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Abstract Growing evidences reveal that 17β-estradiol has a
wide variety of neuroprotective potential. Recently, it has been
shown that 17β-estradiol can limit ethanol-induced neurotox-
icity in neonatal rats. Whether it can stimulate SIRT1 signal-
ing against ethanol intoxicity in developing brain remain elu-
sive. Here, we report for the first time that 17β-estradiol acti-
vated SIRT1 to deacetylate p53 proteins against acute ethanol-
induced oxidative stress, neuroinflammation, and neurode-
generation. A single subcutaneous injection of ethanol-
induced oxidative stress triggered phospho c-jun N terminal
kinase (p-JNK) and phospho mammalian target of rapamycin
(p-mTOR) accompanied by neuroinflammation and wide-
spread neurodegeneration. In contrast, 17β-estradiol
cotreatment positively regulated SIRT1, inhibited p53 acety-
lation, reactive oxygen species (ROS) production, p-JNK, and
p-mTOR activation and reduced neuroinflammation and neu-
ronal cell death in the postnatal rat brain. Interestingly, SIRT1
inhibition with its inhibitor, i.e., EX527 further enhanced eth-
anol intoxication and also abolished the beneficial effects of
17β-estradiol against ethanol in the young rat’s brain. Indeed,
17β-estradiol treatment increased the cell viability (HT22
cells), inhibited ROS production via the SIRT1/Acetyl-p53
pathway, and reduced the nuclear translocation of phospho-
nuclear factor kappa B (p-NF-kB) in the BV2 microglia cells.
Taken together, these results show that 17β-estradiol can be
used as a potential neuroprotective agent against acute ethanol
intoxication.
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Abbreviations
SIRT1 Silent mating type information

regulation 2 homolog 1
NFκB Nuclear factor kappa-light-chain-enhancer

of activated B cells
p-JNK Phospho c-jun N terminal kinase
p-mTOR Phospho mammalian target of rapamycin
ROS Reactive oxygen species
FAS Fetal alcohol syndrome
CNS Central nervous system
NAD Nicotinamide adenine dinucleotide
DMSO Dimethyl sulfoxide
DMEM Dulbecco’s modified Eagle’s medium
PBS phosphate buffer saline
SDS-PAGE Sodium dodecyl

sulfate poly acrylamide
gel electrophoresis

BSA Bovine serum albumin
FITC Fluorescein isothiocyanate
TRITC Tetramethyl rhodamine isothiocyanate
DAPI 4′,6-diamidino-2-phenylindole
FBS fetal bovine serum
DCFDA 2′, 7′-dichloroflourescin diacetate

Introduction

Alcohol abuse is the most common custom in advanced coun-
tries throughout the world. A lot of research has focused on
the chronic nature of alcohol abusing, while a little is known
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about the mechanism of acute ethanol intoxication [1]. Fetal
alcohol syndrome (FAS), a recognized consequence of prena-
tal alcohol exposure, is characterized by pre- and postnatal
growth deficiencies, craniofacial anomalies, and central ner-
vous system (CNS) dysfunction [2]. These deficits are be-
cause of the massive stimulation of neuronal and glial apopto-
sis in the immature brain and in the rodent brain during the
first postnatal week [3–5]. The parts of the brain that are sen-
sitive to alcohol exposure are the cortex, hippocampus, and
thalamus [6]. A signal dose of ethanol lasting for a few hours
in developing rodents (pups) causes a significant neuronal loss
throughout the forebrain [3]. Ethanol exposure induces neu-
rodegeneration mainly via apoptosis or necrosis through cas-
pase activation [7, 8]. Studies have shown that administration
of alcohol increases oxidative stress and raises the ROS level
that alters the antioxidant defense system of the brain,
resulting in neurodegeneration [9, 10] Also, they may lead
to hypoxia, high calcium concentration, and inhibition of the
electron transport chain, causing mitochondrial membrane de-
polarization and mitochondrial dysfunction that leads to the
apoptotic pathway [11, 12].

SIRT1 (silent mating type information regulation 2 homo-
log 1) is a member of Sirtuins family that induces the expres-
sion of targeted genes involved in stress protection, and inhi-
bition of cell cycle arrest and apoptosis genes [13]. It has been
discovered that these family of enzymes consists of NAD + -
dependent histone/protein deacetylases, and a complex of sev-
en homologous proteins regulating cell functions through
chromatin remodeling/histone deacetylation and other cellular
factors like NF-kB, HSF1, p53, FOXOs, and PGC-1. SIRT1
via deacetylation may either activate or inhibit several protein
targets [14–16]. SIRT1 is involved in many human physiolog-
ical functions like DNA repair, aging, gene expression, and
apoptosis [17]. Another group reported that SIRT1 through
deacetylating some proteins and their expression modulate
cellular stress response [18]. Moreover, it also modulates cell
death due to exogenous stress, including oxidative damage,
interacting with p53, and regulation of other factors/proteins
that leads to cell death [19]. In addition, increased sirt1 protein
expression, its nuclear translocation, and increased ERK1/2
phosphorylation has been reported with Tryrosol in HepG2
cells [20]. Induction of SIRT1 expression abrogates neuronal
degeneration and death in animal models of AD and
Huntington’s disease [21].

17β-Estradiol is a steroid hormone mainly produced in the
ovary, and also locally synthesized in different tissues including
bone, adipose tissues and nervous tissues both in males and
females [22]. The enzyme aromatase (estrogen synthase) cata-
lyzed the conversion of testosterone into 17β-estradiol. That is
the reason that 17β-estradiol exerts neuroprotection in rodents
and birds as a result of acute injury which increase the aromatase
activity and expression [22]. It has been widely accepted that
17β-estradiol via its antioxidant activity increases cell survival

by inhibiting neurotoxicity, and its free radical scavenging capa-
bilities has been reported to be receptor independent [23–25].
The antioxidant effect of 17β-estradiol against ethanol in the
developing brain has already been demonstrated, and these au-
thors have shown that it can reduce ethanol intoxication in the
young rat’s cerebellum [26].

In the current study, we used 17β-estradiol against acute
ethanol intoxication to know its therapeutic efficacy and the
underlying mechanism. This study determined for the first
time that 17β-estradiol positively regulates SIRT1 to inhibit
p53 acetylation which results in the reduction of oxidative
stress, neuroinflammation, and neurodegeneration in the
young rat’s brain.

Methods

Chemicals

17β-Estradiol, MTT, and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and
Promega (Madison, WI, USA) respectively.

Rats and Drug Treatment

Postnatal day seven (P7) Sprague-Dawley (SD) rat pups (18–
20 g body weight) were used in the present study. The pups
were randomly placed in a total of six groups, 1. control, 2.
ethanol (5 g/kg), 3. ethanol (5 g/kg) plus 17β-estradiol
(10 mg/kg), 4. estradiol (10 mg/kg), 5. ethanol (5 g/kg) plus
EX527 (10 mg/kg), and 6. ethanol (5 g/kg) plus EX527
(10 mg/kg) plus 17β-estradiol (10 mg/kg). All the treatments
were performed from 4 to 12 h. The control animals received
same volume of 0.9% saline solution. The local ethical com-
mittee for animals of the Department of Biology, Division of
Applied Life Sciences, Gyeongsang National University,
South Korea, approved the experimental procedures.

Cell Culturing and Drug Treatment

Mouse hippocampal HT22 and murine BV2 microglia cell
line were cultured in 10% FBS and 1% penicillin/
streptomycin-supplemented DMEM (Dulbecco’s modified
Eagle’s medium) medium in a humidified 5% CO2 incubator
at 37 °C. The cells were treated with ethanol (100 mM), eth-
anol plus three concentrations of 17β-estradiol (100 mM +10,
20, and 30μg/ml), and ethanol plus EX527 plus 17β-estradiol
(100 mM + 80 μM + 20 μg/ml) for 4 h.

Cell Viability Assay

To assess the cell viability after treatment, the MTT assay was
performed according to the manufacturer’s instructions
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(Sigma). The cells were cultured in 96-well plates at a density
of 1 × 104 cells per well containing 100 μl DMEM. After the
attachment of the cells, the medium was replaced with a fresh
medium containing ethanol (100 mM) and different concen-
trations of 17β-estradiol (10, 20, and 30 μg/ml). The cells
were further incubated for another 3 h. The cells were then
incubated for 4 h with MTT solution and the medium was
replaced with DMSO. The absorbance was measured at
570 nm. The experiments were repeated for three times.

Western Blot Analysis

Western blot analysis details were conducted as previously
performed in our lab [27, 28]. Briefly, the animals were eu-
thanized after 4 h following treatment of ethanol with or with-
out 17β-estradiol. Then, the brains were carefully
(hippocampus) collected and placed on dry ice for freezing
tissue. Similarly, after treatment, BV2 cells were collected in
PBS, centrifuged, and the supernatant was removed. The re-
maining pellet was dissolved in Pro Prep protein extraction
solution, according to the manufacturer protocol (iNtRON
Biotechnology) to make cell lysates. The brain homogenates
and cell lysates were quantified with Bio-Rad protein assay
solution. The homogenates (20 μg protein) were fractionated
by SDS-PAGE on 4–12% (Bolt ™ Mini Gels, Life
Technologies). After transfer, membranes were blocked in
5% skim milk (or BSA), incubated overnight at 4 °C with
primary antibody, and cross-reacting proteins were detected
by ECL after reaction with horseradish peroxidase-
conjugated secondary antibodies. After using the primary an-
tibodies and membrane-derived secondary antibodies, ECL
(Amersham Pharmacia Biotech, Uppsala, Sweden) detection
reagent was used for visualization according to the manufac-
turer’s instructions. Densitometry analysis of the bands was
performed using the Sigma Gel software (SPSS, Chicago, IL,
USA). Density values were calculated in arbitrary units (A.U.)
relative to the untreated control.

Antibodies

The following antibodies were used in this study: rabbit-
derived anti-Nrf2, anti-p-NF-kB, anti-Bax, anti-SYP, anti-
iNOS, anti-p-Akt, anti-P-mTOR, mouse derived anti-HO-1,
anti- PARP-1, anti-caspase-3, anti-p-JNK, anti-GFAP, anti-
PSD95, and anti-β-actin from Santa Cruz Biotechnology
(Santa Cruz, CA, USA) and anti-SIRT1 and anti-Acetyl-p53
from Cell Signaling Technology.

Tissue Collection and Sample Preparation

Animals were euthanized after 12 h of drug treatment to con-
duct morphological studies. An equal number of animals were
kept in each group (n = 5/group) and transcardial perfusion

was performed with 4% ice-cold paraformaldehyde in PBS.
Additional fixation with 4% paraformaldehyde was per-
formed followed by 20% sucrose solution for 72 h. Brain
sections were made with Leica cryostat (CM 3050C,
Germany) on plus charged slides (Fisher).

Fluoro-Jade B Staining

Fluoro-Jade B staining was performed as reported earlier [29].
Chamber slides were air-dried overnight. The slides were kept
in a solution of 80% ethanol and 1% sodium hydroxide then in
70% alcohol for 5 min and 2 min, respectively, followed by
immersion in distilled water for 2 min. Slides were placed for
10 min in 0.06% potassium permanganate solution. The slides
were then rinsed with distilled water and immersed in a solu-
tion containing 0.1% acetic acid and 0.01% Fluoro-jade B for
20 min. After rinsing with distilled water and applying DAPI,
the slides were dried, and glass cover slips were mounted on
slides with mounting medium. Images were captured using an
FITC filter on a confocal laser-scanning microscope (FV
1000, Olympus, Japan).

Immunofluorescence

Immunofluorescence staining was performed as we previous-
ly reported [30]. Briefly, slides containing tissue and cells
were washed with 0.01M PBS two times for 15 min followed
by the addition of proteinase K and blocking solution. Primary
antibodies, as given in the above paragraph (1:100 in PBS),
were added and incubated at 4 °C overnight. After washing
with PBS, secondary antibodies (FITC and TRITC conjugat-
ed, Santa Cruz Biotechnology, 1:50 in PBS) were then applied
at room temperature for an additional 90 min. Slides were
twice washed with PBS for 5 min. DAPI (4′,6-diamidino-2-
phenylindole) was applied to stain the nucleus and glass cover
slips were mounted on slides with mounting medium. Images
were captured using a confocal microscope (FluoView FV
1000 Olympus, Japan).

Oxidative Stress (ROS) Detection in Vitro

ROS assay was performed with slight modification as previ-
ously described [31]. Briefly, cells were cultured in 96-well
plates in 200 μl DMEMmedium that was supplemented with
10% FBS and 1% penicillin/streptomycin in every well. Cells
were incubated for 24 h at 37 °C in a humidified incubator
having 5% CO2. The next day, the media was replaced by
fresh media that contained ethanol (100 mM) and ethanol plus
17β-estradiol (100 mM+10 μg/ml, 20μg/ml) for an addition-
al 4 h. DCFDA (2′, 7′-dichloroflourescin diacetate) 600 μM
dissolved in DMSO/PBS was added to each well and incubat-
ed for 30 min. Plates were then read in ApoTox-Glo™
(Promega) at 488/530 nm.
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Oxidative Stress (ROS) Detection in Vivo

ROS assay was conducted with slight modification as we report-
ed earlier [32]. Briefly, the brain homogenates from the respec-
tive groups were diluted 1:20 times with Locke’s buffer (ice-
cold) to get 5 mg tissue/ml concentration. Then, the reaction
mixture (1 ml) having Locke’s buffer of pH 7.4, 0.2 ml brain
homogenate, and 10ml of DCFH-DA (5mM)was incubated for
15 min at room temperature to allow the DCFH-DA to be incor-
porated into any membrane-bound vesicles and the diacetate
group cleaved by esterases. After 30 min of further incubation,
the conversion of DCFH-DA to the fluorescent product DCF
was measured using a spectrofluorimeter with excitation at
484 nm and emission at 530 nm. ROS formation was quantified
from a DCF-standard curve and data are expressed as picomole
DCF formed/minute/milligram protein.

GSH Assays

The levels of total GSH and GSH/GSSG ratio were deter-
mined by using the glutathione assay kit obtained from
BioVision (BioVision Incorporated155 S. Milpitas
Boulevard, Milpitas, CA, 95035, USA), Fluorometric Assay
Kit (catalog #K264–100), according to the manufacturer’s
instructions.

Statistical Analysis

A computer-based Sigma Gel System (SPSS Inc., Chicago,
IL) and the Image J program were used to analyze the density
and integral optical density (IOD) of scanned X-ray films of
Western blot and immunofluorescence images. A one-way
ANOVA followed by Student’s t test were used to determine
the statistical significance (P value) of the obtained data. The
density values of the data were expressed as the means ± SEM
of three independent experiments. P values less than 0.05
were considered to be statistically significant, a, b, c, dP < 0.01:

& a Significantly different from the control group
& b and c Significantly different from the ethanol-treated

group
& d Significantly different from the ethanol and inhibitor-

treated group

Results

17β-Estradiol Attenuates Ethanol-Induced Oxidative
Stress in the Young Rat’s Brain

In order to examine the effect of 17β-estradiol against
ethanol-induced oxidative stress in P7 rat’s brain, ROS

assay was conducted. The results showed that a single
injection of ethanol induced oxidative stress and signif-
icantly increased reactive oxygen species (ROS) produc-
tion as compared to the saline-treated rats. Conversely,
the rat’s pups that received 17β-estradiol treatment
along with ethanol showed significantly less ROS gen-
eration level in comparison to ethanol-alone-treated rats
(Fig. 1a). Similarly, 17β-estradiol treatment markedly
enhanced glutathione (GSH) and GSH/GSSG levels in
the brain homogenates of ethanol-treated rats pups
(Fig. 1b, c).

Previous studies have demonstrated that heme
oxygenase-1 (HO-1) plays an important role in
protecting cells against oxidative stress as a cellular de-
fense mechanism [33]. Therefore, we evaluated the ef-
fects of 17β-estradiol on the activation of Nrf2/HO-1
signaling in the brain of ethanol-treated rats. The
Western blot analyses reveal decreased expressions of
Nrf2 and HO-1 proteins in ethanol-treated rats, while
17β-estradiol treatment significantly increased protein
expression of Nrf2 and HO-1 in the brain of ethanol-
treated pups (Fig. 1d).

Ethanol elevates the ROS levels and alters the antiox-
idant defense system in the brain, leading to neurodegen-
eration [9–11]. This ROS can cause the DNA damage.
The 7, 8-dihydro-8-oxoguanine (8-Oxo-G), a prominent
form of oxidative DNA damage, is a useful marker of
cellular oxidative stress [34]. To understand the effect of
17β-estradiol on ethanol-induced ROS production
in vivo, we analyzed the oxidative stress marker 8-
oxoguanine (8-Oxo-G) by the immunofluorescence meth-
od. The results showed that compared with the saline-
treated P7 pups, the expression of 8-Oxo-G were in-
creased in the brain of the ethanol-treated pups. On the
other hand, the 17β-estradiol treatment significantly re-
duced the expression of 8-OxoG against the ethanol-
treated P7 rat brain (Fig. 1e).

17β-Estradiol Reduced Ethanol-Induced
Neuroinflammation, Neuroapoptosis
and Neurodegeneration in the Young Rat’s Brain

Previous studies have demonstrated that ethanol induces
inflammation in NF-kB dependent manners [35, 36]. The
Western blot results revealed an increased expressions
levels of phospho nuclear factor kappa B (p-NF-kB) and
its downstream inflammatory markers such as tumor ne-
crosis factor-α (TNF-α) and intrinsic nitric oxide synthase
(iNOS) in the brain homogenates of ethanol-treated rat
pups as compared to vehicle-treated pups (Fig. 2a). In
contrast, 17β-estradiol administration to developing rat
pups significantly inhibited the expressions of p-NF-kB,
TNF-α , and iNOS levels as shown in Fig. 2a .
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Additionally, 17β-estradiol treatment also reduced
ethanol-activated astrocytes (glial fibrillary acidic protein
(GFAP)) as evidenced from the photomicrograph images
given in the Fig. 2b.

Pro-apoptotic Bax and anti-apoptotic Bcl-2 are mem-
bers of the Bcl-2 family and are the main regulators of
the apoptotic pathway in the mitochondria [37]. The
brain homogenates from all the treated rats were evalu-
ated for Bax and caspase-3 via immunoblot technique.
The results indicate that a single episode of ethanol
administration caused the upregulation of Bax and

caspase-3 protein expressions while 17β-estradiol
cotreatment with ethanol significantly reversed their ex-
pression levels in young rats (Fig. 2c).

Poly (ADP-ribose) polymerase-1(PARP-1) is involved
in DNA repair, and the overexpression of PARP-1
through different excitotoxic agents induces neurodegen-
eration [38]. In the current study, the Western blot anal-
ysis revealed that PARP-1 cleavage increased in the
ethanol-treated young rats while the expression level of
cleaved PARP-1 was significantly reduced in 17β-
estradiol-treated p7 rats (Fig. 2c).

Fig. 1 17β-Estradiol treatment ameliorates ethanol-induced oxidative
stress and ROS production in the postnatal rats. The representative histo-
grams showing a ROS level, b GSH level, and c GSH/GSSG ratio levels
in postnatal rats (n = 5/group) brain homogenates. GSH levels were mea-
sured by a kit method according to the manufacturer instructions, and
expressed as nanomole/milligram protein. d The western blot analysis
of Nrf2 and HO-1 in the brain homogenates of p7 rats. The bands were
quantified using the Sigma Gel software, and the differences are

represented by a histogram. β-Actin was used as a loading control. The
density values are expressed in arbitrary units (A.U.) as the
means ± S.E.M. for the respective indicated protein (n = 5 rats/group). e
The immunofluorescence images (green) of 8-oxoguanine (8-Oxo-G) in
the P7 rats brains after ethanol and 17β-estradiol administration. The
complete procedures are depicted in the material and methods section.
DAPI was used to stain the nucleus. Significance: a,bP < 0.01
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17β-Estradiol Improved the Pre-and Postsynaptic
Dysfunction Induced by Ethanol in the Developing Brain

Fluoro-Jade B is a widely used marker for damaged
neuronal cells and was used to determine the neurode-
generative effect of ethanol in the cortex of the P7 rats.
The results showed that the ethanol treatment signifi-
cantly increased the number of degenerated neurons
compared with the control animals. Notably, as assessed
from the decreased number FJB-positive cells, the
cotreatment with 17β-estradiol significantly reduced the

extent of ethanol-induced neurodegeneration in young
rat pups (Fig. 3a).

To assess the synaptic integrity after ethanol treat-
ment, the expression of the presynaptic vesicle mem-
brane protein synaptophysin (SYP) and the postsynaptic
marker postsynaptic density protein 95 (PSD95) were
quantified in the brain homogenates of the P7 rats.
The Western blot analysis revealed a significant reduc-
tion in both SYP and PSD95 levels in ethanol-treated
postnatal day 7 rat brains compared with the control,
ind ica t ing tha t e thanol could induce synapt ic

Fig. 2 17β-Estradiol treatment attenuates ethanol-induced neuroinflam-
mation and neuroapoptosis in the postnatal rats. Given are the immuno-
blots of a phospho-NF-κB, TNF-α, and iNOS protein in the developing
rat’s brain. All the respective bands were quantified using Sigma Gel
computer-based software, and the differences are depicted in the histo-
grams. b The immunofluorescence images (green) of reactive astrocytes
(GFAP) in the brain of treated animals. c The immunoblot analysis of

activated Bax, caspase-3, and cleaved PARP-1 in the young rats brain
using respective antibodies. β-Actin was used as a housekeeping gene.
The density values are expressed in arbitrary units (A.U.) as the
means ± SEM for the respective indicated protein (n = 5 animals/group).
All the details are given in the BMethods^ section. Significance:
a,bP < 0.01
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dysfunction (Fig. 3b). However, the brains of the ani-
mals that received 17β-estradiol either as a co-treatment
along with ethanol or alone showed significantly in-
creased expression of both synaptic markers including
SYP and PSD95 proteins (Fig. 3b).

The Effect of 17β-Estradiol on JNK/Akt/mTOR Signaling
Against Ethanol in the Young Rat’s Brain

The effect of ethanol and 17β-estradiol on JNK/Akt/mTOR
signaling was evaluated in the brain homogenates of young
rats through the Western blot technique. The immuno blots
indicate that ethanol induced the phosphorylation of c-jun N

terminal Kinase (p-JNK) which results in phospho-Akt (p-
Akt) inhibition and phosphorylation of mTOR (p-mTOR) in
the developing rat’s brain. The administration of 17β-
estradiol to the developing rat’s reversed the effect of
ethanol on p-JNK/p-Akt/p-mTOR signaling molecules as
shown in Fig. 3b.

SIRT1/Acetyl-p53 Signaling is Involved
in the Anti-Inflammatory Effect of 17β-Estradiol
Against Ethanol both In vivo and In vitro

To determine whether the beneficial effects of 17β-estradiol
against ethanol is SIRT1 dependent, the pharmacological

Fig. 3 The beneficial effects of 17β-estradiol on ethanol-induced neuro-
degeneration, synaptic dysfunction, and JNK/Akt/mTOR signaling in the
young rat’s brain. a The immunofluorescence representation of FJB-
positive neurons in the hippocampal CA1 region of P7 rat’s brain follow-
ing saline, ethanol, and 17β-estradiol administration. DAPI was used to
counterstain the nucleus. The immunoblot analysis of b synaptophysin

(SYP), PSD95 and c phospho-JNK, phospho Akt, and phospho mTOR
proteins in the P7 rat’s brain. The relative density histograms show the
bands quantification by using the Sigma Gel software. β-Actin was used
as a loading control. The density values are expressed in arbitrary units
(A.U.) as the means ± S.E.M. for the respective indicated protein (n = 5
rats/group). Significance: a,bP < 0.01
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inhibitor of SIRT1, i.e., EX527, was used both in vivo and
in vitro. The immunoblot results indicate that ethanol
completely inhibited SIRT1 protein and upregulated the acet-
ylation of p53 (acetyl-p53) protein expressions in the brain
homogenates of young rats. In contrast, 17β-estradiol coad-
ministration with ethanol to postnatal day 7 rats not only ac-
tivated the SIRT1 protein but also significantly inhibited
acetyl-p53 and p-NF-kB proteins as shown in Fig. 4a.
Interestingly, the coadministration of EX527 along with etha-
nol to young rats caused further suppression of SIRT1 and
upregulation of both acetyl-p53 and p-NF-kB protein levels.
More importantly, it abolished the SIRT1 upregulating effect
of 17β-estradiol as shown in Fig. 4a. Similarly, EX527 treat-
ment also affected the 17β-estradiol inhibitory effect on
acetyl-p53 and p-NF-kB proteins in the developing rat’s brain
(Fig. 4a).

Moreover, 17β-estradiol was nontoxic toHT22 cells in two
different concentrations (10 and 20 μg/ml) and all these two
concentrations increased the cell viability against ethanol
in vitro (Fig. 4b). The second concentration (i.e., 20 μg/ml)
completely inhibited ROS production in HT22 cells in vitro
(Fig. 4c).

The Beneficial Effects of 17β-Estradiol on SIRT1,
p-NF-kB, and Acetyl-p53 Expression

Herein too, 17β-estradiol positively regulates and activates
SIRT1 protein signaling. The immunostaining images of
SIRT1colocalization either with acetyl-p53 (Fig. 5a) and p-
NF-kB (Fig. 5b) in the presence or absence of EX527 reveals
that 17β-estradiol can positively regulate SIRT1 and
potentially inhibit its downstream signaling such as

Fig. 4 17β-Estradiol reduced ethanol-induced SIRT1/Acetyl-p53 depen-
dent neuroinflammation in vivo and oxidative stress in vitro. Given are
the a Western blot results of SIRT1, Acetyl-p53, and phospho-NF-kB
after ethanol, 17β-estradiol, and with or without EX527 in the brain
homogenates of developing rats. b The MTT and c the ROS assay was

conducted in HT22 cells according to the procedure as given in the
BMethods^ section. These assays were performed in triplicate. The bands
were quantified using the Sigma Gel software, and the differences are
represented by a histogram. Significance: a,b,c,dP < 0.01
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acetyl-p53 and p-NF-kB. All these beneficial effects of 17β-
estradiol against ethanol are depicted in (Fig. 6a, b).

Discussion

This current study was conducted to know about the mecha-
nism of 17β-estradiol against acute ethanol intoxication
(Fig. 6a, b). It might be the first report which shows that
17β-estradiol can potentially ameliorate ethanol-induced

oxidative stress, neuroinflammation, and neurodegeneration
in the postnatal day 7 rat’s brain. This mechanistic approach
is the first evidence that 17β-estradiol abrogates ethanol-
induced toxicity in the SIRT1/Acetyl-p53/NF-kB signaling
pathway in a dependent manner in the developing rat brain
(Fig. 6a, b).

The existing literature demonstrates that SIRT1 is one of
the vital targets of ethanol especially in the liver [39, 40],
while its effect on the developing brain is not known yet.
The present study provides the direct evidence that SIRT1

Fig. 5 17β-Estradiol stimulates the SIRT1/Acetyl-p53/NF-kB signaling
pathway against ethanol in vitro. a The Western blots of Acetyl-p53 and
Bax proteins in the cell lysates of BV2 cells after ethanol and 17β-
estradiol treatment. The immunofluorescence images of b SIRT1 (green),

p-NFkB (red), and c SIRT1 (green), and Acetyl-p53 (red) following
ethanol, 17β-estradiol, and with or without EX527 (SIRT1 inhibitor) in
BV2 cells. DAPI was used to counterstain the nucleus. Significance:
a,b,cP < 0.01
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activation by 17β-estradiol represents a novel therapeutic
mechanism by which SIRT1 inhibits p53 acetylation and pre-
vents oxidative stress, neuroinflammation, and neurodegener-
ation induced by ethanol in the postnatal day 7 rat’s brain and
in the BV2 cell line. Most importantly, the administration of
the SIRT1 inhibitor (i.e., EX527) to young rats or treating
BV2 cell line further enhanced the ethanol toxic effect (i.e.,
increased p53 acetylation and phospho-NF-kB activation),
while this caused the blockage of 17β-estradiol effects both
in vivo and in vitro.

Ethanol is a toxic agent which causes neurotoxicity espe-
cially to developing brain as it has been demonstrated that this
stage is equivalent to ethanol exposure during the third trimes-
ter of pregnancy in humans [41]. In the current study, we
employed the same model which states that ethanol exposure
to postnatal day 7 rats can evoke apoptotic cascade and induce
neurodegeneration [42]. Alcohol-induced oxidative stress is
one of the possible and most important mechanisms that lead
to neuronal cell death [43]. Due to the large amount of oxygen
consumption and reduced antioxidant activities, the brain is
extremely susceptible to oxidative damage [44]. Similarly, in
contrast to the adult brain, in the immature rat’s brain, there is
small number of antioxidant enzymes, which makes it more
vulnerable to the neurotoxic effects of oxidative stress. Both

the low levels of oxidative stress have a physiological effect
on cellular functions including neuronal plasticity while the
high levels may cause oxidation/nitrosylation of lipids, pro-
teins, and nucleic acids, resulting in neuronal cell death [45].
That is why to maintain a normal neuronal function the bal-
ance between pro- and antioxidant reactions is critical in the
brain. Previous reports reveal that prenatal ethanol exposure
could cause an increase in oxidative stress in developing or-
gans, including the brain [46, 47]. Our earlier study also sup-
ports that ethanol can cause oxidative stress and widespread
neurodegeneration in the brain of developing rats [48]. In line
with our previous report and other studies here, we too ob-
served that ethanol induces ROS production accompanied by
the activation of caspase-dependent neuronal apoptosis both
in in vivo and in vitro models. In the current study, we have
shown that 17β-estradiol activates SIRT1 expression and ex-
erts its antioxidant effect against ethanol-induced oxidative
stress by upregulating endogenous antioxidant systems in-
cluding both the glutathione levels and Nrf2/HO-1 proteins
expressions accompanied by ROS production inhibition. A
similar study was conducted in which the authors have shown
that 17β-estradiol protected the developing cerebellum
against ethanol-induced oxidative stress and neurotoxicity
[43]. Another report demonstrates that 17β-estradiol interferes

Fig. 6. The proposed mechanism of 17β-estradiol against ethanol-
induced neurotoxicity. The schematic diagram shows the proposed and
underlying mechanism of the neuroprotective effect of 17β-estradiol
against the ethanol-induced ROS production, neuroinflammation, and

apoptotic neurodegeneration in the developing rat’s brain. This diagram
depicts that 17β-estradiol via SIRT1/Acetyl-p53/NF-kB prevents the
ethanol-induced ROS production, synaptic deficits, neuroinflammation,
and neurodegeneration in the ethanol-treated P7 rats.
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with the ethanol withdrawal-induced alteration of oxidative
signaling pathways and thereby protects the neurons, mito-
chondria, and behaviors [49]. During this study, we conducted
the ROS assays both in the postnatal day 7 rat’s brain homog-
enates and in mouse neuronal and microglial cell lines and all
these results have proved that 17β-estradiol can potentially
inhibit ethanol-induced oxidative stress.

This study demonstrates for the first time that 17β-
estradiol can potentially stimulate SIRT1 to inhibit acet-
ylation of p53 and its downstream signaling. 17β-
Estradiol caused the downregulation of activated JNK
accompanied by the pro-inflammatory and pro-
apoptotic protein markers to rescue the postnatal rat’s
brain. Our Western blot and immunofluorescence results
reveal that 17β-estradiol completely inhibited the
ethanol-induced toxicity via activating endogenous
SIRT1. Our hypothesis is that SIRT1 activation can
cause the JNK inhibition following its downstream sig-
naling, as the published data indeed supports that
FOXO is a substrate of SIRT1 and thus SIRT1 can
indirectly (might be via FOXO) inhibit JNK activation
against H2O2 and palmitate [50–52]. Once JNK is
deactivated, it can cause the stoppage of signaling mol-
ecules such as various inflammatory and apoptotic pro-
teins hence reduce the toxicity. 17β-Estradiol has been
demons t r a t ed a s one o f t h e mos t impo r t an t
neuroprotectant agent since reported. It has been consid-
ered as a frontline antioxidant [53] and agent that can
ameliorate toxicities induced by various toxins both in
in vivo and in vitro models.

In conclusion, the present findings reveal important SIRT1-
dependent neuroprotection of 17β-estradiol that reduce the
ethanol-induced oxidative damage and subsequent neuroin-
flammation and apoptosis in the developing rat’s brain.
These protective effects of 17β-estradiol include inhibition
of ROS production and glutathione upregulation and the de-
activation of pro-inflammatory (phospho-NF-kB) and pro-
apoptotic proteins (acetylated p53, Bax, caspase-3, and
PARP-1) against ethanol intoxication in the postnatal day 7
rats’ brain. A more detailed and mechanistic approach is war-
ranted to explore the therapeutic efficacy of 17β-estradiol
against ethanol and other toxins.
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