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Long-term exposure to ethanol downregulates tight junction
proteins through the protein kinase Ca signaling pathway
in human cerebral microvascular endothelial cells
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Abstract. Brain microvascular endothelial cells (BMECs) are
the primary component of the blood-brain barrier (BBB). Tight
junction (TJ) proteins, including claudin, occludin and zonula
occludens (ZO)-1, ZO-2 and ZO-3, maintain the structural
integrity of BMECs. Ethanol activates the assembly and disas-
sembly of TJs, which is a process that is regulated by protein
kinase C (PKC). In addition, ethanol treatment leads to the loss
of structural integrity, which damages the permeability of the
BBB and subsequently affects central nervous system homeo-
stasis, thus allowing additional substances to enter the brain.
However, the mechanisms underlying ethanol-induced loss
of BBB structure remain unknown. It has been hypothesized
that long-term exposure to ethanol reduces the expression of
claudin-5, occludin and ZO-1 via the PKC signaling pathway,
thereby affecting BBB structural integrity. In the current
study, the human cerebral microvascular endothelial cell line,
HCMEC/D3, was treated with 50, 100, 200 and 400 mM
ethanol for 24,48 and 72 h. Cell viability was determined using
an MTS assay. The expression of claudin-5, occludin and ZO-1
protein and mRNA was measured using western blot analysis
and reverse transcription-quantitative polymerase chain reac-
tion, respectively. Following the pretreatment of HCMEC/D3
cells with the PKCa-specific inhibitor, safingol (10 gmol/l), the
expression of claudin-5, occludin, ZO-1 and phosphorylated
(p)-PKCa was measured using western blot analysis, and
PKCa localization was determined by immunofluorescence.
With increasing concentrations of ethanol, the expression of
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claudin-5, occludin and ZO-1 protein decreased, while the
expression of claudin-5, occludin and ZO-1 mRNA increased.
Exposure to ethanol significantly increased the expression of
p-PKCa, whereas no significant effect on the expression of
PKCa was observed. Following 48 h treatment with 200 mM
ethanol, the expression of claudin-5, occludin and ZO-1
protein was significantly decreased when compared with the
control. By contrast, the expression of p-PKCa was increased,
and increased translocation of PKCa from the cytoplasm to
the nuclear membrane and nucleus was observed. In addition,
the results demonstrated that safingol significantly reversed
these effects of ethanol. In conclusion, long-term exposure to
ethanol downregulates the expression of claudin-5, occludin
and ZO-1 protein in HCMEC/D3 s, and this effect may be
mediated via activation of PKCa.

Introduction

The blood-brain barrier (BBB) is formed by brain micro-
vascular endothelial cells (BMECs) in conjunction with
pericytes and astrocytes (1). The BBB strictly regulates the
passage of ions, molecules, leukocytes and nutrients in and
out of the brain, and serves an important role in maintaining
homeostasis of the central nervous system (2,3). BMECs are
the primary component of the BBB. Tight junctions (TJs) are
composed of transmembrane proteins, including claudins,
occludin and intracellular proteins such as zonula occludens
(Z0)-1, Z0O-2 and ZO-3, which maintain the structural integ-
rity of BMECs (4,5). Claudin-5 is expressed abundantly in the
cerebral microvascular endothelial system and is essential for
the assembly of TJs (6,7). Occludin maintains the tightness
of TJs, and ZO proteins link claudins, occludin and adhe-
sion molecules to the actin cytoskeleton in order to facilitate
signaling between the intracellular actin cytoskeleton and
extracellular binding proteins, thereby adjusting the TJ barrier
function (8-10).

Ethanol alters endothelial cell function through a number
of diverse mechanisms. The exposure of human dermal MECs
to ethanol inhibits tumor necrosis factor-induced nuclear
translocation of nuclear factor-«kB, thereby suppressing endo-
thelial cells activation (11). Ethanol activates Ca**-activated K*
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channels to improve endothelial cell function (12). Low levels
of ethanol induce and sustain increased surface-localized
endothelial cell fibrinolysis, thereby conferring cardioprotec-
tion by reducing the risk of thrombosis, myocardial infarction,
cardiovascular mortality and morbidity (13). Chronic expo-
sure to ethanol stimulates pulmonary artery endothelial
cell nitric oxide production through phosphatidylinositol
3-kinase- and heat shock protein 90-dependent mechanisms,
which contributes to ethanol-mediated susceptibility to lung
injury (14). Ethanol activates BMEC myosin light chain kinase
(MLCK), leading to the phosphorylation of MLC, occludin
and claudin-5, and the subsequent impairment of the BBB (15).
In addition, it has been demonstrated that oxidative stress
stimulates inositol-1,4,5-triphosphate receptor-gated intracel-
lular Ca** release, leading to the activation of MLCK and
potentially protein tyrosine kinase (PTK); these alterations
contribute to the loss of BBB integrity (16). Ethanol metabo-
lites, acetaldehyde and reactive oxygen species lead to BBB
injury by inducing alterations in the basement membrane and
TJ proteins via the activation of PTK and matrix metallopro-
teinases (17). Therefore, the ethanol-mediated modulation of
endothelial cell signaling pathways is complex and diverse and
its mechanism of action remains unclear.

Protein kinase C (PKC) is a serine/threonine kinase
present in the tissues and cells of humans and animals. The
PKC family consists of several isoforms, which are classified
into the following three major subfamilies: Classic (a, p and
V), atypical (9, €, ) and 0) and novel (§ and A). Safingol is an
optical isomer (an L-threo enantiomer) of dihydrosphingosine,
which is a specific inhibitor of PKC (18). PKC serves a role
in increasing and decreasing TJ permeability. PKCa, PKCp
and PKCE isoforms are primarily expressed in vascular
endothelial cells and the central nervous system, and affect
the opening of TJs (19-21). Treatment with the PKC agonist,
phorbol 12-myristate 13-acetate, may lead to the disintegra-
tion of TJs (22). Thrombin regulates the permeability of
pulmonary MECs via the PKC signaling pathway (23). Ethanol
increases the permeability of airway epithelial TJs in BEAS-2B
and normal human bronchial epithelial cells by activating
PKCa (24). Persistent activation of PKCa leads to loss of
barrier function in the TJ complex (25). During ischemia and
hypoxia reperfusion, activation of the PKC signaling molecule
increases BBB permeability and decreases the expression of TJ
proteins (26,27). This suggests that PKC may serve a role in the
ethanol-induced alterations in TJs and thus cell permeability.

It has been hypothesized that ethanol impairs BBB struc-
ture by influencing the expression of TJ proteins via the PKCa
signaling pathway in BMECs. In the current study, the human
cerebral microvascular endothelial cell line, HCMEC/D3, was
treated with ethanol, and the expression of claudin-5, occludin
and ZO-1 mRNA and protein was detected. Following
pretreatment of HCMEC/D3s with the PKCa-specific inhibitor
safingol, alterations in the expression of claudin-5, occludin
and ZO-1 protein were determined, and the PKCa phosphory-
lation status and its localization were detected.

Materials and methods

Chemicals and reagents. Dimethyl sulfoxide (cat no. D4540)
and safingol (cat no. D4681) were purchased from
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Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). RPMI-
1640 medium and fetal bovine serum (FBS) were purchased
from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA,
USA). CellTiter 96® AQueous One Solution reagent was
purchased from Promega Corporation (Madison, WI, USA).
Normal donkey serum (cat no. 017-000-121) was purchased
from Jackson ImmunoResearch Laboratories, Inc. (West
Grove, PA, USA). Rabbit anti-PKCa (cat no. sc-208) and
mouse anti-f3-actin (cat no. sc-47778) were obtained from
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Rabbit
anti-occludin (cat no. ab31721) was purchased from Abcam
(Cambridge, UK). Polyvinylidene difluoride (PVDF)
membranes, rabbit anti-claudin-5 (cat no. ABT45), rabbit
anti-ZO-1 (cat no. AB2272) and rabbit anti-phosphorylated
(p)-PKCa (cat no. 07-790) were purchased from EMD
Millipore (Billerica, MA, USA). Alexa Fluor® 488-conjugated
donkey anti-rabbit IgG (cat no. A-21206) was purchased from
Invitrogen; Thermo Fisher Scientific, Inc. RNAiso Plus (cat
no. D9108), PrimeScript™ RT reagent kit (cat no. DRR037)
and SYBR® Premix Ex Taq™ II (Tli RNaseH Plus; cat
no. RR820A) were purchased from Takara Bio, Inc. (Otsu,
Japan). Peroxidase-conjugated anti-mouse (cat no. ZB-2305)
and anti-rabbit (cat no. ZB-2301) secondary antibodies were
purchased from ZSGB-Bio (Beijing, China). All additional
chemicals and supplies were purchased from Beyotime
Institute of Biotechnology (Haimen, China).

Cell model and experimental grouping. HCMEC/D3s were
purchased from BeNa Culture Collection (Beijing, China).
HCMEC/D3s were cultured in RPMI-1640 medium supple-
mented with 10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin. Cultures were incubated at 37°C in a humidified
5% CO, atmosphere.

The experimental groups were as follows: i) HCMEC/D3
cells were treated with 50, 100, 200 or 400 mM ethanol for
24,48 and 72 h, and fresh ethanol-containing medium was
replaced every 24 h to maintain a constant ethanol concen-
tration; ii) when HCMEC/D3 cells had reached 80-90%
confluence in normal medium, the cells were cultured in
serum-free RPMI-1640 medium for 24 h prior to pretreat-
ment with 10 gmol/l PKCa-specific inhibitor safingol for
1 h, followed by treatment with 200 mM ethanol for 48 h.
Cells in the 200 mM ethanol-treated group were treated with
ethanol alone, and cells in the control group were cultured in
RPMI-1640 medium only.

Cell viability assay. The viability of HCMEC/D3 cells
treated with or without ethanol was determined using an
MTS assay. Cells were seeded in 96-well plates at a density
of 4,000 cells/well in triplicate. Following 24 h culture, the
medium was refreshed with RPMI-1640 and 50, 100, 200 or
400 mM ethanol was added. Culturing was then continued for
24,48 and 72 h. CellTiter 96® AQueous One Solution reagent
was added to each well and cells were incubated at 37°C for
2 h in the dark. The absorbance was read at a wavelength of
490 nm to determine the reduction of MTS by viable cells.

Protein extraction and western blot analysis. Total cellular
protein was extracted using radioimmunoprecipitation assay
buffer (cat no. PO013B; Beyotime Institute of Biotechnology)
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Table I. Primer sequences used for reverse transcription-quantitative polymerase chain reaction.
Genes Forward (5'-3") Reverse (5'-3") GenBank ID
Claudin-5 TTTCCCTAACTTCAGCTGCC CCCTCTTTGAAGGTTCGGG NM_001130861
Occludin GCAAAGTGAATGACAAGCGG CACAGGCGAAGTTAATGGAAG NM_002538
Z0-1 TGCTGAGTCCTTTGGTGATG AATTTGGATCTCCGGGAAGAC NM_003257
[-actin CTAACTTGCGCAGAAAACAAGAT TTCCTGTAACAACGCATCTCATA NM_001101

Z0-1, zonula occludens-1.

supplemented with 10 mg/ml phenylmethanesulfonyl fluoride
and phosphatase inhibitors, and samples were centrifuged at
11,430 x g for 15 min at 4°C. The protein concentration of the
supernatant was determined using a BCA protein assay Kkit.
Protein samples (50 ug) was subjected to 10% SDS-PAGE
and transferred to PVDF membranes. Following blocking
with 8% non-fat milk in Tris-buffered saline-0.1% Tween-20
(TBST) at room temperature for 2 h, membranes were incu-
bated at 4°C overnight with rabbit anti-claudin-5 polyclonal
antibody (dilution, 1:5,000), rabbit anti-occludin polyclonal
antibody (dilution, 1:2,000), rabbit anti-ZO-1 polyclonal anti-
body (dilution, 1:5,000), rabbit anti-PKCa polyclonal antibody
(dilution, 1:800) or rabbit anti-p-PKCa polyclonal antibody
(dilution, 1:500). Mouse anti-f-actin monoclonal antibody
(dilution, 1:5,000) was used for relative protein quantifica-
tion. Membranes were then washed three times with TBST
and incubated with the corresponding peroxidase-conjugated
anti-mouse or anti-rabbit secondary antibodies (dilution,
1:5,000) at room temperature for 2 h. Chemiluminescence
was visualized with luminol reagent, and images were
captured and analyzed using an electrophoresis gel imaging
analysis system (Tanon 5500; Tanon Science and Technology
Co., Ltd., Shanghai, China). Band densities were analyzed
semi-quantitatively using Image-Pro Plus 6.0 software (Media
Cybernetics, Inc., Rockville, MD, USA).

Extraction of total RNA and reverse transcription-quanti-
tative polymerase chain reaction (RT-qPCR). Total RNA
was isolated from cells using RNAiso Plus according to the
manufacturer's protocol. The PrimeScript™ RT reagent kit
was subsequently used to synthesize cDNA in a total reac-
tion volume of 10 ul, consisting of 2 ul PrimerScript buffer
(5X), 0.5 ul PrimeScript RT Enzyme Mix I, 0.5 ul Oligo
dT Primer, 0.5 ul Random hexamers, 4.5 ul RNase-free
dH,0O and 2 ul total RNA (0.4 ug). The cDNA was ampli-
fied by qPCR with sequence-specific primer pairs (Table I).
gPCR was performed using SYBR® Premix Ex Taq™ II (Tli
RNaseH Plus) and an Applied Biosystems 7500 Real-time
PCR System (Applied Biosystems; Thermo Fisher Scientific,
Inc.). Samples were analyzed in triplicate. The reaction
mixture (20 pl) consisted of 10 xl SYBR Premix ExTaq, 0.8 pl
forward primer, 0.8 ul reverse primer, 0.4 ul Rox reference
dye, 6 ul RNase-free dH,O and 2 ul cDNA. The thermal
cycling parameters were as follows: 95°C for 30 sec, followed
by 40 cycles of 95°C for 5 sec and 60°C for 34 sec, followed
by 95°C for 15 sec, 60°C for 30 sec and 95°C for 15 sec.
Relative quantification of claudin-5, occludin, ZO-1 and the

[B-actin endogenous reference gene was performed using the
2-4%%4 comparative threshold cycle method (28). The primers
for claudin-5, occludin, ZO-1 and (-actin were designed
using web-based Integrated DNA Technologies SciTools
Real-Time qPCR software (Oligo Analyser version 3.1; idtdna.
com/Scitools/Applications/RealTimePCR; Integrated DNA
Technologies, Inc., Coralville, IA, USA).

Immunofluorescence staining. Cells were cultured on glass
cover slips in 24-well plates and incubated with RPMI-1640
medium containing 200 mM ethanol or 200 mM ethanol plus
safingol for 48 h. Cells were then washed with PBS and fixed
in 4% (volume/volume) paraformaldehyde for 20 min at room
temperature. Following washing, cells were permeabilized
in 0.5% Triton X-100, washed again and incubated with 2%
normal donkey serum in PBS for 2 h at room temperature.
The cells were subsequently immunostained with antibodies
against PKCa (dilution, 1:100) at 4°C overnight. Following
washing, the primary antibody was detected with the Alexa
Fluor® 488-conjugated donkey anti-rabbit IgG (dilution,
1:200) for 2 h at room temperature under light protection. The
immunofluorescence images were viewed under a fluorescence
microscope (Leica DM4000 B; Leica Microsystems GmbH,
Wetzlar, Germany). Cells were incubated with rabbit
non-immune IgG or PBS instead of the primary antibody for
the negative control and no positive signal was detected.

Statistical analysis. All data are presented as the
mean =+ standard deviation, and were analyzed using GraphPad
Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Comparisons among different groups were evaluated using a
one-way analysis of variance with a Bonferroni post hoc test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Effect of long-term ethanol exposure on cell viability. An
MTS assay was used to assess the effects of long-term ethanol
exposure on cell viability. Compared with the respective
controls, cell viability was slightly increased following 24, 48
and 72 h treatment with 50 mM ethanol and slightly decreased
following 24 and 48 h treatment with 100 mM ethanol and
following 24 h treatment with 200 mM ethanol; however,
these differences were not statistically significant (Fig. 1). Cell
viability was significantly decreased following 72 h of treat-
ment with 100 mM ethanol (83.6+4.5%), following 48 and 72 h
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Figure 1. Cell viability following treatment with different doses of ethanol.
Cell viability was determined using an MTS assay. Data are presented as
the mean + standard deviation and experiments were performed in triplicate.
“P<0.05 vs. control at 24 h; “P<0.05 vs. control at 48 h; "P<0.05 vs. control
at 72 h.

of treatment with 200 mM ethanol (75.8+3.4 and 70.4+5.3%,
respectively) and following 24, 48 and 72 h of treatment
with 400 mM ethanol (72.1+3.9, 55.1+4.1 and 40.6+3.9%,
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respectively; all P<0.05), when compared with their respective
untreated controls (Fig. 1).

Effect of long-term ethanol exposure on the expression of
claudin-5, occludin and ZO-1. Western blotting was used
to evaluate the effects of long-term ethanol exposure on the
expression of claudin-5, occludin and ZO-1. Overall, the
protein expression levels of claudin-5, occludin and ZO-1
were decreased following treatment with all concentrations of
ethanol for 24, 48 or 72 h (Fig. 2A-C).

Compared with their respective controls, the protein expres-
sion levels of claudin-5 and ZO-1 were significantly decreased
following 48 and 72 h of treatment with 200 mM ethanol, and
following 24, 48 and 72 h of treatment with 400 mM ethanol
(all P<0.05; Fig. 2D-F). The protein expression of occludin
was significantly decreased following 72 h treatment with
100 mM ethanol, following 48 and 72 h of treatment with
200 mM ethanol, and at 24, 48 and 72 h following treatment
with 400 mM ethanol when compared with the untreated
controls (all P<0.05; Fig. 2D-F). The protein expression levels
of claudin-5 after 24, 48 and 72 h of treatment with 50 and
100 mM ethanol, and 24 h of 200 mM ethanol treatment were
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Figure 2. Effect of ethanol treatment on the expression of claudin-5, occludin and ZO-1. Protein expression levels were measured using western blotting, and
mRNA expression levels were determined using reverse transcription-quantitative polymerase chain reaction. (A) Western blotting analysis of claudin-5,
occludin, ZO-1 and f-actin expression following ethanol treatment at (A) 24, (B) 48 and (C) 72 h. Quantitative analysis of western blotting results, which were
normalized to 3-actin expression at (D) 24, (E) 48 and (F) 72 h. Relative expression of claudin-5, occludin and ZO-1 mRNA at (G) 24, (H) 48 and (I) 72 h. The
results (n=5) are presented as the mean + standard deviation. "P<0.05 vs. control at 24 h; “P<0.05 vs. control at 48 h; "P<0.05 vs. control at 72 h. ZO-1, zonula

occludens-1.
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Figure 3. Alterations in the expression of PKCa following ethanol treatment. PKCa expression was detected by immunofluorescence staining and western
blotting analyses. (A) Representative immunofluorescence staining images of PKCa following 48 h treatment with 200 mM ethanol or 200 mM ethanol plus
safingol (magnification, x400). (B) Western blotting of PKCa and p-PKCa expression following treatment with different concentrations of ethanol for 48 h.
(C) Quantitative analysis of PKCa and p-PKCa protein expression. The results (n=5) are presented as the mean + standard deviation. "P<0.05 vs. control.

p-PKCa, phosphorylated-protein kinase Ca.

markedly decreased compared with their respective controls.
The protein expression levels of occludin after 24,48 and 72 h
of treatment with 50 mM ethanol, 24 and 48 h of 100 mM
ethanol treatment, and 24 h of 200 mM ethanol treatment were
markedly decreased compared with their respective controls.
The protein expression levels of ZO-1 after 24, 48 and 72 h of
treatment with 50 and 100 mM ethanol, and 24 h of 200 mM
ethanol treatment were markedly decreased compared
with their respective controls. Although these protein levels
decreased, the differences were not significant.

RT-qPCR analysis was employed to verify the effect
of long-term ethanol exposure on TJ proteins by measuring
the expression of claudin-5, occludin and ZO-1 mRNA.
As demonstrated in Fig. 2G-I, the expression of claudin-5
and ZO-1 mRNA was significantly increased following 48
and 72 h of treatment with 200 mM ethanol, and following
24,48 and 72 h of treatment with 400 mM ethanol compared
with the untreated controls (all P<0.05). The expression of
occludin mRNA was significantly increased following 72 h
of treatment with 100 mM ethanol, following 48 and 72 h
of treatment with 200 mM ethanol and following 24, 48 and
72 h of treatment with 400 mM ethanol when compared with
untreated controls (all P<0.05; Fig. 2G-I). The expression
of claudin-5 mRNA after 24, 48 and 72 h of treatment with
50 and 100 mM ethanol, and 24 h of 200 mM ethanol treat-
ment was markedly decreased compared with their respective
controls. The expression of occludin mRNA after 24, 48 and
72 h of treatment with 50 mM ethanol, 24 and 48 h of 100 mM
ethanol treatment, and 24 h of 200 mM ethanol treatment was
markedly decreased compared with their respective controls.
The expression of ZO-1 mRNA at 24,48 and 72 h of treatment
with 50 and 100 mM ethanol, and 24 h of 200 mM ethanol
treatment was markedly decreased compared with their
respective controls. Although these protein levels decreased,
the differences were not significant.

Effect of the ethanol-induced increase in p-PKCa
expression on claudin-5, occludin and ZO-1 expression.
Immunofluorescence and western blotting analyses were

employed to determine ethanol-induced PKCa activation
by measuring PKCa and/or p-PKCa expression. Typically,
PKCa is diffusely distributed throughout the cytoplasm and
is localized in the nucleus in small amounts (29). Following
ethanol treatment, immunofluorescence staining demonstrated
that PKCa translocated from the cytoplasm to the perinuclear
region and the nucleus, while safingol reversed this (Fig. 3A).
The western blotting results indicated that PKCa expression in
cells treated with all concentrations of ethanol was not signifi-
cantly different following 48 h, where as p-PKCa expression
was significantly increased in the 200 and 400 mM ethanol
treatment groups compared with the control groups (both
P<0.05; Fig. 3B and C).

The role of PKCa in the expression of TJ proteins was
determined by measuring the protein expression levels of
claudin-5, occludin, ZO-1 and p-PKCa following treatment
with ethanol and safingol by western blotting. The expres-
sion of p-PKCa in cells treated with 200 mM ethanol was
significantly increased when compared with untreated controls
(P<0.05; Fig.4A and B). By contrast,the protein expression levels
of claudin-5, occludin and ZO-1 were significantly decreased
when compared with controls (all P<0.05; Fig. 4C and D). In
the ethanol plus safingol treatment group, the expression of
p-PKCa was significantly decreased (P<0.05; Fig. 4A and B),
and the expression of claudin-5, occludin and ZO-1 was
significantly increased when compared with the ethanol-only
treated group (all P<0.05; Fig. 4C and D).

Discussion

The increased permeability of the BBB as a result of BBB
dysfunction is well studied in individuals with alcoholism (30)
and animal models (31). A previous study treated BMECs with
ethanol at various time points and demonstrated a progres-
sive decline in transendothelial electrical resistance and an
increase in monocyte migration across the BBB (15). Although
the mechanisms of ethanol-induced BBB leakage are not fully
understood, ethanol treatment is associated with a decrease
in the expression of total occludin and claudin-5 without
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Figure 4. Effect of the ethanol-induced increase in p-PKCa expression on claudin-5, occludin and ZO-1 expression. (A) Western blotting analysis of p-PKCa
and f-actin protein expression. (B) Quantitative analysis of p-PKCa protein expression relative to $-actin expression. (C) Western blotting analysis of claudin-5,
occludin and ZO-1 protein expression. (D) Quantitative analysis of claudin-5, occludin and ZO-1 protein expression relative to -actin expression. The results
(n=5) are presented as the mean + standard deviation. "P<0.05 vs. control; “P<0.05 vs. 200 mM ethanol. p-PKCa, phosphorylated-protein kinase Ca; ZO-1,

zonula occludens-1; S, safingol.

alterations in ZO-1 content in primary bovine BMECs (15).
The results of the current study are consistent with these obser-
vations, as a reduction in occludin and claudin-5 expression in
HCMEC/D3s was observed. However, although the expression
of ZO-1 was not affected in this previous study, a decrease in
the expression of ZO-1 was observed in HCMEC/D3 s treated
with ethanol in the current study. This is likely due to differ-
ences between ethanol administration methods, including
exposure time and concentration, as well as the cell type and
species under investigation.

TJ proteins, claudin-5, occludin and ZO-1 are important
for the formation and maintenance of a functional BBB (4,5).
Tissues or cells that lose the ability to regulate the functions
of TJs become more susceptible to various injuries, including
inflammation and viral and bacterial infections (32,33).

The aim of the present study was to investigate the effect
of ethanol on TJ proteins in HCMEC/D3s, and determine the
primary signaling pathways involved. It was demonstrated that
the ethanol-induced decrease in the protein expression levels
of claudin-5, occludin and ZO-1 was concentration-dependent,
and treatment with the PKCa-specific inhibitor, safingol,
reversed these effects. These results indicate that ethanol may
mediate its effects via a PKCa-dependent mechanism. The
regulation of TJ proteins is not fully understood; therefore
what is know about the regulation of TJs is just speculation.
Due to the ability of ethanol to activate PKCa by Rho guano-
sine triphosphatases or filamentous actin (34,35), it has been
hypothesized that PKCa is the major factor by which ethanol
mediates its effects. A previous study implicated PKCa as a
major component involved in increased TJ permeability (36).
The observed reversal of the effects of ethanol treatment on
occludin, claudin-5 and ZO-1 expression by safingol treatment
in current study supports this hypothesis.

The effect of ethanol on HCMEC/D3 viability was deter-
mined using an MTS assay and the expression of claudin-5,
occludin and ZO-1 was measured using western blotting and
RT-qPCR analyses. The MTS assay revealed that ethanol

exposure reduced HCMEC/D3 viability in a concentra-
tion- and time-dependent manner. The viability of cells in
the low-dose ethanol group (50 mM) was increased when
compared with the control, which may be associated with
self-protection via enhanced antioxidant capacity (37,38). The
aforementioned studies demonstrated that low concentrations
of ethanol may reduce asymmetric dimethylarginine and
increase dimethylarginine dimethylaminohydrolase activity,
which lead to increased cell viability. Western blotting
analysis demonstrated a significant reduction in the expres-
sion of claudin-5, occludin and ZO-1 protein in the cells 24 h
after treatment with 400 mM ethanol, and 48 and 72 h after
treatment with 200 and 400 mM ethanol; the protein level of
occludin also significantly decreased after 72 h of treatment
with 100 mM ethanol. This ethanol-induced impairment of
TJ protein expression was reversed in cells pretreated with
safingol. By contrast, the expression of claudin-5, occludin
and ZO-1 mRNA in the cells was increased after 24 h of treat-
ment with 400 mM ethanol, and 48 and 72 h of treatment with
200 and 400 mM ethanol; the expression of occludin mRNA
was also significantly increased after 72 h of treatment with
100 mM ethanol. The decreased level of protein may induce
a negative feedback loop, thus leading to increased mRNA
levels or the binding of the specific protein to the relevant
gene mRNA, inhibiting its translation. This may stabilize
the mRNA so that the protein content is reduced, while the
levels of mRNA are increased. RNA-binding proteins (RBPs)
influence TJ] mRNA stability and translation. CUG-binding
protein 1 (CUGBPI) and T-cell intracellular antigen-related
protein (TIAR) are negative regulators of RBPs. The
co-localization of CUGBPI and tagged occludin mRNA in
processing bodies represses occludin translation and stabilizes
the expression of its mRNA (39,40). The mRNA encoding
the membrane-associated TJ protein, ZO-1, has an affinity
for TIAR, which represses ZO-1 translation and stabilizes
its mRNA expression (39). However, the specific mecha-
nism of action is unclear and further studies are required.
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Claudin-5, occludin and ZO-1 proteins are important for TJ
formation, therefore the observed decrease in the expression
of TJ proteins may be associated with ethanol-induced BBB
leakage.

PKCa is a typical PKC isoform primarily expressed in
vascular endothelial cells and the central nervous system (41).
PKCa increases and decreases TJ permeability (21). It is
highly unlikely that increased PKC activity is solely due to
increased protein expression (21), and additional intracellular
mechanisms may be responsible for altering PKC activity. For
example, activated PKC translocates from the cytoplasm to
the perinuclear region and nucleus (42,43). In addition, PKC
is itself phosphorylated, which indicates its activation (44).
The translocation and/or phosphorylation of various PKC
isoforms are important for changes in their respective activi-
ties. In the current study, immunofluorescence staining results
demonstrated that PKCa translocated from the cytoplasm to
the perinuclear region and nucleus in cells exposed to ethanol.
In addition, western blotting analysis indicated that PKCa
expression was not significantly altered and p-PKCa expression
was significantly increased by ethanol treatment. These results
suggest that ethanol induced an increase in PKCa activity by
increasing its conversion from an inactive to an active form,
rather than by increasing its expression. The PKCa inhibitor
experiments indicated that PKCa was the most likely mecha-
nism by which ethanol induces TJ impairment. Increased PKCa
activity and altered claudin-5, occludin and ZO-1 protein levels
were observed in ethanol-treated cells. These ethanol-induced
alterations were all reversed by pretreating HCMEC/D3 s with
the PKCa-specific inhibitor, safingol. The increased activity
of PKCa and the associated decrease in the expression of TJ
proteins, as well as the reversal of ethanol-induced alterations
by PKCa inhibition, further the understanding of the regulation
of ethanol-induced TJ impairment.

In conclusion, the results of the current study demonstrate
that the ethanol-induced decrease in the expression of claudin-5,
occludin and ZO-1 proteins and increase in PKCa activity
in HCMEC/D3s, are concentration and time-dependent. In
addition, pre-treatment of HCMEC/D3s with safingol prior to
ethanol exposure reversed these ethanol-induced alterations.
The results suggest that ethanol decreases the expression of TJ
proteins in HCMEC/D3s via a PKCa-dependent mechanism.
Ethanol-induced TJ impairment may lead to the loss of BBB
structure and BBB dysfunction, thereby increasing the trans-
port of ions, molecules and leukocytes in and out of the brain.
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