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Both epidemiological and experimental studies indicate that

ethanol exposure enhances tumor progression. Ethanol exposure

promotes cancer cell invasion and is implicated in tumor

metastasis. Metastasis consists of multiple processes involving

intravasation and extravasation of cancer cells across the blood

vessel walls. The integrity of the vascular endothelial barrier that

lines the inner surface of blood vessels plays a critical role in

cancer cell intravasation/extravasation. We examined the effects

of ethanol on the endothelial integrity in vitro. Ethanol at

physiologically relevant concentrations did not alter cell viability

but disrupted the endothelial monolayer integrity, which was

evident by a decrease in the electric resistance and the appearance

of intercellular gaps in the endothelial monolayer. The effect of

ethanol was reversible once ethanol was removed. The disruption

of the endothelial monolayer integrity was associated with an

increased invasion of cancer cells through the endothelial mono-

layer. Ethanol induced the formation of stress fibers; stabilization

of actin filaments by jasplakinolide prevented ethanol-induced

disruption of endothelial integrity and cancer cell invasion. VE-

cadherin is a critical component of the adherens junctions, which

regulates vascular endothelial integrity. Ethanol induced the

endocytosis of VE-cadherin and the effect was blocked by

jasplakinolide. Our results indicate that ethanol may facilitate

cancer metastasis by disrupting the vascular endothelial barrier.
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Excessive ethanol exposure is associated with an increased

risk of a number of human cancers, including oral, pharyngeal,

esophageal, hepatic, ovarian, colon, rectal, gastric, and breast

and has also been suspected in pancreatic and lung cancers

(Boffetta and Hashibe, 2006; Go et al., 2005; Poschl and Seitz,

2004; Rohrmann et al., 2006). Ethanol exposure may also

promote the progression of cancer. For example, epidemiolog-

ical studies show that alcohol consumption is associated with

advanced and invasive breast tumors in breast cancer patients

and enhanced liver metastasis in colorectal carcinoma patients

(Maeda et al., 1998; Vaeth and Satariano, 1998; Weiss et al.,
1996). The cellular/molecular mechanisms underlying ethanol-

induced tumor promotion, however, remain unclear. The

majority of this investigation focuses on the direct effect of

ethanol on cancer cells and supports that ethanol can alter the

behavior of tumor cells. Ethanol promotes migration/invasion

and stimulates the proliferation of breast cancer cells (Aye

et al., 2004; Dumitrescu and Shields, 2005; Izevbigie et al.,
2002; Ke et al., 2006; Luo and Miller, 2000; Ma et al., 2003;

Singletary, 1997; Xu et al., 2010a,b; Yirmiya et al., 1992).

However, little attention has been paid to the effect of ethanol

on other cell types in cancer microenvironments.

Cancer metastasis consists of highly regulated multiprocesses

in which cancer cells first detach from the primary tumor, attach

to/invade surrounding tissues, intravasate into blood and/or

lymphatic systems, extravasate from the vasculature, and sub-

sequently settle and colonize at the target organs. Each step of

these multiprocesses is critical in the metastasis procedure. For

example, during the extravasation, blood-borne tumor cells travel

along the vascular system, adhere to selective vascular endo-

thelium, and then transmigrate through the vascular wall. Cancer

cell intravasation/extravasation is a dynamic process that requires

active interaction between cancer cells and vascular endothelia.

Endothelia lining the inner surface of blood vessels constitute a

selective barrier between the bloodstream and underlying tissues.

Changes in the integrity of endothelium are involved in many

physiological and pathological processes, including leukocyte

and cancer cell extravasation. Both in vivo and in vitro
experiments indicate that disruption of the endothelial monolayer

causes an increase in endothelial permeability, which accelerates

cancer metastasis (Chen et al., 2006; Eum et al., 2004; Wang

et al., 2005). Vascular endothelial growth factor (VEGF), as an

example, disrupts the endothelial barrier and enhances tumor cell

extravasation (Weis et al., 2004a).
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In the present study, we hypothesized that ethanol disrupted

the vascular endothelial barrier and increased permeability of

the endothelial monolayer, resulting in an enhanced invasion of

cancer cells through the endothelial monolayer. With in vitro
models, human umbilical vein endothelial cells (HUVEC) and

bovine pulmonary artery endothelial cells (BPAEC), we

demonstrated that ethanol caused a reversible disruption of

the endothelial barrier and an enhanced invasion of cancer cells

through the endothelial monolayer. Ethanol induced a formation

of actin stress fibers and a disassociation of VE-cadherin

clustering. Ethanol-induced disruption of endothelial barrier

integrity and VE-cadherin clustering may be mediated by the

reorganization of the actin cytoskeleton.

MATERIALS AND METHODS

Materials. Human plasma fibronectin was obtained from Chemicon

International (Temecula, CA). Gentamicin sulfate was obtained from ICN

Biomedicals, Inc. (Aurora, OH). Sulfosuccinimidyl 2-(biotinamido) ethyl-

dithioproprionate (sulfo-NHS-SS-biotin) and NeutrAvidin agarose resin were

purchased from Pierce (Rockford, IL). Prolong Gold anti-fade reagent, Alexa

Fluor 488 phalloidin, and Alexa Fluor–labeled secondary antibodies were

obtained from Invitrogen Molecular Probes (Eugene, OR). Gold-coated

electrodes were obtained from Applied Biophysics (Troy, NY). MTT assay

kit was purchased from Roche Molecular Biochemicals (Indianapolis, IN).

Transwells were purchased from Becton Dickinson Labware (Franklin lakes,

NJ). Jasplakinolide was purchased from Enzo Life Sciences (Plymouth

Meeting, PA). Polyclonal antibody directed against the extracellular domain

(CAY-160840) of VE-cadherin and monoclonal antibody (CD144) directed

against human VE-cadherin were purchased from Axxora (San Diego, CA) and

Beckman Coulter Company (Fullerton, CA), respectively. Anti-p120-catenin

antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-

b-catenin antibody and Calcein AM fluorescent dye were obtained from BD

Bioscience (San Jose, CA). All other chemicals were obtained from Sigma-

Aldrich (St Louis, MO).

Cell culture and treatments. HUVEC were isolated from fresh human

placentas and treated with 1 mg/ml of type I collagenase and grown in

Clonetics Endothelial Cell Growth Medium-2 (EGM-2; Lonza, Walkersville,

MD). HUVECs were used between passages 3 and 10. BPAEC were provided

by Dr Fred Minnear (West Virginia University, Morgantown, WV). BPAEC

were cultured in MCDB medium containing 10% fetal bovine serum (FBS) and

50 lg/ml of gentamicin sulfate. Endothelial cells were grown to confluent

monolayers before the initiation of experiments. A549 lung cancer, HCT116

colon cancer, and MDA-MB231 breast cancer cells were grown in DMEM

medium containing 10% FBS, penicillin (100 U/ml), streptomycin (100 U/ml),

at 37�C with 5% CO2. Prior to the experiment of transendothelial migration

(TEM), cancer cells were switched to EGM-2 medium. For ethanol treatment

experiments, a method utilizing sealed containers was used to maintain ethanol

concentrations in the culture medium (Xu et al., 2010a). With this method,

ethanol concentrations in the culture medium can be accurately maintained.

A physiologically relevant concentration of ethanol (200 mg/dl) was used for

most experiments (Luo et al., 1999). For the treatment of jasplakinolide,

HUVEC monolayers were pretreated with 50nM jasplakinolide for 4 h and then

jasplakinolide was removed by two washes using EGM-2 medium.

Transendothelial electrical resistance. Endothelial barrier function was

measured by electrical resistance across HUVEC and BPAEC monolayers

using Electrical Cell-Substrate Impedance Sensing (ECIS) as previously

described (Xu et al., 2007). Briefly, endothelial cells were seeded onto ECIS

cultureware (0.8 cm2/well) precoated with 0.2% gelatin. The electrical

resistance measured was that of those cells located on the small gold electrode

(5 3 10�4 cm2) in each of the wells. The culture medium served as the

electrolyte; the small gold electrode that was covered by confluent endothelial

cells, and a larger gold counter-electrode (~2 cm2) were connected to a phase-

sensitive lock-in amplifier. A constant current of 1 lA was supplied by a 1-V,

4000-Hz alternating current through a 1-MX resistor. Changes in voltage

between the small electrode and the large counter electrode were monitored by

the lock-in amplifier, stored, and then calculated as impedance by the computer.

Electrical resistance was measured for 30 min prior to any treatment to stabilize

results. Data were presented as changes in the resistive portion of electrical

impedance and normalized to the initial value at time 0.

MTT assay. The MTT assay was employed to determine the number of

viable cells in culture. Briefly, the cells were plated into 96-well plates and

exposed to ethanol for indicated times. After the treatment, 10 ll of MTT

reagent was added into each well, and the plates were incubated at 37�C for 4 h.

The cultures were solubilized, and spectrophotometric absorbance was

measured at 595 nm using a microtiter plate reader (Beckman Coulter).

Immunofluorescence microscopy. The procedure for immunofluorescence

microscopy has been previously described (Xu et al., 2007). Briefly, cells were

seeded on coverslips precoated with fibronectin (10 lg/ml). After treatment,

cells were fixed with 3.7% paraformaldehyde for 10 min, washed three times in

PBS, and permeabilized with 0.5% Triton X-100 for 5 min. Cells were blocked

with 5% BSA and incubated with primary antibodies for 1 h. Following

incubation with primary antibodies, cells were washed and treated with Alexa

Fluor-labeled secondary antibodies and rinsed with PBS. Coverslips were

mounted with Prolong Gold anti-fade reagent, and images were captured

using a Zeiss LSM 510 confocal microscope or an Olympus 1X81 inverted

fluorescent microscope with the same exposure time, detector gain, and

amplifier offset.

TEM assay. The invasion of cancer cells through endothelial monolayers

was measured with a TEM assay (Hordijk et al., 1999; Lee et al., 2003).

Briefly, HUVECs were seeded on fibronectin-coated upper chambers of

transwells, which were separated from the lower chambers by a porous

membrane with pore size of 8 lm. The HUVECs were grown in EGM-2

medium until confluent. Cancer cells were prelabeled with calcein AM at 37�C
for 30 min and then washed with EGM-2 medium. Calcein-labeled cancer cells

(5 3 104) were added to the upper chamber containing the HUVEC monolayer.

For ethanol treatment, ethanol was added to both upper and lower chambers

and incubated for 18 h at 37�C. Nonmigrating cells on the apical side of the

upper chamber were removed by gentle scraping with cotton tips and washed

with PBS. Transendothelial-migrated cells on the other side of the upper

chambers were measured at 495/517 nm (Abs/Em) by using a bottom-read

microtiter plate reader.

Immunoblotting and immunoprecipitation. The procedure for immuno-

precipitation and immunoblotting has been previously described (Ma et al.,

2003; Xu et al., 2010a). Briefly, cells were washed twice in ice-cold PBS, lysed

in RIPA buffer (15mM NaCl, 50mM Tris, 1% NP-40, 0.5% sodium

deoxycholate, 2mM EGTA, 1mM sodium vanadate, 1mM phenylmethane-

sulfonyl fluoride, 5 lg/ml aprotinin, and 2 lg/ml leupeptin). Samples were

separated by centrifugation at 10,000 rpm for 10 min at 4�C. For immu-

noprecipitation, equal amounts of proteins (about 500–800 lg) were incubated

with anti-VE-cadherin antibody overnight at 4�C, followed by treatment with

Protein A/G Plus-agarose beads for 2 h at 4�C. Immunoprecipitates were

collected by centrifugation at 10,000 3 g for 5 min at 4�C. Samples were

washed five times with RIPA buffer, one time with cold PBS and boiled in

sample buffer (187.5mM Tri-HCl, pH 6.8, 6% SDS, 30% glycerol, 150mM

DTT, and 0.03% bromophenol blue). Proteins were resolved by SDS-

polyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose

membranes using a mini-Protean electrophoresis system. Protein blots were

probed with indicated primary antibodies, followed by the appropriate

horseradish peroxidase-conjugated secondary antibodies and developed by

enhanced chemiluminescence.
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Assessment of VE-cadherin distribution. VE-cadherin on the cell surface

was quantified using a quantitative biotinylation assay (Le et al., 2002). Briefly,

a HUVEC monolayer was incubated at 0�C for 1 h with 1 mg/ml sulfo-

succinimidyl 2-(biotinamido) ethyl-dithioproprionate (sulfo-NHS-SS-biotin),

a biotin-labeled cell impermeable reagent. Cells were washed once with a

blocking reagent (50mM NH4Cl in PBS containing 1mM MgCl2 and 0.1mM

CaCl2) and then incubated at 0�C for 10 min to quench free sulfo-NHS-SS-

biotin, followed by washes with cold PBS. Cells were lysed in RIPA buffer

with protease inhibitors. Equal amounts of protein were incubated with

NeutrAvidin agarose beads to collect biotin-labeled proteins and then resolved

by SDS-PAGE. VE-cadherin was identified using a rabbit polyclonal antibody

directed against the extracellular domain of human VE-cadherin, followed by a

horseradish peroxidase–conjugated secondary antibody, and developed by

enhanced chemiluminescence.

To evaluate intracellular VE-cadherin, trypsinization of VE-cadherin on the

cell surface was performed (Gavard and Gutkind, 2006). Briefly, cells were

incubated in trypsin-EDTA at 37�C to cleave away the extracellular domain of

VE-cadherin. Trypsin was inactivated by trypsin inhibitors. Cells were collected,

centrifuged, and pellets were lysed in RIPA buffer for immunoblotting analysis.

In trypsin-resistant fraction, internalized VE-cadherin was identified using

a polyclonal antibody directed against the extracellular domain of VE-cadherin.

Statistical analysis. Differences among treatment groups were tested using

ANOVA. Differences in which p was less than 0.05 were considered statistically

significant. In cases where significant differences were detected, specific post hoc

comparisons between treatment groups were examined with Student-Newman-

Keuls tests.

RESULTS

Ethanol Disrupts Endothelial Integrity

We first tested the effects of ethanol on endothelial integrity

in cultured HUVECs and BPAECs. The endothelial cells were

grown to confluent monolayers. The integrity of the endothelial

monolayers was determined by real-time measurement of trans-

endothelial resistance by an ECIS machine. Ethanol exposure

caused a rapid decrease of endothelial electrical resistance in

both HUVEC and BPAEC monolayers in a concentration-

dependent manner (Figs. 1A and B), indicating a disruption of

the endothelial barrier. The alterations in endothelial electrical

resistance were confirmed by morphological analysis of

immunofluorescence staining of VE-cadherin and p120. VE-

cadherin and p120 are components of endothelial adherens

junctions and play a critical role in regulating endothelial

integrity. Ethanol exposure disrupted cell/cell contacts and

generated intercellular gaps in the endothelial monolayer

(Figs. 1C and D). Ethanol caused a loss of junctional VE-

cadherin and p120 staining, suggesting a disassociation of

adherens junctions. The effect of ethanol was evident after

10 min of ethanol exposure and sustained for hours (Figs. 1 and

2A). An increase in cytoplasmic VE-cadherin was observed in

HUVECs after 2 h of ethanol exposure (Fig. 2C). To determine

whether the effect of ethanol was reversible, we removed the

ethanol-containing medium and replaced it with fresh medium.

As shown in Figure 2, removal of the ethanol resulted in

a recovery of endothelial electrical resistance and the

disappearance of intercellular gaps in the endothelial mono-

layer. After the removal of ethanol for 2 h, VE-cadherin

reappeared in cell/cell junctions and cytoplasmic VE-cadherin

was reduced (Fig. 2C). The data indicated that ethanol-induced

disruption of the endothelial barrier was reversible. MTT assay

confirmed that ethanol at the concentrations of 100 or 200 mg/dl

did not affect the viability of endothelial cells (Fig. 2D).

Ethanol Increases Cancer Cell Invasion Through the
Endothelial Monolayer

We sought to determine whether ethanol-induced disruption

of the endothelial barrier facilitates the invasion of cancer cells

across the endothelial monolayer. In this experiment, a conflu-

ent monolayer of HUVECs was maintained on fibronectin-

coated transwells, and cancer cells were placed on top of the

endothelial monolayer in the presence or absence of ethanol.

As shown in Figure 3A, ethanol exposure (100–200 mg/dl)

caused a concentration-dependent increase in the invasion of

human lung adenocarcinoma cells (A549 cells) through the

endothelial monolayer. At a higher concentration (400 mg/dl),

ethanol still increased cancer cell invasion but to a lesser extent

in comparison to the group treated with 200 mg/dl (data not

shown). This was likely due to reduced cell viability after

exposure to a high concentration of ethanol (Fig. 2C). The

increase in cancer cell invasion was also observed in other

types of cancer cells, such as breast cancer cells (MDA-

MB231) and colon cancer cells (HCT116) (Fig. 3B).

Ethanol Induces the Formation of Actin Stress Fibers in
Endothelial Cells

We have demonstrated above that ethanol disrupted the

endothelial barrier and facilitated cancer cell invasion. We

sought to investigate the underlying mechanism. Dynamic

organization of the actin cytoskeleton plays a critical role in

endothelial integrity. Both in vivo and in vitro evidence

supports that either depolymerization or hyperpolymerization

of F-actin increases endothelial permeability (Waschke et al.,
2005). In an untreated endothelial monolayer, peripheral actin,

also called cortical actin, was the predominant form of the actin

cytoskeleton in HUVECs (Fig. 4A). Ethanol exposure rapidly

induced the formation of actin stress fibers; the stress fibers

were observed after 10 min of ethanol exposure and were

accompanied by the appearance of intercellular gaps around the

stress fibers. The ethanol-induced stress fiber formation was

temporally correlated to the decrease in endothelial electrical

resistance, which is shown in Figure 1.

To determine whether ethanol-induced stress fiber formation

was responsible for the alteration of endothelial integrity, we

used jasplakinolide to stabilize actin filaments. Jasplakinolide

at low concentrations (100nM or lower) can stabilize the actin

cytoskeleton and prevent cytochalasin D–increased endothelial

permeability (Waschke et al., 2005). Jasplakinolide (50nM)

slightly increased the peripheral actin network but had little

effect on endothelial morphology (Fig. 4A). Jasplakinolide

blocked ethanol-induced formation of actin stress fibers and
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intercellular gaps (Fig. 4A). Consistent with the morphological

results, jasplakinolide significantly attenuated an ethanol-

induced decrease in endothelial electrical resistance (Fig. 4B).

We next sought to determine whether stabilization of the actin

cytoskeleton was sufficient to block ethanol-promoted invasion

of cancer cells through the endothelial monolayer. As shown in

Figure 4C, pretreatment with jasplakinolide partially but

significantly inhibited ethanol-stimulated invasion of cancer

cells. Together, these data indicated that ethanol-induced actin

stress fiber formation may be responsible for the disruption of

the endothelial barrier, which facilitates cancer cell invasion.

Ethanol Disrupts Junctional VE-Cadherin and Induces
Endocytosis of VE-Cadherin

Intercellular junctions, such as adherens junctions and tight

junctions, play an important role in intercellular communication

FIG. 1. Effect of ethanol on endothelial integrity. HUVECs and BPAECs were grown to a confluent monolayer and exposed to ethanol (0, 100, 200, or

400 mg/dl). A and B: Electrical resistances on HUVECs or BPAECs were continuously recorded over a 24-h time period. C and D: HUVEC or BPAEC

monolayers were exposed to ethanol (0 or 200 mg/dl) for indicated times. The expression of VE-cadherin and p120 was visualized by immunofluorescent staining

as described under the Materials and Methods section. Arrows indicate the intercellular gaps. Scale bar ¼ 20 lm. The experiment was replicated three times.

ETHANOL DISRUPTS ENDOTHELIAL INTEGRITY 45



FIG. 2. Reversibility of ethanol’s effect on endothelial cells. (A and B): HUVECs and BPAECs were exposed to ethanol (0 or 200 mg/dl) for 24 h. For some

groups, the culture medium was removed at 24 h and replaced with fresh medium containing no ethanol, and cells were grown in this medium for an additional

48 h. Electrical resistances on HUVEC and BPAEC monolayer were continuously recorded. Arrows indicate the time of ethanol exposure and replacement of fresh

medium. (C): HUVEC monolayer was exposed to ethanol for 2 h. For some groups, ethanol-containing medium was removed, and cells were washed and replaced
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and endothelial integrity (Vestweber, 2000). Tight junctions are

predominantly expressed in endothelial cells of the blood-brain

barrier and of large arteries, whereas adherens junctions are

more ubiquitously expressed. We examined the expression of

adherens junctions and tight junctions in HUVECs. Consistent

with previous findings (Beese et al., 2010), the expression of

tight junctions in HUVEC cells was weak and adherens

junctions were the predominant form of junction complexes

(Fig. 5A). Ethanol exposure induced a rapid loss of VE-

cadherin in the intercellular junctions (Figs. 1C and D).

Following prolonged exposure to ethanol (2 h or more), the

decrease in junctional VE-cadherin staining was accompanied

by an accumulation of cytoplasmic VE-cadherin (Fig. 5B),

suggesting the endocytosis of VE-cadherin. To further

investigate the effect of ethanol on the endocytosis of VE-

cadherin, we biotinylated cell surface VE-cadherin and

examined the alterations of cell surface and internalized VE-

cadherin. As shown in Figures 5C to F, ethanol induced

a gradual loss of cell surface VE-cadherin but increased

trypsin-resistant intracellular VE-cadherin.

VE-cadherin is linked to the actin cytoskeleton through

b- and a-catenin. The stabilization of cadherin/catenin

complex also maintains endothelial integrity and inhibits

tumor cell extravasation (Weis et al., 2004a). We demon-

strated that prolonged ethanol exposure (12 h) disrupted the

VE-cadherin/b-catenin association (Figs. 6A and B). The

unstable VE-cadherin/b-catenin complex may further in-

crease endothelial permeability and subsequent cancer cell

intravasation/extravasation.

Jasplakinolide Antagonizes Ethanol-Induced Loss of
Junctional VE-Cadherin

The dynamics of actin cytoskeleton is important for the

distribution and function of junctional VE-cadherin (Waschke

et al., 2005). We sought to determine whether ethanol-induced

rearrangement of actin cytoskeleton mediated the dissociation

of junctional VE-cadherin. In this experiment, HUVECs were

pretreated with jasplakinolide for 4 h to stabilize actin and then

exposed to ethanol. As shown in Figure 7A, ethanol decreased

junctional VE-cadherin and increased cytoplasmic VE-cadherin.

More importantly, jasplakinolide blocked the translocation of VE-

cadherin and maintained cell surface VE-cadherin. This finding

was confirmed by the experiment of VE-cadherin biotinylation.

Jasplakinolide antagonized ethanol-induced loss of cell surface

VE-cadherin and attenuated the increase of trypsin-resistant

intracellular VE-cadherin (Figs. 7B to E).

DISCUSSION

Excessive ethanol exposure has been implicated in tumor-

igenesis and cancer progression/metastasis. However, the

underlying mechanisms remain unclear. Previous studies have

focused on cancer cells and demonstrate that ethanol may

enhance the aggressiveness of tumor cells. The effect of

ethanol on endothelial cells and the implication of ethanol/

endothelia interaction receive little attention. In this study, we

demonstrate that ethanol disrupts the endothelial barrier and

facilitates cancer cell invasion across the barrier. We further

show that alterations in the actin cytoskeleton and adherens

junctions play a critical role in ethanol-impaired endothelial

integrity. This is the first report showing that ethanol promotes

cancer cell invasion by disrupting the endothelial barrier. The

results imply that ethanol may increase intravasation/extrava-

sation and promote tumor metastasis.

Ethanol-Induced Disruption of Endothelial Integrity

Disruption of the endothelial barrier has been reported to

directly facilitate cancer cell intravasation/extravasation (Chen

et al., 2006; Eum et al., 2004; Wang et al., 2005), whereas

stabilization of the endothelial barrier can suppress intra-

vasation/extravasation (Weis et al., 2004a). Ethanol at phy-

siologically relevant concentrations (100–200 mg/dl) disrupts

the endothelial barrier, which is evident by a rapid decrease in

electrical resistance of the endothelial monolayer, indicating an

increased permeability (Fig. 1). This is confirmed morpholog-

ically by the appearance of intercellular gaps in the endothelial

monolayer following ethanol exposure (Fig. 1). The disruption

of endothelial integrity occurs within 10 min and remains for at

FIG. 3. Effect of ethanol on cancer cell invasion through the endothelial

monolayer. (A): HUVECs were seeded on transwell chambers and grown to

a confluent monolayer. Calcein-labeled A549 cells (5 3 104) were placed on

top of the HUVEC monolayer and treated with ethanol (0, 100, and 200 mg/dl)

for 18 h. After the treatment, the number of A549 cells that invaded and

migrated through the endothelial monolayer was measured as described under

the Materials and Methods section. (B): The invasion and migration of A549,

MDA-MB231, and HCT116 cells through the HUVEC monolayer after ethanol

treatment (0 or 200 mg/dl) were determined as described above. * denotes

a statistically significant difference from untreated controls. # denotes

a significant difference from the group treated with 100 mg/dl ethanol

(p < 0.05). These experiments were replicated three times.

with medium containing no ethanol for an additional 2 h. The expression of VE-cadherin and p120 was visualized as described in Figure 1. Arrows indicate the

intercellular gaps. Scale bar ¼ 20 lm. (D): A549 and HUVECs were exposed to ethanol (0, 100, 200, or 400 mg/dl) for 24 h, and cell viability was determined with

MTT assay as described under the Materials and Methods section. The number of viable cells was presented relative to untreated controls. Each datum point was

the mean ± SEM of three independent experiments. * denotes a statistically significant difference from untreated controls (p < 0.05).
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least 24 h in the presence of ethanol. Ethanol (100–200 mg/dl)

has little effect on cell viability, and the disruption of endothelial

integrity is reversible once ethanol is removed (Fig. 2). More

importantly, the disruption of endothelial integrity facilitates

cancer cell invasion (Fig. 3). The enhanced cancer cell invasion

does not appear to be cell type-specific; the effect is observed in

lung, breast, and colon cancer cells. We have previously demons-

trated that ethanol increases the invasive potential of breast

cancer cells (Ma et al., 2003; Xu et al., 2010a). We cannot

exclude the possibility that increased invasion across the

endothelial monolayer results from enhanced aggressiveness of

cancer cells. Our further study using jasplakinolide shows that

FIG. 4. Effect of jasplakinolide on ethanol-induced disruption of endothelial integrity and cancer cell invasion. (A): HUVECs were pretreated with dimethyl

sulfoxide (DMSO) (vehicle control) or jasplakinolide (Jasp, 50nM in DMSO) for 4 h and exposed to ethanol (0 and 200 mg/dl) for 10 min. F-actin was stained with

phalloidin labeled with Alexa Fluor 488. The expression of VE-cadherin was detected by immunofluorescent staining as described under the Materials and

Methods section. Images were captured using an Olympus inverted fluorescent microscope. Arrows indicate the intercellular gaps. Scale bar ¼ 20 lm. (B):

HUVECs were pretreated with DMSO (vehicle control) or Jasp (50nM in DMSO) for 4 h and exposed to ethanol (0 and 200 mg/dl); electrical resistances were

recorded and expressed relative to time 0. The maximal decrease was recorded at approximately 10 min. (C): HUVEC monolayer in transwell chambers was

pretreated with DMSO or Jasp (50nM in DMSO) for 4 h followed by several washes to remove Jasp from the medium. Calcein-labeled MDA-MB231 cells were

placed on top of HUVEC monolayer and treated with ethanol (0 or 200 mg/dl) for 18 h. After the treatment, the number of MDA-MB231 cells that invaded and

migrated through the endothelial monolayer was measured as described under the Materials and Methods section. Each datum point was the mean ± SEM of three

independent experiments. * denotes a statistically significant difference from controls. # denotes a significant difference from ethanol-treated groups. § denotes

a significant difference from jasplakinolide-treated groups (p < 0.05).
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maintaining endothelial integrity is sufficient to inhibit cancer

cell invasion, indicating it is the increased permeability that

facilitates cancer cell invasion. The study using jasplakinolide

will be discussed in a greater detail later.

Actin Stress Fibers and Endothelial Integrity

Ethanol may disrupt endothelial integrity by numerous

mechanisms and the change in the dynamics of the actin

cytoskeleton is a potential one. We demonstrate that ethanol

exposure decreases cortical actin and induces stress fiber

formation (Fig. 4). Many vasoactive mediators induce actin

fiber reorganization, resulting in changes in endothelial barrier

function. For example, thrombin and histamine induce actin

stress fiber formation and increase vascular permeability

(Wojciak-Stothard et al., 2001). Sphingosine 1-phosphate

(S1P) enhances cortical actin formation and decreases endothe-

lial permeability (Xu et al., 2007). VEGF causes a breakage in

the endothelial barrier as well as the stress fiber formation, which

FIG. 5. Effect of ethanol on VE-cadherin trafficking. (A): Adherens junctions and tight junctions in HUVECs were visualized by VE-cadherin and ZO-1

immunofluorescent staining, respectively, as described under the Materials and Methods section. Scale bar ¼ 10 lm. (B): HUVEC monolayer was exposed to

ethanol (0 or 200 mg/dl) for 4 h. VE-cadherin was visualized by immunofluorescence microscopy. Arrows indicate either the junctional or cytoplasmic VE-

cadherin. Scale bar ¼ 5 lm. (C): HUVEC monolayer was exposed to ethanol (0 or 200 mg/dl) for indicated times and incubated with a cell impermeable marker

sulfo-NHS-SS-biotin at 0�C for 1 h. Cell lysates were collected, and biotin-labeled protein was precipitated as described under the Materials and Methods section.

The expression of cell surface VE-cadherin was identified using a polyclonal antibody directed against the extracellular domain of human VE-cadherin. The

expression of total VE-cadherin was also examined. (D): HUVEC monolayer was exposed to ethanol (0 or 200 mg/dl) for indicated times and treated with trypsin-

EGTA as described under the Materials and Methods section. The cell lysates were collected, and the internalized VE-cadherin (trypsin-resistant) was identified

using a polyclonal antibody as described above. The expression of actin was used as a loading control. (E and F): The relative expression of cell surface VE-

cadherin (E) and intracellular VE-cadherin (F) was determined by densitometry and normalized to the total VE-cadherin (E) or actin (F), respectively. * denotes

a statistically significant difference from untreated controls (p < 0.05). These experiments were replicated three times.
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accelerates tumor cell extravasation (Weis et al., 2004a). In

contrast, VEGF receptor inhibitor stabilizes the endothelial

barrier and blocks VEGF-enhanced tumor cell extravasation

(Lee et al., 2003; Weis et al., 2004a).

To establish the role of actin cytoskeleton organization in

ethanol-mediated disruption of endothelial integrity, we use

jasplakinolide to stabilize the actin cytoskeleton in HUVECs.

At 100nM or lower concentrations, jasplakinolide can

stabilize actin cytoskeleton without affecting resting endo-

thelial permeability and monolayer integrity (Waschke et al.,
2005). It has been shown that jasplakinolide at 100nM blocks

cytochalasin D–increased endothelial permeability (Waschke

et al., 2005). However, a high concentration of jasplakinolide

(10lM) increases the content of actin filaments and disrupts

the integrity of the endothelial monolayer. We show that

jasplakinolide at 50nM inhibits ethanol-induced formation of

stress fibers in endothelial cells and significantly attenuates

ethanol-increased endothelial permeability (Fig. 4). This is

confirmed morphologically by the disappearance of intercel-

lular gaps in the endothelial monolayer following jasplakino-

lide treatment. This evidence supports that ethanol-induced

formation of stress fibers is responsible for increased

permeability.

The mechanisms underlying ethanol-induced rearrangement

of actin filaments remain unclear. Small GTPases, Rho, Rac,

and Cdc42, are essential for actin cytoskeleton organization.

Rac and Cdc42 are mainly involved in lamellipodia and

filopodia formation, respectively; while Rho promotes the for-

mation of actin stress fibers, inducing actomyosin contraction

and focal adhesion formation (Hall, 1998). It is reported that

ethanol promotes RhoA-mediated ROCK-1 activation in astro-

cytes (Minambres et al., 2006). It remains to be investigated

whether RhoA is involved in ethanol-induced rearrangement of

actin filaments in endothelial cells.

Adherens Junctions and Endothelial Integrity

HUVECs express predominantly adherens junctions. Adhe-

rens junctions play a critical role in regulating endothelial

barrier integrity (Vestweber, 2000). A recent study shows the

assembly of adherens junctions is required to maintain tight

junction formation in vitro (Taddei et al., 2008). Vascular

endothelial cadherin (VE-cadherin), a major component of

endothelial adherens junctions, plays many functional roles in

regulating endothelial barrier integrity. VE-cadherin constantly

traffics between the cytoplasm membrane and cytosolic com-

partment via endocytotic and recycling pathways (Bryant and

Stow, 2004; Vincent et al., 2004). Trafficking of VE-cadherin

has been suggested to be involved in the regulation of endo-

thelial barrier functions and angiogenesis (Alexander et al.,
1998; Dejana et al., 2008; Harris and Nelson, 2010). Disruption

of Ca2þ-dependent hemophilic binding of VE-cadherin on cell-

cell contacts induces endocytosis of VE-cadherin and results in

increased vascular permeability (Corada et al., 1999; Gavard

and Gutkind, 2006). Similarly, VEGF increases endothelial

permeability by promoting VE-cadherin endocytosis (Gavard

and Gutkind, 2006).

We demonstrate that ethanol decreases cell surface VE-

cadherin, which is accompanied by an increase in intracellular

VE-cadherin. Because ethanol does not affect total VE-cadherin,

we conclude that ethanol causes VE-cadherin endocytosis. We

note that the decrease of cell surface VE-cadherin occurs earlier

(10 min, Figs. 1, 2, and 5) than the appearance of VE-cadherin in

the cytoplasm (2 h, Fig. 5). The reason for this lag is unclear;

it may be due to insufficient sensitivity of the assay measuring

intracellular VE-cadherin. Local disassociation of VE-cadherin

clustering is required for leukocyte transmigration through

adherens junctions (Allport et al., 1997). Junctional VE-cadherin

disappears during cancer cell extravasation but is reexpressed

after transmigration is complete (Lewalle et al., 1997; Sandig

et al., 1997). Taken together, ethanol-induced VE-cadherin endo-

cytosis may impair endothelial integrity and facilitate cancer

metastasis.

Actin Stress Fibers and Adherens Junctions

Reorganization of the actin cytoskeleton can modulate VE-

cadherin localization and function (Hordijk et al., 1999; Lee

et al., 2003; Waschke et al., 2005). A recent study indicates

that actin stress fibers in adjacent endothelial cells can interact

through adherens junctions (Millan et al., 2010). Depolymer-

ization of F-actin by cytochalasin D caused a significant

reduction of VE-cadherin–mediated adhesion (Waschke et al.,
2005). We demonstrate here that stabilization of actin filaments

FIG. 6. Effect of ethanol on the association between VE-cadherin and

b-catenin. (A): HUVEC monolayer was exposed to ethanol (0 or 200 mg/dl) for

indicated times. Cell lysates were collected and immunoprecipitated (IP) with

an anti-VE-cadherin antibody, then immunoblotted (IB) with an anti-b-catenin

antibody. (B): The association between VE-cadherin and b-catenin was

quantified by densitometry. * denotes a statistically significant difference from

untreated controls (p < 0.05). The experiment was replicated three times.
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by jasplakinolide inhibits ethanol-induced VE-cadherin en-

docytosis (Fig. 7), suggesting that ethanol-induced redistri-

bution of VE-cadherin is initiated by its effect on the actin

cytoskeleton.

Junctional VE-cadherin is associated with b-catenin, which

is in turn linked to the actin cytoskeleton through a-catenin.

Stabilization of the VE-cadherin/b-catenin complex maintains

the vascular integrity (Ben-Ze’ev et al., 2000; Weis et al.,
2004b). Contrarily, disturbance of the cadherin/catenin com-

plex results in the disruption of the endothelial barrier and

facilitates tumor cell extravasation (Weis et al., 2004a). We

demonstrate that prolonged ethanol exposure (12 h or longer)

disrupts VE-cadherin/b-catenin association; the alteration may

impose additional damage to the endothelial barrier.

In summary, ethanol may impair the endothelial barrier

by inducing the rearrangement of the actin cytoskeleton

and disrupting adherens junctions, which results in increased

permeability of endothelia. The alteration in endothelia may

facilitate cancer cell intravasation/extravasation during metastasis.
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