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Abstract:

Chronic alcohol intake leads to neuroinflammation and cell injury,
proposed to result in alterations that perpetuate alcohol intake and cued-
relapse. Studies show that brain oxidative stress is consistently
associated with alcohol-induced neuroinflammation, and literature
implies that oxidative stress and neuroinflammation perpetuate each
other. In line with a self-perpetuating mechanism, it is hypothesized
that inhibition of either oxidative stress or neuroinflammation could
reduce chronic alcohol intake and relapse. The present study conducted
on alcohol-preferring rats shows that chronic ethanol intake was
inhibited by 50-55% by the oral administration of low doses of either the
antioxidant N-acetyl cysteine (40 mg/kg/day) or the anti-inflammatory
aspirin (ASA; 15 mg/kg/day), while the co-administration of both dugs
led to a 70-75% (p<0.001) inhibition of chronic alcohol intake.
Following chronic alcohol intake, a prolonged alcohol deprivation and
subsequent alcohol re-access, relapse-drinking resulted in blood-alcohol
levels of 95-100 mg/dl in 60 minutes which were reduced by 60% by
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either N-acetyl cysteine or aspirin, and by 85% by the co-administration
of both drugs (blood-alcohol: 10-15 mg/dl; p<0.001). Alcohol intake
either on the chronic phase or following deprivation and re-access led to
a 50% reduction of cortical glutamate transporter GLT-1 levels, while
aspirin administration fully returned GLT-1 to normal levels. N-acetyl
cysteine administration did not alter GLT-1 levels, while N-acetyl
cysteine may activate the cystine/glutamate transport xCT,
presynaptically inhibiting relapse. Overall, the study suggests that a
neuroinflammation/oxidative stress self-perpetuation cycle maintains
chronic alcohol intake and relapse drinking. The co-administration of
anti-inflammatory and antioxidant agents may have translational value
in alcohol-use-disorders.
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ABSTRACT

Chronic alcohol intake leads to neuroinflammation and cell injury, proposed to result in alterations
that perpetuate alcohol intake and cued-relapse. Studies show that brain oxidative stress is
consistently associated with alcohol-induced neuroinflammation, and literature implies that oxidative
stress and neuroinflammation perpetuate each other. In line with a self-perpetuating mechanism, it is
hypothesized that inhibition of either oxidative stress or neuroinflammation could reduce chronic
alcohol intake and relapse. The present study conducted on alcohol-preferring rats shows that
chronic ethanol intake was inhibited by 50-55% by the oral administration of low doses of either the
antioxidant N-acetyl cysteine (40 mg/kg/day) or the anti-inflammatory aspirin (ASA; 15 mg/kg/day),
while the co-administration of both dugs led to a 70-75% (p<0.001) inhibition of chronic alcohol
intake. Following chronic alcohol intake, a prolonged alcohol deprivation and subsequent alcohol re-
access, relapse-drinking resulted in blood-alcohol levels of 95-100 mg/dl in 60 minutes which were
reduced by 60% by either N-acetyl cysteine or aspirin, and by 85% by the co-administration of both
drugs (blood-alcohol: 10-15 mg/dl; p<0.001). Alcohol intake either on the chronic phase or following
deprivation and re-access led to a 50% reduction of cortical glutamate transporter GLT-1 levels, while
aspirin administration fully returned GLT-1 to normal levels. N-acetyl cysteine administration did not
alter GLT-1 levels, while N-acetyl cysteine may activate the cystine/glutamate transport xCT,
presynaptically inhibiting relapse. Overall, the study suggests that a neuroinflammation/oxidative
stress self-perpetuation cycle maintains chronic alcohol intake and relapse drinking. The co-
administration of anti-inflammatory and antioxidant agents may have translational value in alcohol-

use-disorders.
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A number of studies have shown that chronic alcohol intake or its administration leads to the
synthesis of pro-inflammatory cytokines, astrocytosis and microglial activation; hallmarks of
neuroinflammation!’. The mechanism of alcohol-induced neuroinflammation is in part mediated
by the influx of gut lipopolysaccharide (LPS) into the systemic circulation. Acetaldehyde, generated
from ethanol metabolism, increases the permeability of gut endothelial tight-junctions allowing
the influx of bacterial LPS into the portal circulation®, further releasing tumor necrosis factor-alpha
(TNF-a.) by hepatic macrophages, which through the systemic circulation reaches the brain via

TNF-a receptors present in the blood brain barrier 0.

A factor that potentiates neuroinflammation is brain oxidative stress generated upon chronic
ethanol intake or its systemic administration > & 113, Brain oxidative stress is generated by most
drugs of abuse 4, and is seen after a single dose of cocaine *°. For alcohol, increases in reactive
oxygen species follow the oxidation of dopamine released during the stimulation of mesolimbic
dopamine system 618 while dopamine released is metabolized by monoamine oxidase generating
hydrogen peroxide 4. Further, at the extracellular physiological pH the auto-oxidation of catechol
groups of dopamine leads to superoxide-ion formation *°. Additionally, chronic ethanol intake or
its administration leads to increases in brain cytochrome CYP2E1 levels?, which generate
superoxide ion radicals and hydrogen peroxide?!. In turn, reactive oxygen species induce
neuroinflammation via the NF-kB pathway by inactivation of the NF-kB inhibitor IkB, leading to the
generation of pro-inflammatory cytokines such as TNF-a?2. TNF-a further activates NADPH oxidase
23,24 'which generates hydrogen peroxide. Additionally, TNF-a increases the generation of
mitochondrial superoxide ions 2°. Thus, the literature strongly implies the existence of an
oxidative stress-neuroinflammation vicious-cycle perpetuating both oxidative stress and

neuroinflammation.

Page 4 of 4.



'age 5 of 43

Addiction Biology

The alcohol and drug addiction field has paid special attention to neuroinflammation and cell
injury as the main factors perpetuating the use of ethanol and other addictive drugs 2. Which of
either, oxidative stress or neuroinflammation, initiates the self-perpetuating cycle is not clear,
although for several drugs of abuse oxidative stress likely precedes neuroinflammation - since for

other drugs increases in systemic LPS have not been reported as for alcohol 11>,

The relationship between neuroinflammation and alcohol self-administration was demonstrated
following the single administration of LPS to mice ?’. Lipopolysaccharide likely acting via Toll-like
receptor-4 (TLR-4) increases alcohol self-administration 2. Montesinos et al 2° showed that the
increased ethanol self-administration that follows chronic ethanol administration is inhibited by
nalmefene, an inhibitor of TLR-4. Increases in voluntary ethanol intake were also shown in mice
following neuroinflammation induced by the administration of dsRNA poly(l:C), which acts via a
different pathway; namely the TLR-3 route 3°. Noteworthy, in detoxified alcoholics a strong

relationship is seen between alcohol craving, plasma LPS and pro-inflammatory cytokines?°.

The existence of a neuroinflammation-oxidative stress self-perpetuating cycle suggests that the
administration of an antioxidant may inhibit neuroinflammation as well as reducing chronic
alcohol intake and relapse drinking. Recent studies 3% 32 showed that administration of the
antioxidant (and glutathione precursor) N-acetyl cysteine to rats chronically self-administering
ethanol solutions fully reversed alcohol-induced brain oxidative stress, abolished
neuroinflammation, markedly inhibited chronic ethanol intake and partially prevented relapse-
binge drinking. Such a marked inhibitory effect of N-acetyl cysteine was confirmed in alcohol
cued- seeking operant studies in rats 3334, Operant studies by Gass et al 3*>showed that following a

period of chronic ethanol self-administration and deprivation, alcohol-associated cues markedly
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elevate glutamate levels in the nucleus accumbens of rats, in line with the hypothesis that cued-
induced increases in glutamatergic state lead to drug seeking and relapse in animals that have
learned to self-administer the drug 3®. It has been proposed that the likely mechanisms involved in
the reduction of ethanol intake induced by N-acetyl cysteine is an increase in cystine-glutamate
exchange via the astrocyte xCT transporter, activating inhibitory presynaptic (or peri-synaptic,

vide-infra) mGlu2/3 receptors, thus reducing cued-released glutamate levels3* 37,

How neuroinflammation may play a role in cued-relapse alcohol intake is not clear. However, the
cued-released glutamate at the tripartite synapse is potentiated by a low glutamate removal due
to the deficient astrocyte glutamate transporter GLT-1 induced by oxidative stress, which
accompanies neuroinflammation, leading to the inactivation of the transporter sulfhydryl moieties
by oxidation38. The relevance of the GLT-1 transporter is shown by the administration of the
antibiotic ceftriaxone which increases GLT-1 levels in several brain areas, including the prefrontal
cortex, where it is associated with a marked inhibition of chronic ethanol intake 3° and also

reducing the intake of other drugs of abuse 4% 41,

Mesenchymal stem cells and the products secreted by these cells, which display (i) strong
antioxidant and (ii) anti-inflammatory properties, were recently shown to increase GLT-1 levels
and to greatly reduce chronic alcohol intake and relapse-drinking®>43. Further, both ethanol-
induced oxidative stress and neuroinflammation were fully abolished by mesenchymal stem cells.
Indeed, mesenchymal stem cells have been termed “guardians of inflammation” #4. Pre-
incubation of mesenchymal stem cells with aspirin has been shown to increase their anti-
inflammatory action#>. Since the action of mesenchymal stem cells results from a multi-target

effect, elucidating which of the several anti-inflammatory and antioxidant factors secreted exert
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their anti-alcohol action will require further studies. Thus, other options are conceivable where
the effect on chronic ethanol intake and relapse are investigated following the administration of

known anti-inflammatory and antioxidant drugs.

A number of studies have shown that the anti-inflammatory drug aspirin (acetyl salicylic acid or
ASA) activates the synthesis of peroxisome proliferator-activated receptor-gamma (PPARy) known
to have strong anti-inflammatory effects 464”7, A wealth of data also has shown that moderate
doses of acetyl salicylic acid (ASA) by acetylating cyclooxygenases | and Il promote the synthesis of
potent anti-inflammatory fatty acid metabolites (Lipoxins)*&4°. Aspirin may additionally inhibit the
NF-kB pathway *°. Presently, an ongoing multicenter clinical trial (Australia, U.S.) investigates the
use of Aspirin versus placebo in a severe inflammatory condition such as sepsis®’. Further a
recently clinical trial, in its double-blind phase, showed the effectiveness of the combination of
aspirin plus N-acetylcysteine in the treatment of bipolar depression >2 a condition in which a major

neuroinflammatory component exists.

Given the above, in the present studies we determined whether the: (i) anti-inflammatory aspirin
(ASA) and the (ii) antioxidant N-acetyl cysteine (NAC) would be effective and synergize each other
in reducing both chronic ethanol intake and relapse like-binge drinking in a rat model of high
ethanol intake. The study tested the effect of aspirin at doses that do not induce gastric damage >3

and of N-acetyl cysteine within the doses previously used in humans >* 3>,
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MATERIALS AND METHODS

Animals

Adult female rats, Wistar-derived, bred for over 90 generations as alcohol consumers (University
of Chile Bibulous; UChB) >*>7 were used in the experiments. Animals were maintained ona 12 h
light/dark cycle (lights off a 7:00 PM) and regularly fed a soy-protein rodent diet (Cisternas,
Santiago Chile). Experimental procedures were approved by the Ethics Committee for Experiments
with Laboratory Animals at the Medical Faculty (Protocol CBA# 0994 FMUCH) and by the Chilean

Council for Science and Technology Research (CONICYT).

Drugs and treatments

Alcohol solutions for drinking experiments were prepared from absolute alcohol (Merck,
Darmstadt Germany) diluted to 10 or 20% alcohol (v/v) in tap water. Initially, N-acetylcysteine
(Sigma, St. Louis,MO) for i.p. administration was dissolved in saline, adjusted with NaOH to pH 7.2
and injected in volume of 5.0 mL/kg at a dose of 70 mg/kg/day for two days, while subsequently
N-acetylcysteine (NAC) for oral administration was dissolved in water, adjusted with NaOH to pH
7.2, and administered in 5.0 mL/kg by gavage at a dose of 40 mg/kg/day. Acetylsalicylic acid
(ASA), (St. Louis, MO, USA) also known as Aspirin, was dissolved in water, adjusted with NaOH to
pH 7.2, and given in volume of 5.0 mL/kg by oral gavage at a dose of 15 mg/kg/day to avoid gastric
damage 3. When the combination of N-acetylcysteine + acetylsalicylic acid was administered,
both were dissolved in water, adjusted with NaOH to pH 7.2 and given in a volume of 5 mL/kg by
oral gavage at a dose of 40 mg/kg of N-acetylcysteine plus 15 mg/kg of acetylsalicylic acid. In
initial studies, ethanol access was continued while NAC, ASA or NAC+ASA were administered. In
subsequent studies NAC, ASA or NAC+ASA were administered only during the alcohol deprivation

period and discontinued 24 hours prior to allowing alcohol re-access.
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Blood ethanol and glutathione determination.

Blood ethanol levels were determined in animals that had consumed alcohol chronically, were
alcohol deprived for 9 days and offered ethanol re-access on day 10. Immediately, after 60
minutes of re-access to ethanol (water also available), 100 microliters of blood were collected
from the tip of the tail under moderate acepromazine sedation (1 mg/kg i.p.). Samples were
immediately mixed with 0.9ml of distilled water at 4°C in a glass vial sealed and analyzed by head

space gas chromatography (Perkin Elmer SRI 8610) as previously described>®

In studies in which the brain oxidative stress was determined, the ratio of oxidized (GSSG) and
reduced (GSH) glutathione was determined in hippocampus as previously described >°.
Glutathione reductase (G3664), NADPH (N1630) and DTNB (5, 50-dithiobis-2-nitrobenzoic acid) (D-

8130), used for the determination of glutathione, were purchased from Sigma-Aldrich.

Determination of astrocyte and microglia immunoreactivity.

Immunofluorescence against the astrocyte marker glial fibrillary acidic protein (GFAP) and the
microglial marker ionized-calcium-binding adaptor molecule 1 (lba-1) were evaluated in coronal
cryo-sections of hippocampus (30um thick) as previously reported®. Nuclei were counterstained
with DAPI. Microphotographs were taken from the lacunosum moleculare stratum of
hippocampus using a confocal microscope (Olympus FV10i). The area analyzed for each stack was
0.04 mm? and the thickness (Z axis) was measured for each case. The total length and thickness of
GFAP positive astrocyte primary processes and density of lba-1 positive microglial cells were

assessed using FlJl image analysis software (http://fiji.sc/Fiji) as previously reported *°.
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Quantification of GLT-1 levels in prefrontal cortex.

Samples of prefrontal cortex of (i) N-acetylcysteine (NAC); (ii) acetyl salicylic acid (ASA), (iii) the
combination NAC+ASA or (iv) vehicle-treated rats were procured and proteins were extracted
using RIPA buffer (Thermo-Fisher) containing protease inhibitors. Western blot procedures to
examine the levels of GLT-1 were performed using a guinea pig anti-GLT1 antibody (AB1783,
Merck) as previously described®. The same membranes were also assessed for B-actin
immunobloting as loading control (anti B-actin, sc-47778 Santa Cruz Biotechnology). Reactive
bands were detected using the Odyssey Imaging System (LI-COR) and quantified using the Image

Studio Lite 5.2 software.

Experiment 1: Chronic alcohol intake: Effect of oral N-acetylcysteine administration,

Acetylsalicylic acid or the combination of N-acetylicysteine plus Acetylsalicylic acid.

Twenty four adult female UChB rats, weighing 190-210 g, were single-housed in individual cages at
the age of 60 days and maintained on a 12 h light/dark cycle (lights off at 7:00 PM). Female
animals were utilized in the present study due to the long-term nature of the experiments and the
ability of maintaining stable body weights over time. Subsequently, rats received continuous
concurrent free-choice access in the home cage to 10% (v/v) ethanol and water for 77 days. On
day 78 rats were allowed to concurrent three-bottle choice access to 10% and 20% (v/v) ethanol
and water for 24 additional days. On day 88, rats were divided in 4 groups (n=6/group) including:
(1) vehicle group: rats were given saline the first two days by the intraperitoneal (i.p.) route, and
by oral gavage the following eleven days, (2) N-acetylcysteine (NAC) group: on the first two days
NAC was administered by the intraperitoneal (i.p.) route (70 mg/kg/day), and subsequently by oral
gavage (40 mg/kg)for the following 11 days, (3) Acetylsalicylic acid (ASA) group: rats were given

saline via i.p. on the first two days followed by acetylsalicylic acid (15 mg/kg/day) given by oral

Page 10 of 4.
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gavage, for the following 11 days and (4) N-acetylcysteine + acetylsalicylic (NAC+ASA) acid group:
rats were given N-acetylcysteine (70 mg/kg/day), the first two days, followed by a daily combined
N-acetylcysteine (40 mg/kg/day) plus acetylsalicylic acid (15 mg/kg/day) dose given by oral gavage,
the following 11 days. Ethanol intake was recorded daily and expressed as g of ethanol
consumed/kg body weight/day. Twenty-four hours after the last NAC, ASA or NAC+ASA
administration and saline controls, the animals were anaesthetized with chloral hydrate (280
mg/Kg, i.p.) to obtain hippocampal samples for GSSG/GSH ratio determination, astrocyte (GFAP)
and microglia (Iba-1) immunohistofluorescence and prefrontal cortex to determine GLT-1 levels

(vide infra)

Experiment 2: Relapse-like ethanol drinking: Effect of oral administration of N-acetylcysteine,
Acetylsalicylic acid or the combination of N-acetylcysteine + Acetylsalicylic acid during the

alcohol deprivation period.

Twenty-four adult female UChB rats, weighing 190-250 g were housed in individual cages. Rats
received continuous, concurrent free-choice access in the home cage to 10% (v/v) ethanol and
water for 74 days. On day 75, rats were allowed to concurrent three-bottle choice access to 10%
and 20% (v/v) ethanol and water, for 11 additional days. After induction of chronic ethanol intake,
the animals were deprived of ethanol for 14 days and thereafter allowed re-access to ethanol
solutions (10% and 20%), for five days. Rats received daily, a single dose of N-acetylcysteine (40
mg/kg/day);  Acetylsalicylic acid (15 mg/kg/day) or  N-acetylcysteine (40 mg/kg/day) +
Acetylsalicylic acid (15 mg/kg/day) or vehicle (water) administered by oral gavage (n= 6
rats/group) during the last 9 days of ethanol deprivation. The last dose was administered 24 hours
prior to offering the animals (on day 10) an initial 60-minute and further 24 hours re-access to 10%

and 20% ethanol solutions, for five days. Ethanol intake was expressed as g of ethanol

10
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consumed/kg body weight/day. Immediately after the first 60 minutes of ethanol re-access, blood
samples were collected to determine blood ethanol levels. After the five-day ethanol re-access,
animals were euthanized to determine hippocampal GSSG/GSH levels, astrocyte (GFAP) and

microglia (Iba-1) immunohistofluorescence and GLT-1 protein levels in prefrontal cortex.

Statistical analyses. Statistical analyses were performed using GraphPad Prism (San Diego, CA).
Data are expressed as means + SEM. A two-way (treatment x day) analysis of variance (ANOVA),
followed by Tukey post hoc test or ANOVA for repeated measures was conducted when required
to compare the ethanol intake between vehicle and N-acetylcysteine, acetylsalicylic acid, or N-
acetylcysteine/acetylsalicylic groups. One-way ANOVA followed by Tukey post hoc test was used
to analyze total length and thickness of primary processes of GFAP positive astrocytes, microglial
cell density, GSSG/GSH ratios, and GLT-1 protein levels data. A level of P < 0.05 was considered for

statistical significance.

To facilitate text reading, full statistical ANOVA analyses are presented in the Legends to Figures.

11
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RESULTS

Figure 1 shows that a marked inhibition of chronic ethanol intake was induced by the
intraperitoneal administration of an initial dose of N-acetyl cysteine (70 mg/kg/day), for two days.
This initial dose is equivalent to one-half of the initial dose administered systemically in the
treatment of acetaminophen (paracetamol) hepatotoxicity in humans®*. In order to avoid a
possible “ceiling” of N-acetyl cysteine effect, when it is combined with aspirin (ASA), on day 3, the
maintenance dose of N-acetyl cysteine (NAC) was reduced to 40 mg/kg/day and administered
orally, for 11 days. Aspirin (ASA) administration at oral doses of 15 mg/kg/day also started on day
3 and was administered for 11 days. After such time ethanol intake was determined in the four
groups: (Ethanol + Vehicle); (Ethanol + NAC); (Ethanol + ASA); (Ethanol + NAC + ASA). Ethanol
intake was inhibited by 50-55% (p<0.001) in rats that received eijther N-acetyl cysteine or aspirin.
The co-administration of N-acetylcysteine + aspirin showed a marked synergistic effect in
inhibiting ethanol intake, such that chronic ethanol intake of the co-administered animals was
inhibited by 70-75% (p<0.0001), which was significantly higher (p<0.0001) than the inhibition of

ethanol intake of animals administered only N-acetyl cysteine or aspirin.

Figure 2 shows that chronic ethanol consumption led to significant (p<0.001) increases in both the
length and thickness of hippocampal primary astrocyte processes versus water controls,
determined by GFAP immunoreactivity. The density (cells/mm?3) of microglial cells determined by
Iba-1 immunoreactivity was also significantly (p<0.001) increased in chronically ethanol consuming
animals. Treatment of alcohol consuming animals with either (i) N-acetyl cysteine; (ii) aspirin or
(iii) co-administration of both drugs fully normalized both astrocyte morphology and microglial

tissue density (p<0.001).

12
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Figure 3 shows that chronic ethanol consumption led to a 300% (p<0.001) increase in hippocampal
oxidative stress, determined as the ratio of oxidized/reduced glutathione (GSSG/GSH). The
oxidative stress was normalized by treatment with either (i) N-acetyl cysteine; (ii) aspirin or (iii) co-
administration of both drugs (p<0.001), although treatment with only aspirin appeared somewhat
less effective than that induced by only N-acetyl cysteine, but this difference did not attain

statistical significance (p>0.05).

As proposed earlier, the literature implies that neuroinflammation and oxidative stress self-
perpetuate each other for prolonged periods, which suggest such a protracted effect may be
responsible for relapse drug intake despite a prolonged drug abstinence. Thus the present study
determined whether the inhibitory effect on ethanol intake of N-acetyl cysteine and of aspirin is
observed after chronic ethanol consumption had ceased. Figure 4A shows that rats that were
alcohol deprived for 14 days after consuming ethanol chronically, consume ethanol to intoxicating
levels when allowed ethanol re-access (vehicle group). Such a condition, first reported by Sinclair
and Senter in 1968 9, referred as the “alcohol deprivation effect” (ADE) is held as a clinical “proxi”
for cued-intoxication and relapse binge-drinking, thus with relevant translational value (reviewed
by Spanagel %). The increased ethanol intake upon ethanol re-access (p<0.0001) was observed
for several days; although the greatest effect (in line with literature) was seen mostly on the first
day of ethanol re-access. N-acetyl cysteine, aspirin or both drugs combined were administered
daily for 9 days during the deprivation phase and discontinued 24-hours prior allowing ethanol re-
access on day 10. Administration of N-acetyl cysteine (NAC: 40 mg/kg/day) or Aspirin (ASA: 15
mg/kg/day) during the deprivation phase significantly inhibited by 55% to 60% (p<0.001) ethanol
intake following a 5-day ethanol re-access. The inhibition on ethanol intake was greater (75%

p<0.0001) for the co-administration (NAC+ASA) group and significantly higher (p<0.01) than

13



'age 15 of 43

Addiction Biology

intakes for NAC alone or ASA alone, respectively, thus indicating a synergy between the anti-
inflammatory and antioxidant effects (Fig 4A right). Noteworthy, since neither N-acetyl cysteine
nor aspirin or the combination of both drugs were administered during the 5-day ethanol re-
access time, these drug effects were generated during the deprivation period. Figure 4B shows
that after the deprivation period and upon re-access, the vehicle treated group consumed 1.87
0.19 (mean = SEM) g ethanol/kg in the first 60 minutes of alcohol re-access; an intake that was
significantly reduced by about 55-60% (p<0.001) by pretreatment with either (i) N-acetyl cysteine
(NAC) or (ii) aspirin (ASA) during alcohol deprivation. The 60-minute alcohol intake following (iii)
the co-administration of (NAC+ASA) was reduced by 75% (p<0.001). Figure 4C shows that in
vehicle-treated animals blood alcohol level after the 60-minute ethanol re-access was 97.0 + 13
mg/dl (considered binge-drinking in humans; >80 mg/dl). Blood ethanol levels of animals treated
with (i) N-acetyl cysteine (NAC) or aspirin (ASA) was 60% lower than those of the vehicle group
(p<0.001). For animals pretreated with (NAC+ASA) blood ethanol level was 12.8+ 4.3 mg/dl; thus,
indicating that relapse-drinking was inhibited by 85% (p<0.001); resulting in blood alcohol levels

akin to those seen in social drinking in humans.

Figure 5A shows the effects of ethanol deprivation period to rats previously consuming alcohol
chronically (101 days) and allowed a 5-day ethanol re-access on the morphology of astrocytes
(GFAP-immunoreactivity, red) and microglia (IBA-1-immunoreactivity, green) counterstained with
nuclear marker (DAPI, blue) in hippocampus. Chronic ethanol consumption was followed by a 14-
day alcohol deprivation and a subsequent 5-day alcohol re-access (Ethanol + vehicle), resulting in
significant increases both in the length (Figure 5B) (p<0.001) and thickness (p<0.001) (Figure 5C) of
astrocytic processes versus Water controls. The density (cells/mm3) of microglial cells (Figure 5D)

was also significantly increased (p<0.01) in Ethanol +vehicle animals versus Water controls. The

14
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antioxidant or/and anti-inflammatory drug administration during 9-days of the alcohol
deprivation-period and ethanol re-access on day 10 : (i) N-acetyl cysteine (Ethanol+NAC) ; (ii)
aspirin (Ethanol +ASA) and (iii) co-administration of both drugs (Ethanol +NAC +ASA) ,led to the full
normalization of the ethanol-induced increase in astrocyte Length (Fig 5B) (NAC p <0.001; ASA p
<0.0001; NAC+ASA p <0.001) thickness of astrocyte processes (NAC p <0.001; ASA p <0.001;
NAC+ASA p <0.0001) (Fig 5C) and ethanol-induced increase in microglial tissue density (NAC p

<0.01; ASA p <0.05; NAC+ASA p < 0.01] (Fig. 5D).

Figure 6 shows the oxidative stress (GSSG/GSH) in the hippocampus of rats following chronic
ethanol intake-deprivation and alcohol re-access. A 300% increase in the GSSG/GSH ratio
(p<0.001) was again observed for ethanol re-access animals (ethanol-vehicle versus water naive),
an effect that was reduced 60% to 70% (p<0.001) by either (i) N-acetyl cysteine (NAC); (ii) aspirin
(ASA) or (iii) N-acetyl cysteine +aspirin (NAC+ASA), administered during the deprivation period
prior to the 5-day ethanol re-access. Following treatment with NAC, ASA or NAC+ASA, the smaller
ethanol intakes (spread over 24 hours) did not significantly increase the GSSG/GSH ratio, in line
with literature studies (vide infra) that indicate that neuroinflammation and oxidative stress are
generated either following either binge-like ethanol intake or prolonged chronic voluntary alcohol

intake.

Figure 7A shows that chronic alcohol treatment significantly reduced by 50% (p<0.01) the levels of
the glutamate transporter GLT-1 in prefrontal cortex (area, where changes in GLT-1 levels are
relevant to ethanol intake 3°). In line with studies by Lebourgeois et al 34, treatment with N-acetyl
cysteine did not modify the reduction of GLT-1 levels induced by chronic ethanol intake (N.S.).

However, aspirin administration, whether by itself or co-administered with N-acetyl cysteine, fully

15
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normalized the GLT-1 levels (p<0.05). Figure 7B shows the GLT-1 levels in animals that had
received NAC, ASA or NAC+ASA only during the alcohol deprivation phase, while these drugs were
discontinued for 24 hours prior to the 5-days ethanol re-access. In line with the protracted effects
of ethanol, once again chronically ethanol treated animals showed a marked reduction in GLT-1
levels (50% p<0.01) versus untreated animals, while N-acetyl cysteine administration did not affect
the ethanol-induced GLT-1 reduction. Nevertheless, treatment with aspirin during the deprivation
period markedly increased (p< 0.01) GLT-1 levels, an effect that was consistent with the reduction
in ethanol relapse intake induced by aspirin shown above. The GLT-1 level following the

combination aspirin+ N-acetyl cysteine was not significantly different from that of the aspirin-only

group.

In line with studies by Wallace et al >3, the administration of 15 mg/kg of aspirin (ASA) did not
generate gastric injury, as determined by mucosal myeloperoxidase levels- a marker of neutrophil
inflammation (data not shown). None of the groups whether treated with ethanol alone; N-acetyl
cysteine, aspirin or both showed abnormal serum liver enzyme activities or serum albumin levels

(Figure S1; Supporting Information).
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DISCUSSION

Studies presented show the existence of both oxidative stress and neuro-inflammation in the brain
of rats that had consumed ethanol for a prolonged period (3 to 4 months). Changes in
hippocampal astrocyte morphology (GFAP) and microglial (Iba-1) density, were accompanied by
increases in oxidative stress determined as the ratio of oxidized/reduced glutathione (GSSG/GSH).
Neuroinflammation has been reported following long term (5-months) ethanol intake by C57/BL
alcohol-preferring mice %2, For animals that do not readily ingest ethanol, other paradigms are
used in which animals are slowly introduced to increasing concentrations of ethanol for prolonged
periods or, to obtain faster effects ethanol injection or gavage to achieve intoxicating alcohol
levels have also demonstrated the generation of neuroinflammation*%3-65,  Similar doses and time
of ethanol intake (administration have been reported for the generation of brain oxidative stress
56,11-13 Both neuroinflammation ® and oxidative stress ®” are found in post-mortem brain of

alcoholics.

Studies presented are in line with the existence of a neuroinflammation-oxidative stress self-
perpetuating cycle, since the inhibition of one of these conditions inhibits the other condition.

The study shows that the administration of an antioxidant (N-acetyl cysteine) reversed the
GSSG/GSH ratio and fully reversed neuroinflammation, as shown by the normalization of astrocyte
and microglial changes. Similarly, aspirin with anti-inflammatory actions significantly inhibited
oxidative stress. A mechanism perpetuating brain neuroinflammation is in line with studies by
Crews and associates ® who reported that a single administration of systemic LPS to mice led to
neuroinflammation lasting several months. A self-perpetuating mechanism of neuroinflammation

is seen beyond the chronic ethanol intake period in which neuroinflammation -along with an
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increased oxidative stress- were seen in the brain of rats that had chronically consumed ethanol

and were further deprived of ethanol for 10 days.

As indicated above, the presentation of visual or olfactory cues associated with drugs of abuse is
the main factor inducing drug relapse3®. Drug-related cues, including ethanol’s, activate the
release of glutamate in several brain areas including medial prefrontal cortex, nucleus accumbens,
amygdala, and hippocampus 3>, In the “alcohol deprivation effect” (ADE) paradigm observed
following the re-installation of the ethanol solutions to chronic alcohol consuming rats that had
been deprived of alcohol for a long period, alcohol odor is likely a main cue eliciting alcohol
relapse, as it is also seen in humans who are heavy alcohol users . In a protracted oxidative stress
condition in animals that have consumed ethanol for prolonged periods, the removal of cued-
released glutamate from the tripartite synapse(s) is inhibited due to an inefficient GLT-1 glutamate
transporter following the oxidation and cross-linking of relevant sulfhydryl moieties 38, which
magnifies a cued-induced glutamatergic tone. In the present study, the levels of GLT-1 were

reduced by 50% following chronic ethanol intake.

Administration of N-acetyl cysteine markedly reduced chronic alcohol intake as well as the
relapse-drinking that followed alcohol deprivation and its re-admission. In line with studies by
Lebourgeois et al 34, N-acetyl cysteine administration did not modify the alcohol-induced reduction
of GLT-1 levels; likely because a stronger reducing treatment is needed to reverse the disulfide
bridges of protein bonding in oxidized GLT-138, It has been proposed 3’ that the inhibitory effect
of N-acetyl cysteine in reducing the cue-induced relapse for a drug such a cocaine is due to an

increased activity of the cystine-glutamate xCT transporter, by increases in the exchange of cystine

18



Addiction Biology

(the oxidized form of cysteine generated by N-acetyl cysteine) for glutamate; paradoxically
increasing extracellular glutamate while activating the presynaptic (inhibitory) mGlu2/3 glutamate
receptor, thus reducing glutamate release at the tripartite synapse. An increased exchange of
cystine for glutamate and a presynaptic inhibitory effect of glutamate likely occurs in areas distant
from the nucleus accumbens, as recent studies place the xCT transporter mainly away from the

tripartite GFAP+ astrocytes 7° and close to the juncture with the blood brain barrier 71,

One of the anti-inflammatory mediators induced by aspirin may be responsible for normalizing the
GLT-1 levels in brain cortex, thus becoming the likely mechanism by which aspirin reduces chronic
ethanol intake and relapse-drinking. A number of studies have shown that aspirin activates the
synthesis of the peroxisome proliferator-activated receptor-gamma (PPAR-y)*>#¢, known to have
both strong anti-inflammatory effects 7274 and to activate brain GLT-1 transcription, increasing
GLT-1 protein levels’. Six PPAR response elements (PPREs) exist in the GLT1 (EAAT2) promoter 7>,
In the present study, aspirin administration led to marked increases in GLT-1 levels. In another
study’®, ibudilast, an anti-inflammatory phosphodiesterase inhibitor, was shown to inhibit ethanol
intake and to reduce relapse in alcohol-preferring P rats, to the same extent as that observed for

aspirin.

It is noteworthy that administration of the beta-lactam antibiotic ceftriaxone to alcohol preferring
rats (P-rats) was shown?® to increase the levels of GLT-1 both in prefrontal cortex and nucleus
accumbens. However the increases in GLT-1 in prefrontal cortex were associated with an 80%
reduction of chronic ethanol intake, while this effect was observed prior to GLT-1 increases in

nucleus accumbens , which followed a longer administration of ceftriaxone. In the present study,
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changes in GLT-1 levels in the prefrontal cortex correlated well with both chronic alcohol intake
and relapse-drinking. The prefrontal cortex receives hippocampal outputs which confirm the
“context” of interrelated memories 77. Ethanol odor-cues might require such a hippocampal-

prefrontal cortex context confirmation to elicit the drinking behavior.

Overall studies presented show that, in an animal model of spontaneous chronic alcohol intake
and relapse, both an antioxidant (N-acetyl cysteine) and an anti-inflammatory (aspirin) drug,
administered in well accepted clinical doses, are effective individually and when combined these
act synergistically in reducing chronic ethanol intake and relapse binge-like drinking. The study
further supports the existence of a neuroinflammation-oxidative stress self-perpetuating cycle,
which may explain the fact that relapse can occur at times that are distant from those of alcohol

abstinence.
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LEGENDS TO FIGURES

Figure 1. Significant inhibition of chronic alcohol intake following the oral administration
of N-acetyl cysteine (NAC 40 mg/kg/day) or aspirin (ASA 15 mg/kg/day) versus vehicle
group (one-way ANOVA: F; 45 = 168, ****P < 0.0001; Tukey post hoc: vehicle versus NAC
and versus ASA treated groups, ****P < 0.0001, n= 6 rats/group). At the doses
administered orally, NAC and ASA administered separately inhibited chronic ethanol
intake (****p<0.0001). Inhibition was synergistically increased by the co-administration of
N-acetyl cysteine plus aspirin (NAC+ASA), when compared with either NAC or ASA groups
(**** p<0.0001, NAC +ASA versus NAC; ****p< 0.0001, NAC + ASA versus ASA). The
shaded area corresponds to two days on which animals received an i.p dose/day of N-

acetyl cysteine (NAC 70 mg/kg).

Figure 2. Chronic ethanol intake (101 days) by rats treated with vehicle (Ethanol+vehicle)
led to an increase in length (one way ANOVA F (4 1535=42.57;*** p<0.001) and thickness
(F(a,868= 36.82; p<0.0001) of astrocyte processes (GFAP immunoreactivity, red; DAPI blue.,
Fig 2A top, Fig 2B,C) and an increase of microglial density (F (4,46=7.206;*** p< 0.001).
(IBA-1 immunoreactivity, green, depicted by white arrows, Fig 2A, center, Fig 2D)
compared to (naive) rats drinking Water. Figs 2B and 2C: The administration of either N-
acetyl cysteine (Ethanol +NAC), aspirin (Ethanol +ASA) or co-administration of N-acetyl
cysteine plus aspirin (ethanol +NAC+ASA) fully normalized ethanol-induced increase in
length (Tukey post-hoc: NAC ***p < 0.001; ASA ***p <0.001; NAC+ASA ***p <0.001);
ethanol-induced increase in thickness (Tukey post-hoc: NAC***p < 0.001; ASA ***p
<0.001; NAC+ASA,*** p <0.001) and the ethanol-induced increase in microglial density

(Fig 2D) (Tukey post-hoc: NAC ***p < 0.001; ASA *p <0.05; NAC+ASA *p < 0.05).
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Figure 3. Marked increase in oxidative stress in the hippocampus of animals that had
consumed ethanol for 3 to 4 months was reversed by the administration of N-acetyl
cysteine (NAC 40 mg/kg), aspirin (ASA 15 mg/kg) or the co-administration of equal doses
both drugs (NAC+ASA). Oxidative stress determined as the ratio of oxidized/reduced
glutathione (GSSG/GSH) is markedly increased (300%) by chronic ethanol intake (101 days,
ethanol vehicle versus water group) (one-way ANOVA: F; ;5 = 22, P < 0.0001; Tukey post
hoc: water versus ethanol vehicle ***P < 0.001, n= 6 rats/group), whereas N-acetyl
cysteine (Ethanol NAC), ASA and NAC + ASA animals fully normalized GSSG/GSH ratio
versus the ethanol vehicle group, ***P < 0.0001). Aspirin appeared to be less effective in
lowering the GSSG/GSH ratio than N-acetyl cysteine; however, the difference between

NAC vs ASA did not attain statistical significance.

Figure 4. N-acetyl cysteine (NAC), aspirin (ASA) or co administration of NAC +ASA during
the alcohol deprivation period (shaded area) after chronic alcohol consumption, markedly
inhibited relapse drinking induced by alcohol re-access. Figure 4A shows the basal chronic
ethanol intake of animals consuming ethanol for 85 days prior to a 14-day alcohol
deprivation. The alcohol re-access intake was determined on day 100 in 4-groups (vehicle
oral water); (oral ASA 15 mg/kg/day); (oral NAC 40 mg/kg/day); (oral ASA 15mg/kg/day +
oral NAC 40 mg/kg/day ). Vehicle treated animals consumed significantly more ethanol
following alcohol re-access than their baseline intake prior to deprivation (Two-way
ANOVA (deprivation X day): Fj 140 = 35.85, ****P < 0.0001; Tukey post hoc: pre-
deprivation versus post-deprivation, ****P < 0.0001). A 9-day administration of ASA, NAC
or ASA+NAC during the ethanol deprivation period significantly inhibited alcohol relapse

upon re-access on day 10 versus the vehicle treated group (one-way ANOVA: F; 10 = 120, P
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< 0.0001; Tukey post hoc: vehicle versus ASA, ****P <0.0001, vehicle versus NAC, ****p
< 0.0001, vehicle versus NAC + ASA, ****p < 0.0001, = 6 rats/group). Administration of
NAC was more effective in inhibiting re-access intake than ASA (**P<0.01). Combined NAC
+ ASA was more effective in inhibiting re-access intake than NAC, **p < 0.01 and more
effective than ASA ****P < (0.0001. To avoid an acute effect of ASA, NAC or (ASA+NAC) on
relapse, ethanol intake was determined upon ethanol re-access on day 10, namely 24
hours after the last ASA, NAC or (ASA+NAC) administration. Compared with the Vehicle
group, the (ASA+NAC) co-administration inhibited alcohol intake upon re-access by 70%-
75% for the 5-days. Figure 4B shows ethanol intake on the first 60-minutes of ethanol re-
access. Vehicle treated animals consumed 170 mg ethanol/kg/60 minutes, an intake that
was reduced by 50% to 75% (***p<0.001) by ASA, NAC or ASA+NAC (one-way ANOVA: F3 5
=12.49, P < 0.0001; Tukey post hoc: vehicle versus NAC, ***p< 0.001, vehicle versus ASA,
***p < 0.001, vehicle versus NAC + ASA, ***p < 0.001, = 6 rats/group). Figure 4C shows the
blood alcohol concentrations (BAC) at the end of the 60-minute alcohol re-access intake.
The vehicle group showed a (binge-like) BAC of 97 mg/dI, which was reduced by 60% to
70% by ASA and NAC. The (ASA+NAC) treated group showed a BAC of 13 mg/dl (one-way
ANOVA: F3 5= 13.94, P < 0.0001; Tukey post hoc: vehicle versus NAC, ***p< 0.001, vehicle

versus ASA, ***p < 0.001, vehicle versus NAC + ASA, ***p < 0.001, = 6 rats/group).

Figure 5. The ethanol deprivation period imposed on rats previously consuming alcohol
chronically and allowed a 5-day ethanol re-access induced in Ethanol +vehicle treated
animals an increase in length (one way-ANOVA F4 5505=95,23 p<0.0001) and thickness
(F(a,1018=58,53 p<0.0001) of astrocyte processes (GFAP immunoreactivity, green, Fig 5A

top, Fig 5B,C) and an increase of microglial density (F (435=15.83 p<0.001) (IBA-1
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immunoreactivity, green, depicted by white arrows Fig 5A, center, Fig 5D), compared to
those in rats drinking water. Compared with ethanol-vehicle group either N-acetyl
cysteine (ethanol +NAC), aspirin (ethanol +ASA) or co-administration of N-acetyl cysteine
plus aspirin (ethanol +NAC+ASA) fully inhibited the increase in length [Tukey post-hoc:
NAC ***p <0.001; ASA ***p <0.001; NAC+ASA ***p <0.001, Fig 5B] and thickness [Tukey
post-hoc: NAC ***p < 0.001; ASA p <0.001; NAC+ASA ***p <0.001, Fig 5C] of astrocyte
processes and the microglial density increase (Fig 5D) [Tukey post-hoc: NAC ***p < 0.001;
ASA , *p <0.05; NAC+ASA **p <0.01] in comparison to rats treated with vehicle

(Ethanol+ vehicle).

Figure 6. Marked hippocampal oxidative stress (GSSG/GSH) in chronically alcohol-
ingesting animals that were alcohol deprived for 14 days and were subsequently allowed
ethanol access for 5 days (+300% ***p<0.001) (Ethanol +vehicle) (one-way ANOVA: F;,; =
5.5, P < 0.0036, Tukey post hoc: water versus ethanol vehicle P < 0.0001, n= 6 rats/group).
Animals were administered NAC, ASA or NAC + ASA for 9-days during alcohol deprivation
phase and euthanized on day 10. Administration of NAC (Ethanol +NAC), aspirin (Ethanol
+ ASA) or the combination of both (Ethanol +NAC +ASA) significantly inhibited (60%-65%

***p<0.001) the hippocampal GGSG/GSH ratios (***p < 0.001).

Figure 7. Fig 7A shows that chronic alcohol treatment significantly reduced by 50% the
level of the glutamate transporter GLT-1 in prefrontal cortex (Ethanol-Vehicle versus
Water; ANOVA **p<0.01) (one-way ANOVA: F; 0 =6.22, P <0.002) Tukey post hoc: Water
versus Ethanol-Vehicle **P < 0.01, n= 6 rats/group).Treatment with N-acetyl cysteine

(Ethanol + NAC) did not modify the reduction of GLT-1 levels induced by chronic ethanol
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intake (N.S.). However, aspirin (Ethanol +ASA) administration, whether by itself or when
co-administered with N-acetyl cysteine (NAC+ASA), fully normalized the GLT-1 levels
(Tukey post hoc: Ethanol-Vehicle versus ASA, *p < 0.05, Ethanol-Vehicle versus NAC + ASA,
*p< 0.05). Figure 7B shows the GLT-1 level in animals that received NAC, ASA or NAC+ASA
during 9 days of the alcohol deprivation phase and discontinued 24 hours prior to the 5-
day ethanol re-access. Once again, ethanol treated animals (Ethanol-Vehicle versus Water
naive) showed a marked reduction in GLT-1 levels (one-way ANOVA: F, ,, = 4.8, P < 0.006,
Tukey post hoc: Water versus Ethanol-Vehicle **p < 0.01, n= 6 rats/group), while N-acetyl
cysteine administration did not alter the ethanol-induced GLT-1 reduction. Prior treatment
with aspirin increased GLT-1 toward normal levels (*p< 0.05). The GLT-1 level following
the combination aspirin+ N-acetyl cysteine (Ethanol +NAC +ASA) was not significantly

different from the Ethanol-ASA group.
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Figure S1. Chronic administration of N-acetylcysteine (NAC), acetyl salicylic acid (ASA) or the combination of
NAC+ASA did not induce hepatic damage in chronically alcohol ingesting animals. No differences were
observed between the experimental groups in plasma levels of markers associated with hepatic damage
(aspartate aminotransferase AST; alanine aminotransferase ALT; albumin). Samples were analyzed after
101 days of chronic alcohol intake (Figure S1A) (ANOVA *p<0.05) and after deprivation and a 5-day alcohol

re-access (Figure S1B). Data are shown as mean £ SEM. N=6 per experimental condition.



