been previously shown to inhibit angio-
genesis by suppressing endothelial cell proliferation, migration, and
tube formation in vitro, as well as vessel formation in chicken chorioal-
lantoic membrane.*”* Although previous study was focused on the
effect of baicalin on endothelial cells, our results were focused on
the effect of baicalin on VEGF expression, a different aspect in regu-
lating angiogenesis. It is possible that baicalin has both
pro-angiogenesis (via elevating VEGF expression as shown in our
study) and anti-angiogenesis (via suppressing endothelial cell function
as shown in the previous study) activities. Previous studies have also

suggested that S. baicalensis, as well as baicalein, could function as a
potent anti-coagulant agent.** Since many clotting-related proteins
have been previously shown to play roles in angiogenesis,* it is poss-
ible that S. baicalensis may also be able to regulate angiogenesis
through modulating coagulation pathway. The overall effect of
S. baicalensis, baicalin or baicalein, on angiogenesis might rely on its
concentration and the context of its action site.

Baicalin belongs to the family of flavonoids, present in fruits, veg-
etables, and plant-derived beverages, as well as in many dietary sup-
plements.*® As components of dietary supplements, flavonoids have
attracted great attention in the prevention and treatment of cardio-
vascular diseases.*® Flavonoids have been shown to both negatively
and positively influence VEGF expression. For example, catechins
such as EGCG have been reported to both inhibit and stimulate
VEGF expression;"’*® apigenin and chrysin to inhibit VEGF
expression,*”° and quercetin to induce VEGF expression through
increasing HIF-1a  expression.®” In this study, we found
baicalin-induced VEGF expression without increasing HIF-1a. To
our knowledge, this is the first example that a flavonoid can increase
VEGF expression through the activation of the ERRa/PGC-1a
pathway. It remains to be defined how each flavonoid specifically
affects VEGF expression.

In summary, our data implicated baicalin and S. baicalensis in the
induction of VEGF expression in various cell types, which was, at
least in part, mediated through the activation of the ERRa/PGC-1a
pathway. Although future research is needed to further elucidate
S. baicalensis-induced signalling pathways, our study provides a mech-
anism by which S. baicalensis and baicalin exert their biological activity.
These data may assist in the development of improved approaches to
stimulate angiogenesis, as well as facilitate a better understanding of
the potential health benefits of these agents in the treatment of car-
diovascular diseases.
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