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A B S T R A C T

The blood-brain barrier (BBB), which saves the brain from toxic substances, is formed by endothelial cells. It is
mainly composed of tight junction (TJ) proteins existing between endothelial cells. Estrogen is an important
regulatory hormone of BBB permeability. It protects the BBB before menopause, but may increase BBB per-
meability with aging. In addition, nitric oxide modulates BBB permeability. Alcohol impairs the integrity of the
BBB with oxidants and inflammatory mediators such as iNOS. We investigated the effects of estrogen on BBB
integrity in an in vitro BBB model created with ERα-free HUVEC (human umbilical vein endothelial-like cells) to
mimics the menopausal period.

In vitro BBB model is created with HUVEC/C6 (rat glioma cells) co-culture. The effect of 17β-estradiol on
ethanol-induced BBB disruption and change/or increase of iNOS activity, which modulate BBB integrity, were
evaluated. Inducibility and functionality of BBB were investigated using transendothelial electrical resistance
(TEER) and the expression of proteins TJ proteins (occludin and claudin-1) and iNOS activity by im-
munostaining.

Our results revealed that 17β-estradiol treatment before and after ethanol decrease expression of occludin and
claudin-1 and value of TEER which are BBB disrupt indicators. In addition, ethanol and 17β-estradiol separately
and pre- and post-ethanol 17β-estradiol treatment increased iNOS expression. Thus our study suggests caution in
the use of 17β-estradiol after menopause because 17β-estradiol at this time may both increase the inflammatory
process as well as damage the BBB. We think that beneficial effects of 17β-estradiol may be through ERα but it
needs further studies.

1. Introduction

The blood-brain barrier (BBB) is an active interface between the
circulation and brain that restricts the free movement of different
substances between the two compartments, and plays a critical role in
the maintenance of the homeostasis of the brain microenvironment and
functionality of neurons. The BBB is formed by cerebral endothelial
cells and their tight junction (TJ) linking proteins. TJs are one of the
most important elements of the BBB and operate as a physical barrier
with very low paracellular permeability to hydrophilic molecules, and
very high transendothelial electrical resistance (TEER). TEER mea-
surement has been used extensively to measure the resistance of tight
junctions in BBB models (Abbott et al., 2006). Permeability changes in
the BBB can be detected by changes in TERR, which reflects the

structural integrity of BBB (Hao et al., 2016). BBB dysfunction or in-
creased permeability is associated with disruption or decrease in ex-
pression of TJ proteins in the brain endothelium (Haorah et al., 2005a).
TJs comprise the transmembrane proteins occludin and the claudins
(Luissint et al., 2012; Tsukita and Furuse, 2002). Occludin was the first
identified protein within tight junctions, and is highly expressed in
cerebral endothelial cells (Daneman et al., 2010). Claudins directly
regulate the permeability function of the BBB cell phenotype. Claudins
are essential for the formation of TJs, and occludin maintains the
tightness of TJs (Walsh et al., 2011). The presence of claudin-1, claudin-
3, and claudin-5 were identified as major components of tight junctions
in the BBB (Huber et al., 2001).

In vitro BBB models have been used to further study cellular and
molecular mechanisms that underlie the BBB construction because of
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the complexity of the in vivo BBB. In vitro models of the BBB are pre-
ferred because of lower cost, time, and ethical constraints, and enable
more controllable, repeatable, focused experimentation (Molino et al.,
2014). Paracellular permeability has been demonstrated as increased in
neurologic disorders including cerebral ischemia, neurodegenerative/
neuroinflammatory diseases, and alcohol intoxication. Increased per-
meability is mostly mediated by proinflammatory mediators, and re-
active oxygen and nitrogen species (Shukla et al., 1996). Haorah et al.
suggested that ethanol-induced alterations in TJ proteins resulted in
BBB impairment, leading to enhanced inflammatory mediator migra-
tion across the BBB, which may have clinical relevance in several CNS
diseases involving BBB compromise (Haorah et al., 2005b).

Nitric oxide (NO) is a signalling molecule and potent vasodilator,
generated at the BBB level by eNOS from L-arginine. Apart from the
constitutive eNOS, endothelial cells also produce inducible NOS (iNOS),
activated by proinflammatory mediators such as IL-1β and TNF-α. Over
production of iNOS may directly lead to cell damage by altering protein
structure or indirectly through the formation of highly-reactive perox-
ynitrite (Allen and Bayraktutan, 2009; Guix et al., 2005), which is a
powerful oxidant, similar to other ROS, via lipid peroxidation and DNA
damage. Oxidative stress has been presented as a common pathway for
different brain pathogenic mechanisms that lead to BBB dysregulation
(Thiel and Audus, 2001).

Evidence exists to show that inflammation and related mediators
affect endothelial BBB permeability. Interestingly, although not de-
tectable in the normal healthy brain, iNOS can be detected in aging
conditions (McCann et al., 1998). Astrocytes in the aging brain have
high proinflammatory mediator, inducing IL-1β and iNOS, which may
explain the increase of BBB permeability and risk of developing age-
related neurodegenerative diseases, and BBB damage could be the
reason for the pathogenesis in the elderly. In addition, alcohol abuse
could be a major contributing factor to various forms of neurodegen-
erative disorders via BBB damage. There is increased risk for these
diseases in women after menopause; this situation could be related to a
deficiency of estrogen, which is known as antiinflammatory/anti-
oxidant (Dubal et al., 1998).

The protective effects on BBB of estrogen have been shown in many
studies in young animals. In our previous in vivo work, we showed the
protective activity of estrogen administration to the BBB and memory
improvement in pre- and post-cerebral ischemia induced by ovar-
iectomy in young adult rats (Uzum et al., 2015). In addition, estrogen
modulates BBB permeability through nitric oxide (NO) (Cho et al.,
1999; Karpuzoglu and Ahmed, 2006). On the other hand, it is reported
that both brain and its vasculature are potent targets of estrogen, thus
age-related decline in estrogen levels or alterations in estrogen re-
ceptors may increase permeability of the BBB, which is further ex-
acerbated by estrogen treatment (Bake and Sohrabji, 2004). Therefore,
the obtained data in young adult animals can not help researchers in
explaining the results of such treatment in old postmenopausal animals.
However, it is currently not known how this event affects the blood-
brain barrier.

The actions of estrogen are mediated by two principle receptor
subtypes: ERα and ERβ; both of which are found within the cerebral
microvasculature (Jesmin et al., 2003; Stirone et al., 2003; Stirone
et al., 2005). 17β-estradiol is the most potent source of endogenous
estrogen which is conducted through classic receptors, including es-
trogen receptor-α (ERα) and estrogen receptor-β (ERβ) (Ardelt et al.,
2005). Besides, it is reported that estrogen replacement is beneficial
when given to young adult animals (Dubal et al., 1998; Simpkins et al.,
1997), but not beneficial or even harmful to senescent females in stroke
models (Selvamani and Sohrabji, 2010). The large-scale Women’s
Health Initiative Memory Study did not recommend estrogen replace-
ment to older women to prevent dementia (Craig et al., 2005). How-
ever, expression of ERα within the brain microvasculature has been
shown to be reduced age-dependently after menopause (Brodowska
et al., 2010; Stirone et al., 2003).

In this study, we aimed to investigate the effects of 17β estradiol on
BBB breakdown induced by ethanol in an in vitro BBB model with
HUVEC/C6 cells. The study was planned to investigate the effects of
estrogen treatment in the menopausal period. Therefore, HUVEC cell
line was used because it is known that ERα receptor numbers decrease
with age. HUVEC cell line does not contain ERα receptor (Toth et al.,
2008). We also examined levels of the inflammatory/oxidative mole-
cule, iNOS, to evaluate the antiinflammatory and antioxidative effect of
estrogen treatment in this period.

2. Materials and methods

2.1. Cell culture

In this study, we used human umblical vein endothelial cells
(HUVEC; ATCC CRL-1730, USA) with ERβ but not ERα, and a glioma
cell line (C6; ATCC, CCL-107, USA) derived from rat brains. HUVEC and
C6 cells were cultured in 75-cm flasks containing Dulbecco’s modified
Eagle’s medium (DMEM, Gibco-5546), 10% heat-inactivated fetal bo-
vine serum (FBS, Gibco-10082-147) and penicillin/streptomycin. When
cells reached confluence, they were dissociated through enzymatic di-
gestion (1% trypsin), collected, and seeded on the upper and bottom
sides of a transparent porous membrane insert.

2.2. Construction of the blood-brain barrier system

HUVEC and C6 cells were cultivated together in a 1:1 ratio to create
in vitro BBB model on inserts with 0.4 μm pore size and 0.33 cm2

growth area. Before starting the experiment, the upper side of the in-
sert’s membranes were coated with collagen IV (10 μg/cm2, Sigma-
C5533) and fibronectin (1 μg/cm2, Sigma-F1141), which are important
members of capillary basement membranes and the extracellular ma-
trix. The barrier was constructed by plating C6 cells on the bottom side
and HUVEC on the luminal side of polyethylene terephthalate (PET)
porous membrane inserts. The inserts have impermeable walls that are
higher than the walls of the wells in the plate; therefore, there cannot be
transfer of materials to the insert from wells. C6 cells were seeded as
5.104 cells on the bottom side of the membrane insert and incubated at
37 °C for 2 h with 5% CO2 to adhere to the membrane surface. Then
inserts were converted and transfered into a 24-well plate and HUVEC
cells, which do not express ERα (Brodowska et al., 2010), were seeded
to the bottom of the wells and 300 μL DMEM were added (Fig. 1). The
plate was then placed in an incubator (Easton and Abbott, 2002;
Kuhlmann et al., 2006; Kuhlmann et al., 2008).

Fig. 1. Schematic illustration of in vitro BBB model in co-culture transwell system.
HUVEC and C6 cells cultivated together with ratio 1:1 to create in vitro BBB model.
Membrane surfaces were coated with collagen IV and fibronectin. C6 cells were seeded
bottom side of membrane and HUVEC cells were seeded upper side of porous membrane.
Insert’s membrane has 0.4 μm pore size allowing cells to connect each other. DMEM
(Dulbecco’s modified eagle’s medium), HUVEC (Human umbilical vein endothelial cells),
C6 (Glioma cells).
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2.3. TEER measurement

An EVOM voltmeter (World Precision Intruments EVOM −
Epithelial Volt Ohmmeter, Berlin, Germany) was used to measure
TEER. The voltmeter was calibrated and electrodes were sterilized
using ultra violet light exposurefor 30 min before experimental mea-
surements. The electrodes were put in 70% ethanol in order to remain
sterile between measurements. Environmental pH affects TEER mea-
surement. Acidification occurs in media during cell growth; therefore,
the DMEM was replaced with fresh DMEM in wells before TEER mea-
surement. Electrodes in 70% ethanol were washed twice in sterile PBS.
TEER values were measured three times in each well and the average
TEER values were calculated for each group. TEER values were also
measured on collagen IV and fibronectin-coated inserts without cells
and evaluated as background controls (Easton and Abbott, 2002; Hao
et al., 2016; Ramsohoye and Fritz, 1998).

2.4. Optimization of effective 17β-estradiol and ethanol concentrations

17β-estradiol (Sigma, E2758-1G) was dissolved in 1 mL dimethyl
sulfoxide (DMSO) (Sigma, D-5879) and 10−2 M stock concentration
was prepared. HUVEC cells were treated to 17-β-estradiol indifferent
concentrations (10−6 M − 10−16 M) and percentage viability was de-
termined using an MTT assay and trypan blue staining. The highest
viable cell ratio was determined in 10−10 concentration and thus the
10−10 M concentration was used to mimic an in vivo environment be-
cause it is known as the average 17β-estradiol circulating level in
women (Fig. 2). Similarly, ethanol doses were optimized to find proper
concentrations. The effect of 50 mM, 100 mM, 150 mM and 200 mM
concentrations of ethanol on HUVEC cells were investigated. According
to these results, 150 mM and 200 mM concentrations were cytotoxic. As
such, 100 mM concentration, which had a cytotoxic effect on 50% of
cells (IC50), was used (Fig. 2).

2.5. Experimental groups

In this study, each separately C6 cells and HUVEC cells were cul-
tured before establishing an HUVEC/C6 co-culture for TEER calibration
(Fig. 3). Five groups were generated for investigating the effects of 17β-
estradiol on BBB damaged by ethanol. All of experiments were repeated
three times.

1) Control group (C); Non-treated group (HUVEC/C6).
2) Ethanol group (EtOH); after construction of the in vitro BBB model

(fifth day), ethanol was added for 2 h. TEER was measured before
ethanol then ethanol was added and TEER was measured again.

3) Estrogen group (E2); 17β-estradiol was administered 24 h after the
cells were seeded. 17β-estradiol and DMEM were replaced together
daily for one week.

4) Ethanol after 17β-estradiol treatment group (E2 + EtOH); this
group was exposed to the same procedure as with the E2 group until
the fifth day. 100 M ethanol was added for disruption of the barrier
on the fifth day.

5) Estrogen after ethanol addition (EtOH + E2); this group received
ethanol on the fifth day, and then treated with 17β-estradiol for two
days.

TEER of all groups was measured every day for a week (TEER values
were measured three times from different sides of the inserts and
averaged).

2.6. Demonstration of TJ proteins and iNOS by immunohistochemical
staining

When all experiments were finished, cells were fixed in pure me-
thanol at −20 °C for 10 min and stored at +4 °C. Cells were treated
with 0.3% Triton-X (Sigma, T9284), kept in 3% hydrogen peroxide
(H2O2) at room temperature, and Ultra V block was performed (Thermo
Scientific, TA-125-UB), respectively. Cells were treated with claudin-1
(sc-81796), occludin (sc-5562), and iNOS at +4 °C overnight (18 h).
Claudin-1 antibodies were diluted with UltrAb (Lab Vision, TA-125-UD)
at a ratio of 1:40, whereas occludin and iNOS antibodies were diluted at
ratio of 1:100. Afterwards, they were incubated with biotined–anti-
rabbit secondary antibody (Thermo Scientific, TP-125-BN) from goats.
Cells were treated with peroxidase-labeled streptavidin
(ThermoScientific, TS-125-HR), and incubated in AEC (3-amino-9-
ethylcarbazole) (Thermo Scientific, TA-004-HAC). After staining, they
were kept in Mayer’s hematoxylin to counterstain. Finally, they were
mounted with glycerol gelatin (Akgün-Dar et al., 2007). Negative
control samples were processed in an identical manner, but in the ab-
sence of the primary antibody. Stained cells were counted under a light
microscope (x20 objective). The semiquantitative evaluation of the
iNOS, claudin-1 and occludin immunohistochemical staining was done

Fig. 2. Effect of 17 β-estradiol and ethanol
concentrations on cell viability/cytotoxicity
of HUVEC cells were determined by using
trypan blue dying and MTT assay.

Fig. 3. The measurement of TEER on the days after C6 and HUVEC cells were separately
cultured and co-cultured.
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using the Histoscore (H-score). Briefly, the cells stained with antibodies
against iNOS, claudin-1 and occludin were evaluated using an Olympus
microscope. For H-score assessment, 10 different fields were chosen and
the staining intensity in the cells was scored independently by 2 blind
observer. Positive stained cells were counted and graded according to
the staining intensity: 0; no staining; negative, 1; weak, 2; moderate, 3;
strong. Slides were examinated by using imaging system (HDCE-20C)
and photographed. H-score was calculated by a formula. H-score: (the
percentage of the cells stained with the density of 1 × 1) + (the per-
centage of the cells stained with the density of 2 × 2) + (the percen-
tage of the cells stained with the density of 3 × 3). The H score was
calculated as a value between 0 and 300. For example, when 100% of
the cells were stained at a density of 3, the H score was calculated as
300 (Kaptan et al., 2015)

2.7. Statistical analysis

All results are expressed as mean ± SD of three or more individual
assays. The differences between groups were analyzed using the paired
t-test, the relationships between parameters were analyzed and com-
pared using Pearson’s correlation test (r, Pearson correlation coeffi-
cient). Graphpad Prism 5 software was used for graphs and statical
analysis and p values less than 0.05 were considered significant.

3. Results

3.1. Demonstration of the in vitro BBB formation; TEER values and
expresssion of occludin, claudin-1

When the TEER values of HUVEC, C6 and HUVEC/C6 groups are
examined on days 3, 4, 5, 6 and 7; we found that TEER value increased
significantly from the fifth day (p<0.001) in the HUVEC/C6 group
compared to the HUVEC group (Fig. 3). This is a clear indication of the
formation of the in vitro blood brain barrier. In addition, the expression
of occludin and claudin-1 proteins were significantly increased in the
HUVEC/C6 group compared to the HUVEC group (p < 0.01) (Fig. 4).
These results also indicate that an in vitro BBB model was established.

3.2. The effects of 17β-estradiol and ethanol on occludin levels in in vitro
BBB

The levels of occludin in all groups showed a significant decrease
compared to control (HUVEC/C6) group (p < 0.01 for E2 + EtOH and
p < 0.05 for other groups) except from EtOH + E2 group. When the
groups were compared each other, the E2 + EtOH group showed a
significant decrease compared with the E2 group (p < 0.01). There
was a difference between administration of 17β-estradiol before and
after ethanol. E2 + EtOH group showed a significant decrease com-
pared to EtOH + E2 group (p < 0.05) (Fig. 5).

3.3. The effects of 17β estradiol and ethanol on claudin-1 levels in in vitro
BBB

The levels of claudin-1 in all groups except from EtOH showed a
significant decrease compared to control group (p < 0.05 for group
E2, p < 0.01 for other groups). When the experimental groups were
compared with each other, as in occludin, administration of 17β-es-
tradiol before and after ethanol reduced the expression of claudin-1
even more. However, administration of 17β-estradiol before ethanol
reduced the expression of claudin-1 more than both E2 and EtOH
groups more (p < 0.01) (Fig. 6).

3.4. The effects of 17β estradiol and ethanol on iNOS levels in in vitro BBB

The levels of iNOS in all groups showed a significant increase
compared to control group (p < 0.01 for EtOH group, p < 0.05 for

other groups). When we compare EtOH and E2 groups, we found that
the increase in EtOH is greater than E2 (p < 0.001). This is indicative
of the inflammatory effect of ethanol. Also, administration of 17β es-
tradiol before and after ethanol did not reduce iNOS expression, it was
still higher than control and other groups (p < 0.05) (Fig. 7).

3.4.1. TEER values
TEER values were decreased in all experimental groups compared to

control group (p < 0.001) (Fig. 8). When the experimental groups
were compared with each other, the decrease in E2 group was greater
than that of EtOH group (p < 0.05). Administration of 17β estradiol
before and after ethanol reduced TEER compared to EtOH group
(p < 0.001). Administration of 17β-estradiol before ethanol reduced
TEER value compared to E2 group (p < 0.01).

According to the occludin, claudin-1, and TEER results, there was
positive correlation between TEER and claudin-1 (r = 0.7; p < 0.05);
TEER and occludin (r = 0.74; p < 0.05). In addition, there was a ne-
gative correlation between TEER and iNOS (r = −0.5; p > 0.05), but
there was no correlation between occludin and iNOS or with claudin-1
and iNOS.

4. Discussion

Our main finding in the present study is that estrogen administra-
tion increases the damage of the BBB in an in vitro BBB model induced
by HUVEC/C6 co-culture. The BBB plays a crucial role in clinical
practice as well. There is a great risk to developing these disorders in
women who are post menopausal. Investigations of the neuroprotective
effects of estrogen are generally performed in young women. A few
studies showed the age-dependent estrogen effect can be different in the
elderly, and it has been reported that estrogen administration can be
ineffective or even harmful. The estrogen effect can vary depending on
the receptor; an age-dependent decrease in the ERα receptor has also
been reported. HUVECs used in our study lack expression of alpha re-
ceptors. HUVECs have previously been used as BBB models (Langford
et al., 2005). Even though they are not of cerebral origin, the advantage
of HUVECs is that they are a human cell line. The goal of this study was
to explore the effect of pre and post treatment of 17β-estradiol on
ethanol-induced BBB disruption in an in vitro BBB model. Our in vitro
BBB model was characterized by high transendothelial electrical re-
sistance (TEER regularly above 2000 hm × cm2), expression of oc-
cludin and claudin-1 which are tight junction proteins (Hao et al.,
2016). As demonstrated by other researchers through TEER measure-
ments (Helms et al., 2010; Kis et al., 2003), HUVEC/C6 co-culture in-
creased the expression of occludin, and claudin-1 proteins also raised
the TEER value. This can be considered as evidence of in vitro induction
of BBB. In culture, only ethanol led to a decreased expression of TJ
proteins, and reduction of TEER value, which was as an indicator of
BBB damage. The protective/prophylactic effect of estrogen on BBB
permeability was evaluated with the treatment of 17β-estradiol prior to
ethanol. 17β-estradiol was applied after ethanol for the evaluation of
curative effect on BBB damage; 17β-estradiol application before and
after ethanol reduced the expression of TJ proteins and TEER value.
This reduction was more significant when 17β-estradiol was applied
before ethanol. Our findings showed that 17β-estradiol treatment failed
to decrease BBB damage; on the contrary, it increased the damage.

Estrogen attenuates BBB disruption from neurologic insult, reduces
edema, lowers levels of inflammatory mediators, activates anti-
apoptotic pathways, and has antioxidant capabilities in young animals
and cell culture models (Simpkins et al., 1997; Dubal et al., 1998; Cho
et al., 1999; Hisamoto and Bender., 2005). However, it is reported that
estrogen has differential effects, depending on age both in health and
after neurologic insult (Bake and Sohrabji, 2004). One common com-
ponent in almost all studies showing neuroprotection by estrogen is the
use of young animals. Estrogen supplementation in these studies does
not mimic its clinical use because estrogen is used clinically in
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Fig. 4. Differences in claudin-1 (top) and occludin (bottom) proteins levels between HUVEC (A), HUVEC/C6 (B) groups. Negative controls (C). Determined by immunohistochemical
staining and quantification using H-score. Experiments were repeated three times. The data are expressed as the mean ± SD (**p < 0.01). Paired t-test was used to compare groups.
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Fig. 5. Differences of occludin levels in all groups. A: Control (C), B: 17β- estradiol (E2), C: Ethanol (EtOH), D: 17β-estradiol + Ethanol (E2 + EtOH), E: Ethanol + 17β-estradiol (EtOH
+ E2) groups and F: negative control. Occludin was determined by immunohistochemical staining and quantification using H-score. Experiments were repeated three times. The data are
expressed as the mean ± SD (*p < 0.05, **p < 0.01). Paired t-test was used to compare groups.
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Fig. 6. Differences of Claudin-1 levels in all groups. A: Control (C), B: 17β- estradiol (E2), C: Ethanol (EtOH), D: 17β-estradiol + Ethanol (E2 + EtOH), E: Ethanol + 17β-estradiol (EtOH
+ E2) groups and F: negative control. Claudin-1 was determined by immunohistochemical staining and quantification using H-score. Experiments were repeated three times. The data are
expressed as the mean ± SD (*p < 0.05, **p < 0.01). Paired t-test was used to compare groups.
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Fig. 7. Differences of iNOS levels in all groups. A: Control (C), B: 17β- estradiol (E2), C: Ethanol (EtOH), D: 17β-estradiol + Ethanol (E2 + EtOH), E: Ethanol + 17β-estradiol (EtOH
+ E2) groups and F: negative control. iNOS was determined by immunohistochemical staining and quantification using H-score. Experiments were repeated three times. The data are
expressed as the mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001). Paired t-test was used to compare groups.
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menopause or the elderly where decreased hormone levels can increase
the risk of cardiovascular and neurodegenerative diseases. In one of few
studies that investigated age-related effects of estrogen, it was reported
that estrogen treatment disrupts BBB integrity in reproductive senes-
cent females (Selvamani and Sohrabji, 2010). The authors suggested
that the hormone promotes BBB integrity in young adults but promotes
leakiness in reproductive senescent animals. Furthermore, clinical stu-
dies have shown a clear relationship between increased stroke in-
cidence and severity with estrogen supplementation in post menopausal
women (Herson et al., 2009). Our findings support this report. In our
study estrogen treatment in in vitro BBB constructed by ER-alpha re-
ceptor free HUVEC cell line further increased the BBB destruction in-
duced by ethanol. Our findings suggest that the effect of estrogen may
vary depending on the estrogen receptor.

Estrogen mediates many of its actions via two forms of the estrogen
receptor ERα and ERβ. 17β-estradiol used in our study bound equally
well to both forms of the ER; thefore, it is used as the most common
form of estrogen supplementation in studies. The effects of estrogen on
cerebral arteries depend on functional ERα (Geary et al., 2001). ERα is
up-regulated in astrocytes and microglia after injury. In addition, stu-
dies suggest that activation of ERα leads to enhanced endothelial nitric
oxide synthesis, which is a beneficial effect, in cerebral vasculature
(Darblade et al., 2002). However, animal model show decreased nu-
clear ERα concentrations in selected brain regions of middle-age rats
compared with their young adult counterparts. This report indicates
that the protective effect of estrogen is brought about through the ERα
receptor. Therefore, HUVEC cell line without ERα receptor was used in
our study to evaluate the effect of estrogen.

Several studies, both human and animal models, suggested that al-
cohol induced inflammatory processes and reactive oxygen species
(ROS) in the brain, leading to neurodegeneration. It is reported that
oxidative stress resulting from alcohol metabolism in brain capillary
endothelial cells can lead to BBB breakdown in alcohol intoxication or
alcohol abuse, thereby serving as an aggravating factor in neuroin-
flammatory disorders (Haorah et al., 2005b). In addition, it is demon-
strated that exposure of an astrocytic cell line to ethanol (0.5–6 h,
50 mM) enhanced iNOS activity via inflammatory cytokines (Abbott

et al., 2006). The production of iNOS is a classic indicator of vascular
inflammation. iNOS is also an important oxidative mediator due to
peroxynitrite via interaction with superoxide (Bardell and MacLeod,
2001; Binko and Majewski, 1998; Zancan et al., 1999).

Thus, ethanol exposure may elevate levels of ROS/NO in the en-
dothelium, resulting in BBB damage (Haorah et al., 2011). This report
also supports our findings. We induced BBB damage with ethanol in our
study. Ethanol treatment in in vitro BBB model induced by HUVEC/C6
co-culture caused a significant increase in iNOS expression, and a de-
crease in TJ protein expression and TEER value. Our findings support
studies that demonstrated the destructive effect of ethanol on the BBB
through iNOS (Haorah et al., 2005b; Singh et al., 2007). The protective
effect of estrogen on the BBB can be explained by its antiinflammatory
and antioxidant effect (Dubal et al., 1998). Estrogen administration
before and after ethanol (10−10M; average circulating concentration of
17β-estradiol in female) increased expression of iNOS, an inflammatory
and oxidative molecule, decreased expression of TJ proteins and TEER
value. However the increase in expression of iNOS and decreased ex-
pression of TJ proteins (especially claudin-1) and TEER value when
17β-estradiol was applied before ethanol, was more significant. This
interesting finding of our study showed that 17β-estradiol has proin-
flammatory, not antiinflammatory effects, which explains the increased
BBB damage. In addition, it has been demonstrated that claudin-1 in
particular enhances BBB resistance (Inai et al., 1999). In this report, the
reduction in both TJ proteins (especially claudin-1) makes us think that
it induced BBB damage. The HUVEC cell line used in our study lacks
ERα receptors, which makes it nonresponsive to the antiinflammatory
effects of estrogen. 17β-estradiol probably increased BBB damage by
increasing of iNOS on ERβ receptors. There are reports are supporting
our idea. Although it is reported that both ERα and ERβ are expressed
on endothelial cells, ERα appears to play a critical role in mediating the
vasoprotective effects of 17β-estradiol on endothelial cells (Brouchet
et al., 2001; Geary et al., 2001; Hayashi et al., 2003; Hisamoto and
Bender, 2005). ERα-selective agonists mediate protective antiin-
flammatory effects, and improve vascular function (Ardelt et al., 2005;
Bolego et al., 2005; Darblade et al., 2002; Ghisletti et al., 2005; Le May
et al., 2006; Vegeto et al., 2003). Conversely, ERβ activation increases
iNOS production and inflammation (Cignarella et al., 2006).

5. Conclusion

In conclusion, it is known that risk of neurodegenerative disorders
increases after menopause or in the elderly due to dysfunction of the
BBB. This is explained by the decrease of estrogen. However, reports
showed that treatment of estrogen could be more harmful, also some
studies drew attention to the age-dependent effect of estrogen. We think
that the deleterious effects of estrogen treatment in the elderly or after
menopause may be due to age-related decrease in the ERα receptors.
Therefore, we used ERα-free HUVEC cell line to mimic the menopausal
period. Our study is the first original study on the effects of 17β-es-
tradiol in in vitro BBB with HUVEC cells. 17β-estradiol treatment before
and after ethanol led to a decrease in occludin and claudin-1 expression
and TEER values, and an increase in iNOS expression. Our findings
showed that estrogen administration had a harmful effect because the
ERα receptors were diminished, and we suggest that the effect could be
due to an increase in iNOS. In addition, the administration of estradiol
after menopause might further increase the inflammatory process. It
should be approached with caution for estrogen treatment after me-
nopause and more research is needed.
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17β-estradiol treatment after and before ethanol increased TEER values more
(p< 0.001). Measurements were repeated three times. The data are expressed as the
mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001). Paired t-test was used to com-
pare groups.
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