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Abstract: Unmanaged sudden withdrawal from the excessiveswoption of alcohol
(ethanol) adversely alters neuronal integrity innewable brain regions such as the
cerebellum, hippocampus, or cortex. In addition well known hyperexcitatory
neurotransmissions, ethanol withdrawal (EW) progoltee intense generation of reactive
oxygen species (ROS) and the activation of stresgending protein kinases, which are
the focus of this review article. EW also inflictsitochondrial membranes/membrane
potential, perturbs redox balance, and suppressexhuondrial enzymes, all of which
impair a fundamental function of mitochondria. Maver, EW acts as an age-provoking
stressor. The vulnerable age to EW stress is noéssarily the oldest age and varies
depending upon the target molecule of EW. A maandle sex steroid, g#estradiol (E2),
interferes with the EW-induced alteration of oxidatsignaling pathways and thereby
protects neurons, mitochondria, and behaviors. dureent review attempts to provide
integrated information at the levels of oxidativgnsling mechanisms by which EW
provokes brain injuries and E2 protects against it.
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1. Ethanol Withdrawal (EW)

EW refers an abrupt termination of long-term heathyanol consumption, the acute syndromes of
which range from psychological symptoms to physgghs. Those are anxiety, depression, tremors,
rigidity, hyperactivity, convulsion, coma, and evéeath. These signs often determine whether or not
an individual is alcohol dependent. Many alcohgbeteent individuals attempt to quit ethanol abuse
but distress associated with these syndromes msvitbtivation to relapse into ethanol abuse [1]. As
they repeat the vicious cycle of hazardous drinkand unsuccessful detoxification, the intensity of
EW syndromes increases [2]. Clinically, benzodiazepare the primary available treatments but their
side effects such as respiratory inhibition or aejemce liability limit their therapeutic usage. As
step towards the development of a better reseanrdhheerapeutic strategy, we and others have strived
to identify the mechanisms by which EW damagetae.

Numerous studies have documented deleterious effefcethanol abuse such as liver damage,
increased inflammation, cardiac dysfunction anchdoge deficit [3,4]. However, compared to ethanol
per se, relatively few studies have reported the effeftEW on the brain. EW stress is initiated by a
sudden removal of a neurosuppressant ethanol. fbnereclassical mechanisms underlying EW
stimulus involve enhanced excitatory (e.g. gluta@naand suppressed inhibitory (e.g. GABA)
neurotransmittal systems [5]. These mechanismsyedisas other neurotransmittal systems such as
dopamine and serotonin involved in ethanol/EW e$fegvere thoroughly reviewed by Fadda and
Rossetti [5] and by Jaatinen and Rintala [6]. Hosveweyond the neurotransmittal mechanisms, a
body of evidence revealed that EW stimulates thlevpays of unstable oxidative molecules and stress-
responding signaling proteins (e.g. PKC and P38)fokiunately, many alcohol studies did not
differentiate between ethanol exposure and EW dnd tit is not clear whether the reported
injuries/mechanisms are associated with ethanatitgx EW, or both. In order to differentiate the
effects of EW from those of ethanol exposure, Bssar cells should be collected in the optimum
hours after ethanol is completely eliminated frolnold or cell cultures. The optimum hours vary
depending upon an ethanol regimen. In our modé&tWf severe neurochemical abnormalities were
observed in the brains harvested 24 hours aftetetim@ination of chronic ethanol consumption (35 or
90 days) or in cells withdrawn for 4 hours from l2durs-ethanol exposure. EW-induced seizure was
observed 1 or 3 days after the cessation of amethiet for 14 days [7]. The differentiation betwe
ethanol and EW stress is important because théedelas effects of EW are not necessarily identical
to those of ethangder se and can cause more brain damage. In support®ofdea, ethanol treatment
followed by withdrawal resulted in a neuronal Iisghe mouse hippocampus [8] and rat cerebellum
[9], whereas ethangder se did not cause any neuronal loss. EW but not ethaxymosure resulted in
shrinkage and disintegration of neuritic processed cell bodies in primary cortical neurons [10].
Similarly, EW but not ethanol exposure decreasedciftlic AMP-response element-binding proteins,
a C&*-dependent kinase in the cortex [11], and & ®affering protein parvalbumin [12]. Repeated
EW, but not an equivalent amount of continuous rshaxposure, impaired the learning ability
associated with amygdale [13,14]. In line with #hgseater disturbing effects of EW than ethanol, De
Witte et al. [2] stated that neuroadaptations oeathiin the CNS during alcohol dependence, allowing
the brain to function regularly while being distadbby alcohol. We did observe that although both
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ethanol and EW produced oxidative damages to ligiaikproteins in rats and cells [15,16], the degree
was more severe during EW, suggesting that EWstindt from ethanol exposuper se.

2. EW & Oxidative Stress
2.1. Oxidative stress

Reactive oxygen species (ROS) are produced ungsigbbgical conditions as byproducts of redox
reactions but the endogenous antioxidant defenstersyusually scavenges them. However, under
pathological conditions, the excessive generatioR@S overcomes the defense system and triggers
the cascade of deleterious molecular events cak@thtive stress. A moderate generation of ROS can
be beneficial for cell survival by enhancing ade@tmechanisms [17,18]. The current review article
discusses mainly a deleterious degree of oxidaikess. Oxidative stress-induced neuronal damage
has been implicated in neurodegenerative disordectuding those associated with ethanol
consumption and EW. While ethanol itself directlgngrates ROS during its metabolism, EW
produces oxidative stress indirectly through theitatory neurotransmitter system or excitatory
molecules such as €419]. EW-induced ROS subsequently promote lipitbgiglation which reflects
the interaction between oxygen and the polyunstgdrdatty acids of membrane lipids (e.g.
malondialdehyde), further generating deteriorabrgakdown products.

A functional impairment attributed by pro-oxidantWEwas seen in a study in which enhanced
malondialdehyde concurred with the enhanced sevefiEW syndromes [20] such as seizure activity
[21-23]. The pro-oxidant nature of ethanol or EWpasticularly important in the CNS because CNS
consists of a high content of unsaturated membilipits, which are a preferred target of both ROS
and lipid peroxidation [24,25]. In addition, degpihat the brain has a high oxidative metabolie, riat
has low levels of antioxidant enzymes comparedteroorgans [26]. We did observed that excessive
lipid peroxidation occurred in the ethanol withdravat cerebellum and this phenomenon was more
severe in the membrane fraction than the cytosattivn [27]. These studies suggest that the
membranous structure of brain provides a favorabfedition to EW insults. The membrane targeting
effect of EW is also seen in a clinical situationwhich the membrane fluidity of erythrocytes was
altered in ethanol withdrawn alcoholic patients ][2BW-induced oxidative stress appears to be
transient under a certain condition. Maradtal. [29] stated that the oxidative phenomena occuinén
early phase of EW rather than the late phase. teeagent, an increased level of malondialdehyde
during early detoxification in alcoholic patienteadeased within a few days [20,30]. In our animal
study, lipid peroxidation peaked at 24 hours of BMd diminished toward the control level after 2-4
days of withdrawal [27]. Such transient oxidatimeults may not immediately result in neuronal death
because no TUNEL (marker of DNA fragmentation) pesicells were detected at 48 hours of EW
(data not shown). Ulrichsest al. also showed no hippocampal neuronal loss duthegetarly EW
phase after multiple EW events in rats [31]. Altgbuthe levels of these oxidative markers are
decreased as the day of EW elapses, the signifjoaletvated levels of oxidative molecules during th
acute phase of EW may trigger downstream adveifgetefs, ultimately contributing to neuronal
damages. In fact, rat cerebellum obtained two wedter the termination of an ethanol diet (five
weeks, 6.5% v/v/) showed a loss of Purkinje neuf®hsThe EW-induced neuronal damage may be
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promoted by an excitatory neurotransmission sucthaglutamatergic system based on a report that
the inhibition of glutamate transporters (termimatd glutamatergic neurotransmission) generated
ROS in the rat hippocampus [32]. Therefore, it asgble that an additive or a synergistic effect of
ROS with glutamate may exacerbate the neuronal Indsed, Coyle and Puttfarcken [33] stated that
the persistent activation of glutamate-gated ioanclels and oxidative stress are interacting presess
which provide a final common pathway for cell vuisglity in the brain. On the other hand, one
cannot exclude a possibility that the levels ofdaxive markers may remain elevated for longer than
few days depending upon the severity of EW or ype ©f brain injuries.

2.2. Protein oxidation

The pro-oxidant effects of EW are also seen atptiogein level. Protein oxidation is particularly
important because neurodegenerative diseases arglaag associated with the oxidative modification
of proteins [34,35]. ROS attack proteins, resultimythe formation of protein carbonyls and
subsequently inactive proteins. Therefore, augndectabonyl contents have been measured as a
cellular marker of oxidative damage to proteins,§3%. The protein carbonyl content was increased in
the blood of ethanol-dependent patients [38] anthénliver or pancreas of ethanol exposed rats and
mice [39-41]. Similarly, an increased content obtpm carbonyls was observed in the cerebellum,
cortex, and hippocampus of ethanol consuming B¢ [mportantly, the level of protein carbonyls
was further increased during EW [16], suggestingt thbrupt EW produces more severe protein
oxidation than ethanqier se.

The mechanisms by which EW provokes oxidative stdessnage have been characterized iniour
vitro immortalized hippocampal cell line (HT22 cell).iStcell line is an effective model of oxidative
stress. HT22 cells contain the glutamate/cystingparter for the delivery of cystine into neuronal
cells that mediates the synthesis of an antioxigariathione. Therefore, HT22 cellular injury idenf
associated with oxidative insults [42,43] includiByV-induced cellular oxidation [44]. As was the
case forin vivo studies, HT22 cells withdrawn for four hours afethanol exposure for 24 hours
encountered an excess generation of ROS and prcaeonylation. The oxidative stress was more
severe during EW than ethanol expospsese and was accompanied with cell death. Taken togethe
these findings suggest that EW induces destructwxelative stress both inn vivo and
in vitro conditions.

2.3. Antioxidant mechanisms of E2

17B-Estradiol (E2, Figure 1) is the most potent ndlyiraccurring estrogen. Beyond its effect on
reproductive organs, the neuroprotective activitieE2 have been extensively studied and proved in
variety ofin vitro andin vivo neuroprotection models [45-50]. The E2’s neurggeton is the end
results of well-orchestrated genomic and non-gengmnocesses. As a non-genomic protection, the
estrogen receptor (ER)-independent antioxidantetf€E?2 is an important contributor to cell suadiv
against oxidative stress [51-53]. The antioxidactiom occurs mainly via direct free-radical
scavenging, although indirect mechanisms, suchheasipregulation of antioxidant enzymes and the
chelation of redox-active metal ions, may also melved [54,55]. E2 may directly scavenge free
radicals through a mechanism involving a non-phemmra-quinol from which E2 can be efficiently
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regenerated via a NADPH-dependent reductive araatain (Figure 2) [53,54]. This cyclic
antioxidant mechanism discovered by Prokai imptiest E2 doesn’'t have to be used up when it
provides a “chemical shield” against harmful frealicals but it can be rejuvenated. Indeed, E2
protected against the excessive generation of RQER2 cells which were inflicted by a side effect
of a psychiatric treatment [56].

Figure 1. Chemical structures of E2, OP, BHT and 3-OBu-E2.
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Figure 2. Schematic illustration of how estrogens providechemical shield” from «OH
exposure by an antioxidant cycle discovered by &r¢&4,55]. E2 captures «OH and
produces the phenoxyl radical and subsequentlyogev®rsible quinol. The quinol is
rapidly converted to the parent estrogen via a NABdependent enzyme-catalyzed
reductive aromatization to perpetuate the antioxidection. During this process, *OH is
detoxified to HO via a radical exchange reaction in the chainingglipid peroxidation
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E2 also mitigated EW-induced lipid peroxidation gmatein oxidation in rats and cells [16,57].
Estrogen protection against EW-induced oxidatiory raigo involve the regulation of glutamatergic
neurotransmission because glutamate-induced oweastress was attenuated by E2 [58,59].
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Additionally, E2 may counteract pro-oxidant ethdB®V through enhancing the activity of antioxidant
enzymes based on a report that estrogen deficemepregulated the activity of superoxide dismutase
[60]. The downregulation of antioxidant enzymesassociated with increased production of free
radicals and is prevented by estrogen replacen@fijt Furthermore, estrogens at a physiological
concentration interact synergistically with the iexidant glutathione, providing enhanced
neuroprotective potency [61,62]. This synergy vgthtathione may result from an enhancing effect of
estrogen on the reducing potential of glutathids®63].

We recently assessed whether a free radical scengraffect of estrogen contributes to its
protection against pro-oxidant EW in HT22 cells][64n in vitro efficacy of E2 was compared with
other phenolic compounds such @ectylphenol (OP) and 2,6-dért-butyl-4-methylphenol (BHT)
and a non-phenolic compound, 3-butyl ether-E2 (3#BR) in HT22 cells. 3-OBu-E2 is an E2
derivative (Figure 1) in which a phenolic OH is ¢ited by butyl ether formation [65]. If the
antioxidant property of these compounds is attedub the presence of the free phenolic OH, 3-OBu-
E2 should have no protection against EW-inducediaiion. As expected, E3-octylphenol, and
BHT protected against EW-induced cell death antlleel oxidation whereas 3-OBu-E2 without the
phenolic OH failed to exert the protection (TabjeThese findings suggest that the phenolic maéty
E2 is, indeed, an essential feature for the frdeahscavenging property.

Table 1. The comparison between protective effects of pherand non-phenolic test
compounds. HT-22 cells were exposed to 24- howareth(200 mM) followed by 4-hours-
ethanol withdrawal (EW) with or without (EW onlyprcomitant treatment with phenolic
test compounds (1pM, Figure) 15, 64]. In control experiments (vehicle only, no
ethanol), cell viability was counted as 100%, MDvél was 173 6.5 nmol/mdprotein
and protein carbonyl content was 126.01 nmol/m@rotein.* p < 0.0lvs. corresponding
EW only (no test compound).

EW + Test Compound (1 uM)

% of control EW only

E2 BHT OoP 3-OBu-E2
Cell survival 30+1 49 + 2* 50 + 1* 48 + 3* 28+3
MDA content 219+ 2 157 +£3* 152+1* 161+ 3* 22@
Protein carbonyl 229+ 3 171£3*  174+£2* 175+2* 230+ 3

3. Protein Kinase
3.1. PKC

A body of evidence indicates that oxidative stimare closely linked to signaling protein kinases
such as protein kinase C (PKC) [65,66]. PKC is mpartant regulatory enzyme in cell fate and
phosphorylates a variety of substrates such asdrigtion factors, membrane receptors, ion channels
and nuclear proteins. Although many functions ofCPkre beneficial for cell survival [67-69],
prolonged or excessive PKC activity can promotesasky downstream events [70].

The PKC family is comprised of approximately 10feliént isozymeso BI, B, v, o, €, 6,1, ¢, and
A) depending upon structural features and requirésnéar PKC activation [70]. Among these
isozymes, PKC epsilon (PKhas been particularly implicated in the effedtethanol/EW effects. A
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recentin vitro study identified an ethanol-binding site in PK{Z1]. Mutant mice lacking PKE
consumed less ethanol and displayed less severen@iWed seizure than wild-type mice [72].
Ethanol exposed cultured neurons showed an increaskee level of PKE [73]. Acute ethanol
treatment enhanced the activity of PKi@ the cardiac muscle [74], whereas chronic etharatment
decreased the activities in the cortex and hipppcen{75]. Withdrawal from forced intermittent
ethanol administration for seven days enhancedatiivity and protein levels of PK whereas
withdrawal from voluntary ethanol consumption foref weeks suppressed PKG@ctivity [76]. As
such, the effect of ethanol or EW on PKi@ay vary depending upon the regimen of ethanatrment.
Nevertheless, these studies suggest thateR&@volved in the stimulus effects of ethanol elepence
and EW. PKC activation may require the stimulatioh resting/inactive PKC in the cytosolic
compartment and its relocation to the membrane oot of cells [77,78]. It has been demonstrated
that ethanol exposure and EW increase the memiranslocation of PKE[73,79]. In our previous
observations, both ethanol exposure and EW incdeasanbrane translocation and membrane protein
levels of PKG but only EW enhanced the activity of PKCThis suggests that membrane
translocation is pre-requisite but not sufficierdr fPKC activation. Presumably, PKC, after
translocation to membrane, may have to bind toiBpemchoring proteins for functional activation
[80]. This process may be completed during EW loiitduring ethanol exposuper se.

The protective effects of estrogen on RKa&le controversial. PK€Cmediates hyperalgesia caused
by inflammation [81] and by chronic alcoholism [88]a manner that was attenuated by E2 in female
rats [83]. By comparison, estrogen alone withowy atressful stimuli activated and induced the
translocation of PK€to the plasma membrane of cultured dorsal roogjlggmneurons [84]. In our EW
model, estrogen protected the homeostatic stati4KGE upon EW stress [76] and glutamate-induced
cytotoxicity [85]. The mechanism(s) through whicétregen inhibits or activates PKC activity are
unclear. One can speculate that an antioxidantteffieE2 may interfere with a pro-oxidant pathway
associated with PKC. At concentrations that aherihtracellular distribution and activity of PKE2
demonstrates potent antioxidant properties in HTe@ls [86]. Oxidants selectively react with the
regulatory domain to activate PKC whereas antioxislappear to interact with the catalytic domain to
inhibit cellular PKC activity [87]. Presumably, wéipro-oxidant EW activates PKC and induces the
membrane translocation, the antioxidant activitye@ stabilizes neuronal membranes, inhibits the
binding of PKC to anchoring proteins, and thus pres the functional activation of PKC [80]. Further
studies need to elucidate precise mechanisms ynugthe dual effects of E2 on PKC.

3.2. P38

In addition to PKC, P38 is intimately involved irediating EW insults. P38 belongs to the family
of mitogen-activated protein kinases that mediarading cascades and regulate cell fate in respons
to cellular stress [88]. As is the case for PK@aasient, moderate activation of P38 is associaitdd
cell survival or differentiation, whereas a sustainor excess activation generally correlates with
pathological conditions [89-91]. P38 is activatqubm phosphorylation [92] and thus, pP38 is often
measured as an indicator of P38 activation. Whaihewot PKC (PKE) is linked to a P38 pathway is
controversial. While the overexpression of RK@ld not alter P38 activation in one study [93], a
downregulation of PKE blocked P38 activation in another study [94]. lther case, P38 is
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phosphorylated in response to stress signals ssieghflammatory cytokines, heat shock or ischemia
[95]. Accordingly, P38 is known as a stress-ac@daprotein kinase. The P38 family minimally
includes P38 [96], P38 [97,98], P38 [99,100] and P38[101]. Among these isozymes, FB38nd
P38 are highly expressed in brain areas that are vaibte to ethanol/EW, such as cerebellum and
cortex [102-104].

The signaling role of P38 in the effects of ethanas been demonstrated such that P38 inhibitor
SB203580 attenuated ethanol-induced HT22 cell dg#if]. Acute ethanol treatment provoked P38
activation [106] and augmented endotoxin-induce88levels in human monocytes [107]. Our recent
study identified that P38 is activated more seyedelring EW than during ethanol exposure in male
and female rats [108]. Because P38 activation b#s treneficial [L09] and deleterious [110] effects,
we tested the effects of EW-induced P38 activatiorcell survival. When P38 inhibitor (SB208035)
was administered during EW, HT22 cells survivearfreW-induced cytotoxicity. By comparison, the
protection was lost when SB208035 was administdiethg ethanol exposunger se. Given this, it
appears that an excessive activation of this kiatexic to cells and EW-induced rather than etiran
induced activation of P38 contributes to the EWbtiykicity.

It is not well understood how EW provokes P38 atton. As one possible mechanism, EW-
induced glutamate neurotransmission may be involvethis process based on a study in which
glutamate increased P38 phosphorylation in cultuckotk cerebellar glial cells [111]. Another
potential mechanism is inferred from studies inckhoxidative stress was attributed to P38 activatio
[112,113]. When SB203580 (P38 inhibitor) treatmeais restricted to the EW phase, it attenuated
ROS generation in HT22 cells. These studies sugtpedt EW induces a deleterious interaction
between oxidative pathways and P38 activation,rdmritng to cellular and neuronal damages.

Protective effects of E2 are also shown at thellet/¢>38. E2 attenuated the phosphorylation of
P38 induced by angiotensin Il in cells [114], cacdhypertrophy in ovariectomized mice [115], and
myocardial inflammation in ovariectomized rats [L1@alleset al. [113] suggested that E2 prevented
oxidative stress, which in turn inhibited P38 aation and protected neurons from Amyl@idoxicity.

In our recent study, EW increased the number afbsdlar Purkinje neurons containing pP38 and E2
treatment decreased it toward a control level (f@d). In contrast, trauma-hemorrhage decreased the
protein level of pP38, and E2 treatment increase@oward a control level [117]. It is not clear wha
mediates the inhibiting and the activating effaft&2 on P38. At the very least, E2 may modulaée th
pathological conditions of P38 in a direction tod/éine homeostatic status of P38.

4. EW & Mitochondria

The primary function of mitochondria is to producellular energy (ATP) through a series of
mitochondrial enzyme complexes located in the inmetochondrial membranes. Electrons are
transferred across the enzyme complexes and ctbateelectrochemical gradient between the
mitochondrial membranes. Subsequently, the eldotmmdacal gradient provides a force to generate
ATP. In the process of the electron transfer, R@8hsas superoxide are typically generated as
byproducts. However, the levels of ROS increasendtzally under certain pathological conditions
such as EW, resulting in significant cellular amdironal damages.
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Figure 3. Immunohistochemical detection of pP38 expressianthe cerebellum.
Ovariectomized rats implanted with oil pellets & fgellets began a 25-day-ethanol (6.5%)
and 5-day-withdrawal, repeating 3 times. The etharposure group continuously
received an ethanol-diet until the very end ofet grogram and was gradually withdrawn.
At the 14th day of the last EW, the left hemisphevpataining the cerebellar vermis was
processed for immunohistochemical analysis to ®p&38 protein. Dark deposits marked
with arrows indicate pP38 positive neurons or cellshe Purkinje (P) and granular (G)
layers. A magnification of a 20-fold was used tketgictures. A scale bar indicates an
actual length of 20Qm.

Dextrin Ethanol Exposure

Ethanol Withdrawal Ethanol Withdrawal

+ Estrogen

Exogenously applied ¥, increased mitochondrial protein oxidation in comtion with ATP
depletion in cultured human fibroblasts [118] andmian lens epithelial cells [119]. Acute
administration of ethanol (5 g/kg, IP) to mice d#pt mitochondrial DNA in heart, liver, and brain
[120]. ROS produced during ethanol metabolism attermitochondrial function [120,121].
Mitochondrially targeted vitamin E protected celédvegranule cells from ethanol-cytotoxicity [122],
suggesting that oxidative insults to mitochondmgimately influence cell fate. The integrity of
mitochondria is intimately affected by membranenpembility that is regulated by a group of proteins
called the mitochondrial membrane permeability gsion pore (PTP). PTP regulates permeability to
electrolytes, nucleotides and metabolic substraaétspf which are essential for ATP production.
Although the composition of PTP remains uncert&®mP is believed to be minimally composed of
adenine nucleotide translocase, mitochondrial tre&inase, voltage dependent anion channel, and
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cyclophilin D [123-125]. Oxidative or apoptotic &sis renders excess opening of PTP, diffusing water
and electrolytes across the mitochondrial membra&snsequently, mitochondrial membrane
potential Aym) collapses and oxidative phosphorylation of ABHsf[126]. Due to such a close
relationship between PTP angm, Aym is often measured as a typical marker of PTP.

Studies suggest a deleterious effect of ethan@Wron PTP. For instance, ethanol-induced cell
death was prevented by cyclosporin A treatment (Phibitor) [121,127]. Ethanol treatment resulted
in excess PTP opening in mice lacking superoxidendiase (endogenous antioxidant enzyme) [128],
suggesting that a loss of endogenous antioxidapaoiy may trigger PTP opening. We have
demonstrated that EW provokes mitochondrial mengsamelling andAym collapse more severely
than ethanoper se [44]. There are a few possible explanations on B targets mitochondrial
membranes. First, EW provokes the excessive geoeraf free radicals which readily attack
mitochondrial membrane components perhaps incluBifg proteins. The oxidative modification of
proteins alters the stability, conformation, adyiviand function of the PTP proteins, resulting”inP
opening [129]. Second, excessive glutamate-inducedronal excitation increases intracellular
concentrations of G4 which provokes PTP opening [37,124,130-133]. iftteraction between Ga
and EW is shown such that a blockade of*G#annels reduced EW signs [134] and EW-induced
hyperanalgesia [135]. In addition, EW depletedlével of C&* buffing protein (parvalbumin) in rats
[12]. This effect of EW [12] is not surprising bexse parvalbumin is localized in GABAergic neurons
[136] which are downregulated during EW. Third, teio kinases may mediate the mitopathic process
such that oxidative stress induces translocatioRKEs to mitochondria, which in turn inhibits the
electron transport chain and ATP production [187]our pilot study, a P38 inhibitor protected again
EW-induced mitochondrial membrane swelling in HT@3Is. This protection may result from a
counteracting effect of the P38 inhibitor on a pagatotic protein bcl-2-associated x protein (BAX)
[138]. P38 induces the translocation of BAX to mitochoadrihereby inflicting mitochondrial
integrity [138]. This effect of BAX or P38 may be facilitated by EMtiuced C&". Two lines of
studies support this notion. A synergistic intei@ttbetween intracellular aand cytosolic BAX
inducesin vitro apoptosis [139] and &amediates glutamate-induced P38 activation [14Gie T
multiple interactions between P38, BAX, oxidatiteess, and mitochondria were well characterized in
SH-SY5Y neuroblastoma cells: a pro-oxidant maloretgvated P38 and a P38 inhibitor blocked
malonate-induced BAX translocation to mitochondiia4l]. Finally, EW may target key
mitochondrial enzymes such as COX, thereby infigtimitochondrial membrane integrity. COX
catalyzes electron transfer at the terminal stedgenhe respiratory chain. The suppressed activity of
COX has been found in a variety of neurodegeneratinesses such as Alzheimer’s disease [142],
suggesting a critical link between COX and CNS dlecs. Moreover, this mitochondrial enzyme is
also a target of oxidative stress such that nananzaincentrations of nitric oxide rapidly inhibitée
activity of COX in isolated mitochondria, brain merterminals, and cells [143]. Directly relevant to
EW, repeated EW suppressed the activity of COXhatirain of young and aged rats [144]. Taken
together, upon EW insults, multiple factors inchgliROS, C&, and P38 simultaneously or
sequentially interact with each other, inflictindpet functional impairment of mitochondrial
membranes (Figure 4).
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Figure 4. Oxidative signaling pathways of EW stress. Thaipbtermination of excessive
ethanol exposure downregulates inhibitory GABA4@)l upregulates excitatory glutamate
(2) neurotransmittions. The excitatory stimulustifanol withdrawal (EW) provokes ROS
generation (3), inducing the oxidation of lipid apobteins (4). ROS also trigger down-
stream effectors such as the activation and traastm of PKG (5), the phosphorylation
of P38 (6), and an increase in the intracellulaelef C&* (7). A mutually enhancing
effect (8) of ROS and glutamate may increase thieadion of P38. The Ga overload
induced by glutamate (9) or by ROS is buffered bga&" buffering protein parvalbumin
(10). Parvalbumin, located in GABAergic neuronsdavnregulated in conjunction with
EW-induced suppression of GABA neurotransmittioh)( The activation of P38 in turn
activates BAX (12), which is inhibited by an antigpotic protein Bcl2 (13). Subsequently,
BAX translocates to and inflicts mitochondria (1Because mitochondria are the major
source of ROS production, EW-induced excessive rg¢ine of ROS intimately impairs
the integrity of mitochondrial membranes (15). Aaltiogly, the opening of PTP is
increasedA¥Ym collapses, and the activity of cytochrome ¢ os@@COX) is suppressed,
all of which provoke ATP depletion (16). As net cwines, neurons such as cerebellar
Purkinje neurons are degenerated with behavionahinrments.
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We have demonstrated that EW decreased the agsiatitotal COX in rats [145] in a manner that
was prevented by E2 treatment. Estrogens haveauladteffects on mitochondrial function [146],
particularly in the face of stress. Estrogen exkmpeotection agains-amyloid- or ROS-induced
mitotoxicity [146]. In a rat model of oxidative sfis, E2 prevented mitochondrial peroxidation induce
by ovariectomy [147]In vitro estrogen treatment to human neuroblastoma celispabtected against
ATP depletion, A¥m collapse, and ROS generation induced by mitochaintbxins [148] or HO,
[116]. These mitoprotective effects of estrogenredated with its antioxidant effects [119].
Furthermore, non-feminizing estrogens such asdstradiol and ent-estradiol shared the abilit{Edf
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to protect ATP production antl’m maintenance [149]. In Wang's study [149], thedBRagonist ICI
182,780 failed to block the mitoprotection exertedthese estrogen analogues, suggesting that ER
independent non-genomic mechanisms [150] mediat@rbtection. This non-genomic mechanism of
E2 is supported by Alele and Devaud'’s study [Avinich E2 and the neuroactive steroid pregnanolone
rapidly mitigated EW-induced seizure activity. Then-genomic E2’s protection appears to occur at
the mitochondrial level through modulating proteiotein interaction. For instance, E2 activates an
antiapoptotic protein Bcl2 [151] which in turn ibits the effect of a proapoptotic protein BAX on
mitochondria. Given these findings, estrogen senmday a role in alleviating oxidative or apoptoti
burden in mitochondria, thereby protecting mitoathwed functions such as mitochondrial
respiration [152].

As mentioned earlier, if pro-oxidants provoke PTgeming [129], antioxidants should inhibit the
opening. Indeed, PTP opening was inhibited by \itaBhbut was induced by, [153,154]. Based
on these studies, we assessed antioxidant proteatiainst PTP opening using three compounds
which have ROS scavenging activities: E2, an aideont BHT, and an E2 analogue ZYC26. ZYC26
previously showed a 10-fold higher antioxidant potethan E2 in the HT22 cell model of EW [15].
ZYC26 contains an adamantyl group at the C2 pasitib A-ring and this structural configuration
enhances the stability of the adjacent phenoxyicehdwhich is an essential element of ROS
scavenging activity [51,53,155]. We computed thgni@de by which these three compounds protect
HT22 cells from EW-induced mitochondrial membramesling. Despite that ZYC26 more potently
scavenged ROS than E2, all three compounds mitigate mitochondrial membrane swelling with a
similar degree of potency (data not shown). Thdsewvations indicate that other factors, in additio
to the ROS scavenging activities of E2, also medmbtection against PTP opening. For instance, E2
may activate glutathione peroxidase which direcdguces membrane-bound lipid hydroperoxides
[156,157]. It is also possible that E2 elevatesl¢éels of endogenous antioxidants such as glaa¢hi
so that a favorable redox potential for an antiaridenvironment is created [63]. Alternatively,
because high levels of mitochondrial’Campede the regulatory function of the PTP protdi4]
and E2 induces mitochondrial tolerance to®'Caverload [158], E2 may increase a threshold of
mitochondrial C& that is required to trigger PTP opening. At theyMeast, E2 appears to orchestrate
multiple mechanisms in addition to an antioxidaatian, effectively protecting mitochondria from
EW.

5. EW & Brain Aging

Alcohol is a commonly abused substance among glgebple [159-161]. Moreover, due to the
long lasting nature of alcoholism, many alcohol efegent individuals experience aging in the course
of alcoholism. Although many studies have invesédathe interaction between age and ethanol
[6,144], few studies have addressed brain agingcasged with EW. An interaction between
functional brain aging and EW was shown in a hursiady in which 70% of abstinent alcoholics
suffered from aging-like neuropsychological impaagmts, including deficits in motor performance,
short-term memory, and visuospacial performance@][18ge-dependent effects of EW are also shown
in animal studies in which EW provoked neuronaklosthe locus coeruleus in old male rats (29-30
months) but not in young rats (3-4 months) [163ju3, EW-induced neurobehavioral deficits may
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closely resemble psychomotor aging and these twiablas (age and EW) may interact adversely
with one another through common mechanisms.

Both EW and aging are closely associated with dkidastimulus. ROS are overproduced in aged
subjects [164-166], and oxidative stress promotgsralated changes in cellular components [167-
170]. The pro-oxidant nature of EW is particulaigportant in brain aging because it increases
oxidative stress in the areas that are most vubterso aging, thereby facilitating age-associated
disorders [171,172]We have determined whether EW acts as a provokinguksis for aging-like
damage at the level of motor performance and egliddox status. Ovariectomized female rats with
or without E2 implantations, completed a diet pemgrof 25-day ethanol exposure followed by 5-day
EWI/cycle, repeating three cycles. They were thetetefor cerebellar-related motor performance and
oxidative stress. Ethanol withdrawn rats displayggnificant motor deficit and severe cellular
oxidation at an earlier age than control-diet riatsa manner that was ameliorated by E2. These
observations suggest that EW hastens brain agidgeatrogen mitigates the problem. The age-
associated motor deficit did not appear to be audifferent amounts of ethanol intake or ethanol
kinetics between ages. In general, old people coesai smaller amount of ethanol than young people
even among alcoholic population [173]. Similarly &xperimental animals, older rats consume less of
an ethanol diet than young rats. In spite of tissde ethanol intake, old rats had a higher blobdret|
concentration [174,175] and a slower ethanol elatiom rate than young rats [176]. However, a
higher blood ethanol concentration in old rats keili mediates their greater vulnerability to EW
because the degree of EW-induced motor deficitndidcorrelate with blood ethanol concentrations.
These findings suggest that the kinetics of ethamolikely contributes to the EW-induced
motoric aging.

P38 has been implicated in age-associated phystalogr pathological conditions. While old men
had a higher level of basal pP38 in skeletal mgsth@n young men, the opposite trend in age-
associated pP38 levels occurred after strenuouscisge[177]. Mutant mice that formed the
pathological aggregation of tau proteins had ext®asls of pP38, which increased with age [178].
Pathological activation of P38 was shown in thenzraf Alzheimer’s disease patients [179] and m th
livers of aged rats after challenged withQd [180]. Given this information, we tested the hypestis
that EW acts as an age-specific stressor to aetRa8 in cerebellar neurons. Although the ceretyellu
contains multiple types of neurons, Purkinje nesraonstitute the single output of all motor
coordination in the cerebellar cortex [181]. Theref damage to these neurons inevitably provokes
impairment of motor behavior and motor learningr Fstance, cerebellar ataxic mice had a loss of
Purkinje neurons but no change in the cerebellanar neurons [182]. Purkinje neuron knock-out
mice showed more severe motor deficit in a Rotaestl than granular neuron knock-out mice [183].
The ability of the connection (synaptic plasticitygtween Purkinje neurons was lost by ethanol
treatment [184]. In fact, a substantial loss ofsth@eurons coincided with motor deficit in ethanol-
withdrawn rats [9,57]. Using immunohistochemistmg observed that pP38 positive Purkinje neurons
were more populated in middle-age (15 months) Ei/ttean young (8 months) or older (19 months)
EW rats. Similarly, EW-induced oxidation of mitogtdrial proteins was more severe in middle-age
rats (15 months) than other age groups (8 and 18thmp These findings suggest that the most
vulnerable age to EW insults is not necessarily dite age and may vary depending upon target
molecules of EW. As far as P38 is concerned, middie (12-15 months) was most vulnerable among
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the age categories tested (5-8, 12-15, and 16-1%hsp In addition, the localization of pP38 in
ethanol-withdrawn Purkinje neurons implies that Pa&ivation intimately interferes with the
neuronal integrity.

The susceptive neuronal response of middle-agetoa38 activated by EW was coherent with
behavioral manifestation in that EW-induced motefict was exacerbated by age, which began at 12-
15 mo. A previous study also reported the vulnditgtmf middle-age groups to aging symptoms such
that the onset of memory impairment occurred atape of 12 months in female rats [185]. In a
clinical study, brain changes resembling Alzheimelisease were most evident during the ages 50 to
59 years [186]. Multiple tasks involving cognitiaad motor functions also declined during middle-
age [187,188]. The susceptibility of middle-agesratay be the reflection of cellular and neuronal
alterations associated with transition stress fsmung to old endogenous systems. The variety of
alterations may collectively perturb the neuronakgrity, providing favorable conditions for P38
activation upon EW insults. In this scenario, arisra few months older than the middle age may
develop adaptations and tolerances to the altezlglar and neuronal milieu and thus become more
resistant to the EW stress. Alternatively, age-assed alteration may depend on specific organelles
or molecules. For instance, whenp,@nd BHO, were measured in mitochondrial fractions, the eont
peaked in middle-age rats [189]. In comparison, wadéal ROS content was measured in the whole-
cerebellar lysates (not specific organelles), akgel at an older age (19 months). The ROS results
suggest that the vulnerable age at which maximumadea occurs may vary depending upon target
molecules or organelles and the nature of stress.

Protective effects of E2 on age-associated motficidéhave been shown in studies where E2
administration improved the motor performance oh@dnth-old female rats [190]. In contrast to these
beneficial effects of estrogen, some studies repoddverse effects of estrogen on age-related
phenomena such as decline in memory or cognitionumans [191] and in animals [192]. Among
these reports, there seems to be a consistentnagmé¢hat estrogen treatment soon after ovariectomy
produces beneficial effects on cognition, wheredslayed treatment after ovariectomy has little@r
beneficial effects. When treated with E2 at threenths following ovariectomy, middle-aged rats
learned a spatial memory task more quickly thanckeltreated rats; however, when E2 treatment was
delayed until 10 months after ovariectomy, no dffexf E2 were observed [193]. Similar results were
observed in studies of rhesus monkeys [191,194] &ndhans [195], suggesting that the
neuroprotective effects of estrogen may require egam treatment window. When implanted
immediately after ovariectomy, we did observe tbht, ethanol withdrawn rats treated with E2
behaved like young rats in motor performance, armmved similar cellular oxidation properties and
hyperactivation of P38.

6. Conclusions

Beyond classical mechanisms of the hyperactivatioexcitatory and the suppression of inhibitory
neurotransmissions, EW also induces the excessmergtion of oxidative molecules which trigger
the cascades of downstream signaling proteins asighrotein kinases. The EW-induced ROS directly
or indirectly attack mitochondria through the silyma protein kinases. Consequently, mitochondrial
membranes swell, membrane potential collapsescg@mthrome ¢ oxidases loses its activity, all of
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which contribute to mitochondrial pathology. Whée tbrain is repeatedly exposed to such chaotic
events, neurons are injured with behavioral conseces, the gravity of which is exacerbated at a
vulnerable age. Estrogen may interfere with upstrexidative pathways through its antioxidant
activity, thereby protecting downstream effectofdternatively, E2 may simultaneously regulate
oxidative pathways and signaling protein kinaseslectively executing protection. In addition to
oxidative signaling mechanisms that were discuseethis review, numerous other pathways and
complicated interactions between them are beligwethediate EW-induced brain injuries or E2’s
protection. Unfortunately, it is difficult to diffentiate each pathway to determine the degree ichwh
EW or estrogen directly affects each step and hawhms due to its effects on the others. It is our
hope that this work contributes to a new insigiw ioxidative signaling pathways of EW and triggers
further studies to identify molecular targets fetter EW management.
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