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Abstract

Vascular endothelial growth factor (VEGF) is a key modulator of angiogenesis. Recent studies have shown that VEGF
stimulates endothelial cell growth and modulates the cell cycle by reactivation of GO cells and by reducing the duration of
the G1 phase. This study examined the effect of baicalein, a well-known flavonoid, on VEGF-induced angiogenesis and
further investigated the role of cell cycle regulators on the antiangiogenic effects of baicalein. Classic in vivo and in vitro
models, including a rat aortic ring model, a wound healing model and a tube formation model were used to evaluate
angiogenesis in vivo and in vitro. Baicalein exerted marked inhibition of angiogenesis, significantly inhibited migration of
human umbilical vein endothelial cells (HUVECs), suppressed tube formation and reduced new blood vessel growth
inducted by VEGF. Baicalein reduced phosphorylation of VEGF receptor 2 and extracellular signal-regulated protein kinase,
two major signaling elements modulating endothelial cell proliferation. Baicalein also inhibited colony formation by
HUVECs, further confirming the suppression of proliferation. Cell cycle analysis demonstrated that baicalein-treated
HUVECs were arrested in the G1/S phase. Baicalein also induced a decline in the expression of G1-related proteins that
normally promote transition from the G1 phase to the S phase, including cyclin D, cyclin E, cdk-4, cdk-6 and p-Rb. In
contrast, several proteins upstream of cdks and cyclins, including p16, p21, p27 and p53, were up-regulated by baicalein,
indicating that baicalein may inhibit angiogenesis, at least in part, by effects on the p53/Rb signaling pathway. Baicalein
could exert antitumor effects by inhibiting VEGF-induced angiogenesis and endothelial cell proliferation.
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Introduction activates intracellular signals that promote endothelial cell

Angiogenesis, the formation of new blood vessels, plays a
significant role in the pathogenesis of diabetic retinopathy,
neovascular glaucoma, arthritis, atherosclerosis, and tumor
growth and metastasis."* The proliferation of endothelial
cells is considered a primary event in angiogenesis and is
therefore a potential target for antitumor therapy.’
Although the regulation of endothelial cell proliferation is
very important in angiogenesis, the molecular mechanism
of the regulation is unclear. Specifically, the role of cell
cycle regulators that cause transformation of cells to the
immortalization state is poorly understood.*

Vascular endothelial growth factor (VEGF) is the main
angiogenic factor secreted by tumor cells to promote endo-
thelial cell proliferation. The activation of VEGF receptors
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mitogenesis and vascular permeability.” Vascular endo-
thelial growth factor receptor 2 (VEGFR?2) is the dominant
cell surface VEGF receptor. It activates two main
growth-related signaling pathways, the mitogen-activated
protein kinase (MAPK) pathway and the PI3K/AKT signal-
ing pathway. The p38 MAPK pathway is associated with
cell differentiation and apoptosis, while the extracellular
signal-regulated protein kinase (ERK1/2)-MAPK pathway
controls the switch for cell division. The AKT pathway
plays key roles in multiple cellular processes such as
glucose metabolism, cell proliferation, apoptosis, transcrip-
tion and cell migration.® Stimulating cells with VEGF
results in a shorter G1 phase before the G1/S check point
and stimulates cells in the GO phase to enter into the cell
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cycle.7 Moreover, VEGF stimulation leads to abnormal
expression of cell cycle regulators such as cyclins, cyclin-
dependent kinases (cdks), p21, p27 and p53,° which is
also observed during angiogenesis in tumors. Therefore,
VEGF-activated proliferation of endothelial cells and angio-
genesis may be mediated by signaling pathways associated
with cell cycle control.”

P53, an inducer of cell cycle arrest, is also a crucial regula-
tor of angiogenesis. It has been reported that p53 acts as a
transcriptional activator of the cdk inhibitor p21, which inac-
tivates the cyclin E-cdk2 complex and prevents entry of the
cell into the S phase, leading to cell cycle arrest at G1.''!

The flavonoid baicalein (5, 6, 7-trihydroxyflavone,
Figure 1a) is the most abundant polyphenol in the human
diet and is found in soybeans, tea, fruits and vegetables. It
has been widely used in the treatment of inflammation
and in cancer therapy.'*® Previous studies have shown
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Figure 1 Baicalein inhibits angiogenesis in vivo. (a) The chemical structure of
baicalein. (b) Baicalein inhibits angiogenesis of CAM. After fertilized chicken
eggs were incubated for nine days, filter paper disks saturated with baicalein
(50, 100 or 200 wmol/L) or PBS were placed on the CAMs. After an 48-h incu-
bation, fat emulsion was injected under the CAMs for better visualization of
the vessels. Disks and surrounding CAMs were photographed. (c) The
numbers of vessel sprouts were quantified in a defined area surrounding
the implanted filter papers. Ten eggs were used in each group for quantitative
studies. Data are presented as means + SEM of the ratios from three indepen-
dent experiments. *P < 0.05 compared with the PBS group; **P < 0.01 com-
pared with the PBS group. CAM, chicken chorioallantoic membrane; PBS,
phosphate-buffered saline; SEM, standard error of mean (A color version of
this figure is available in the online journal)

that baicalein effectively reduces the inflammatory process
that accompanies the up-regulation of VEGF expression in
a mouse retinopathy model.'*"'® The LOX pathway
member 12-lipoxygenase (12-LOX) is an oxidoreductase
for arachidonic acid, which is important for angiogenesis.
12-LOX can up-regulate VEGF expression but is inhibited
by baicalein in normal and cancer cells. This suggests that
baicalein inhibits angiogenesis by decreasing VEGF
expression via down-regulation of 12-LOX.'”'® Hsu et al.*
found that baicalein alone can inhibit the growth of
mouse heart endothelial cells by weakly arresting cells in
the GO/G1 and G2/M phases. Liu et al.*® demonstrated
that baicalein is a potent inhibitor of angiogenesis through
a chicken chorioallantoic membrane (CAM) assay.
However, these studies focused on the effect of baicalein
on matrix metalloproteinase-2 activity without further
investigating the mechanism of baicalein action. Baicalein
has also been shown to inhibit PHD2 at the transcriptional
level, and thus induce the accumulation of the proangio-
genic hypoxia inducible factor (HIF)-la in the nucleus.
This implies that, in contrast to previous findings, baicalein
could act as an inducer of angiogenesis.”’ In the present
study, we investigated the effects of baicalein on angiogen-
esis and endothelial cell proliferation in response to VEGF.
We demonstrate that baicalein is a potent angiogenic inhibi-
tor that may act through the p53/Rb signaling pathway to
induce cell cycle arrest.

Materials and methods
Materials

Baicalein was isolated from Radix Scutellarine Georgi to a
purity of 97% as determined by high-performance liquid
chromatography. Baicalein was dissolved in 100% dimethyl
sulphoxide (DMSO) as a stock solution, stored at 20°C and
diluted with medium before each experiment. The final
DMSO concentration did not exceed 0.1% in any exper-
iment. Recombinant human VEGF was purchased from
Chemicon (Temecula, CA, USA). Primary antibodies for
VEGFR2 (sc-6251), p-VEGFR2 (sc-16628), ERK (sc-154),
p-ERK (sc-13073), AKT (sc-8312), p-AKT (sc-7985-R), p38
(sc-7149), p-p38 (sc-101758), B-actin (sc-81178), CDK2
(sc-163), CDK4 (sc-260), cyclin D (sc-753), cyclin E (sc-198),
protein kinase C (PKC) (sc-17804), pl6 (sc-9968), p21
(sc-6246), p27 (sc-1641), p53 (sc-126) and p-Rb (sc-21875)
were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Secondary antibodies conjugated to
IRDyeTMS800 were obtained from Rockland Inc. (Monsey,
NY, USA).

Cell culture

Human umbilical vein endothelial cells (HUVECs) were iso-
lated from human umbilical cord veins by collagenase treat-
ment as described previously.”? The harvested cells were
grown in medium 199 (Gibco, Grand Island, NY, USA) con-
taining 20% heat-inactivated fetal bovine serum (FBS;
Gibco), endothelial cell growth supplement (30 ug/mL;
Sigma, St Louis, MO, USA), epidermal growth factor



(10 ng/mL, Sigma), 100 U/mL penicillin and 100 pg/mL
streptomycin. After 3-5 passages, HUVECs were collected
for use in experiments.

CAM assay

The antiangiogenic activity of baicalein on CAM was
assayed as described previously.”® Filter paper squares
(5 x 5mm) saturated with vehicle or baicalein (2, 10 or
50 umol/L) were placed on the CAMs. The eggs were incu-
bated at 37°C for another two days, and then the CAMs
were photographed. Ten eggs were tested for each group,
and the assay was performed three times to ensure reprodu-
cibility. The number of vessel sprouts was quantified.*

Cell vitality assays

HUVECs (1 x 10* per well) were seeded in 96-well plates
and incubated with different concentrations of baicalein
(0.5, 1, 2, 5, 10, 20, 50, 100, 200, 400 or 800 umol/L) for
24 h. The medium was then removed and the 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide
(MTT; Sigma) assay was performed by adding 20 uL MTT
(6 mg/mL) at 37°C for four hours. Light absorbance of the
solution was measured at 570 nm with a EIx-800 absorbance
micro-plate reader (Bio-Tec, Winooski, VT, USA).

Wound healing assay

Endothelial cells were cultured in a six-well plate. When
cells reached 90% confluence, a single wound was created
in the center of the cell monolayer by scratching with a
sterile plastic pipette tip. The debris was removed by
washing with serum-free medium and 2, 10 or 50 umol/L
baicalein or vehicle was added in M199 with 50 ng/mL
VEGF and 2% FBS. After a 24-h incubation, the cells that
migrated into the wounded area or that protruded from
the border of the wound were visualized, photographed
and quantified under an inverted microscope.

Tube formation assay

The tube formation assay was performed as described pre-
Viously.23 HUVECs were incubated with 2, 10 or 50 wmol/L
baicalein or vehicle in M199 containing 2% FBS for 24 h,
and then VEGF (50 ng/mL) was added to the cells for
30 min before seeding and plating onto matrigel. After
eight hours, the enclosed networks of complete tubes from
five randomly chosen fields were counted and photo-
graphed under a microscope.

Rat aortic ring assay

The rat aortic ring assay was performed as described pre-
viously.” Baicalein at 2, 10 or 50 wmol/L or vehicle
was added to the growth media with 50 ng/mL VEGE.
Growth media and baicalein plus VEGF were changed
every 2-3 days.
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Colony formation in soft agar

Endothelial cells were pretreated with vehicle or baicalein
(2, 10 or 50 umol/L) for 24 h and then incubated in two
times M199 medium with two times endothelial growth
supplement (Perimmune Inc., Rockville, MD, USA), 2%
FBS and 1.0% melted agarose (Sigma). Cells were then
treated as described previously.” The colonies were photo-
graphed and counted using a phase-contrast microscope.
Only colonies consisting of more than five cells were
counted.

Cell cycle analysis

Cell cycle analysis was performed on HUVECs pretreated
for 24 h with baicalein (2, 10 or 50 umol/L) or vehicle and
then incubated with 50 ng/mL VEGF for 30 min. Cells
were harvested and fixed in ice-cold 70% ethanol at 4°C
overnight. Fixed cells were washed twice with ice-cold
phosphate-buffered saline, harvested and pelleted by cen-
trifugation. Cells were resuspended at 1 x 10° cells/mL in
staining solution containing 65 ug/mL propidium iodide
and 50 pug/mL RNase A. After incubation at 37°C in the
dark for 30 min, cells were subjected to flow cytometric
analysis. Cellular DNA content was assessed and the frac-
tion of cells in different phases of the cell cycle was
determined.

Western blotting analysis

Human endothelial cells were pretreated for 24 h with bai-
calein (2, 10 or 50 umol/L) in M199 with 2% FBS and then
were stimulated with VEGF (50 ng/mL) for 30 min. After
stimulation, cells were lysed and treated as described
previously.*®

Statistical analysis

All results are presented as means + SEM from triplicate
experiments performed in parallel unless otherwise indi-
cated. Correlations between baicalein doses and effects
were evaluated using Spearman’s rank correlation and
simple regression tests. Statistical differences were deter-
mined by one-way analysis of variance with P < 0.05 con-
sidered significant. All comparisons were made relative to
the VEGF group and significance of difference was indi-
cated as *P < 0.05 or **P < 0.01.

Results

Baicalein shows an antiangiogenic effect in the CAM
assay

The CAM assay was used to model angiogenesis in vivo. We
treated CAM with baicalein at different dosages to evaluate
the effect of baicalein on angiogenesis. We found that the
vessel sprouts on the surface of the CAM were significantly
reduced in the presence of baicalein compared with the
vehicle-treated control group. Even as low as 100 nmol/L,
baicalein caused a measurable inhibition of vessel
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development, suggesting a potent antiangiogenic effect of
baicalein in vivo (Figures 1b and c).

Baicalein suppresses angiogenesis in vitro induced by
VEGF

To confirm the effect of baicalein on angiogenesis, in vitro
models were also studied. Prior to examination of the
effect of baicalein on angiogenesis, we investigated its cyto-
toxicity. Baicalein was applied to HUVECs at doses between
0.5 and 800 umol/L and cell viability was assayed by MTT
(Figure 2a). Concentrations below 50 umol/L caused no sig-
nificant cytotoxicity, so 2, 10 and 50 umol/L baicalein were
used for the in vitro angiogenesis assays.
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The wound healing assay is a classical angiogenic assay
that measures endothelial cell migration. Figure 2b presents
representative photographs of cells migrating into scratch
wounds in HUVEC monolayers. The wounds were gradu-
ally “healed” by cell migration over 0-24 h and VEGF poten-
tiated cell migration into the wound area. Compared with
the VEGF alone group, cultures treated with baicalein plus
VEGF showed decreased cell motility. In fact, 50 umol/L
baicalein inhibited migration of endothelial cells by up to
70% compared with controls treated with vehicle and
VEGF in the wound healing assay. Furthermore, the
number of cells migrating into the wound decreased in a
concentration-dependent manner (Figure 2c).

The tube formation assay is another classical method used
to investigate the angiogenic properties of endothelial cells.
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Figure 2 Baicalein suppresses angiogenesis induced by VEGF in vitro. (a) The MTT assay for baicalein toxicity. HUVECs were treated with concentrations of

baicalein between 0.5 and 800 umol/L for 24 h and toxicity determined by the

MTT assay. (b) The wound healing assay was used to evaluate motility of

HUVECSs after treating with baicalein for 24 h. (c) Quantitation of the number of HUVECs migrating into the scratch site (‘wound’) in the wound healing assay.
(d) Baicalein exerted a concentration-dependent inhibition of HUVEC tube formation induced by VEGF. HUVECs were incubating with baicalein for 24 h, and
then transferred to the matrigel with 50 ng/mL VEGF. (e) Quantitation of the number of branches formed in the tube formation assay. (f) Baicalein inhibited micro
vessel formation in the rat aortic ring assay. Baicalein (2, 10 or 50 umol/L) was added with 50 ng/mL VEGF to six-well plates after the rat aortic rings were
embedded into the layer of clotting media. The rat aortic rings were cultured for seven days and medium with baicalein and VEGF changed every 2-3 days.
Data are presented as means + SEM of the ratios from three independent experiments. *P < 0.05 compared with the VEGF group; **P < 0.01 compared with
the VEGF group. HUVECs, human umbilical vein endothelial cells; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; SEM, standard error of

mean; VEGF, vascular endothelial growth factor



Incubation with 50 ng/mL VEGF promoted HUVECs to
form tube-like clusters, and this effect was markedly inhib-
ited by baicalein. The formation of tube-like structures of
endothelial cells was disrupted and there was a significant
decrease in tube length in cultures treated with baicalein
and VEGF compared with those treated with VEGF alone
(Figure 2d). A volume of 50 umol/L baicalein reduced the
formation of tube-like structures by 80%, indicating a sig-
nificant antiangiogenic effect (Figure 2e).

The rat aortic ring assay models all key steps of the angio-
genic process. Microvessels sprouted even in the absence of
any stimulating factor but the sprouting increased signifi-
cantly in the presence of VEGF. Additionally, VEGF-
induced sprouts tended to be longer and formed intricate
high-density networks around the rings (Figure 2f, VEGF
group). In contrast, the addition of baicalein for seven
days produced a significant inhibition in VEGF-mediated
outgrowth of microvessels. Furthermore, baicalein inhibited
both microvessel number and length in a dose-dependent
manner (Figure 2f, baicalein group).

Baicalein inhibits VEGF-evoked ERK1/2 and p38 MAPK
phospho-activation in HUVECs

To explore the signaling mechanisms underlying baicalein-
mediated inhibition of angiogenesis, we examined the
VEGFR2-mediated signaling pathways. Baicalein treatment
caused a dose-dependent reduction in VEGF-evoked phos-
phorylation of VEGFR2 (Figure 3a, line 1), while total
VEGFR2 protein levels remained unchanged (Figure 3a,
line 2). Furthermore, phosphorylated p38 MAPK was
strongly reduced by baicalein at all dosages while total
p38 MAPK remained unchanged. Similarly, baicalein
induced a strong dose-dependent depression of ERK1/2
phosphorylation while total ERK1/2 level was not altered.
In contrast, the levels of p-AKT did not change with baica-
lein treatment (Figure 3).

Baicalein reduces proliferation of HUVECs and exerts a
G1/S phase arrest

Phospho-activation of ERK1/2 is associated with the regu-
lation of cell division.”” To confirm the effect of baicalein
on cell proliferation, we examined colony formation of
HUVECs in agar. In contrast to a positive control group
stimulated with VEGF alone, VEGF-evoked colony for-
mation was inhibited in a dose-dependent manner by baica-
lein (Figure 4a). We then performed flow cytometry to
determine the effect of baicalein on cell cycle progression
in HUVECs. Following addition of VEGF, the number of
cells in the S phase increased up to 479+ 9.4%
(Figure 4b, line 2) relative to untreated cultures while
there was a slight decline in the number of cells in the G1
phase (from 52.6 +74% to 425+ 0.6%, Figure 4b).
However, analysis of cell cycle progression after baicalein
pretreatment revealed a distinct accumulation of HUVECs
in the G1/S phase. The fraction of cells in this stage
increased from 42.5+0.6% to 77.6 +£9.4% of the total
(Figure 4b) cells.
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Figure 3 Effects of baicalein on VEGF-activated MAPK signaling. (a) Western
blot assays were used to examine total and phosphorylated VEGFR-2, p38
MAPK, AKT and ERK1/2. HUVECs were incubated with baicalein for 24 h,
then 50 ng/mL VEGF was added for another 30 min before cells were col-
lected and lysed for Western blotting. (b) Densitometric analysis yielded the
relative expression levels of total and phosphorylated of VEGFR-2, p38
MAPK, AKT and ERK1/2. The bars stand for ratios of the negative control
group or baicalein groups/VEGF group. Data are presented as mean + SEM
of the ratios from three independent experiments. *P < 0.05 compared with
the VEGF group; **P < 0.01 compared with the VEGF group. ERK, extracellu-
lar signal-regulated protein kinase; HUVECs, human umbilical vein endothelial
cells; MAPK, mitogen-activated protein kinase; SEM, standard error of mean;
VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial
growth factor receptor 2

Effects of baicalein on p53/Rb signaling may mediate
control of the endothelial cell cycle

The transition from the G1 to S phase is controlled by two
pairs of signaling molecules, cyclin D and cdk4, and cyclin
E and cdk2?** We examined the levels of these two
protein pairs in HUVECs following stimulation with VEGF
or VEGF with baicalein. Surprisingly, only modest reductions
in cyclin D and cyclin E levels were observed in response to
baicalein treatment for 24 h. In contrast, larger reductions in
cdk2 and cdk4 levels were observed under the same con-
ditions (Figure 5a, left column). We also investigated the
activity of three proteins regulated by cyclin D/E and
cdk2/4, namely p21, p27 and p16.>°?! All three of them act
as inhibitors of the G1/S transition and they were all
decreased in HUVECs following stimulation with VEGE.
However, pretreatment with 2, 10 and 50 umol/L baicalein
caused a dose-dependent increase in their expression.
Activation of the p53/Rb signaling pathway plays a
pivotal role in GI1/S regulation, possibly by a direct
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Figure 4 Baicalein mediates growth inhibition and G1/S phase arrest of
HUVECs. (a) The ability of colony formation in soft agar was assessed.
(b) Fractions of HUVECs in different cell cycle phases were examined by
flow cytometry. Cells were pretreated with baicalein for 24 h and incubated
with VEGF (50 ng/mL) for another 30 min before flow cytometry. Data are pre-
sented as means + SEM of the ratios from three independent experiments.
*P < 0.05 compared with the VEGF group; **P < 0.01 compared with the
VEGF group. HUVECs, human umbilical vein endothelial cells; SEM, standard
error of mean; VEGF, vascular endothelial growth factor (A color version of this
figure is available in the online journal)

p53-mediated enhancement of p21 expression and sub-
sequent cell cycle arrest. In addition to being involved in
p53 signaling through p21, PKC is an important modulator
of G1/S progression.*® Therefore, we examined the levels of
PKC, p-Rb and p53 following baicalein treatment.*>>*
Baicalein did not alter the levels of PKC but markedly
reduced p-Rb expression. Moreover, baicalein evoked a
concentration-dependent increase in pb53 expression,
suggesting a participation of the P53/Rb signaling
pathway in the regulation of G1/S (Figure 5).

Discussion

Endothelial cell proliferation is a vital step in the process of
angiogenesis.> We tested the antiproliferative and antiangio-
genic effects of baicalein using both in vivo and in vitro
models. Baicalein inhibited angiogenesis in the CAM
assay, and blocked HUVEC migration, tube formation and
rat aortic ring spouting. Investigation of the signaling path-
ways induced by VEGEF revealed that levels of p-ERK1/2
and p-p38 MAPK were increased by VEGF but reversed
by baicalein treatment, indicating that cells were switched
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Figure 5 Baicalein regulates G1-related proteins. (a) Western blot analysis of
G1/S phase related proteins. HUVECs were incubated with baicalein for 24 h
and then VEGF (50 ng/mL) was added for 30 min before cells were collected.
(b) Densitometric analysis showing the relative expression levels of G1/S
phase related proteins. The bars represent ratios of negative group or baica-
lein groups/VEGF group. Data are presented as mean + SEM of the ratios
from three independent experiments. *P < 0.05 compared with the VEGF
group; **P < 0.01 compared with the VEGF group. HUVECs, human umbilical
vein endothelial cells; SEM, standard error of mean; VEGF, vascular endo-
thelial growth factor

from a proliferative state in the presence of VEGF to
growth arrest and possibly apoptosis in the presence of bai-
calein. Tests of proliferation and cell cycle progression
demonstrated that baicalein evoked a concentration-
dependent increase in the proportion of cells in the G1/S
phase, indicating cell cycle arrest. To further elucidate the
mechanism of the antiproliferative action of baicalein,
levels of proteins known to promote transition through
the G1 phase such as cyclin D and E, cdk2 and 4, as well
as cdk inhibitors, including p21, p27 pl6, were examined.
In addition, the levels of PKC, p-Rb and p53, which are
known promoters of cell cycle arrest, were examined.
After baicalein treatment, levels of cyclin D and E, cdk2
and 4, and p-Rb were all decreased, while levels of p16,
p21, p27 and p53 were up-regulated in a concentration-
dependent manner. Our results indicate that baicalein may
regulate cell cycle progression in HUVECs through the
p53/Rb signaling pathway.



Baicalein has been widely investigated for its effects on
inflammation, apoptosis and proliferation.'**>>® Baicalein
is a potent growth inhibitor in many cell types including
endothelial cells,’®*” in addition to being a potent inhibitor
of endothelial cell migration and differentiation.”
Interestingly, baicalein has been shown to induce nuclear
accumulation of HIF-la, which is a signal for angiogen-
esis.”! Tt is therefore unclear whether baicalein promotes
or inhibits angiogenesis. Our study provides evidence that
baicalein inhibits angiogenesis both in vivo and in vitro.
Although flavonoids, including baicalein, can induce and
stabilize HIF-1«, they suppress the activity of HIF-le in
the nucleus, which may be one mechanism for inhibition
of angiogenesis.'®?®

VEGEF is a multifunctional growth factor and tumor regu-
lator. Tumor cells secrete large amounts of VEGF into the
surroundings to promote both cell proliferation and angio-
genesis. We stimulated HUVECs with VEGF to model the
action of VEGF on endothelial cells in tumor vessels. The
use of multiple models allowed us to conduct a robust
examination of the role of VEGF in angiogenesis and cell
cycle progression. Our results show that VEGF promotes
endothelial cell proliferation through VEGFR2-mediated
regulation of cell cycle progression, while baicalein
reduces phospho-activation of VEGFR2 and several down-
stream signaling pathways, including the p38 MAPK/
ERK1/2 and PI3K/AKT signaling pathways.

During cell cycle progression, VEGF regulates endothelial
cell transition from the GO to the G1 phase. It also acceler-
ates progression through the G1 phase until the G1/S
check point.” We found that following stimulation with
VEGEF, there was a modest decrease in HUVECs in the G1
phase but a significant increase in S phase cells. Liu
et al.*® has reported that baicalein mediates weak G1 and
G2 arrest, resulting in suppression of cell growth. Here,
we observed a strong arrest of cells in the G1 phase (but
not in the G2 phase) with baicalein treatment, possibly
due to a shortened M phase in response to VEGF.

The regulation of endothelial cell proliferation is essential
for angiogenesis. We observed that levels of G1-related pro-
teins such as cyclin D, E, cdk 2 and 4, were decreased in a
dose-dependent manner by baicalein. The p21 and pl6
protein family members: p21, p27 and plé are the most
extensively investigated inhibitors acting at Gl and S
phases. They form stable complexes with the cdks and
prevent cdk-cyclin interactions. Analysis of these proteins
revealed a possible regulation upstream of Gl-related pro-
teins. Interestingly, the two cdks were only slightly
decreased by baicalein, while the two cyclins showed a dra-
matic decline, suggesting that baicalein may play a signifi-
cant role in reducing cyclin gene transcription.

In light of the inhibition of both angiogenesis and cell
cycle progression through the G1/S phase, we explore the
possible signaling mechanisms responsible for this phenom-
enon. The p53/Rb pathway is a known regulator of the G1/
S phase.” When cdk-cyclin complexes form, they phos-
phorylate Rb, and p-Rb activation promotes entry into the
S phase. In this study, p-Rb was reduced by baicalein, indi-
cating that Rb is likely participating in baicalein-mediated
G1/S arrest. Moreover, we also observed that baicalein
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induced a concentration-dependent up-regulation of p53.
Both Rb and p53 are the key molecules in the p53/Rb signal-
ing pathway and are essential pathways for cell cycle regu-
lation.>* Thus, baicalein may regulate the cell cycle arrest by
altering the Rb/p53 pathway.

In conclusion, we have demonstrated that baicalein sig-
nificantly inhibits angiogenesis by suppressing proliferation
of HUVECs and inducing the G1/S phase arrest.
Examination of the signalling molecules altered by baicalein
reveals the importance of p53/Rb signaling in the antiproli-
ferative and antiangiogenic effects of baicalein. Our findings
provide new insights into the molecular mechanisms of
baicalein-induced suppression of angiogenesis and suggest
possible applications of baicalein in cancer therapy.

Author contributions: All authors participated in the
design and interpretation of the experiments and in the
analysis of the results. All authors have reviewed the manu-
script; YL, YC, PC, HH, XS, ZL and CL conducted the
experiments, while YL, NL and QG wrote the manuscript.
QG and NL contributed many helpful suggestions to the
manuscript.

ACKNOWLEDGEMENTS

This work was supported by the National Natural Science
Foundation of China (Nos. 30701032, 30472044 and
90713038) and the International Cooperation Programme
of China (No. 2008DFA32120).

REFERENCES

1 Folkman J. Successful treatment of an angiogenic disease. N Engl | Med
1989;320:1211-2
2 Weidner N, Folkman J. Tumor vascularity as a prognostic factor in
cancer. In: De Vita VT, Hellman S and Rosenberg SA, eds. Important
Advances in Oncology. Philadelphia: Lippincott-Raven, 1996;167-90
3 Chen Z, Liu F, Ren Q, Zhao Q, Ren H, Lu S, Zhang L, Han Z.
Hemangiopoietin promotes endothelial cell proliferation through PI-3K/
Akt pathway. Cell Physiol Biochem 2008;22:307 -14
4 Bierings R, Beato M, Edel MJ. An endothelial cell genetic screen identifies
the GTPase Rem?2 as a suppressor of pl19ARF expression that promotes
endothelial cell proliferation and angiogenesis. | Biol Chem
2008;283:4408-16
5 Ferrara N, Gerber HP, LeCouter ]. The biology of VEGF and its receptors.
Nat Med 2003;9:669-76
6 Berra E, Pages G, Pouyssegur J. MAP kinases and hypoxia in the control
of VEGF expression. Cancer Metastasis Rev 2000;19:139-45
Schafer KA. The cell cycle: a review. Vet Pathol 1998;35:461-78
Favot L, Keravis T, Lugnier C. Modulation of VEGF-induced endothelial
cell cycle protein expression through cyclic AMP hydrolysis by PDE2
and PDE4. Thromb Haemost 2004;92:634-45
9 Guo D, Chien S, Shyy JY. Regulation of endothelial cell cycle by laminar
versus oscillatory flow: distinct modes of interactions of AMP-activated
protein kinase and Akt pathways. Circulation Res 2007;100:564-71
10 Attardi LD, de Vries A, Jacks T. Activation of the p53-dependent G1
checkpoint response in mouse embryo fibroblasts depends on the
specific DNA damage inducer. Oncogene 2004;23:973 -80
11 Gao CF, Ren S, Wang J, Zhang SL, Jin F, Nakajima T, Ikeda M, Tsuchida
N. P130 and its truncated form mediate p53-induced cell cycle arrest in
Rb(-/-) Saos2 cells. Oncogene 2002;21:7569-79
12 Li-Weber M. New therapeutic aspects of flavones: the anticancer
properties of Scutellaria and its main active constituents Wogonin,
Baicalein and Baicalin. Cancer Treat Rev 2009;35:57 -68

@



Experimental Biology and Medicine Volume 236 July 2011

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Chen CH, Huang LL, Huang CC, Lin CC, Lee Y, Lu FJ. Baicalein, a novel
apoptotic agent for hepatoma cell lines: a potential medicine for
hepatoma. Nutr Cancer 2000;38:287-95

Liu JH, Wann H, Chen MM, Pan WH, Chen YC, Liu CM, Yeh MY, Tsai
SK, Young MS, Chuang HY, Chao FP, Chao HM. Baicalein significantly
protects human retinal pigment epithelium cells against HO-induced
oxidative stress by scavenging reactive oxygen species and
downregulating the expression of matrix metalloproteinase-9 and
vascular endothelial growth factor. | Ocul Pharmacol Ther 2010,26:421-9
Yang LP, Sun HL, Wu LM, Guo X], Dou HL, Tso MO, Zhao L, Li SM.
Baicalein reduces inflammatory process in a rodent model of diabetic
retinopathy. Invest Ophthalmol Vis Sci 2009;50:2319-27

Hwang KY, Oh YT, Yoon H, Lee ], Kim H, Choe W, Kang I. Baicalein
suppresses hypoxia-induced HIF-lalpha protein accumulation and
activation through inhibition of reactive oxygen species and PI 3-kinase/
Akt pathway in BV2 murine microglial cells. Neurosci Lett
2008;444:264-9

Nie D, Krishnamoorthy S, Jin R, Tang K, Chen Y, Qiao Y, Zacharek A,
Guo Y, Milanini ], Pages G, Honn KV. Mechanisms regulating tumor
angiogenesis by 12-lipoxygenase in prostate cancer cells. | Biol Chem
2006,281:18601-9

Al-Shabrawey M, Mussell R, Kahook K, Tawfik A, Eladl M, Sarthy V,
Nussbaum J, El-Marakby A, Park SY, Gurel Z, Sheibani N, Maddipati
KR. Increased expression and activity of 12-lipoxygenase in oxygen-
induced ischemic retinopathy and proliferative diabetic retinopathy:
implications in retinal neovascularization. Diabetes 2010;60:614 - 24

Hsu SL, Hsieh YC, Hsieh WC, Chou CJ. Baicalein induces a dual growth
arrest by modulating multiple cell cycle regulatory molecules. Eur |
Pharmacol 2001;425:165-71

Liu JJ, Huang TS, Cheng WEF, Lu FJ. Baicalein and baicalin are potent
inhibitors of angiogenesis: inhibition of endothelial cell proliferation,
migration and differentiation. Int | Cancer 2003;106:559-65

Cho H, Lee HY, Ahn DR, Kim SY, Kim S, Lee KB, Lee YM, Park H, Yang
EG. Baicalein induces functional hypoxia-inducible factor-lalpha and
angiogenesis. Mol Pharmacol 2008;74:70-81

Jaffe EA, Nachman RL, Becker CG, Minick CR. Culture of human
endothelial cells derived from umbilical veins. Identification by
morphologic and immunologic criteria. | Clin Invest 1973;52:2745-56
Ling Y, Yang Y, Lu N, You QD, Wang S, Gao Y, Chen Y, Guo QL.
Endostar, a novel recombinant human endostatin, exerts antiangiogenic
effect via blocking VEGF-induced tyrosine phosphorylation of KDR/
Flk-1 of endothelial cells. Biochem Biophys Res Commun 2007;361:79-84
Cao Y, Linden P, Farnebo J, Cao R, Eriksson A, Kumar V, Qi JH,
Claesson-Welsh L, Alitalo K. Vascular endothelial growth factor C
induces angiogenesis in vivo. Proc Natl Acad Sci USA 1998;95:14389-94
Watanabe T, Sugaya M, Atkins AM, Aquilino EA, Yang A, Borris DL,
Brady J, Blauvelt A. Kaposi’s sarcoma-associated herpesvirus
latency-associated nuclear antigen prolongs the life span of primary
human umbilical vein endothelial cells. | Virol 2003;77:6188-96

Wang L, Ling Y, Chen Y, Li CL, Feng F, You QD, Lu N, Guo QL.
Flavonoid baicalein suppresses adhesion, migration and invasion of
MDA-MB-231 human breast cancer cells. Cancer Lett 2010;297:42-8

27

28

29

30

31

32

33

34

35

36

37

38

39

Svensson S, Jirstrom K, Ryden L, Roos G, Emdin S, Ostrowski MC,
Landberg G. ERK phosphorylation is linked to VEGFR2 expression and
Ets-2 phosphorylation in breast cancer and is associated with tamoxifen
treatment resistance and small tumours with good prognosis. Oncogene
2005;24:4370-9

Park DH, Shin JW, Park SK, Seo ]N, Li L, Jang J], Lee M].
Diethylnitrosamine (DEN) induces irreversible hepatocellular
carcinogenesis through overexpression of G1/S-phase regulatory
proteins in rat. Toxicol Lett 2009;191:321-6

Li W, Kotoshiba S, Berthet C, Hilton MB, Kaldis P. Rb/Cdk2/Cdk4 triple
mutant mice elicit an alternative mechanism for regulation of the G1/S
transition. Proc Natl Acad Sci USA 2009;106:486-91

Liu R, Zhang Z, Xu Y. Downregulation of nucleostemin causes G1 cell
cycle arrest via a p53-independent pathway in prostate cancer PC-3 cells.
Urol Int 2010;85:221-7

Wang Z, Lee HJ, Chai Y, Hu H, Wang L, Zhang Y, Jiang C, Lu J.
Persistent p21Cipl induction mediates G(1) cell cycle arrest by
methylseleninic acid in DU145 prostate cancer cells. Curr Cancer Drug
Targets 2010;10:307-18

Kondo T, Hosoya K, Hori S, Tomi M, Ohtsuki S, Terasaki T. PKC/MAPK
signaling suppression by retinal pericyte conditioned medium prevents
retinal endothelial cell proliferation. | Cell Physiol 2005;203:378 -86

Du CL, Xu Y], Liu XS, Xie JG, Xie M, Zhang ZX, Zhang ], Qiao LF.
Up-regulation of cyclin D1 expression in asthma serum-sensitized
human airway smooth muscle promotes proliferation via protein kinase
C alpha. Exp Lung Res 2010;36:201-10

Sherr CJ, McCormick F. The RB and p53 pathways in cancer. Cancer Cell
2002;2:103-12

Kuo HM, Tsai HC, Lin YL, Yang JS, Huang AC, Yang MD, Hsu SC,
Chung MC, Gibson Wood W, Chung JG. Mitochondrial-dependent
caspase activation pathway is involved in baicalein-induced apoptosis in
human hepatoma J5 cells. Int | Oncol 2009;35:717 -24

Chou DS, Hsiao G, Lai YA, Tsai Y], Sheu JR. Baicalein induces
proliferation inhibition in B16F10 melanoma cells by generating reactive
oxygen species via 12-lipoxygenase. Free Radic Biol Med
2009;46:1197-203

Peng CY, Pan SL, Huang YW, Guh JH, Chang YL, Teng CM. Baicalein
attenuates intimal hyperplasia after rat carotid balloon injury through
arresting cell-cycle progression and inhibiting ERK, Akt, and NF-kappaB
activity in vascular smooth-muscle cells. Naunyn-Schmiedeberg’s Arch
Pharmacol 2008;378:579-88

Triantafyllou A, Mylonis I, Simos G, Bonanou S, Tsakalof A. Flavonoids
induce HIF-1alpha but impair its nuclear accumulation and activity. Free
Radic Biol Med 2008;44:657-70

Lin PP, Pandey MK, Jin F, Raymond AK, Akiyama H, Lozano G.
Targeted mutation of p53 and Rb in mesenchymal cells of the limb bud
produces sarcomas in mice. Carcinogenesis 2009;30:1789-95

(Received December 26, 2010, Accepted March 24, 2011)



