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The lipoxygenase inhibitor, baicalein, modulates
cell adhesion and migration by up-regulation of
integrins and vinculin in rat heart endothelial cells
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Background and purpose: Endothelial cell proliferation, migration and adhesion are necessary for the formation of new blood
vessels. We reported previously that baicalein strongly inhibited proliferation of rat heart endothelial cells and here we assess
effects on migration and adhesion of these cells.
Experimental approach: Effects of baicalein on endothelial migration and adhesion were determined by in vitro wound assays
and in modified Boyden chambers. Protein expression and subcellular distribution in rat heart endothelial cells were analysed
by immunoblots and immunofluorescence staining.
Results: Pretreatment with baicalein for 48 h resulted in a concentration-dependent inhibition of endothelial migration, with
an IC50 of approximately 20 mM. Adhesion assays revealed that baicalein stimulated endothelial cell adhesion to fibronectin and
vitronectin, effects blocked by the synthetic peptide Arg-Gly-Asp (RGD). Moreover, treatment with a blocking antibody against
integrin a5b1 drastically attenuated baicalein-mediated endothelial adhesion to fibronectin, but not to vitronectin.
Furthermore, baicalein-mediated anti-migration effect and adhesion promotion could be partially reversed by the addition
of 12(S)-hydroxyeicosatetraenoic acid (12(S)-HETE). Western blot analysis indicated that baicalein increased expression levels
of integrin-a5b1, -avb3 and vinculin proteins. Immunofluorescence staining showed that baicalein induced a marked
reorganization of actin stress fibres and the recruitment of vinculin and integrins to focal adhesion plaques, with consequently
increased formation of focal adhesion contacts.
Conclusions and implications: Baicalein markedly inhibited the migration and enhanced the adhesion of rat heart endothelial
cells, possibly by up-regulation of the integrins (a5b1 and avb3) and vinculin and by promotion of actin reorganization and
focal adhesion contact formation.
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Introduction

The root of Scutellaria baicalensis (Chinese name, Huangqin)

has been used as a folk medicine in China and Japan for the

treatment of chronic hepatitis, allergy, thrombotic stroke

and inflammatory diseases (Huang et al., 1994a). Huangqin

is known to contain numerous flavone derivatives (Sekiya

et al., 1982), and their pharmacological properties have been

extensively investigated. Among them, baicalein (5,6,7-

trihydroxy-2-phenyl -4H-1-benzopyran-4-one) has attracted

considerable attention, as it has a variety of interesting

properties, including antithrombotic, anti-inflammation,

anticancer, antioxidative, antimicrobial and antifibrosis

activities (Hsu et al., 2001; Schuppan and Porov, 2002; Fujita

et al., 2005). However, little is known about the modes of

action of baicalein in these biological effects. A previous

report has demonstrated that baicalein inhibits thrombin-

induced production of plasminogen activator inhibitor-1 in
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cultured human umbilical vein endothelial cells (Kimura

et al., 1997). Baicalein also acts as an inhibitor of lipoxygen-

ase (LOX) in rat platelets and as a potent hypotensive

compound (Chen et al., 1999). On the other hand, baicalein

enhances vasoconstricting sensitivity to receptor-dependent

agonists such as noradrenaline, phenylephrine, serotonin

and vasopressin in isolated rat arteries (Huang et al., 2005).

These studies suggest that baicalein may have a potential

use in the treatment of cardiovascular disorders. In

addition, baicalein exhibited remarkable antiproliferative

effects on aortic smooth muscle cells (Nishio and Watanabe,

1997). A previous study showed that baicalein was able to

inhibit the migration induced by arachidonic acid and

platelet derived growth factor in bovine carotid artery

smooth muscle cells (Kanayasu-Toyoda et al., 1998). Liu

et al. (2003) reported that baicalein significantly inhibited

the matrix metalloproteinase-2 activity and cell migration

of human umbilical endothelial cells, indicating a potential

role of this compound in modulation of the angiogenic

process.

Angiogenesis is a complex process that involves endothe-

lial proliferation, migration, remodelling of extracellular

matrix (ECM) and neovessel organization. Angiogenesis also

requires endothelial cell-to-cell, and cell-to-matrix interac-

tions (Saunders et al., 2006). New capillary blood vessel

formation, in adult life, takes place generally from pre-

existing vessels, in direct response to tissue demands, by true

sprouting or by splitting angiogenesis (Huang et al., 1994a).

It is now known that endothelial progenitor cells mobilize

from the bone marrow in response to a variety of signalling

molecules and can target sites of angiogenesis in ischaemic

peripheral vasculature, myocardium or induced ocular injury

(Asahara et al., 1997). In healthy adults, angiogenesis does

not normally occur, except during the female ovarian cycle.

However, neo-angiogenesis may occur in several pathophy-

siological conditions, including wound healing, chronic

inflammatory diseases and solid tumours (Folkman and

Klagsbrun, 1987). Endothelial cell proliferation, adhesion

and migration are early essential events for mediating

angiogenesis. It is well documented that the induction of

endothelial cell proliferation, migration and adhesion in

response to numerous intracellular or extracellular stimuli is

a tightly regulated process requiring the coordination of a

complex set of inward and outward signals involving the

ECM, the integrins and the actin cytoskeleton-associated

molecules (Romer et al., 2006).

We have previously reported that baicalein exhibited a

strong antiproliferative effect in rat heart endothelial cells

(Hsu et al., 2001). In this study, we investigated the effect of

baicalein on endothelial cell migration and adhesion. Since

cell migration and adhesion are associated with regulation of

actin dynamics and cell surface integrins (Rousseau et al.,

1997), the intracellular cytoskeletal architecture and surface

receptor integrins were also investigated. We found that

baicalein upregulated the expression of the integrins, a5b1

and avb3, and of vinculin, which mediated intracellular

signalling through interaction with fibronectin and vitro-

nectin, and promoted the reorganization of actin fibres and

increased focal contact formation and adhesion, as well as

reducing migration of endothelial cells.

Methods

Cell culture

Endothelial cells were isolated from rat heart as described

previously (Hsu et al., 2001). Cells were maintained in

minimal essential medium with 10% foetal bovine serum,

antibiotics and 50 mg ml�1 endothelial cell growth supple-

ments. Endothelial cells were identified by their typical

cobblestone appearance and CD31 (PECAM-1) immunos-

taining (Fu et al., 2004).

Cell migration assay

Migration assays were performed following two standard

protocols- using a wound repair assay and Transwell

chemotaxis chambers (Neuro Probe Inc., Cabin John, MD,

USA). The mechanical injury of confluent endothelial cells

and lesion repair assay were performed as described else-

where (Ashton et al., 1999). Briefly, confluent endothelial

cells were wounded by scraping with a pipette tip, denuding

a strip of the monolayer. Cultures were washed twice with

phosphate-buffered saline (PBS) and incubated with serum-

containing medium supplemented with the baicalein or

vehicle (0.1% DMSO), as indicated. The rate of wound

closure was measured and photographed over 48 h. The

progression of cell migration was assessed with a calibrated

ocular grid (Christopher et al., 1999). The modified Boyden’s

chamber assay was performed by using cell culture inserts

composed of a porous 8-mm membrane. Briefly, baicalein-

pretreated or untreated rat heart endothelial cells were

washed and trypsinized to induce cell detachment. Cells

(5�104) were then suspended in 50 ml of serum-free

medium, with or without baicalein (1, 3, 10, 30 and

100 mM), and seeded in the upper compartment. Vascular

endothelial growth factor (VEGF) (10 ng ml�1) was added to

the lower compartment and cell migration was determined

after 2 h of incubation at 371C in a CO2 incubator. Non-

migrating cells were removed from the upper surface of the

membrane with a cotton swab. The cells that had migrated

to the lower side of the membrane were fixed with ethanol

and stained with a Giemsa solution. Number of migrated

cells was estimated by counting the stained cells in five

random view fields (100� magnification). Data are pre-

sented as the mean7s.d. of twelve replicates from three

separate experiments.

Matrix proteins coating and cell adhesion assay

Fibronectin, collagen and laminin were coated on 12-well

plates, 200ml per well (5mg ml�1), and incubated at 41C

overnight. Wells were washed using PBS, blocked with 200 ml

1% BSA in PBS for 2 h at 371C, and then washed with PBS and

stored at 41C until use. The same procedure was followed for

vitronectin (5 mg ml�1) except that wells were coated for 2 h

at room temperature. After treatment, plates were stored at

41C until used. Cell adhesion was estimated as described

elsewhere (Kimura et al., 1997). Briefly, endothelial cells were

treated without or with various concentrations of baicalein

in DMEM medium, and incubated at 371C for indicated time

points. After treatment, cells were harvested with 1 mM

Baicalein modulates cell adhesion and migration
Y-CS Hsieh et al1236

British Journal of Pharmacology (2007) 151 1235–1245



ethylenediamine tetraacetic acid in PBS, and suspended

in medium without supplements. Cell suspensions

(5�104 cells ml�1) were added to the matrix protein-coated

or uncoated wells under serum-free condition. After 2 h of

incubation, non-adherent cells were removed, while the

adherent cells were fixed with 2% paraformaldehyde for

20 min at room temperature. Fixed cells were stained with

haematoxylin and counted. The adherent cells were ex-

pressed as a percentage of the initial seeded cells.

Western blot analysis

Endothelial cytoskeletal protein levels were examined by

western blot analysis. After treatment with baicalein in the

serum-containing medium for the indicated times, cells were

washed and lysed with lysis buffer (20 mM Tris-HCl, pH 7.5,

with 1% Triton X-100, 0.3% deoxycholate) containing

proteinase inhibitors (Complete, Boehringer Mannheim,

Germany), followed by centrifugation at 15 000 g for

30 min at 41C. Supernatants were separated and used as

whole-cell extracts. Protein concentration was determined

by Bradford method. Equal amount of protein samples were

separated on sodium dodecyl sulphate-polyacrylamide gel

electrophoresis, and transferred to a polyvinylidene difluor-

ide (PVDF) membrane. The membrane was incubated with

Tween-PBS containing 5% non-fat dry milk for 2 h to block

nonspecific antibody binding. Membranes were then incu-

bated with primary antibodies overnight at 41C, followed by

horseradish peroxidase-conjugated anti-mouse (or anti-rab-

bit) IgG. Immunoreactive blots were detected using a

chemiluminescence detection kit (ECL, Amersham Pharma-

cia Biotech, Buckinghamshire, UK).

Cytoimmunostaining

Cell were untreated or treated with 100 mM baicalein in

serum-containing medium for 48 h, washed with PBS and

fixed with 2% paraformaldehyde in PBS for 20 min, and

incubated with 0.1% Triton X-100 in PBS for 20 min.

Rhodamine-labelled phalloidin (100 mg ml�1) (Molecular

Probes Inc., Eugene, OR, USA) was used to stain actin

filaments. For integrin staining, cells were blocked with 5%

bovine serum albumin in PBS for 60 min at room tempera-

ture. Cells were incubated with anti-rat-integrin antibody

(1:100) for 1 h, and then detected with an fluorescein

isothiocyanate (FITC)-conjugated secondary antibody. To

visualize focal adhesion contacts, the cells were stained with

monoclonal antibody against vinculin for 1 h, washed twice

with PBS and stained with FITC-labelled anti-mouse IgG for

30 min. The slides were mounted using Vectashield (Vector

Labs, Burlingame, CA, USA) diluted 1:1 in Tris buffer (pH

8.4). Images were obtained using a Leica laser scanning

confocal microscope. Cell nuclei were stained using 4060-

diamidino-2-phenylindole (DAPI).

Statistical analysis

All results are expressed as means7s.d. of 12 replicates from

three independent experiments. Images shown here were

obtained from at least three independent experiments with

similar patterns. One-way analysis of variance (ANOVA) and

Student’s t-test were used to determine the level of

significance for the statistical analysis of data by using the

SPSS 10.0 statistical program. *Po0.05, **Po0.01 and

***Po0.001 were used to indicate statistical significance.

Materials

Baicalein, propidium iodide (PI), 40,60-diamidino-2-pheny-

lindole (DAPI), collagen I, fibronectin, laminin, anti-vincu-

lin antibody, 5(S)-hydroxyeicosatetraenoic acid (5(S)-HETE),

12(S)-hydroxyeicosatetraenoic acid (12(S)-HETE), 15(S)-

hydroxyeicosatetraenoic acid (15(S)-HETE), the synthetic

peptide Arg-Gly-Asp (RGD) and the synthetic peptide Ser-

Asp-Gly-Arg-Gly (SDGRG) were obtained from Sigma (St

Louis, MO, USA). Vitronectin was purchased from Colla-

borative Biomedical Products (Bedford, MA, USA). Baicalein

was dissolved in dimethyl sulphoxide (DMSO) at a concen-

tration of 100 mM and stored in sealed tubes in liquid

nitrogen. The following antibodies were obtained from

Transduction Laboratory (Lexington, KY, USA): anti-b-actin,

anti-a-tubulin, anti-talin, anti-paxillin and anti-focal adhe-

sion kinase (FAK). Anti-phospho-FAK (S722), anti-integrin-

b5, anti-integrin-av, and anti-a-actinin were obtained from

Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Anti-

phospho-FAK (Y397) was obtained from Abcam (Abcam,

Cambridge, UK). VEGF and endothelial cell growth supple-

ment were obtained from Upstate Biotechnology (Lake

Placid, NY, USA). Anti-integrin-a5, anti-integrin-a2 and

anti-integrin-a5b1 antibodies were purchased from Chemi-

con International (Temecula, CA, USA). Anti-integrin-b3 and

anti-integrin-b1 antibodies were obtained from BD Pharmin-

gen (San Diego, CA, USA).

Results

Inhibition of endothelial cell migration by baicalein

We used an in vitro mechanical wound model to assess the

effect of baicalein on endothelial cell migration. Confluent,

scrape-wounded rat heart endothelial cell monolayers were

incubated with various concentrations of baicalein, and the

rate of closure was observed for 48 h. In the scratch injury

model (mechanical wound assay) of the endothelial mono-

layer, endothelial cell sprouting was significantly attenuated

in baicalein-treated cultures but not in the control cultures,

treated with vehicle. As shown in Figure 1a, cells in control

plates migrated into the denuded area, almost completely

covering the exposed surface after 48 h incubation

(Figure 1a). In contrast, baicalein induced a concentration-

dependent inhibition of the migration of endothelial cells

into the denuded area (Figure 1a); in comparison with

control culture. Wound closure was inhibited by a range of

concentrations of baicalein (Figure 1b).

Our previous study showed that baicalein strongly in-

hibited the proliferation of endothelial cells (Hsu et al.,

2001). Because the scratch injury assay cannot distinguish

which process (proliferation or migration or both) is

inhibited, we further analysed the effects of baicalein on

cell migration by Boyden chamber assay. Addition of a range
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of concentrations of baicalein (1–100 mM) to the cells

immediately before loading into the upper Boyden chamber,

or pretreatment with baicalein for up to 6 h, had no effect on

VEGF-stimulated endothelial migration (data not shown).

However, when cells were pretreated with baicalein (1–

100 mM) for 48 h and then washed with media and seeded

into the upper chamber of Boyden chambers, VEGF-

stimulated endothelial migration was inhibited in a con-

centration-dependent manner, with an IC50 of approxi-

mately 20 mM (Figures 1c and e). Pretreatment with 100 mM

baicalein for 48 h almost completely abolished the endothe-

lial migration. Baicalein also attenuated endothelial cell

migration in the absence of VEGF stimulation (Figures 1d

and f). These results indicate that inhibition of endothelial

migration by baicalein requires long-term exposure to

baicalein.

Figure 1 Inhibition of endothelial migration by baicalein. Migration was assessed by (a) the mechanical wound healing assay. Rat heart
endothelial cells were plated on six-well plates at a density of 3�105 cells per well. After 24 h incubation, confluent endothelial cells were
wounded and maintained in 0, 3, 10, 30, 100 mM baicalein for another 48 h. Healing of the wound was observed under an inverted phase
contrast microscope, magnification �60. (b) Quantitation of the effect of baicalein on migration. The degree of closure was monitored using a
calibrated ocular grid. The data are from four separate experiments and are expressed as area remaining as a percentage of the size of the initial
wound area (mean7s.d.). Migration was also assessed in a modified Boyden chamber assay (c–f). Endothelial cells were incubated in the
absence or presence of baicalein (1, 3, 10, 30 and 100mM) for 48 h, and then vehicle-treated (0.1% DMSO) or baicalein-pretreated cells were
seeded into the upper chamber at a density of 2.5�104 cells per chamber. In (c), VEGF was used as a chemotactic stimulus and in (d), the
chemotactic experiment was performed in the absence of VEGF stimulation. Cells were incubated for 2 h at 371C. After fixation and Giemsa
staining, migrated cells were visualized under a microscope (�200 magnification). Scale bar, 50mm. The number of migrated cells was
estimated by counting the stained cells in five random view fields with (e) VEGF as a chemotactic stimulus and (f) absence of VEGF stimulation.
Data are presented as the mean7s.d. of twelve replicates from four separate experiments. Asterisks indicate *Po0.05, **Po0.01, ***Po0.001.
DMSO, dimethyl sulphoxide; VEGF, vascular endothelial growth factor.
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Stimulation of endothelial cell adhesion to fibronectin and

vitronectin by baicalein

Cell migration depends on cell adhesion to the ECM (Palecek

et al., 1997; Pereda et al., 1999). To address whether the effect

of baicalein on endothelial cell migration could be attributed

to changes in cell adhesion, endothelial cells were incubated

in the absence or presence of baicalein for 48 h, and then

suspended and incubated for 2 h on dishes. As summarised

in Figure 2a, baicalein had stimulatory effects on the

attachment of cells to the substratum of culture plates in a

concentration-dependent manner. However, short-term (up

to 6 h) incubation of baicalein had no influence on cell

adhesion (data not shown). We next examined the effect of

baicalein on the adhesion of endothelial cells to various

components of the ECM. Endothelial cells were untreated or

treated with 100 mM baicalein for 48 h, and then suspended

and incubated for 2 h on dishes coated with collagen,

laminin, fibronectin or vitronectin. As shown in Figure 2b,

baicalein increased endothelial cell adhesion to fibronectin

and vitronectin, compared to untreated control cultures. In

contrast, treatment with baicalein had no significant effect

on attachment of endothelial cells to collagen or laminin.

These results indicate that baicalein strengthens cell inter-

action with only some matrix molecules, such as fibronectin

and vitronectin.

Regulation of integrins expression by baicalein

Since integrins are the major family of surface receptors for

extracellular matrices, this increased adhesion by baicalein

was mostly likely to be mediated by integrin molecules. It

has been reported that a5b1, avb3 and avb5 integrins act as

receptors for fibronectin and vitronectin, suggesting that

functional expression of these integrins at the cell surface

may be increased by baicalein in endothelial cells. So we next

determined the effects of baicalein on the expression of

various integrin subunits (including a2, a5, av, b1, b3 and b5)

by western blot analysis. Increased expression of integrin

subunits av, b3, b5, a5 and b1 proteins, but not of integrin-

a2, was observed in baicalein-treated cells, compared with

control culture (Figures 3a). Densitometric analysis indicated

that levels of receptors on cells exposed to baicalein for 24 or

48 h were increased (Figure 3b). Data from flow cytometry

assay showed that baicalein upregulated the expression

levels of these integrins on the cell surface (Figure 3c). The

cell surface expression level of integrin b5 could not be

examined by flow cytometry, as there is commercially

available antibody. These results indicate a possibility that

baicalein increased endothelial cell adhesion to fibronectin

and vitronectin through increased expression of integrins

avb3, avb5 and a5b1 on the cell surface.

Suppression of baicalein-enhanced cell adhesion by RGD peptide

and integrin a5b1 blocking antibody

To determine if the increased expression of these integrin

subunits was actually involved in the enhancement of cell

adhesion to extracellular matrices, we examined cell adhesion

to fibronectin and vitronectin in the presence or absence of

the synthetic tripeptide RGD. This peptide was originally

found to be responsible for the fibronectin or vitronectin cell

attachment activity (Dejana et al., 1987). When endothelial

cell suspensions were plated on dishes coated with fibronectin

or vitronectin, many of the adherent cells did not spread and

remained round. After treatment with baicalein, the number

of adherent cells was increased and most of the adherent cells

spread with extension of lamellipodia. As shown in Figure 4a,

baicalein-enhanced endothelial adhesion to fibronectin and

vitronectin was significantly suppressed by RGD peptide, but

not by the control peptide SDGRG. In addition, treatment

with a blocking antibody to integrin a5b1 (which is a well

known fibronectin receptor) almost completely blocked the

baicalein-enhanced endothelial cell adhesion to fibronectin

but not to vitronectin (Figure 4b). However, anti-integrin-a2
antibody did not affect baicalein-induced cell adhesion. These

findings suggest that baicalein-induced integrin upregulation

might play an essential role in the increased adhesion.

Regulation of cytoskeletal proteins by baicalein

In many cell types, the sites of cell–matrix adhesion are

called focal contacts (Hynes 2002; Tsuruta and Jones, 2003).

Figure 2 Enhancement of adhesion of endothelial cells to ECM by
baicalein. (a) Treatment with various concentration of baicalein for 2
days, or (b) preincubation with or without 100 mM baicalein for 2
days, and then cells were harvested and seeded (at a density of
1�105 cells per well) in 12-well culture plates, coated with collagen,
laminin, fibronectin, or vitronectin and allowed to adhere for 2 h.
The attached endothelial cells were quantified by dye staining.
Attached cells are expressed as the percentage of the seeded cells.
The values are means7s.d. of 12 replicates from four separate
experiments. Asterisks indicate *Po0.05, **Po0.01, ***Po0.001.
ECM, extracellular matrix.
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Within each focal contact, cell surface receptors of the

integrin family members interact with ECM molecules

outside the cell and with the cytoskeletal system in the

cytoplasm (Hynes, 2002; Tsuruta and Jones, 2003). Thus, we

examined the expression of cytoskeletal molecules in

baicalein-treated cells by western blot analysis, using anti-

actin, anti-a-actinin, anti-talin, anti-paxillin, anti-vinculin,

anti-tubulin, anti-FAK, anti-phospho-FAK (Y397) and

-phospho-FAK (S722)-specific antibodies. As shown in Fig-

ure 5, baicalein treatment increased the expression level only

of vinculin protein, whereas the levels of actin, a-actinin,

FAK, -phospho-FAK (Y397), -phospho-FAK (S722),

paxillin, talin and tubulin were not affected by this

treatment (Figure 5).

Reorganization of microfilaments and promotion of focal

adhesion contact formation by baicalein

To characterize the effects of baicalein on the microfilament

organization and focal adhesion contact formation, fluores-

cence cytostaining using rhodamine-labelled phalloidin and

immunostaining of integrins and vinculin were investigated

by laser scanner confocal microscopy. As illustrated in

Figure 6a, staining with rhodamine-labelled phalloidin for

cytoskeletal architecture showed extensive stress fibre for-

mation in untreated endothelial cells that was in a random

orientation throughout the monolayer; moreover, vinculin-

specific immunofluorescence was found in fine fibrillar

streaks in untreated cells and associated with the ends of

actin microfilaments around the periphery of each cell and

Figure 3 Regulation of integrin expression by baicalein. (a) Immunoblot analysis with cell extracts obtained from untreated or baicalein-
treated cultures for indicated time points, was performed using anti-integrin subunit specific antibodies. b-actin was used as an internal loading
control. (b) Densitometric analysis of the expression of integrins (from three independent experiments). The arbitrary value of control was
presented as 1; values shown are means7s.d. (c) Flow cytometric analysis. After treatment, cells were harvested and surface expression of the
integrin subunits was examined using specific antibodies, and expression was analysed by flow cytometry. Histograms are composites with the
expression of integrins on control cultures in green, baicalein-treated cultures in red and negative controls in grey. Asterisks indicate *Po0.05,
**Po0.01, ***Po0.001.
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at the ends of centrally located stress fibres. However,

exposure to baicalein drastically altered the arrangement of

F-actin within the monolayer (Figure 6a), by inducing it to

concentrate under the plasma membrane. The streaks of

vinculin appeared to be longer and thicker after baicalein

treatment (Figure 6a).

The formation of stress fibres occurred simultaneously

with the appearance of vinculin streaks at their terminals, in

correspondence with adhesion sites (focal adhesion con-

tacts) (Davies et al., 2001). To quantify changes in the

number of intensely stained focal adhesions, 100 cells for

each treatment were imaged at random and analysed by

image analysis software. Results showed that the number of

focal adhesion contacts per cell markedly increased in

baicalein-treated cells compared to untreated cells

(Figure 6b). This result is consistent with the increased

cellular adhesion described above.

It is well documented that integrins are present in focal

contacts in cells. Next, we carried out double labelled

immunofluorescent experiments to examine the distribution

of vinculin compared to integrin-avb3, avb5 and integrin-

a5b1. In untreated endothelial cells, integrin av and a5

staining was generally restricted to distinct spots (Figures 6c

and d). When endothelial cells were exposed to baicalein,

integrin staining was detected throughout the cell (localized

to the cell body as well as the periphery). However, in

both untreated and baicalein-treated endothelial cells, av

(Figure 6c) and a5 (Figure 6d) appeared to colocalize

with vinculin. The expressed levels of vinculin, av and a5

present in focal adhesions in endothelial cells exposed

to baicalein appeared to increase. These data indicate

that the initial baicalein-induced formation of focal

adhesion might be due to the increase in the cellular levels

of integrins (especially avb3, avb5 and a5b1) and vinculin

expression.

Effects of LOX products on baicalein-mediated endothelial

proliferation, adhesion and migration

It has been reported that baicalein is a potent inhibitor of 5-,

12-, and 15-lipooxygenase (Cho et al., 1991; Sadik et al.,

2003). To address whether the LOX metabolic pathway was

involved in these baicalein-mediated endothelial responses,

cells were exposed to baicalein in the absence or presence of

exogenously added LOX metabolites, 5(S)-HETE (5-LOX

product), 12(S)-HETE (12-LOX product), and 15(S)-HETE

(15-LOX product). Modulation of endothelial cell prolifera-

tion, adhesion and migration by these HETEs was then

assessed. Over a range of concentrations (10 nM–1 mM) the

HETEs exhibited concentration-related effects on the

baicalein-mediated biological responses (data not shown).

We chose to use 100 nM as the test concentration for

our further studies. At this concentration, treatment with

each HETE alone significantly increased endothelial cell

proliferation, adhesion and migration. However, exogenous

5(S)-HETE, 12(S)-HETE, and 15(S)-HETE could partially

reverse the inhibitory effects of baicalein on endothelial

proliferation (Figure 7a) and migration (Figure 7b), and

slightly suppress baicalein-induced endothelial adhesion

(Figure 7c).

Figure 4 RGD peptide and integrin antibody blocked baicalein-
mediated adhesion to fibronectin and vitronectin. After preincuba-
tion with 100mM baicalein for 2 days, cells were seeded at a density
of 1�105 cells per well, (a) in the absence or presence of RGD (or
SDGRG), or (b) without or with antibodies against integrins. Cells
were then allowed to adhere to plates coated with fibronectin or
vitronectin; the attached endothelial cells were quantified by dye
staining. Attached cells are expressed as the percentage of the
seeded cells. The values are means7s.d. of 12 replicates from four
separate experiments. Asterisks indicate significance *Po0.05,
**Po0.01. RGD, the synthetic peptide Arg-Gly-Asp; SDGRG, the
synthetic peptide Ser-Asp-Gly-Arg-Gly.

Figure 5 Regulation of cytoskeleton protein expression. Endothelial
cells were treated with 100 mM baicalein for 24, 48 and 72 h. After
incubation, cell lysates were extracted. Western blot analysis was
performed using anti-b-actin, anti-a-actinin, anti-talin, anti-paxillin,
anti-vinculin, anti-a-tubulin, anti-FAK, anti-phospho-FAK (Y397) and
anti-phospho-FAK (S722)-specific antibodies.
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Discussion

Baicalein is a relatively selective 12-LOX inhibitor that also

possesses many LOX-unrelated effects such as blocking

calcium mobilization (Nyby et al., 1996) and acts as an

antioxidant (Hanasaki et al., 1994). Our previous study

demonstrated that baicalein markedly inhibited prolifera-

tion of rat heart endothelial cells (Hsu et al., 2001). In the

present study, we show that pretreatment of rat heart

endothelial cells with baicalein for 48 h significantly en-

hanced cell adhesion while suppressing cell migration.

Short-term baicalein treatment (up to 6 h) of rat endothelial

cells, however, had no effect on migration and adhesion,

suggesting that longer exposure to baicalein is essential for

its stimulation of adhesion and its antimigratory actions.

Our observations also indicate that baicalein exhibits slight

effects on quiescent endothelial cells, but has significant

effect on endothelial cells activated by serum or VEGF. A

previous study demonstrated that phenylephrine-induced

cell proliferation and migration was inhibited by baicalein in

vascular smooth muscle cells. This report suggests that 12-

LOX may be involved in the proliferation and motility of

vascular smooth muscle cells, because inhibition of smooth

muscle cell proliferation and migration by baicalein could be

reversed by exogenous 12-HETE (Nishio and Watanabe,

1997). Consistent with this report, our findings indicate

that the endogenous 12-LOX pathway may be partly coupled

to the regulation of endothelial proliferation, adhesion and

migration induced by baicalein, because a combination

treatment with 12-HETE (the 12-LOX product) slightly but

significantly reversed the baicalein-mediated proliferation

and migration inhibition and adhesion promotion (Figure 7).

These results suggest that the LOX-independent pathway is

involved in baicalein-mediated biological effects in endothe-

lial cells. At this time, the precise mechanism whereby the

LOX pathway is coupled to the baicalein-mediated actions in

rat heart endothelial cells is still obscure and further studies

will be needed to determine the underlying mechanism.

Our observations further demonstrated that baicalein

stimulated endothelial cell adhesion to fibronectin and

vitronectin and that these adherent cells eventually undergo

spreading, reorganization of stress fibres and formation of

adhesion plaques. Qualitatively and quantitatively, the

pattern of microfilament organization and number of focal

adhesion contacts are higher in baicalein-treated cells than

untreated control cells. This phenomenon is of particular

relevance, since our study provides evidence that baicalein

upregulated the expression of endothelial cell surface

receptors, the integrins a5b1, avb3 and avb5. Baicalein also

promoted the interaction of plasma membrane with the

ECM components, fibronectin and vitronectin, via these

specific receptors. This interaction triggered a cascade of

events leading to organization of adhesion plaques with

which vinculin and other proteins are associated (Burridge

and Connell, 1983b; Geiger et al., 1985; Dejana et al., 1987).

In the Boyden chamber system, baicalein inhibited migra-

tion of endothelial cells.

Endothelial cells adhere to the ECM through a set of cell

surface receptors and, in most cases, these receptors belong

to the integrin superfamily and are composed of a and b
subunits in heterodimer complexes (Zeng et al., 2006).

Among the integrins, which are cell surface receptors for

the ECM, the a5 integrin subunit recognizes only fibronectin

as its ligand and forms a a5b1 heterodimer. The b3 or b5

subunit heterodimerizes with the av integrin subunit and

binds von Willebrand factor, thrombospondin, fibrinogen,

fibronectin, as well as vitronectin (Hynes, 2002). Previous

reports demonstrated that the a5b1 integrin plays a more

Figure 6 Modifications of actin filament and focal adhesion contacts by baicalein. Rat heart endothelial cells were incubated for 2 days with or
without 100mM of baicalein. (a) To visualize focal adhesion contacts, the cells were stained with antibody against vinculin for 30 min, washed
twice and stained with FITC-labelled anti-mouse IgG for 30 min. Rhodamine-labelled phalloidin was used to stain actin filaments. (b) Number
of focal adhesion contacts was quantified by counting microscopic images from 100 cells after immunofluorescence staining with an antibody
against vinculin. (c) Cells were double stained by antibodies against integrin-av and vinculin, or (d) integrin-a5 and vinculin. Microphotographs
were taken by a Leica confocal microscopy, at the original �600 magnification. *Po0.05. Scale bar, 5mm. FITC, fluorescein isothiocyanate.
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important role in interactions with fibronectin, than other

integrins (Bauer et al., 1992). It is well documented that the

ability of fibronectin to bind to cells and to promote

adhesion can be accounted for by the tripeptide RGD located

in the cell attachment domain of fibronectin (Pierschbacher

and Ruoslahti, 1984). This sequence is also present in several

other ECM proteins including vitronectin (Liu, 2006).

Peptides containing the RGD sequence are known to inhibit

the attachment of various cell lines to fibronectin and

vitronectin (Pierschbacher and Ruoslahti, 1984). We showed

here that baicalein upregulated the expression of integrin

a5b1, avb3 and avb5 and promoted endothelial cell adhesion

to fibronectin and vitronectin. Moreover, this baicalein-

induced adhesion event was significantly blocked in the

presence of the RGD peptides or a blocking antibody to a5b1.

Conversely, the control peptide SDGRG or antibodies against

a2 integrin, did not inhibit adhesion to fibronectin or

vitronectin after baicalein treatment. These observations

suggest that baicalein-induced adhesion is mainly mediated

by upregulation of a5b1 and avb3, avb5 integrins.

Endothelial cell migration is an important aspect of the

angiogenic process, and therefore much research is focused

on the intracellular mechanisms that control endothelial cell

motility. Substantial amounts of data implicate both ECM–

integrin and cytoskeletal interactions as critical mediators of

this process. Cell migration is an integrated process requiring

both adhesion to, and detachment from, the surrounding

ECM (Lauffenburger and Horwitz, 1996). However, the

relationship between strength of adhesion to the ECM and

potential for migration seems to be complex. In this study,

we found that a decrease in cell migration occurred

concomitantly with increased cell adhesion in baicalein-

treated endothelial cells. Thus, a causal relation between

these two cellular responses may exist. The interactions of

cells with fibronectin have been reported to influence or

control different processes regulating the behaviour of cells,

including cell migration, invasion, survival and proliferation

(Akiyama et al., 1995). Mauro et al. (1999) reported that

reduced growth and enhanced attachment to fibronectin in

MCF-7 cells overexpressing SHC-(SH2 homology and col-

lagen homology protein) were associated with significantly

reduced cell migration. This result is consistent with our

observations that baicalein-mediated suppression of en-

dothelial migration was accompanied by inhibition of cell

proliferation and promotion of cell adhesion to fibronectin.

A possible mechanism for baicalein-mediated migration

inhibition is provided by the fact that baicalein strongly

stimulated adhesion of endothelial cells to the ECM

substrates, fibronectin and vitronectin, by increasing integ-

rin expression. Integrins have been recognized not only as

the dominant family of cell adhesion molecules that mediate

attachment to ECM (Hynes, 2002), but also have been

credited as signalling receptors essential for cell migration

(Giancotti and Ruoslahti, 1999). With low integrin expres-

sion, migration was relatively slow, because weakly attached

cells do not generate enough traction to move significantly.

An optimal rate of cell migration is achieved with increasing

adhesion. With further cell attachment, however, cells again

display impaired motility, presumably due to the inability to

cycle between adherent and non-adherent states.

Endothelial adhesion and migration requires organized

actin stress fibres and focal adhesion contacts (Thiagarajan

et al., 1996) and the stimulation of endothelial migration by

VEGF is associated with the formation of actin stress fibres

and focal adhesion contacts (Rousseau et al., 1997). Dis-

assembly of focal adhesion mediated by growth factors

precedes cell migration and reduces cell–substratum adhe-

sion (Nobes and Hall, 1999). At focal adhesion sites, actin

filaments are bound to transmembrane receptors of the

Figure 7 The effect of 5(S)-HETE, 12(S)-HETE, and 15(S)-HETE on
baicalein-mediated endothelial growth, adhesion and migration.
Endothelial cells were pretreated with each HETE (100 nM) for up to
1 h, and then treated with 100mM baicalein for indicated time
points. After treatment, (a) cell proliferation, (b) migration and (c)
adhesion were determined as described in the text. Values shown are
means7s.d. Asterisks indicate *Po0.05, **Po0.01, ***Po0.001.
5(S)-HETE, 5(S)-hydroxyeicosatetraenoic acid; 12(S)-HETE, 12(S)-
hydroxyeicosatetraenoic acid; 15(S)-HETE, 15(S)-hydroxyeicosate-
traenoic acid.

Baicalein modulates cell adhesion and migration
Y-CS Hsieh et al 1243

British Journal of Pharmacology (2007) 151 1235–1245



integrin family, through a complex of structural ‘plaque’

proteins including vinculin, talin and a-actinin (Hynes,

2002). It has been reported that vinculin plays an important

role in the maintenance of the focal adhesion contact and

adherence junctions (Rudiger, 1998), whose alterations accom-

pany the modulation of motility. Previous reports demon-

strated that vinculin is important for the linkage of integrins to

the cytoskeleton (Ezzell et al., 1997) and vinculin may promote

cell spreading by stabilizing focal adhesions and transferring

mechanical stresses that drive cytoskeletal remodelling (Ezzell

et al., 1997). Increasing vinculin expression in 3T3 cells also

increased formation of focal contacts and stress fibres,

enhanced cell spreading, and reduced cell motility (Ezzell

et al., 1997). In contrast, reduction of vinculin protein with an

antisense vinculin RNA in 3T3 cells resulted in poor spreading

and increased motility (Coll et al., 1995; Volberg et al., 1995;

Ezzell et al., 1997). The present study revealed that baicalein

increased the levels of vinculin and integrins (avb3, avb5 and

a5b1) proteins and the immunoreactivity of these molecules in

endothelial cells, indicating that baicalein stimulates the

assembly of multimolecular focal adhesion complexes. The

effects of baicalein treatment on endothelial cell adhesion

might reflect this reorganization of focal adhesion. It appears

that increase of vinculin by baicalein could promote focal

adhesion contact formation as well as cell adhesion and reduce

cell migration. Thus the upregulation of vinculin expression

may be one of the mechanisms by which baicalein acts as an

inhibitor of cell migration in rat heart endothelial cells.

In conclusion, this study provides the first insights into

the mechanism by which the LOX inhibitor baicalein

enhances the adhesion, particularly to fibronectin and

vitronectin, and inhibits the migration, of rat heart en-

dothelial cells in vitro. These effects are, in part, due to

baicalein upregulating the expression of integrin molecules

(a5b1, avb3 and avb5) and vinculin. These molecules are

critical modulators of the organization of actin fibres and

formation of focal adhesion contacts, processes that regulate

endothelial cell adhesion, migration and proliferation. Our

observations indicate that baicalein might be a useful tool to

modulate physiological (or pathological) behaviour of

endothelial cells.
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