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Abstract. The present study aimed to investigate the effect 
of Y-27632, an inhibitor of the Rho-associated protein 
kinase (ROCK), which belongs to a family of downstream 
effectors of activated RhoA, on the ethanol-induced increase 
in permeability of the intestinal epithelial barrier (IEB). The 
in vitro model of IEB was established usiung Caco-2 cells, and 
the cells were pretreated with Y-27632 prior to treatment with 
ethanol for 60 min. Transepithelial resistance (TEER) and 
paracellular marker Lucifer yellow flux measurements were 
performed to assess the IEB permeability. The localization 
and expression of tight junction (TJ)-associated proteins were 
detected by immunofluorescence and western blot analysis, 
respectively. Y-27632 partially inhibited epithelial leakage and 
restored normal TEER values in the IEB. Immunofluorescence 
and western blot analysis results indicated that ethanol induces 
a shift from the insoluble to the soluble fractions of claudin-1, 
and that the ethanol-induced decreased expression of the 
zonula occludens-1 (ZO-1) protein is restored by Y-27632. In 
conclusion, our results suggest that ROCK may play a key role 
in the ethanol-induced increase of IEB permeability.

Introduction

Alcoholic liver disease (ALD) remains an important cause of 
morbidity and mortality, with >75,000 annual deaths worldwide 
and incidence rates having increased in the last decade (1,2). 
ALD encompasses a spectrum of pathological states including 
fatty liver, inflammation, fibrosis, cirrhosis, and even malig-
nancy (3,4). Clinical and experimental data have demonstrated 
that gut-derived endotoxins and endotoxemia play a major role 
in the development of ALD (5,6).

Ethanol can affect the intestinal barrier in multiple ways, 
leading to an increased portal blood level of endotoxin and 

hepatic exposure, thereby further promoting liver inflamma-
tion and the progression to ALD (7). Numerous studies have 
indicated that ethanol induces intestinal permeability in vivo 
via oxidative stress (7,8). Antioxidants have been shown to 
normalize intestinal permeability in alcoholic patients (9). It 
is now generally accepted that impaired intestinal epithelial 
integrity and intestinal barrier dysfunctions are the two funda-
mental causes of increased intestinal permeability (10,11). The 
intestinal epithelial barrier is a complex system composed of 
cellular, physical, and chemical components (12). The epithe-
lial cells form a layer with the paracellular space sealed by 
tight junctions (TJs) and adherens junctions (AJs). TJs are 
essential in maintaining intestinal mucosal integrity, which 
can effectively prevent bacteria, endotoxins and other harmful 
substances from entering into the blood stream through the 
intestinal barrier (13). Two studies indicated that altered expres-
sion of the TJ-associated proteins zonula occludens-1 (ZO-l) 
and claudin-1 associates with increased intestinal perme-
ability and higher susceptibility to ALD (14,15). Most studies 
to date have addressed the potential effects of ethanol on 
paracellular permeability and disruption of epithelial TJs in 
a cell culture model of intestinal epithelium, the Caco-2 cell 
monolayer (16-18).

The Rho-associated protein kinase (ROCK) is a serine-
threonine kinase that acts as a key downstream effector of 
RhoA signaling, and was shown to contribute in the mainte-
nance of TJ integrity in endothelial cells (19) and in human 
intestinal epithelial cells (20). In this study, we investigated 
the hypothesis that ROCK plays a key role in the ethanol-
induced increase in permeability of the intestinal epithelial 
barrier (IEB), and investigated the molecular links between 
TJ-associated proteins, IEB permeability and ROCK.

Materials and methods

Caco-2 cells culture and establishment of an in vitro IEB 
model. The human colon adenocarcinoma cell line Caco-2 
was obtained from the American Type Culture Collection 
(Manassas, VA, USA). Caco-2 cells were cultured in HyClone™ 
Dulbecco's modified Eagle's medium (DMEM) purchased 
from Thermo Fisher Scientific (Waltham, MA, USA) and 
supplemented with 4.5 mg/ml glucose, 50 U/ml penicillin, 
50 U/ml streptomycin, 4 mM glutamine, and 10% HyClone™ 
fetal calf serum (FCS), in a humidified atmosphere (95% air, 
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5% CO2) at 37˚C. To establish an in vitro intestinal epithelial 
barrier model, Caco-2 cells were plated onto Transwell filters 
(Corning, New York, NY, USA) and regularly monitored 
by visual inspections under an inverted microscope and by 
measurements of epithelial resistance.

Assessment of intestinal epithelial barrier permeability. 
Measurements of transepithelial electrical resistance (TEER) 
and Lucifer yellow (LY) flux were performed to assess the 
permeability of IEB. The electrical resistance of Caco-2 cell 
monolayers cultured on Transwell filters was measured using 
a Millicell®-ERS instrument (Millipore, Bedford, MA, USA). 
Electrical resistance of Transwell insert was expressed in units 
of ohm (Ω)/cm2. The Lucifer yellow fluorescent dye (Sigma-
Aldrich, St. Louis, MO, USA) was added to the upper chamber 
of the Transwell system at 40 µg/ml in serum-free DMEM. 
Following treatment with ethanol for different time periods, 
the medium from the lower chamber was collected. The 
absorbance of the medium was measured on a fluorescence 
spectrophotometer (excitation wavelength 427 nm, emission 
wavelength 536 nm), and the LY concentration was calculated 
based on a standard curve. The LY flux rate (%) = LY concen-
tration in the lower chamber/LY concentration in the upper 
chamber.

Drug treatment and experimental groups. First, Caco-2 cells 
were plated onto the lower side of the Transwell insert and 
were grown in DMEM. When 80% of Caco-2 cells were 
confluent (at ~21-23 days of culture), they were seeded on the 
upper chamber of the Transwell insert, and ethanol was added. 
The cultured cells were then rinsed with cold phosphate-
buffered saline (PBS). Subsequently, Caco-2 cells from the 
upper chamber were harvested by gently scraping with a cell 
scraper and were stored at -80˚C. We previously showed that 
ethanol treatment causes a concentration- and time-dependent 
decrease in Caco-2 transepithelial resistance and an increase 
in the transepithelial permeability to the paracellular marker 
LY. We also demonstrated that IEB permeability reaches 
a peak at 60 min of treatment with 5% ethanol (21). Based 
on these findings, the present experimental plan included 
6 groups (n=4/group): the control (monolayer of Caco-2 cells), 
the ethanol (5%) 0-min group, the ethanol (5%) 15-min group, 
the ethanol (5%) 30-min group, the ethanol (5%) 60-min group, 
and the ethanol (5%) 60-min + Y-27632 group, where Caco-2 
cells were pretreated with 10 µM Y-27632 for 60 min, then 
treated with ethanol for 60 min.

Western blot analysis. The Caco-2 cells were washed three 
times with Dulbecco's phosphate-buffered saline (D-PBS) 
containing 0.1 mM ethylenediamine tetraacetic acid (EDTA) 
without calcium and magnesium; then, they were homogenized 
in 1 ml lysis buffer A [2 mM EDTA, 10 mM ethylene glycol 
tetraacetic acid (EGTA), 0.4% sodium fluoride (NaF), 20 mM 
Tris-HCL, protease inhibitor cocktail, phosphatase inhibitor 
1% Triton X-100, pH 7.5] at 4˚C. Samples were centrifuged at 
14,000 x g for 30 min, and the supernatant was transferred to a 
separate tube and collected as the soluble fraction (S). Buffer A 
(150 µl) with 1% sodium dodecyl sulfate (SDS) at 4˚C was then 
added to the pellet. The pellet was disrupted with an ultrasonic 
crusher. Samples were then centrifuged at 14,000 x g for 30 min 

at 4˚C as described above. The supernatant was collected 
as the insoluble fraction (IS). Equal amounts of proteins 
(40-50 µg) were separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE), and immunoblotting was performed by 
incubating with antibodies targeting ZO-1 or claudin-1 (both at 
1:1,000 dilution; Santa Cruz Biotechnology. Inc., Santa Cruz, 
CA, USA). The protein bands were visualized and quantified 
using the ChemiImager 5500 version 2.03 software (AlPha 
InnCh, Miami, FL, USA). The integrated density values (IDV) 
for each protein were calculated using the computerized image 
analysis system Fluor Chen 2.0 (Bio-Rad, Hercules, CA, USA) 
and were normalized to the IDV of β-actin, used as the loading 
control.

Immunofluorescence. The Caco-2 cell monolayers grown 
on glass coverslips were fixed in 4% paraformaldehyde and 
permeabilized with 0.5% Triton X-100. Following blocking 
with 2% BSA in PBS, the cells were incubated with rabbit 
anti-ZO-1 (1:50 dilution) and -claudin-1 antibodies (1:100 
dilution; both from Santa Cruz Biotechnology, Inc.) in order 
to visualize the distribution of ZO-1 and claudin-1 proteins. 
The glass slides were analyzed using immunofluorescence 
microscopy (Olympus, Japan).

Statistical analysis. Experiments were repeated at least three 
times. Data are expressed as mean ± standard deviation (SD). 
Differences between the groups were analyzed using one-way 
analysis of variance (ANOVA) followed by Dunnett's tests. 

Figure 1. Effects of ethanol and Y-27632 treatment on (A) transepithelial 
resistance (TEER) and (B) mucosal-to-serosal flux of the intestinal epithelial 
barrier (IEB), assessed by the Lucifer yellow (LY) flux rate. All values rep-
resent means ± standard deviation (SD (n=4). #P<0.01 vs. the 0-min group; 
*P<0.01 vs. the 60-min group. 
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  B
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All statistical tests were two-sided, with P<0.05 considered to 
indicate statistically significant differences.

Results

Effect of Y-27632 on ethanol-induced IEB permeability. As 
shown in Fig. 1, treatment of cells with 5% ethanol induced 
a time-dependent decrease in TEER, with the lowest value 
obtained after 60 min of treatment, where this decrease was 
significant. A time-dependent increase in the LY flux rate 

as a result of ethanol treatment was also observed, with the 
maximum rate observed at 60 min of treatment, where the 
difference to the control cells was also significant. Y-27632 
partially and significantly inhibited ethanol-induced epithelial 
leakage by restoring the TEER values and the LY flux rate of 
the IEB.

The Y-27632 inhibitor prevents the ethanol-induced shift 
from the insoluble to the soluble fraction of claudin-1. In this 
experiment, Caco-2 cells were treated with 5% ethanol for 

Figure 2. Effects of ethanol and Y-27632 treatment on the claudin-1 sol-
uble (S) to insoluble (IS) ratio of integrated density values (IDV). Caco-2 
cells were pretreated with Y-27632 and then treated with 5% ethanol for 
60 min. Values represent means ± standard deviation (SD) (n=4). #P<0.01 vs. 
the 0-min group; *P<0.01 vs. the 60-min group. Con, control cells.

Figure 3. Effects of ethanol and Y-27632 treatment on zonula 
occludens-1 (ZO-l) protein expression, expressed as integrated density 
values (IDV). Caco-2 cells were pretreated with Y-27632 and then treated 
with 5% ethanol for 60 min. Values represent means ± standard devia-
tion (SD) (n=4). #P<0.01 vs. the 0-min group; *P<0.01 vs. the 60-min group. 
Con, control cells.

Figure 4. Immunofluoresence-based localization of claudin-1 and zonula occludens-1 (ZO-1) proteins in the intestinal epithelial barrier (IEB) of Caco-2 cells 
following ethanol treatment. Caco-2 cells of the control (con) and the 60-min groups were treated with 5% ethanol for 60 min, while the Y-27632 group was 
pretreated with Y-27632 and then treated with 5% ethanol for 60 min. Claudin-1 was relocated from the cellular membrane to the cytoplasm and the nucleus, 
and ZO-1 was discontinuously distributed in the boundaries of Caco-2 cells.
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0, 15, 30 and 60 min in the alcohol-treated groups, and were 
pretreated with 10 µm Y-27632 for 60 min prior to treatment 
with 5% ethanol for 60 min in the Y-27632 group. We found 
that treatment with 5% ethanol induced a shift in the distribu-
tion of claudin-1 from the IS to the S fraction, while Y-27632 
significantly reverted this shift (Fig. 2).

The Y-27632 inhibitor prevents the ethanol-induced decrease 
in the expression of ZO-1. The expression of the TJ-associated 
protein ZO-1 displayed a progressive decline from 15 min of 
treatment with ethanol, and reached its lowest level at 60 min. 
Y-27632 treatment significantly reverted this effect (Fig. 3).

The Y-27632 inhibitor affects the ethanol-induced relocaliza-
tion of claudin-1 and ZO-1. The cellular distribution of ZO-1 
and claudin-1 was assessed by immunofluorescence micros-
copy (Fig. 4). Treatment with 5% ethanol for 60 min induced 
the relocalization of claudin-1 from the cellular membrane to 
the cytoplasm and the nucleus, and induced a discontinuous 
distribution of ZO-1 at the cellular membrane. Y-27632 
strongly enhanced cortical localization of claudin-1 and ZO-1 
in the IEB of Caco-2 cells (Fig. 4).

Discussion

The intestinal mucosal barrier function and integrity depend 
on an intact paracellular pathway, which is largely regulated by 
intercellular junctions, i.e. TJs, adherens junctions (AJs) and 
desmosomes (22). The TJs are multiprotein complexes composed 
of transmembrane proteins (the claudin family, occludin, junc-
tion adhesion molecules, etc) that interact with the cytoplasmic 
plaque proteins (e.g., ZO-1, ZO-2 and ZO-3) (22-24). In vitro 
studies using the conventional two-dimensional (2D) cell 
culture model of intestinal cell monolayers grown on filters 
have shown that ethanol disrupts the epithelial TJ integrity 
and thereby, increases paracellular permeability (25,26). 
Thus, disassembly of tight-junction proteins is likely a causal 
factor in the pathogenesis of ethanol-induced intestinal barrier 
dysfunctions. However, whether the ROCK inhibitor Y-27632 
can inhibit the ethanol-induced increase in IEB permeability 
had not been investigated to date.

RhoA is a member of a subfamily of small GTPases that 
is involved in numerous cellular functions, including the 
regulation of actin filament reorganization and cell shape. 
The Rho-associated protein kinase (ROCK) as a downstream 
effector of RhoA, plays important roles in cellular processes 
that involve actin cytoskeletal rearrangement, including stress 
fiber formation, axonal growth, tumor cell invasion, and acti-
vation of platelets (27,28). However, it is unknown whether 
this effector plays a role in Rho-dependent TJ assembly. We 
previously showed that ethanol induces a significant time-
dependent decrease in transepithelial electrical resistance 
(TEER) and a time-dependent increase in the LY flux rate, 
with the lowest and the highest values, respectively, obtained 
after 60 min of treatment. In this study, we found that Y-27632 
can prevent the decrease in TEER and the increase in the LY 
flux rate (Fig. 1). LY flux and TEER assays were previously 
used with success to evaluate the IEB permeability (29). 
The ROCK inhibitor Y-27632 prevented the ethanol-induced 
increase in IEB permeability. We used an ethanol-treated 

Caco-2 intestinal epithelial cell monolayer in vitro model along 
with western blot analysis to investigate whether ethanol can 
induce intestinal barrier dysfunction and affect the expression 
of the TJ-associated proteins ZO-1 and claudin-1. Our results 
demonstrated that ethanol induces a shift in the distribution of 
claudin-1, from the insoluble to the soluble fraction (Fig. 2). 
Furthermore, ethanol affected the expression of ZO-1 in 
Caco-2 cells (Fig. 3), supporting the conclusion that ethanol 
can affect the expression of TJ-associated proteins, disrupt 
the TJs and increase the permeability of the intestinal barrier. 
Moreover, Y-27632 treatment prevented the disruption of 
TJ-associated proteins ZO-1 and claudin-1 induced by ethanol 
treatment (Figs. 2 and 3). Immunofluorescence microscopy 
was further used to study the distribution of claudin-1 and 
ZO-1 in the cells (Fig. 4). Ethanol induced a redistribution of 
claudin-1 from the plasmalemma to the cytoplasm and caused 
a discontinuous distribution of ZO-1 at the cellular membrane. 
Treatment with Y-27632 partly prevented the ethanol-induced 
relocalization of claudin-1 and ZO-1.

In conclusion, our study showed that the ROCK inhibitor 
Y-27632 can prevent the ethanol-induced increase in IEB 
permeability and TJ assembly, suggesting that ROCK is 
required for the ethanol-mediated increase in IEB perme-
ability. However, Y-27632 only partially reverted the effects of 
ethanol treatment in our study. We argue that this suggests the 
involvement of additional signaling pathways and molecules in 
IEB permeability.
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