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ABSTRACT

Ethanol (ETOH) can cause apoptotic death of neurons by de-
pleting GSH with an associated increase in oxidative stress.
The current study illustrates a means to overcome this ETOH-
induced neurotoxicity by enhancing GSH through boosting
Nrf2, a transcription factor that controls GSH homeostasis.
ETOH treatment caused a significant increase in Nrf2 protein,
transcript expression, Nrf2-DNA binding activity, and expres-
sion of its transcriptional target, NQO1, in primary cortical
neuron (PCNs). However, this increase in Nrf2 did not maintain
GSH levels in response to ETOH, and apoptotic death still
occurred. To elucidate this phenomenon, we silenced Nrf2 in

neurons and found that ETOH-induced GSH depletion and the
increase in superoxide levels were exacerbated. Furthermore,
Nrf2 knockdown resulted in significantly increased (P < 0.05)
caspase 3 activity and apoptosis. Adenovirus-mediated over-
expression of Nrf2 prevented ETOH-induced depletion of GSH
from the medium and high GSH subpopulations and prevented
ETOH-related apoptotic death. These studies illustrate the im-
portance of Nrf2-dependent maintenance of GSH homeostasis
in cerebral cortical neurons in the defense against oxidative
stress and apoptotic death elicited by ETOH exposure.

Introduction

Exposure to ethanol during pregnancy, a debilitating public
health problem, is associated with adverse outcomes ranging
from fetal alcohol syndrome to alcohol-related neurodevelop-
mental disorder, which are collectively known as fetal alcohol
spectrum disorder (FASD) (Sokol et al., 2003). A variety of
animal- and cell-based experimental FASD models used in
identifying the underlying mechanisms behind ethanol-induced
oxidative stress-dependent developmental deficits have been
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comprehensively reviewed (Brocardo et al., 2011), yet such
mechanisms and interventions remain elusive.

Previous studies from our laboratory and others in both in
vivo and in vitro models have documented that the ethanol-
elicited developmental deficits affecting multiple regions of the
central nervous system are linked to reduced progenitor cell
proliferation, disordered neuronal migration, disrupted neu-
rotransmitter function, and enhanced neuron death (Gressens
et al., 1992; Henderson et al., 1995; Jacobs and Miller, 2001;
Ramachandran et al., 2001, 2003; He et al., 2005). Although
programmed cell death of neurons is an obligatory process in
the developing brain for its optimal development (Sastry and
Rao, 2000), exposure to the pro-oxidant, ethanol, elicits an ap-
optotic response concomitant with a loss of redox homeostasis in
neurons (Ramachandran et al., 2003).

In general, NF-E2-related factor 2 (NFE2L2/Nrf2), a basic
leucine-zipper transcription factor, tightly controls redox ho-

ABBREVIATIONS: FASD, fetal alcohol spectrum disorder; ARE, antioxidant response element; ETOH, ethanol; MEM, minimal essential medium;
HS, horse serum; DAPI, 4,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
MAP2, microtubule-associated protein 2; siRNA, small interfering RNA; ECL, enhanced chemiluminescence; ELISA, enzyme-linked immunosor-
bent assay; PCN, primary cortical neuron; DIV, days in vitro; Act D, actinomycin D; g, quantitative; RT, reverse transcriptase; PCR, polymerase
chain reaction; Ad GFP, adenovirus for green fluorescent protein; Ad WT Nrf2, adenovirus for wild-type Nrf2; Ad DN Nrf2, adenovirus for
dominant-negative Nrf2; FACS, fluorescence-activated cell sorting; MCB, monochlorobimane; HET, hydroethidine/dihydroethidium; PI, propidium
iodide; GCLC, y-glutamylcysteine ligase; PBS, phosphate-buffered saline; EMSA, electrophoretic mobility shift assay; PE, phycoerythrin; ANOVA,
analysis of variance; siNrf2, small interfering RNA against Nrf2; DN, dominant negative; MG-132, N-[(phenylmethoxy)carbonyl]-L-leucyl-N-[(1S)-

1-formyl-3-methylbutyl]-L-leucinamide; GST, glutathione transferase.
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meostasis and facilitates the adaptation of neurons to a hos-
tile oxidative environment (Lee et al., 2005). Under the basal
condition, Nrf2 is sequestered in the cytoplasm by a chaper-
one molecule, Keap-1, and, upon oxidant stimulation, escapes
from Keap-1, binding to ARE elements in the nucleus and
up-regulating the transcription of NQO1, phase II genes
including those involved in GSH biosynthesis (Itoh et al.,
1999; Shih et al., 2003; Kraft et al., 2004). Although converg-
ing evidence from several fields demonstrated that Nrf2 de-
ficiency in cells or animals is linked to increased susceptibil-
ity to oxidant-mediated injury, the intact Nrf2 pathway is
indispensable for mounting defense mechanisms against
those toxic stressors (Shih et al., 2005a,b; Satoh et al., 2006;
Kensler et al., 2007). In a recent study, Dong et al. (2008)
demonstrated a significant role for Nrf2 signaling in ETOH-
induced teratogenesis in intact embryos. In addition, there
are many studies elucidating a range of mechanisms involved
in ethanol-induced apoptosis in numerous cell types, viz.,
cerebellar granule neurons (Bhave et al., 2000), neocortical
neurons (Jacobs and Miller, 2001), and midbrain neurons
(Crews et al., 1999). Evidence generated from our laboratory
has illustrated that ethanol can accelerate apoptotic cell
death of neurons in developing brain (Ramachandran et al.,
2001, 2003), and such an increase in neuron loss can be
correlated to a reduction in progressive brain tissue volume
shrinkage and in cortical gray matter volume and ultimately
to altered cortical functions (Pfefferbaum et al., 1998). Thus,
connections between ethanol-mediated damage to cells
within the developing cerebral cortex and functional conse-
quences of ethanol exposure are in place. Our current study
is the first of its kind to focus specifically on the cerebral
cortical region response of fetuses and neurons isolated from
fetal cortices to ETOH with respect to a vital signaling
event(s) involving Nrf2. It is further shown that adenovirus-
mediated overexpression of Nrf2 can protect fetal primary
cortical neurons against ETOH-induced oxidative stress and
apoptosis.

Materials and Methods

Materials. Minimum essential medium (MEM), Dulbecco’s mini-
mum essential medium, Hanks’ balanced salt solution, fetal bovine
serum, and TRIzol were purchased from Invitrogen (Carlsbad, CA).
Horse serum (HS), trypsin, DNase, antibiotics, poly-D-lysine, uri-
dine, monochlorobimane, hydroethidine, actinomycin D, and tubulin
monoclonal antibody were from Sigma-Aldrich (St. Louis, MO).
Fisher-Costar cell culture inserts for coculture were obtained from
Thermo Fisher Scientific (Waltham, MA). 4,6-Diamidino-2-phenylin-
dole (DAPI) and annexin V FITC apoptosis detection kits were ob-
tained from BD Biosciences (San Jose, CA). Nrf2 (C-20), GAPDH
antibodies, and NFE2/Nrf2/ARE consensus and mutant oligonucle-
otides were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
The anti-microtubule-associated protein 2 (MAP2), GSH detection
kit was purchased from Millipore Bioscience Research Reagents
(Temecula, CA). Anti-glial fibrillary acidic protein was obtained from
Millipore Corporation (Billerica, MA). SMARTPool small interfering
RNA (siRNA) against Nrf2 and nontargeting siRNA pool was pur-
chased from Dharmacon RNA Technologies (Lafayette, CO). The
QuantiTect reverse transcription kit for first-strand synthesis was
purchased from QIAGEN (Valencia, CA). The cytosolic and nuclear
protein extraction kit and ECL detection kit were purchased from
Thermo Fisher Scientific. The Caspase-Glo 3/7 assay kit was ob-
tained from Promega (Madison, WI). siPORT amine was from Am-
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bion (Austin, TX). The TransAM ELISA kit for Nrf2 was purchased
from Active Motif Inc. (Carlsbad, CA).

Primary Cortical Neuron Cultures. Primary cortical neurons
(PCNs) were prepared from embryonic day 16 to 17 timed pregnant
Sprague-Dawley rats as described earlier (Dutton, 1990; Ramachan-
dran et al., 2003). In brief, embryos from the amniotic sac were taken
out, and the cerebral cortex was carefully dissected out. Fetal cortex
was mechanically dissociated in Hanks’ balanced salt solution, and
the cells were suspended in MEM containing 10% fetal bovine serum
and 10% HS. The cells were seeded at a density of 1.75 X 10°
cells/well in a six-well plate previously coated with poly-D-lysine, and
the neurons were maintained in a humidified atmosphere of 95% air
and 5% CO,. After 1DIV, the cells were given an “inhibitory” feeding
with uridine (10 mg/ml) containing MEM supplemented with 10%
HS to suppress the growth of astrocytes. After 48 h, old medium was
replaced by fresh MEM containing 10% HS and, subsequently, PCNs
were subjected to treatment either on the 4th day of culture (for
siRNA transfection and adenovirus infection experiments) or on the
5th day [for ETOH and actinomycin D (Act D) treatment]. This is a
well established and documented primary neuronal culture system,
which is essentially free of glia. Dual immunostaining with MAP2
(for neurons) and glial fibrillary acidic protein (for astrocytes) were
performed and the isolation procedure adopted yielded ~95% en-
riched neuronal culture (Supplemental Fig. 1).

In Vivo Model. A 2-day exposure regimen in an animal model of
acute ethanol exposure was used to mimic an alcohol binge in hu-
mans (Henderson et al., 1995). Sprague-Dawley rats were intubated
with ethanol [4 g/kg b.wt., 25% (v/v)] at 12-h intervals on days 10 and
17 of gestation. Pair-fed control rats were weight-matched to the
ethanol-fed dams and were intubated with isocaloric dextrose. On
day 18, 1 h before sacrifice, a final dose was administered. Both
control and ethanol-fed dams had full access to standard laboratory
chow and water ad libitum, whereas pair-fed controls had full access
to water but received the weight of chow consumed by the corre-
sponding ethanol dam during the previous 24-h period. The gesta-
tional age of the pair-fed control and ethanol rats were staggered by
a day to ensure that animals from the pair-fed controls received chow
at the same stage of gestation as did the corresponding ethanol-
treated dams. At the end of treatment, animals were sacrificed;
Blood alcohol levels were determined using an Analox AM1 analyzer.
Fetal brain cortices were carefully isolated and stored in —80°C until
use. All animal protocols were approved by the institutional animal
care and use committee. Handling and treatment of animals were
carried out according to guidelines for the use and care of laboratory
animals promulgated by the National Institutes of Health (Institute
of Laboratory Animal Resources, 1996).

Ethanol Treatment of PCNs. On 5DIV, PCNs were treated with
ETOH (4 mg/ml) for different time points (30 min, 1 h, 2h, 4 h, 8 h,
12 h, and 24 h) in an incubator saturated with ETOH to maintain
medium ETOH (monitored using the Analox AM1 alcohol analyzer)
(Rathinam et al., 2006). The in vitro experiments involving ETOH in
the current study are short-term (24 h), whereas alcohol abuse is
usually prolonged. This is a clinically relevant, albeit high, concen-
tration, which is at or below that reported in mouse and rat models
that expressed prominent brain apoptotic responses (Olney et al.,
2002; Rathinam et al., 2006).

Actinomycin D Treatment. PCNs on 5DIV were coincubated
with ETOH (4 mg/ml) and Act D (1 pg/ml). No adverse effects of Act
D on PCNs were seen at this concentration and duration. After
treatment, cells were incubated for the above time periods, after
which they were harvested, total RNA was isolated, and real-time
qRT-PCR for Nrf2 and GAPDH determinations was performed.

Adenovirus Infection. PCNs seeded at a density of 1.75 X 10°
cells/well in six-well plates were infected at 4DIV with either Ad
GFP, Ad WT Nrf2, or Ad DN Nrf2. The viruses were generously
provided as a gift by Dr. Jeffrey Johnson (University of Wisconsin,
Madison, WI). Virus infection was performed in complete medium at
a multiplicity of infection of 200 for 1 h at room temperature. The
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plates were returned to the incubator for additional 1 h, and the
medium was replenished with fresh 10% MEM. The infected plates
were then returned to a 37°C humidified 5% CO, incubator, and the
cells were harvested after 24 and 48 h for Western analysis of Nrf2
expression. All experiments involving 24-h ETOH exposure were
performed at 24 h after infection.

siRNA Transfection. siRNA transfection experiments were per-
formed in 4DIV PCNs in six-well plates. Then 5 ul of siPORT amine
diluted in Opti-MEM was gently mixed either with 100 nM SMARtPool
siRNA against Nrf2 or nontargeting siRNA pool. After complex for-
mation according to the manufacturer’s instructions (Ambion), the
mixture was gently added to PCNs. Silencing was observed with
Western analysis for Nrf2 protein expression after 24 and 48 h. For
the experiments involving ETOH, 24 h after transfection of siRNA,
the cells were exposed to ETOH for an additional 24 h and processed
for various downstream applications such as Western and FACS
analysis for detection of MCB, HET, and annexin V FITC/PI and the
Caspase-Glo assay.

RNA Extraction and Real-Time qRT-PCR Analysis. Total
RNA was isolated from PCNs or cerebral cortex using the TRIzol
reagent according to the manufacturer’s recommendations (Invitro-
gen). Then 1.5 ug of total RNA was effectively removed of genomic
DNA contamination and reverse-transcribed with a QuantiTect re-
verse transcription kit (QIAGEN). One-tenth of the cDNA was used
in real-time RT-PCR analysis of mRNA expression for Nrf2, y-glu-
tamylcysteine ligase (GCLC), and GAPDH. TagMan gene expression
assays consisting of the primers and probes specific for rat Nrf2 and
rat GAPDH were from Applied Biosystems (Foster City, CA). Real-
time PCR amplification was performed in 96-well optical plates in a
final volume of 20 ul containing 10 ul of TagMan Universal Master
Mix (Applied Biosystems), 20 pmol of the respective primers, and
1/10 of the reverse-transcribed RNA. For the experiment involving
GCLC mRNA quantitation, an SYBR Green-based real-time PCR
assay was performed using real-time primers for rat GCLC and rat
GAPDH according to the manufacturer’s instructions (SABiosci-
ences, Frederick, MD). Real-time PCR was conducted in an ABI
Prism 7300 system (Applied Biosystems). The expression of the
target genes (Nrf2 and GCLC) was determined relative to GAPDH as
an internal control, and the relative fold change in the mRNA ex-
pression was calculated using the 2724°T, where ACT = CT g0t gone —
CTGAPDH and AACT = ACr]"treated condition ACTuntreated condition*

Reverse Transcription-PCR Analysis. Total RNA was isolated
from untreated and ETOH-treated PCNs and in utero brain cortices,
and cDNA was prepared as described above. One-tenth of the cDNA
was used in the PCR using primers specific for rat NQO1 [forward,
5'-ACTCGGAGAACTTTCAGTACC-3’; reverse, 5'-TGGAGCAAAG-
TAGAGTGGT-3’ (Yan et al., 2008)] and rat GAPDH (forward, 5’-
AGACAGCCGCATCTTCTTGT-3'; reverse, 5-TACTCAGCACCAG
CATCACC-3'). After an initial denaturation at 95°C for 3 min, PCR
specific for NQO1 was performed in a 25-ul reaction volume for 35
cycles under the following conditions: 95°C for 30 s, 53°C for 30 s,
72°C for 60 s, and finally an extension at 72°C for 5 min. GAPDH
cycling parameters were the same except for the annealing temper-
ature, which was 55°C for 30 s. Aliquots of the PCR product were run
on a 1% agarose gel, and the products for NQO1 and GAPDH were
visualized at 492 and 323 base pairs, respectively, by ethidium
bromide staining using a gel documentation system (UVP, Inc., Up-
land, CA). The images were photographed and quantified using
Imaged software (http:/rsbweb.nih.gov/ij/).

Western Blot Analysis. PCNs or cerebral cortices were lysed in
radioimmunoprecipitation assay buffer at 4°C for 30 min, and after
sonication and centrifugation at 15,000g for 15 min, the supernatant
was used for immunoblot assay. In brief, 25 ug of equal amounts of
lysates from various treated groups were resolved by electrophoresis
on 8% polyacrylamide gels, electrotransferred to a polyvinylidene
difluoride filter, and blocked with 5% nonfat dry milk. After incuba-
tion with primary antibodies against rat Nrf2, GAPDH, tubulin, and
lamin, the membranes were then washed three times in PBS-Tween

20 and incubated with horseradish peroxidase-conjugated anti-rab-
bit or mouse IgG or goat IgG for 1 h. The antigen-antibody complex
was detected using an ECL chemiluminescence kit. Nrf2 bands were
quantified by scanning densitometry using Imaged software and
were normalized to the signal intensity of GAPDH.

Double Immunofluorescence. PCNs cultured on poly-D-lysine-
coated coverslips were treated with or without ETOH (4 mg/ml, 30
min), washed with PBS, fixed in 2% paraformaldehyde, and blocked
as needed, followed by Nrf2 and MAP2 dual immunostaining.
Nrf2 and MAP2 expression was detected using Cy3-conjugated don-
key anti-rabbit antibodies and FITC-tagged donkey anti-mouse sec-
ondary antibodies, respectively. DAPI was used to stain the nuclei to
determine nuclear localization of Nrf2, if any. The cells were visual-
ized and imaged using Olympus FluoView 500.

Electrophoretic Mobility Shift Assay. Nuclear proteins were
extracted from PCNs or cerebral cortex using a nuclear and cytoplas-
mic extraction kit (Thermo Fisher Scientific). EMSA binding reac-
tions were performed at room temperature in a final volume of 20 ul
containing 10 pg of the nuclear extract from both control and various
time points of ETOH-treated samples, 5 X 10* cpm of 32P-labeled
Nrf2 oligonucleotide probe, and 1 ug of poly(dI-dC). Likewise, in a
separate reaction, the corresponding mutated Nrf2 oligonucleotide
was also incubated with the nuclear extracts. To determine the
specificity of protein binding to the Nrf2/ARE sequence, competition
assays were performed in the presence of a 100-fold excess of the
unlabeled competitor oligo (Nrf2 consensus) along with nuclear ex-
tract for 10 min before the addition of radiolabeled probe. The su-
pershift assays were performed by preincubating nuclear extracts
with 2.5 ug of Nrf2 antibody in ice for 15 min, and the reaction was
performed at room temperature for 30 min after addition of the
radiolabeled probe. The DNA-protein complexes were resolved in a
5% nondenaturing polyacrylamide gel in 0.5X Tris-borate, and
EDTA buffer and gels were dried and autoradiographed with inten-
sifying screens at —80°C.

ELISA-Based Measurement of Nrf2 Activity. The TransAM
Nrf2 Kit was used to assay the DNA-binding activity of Nrf2 in the
nuclear extracts that were obtained from both the untreated and
ETOH-treated cells/brain cortices. In brief, 5 pug of nuclear extracts
from each sample in triplicate were incubated in a 96-well plate that
was coated with oligonucleotide containing a consensus binding site
for Nrf2. For competitive binding experiments, which measure the
specificity of the assay, 5 ug of nuclear extract from the ETOH-
treated cells were assayed in the presence of wild-type or mutated
competitor oligonucleotides. After 1 h of incubation, the wells were
washed and incubated with 100 ul of a 1:1000 dilution of rabbit
polyclonal antibody against Nrf2. Incubation with normal rabbit
polyclonal IgG was also performed separately to determine the spec-
ificity of the Nrf2 antibody. The wells were then washed, followed by
incubation with 100 ul of a 1:1000 dilution of horseradish peroxi-
dase-conjugated, anti-rabbit secondary antibody at room tempera-
ture. The wells were developed using 100 ul of TMB substrate for 6
and 3 min for cell lysates and tissue lysates, respectively, before
addition of 100 ul of stop solution. Optical density was read at 450
nm with a reference wavelength of 650 nm using a plate reader from
Bio-Rad Laboratories (Hercules, CA).

GSH Measurement by Flow Cytometry. Monochlorobimane, a
nonfluorescent reagent that reacts with GSH to form a highly fluo-
rescent derivative, was used to detect free GSH in individual viable
cells by flow cytometry (Maffi et al., 2008). At the end of treatment,
neurons were incubated with 10 uM MCB for 30 min in a cell culture
incubator, and cells were scraped, washed, and resuspended in ice-
cold PBS. Acquisition and analysis were performed on a FACS flow
cytometer with excitation and emission settings of 360 and 460 nm,
respectively.

GSH Measurement by Fluorometric Method. Intracellular
levels of reduced GSH were assessed by a GSH detection kit (Milli-
pore Bioscience Research Reagents). Nrf2 knockdown cells treated
with or without ETOH for 24 h were washed with 1.5 ml of wash
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buffer followed by lysis and clarification using centrifugation. Then
90 ul of lysate were mixed with 10 ul of MCB and incubated in a
black 96-well plate at room temperature in a light-protected envi-
ronment. Fluorescence was read in a fluorometer using a 380/460
filter set, and the results are expressed as relative fluorescence units.

Measurement of Cellular Superoxide by Flow Cytometry.
Generation of superoxide radicals as a measure of oxidative stress
was estimated by flow cytometry. The relative levels of intracellular
superoxide were analyzed using the cell-permeable redox-sensitive
fluorochrome HET. Cells were incubated with 1 uM HET for 15 min
at 37°C and subsequently washed twice in ice-cold PBS. The cells
were harvested in PBS containing 1% bovine serum albumin and
filtered through a 70-um filter, and superoxide accumulation was
analyzed in terms of the increase in ethidium fluorescence using flow
cytometry. A total of 10* events was collected, and the level of
superoxide in cells was expressed as the percentage of the control
(untreated) samples.

Annexin-V Staining and FACS Analysis. Annexin V binding
was used as one measure of apoptotic neurons. After treatment, both
detached and attached cells were harvested and centrifuged. The cell
pellet was washed with ice-cold PBS and resuspended in binding
buffer containing annexin V-FITC and PI. The cells were gently
vortexed and incubated in the dark. Untreated cells that were either
unstained or stained with PI or stained with annexin V-FITC were
included along with the experimental samples to correct the back-
ground signals. For overexpression experiments with adenovirus,
annexin V PE/ 7-amino-actinomycin D was used to avoid false-
positives that could arise as a result of green fluorescent protein
expressed by the bicistronic adenoviral construct. Data were col-
lected on a flow cytometer and analyzed using Cell Quest (BD Bio-
sciences) software.

Caspase-Glo 3/7 Assay. Caspase 3 and 7 activities were esti-
mated using Caspase-Glo 3/7. After treatment, neurons were washed
with PBS, and 300 ul of Caspase-Glo 3/7 reagent was added to each
well. Cells were scraped and collected in a microfuge tube. The
collected lysate was incubated in the dark, and the resultant lumi-
nescence was read in a GloMax luminometer (Promega). Relative
luminescence units were noted, and the results are expressed as fold
change in caspase 3/7 activity from control.

Statistical Analysis. Data are presented as means = S.E.M.
Statistical differences were determined using one-way ANOVA when
experiments involved more than two groups. Significant differences
among the different groups were analyzed using the Student-New-
man-Keuls test. For the experiments involving only two groups (un-
treated control and ETOH), a paired Student’s ¢ test was used. P <
0.05 was considered as statistically significant.

Results

Ethanol Induces Endogenous Nrf2 Protein by Tran-
scriptional Regulation. Prior studies in our laboratory,
and others have illustrated that ethanol, both in brain and in
cultured neurons, elicits oxidative stress (Jacobs and Miller,
2001; Ramachandran et al., 2001, 2003; Olney et al., 2002), a
setting that can activate the Nrf2 cytoprotective system
(Dong et al., 2008). To determine whether ETOH activates
Nrf2 in cerebral cortical neurons (PCNs), we initially mea-
sured Nrf2 protein levels in PCNs treated with ETOH for
different periods (Fig. 1A). Immunological detection of Nrf2
using an antibody specific against Nrf2 (C-20) resulted in the
detection of multiple bands and they are marked as 1, 2, 3, 4,
and 5 in the blot (Fig. 1A) corresponding to molecular
masses, 100 and 110, 68, 57, 53, and 41 kDa, respectively.
Upon Nrf2 silencing using the siPORT amine, only the faint
100- and 110-kDa bands and the strong 68-kDa band were
found to be down-regulated whereas the 57-, 53-, and 41-kDa
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bands (Fig. 1B) did not show any correspondence to Nrf2
silencing and were not regulated. The transfection agent
used herein, siPORT amine, did not have any toxic effect
as measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium assay (Supplemental Fig. 2). Treatment of
PCNs with a proteosomal inhibitor, MG-132, was found to
increase only the 100- and 110- and 68-kDa bands in accor-
dance with the previous studies (Furukawa and Xiong, 2005;
Kapeta et al., 2010) with the other bands showing no change
(Supplemental Fig. 3). This finding suggests that the prod-
ucts detected at 57, 53 and 41 kDa could be nonspecific. At
this point, it is not clear whether the ~100 kDa observed is
native Nrf2 or modified Nrf2. However, the high-molecular-
mass form could be an anomalous migration of Nrf2 in SDS-
polyacrylamide gel electrophoresis owing to its inherent high
acidic charges (Moi et al., 1994). Previous reports by others
have also provided evidence that the ~100-kDa form is a
Nrf2-actin dimer (Kang et al., 2002), ubiquitinated Nrf2 (Li
et al., 2005). Thus, in our experiments, a molecular mass of
68 kDa, which is the actual predicted size for Nrf2, is con-
sidered. Studies are underway in our laboratory to further
identify the nature of both high- and low-molecular-mass
Nrf2 forms.

As shown in Fig. 1A, exposure of PCNs to 4 mg/ml ETOH
resulted in a time-dependent increase in Nrf2 protein levels.
This increase, although clearly evident at the 6-h time points,
ultimately became statistically significant at 12 h of treat-
ment and remained elevated for 24 h (a 2-fold increase). To
determine whether this induction of Nrf2 protein expression
by ETOH is due to an increase in the mRNA levels, total RNA
was isolated from PCNs treated with or without ETOH for
the same ETOH exposure periods. Figure 1C illustrates that
transcript levels are expressed in a pattern similar to that of
protein, although the increase reached statistical signifi-
cance within 8 h of treatment. To determine whether this
reflects an ETOH effect on transcriptional activation of Nrf2,
we coincubated PCNs with and without ETOH and Act D,
which prevents transcription by binding to single-stranded
DNA. Shown in Fig. 1D is the effect of Act D on the ETOH-
related induction of Nrf2 mRNA. Act D treatment abolished
the ETOH-induced Nrf2 mRNA levels at each time point
measured, and a significant (P < 0.05) inhibitory effect was
observed as early as 4 h, indicating that ETOH regulates
Nrf2 by transcriptional mechanisms.

Ethanol Activates Nrf2/ARE Binding and Nuclear
Localization in PCNs. To examine whether the above in-
duction of Nrf2 expression in PCNs in response to ETOH
resulted in functional Nrf2 activity, we assessed Nrf2/ARE
DNA-binding ability by a band shift assay (Fig. 2). In the
mobility shift assay with the radiolabeled Nrf2/ARE probe,
nuclear extracts obtained from 30-min ETOH treatments
showed enhanced ability to form the ARE-DNA protein com-
plex (Fig. 2A, lane 1 versus lane 2). A progressive decline was
noted at subsequent time intervals. To confirm the specificity
of the consensus Nrf2/ARE oligonucleotide, we performed gel
shift assays in the presence of mutant and unlabeled com-
petitor along with 30-min ETOH nuclear extracts (Fig. 2B).
As expected, binding competition by the Nrf2/ARE unlabeled
probe significantly decreased the labeled ARE DNA-protein
complex (Fig. 2B, lane 3 versus lane 2), whereas the binding
of the latter was unaltered when it was incubated with an
ARE core mutated oligo (Fig. 2B, lane 4 versus lane 2),
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Fig. 1. Ethanol induces Nrf2 expression in a time-dependent manner in primary cortical neurons. PCNs were treated with ETOH (4 mg/ml) for the
times indicated. A, Nrf2 protein expression was determined by immunoblot analyses and equal loading demonstrated by anti-GAPDH. Bottom,
densitometric scanning analysis ratio of Nrf2 to GAPDH. Superscripts (1) and (2) in the densitometric plot represent the ratio intensity of 100- to 110-
and 68-kDa products corrected to GAPDH, respectively. B, PCNs were transfected with either nontargeting scramble siRNA (Scr. siRNA) or a
SMARTYpool mix of four siNrf2 using siPORT amine. Cells were lysed 48 h after transfection, and immunoblots were analyzed with anti-Nrf2 and
GAPDH. Bottom, densitometric scanning analysis ratio of 68-kDa Nrf2 to GAPDH. C, PCNs were treated with ETOH (4 mg/ml) for the times indicated
and real-time qRT-PCR analysis for Nrf2 transcript expression normalized to GAPDH. D, cells were incubated with Act D (1 pg/ml) along with ETOH
(4 mg/ml) for a given time in hours. Total RNA was then extracted and subjected to qRT-PCR for Nrf2 and GAPDH. A to C, results are the mean *+
S.E.M. of experiments performed in triplicate. One-way ANOVA for A, C, and D and a ¢ test for B was performed to establish statistical significance.
%, P < 0.05 compared with untreated control; ns, not significant compared with untreated control; #, P < 0.05 compared with respective ETOH time
treatment. Rel, relative.

confirming the specificity of complex formation. To detect the
presence of Nrf2 in this complex formation, we performed
supershift analysis using Nrf2 antibody. We observed an
enhanced complex signal instead of an expected supershifted
band (Fig. 2B, lane 6 versus lane 2). Repeated attempts failed
to generate any shift, and similar limitations with the use of
this Nrf2 antibody have been reported by Cho et al. (2002).
Subsequent supershift assays were performed using biotin-
based EMSA with multiple newly available Nrf2 antibodies,
out of which anti-Nrf2 (OriGene, Rockville, MD) produced a
supershift (Supplemental Fig. 4). In addition, a TransAm
ELISA for Nrf2 was performed to validate the Nrf2 specific
binding. As shown in Fig. 2C, a statistically significant 175%
increase in Nrf2 binding activity was found in the nuclear
extracts within 30 min of ETOH treatment. Prolonged ETOH

treatment resulted in a similar decline in Nrf2 activity as
seen in Fig. 2A. ELISA studies were tightly controlled for
antibody and Nrf2/ARE oligo specificity.

Because oxidants and xenobiotics activate Nrf2-related
systems by promoting nuclear transport (Itoh et al., 1999),
we determined whether ETOH-induced Nrf2 activity, as
shown by EMSA and ELISA, reflected nuclear Nrf2 localiza-
tion. A dual immunofluorescence study showed Nrf2 (stained
red) distribution throughout the MAP2-positive neurons
(stained green) including cytoplasm and nucleus in untreated
controls (Fig. 2D). Treatment with ETOH for 30 min resulted
in accumulation of Nrf2 in the nuclear compartment (Fig. 2D;
compare control versus ETOH merge image). Further 24-h
ETOH treatment significantly up-regulated the mRNA level
of one of the Nrf2-regulated gene products, NQO1 (Fig. 2E).
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Fig. 2. Ethanol induces Nrf2/ARE binding activity in PCN nuclear extracts. A, nuclear protein obtained from controls and PCNs exposed to ETOH
(4 mg/ml) for different time points was used to detect ARE-specific oligonucleotide-protein complexes by EMSA. B, supershift analysis was performed
using Nrf2 antibody and the presence of Nrf2 in the ARE DNA-protein complex was assayed. Excess unlabeled and mutant oligonucleotide was used
to determine specificity of the Nrf2/ARE binding. C, TransAM ELISA for Nrf2 was performed to confirm Nrf2 DNA binding activity in control and
ETOH-treated PCN nuclear extracts (mean + S.E.M., n = 3). Statistical significance was established by one-way ANOVA. D, a representative
immunofluorescence photomicrograph (original magnification, 20X) from control and 30-min ETOH (4 mg/ml)-treated PCNs for Nrf2 nuclear
localization. Anti-MAP2 was used as a neuronal marker, and the nucleus was identified by DAPI staining. Data are representative of three
independent experiments. E, RT-PCR image and statistical analysis for NQO1 and GAPDH mRNA from PCNs treated with and without ETOH (4
mg/ml) (n = 4). *, P < 0.05 compared with untreated control; ns, not significant compared with untreated control. Con, control; Wt, wild-type.

Taken together, these results demonstrate a role for ETOH
in Nrf2 activation and promoting nuclear localization in pri-
mary cortical neurons.

In Utero Binge Ethanol Exposure Activates Nrf2 in
Fetal Brain Cortices. Having shown that ETOH up-regu-
lates Nrf2 expression in vitro in PCNs, we next extended the
in vitro findings to the in vivo setting by testing for Nrf2
expression and activation in an animal model of acute etha-
nol exposure that mimics binge drinking in humans. First,
Nrf2 protein expression was determined by Western blot
analysis in total cortical protein extracts from day 18 fetal
brains whose dams were intubated (gastric) with either iso-
caloric dextrose or ETOH. As Fig. 3A shows, cortical Nrf2
protein expression was increased by almost 3-fold in the
ETOH-exposed group compared with the isocaloric dextrose-
administered control (P < 0.05). Real-time PCR analysis for
Nrf2 mRNA illustrated an ETOH-mediated increase in the
Nrf2 transcript, suggesting that the up-regulation of Nrf2
protein is due to increased mRNA levels as occur in primary
cultures of cerebral cortical neurons. In utero exposure of
ETOH elicited a significant increase (P < 0.05) in Nrf2 tran-
script levels by approximately 1.5-fold (Fig. 3B). Altered Nrf2

localization associated with its defective signaling may play a
critical role in oxidative stress-related experimental and clin-
ical neurological diseases such as Alzheimer’s and Parkin-
son’s disease (Ramsey et al., 2007). Hence, Western blot
analyses for Nrf2 in both cytoplasmic and nuclear enriched
fractions from fetal brain cortices were performed (Fig. 3C).
GAPDH and lamin B1 were included as markers for cytoplas-
mic and nuclear fractions, respectively, and Nrf2 levels in
each fraction were normalized to these. ETOH administra-
tion strongly increased endogenous Nrf2 expression com-
pared with that in controls (P < 0.05). This occurred primar-
ily in the nuclear compartment, but cytoplasmic Nrf2
expression was also increased. Figure 3D is a measure of
Nrf2 binding activity by TransAM ELISA for Nrf2 in the
nuclear fractions. Activated Nrf2 in nuclear extracts from
ETOH-treated animals was significantly increased (25%; P <
0.05) compared with that in dextrose-administered animals
(Fig. 3D, lane 1 versus lane 2). To determine specificity of
binding, ETOH-treated nuclear extracts were incubated with
either wild-type Nrf2 oligonucleotide or normal rabbit IgG or
mutated Nrf2 oligonucleotide. This illustrated that Nrf2
DNA binding activity was reduced in wild-type and IgG-
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incubated samples (Fig. 3D, lanes 4 and 5 versus lane 2),
whereas the mutated Nrf2 oligonucleotide did not change the
Nrf2-DNA binding activity (lane 3 versus lane 2). RT-PCR
analysis using primers that specifically amplified the NQO1
gene, a well known Nrf2-transcriptional target, revealed that
the NQO1 transcript was significantly increased by ~20% in
ETOH-treated fetal brain cortices compared with controls
(Fig. 3E). These results suggest that in utero ETOH admin-
istration resulted in up-regulation of Nrf2 and its activation
in brain cortex of fetuses similar to that observed in in vitro
cortical neuron cultures.

Nrf2 Silencing Increases Sensitivity to ETOH-Re-
lated Oxidative Stress and Apoptosis in PCNs. The
significance of perturbations of Nrf2 expression on ethanol-
related damage to neurons was addressed using siRNA-
based Nrf2 knockdown experiments. The Nrf2 content of
PCNs was reduced by treatment with 100 nM Nrf2 SMART-
pool siRNA to target endogenous Nrf2 and a nontargeting
scrambled siRNA pool to show that silencing of Nrf2 is spe-
cific and not due to nonspecific effects. siRNA targeting of
Nrf2 remarkably reduces the endogenous Nrf2 protein ex-
pression in PCNs (Fig. 4A, lane 3 versus lane 1), and this
knockdown further abolished the ETOH-induced Nrf2 ex-
pression (Fig. 4A, lane 4 versus lane 2). Nrf2/ARE activation
regulates cellular GSH homeostasis machinery (Shih et al.,
2005a), and ethanol-mediated apoptotic death is dependent
on this antioxidant system (Dong et al., 2008). Figure 4B
illustrates that reduced Nrf2 expression decreases baseline
GSH content (22%; column 1 versus column 3), and this is
further amplified by 44% (column 3 versus column 4) upon
ETOH treatment as assessed by a reduction in MCB fluores-
cence. Concomitant with this response is a significant in-
crease in superoxide radical levels by 18% in siNrf2 to 27%
with ETOH-treated Nrf2-depleted neurons (Fig. 4C). Lipid

densitometric scanning ratio of Nrf2/GAPDH intensities.
A and B, Student’s ¢ test (paired) was performed to deter-
mine the significance of treatment. Nuclear and cytosolic
extracts were used for immunoblot analyses of Nrf2 to
determine localization (C, mean += S.E.M., n = 5), and
nuclear extracts were used in TransAM ELISA for Nrf2
activity determination (D, mean = S.E.M., n = 3). Statis-
tical significance was established by one-way ANOVA.
E, RT-PCR image and statistical analysis for NQO1 and
GAPDH mRNA from control and ETOH-treated fetal brain
cortices (n = 4). *, P < 0.05 compared with isocaloric
dextrose-treated control; ns, not significant compared with
isocaloric dextrose-treated animals. Rel, relative; Wt, wild-type.

hydroperoxide levels, a measure of lipid peroxidation, were
also significantly increased in Nrf2-compromised neurons
(Supplemental Fig. 6A). The effect of this response on ETOH-
induced apoptosis is reflected by two apoptotic markers,
caspase 3/7 activation and annexin V binding. The reduction
in Nrf2 expression further increased (P < 0.05) caspase 3/7
activity by 1.5-fold (Fig. 4D) and annexin V binding by 1.2-
fold (Fig. 4E) over that occurring in “normal” PCNs.

Overexpression of Nrf2 Rendered Neuroprotection
against ETOH Toxicity. The above findings (Fig. 4) sup-
port an important role for Nrf2 in protection of neurons in the
developing brain from ETOH-induced oxidative stress and
subsequent apoptotic death. Thus, a key issue is that al-
though ETOH exposure increases Nrf2 protein expression
and subsequent early DNA/ARE binding (Figs. 1-3), a por-
tion of these neurons will develop oxidative stress that ulti-
mately elicits apoptotic death (Maffi et al., 2008) (Fig. 4). One
explanation for this is that the basal Nrf2/ARE cytoprotective
machinery in some neurons is incapable of a response that is
sufficient to provide protection from ETOH-mediated oxida-
tive stress. It is to be noted that several mechanisms have
been reported to be the cause for FASD phenotypes in vivo
and elicit toxic responses in cultured neuron models, which
include modulation of retinoic acid signaling (Deltour et al.,
1996), induction of oxidative stress (Ramachandran et al., 2001,
2003), calcium-based signaling events (Fischer et al., 2003), and
others. Herein experiments were performed to address the role
of Nrf2/ARE pathway in regulating ETOH-induced oxidative
stress-mediated neuronal injury.

Ad Nrf2 Increased Nrf2 Protein and y-Glutamylcys-
teine Ligase Content of PCNs. PCNs were infected either
with Ad Nrf2, Ad DN Nrf2, or a control virus (Ad GFP) on
4DIV with a titer of 200 MOI based on the previous study
(Shih et al., 2003, 2005a,b). This titer did not cause signifi-
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Fig. 4. siRNA-mediated Nrf2 knockdown exacerbates ethanol-induced oxidative stress and neuronal death. A, PCNs were transfected with either
nontargeting scramble siRNA or a SMARTpool mix of four siNrf2s using siPORT amine. Twenty-four hours after transfection of scrambled siRNA or
siNrf2, the cells were treated with or without ETOH (4 mg/ml) for an additional 24 h. Protein extracts were then immunoblot-analyzed with anti-Nrf2
and GAPDH. B, live cells were loaded with MCB and cells were fluorometrically analyzed for GSH content, and data are presented as relative
fluorescence units (RFU) (mean = S.E.M., n = 6). C, live cells were loaded with HET followed by FACS for ethidium positivity (measure of superoxide)
to indicate level of oxidative stress (mean = S.E.M., n = 6). D, cell extracts were used in the Caspase-Glo 3/7 assay and caspase 3/7 activity was
determined as luminescence units (mean = S.E.M., n = 6). E, live cells were stained using annexin V-FITC conjugate/PI, and FACS was used to
measure apoptotic cell death (mean = S.E.M., n = 6). One-way ANOVA was performed to establish statistical significance. *, @, P < 0.05 compared

with scramble untreated control; #, P < 0.05 compared with siNrf2.

cant neuronal cell death compared with virus-free conditions
(uninfected control PCNs) as measured by 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium (Supplemental Fig. 5)
and FACS analysis for annexin V/PE (data not shown). Nrf2
overexpression was confirmed at 24 and 48 h postinfection by
determinations of Nrf2 protein levels. Figure 5A illustrates
that in PCNs infected with Ad GFP, there was only a back-
ground low basal level of Nrf2 protein, whereas expression of
Nrf2 in neurons infected with Ad Nrf2 the protein expression
increased in a time-dependent manner (Fig. 5A, lanes 2 and
3 versus lane 1). Overexpression of DN Nrf2, which lacks an
N-terminal transactivating domain was detected as a 29-kDa
immunoreactive band in Western blot detection (Fig. 5B)
using the same C-terminal Nrf2 antibody that was used to
detect full-length Nrf2 (Shih et al., 2003). To address the
ultimate effectiveness of the Nrf2 overexpression, its impact
on neuron content of a major determinant of GSH synthesis
capacity, GCLC mRNA (Yang et al., 2005) was determined.
Ad Nrf2 overexpression resulted in a 3-fold increase in GCLC
mRNA expression compared with the Ad GFP-infected con-
trol (Fig. 5C, column 3 versus column 1). Ad Nrf2-infected
PCNs, when treated with ETOH, showed further enhance-
ment in GCLC mRNA by approximately 50% (P < 0.05)
compared with of Ad Nrf2 alone-infected PCNs (Fig. 5C,
column 4 versus column 3). Neither the DN Nrf2 alone-in-
fected PCNs nor the ETOH-exposed DN Nrf2-infected PCNs
showed an increase in GCLC transcript levels (Fig. 5C).

Nrf2 Overexpression Prevented the ETOH-Mediated De-
crease in PCN GSH Content. Previous findings have illustrated
that prevention of the ETOH-related reduction of GSH in PCNs
mitigates subsequent cell death and that GSH heterogeneity in a
single cell type can dictate PCN sensitivity to ETOH (Ramachan-
dran et al., 2003; Watts et al., 2005; Maffi et al., 2008). Cultured
PCNs express a striking heterogeneity of GSH content and over-
expression of Nrf2 clearly influences ETOH-induced changes in
this GSH heterogeneity (Fig. 5D). Flow cytometric segregation of
PCNs based on MCB positivity illustrates three populations of
cells that are classified as high, medium, and low GSH.

The mean distribution of high, medium, and low GSH in
Ad GFP-infected control cells is 1.1, 28.7, and 70.2%, respec-
tively (Fig. 5E, column 1). Treatment with ETOH resulted in
a clear (P < 0.05) shift in GSH distribution, which presents
as a decrease in both medium GSH (Fig. 5, D and E, area
under green peak; Ad GFP versus Ad GFP + ETOH) and
high GSH population (Fig. 5, D and E, area under blue peak;
Ad GFP versus Ad GFP + ETOH) and a shift to the low GSH
population (Fig. 5, D and E, area under orange peak; Ad GFP
versus Ad GFP + ETOH). By considering the high GSH
population (which is 1.1% of the total) as 100%, Nrf2-aug-
mented neurons showed a 20% increase compared with the
Ad GFP control. This significantly prevented ETOH-induced
depletion of high and medium GSH. In contrast to overex-
pression of wild-type Nrf2, use of DN Nrf2, which would be
expected to mimic Nrf2 knockdown, likewise showed a dra-
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Fig. 5. Adenovirus-mediated overexpres-
sion of Nrf2 contained ethanol-induced ox-
idative stress and neuronal death. A and
B, PCNs (4DIV) in serum containing me-
dium were infected with adenovirus en-
coding Nrf2 ¢cDNA (A) or DN Nrf2 (B) at
200 MOI. Twenty-four and 48 h after in-
fection, cells were processed for protein
and immunoblot-analyzed for Nrf2 over-
expression and normalized with anti-tu-
bulin/GAPDH expression. Adenovirus en-
coding GFP ¢cDNA was used as the control
virus in this study. C to J, PCNs were
infected with either Ad GFP/Ad Nrf2/Ad
DN Nr2 for 24 h at 4DIV and followed by
24 h of ETOH (4 mg/ml) treatment. C,
total RNA was extracted and subjected to
qRT-PCR for GCLC, an Nrf2 transcrip-
tional target and a constitutively ex-
pressed gene, GAPDH. Relative (Rel.)
quantification of GCLC/GAPDH tran-
scripts is illustrated (mean + SE.M., n =
6). D, neurons infected and treated as in C
were subjected to flow cytometric determi-
nation of MCB staining to measure cellu-
lar GSH. A representative experiment is
shown (D) wherein neuronal population
were divided into low (orange), medium
(green), and high GSH (blue) containing
cells based on differential MCB staining.
E, percentage of cells positive for MCB
derived from high, medium, and low GSH
populations are represented in blue,
green, and orange graphs, respectively
(mean = S.E.M., n = 6). F, a representa-
tive FACS diagram, portraying the effect
of Nrf2 on ethanol-induced superoxide
generation measured in terms of oxidation
of HET into the fluorescent product
ethidium. Red vertical bars were intro-
duced to visualize shift in peaks. G, esti-
mation of effector caspase 3/7 activity in
neuronal extracts obtained from the afore-
mentioned treatment by the Caspase-Glo

assay (mean * SE.M., n = 4). H, neurons
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matic increase in the low GSH population with a concomitant
decline in the medium and high GSH populations (Fig. 5D).
Although glutathione transferase (GST) activity is required
for the measurement of intracellular GSH using MCB detec-
tion, it has been shown that MCB fluorescence intensity
versus time peak labeling in different cell types, viz., menin-
ges, astrocytes, and differentiated cortical layer II neurons
occurs within 20 min. In other words, the reaction between
MCB and GSH proceeds to completion within 20 min (Sun et

were stained with annexin V-PE conju-
gate/7-amino-actinomycin and read imme-
diately by flow cytometry to measure the
extent of apoptosis (mean = S EM., n =
6). One-way ANOVA was performed to es-
tablish statistical significance. *, @ P <
0.05 versus Ad GFP control; #, P < 0.05
versus Ad GFP + ETOH; ns, not
significant.

al., 2006). Thus, the protocol used in our study measures the
plateau level of GSH-MCB (30-min MCB incubation; refer to
Materials and Methods), ensuring completion of the initial
GST-mediated conjugation to detect the GSH-MCB fluores-
cence resulting from the cellular GSH concentrations,
thereby not allowing GST activity as a limiting factor.

Nrf2 Overexpression Prevented ETOH-Mediated Ox-
idative Stress and Apoptosis of PCNs. Prior studies by
our laboratory and others have connected ETOH-mediated
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apoptotic death of neurons to oxidative stress (Jacobs and
Miller, 2001; Ramachandran et al., 2001; Olney et al., 2002;
Watts et al., 2005). FACS analysis was used with HET as an
estimate of superoxide radical content. ETOH increased the
HET signal (Fig. 5, F and Ad GFP + ETOH versus Ad GFP),
which was normalized in Nrf2-overexpressing neurons (Fig.
5, F and Ad Nrf2 + ETOH versus Ad GFP + ETOH). Con-
versely, in Nrf2-compromised neurons, a robust increase in
superoxide generation occurred (Fig. 5F, shift in peak). As-
sociated with normalization of superoxide levels, the lipid
hydroperoxide levels were also attenuated in Nrf2-overex-
pressing neurons (Supplemental Fig. 6B). Both caspase 3/7
activation and annexin V binding were used as evidence of
ETOH-mediated apoptotic death of PCNs. Augmentation of
Nrf2 significantly prevented the ETOH-induced caspase 3/7
activity (Fig. 5G, column 4 versus column 2) and annexin V
binding to neurons (Fig. 5H, column 4 versus column 2). The
above findings illustrate that Nrf2 overexpression can miti-
gate the ETOH-induced oxidative stress and prevent the
associated neuronal injury.

Discussion

A major determinant of the neurotoxicity of ETOH is de-
pletion of neuronal GSH content (Watts et al., 2005; Maffi et
al., 2008), and modulation of the Nrf2/ARE/GSH pathways
(Yang et al., 2005) has been shown to prevent ethanol-in-
duced liver injury in mice (Gong and Cederbaum, 2006). In
our current study, we assessed the involvement of Nrf2 and
the effect of heterologous Nrf2 overexpression in regulating
GSH-mediated protection against ETOH in fetal neurons.

Up-Regulation of Nrf2 by Ethanol in Cultured Fetal
Cerebral Cortical Neurons. In vitro exposure of PCNs to
ETOH (4 mg/ml, 24 h) resulted in a significant increase in
both Nrf2 message and protein, which is in agreement with
previous findings that oxidative stress increases Nrf2 levels
and the resultant endogenous antioxidant system (Zhang et
al., 2006). In the absence of alcohol, Act D, a potent inhibitor
of RNA polymerase II-dependent transcription did not alter
Nrf2 mRNA levels, whereas Act D coincubation with ETOH
resulted in a strong decrease in Nrf2 mRNA levels. This
result illustrates that the observed ETOH-related increased
Nrf2 mRNA is newly synthesized (i.e., a transcriptionally
favored regulation). It is noteworthy that the current Nrf2
regulation paradigm is mainly attributed to post-transla-
tional mechanisms (Purdom-Dickinson et al., 2007; Kang et
al., 2010). If regulation at the level of stability is playing a
role, then coincubation of ETOH + Act D could have resulted
in the maintenance of high levels of Nrf2 mRNA transcripts
compared with those in Act D alone-treated groups. In line
with our findings, Nrf2 mRNA was reported to be up-regu-
lated in livers and hepatocytes of chronic alcohol-fed rats
(Gong and Cederbaum, 2006).

The early increase in nuclear accumulation (Fig. 2D) and
DNA binding of Nrf2 (Fig. 2, A and C) could be attributed
largely to the cytoplasmic release of Nrf2 from Keap-1, which
could result from redox-related modifications of Keap-1 cys-
teines and/or phosphorylation of Nrf2 by kinases such as
protein kinase C, phosphatidylinositol 3-kinase, and mito-
gen-activated protein kinase (Yu et al., 1999; Huang et al.,
2002; Kang et al., 2002).

Role of Nrf2 in ETOH Neurotoxicity = 997

Ethanol Up-Regulates Nrf2 in the Intact Fetal Cere-
bral Cortex. The in utero binge model demonstrated that
the increased Nrf2 expression combined with functional ac-
tivation in brain cortices of fetuses supported its congruity to
in vitro cortical neuronal cultures. Our findings are consis-
tent with a previous study showing that maternal ETOH
exposure increases Nrf2 expression and ARE binding/signal-
ing pathways in mouse embryos (Dong et al., 2008). It is
noteworthy that the transcriptional activation of Nrf2 ob-
served in response to ETOH in vitro at 30 min (increase) and
at 24 h (little to none) is not mirrored by in utero observations
(which were determined at the end of the treatment period).
In general, the temporal effects on transcriptional activity
seen in vitro in cellular systems cannot be directly correlated
to in vivo observations. In our studies, these deviations may
be accounted for by 1) the difference in dosing patterns be-
tween the two experimental settings, in vitro with a single
high dose of ETOH and in utero with a well documented
binge exposure, which uses multiple doses administered at
12-h intervals and 2) the possible influences of developmen-
tal stage, maternal dependence, and physiological environ-
ment in in utero settings, which might differentially affect
binding affinities of the respective transcription factors to
relevant consensus sites. Although Nrf2 transcriptional ac-
tivity did not temporally correlate between the in utero and
in vitro settings, our results illustrate that an event occur-
ring in vitro in response to ethanol is also occurring in utero
with a pattern of maternal ethanol consumption that elicits
damage to the developing brain. In response to oxidative
stress, Nrf2 accumulates in the nucleus with an associated
decrease in cytoplasm. However, prenatal ETOH exposure
increased Nrf2 in both cytoplasmic and nuclear fractions
(Fig. 3C). Although the mechanism underlying this increase
is not established, it could be attributed to the newly synthe-
sized Nrf2 mRNA (Fig. 3B). In response to tert-butylhydro-
quinone, a similar increase in Nrf2 expression in both cyto-
plasm and nucleus was observed (He et al., 2007), and ETOH
might activate a similar mechanism to regulate the localiza-
tion and function of Nrf2.

Nrf2 Targeting Exacerbates ETOH-Induced Oxida-
tive Stress. A critical insight from gene-specific RNA inter-
ference-based knockdown experiments showed that ETOH-
induced neurotoxicity is dependent on Nrf2 signaling in
cortical neurons. This is reflected by a significant decrease in
intracellular GSH content, concomitant with increased levels
of superoxide and hydroperoxide (Fig. 4, B and C; Supple-
mental Fig. 6A). In support of our findings, data obtained in
Nrf2 knockout mice and mammalian cells showed that Nrf2
modulates GSH levels by regulating the expression of GCLC,
an enzyme involved in GSH biosynthesis (Yang et al., 2005).
Cells deficient in Nrf2 display a disturbed redox homeostasis
and are exquisitely sensitive to various oxidants as reviewed
previously (Kensler et al., 2007). This observation shows that
Nrf2 could serve as a key control point in both basal and
ETOH-induced oxidative defenses.

Ethanol Elicits Neuron Death in the Presence of Its
Nrf2 Up-Regulation. Although ETOH enhanced Nrf2 ex-
pression both in vitro and in utero, neuron survival was still
impaired (Ramachandran et al., 2001, 2003). A reasonable
explanation for this impairment is that the ETOH-related
Nrf2 up-regulation is simply insufficient for protection.
Other plausible reasons for circumvention of Nrf2/antioxi-
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dant protection during prolonged ETOH treatment (24 h)
include nuclear exclusion of Nrf2, direct caspase activation,
and persistent reactive oxygen species generation (Rama-
chandran et al., 2003; current study). Nevertheless, the in-
creases in Nrf2 may reflect a critical adaptive response to
counteract the ETOH-induced oxidative stress and an effort
to maintain redox homeostasis. Consistent with our findings,
Hirota et al. (2005) demonstrated that UVA irradiation trig-
gered Nrf2 expression and activation but failed to limit
apoptosis in fibroblasts. The exaggerated caspase 3/7 activity
and apoptosis (Fig. 4, D and E) seen in ETOH-treated Nrf2-
deficient neurons could be ascribed to the enhanced accumu-
lation of superoxide radical (Fig. 4C) and a subsequent loss in
GSH levels (Fig. 4B). Thus, our results reveal that there is a
definitive role for Nrf2 in ETOH-induced apoptosis and the
deficiency of Nrf2 could sensitize fetal cortical neurons to the
proapoptotic effects of ETOH. Although a definitive role for
Nrf2 is evident, a tight quantitative correlation between
manipulations of Nrf2 expression (siNrf2 knockdown) and
subsequent neuroprotection (apoptosis measures) is not
achieved in our experimental conditions. The contribution
from residual Nrf2 toward survival signals could explain this
result. It has been demonstrated that overexpression of Nrf2
was not able to prevent death of neurons treated with stau-
rosporine, a potent inhibitor of phospholipid/Ca®*-dependent
protein kinase (Shih et al., 2003), suggesting that modulation
of Nrf2 may not necessarily protect neurons from apoptosis
induced by certain pathways that do not involve reactive
oxygen species. Overall, our results suggest that there is an
explicit involvement of Nrf2 in ETOH-mediated apoptosis;
however, the influence of Nrf2-independent events cannot be
ruled out.

Overexpression of Nrf2 Thwarts ETOH-Induced
Apoptosis in Fetal Cortical Neurons. Under the basal
condition, two molecules of Keap-1 sequester one molecule of
Nrf2 in the cytoplasm and target Nrf2 for proteasomal deg-
radation (Wakabayashi et al., 2004), leaving fewer Nrf2 mol-
ecules compared with Keap-1 molecules. Although ETOH
induces endogenous Nrf2 and activates defense, this increase
may not be sufficient to outweigh Keap-1 levels, which in
turn can keep Nrf2 under control. In a recent study, treat-
ment with tert-butylhydroquinone, a known inducer of Nrf2,
has been shown to override ETOH-induced oxidative stress
and prevent neural crest cell apoptosis (Yan et al., 2010).
Herein, we adopted a direct up-regulation strategy by heter-
ologous overexpression of Nrf2, with the intent of overwhelm-
ing the binding capacity of Keap-1 and freeing Nrf2 mole-
cules to activate ARE-dependent genes before ETOH insult.
A previous study demonstrated that direct Nrf2 overexpres-
sion resulted in robust ARE-dependent transcription and
cytoprotection (Shih et al., 2005b). Furthermore, because
DNA-based transfection of primary neurons in culture can be
experimentally challenging, we adopted a well suited and
efficient adenoviral strategy to overexpress Nrf2. In the Nrf2-
overexpressed condition, the GSH-depleting effects of ETOH
(Fig. 5, D and E) appeared to be compensated for by an
increase in the rate-limiting enzyme in GSH synthesis,
namely GCLC (Fig. 5C). However, the ethanol-related in-
crease in Nrf2 expression did not generate a significant up-
regulation of GCLC. One potential explanation is as follows.
ETOH, a complex toxin is known to increase transforming
growth factor-B1 in neurons (Kuhn and Sarkar, 2008), and

the latter is known to decrease GCLC mRNA (Franklin et al.,
2003). Thus, ETOH could stimulate both GCLC mRNA syn-
thesis (by increasing Nrf2) as well as GCLC down-regulation
by a transforming growth factor-gl-mediated mechanism,
thereby mitigating a significant increase in the net copies of
GCLC mRNA. This would not happen with adenovirus-me-
diated Nrf2 overexpression.

Supporting the importance of Nrf2 in neuroprotection from
ETOH is the increased sensitivity to this compound associ-
ated with dysregulation of GSH (Ramachandran et al., 2003).
A functional consequence of this is a selective vulnerability of
cerebral cortical neurons to ETOH, which is dependent on
heterogeneity of GSH homeostasis (Maffi et al., 2008). The
present study supports our earlier findings that a 24-h ETOH
exposure dramatically reduced the high and medium GSH
populations (Fig. 5, D and E), along with increasing super-
oxide (Fig. 5F), hydroperoxide (Supplemental Fig. 6A),
caspase 3/7 activity (Fig. 5G), and apoptosis (Fig. 5H). All of
the aforementioned events were corrected by Nrf2 overex-
pression, thus helping in maintenance of intracellular redox
balance. In accordance with our results, up-regulation of
Nrf2 was correlated to increased intracellular GSH and de-
creased caspase 3 activity rendering neuroprotection against
various oxidative stressors in several models including neu-
ron-glia (Cho et al., 2002; Shih et al., 2003; Kraft et al., 2004;
Li et al., 2005; Dong et al., 2008). It remains to be determined
whether differential Nrf2 levels likewise exist in neurons,
such a scenario being responsible for phenotypic divergences
in GSH homeostasis and sensitivity to toxins.

In conclusion, our current studies demonstrate that al-
though ETOH transcriptionally induces Nrf2 activation as a
potentially protective stress response, this response is insuf-
ficient to prevent damage to select populations of these cells.
Yet, the importance of the neuron Nrf2-mediated cytoprotec-
tion systems is clearly illustrated by multiple loss- and gain-
of-function experiments. The functional relevance to ETOH-
related damage to the developing brain is that the periods of
highest sensitivity to ethanol are the second and early third
trimester equivalents during which there is little to no as-
trocyte-mediated maintenance of GSH homeostasis. Thus,
interventions to provide protection of neurons at these sen-
sitive developmental stages must be at the neuron level.
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