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Ethanol is a neuroteratogen and neurodegeneration is the most devastating consequence of developmental exposure
to ethanol. The mechanisms underlying ethanol-induced neurodegeneration are complex. Ethanol exposure produces
reactive oxygen species (ROS) which cause oxidative stress in the brain. We hypothesized that ethanol would activate
autophagy to alleviate oxidative stress and neurotoxicity. Our results indicated that ethanol increased the level of the
autophagic marker Map1lc3-Il (LC3-1l) and upregulated LC3 puncta in SH-SY5Y neuroblastoma cells. It also enhanced
the levels of LC3-Il and BECNT in the developing brain; meanwhile, ethanol reduced SQSTM1 (p62) levels. Bafilomycin
A, an inhibitor of autophagosome and lysosome fusion, increased p62 levels in the presence of ethanol. Bafilomycin
A, and rapamycin potentiated ethanol-increased LC3 lipidation, whereas wortmannin and a BECNT-specific shRNA
inhibited ethanol-promoted LC3 lipidation. Ethanol increased mitophagy, which was also modulated by BECNT
shRNA and rapamycin. The evidence suggested that ethanol promoted autophagic flux. Activation of autophagy by
rapamycin reduced ethanol-induced ROS generation and ameliorated ethanol-induced neuronal death in vitro and in
the developing brain, whereas inhibition of autophagy by wortmannin and BECN1-specific sShRNA potentiated ethanol-
induced ROS production and exacerbated ethanol neurotoxicity. Furthermore, ethanol inhibited the MTOR pathway and
downregulation of MTOR offered neuroprotection. Taken together, the results suggest that autophagy activation is a
neuroprotective response to alleviate ethanol toxicity. Ethanol modulation of autophagic activity may be mediated by

the MTOR pathway.

Introduction

Fetal alcohol spectrum disorders (FASD) are caused by mater-
nal alcohol consumption during pregnancy and are character-
ized by a spectrum of structural anomalies and neurocognitive/
behavioral disabilities. Echanol is a neuroteratogen and ethanol-
induced neuronal loss in the developing central nervous system
(CNS) accounts for many symptoms shown in FASD children.!
The underlying mechanisms, however, remain unclear. Oxidative
stress, which is caused by excessive production of reactive oxygen
species (ROS), has been proposed as a potential mechanism for
ethanol-induced neuronal damage. ROS are generated during
ethanol catabolism or from damaged mitochondria in response
to ethanol exposure. At low levels, ROS are important regula-
tors of cellular functions, but excessive ROS may cause oxidative
stress, resulting in neurodegeneration.

Autophagy is the cellular catabolic process in which intracel-
lular proteins/organelles are sequestered and then transported to
and degraded in lysosomes to recycle cellular components under
stress conditions or to eliminate damaged proteins/organelles.
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Constitutive clearance of cytosolic proteins by low-level basal
autophagy is an important cytoprotective function. By selectively
eliminating damaged mitochondria, the most important source
of free radicals in the cell, autophagy may protect cells from oxida-
tive stress.” Autophagy is a dynamic process consisting of several
sequential stages (initiation, elongation, maturation and degra-
dation) controlled by a group of autophagy-related (Azg) genes
as well as their respective Atg proteins. More than 30 Azg genes
have been identified in yeast and most of them have homologs in
mammalian cells. Downregulation of some Azg genes (such as
VPS30/ATG6/BECNI or ATGS8/MAPILC3) inhibits autophagy
activity.>* Mechanistic target of rapamycin (MTOR), a serine/
threonine protein kinase, is a convergence point of cell signaling
pathways stimulated by cellular stress and is a well-known regu-
lator of autophagy. An abundance of nutrients usually activates
MTOR and suppresses autophagy, whereas nutrient deprivation
and stressors inhibit MTOR and activate autophagy.

Excessive ROS generation from dysfunctional or damaged
mitochondria may trigger autophagy, which acts to clean up
damaged mitochondria.’ Therefore, under certain circumstances,
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autophagy is a cell self-defense mechanism used to alleviate cel-
lular stress/damage. We hypothesized that autophagy would act
as a protective response to ethanol-induced neuronal damage.
With both in vitro and in vivo approaches, we demonstrated
that ethanol triggered autophagy in neuronal cells. Furthermore,
enhancement of autophagic flux alleviated ethanol-induced neu-
ronal death by mitigating oxidative stress; contrarily, inhibition
of autophagy exacerbated ethanol neurotoxicity. Our results
indicated that ethanol modulation of autophagic activity may be

mediated by the MTOR pathway.
Results

Ethanol increases the expression of markers for autophagy.
First, we determined whether ethanol altered the expression of
markers for autophagy in cultured neuronal cells. The conver-
sion of MAP1LC3 (LC3) from the soluble form (LC3-I) to the
autophagosome-associated form (LC3-II) implies an increase of
autophagosomes within the cells.® Sequestosome 1 (SQSTM1,
also known as p62) is a protein associated with autophagosomes
and is degraded in lysosomes after autophagosomes fuse with lyso-
somes.” It appeared that serum contents in the medium affected
the levels of LC3-II and SQSTMI, the two important markers of
autophagy; the level of LC3-II was upregulated while SQSTM1
was downregulated when SH-SY5Y neuroblastoma cells were
grown in a serum-free medium (Fig. 1A). Therefore, we examined
the effect of ethanol on cells grown in medium containing 10%
serum. Ethanol increased the level of LC3 lipidation in SH-SY5Y
cells in a concentration-dependent manner while it decreased
SQSTMLI levels (Fig. 1A). We examined the effect of ethanol on
mRNA levels of LC3, SQSTM1 and BECNI1. BECNI, also known
as Vps30/Atg6 or Beclin 1, is a protein required for the initiation
of autophagosome formation and is frequently used as a marker
for autophagy. Ethanol increased the level of BECNI mRNA, but
had lictle effect on mRNA levels of LC3 and SQSTM1 (Fig. 1B).
We investigated the effect of ethanol on the level of SQSTM1
protein. At the condition of either 2% or 0.1% SDS, ethanol sig-
nificantly reduced the level of SQSTM1 (Fig. 1C). This result
indicated the effect of ethanol was not caused by an increase in
protein aggregation. We further examined the effect of ethanol
on the levels of autophagic markers in the developing brain. As
shown in Figure 1D and E, an injection of ethanol increased the
levels of LC3-1T and BECNT1, but decreased SQSTM1s level in the
cerebellum and cerebral cortex of 7-d-old mice.

Ethanol increases autophagic flux. The dynamic process of
autophagy includes initiation, elongation, maturation and degra-
dation, which is also called autophagic flux. An increase of LC3
lipidation may result from increased formation of autophagosomes

or decreased degradation of autophagosomes. Ethanol decreased
SQSTMI levels in SH-SY5Y cells (Fig. 1A). Bafilomycin A,
an inhibitor of autophagosome and lysosome fusion, increased
SQSTMLI levels, and more importantly, ethanol plus bafilomycin
A, further upregulated SQSTM1 levels (Fig. 1A), suggesting that
ethanol increased autophagic flux rather than blocked the fusion
of autophagosomes with lysosomes. Bafilomycin A also potenti-
ated ethanol-induced LC3 lipidation (Figs. 1A and 2A). To fur-
ther confirm that ethanol enhanced autophagic flux, we treated
SH-SY5Y cells with ethanol in the presence or absence of wort-
mannin (an inhibitor of autophagosome initiation) or rapamycin
(an autophagy activator) and then examined LC3 lipidation. As
shown in Figure 2A, wortmannin attenuated ethanol-induced
LC3-II upregulation, whereas rapamycin further increased LC3
lipidation. Downregulation of BECN1 by a BECNI-specific
shRNA abrogated ethanol-induced LC3 lipidation (Fig. 2A).
Furthermore, rapamycin potentiated ethanol-induced downregu-
lation of SQSTM1 levels (Fig. 2B). The formation of LC3 puncta
is often observed in cells during autophagic activation.®’ To visu-
alize LC3 puncta, we transfected SH-SY5Y cells with a GFP-LC3
plasmid and examined its intracellular distribution. As shown in
Figure 3, ethanol increased the number of GFP-LC3 puncta, and
treatment of rapamycin or bafilomycin A, further increased the
levels of LC3 puncta. In contrast, wortmannin attenuated an
ethanol-induced increase in GFP-LC3 puncta. Together, these
results supported the finding that ethanol-induced LC3 lipida-
tion was mediated by increasing autophagic flux rather than by
inhibiting autophagosome degradation.

Oxidative stress is involved in ethanol-mediated autophagic
activation. Autophagy is activated under oxidative stress situa-
tions;'® oxidative stress has been proposed as a potential mecha-
nism of ethanol neurotoxicity.! To explore the role of oxidative
stress in ethanol-induced autophagy, we pretreated SH-SY5Y
cells with catalase or N-acetyl-cysteine 30 min prior to ethanol
exposure. Catalase is a major antioxidant enzyme in the cell and
NAC is a general antioxidant. We have previously used catalase
and NAC to alleviate cellular oxidative stress.'>®* As shown in
Figure 4, pretreatment of catalase or NAC inhibited ethanol-
induced LC3 lipidation. Since autophagy may be a self-defense
response to eliminate excessive ROS, we sought to determine
whether manipulation of autophagy will alter ethanol-induced
production of ROS. In this study, we used rapamycin to activate
autophagy and BECNI shRNA and bafilomycin A, to inhibit
autophagy. As shown in Figure 5, rapamycin mitigated ethanol-
induced ROS production, whereas BECNI shRNA and bafilo-
mycin A, increased ethanol-induced ROS generation. This result
supported the hypothesis that autophagy was activated to allevi-
ate ethanol-induced oxidative stress.

fied (bottom panel). *p < 0.05.

Figure 1A-C (See opposite page). Effect of ethanol on the expression of autophagic markers. (A) SH-SY5Y cells were maintained in media contain-
ing 10% serum or 0% serum. The cells were exposed to ethanol (EtOH: 0, 0.4% or 0.8%) for 8 h. In some experimental groups, cells were treated with
bafilomycin A, (Baf: 10 nM). The levels of LC3-Il and SQSTM1 were examined with immunoblotting (top panel). The experiment was replicated three
times. The levels of LC3-Il and SQSTM1 were quantified by densitometry and normalized to actin levels (bottom panels). *p < 0.05, **p < 0.01. (B) SH-
SY5Y cells were exposed to ethanol (EtOH, 0.8%) for 8 h and the mRNA levels for LC3, SOSTM1 and BECN1 were analyzed by gRT-PCR as described under
Materials and Methods. The experiment was replicated three times. *p < 0.05. (C) SH-SY5Y cells were exposed to ethanol (EtOH, 0.8%) for 8 h, and the
proteins were extracted by RIPA buffer containing 2% or 0.1% SDS. The level of SQSTM1 was determined by immunoblotting (top panel) and quanti-
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Figure 1A-C. For figure legend, see page 1578.
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suggested that activation of autophagy was protective against
ethanol-induced neuronal death.

We next determined the role of oxidative stress in ethanol-
induced cell death. As shown in Figure 6A, catalase ameliorated
ethanol-induced cell death, while treatment of BECNI shRNA
exacerbated ethanol-induced cell death. Catalase also eliminated
BECNI shRNA-meditated potentiation of ethanol neurotoxicity
(Fig. 6B). Similarly, NAC protected cells against ethanol neu-
rotoxicity (data not shown). These results suggested that etha-
nol-induced cell death as well as BECNI shRNA potentiation of
ethanol toxicity was at least partially mediated by enhanced ROS
generation.

Damaged mitochondria are the major sources of ROS gen-
eration. Since these damaged mitochondria can be removed by
autophagy by targeted degradation in lysosomes (mitophagy),
we evaluated the effect of ethanol and rapamycin/beclin shRNA
on the mitophagy in SH-SY5Y cells. The colocalization of mito-
chondria and lysosomes indicates mitochondrial turnover and
is successfully used for the detection of mitophagy.” In this
study, the mitochondria were stained with MitoTracker Green
FM (MTG), a mitochondrial tracker which stains both polar-
ized and depolarized mitochondria. Lysosomes were stained with
LysoTracker Red. As shown in Figure 6C, ethanol increased the
mitochondrial turnover. BECNI shRNA significantly decreased
ethanol-induced mitochondria turnover, whereas rapamycin
enhanced ethanol-induced mitochondrial turnover. The results
suggest that mitophagy was activated to ameliorate ethanol-
induced ROS generation.

MTOR signaling pathway is responsible for ethanol-induced
autophagic response. The MTOR pathway is an important sig-
naling pathway that regulates autophagic activity; generally,
inhibition of this pathway results in autophagic activation.’® We
determined the effect of ethanol on the MTOR pathway. As
shown in Figure 8, ethanol inhibited the phosphorylation of ribo-
somal protein S6 kinase (RPS6K), a substrate of MTOR, in both
SH-SY5Y cells and in the developing brain of PD7 mice. Ethanol
caused a similar dephosphorylation of eukaryotic translation fac-
tor 4E binding protein 1 (EIF4EBP1), another downstream sub-
strate of MTOR (data not shown). These results indicated that
ethanol inhibited the MTOR pathway. As expected, rapamy-
cin inhibited RPS6K phosphorylation; ethanol plus rapamycin
caused a greater dephosphorylation of RPS6K (Fig. 8C). If auto-
phagy is a protective response, downregulation of MTOR should
mitigate ethanol neurotoxicity. As shown in Figure 8D, down-
regulation of MTOR by an MTOR-specific shRNA protected
SH-SY5Y cells against ethanol-induced death.

Discussion

Autophagy has recently received increasing attention because it is
potentially involved in the pathogenesis of many diseases, includ-
ing neurodegenerative diseases. Autophagy is implicated in etha-
nol-induced damage to the liver and heart.”*! We demonstrate for
the first time that ethanol enhances autophagic flux in neuronal
cells and increased autophagic flux may be a cellular self-protec-
tive response to ethanol neurotoxicity. Our results indicate that
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mitophagy is activated to ameliorate ethanol-induced ROS genera-
tion. The study provides novel insight into the cellular mechanisms
of ethanol neurotoxicity and potential future therapeutic strategies.

Ethanol stimulates autophagic flux. Autophagy is a dynamic
process including the initiation, formation, maturation and
degradation of autophagosomes. This dynamic flow is defined
as autophagic flux.® LC3 lipidation or visualization of auto-
phagosomes using electronic microscopy has been commonly
employed to measure autophagy activity. However, an increase
in LC3-II may result from either an enhancement of autopha-
gosomal formation or inhibition of autophagosomal degrada-
tion, or may be caused by autophagy-independent mechanisms.*
Therefore, both generation and degradation of autophagosomes
must be taken into consideration when LC3-I1 is used to evaluate
autophagy activity. In this study, we show that ethanol increased
the level of LC3-II in vitro and in vivo. SQSTML is regulated by
autophagy-dependent degradation. Ethanol decreases the level of
SQSTMI, and bafilomycin A, an inhibitor of autophagosome
and lysosome fusion, enhances the SQSTMI level. More impor-
tantly, the levels of SQSTMI in cells treated with bafilomycin A,
and ethanol together are much higher than that treated by bafilo-
mycin A alone. This suggests that ethanol increases the forma-
tion/maturation of autophagosomes rather than blocks the fusion
of the autophagosomes and lysosomes. Furthermore, rapamycin,
an initiator of autophagy, further increases ethanol-induced
upregulation of LC3 lipidation and the formation of LC3 puncta.
In contrast, wortmannin, an inhibitor of autophagic initiation/
maturation, and BECNI-specific shRNA attenuated ethanol-
promoted LC3 lipidation and LC3 puncta. These results provide
additional evidence that ethanol promotes autophagic initiation
and maturation. It is noted that serum deprivation increases the
level of LC3-11, supporting the notion that nutrient deficiency
may also induce autophagy. To avoid confounding conditions,
we evaluated the effect of ethanol on cells cultured in media con-
taining 10% serum. In all experiments, 0.4% and 0.8% ethanol
were used and both were effective. Generally, ethanol at 0.8%
produced a greater effect, therefore we present these data to better
illustrate ethanol’s effect.

Autophagy is a protective response to ethanol-induced oxi-
dative stress. Autophagy is a tightly regulated pathway involving
the lysosomal degradation of cytoplasmic organelles or cytosolic
components. This pathway can be stimulated by multiple forms
of cellular stress, including nutrient or growth factor deprivation,
hypoxia, oxidative stress, endoplasmic reticulum stress, DNA
damage, protein aggregates, damaged organelles or intracellular
pathogens.?>* Ethanol causes oxidative stress in neurons in vitro
and in vivo.”> We have previously demonstrated that ethanol
induces ROS generation in SH-SY5Y cells.?® Antioxidants block
ethanol-induced LC3 lipidation, suggesting that autophagy is
activated in response to ethanol-induced oxidative stress.

The role of autophagy in the regulation of cell death has been
controversial. Since the formation of autophagosomes is fre-
quently associated with cellular stress and cell death, some believe
that autophagy may promote cell death. The term “autophagic
cell death” or “type II cell death” was coined to differentiate
it from apoptotic (type I cell death) or necrotic (type III cell
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death).” Activation of the autophagic pathway beyond a certain
threshold may promote cell death directly by causing the collapse
of cellular functions as a result of cellular atrophy. Alternatively,
autophagy can lead to the execution of apoptotic or necrotic cell
death programs, presumably via common regulators such as pro-
teins from the BCL2 family.?

On the other hand, many view autophagy as a cellular self-
defense response.” Particularly, in neuropathies (Huntington,
Alzheimer and Parkinson diseases) and ischemic heart disease,
autophagy is more widely accepted as beneficial due to its role
in eliminating ‘toxic assets’ and promoting cell viability.”” In
fact, increasing evidence shows that autophagy is neuroprotec-
tive against various insults to the CNS.%° It is therefore likely
the activation of autophagy is a double-edged sword. On one
hand, autophagy is essential for provoking a protective response
and enhancing cell adaptation to metabolic stresses and immu-
nological challenges. On the other hand, excessive autophagic
activation can give rise to pathogenic conditions by imbalanced
degradation or recycling and disruption of critical cellular con-
stituents leading to cell degeneration and toxicity.”

Our results support that autophagy is a cellular self-defense
response to alleviate ethanol-induced oxidative stress and sub-
sequent cell death. This is evident by our finding that antioxi-
dants can alleviate ethanol-stimulated autophagy and rescue cells
from ethanol-induced cell death. More importantly, stimulation
of autophagy activity by rapamycin decreases ethanol-induced
ROS production and offers neuroprotection. Contrarily, inhi-
bition of autophagy promotes ROS generation and deteriorates
ethanol-induced cell death. Furthermore, our results indicate
that mitophagy is activated in response to ethanol exposure, sug-
gesting that neuroprotection of autophagy may be mediated by
removing damaged mitochondria and excessive cellular ROS.

Ethanol and MTOR signaling. The best characterized regu-
lator for autophagy is mammalian target of rapamycin complex
1 (MTORCI) that consists of a serine/threonine kinase called
mammalian target of rapamycin (MTOR), a regulatory associ-
ated partner of MTOR (raptor) and MLST8 (MTOR associated
protein, LST8 homolog). MTOR functions as a convergence
point for many upstream stimuli and pathways (such as insu-
lin, growth factors and mitogens) to regulate autophagy as well
as other cellular activities."® An abundance of nutrients activates
MTOR leading to suppression of autophagy, while stress condi-
tions such as starvation, inhibit MTOR and consequently auto-
phagy is activated.® Rapamycin is a well-known inhibitor of
MTOR. In our study, rapamycin not only increases basal levels
of autophagy but also potentiates ethanol-induced autophagy in
SH-SY5Y cells, confirming that inhibition of MTOR results in
enhanced autophagy. Ethanol inhibits the phosphorylation of
RPS6K and EIF4EBPI, two main substrates of MTOR in vitro
and in vivo, indicating that ethanol suppresses MTOR activity.

Rapamycin and ethanol together produce a greater dephosphory-
lation of RPS6K and EIF4EBP1 than when treated by either
rapamycin or ethanol alone; the result is consistent with the
finding that rapamycin potentiates ethanol-induced autophagy.
Therefore it is likely that ethanol activates autophagy by inhibit-
ing the MTOR pathway. Inhibition of MTOR by rapamycin or
knockdown of MTOR offers protection against ethanol-induced
cell death, further confirming the involvement of the MTOR
pathway in ethanol-induced autophagy and cell death. The mech-
anisms underlying ethanol inhibition of the MTOR pathway,
however, are unclear. The relationship between ethanol-induced
oxidative stress and MTOR signaling, in particular, is worth fur-
ther investigation.

Materials and Methods

Materials. The following materials were used: ethanol (Sigma-
Aldrich, E7023), bafilomycin A (Sigma-Aldrich, B1793), wort-
mannin (Sigma-Aldrich, W1628), rapamycin (Sigma-Aldrich,
R0395), anti-SQSTMI antibody (Sigma-Aldrich, P0067),
anti-actin antibody (Sigma-Aldrich, A5441), anti-LC3 anti-
body (Medical and Biological Laboratories, PM036), anti-
BECNI1 antibody (Abcam, ab55878), anti-RPS6K antibody
(Cell Signaling Technology, 9202), anti-phospho-RPS6K anti-
body (Cell Signaling Technology, 9205), MitoTracker Green FM
(Invitrogen, M7514) and LysoIracker Red (Invitrogen, L7528).

Animals and treatment. C57BL/6 mice were obtained from
Harlan Laboratories and maintained at the animal facility of the
University of Kentucky Medical Center. All procedures were
performed in accordance with the guidelines set by the NIH
and the Animal Care and Use Committee of the University of
Kentucky. An acute ethanol exposure paradigm, which had been
shown to induce robust neurodegeneration in infant mice'**? was
employed. Briefly, 7-d-old mice (postnatal day 7 or PD7) were
injected subcutaneously with saline or ethanol (2.5 g/kg, 20%
solution in saline) twice at time 0 and 2 h. For some experiments,
rapamycin (10 or 20 mg/kg body weight) was intraperitoneally
injected to the mice. Animals received two injections of rapamy-
cin; they were administered at 24 and 2 h prior to ethanol expo-
sure. Rapamycin was dissolved in DMSO (Sigma, D4540) at 25
mg/ml and diluted in saline to achieve the final concentrations.
Eight hours after the ethanol injection, the brains were removed
and processed for immunoblotting or immunohistochemical
analysis.

Cell culture. Human neuroblastoma SH-SY5Y cells
obtained from ATCC were grown in Eagle’s MEM contain-
ing 10% fetal bovine serum (FBS, Sigma, F2442), 2 mM
L-glutamine, 25 pg/ml gentamicin (Invitrogen, 15710-064),
100 U/ml penicillin and 100 pg/ml streptomycin (Invitrogen,
15140-122) at 37°C with 5% CO,. For the analysis of cell

Figure 2 (See opposite page). Effect of ethanol on autophagic flux in SH-SY5Y cells. SH-SY5Y cells were treated with ethanol (0 or 0.8%) in the pres-
ence/absence of wortmannin (Wort: 10 M), bafilomycin A, (Baf: 10 nM), rapamycin (Rap: 10 nM) or BECNT shRNA (BECN1). The protein samples were
collected 8 h after the treatment. The levels of LC3 (A) and SQSTM1 (B) were examined with immunoblotting (top panel). The experiment was repli-
cated three times. Relative levels of LC3-Il or SQSTM1 were determined by densitometry and normalized to actin levels (bottom panel). *p < 0.05, **p
< 0.01. (C) Cells were transfected with BECNT shRNA for 24 h and downregulation of BECN1 by shRNA was confirmed by immunoblotting (top panel).
Relative BECN1 level was determined by densitometry and normalized to actin levels (bottom panel). **p < 0.01.
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survival, 3 x 10 cells/well and 15 x 10* cells/well were plated
into 96-well culture trays and 24-well culture trays, respec-
tively. Cells were incubated at 37°C in a humidified envi-
ronment containing 5% CO, for 24 h. After this incubation
period, cells were cultured in serum-free medium overnight

Wort+EtOH

and then exposed to ethanol and other agents.

Ethanol exposure protocol. A method utilizing sealed con-
tainers was used to maintain ethanol concentrations in the cul-
ture medium. With this method, ethanol concentrations in the
culture medium can be accurately maintained.*® A pharmaco-
logically relevant concentration of 0.4% was used in this study.
In general, the concentration for in vitro studies is higher than
that required to produce a similar effect in vivo.?® In some experi-
ments, 0.8% ethanol was used to better demonstrate the effect
of ethanol.

Determination of cell viability. Cell viability was determined
by MTT assay as previously described.** The MTT assay is based
on the cleavage of yellow tetrazolium salt MTT [3-(4,5-dimeth-
ylthiazol-2yl)-2,5-di-phenyl tetrazolium bromide] to purple
formazan crystals by metabolically active cells. Briefly, the cells
cultured in 96-well microtiter plates were exposed to ethanol for
48 h. After ethanol exposure, 10 pl of MTT labeling reagent
(Roche, 11465007001) was added to each well, and the plates
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Figure 3. Effect of ethanol

on the formation of GFP-LC3
puncta in SH-SY5Y cells. (A)
SH-SY5Y cells were trans-
fected with a GFP-LC3 plasmid
and exposed to ethanol
(EtOH, 0 or 0.8%) in the pres-
ence/absence of bafilomycin
A, (Baf: 10 nM) or wortman-
nin (Wort: 10 wM) for 6 h. In
some experimental groups,
cells were cotransfected

with BECNT shRNA (BEC). The
formation of GFP-LC3 puncta
was examined under a fluores-
cence microscope 6 h after
ethanol exposure. (B) GFP-LC3
puncta/cell was quantified as
described under Materials and
Methods. The data represent
the mean and SEM of three
replications. *p < 0.05.

Ethanol

were incubated at 37°C for 4 h. The cultures were then solu-
bilized, and spectrophotometric absorbance of the samples was
detected by a microtiter plate reader. The wavelength to mea-
sure absorbance of formazan products is 570 nm, with a reference
wavelength of 750 nm.

Immunoblotting. Cells were washed with phosphate-buff-
ered saline (PBS; pH 7.4) and lysed with RIPA buffer [150 mM
NaCl, 50 mM Tris (pH 8.0), 1% Nonidet P-40 (NP-40, Pierce,
28324), 0.1% sodium dodecyl sulfate (SDS), 0.5% deoxycho-
lic acid sodium (Fluka, 30970), 0.1 mg/ml phenylmethylsul-
fonyl fluoride (Sigma, P7626), 1 mM sodium orthovanadate
(Aldrich, 450243), and 3% aprotinin (Sigma, A6279)] on ice
for 10 min; solubilized cells were centrifuged and the superna-
tant was collected. For some experiments, a buffer containing
2% SDS was used to evaluate insoluble proteins. The immu-
noblotting procedure has been previously described.’ Briefly,
after the protein concentrations were determined, aliquots of the
protein samples (20-40 wg) were loaded into the lanes of an
SDS-polyacrylamide gel. The protein samples were separated by
electrophoresis, and the separated proteins were transferred to
nitrocellulose membranes. The membranes were blocked with
5% BSA (Sigma, A7906) in 0.010 M PBS (pH 7.4) and 0.05%
Tween-20 (TPBS) at room temperature for 1 h. Subsequently,
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Figure 4. Effect of antioxidants on ethanol-induced LC3-Il upregula-
tion. SH-SY5Y cells were treated with ethanol (EtOH: 0.4%) with/without
catalase (10,000 U/ml) or N-acetyl-cysteine (NAC: 10 mM). Cell lysates
were collected 6 h after the treatment. The level of LC3 was determined
by immunoblotting (top panel). The experiment was replicated three
times. Relative LC3-Il levels were determined by densitometry and
normalized to actin levels (bottom panel). **p < 0.01.

the membranes were probed with primary antibodies directed
against target proteins for 2 h at room temperature or overnight
at 4°C. After three quick washes in TPBS, the membranes were
incubated with a secondary antibody conjugated to horserad-
ish peroxidase (Amersham Biosciences, NA934V, NA931V)
diluted at 1:2,000 in TPBS for 1 h. The immune complexes
were detected by the enhanced chemiluminescence method
(PerkinElmer, NEL105001EA). The blots were stripped and
reprobed with an anti-actin antibody.

Quantitative RT-PCR. The mRNA expression was analyzed
by quantitative real-time reverse transcription-PCR. Total RNA
was extracted by a TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. The first-strand cDNA was synthe-
sized using a ProtoScript AMV First Strand ¢cDNA Synthesis
Kit (New England Biolabs, E6550S). PCR was performed on a
Roche LightCycler 480 by using a LightCycler 480 SYBR Green
I Master Kit (Roche, 04707516001). The results were analyzed
using the software of the LightCycler system. The relative expres-
sion level of a given mRNA was assessed by normalizing it to the
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Figure 5. Effect of ethanol on ROS generation in SH-SY5Y cells. SH-SY5Y
cells were treated with ethanol (0 or 0.8%) with/without rapamycin

(10 nM) or bafilomycin A, (10 nM) for 2 or 6 h. In some experimental
groups, cells were treated with BECNT shRNA to downregulate the
expression of BECN1. ROS generation was measured as described under
the Materials and Methods and relative amounts of ROS are presented.
The data represent the mean and SEM of three replications. *p < 0.05.

housekeeping gene ACTB and was then compared with controls.
Primers used in this experiment included ACTB (5-AGC ACA
GAG CCT CGC CTT T-3, 5-AGG GTG AGG ATG CCT
CTC TT-3"), MAPILC3 (5-AGC AGC ATC CAA CCA AAA
TC-3', 5-CTG TGT CCG TTC ACC AAC AG-3"), BECNI
(5'-AGC TGG AGC TGG ATG ATG AG-3', 5-CGA CCC
AGC CTG AAG TTA TT-3") and SQSTMI (5-CAC CTG
TCT GAG GGC TTC TC-3, 5-CAC ACT CTC CCC AAC
GTT CT-3").

Immunohistochemistry. After treatments, the mice were
deeply anesthetized with chloral hydrate (350 mg/kg), then per-
fused with saline followed by 4% paraformaldehyde in 0.1 M
potassium phosphate buffer (pH 7.2; Sigma-Aldrich, P6148).
The brains were removed and post-fixed in 4% paraformaldehyde
(Sigma-Aldrich, P6148) for an additional 24 h, then transferred
to 30% sucrose (Sigma-Aldrich, $7903). Brains were sectioned at
40 pm with a sliding microtome (Leica Microsystems).

The procedure for immunohistochemistry staining has been
described elsewhere.” Briefly, free-floating sections were incu-
bated in 0.3% H,O, (Sigma-Aldrich, H0904) in methanol
(Sigma-Aldrich, M3641) for 30 min at room temperature and
then treated with 0.1% Triton X-100 for 10 min in PBS. The
sections were washed with PBS three times, then blocked with
1% BSA and 0.01% Triton X-100 (Sigma-Aldrich, T9284) for
1 h at room temperature. The sections were incubated with an
anti-active caspase-3 antibody (dilution of 1:1,000) overnight at
4°C. Negative controls were performed by omitting the primary
antibody. After rinsing in PBS, sections were incubated with a
biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories,
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Figure 6. Effect of ethanol, rapamycin, wortman-
nin, catalase or BECN7 shRNA on the viability of
SH-SY5Y cells. SH-SY5Y cells were treated with
ethanol (0 or 0.8%) with/without rapamycin

(10 nM), catalase (10,000 U/ml) or wortmannin

(10 M) for 48 h (A). In some experimental groups,
cells were treated with a BECNT shRNA to down-
regulate the expression of BECN1 (B). Cell viability
was determined by MTT assay as described under
Materials and Methods. The data represent the
mean and SEM of three replications. *p < 0.05.
SH-SY5Y cells were treated with 0.8% ethanol
(EtOH) with/without 10 nM rapamycin (EtOH +
Rap) and BECNT shRNA (EtOH + BECNT). Mitochon-
dria and lysosomes were detected by specific dyes
as described under the Materials and Methods
(MTG for mitochondria and LTR for lysosomes).
The percentage of mitochondria that were
colocalized with lysosomes under each treatment
condition was calculated. The mean + SEM of 120
cells for each treatment condition is presented (C).
*p < 0.05.

were captured with an Olympus microscope
(BX61) equipped with a DP70 digital camera.

GFP-LC3 puncta counting. Cells were
transfected with a GFP-LC3 plasmid and
examined and recorded under a Zeiss LSM
510 confocal microscope (Carl Zeiss). The
numbers of GFP-LC3 puncta in each cell
were manually counted. For each group, 50
cells were randomly selected. The results were
presented as the mean + SEM of three inde-
pendent experiments.

Plasmids and transfection. A GFP-LC3
plasmid was a generous gift from Dr.
Gutterman (University of Texas MD Anderson
Cancer Center, Houston, TX), which has
been described elsewhere.® A BECNI shRNA
plasmid (SA Biosciences, KH05670N) and
MTOR shRNA plasmid (Addgene, 1855)
have been reported previously.**?” Briefly,
transfection of a GFP-LC3 or BECNI shRNA
or negative control shRNA into SH-SY5Y
cells was performed by using Lipofectamine
2000 (Invitrogen, 11668-019) according to
the manufacturer’s protocol. Forty-eight h
after the transfection, the cells were subjected
to immunofluorescent or immunoblotting
analysis. Stable transfection of MTOR shRNA
into SH-SY5Y cells was performed through
lentivirus infection. Briefly, MTOR shRNA
plasmids together with the psPAX2 packag-
ing plasmids and pMD2.G envelope plasmids

BA-1000) for 1 h at room temperature. The sections were (Addgene, 12259) were transfected into HEK-293T by using
washed three times with PBS, then incubated in avidin-biotin- FUGENE (Roche, 1181443001). Virus-containing supernatants
peroxidase complex (1:100; Vector Laboratories, SP-2001) for 1~ were collected at 48 and 72 h after transfection. SH-SY5Y cells
h and developed in 0.05% 3,3'-diaminobenzidine (DAB; Sigma-  were infected twice with the virus-containing media in the pres-

Aldrich, D3939) containing 0.003% H,O, in PBS. The images ence of 8 pg/ml polybrene (Sigma-Aldrich, 107689); infected
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Figure 7. Effect of ethanol and rapamycin on cas-
pase-3 activation in the developing brain. PD7 mice
were injected with ethanol (0 or 5 g/kg) and/or ra-
pamycin (10 mg/kg or 20 mg/kg, Rapa: 10 or 20). The
expression of active CASP3/caspase-3 in the cerebral
cortex was examined 8 h after the injection by im-
munohistochemistry as described under Materials
and Methods. Scale bar: 100 wm. The experiment
was replicated three times.

cells were selected for puromycin (8 pg/ml;
Sigma-Aldrich, P7255) resistance and analyzed
on the eighth day after infection.

Detection of intracellular ROS. Intracellular
ROS levels were measured using the fluorescent
dye carboxy-H DCFDA staining method as
previously described.? Once incorporated into
cells, H,DCFDA is converted into a nonfluores-
cent polar derivative (H,DCF) by cellular ester-
ases. H,DCF is rapidly oxidized to the highly

fluorescent 2,7-dichlorofluorescein (DCF) by
intracellular ROS, mainly H,O,. Therefore, the
intensity of the DCEF signal reflects the quantity of intracellular
ROS. Cells were treated with ethanol and/or other reagents for
the indicated hours in 96-well plates. After treatment, the media
were removed, 100 pl pre-warmed serum-free medium contain-
ing 5 WM carboxy-H,DCFDA (Invitrogen, C400) was added to
each well and incubated for 45 min at room temperature. Cells
were then washed with PBS twice and the intracellular ROS lev-
els (DCEF signals) were measured using a microtiter plate reader
at an emission wavelength of 525 nm.

Assessment of mitochondria and lysosomes colocalization.
To evaluate autophagic degradation of mitochondria (mitoph-
agy), we assessed the colocalization of mitochondria and lyso-
somes. This method has been successfully used to monitor
mitophagy."” Briefly, cells were cultured in 35-mm glass bot-
tom dishes (MartTek, P35G-1.5-14-C) and exposed to etha-
nol (0 or 0.8%) for 6 h. After treatment, the medium was
replaced with fresh medium and the cells were stained with
100 nM MitoTracker Green FM (Invitrogen, M7514) and
200 nM LysoTracker Red DND-99 (Invitrogen, L7528) for

30 min according to the manufacturer’s instructions. Cells were
washed in PBS and the colocalization of mitochondria and lyso-
somes were examined under an inverted IX81 microscope with
a 60x oil lens (Olympus). The colocalization of mitochondria
and lysosomes was quantified using Slidebook 5.0 software
(Olympus). The colocalization was determined based on the
analysis of 120 cells for each treatment condition.

Statistical analysis. Differences among treatment groups were
tested by analysis of variance (ANOVA). p < 0.05 was considered
statistically significant. In cases in which significant differences
were detected, specific post-hoc comparisons between treatment
groups were examined by Student-Newman-Keuls tests.
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lotting. **p < 0.01.

Figure 8 (See next page). Effect of ethanol on the MTOR pathway. (A) SH-SY5Y cells were treated with ethanol (0 or 0.4%) for the indicated times. The
phosphorylation of RPS6K, a substrate of MTOR, was determined by immunoblotting (top panel). Relative level of RPS6K was quantified by densitom-
etry and normalized to total RPS6K (bottom panel). **p < 0.01. (B) PD7 mice were injected with ethanol (0 or 5 g/kg) for 8 h as described above. The
phosphorylation of RPS6K in the cerebral cortex was determined by immunoblotting (top panel) and was quantified by densitometry (bottom panel).
**p < 0.01. (C) SH-SY5Y cells were treated with ethanol (0 or 0.4%) with/without rapamycin (Rap: 10 nM) for 6 h. The phosphorylation of RPS6K was
determined by immunoblotting (top panel) and was quantified by densitometry (bottom panel). **p < 0.01. (D) The level of MTOR was knocked down
by an MTOR shRNA as described under Materials and Methods. Cells were exposed to ethanol (0 or 0.8%) for 48 h and cell viability was determined by
MTT assay. The data represent the mean and SEM of three replications. *p < 0.05. (E) Downregulation of MTOR by shRNA was confirmed by immunob-
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