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Abstract: High ethanol consumption triggers neuroinflammation, implicated in sustaining chronic
alcohol use. This inflammation boosts glutamate, prompting dopamine release in reward centers,
driving prolonged drinking and relapse. Fibrate drugs, activating peroxisome proliferator-activated
receptor alpha (PPAR-α), counteract neuroinflammation in other contexts, prompting investigation
into their impact on ethanol-induced inflammation. Here, we studied, in UChB drinker rats, whether
the administration of fenofibrate in the withdrawal stage after chronic ethanol consumption reduces
voluntary intake when alcohol is offered again to the animals (relapse-type drinking). Furthermore,
we determined if fenofibrate was able to decrease ethanol-induced neuroinflammation and oxidative
stress in the brain. Animals treated with fenofibrate decreased alcohol consumption by 80% during
post-abstinence relapse. Furthermore, fenofibrate decreased the expression of the proinflammatory
cytokines tumor necrosis factor-alpha (TNF-α) and interleukins IL-1β and IL-6, and of an oxidative
stress-induced gene (heme oxygenase-1), in the hippocampus, nucleus accumbens, and prefrontal cor-
tex. Animals treated with fenofibrate showed an increase M2-type microglia (with anti-inflammatory
proprieties) and a decrease in phagocytic microglia in the hippocampus. A PPAR-α antagonist
(GW6471) abrogated the effects of fenofibrate, indicating that they are dependent on PPAR-α activa-
tion. These findings highlight the potential of fenofibrate, an FDA-approved dyslipidemia medication,
as a supplementary approach to alleviating relapse severity in individuals with alcohol use disorder
(AUD) during withdrawal.

Keywords: alcohol use disorder; alcoholism; fibrates; neuroinflammation; PPAR alpha

1. Introduction

Alcohol use disorder (AUD) remains a significant public health concern, with available
pharmacological interventions such as naltrexone and acamprosate, which primarily target
reducing alcohol craving, help maintain abstinence, and reduce harmful drinking in the
treatment phase of psychological dependence. However, they often fall short in providing
sustained recovery, as most patients experience relapse in the short or middle term [1,2].
Throughout the detoxification phase, patients are typically prescribed benzodiazepines,
such as diazepam, to alleviate symptoms of alcohol withdrawal syndrome [3]; however,
their usage in cases of AUD should be limited to short durations due to the potential of
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substituting alcohol addiction with benzodiazepine dependence. Prolonged and exces-
sive alcohol consumption leads to enduring changes in the brain, perpetuating addictive
behavior in individuals with AUD. Ethanol-induced neuroinflammation in the brain has
emerged as a pivotal factor in the neurobiological changes associated with persistent
chronic alcohol abuse [4–6].

Neuroinflammation associated with ethanol consumption can be induced by two mech-
anisms: one of them involves the oxidation of ethanol by cytochrome P4502E1 (CYP2E1),
generating reactive oxygen species (ROS) that activate nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB), leading to pro-inflammatory responses [7,8]. This
activation also increases the expression of NADPH oxidase [9], which generates even
more ROS, perpetuating the inflammatory response [5,6]. The second mechanism involves
the activation of tumor necrosis factor-alpha (TNF-α) receptor in the brain, since ethanol
consumption increases the permeability of the intestinal mucosa, which allows bacterial
lipopolysaccharide (LPS) to diffuse into circulation [10]. LPS then triggers the release of
TNF-α to the blood, which can cross the blood–brain barrier and activate microglial TNF
receptors, inducing neuroinflammation [11,12]. The activation of either mechanism leads
to the release of proinflammatory cytokines such as TNF-α, IL-1β, and IL-6 [13]. This
glial-secreted TNF-α then binds to its TNF receptor in the same microglial cells, creat-
ing an activation loop that potentiates the initial neuroinflammation response [5]. The
self-perpetuating positive feedback loops created by these mechanisms can maintain neu-
roinflammation for months after alcohol withdrawal, which increases the risk of relapse [9].

The establishment of alcohol addiction is a complex process, where the modulation
of dopamine release in the brain’s reward pathways plays a central role. This modu-
lation involves interactions between various neurotransmitters’ pathways, including γ-
aminobutyric acid (GABA) and glutamate. Both neurotransmitters modulate dopamine
release in the nucleus accumbens in response to ethanol. Activation of presynaptic GABA
receptors by ethanol inhibits GABA release in the ventral tegmental area (VTA), which
in turn stimulates dopamine release in the nucleus accumbens [14]. Dopamine release is
closely linked to the motivational effects of alcohol, that is, to the positive reinforcement in-
volved in the reward. However, a second behavioral aspect of AUD is negative reinforcing
features such as hyper-anxious and hyperexcitability states, which lead the individual to
continue drinking to obtain relief from this negative affective state associated with alcohol
dependence. GABAergic mechanisms have been implicated in the neuroadaptations associ-
ated with the transition in humans from limited access to ethanol to chronic drinking [15].
Studies with pharmacological agonists and antagonists have implicated GABA systems in
the anxiogenic effects of ethanol withdrawal, since GABA agonists decrease central nervous
system hyperexcitability during ethanol withdrawal, whereas GABA antagonists exacer-
bate many of the symptoms of ethanol withdrawal [15]. Although there are no studies that
demonstrate the direct relationship between ethanol-induced neuroinflammation and anx-
iogenic effects, studies have shown that the state of anxiety could be related to the release
of proinflammatory cytokines [16]. Involvement of proinflammatory cytokines in anxiety
has been demonstrated in transgenic mice lacking TNF-α receptors [17] and transgenic
mice lacking IL-1β receptors [18]. In these animal models, the level of anxiety was found to
be lower than that in the wild-type mice [17,18]. However, the involvement of GABAergic
systems in anxiety triggered by neuroinflammation has not yet been demonstrated.

On the other hand, glutamate is a neurotransmitter strongly linked to the maintenance
of chronic ethanol intake and relapse to alcohol and other substances of abuse [19]. Ethanol-
induced neuroinflammation plays a pivotal role in heightening glutamatergic activity in
the brain [20]. Ethanol is known to increase the extracellular glutamate levels within
mesocorticolimbic structures. In AUD individuals, astrocytes exhibit modified glutamate,
clearance due to the inadequate functioning of the brain’s glutamate transporter 1 (GLT-1),
also recognized as excitatory amino acid transporter 2 (EAAT2) or solute carrier family
1 member 2 (SLC1A2). This irregularity results in an increase in extracellular glutamate
levels at the tripartite synapse [21]. Following chronic ethanol consumption and subsequent
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abstinence, environmental cues associated with alcohol usage can trigger drug-seeking
behavior and the urge to re-administer the substance, leading to relapse and the perpet-
uation of alcohol intake [22]. This behavior cycle is powered by an amplified glutamate
release into the nucleus accumbens through intricate circuit connecting hippocampus and
prefrontal cortex [20].

Peroxisome proliferator-activated receptor alpha (PPAR-α) is a nuclear receptor with
key functions in lipid metabolism [23]. Fibrate drugs such as fenofibrate, bezafibrate,
gemfibrozil, ciprofibrate, and clofibrate are PPAR-α agonists [24], actively elevating the
oxidation rate of fatty acids, and are commonly employed to treat hypertriglyceridemia [25].
Several studies have shown that fenofibrate administration to rodents that consume alcohol
voluntarily leads to a reduction in alcohol intake [26–31]. Since PPAR-α activation in the
brain decreases neuroinflammation [32–36], we hypothesized that fenofibrate exerts an anti-
inflammatory effect even when administered only during the abstinence period following
chronic alcohol intake. In line with this hypothesis, a previous study by our group reported
that the administration of fenofibrate during the abstinence period following chronic alcohol
consumption in rats was able to (i) reverse the ethanol-induced increase in glial acidic
fibrillary protein (GFAP) levels, indicative of astrogliosis, (ii) decrease the deactivation
of the NF-κB inhibitor (IκBα), and (iii) restore the diminished expression levels of GLT-1
caused by alcohol treatment [37].

In this study, our primary objective was to examine the potential effects of fenofibrate
when administered exclusively during the abstinence stage following chronic alcohol
consumption in rats, specifically focusing on its impact on alcohol intake in a relapse
model. Additionally, we sought to evaluate the influence of fenofibrate administration
during abstinence on the expression of proinflammatory cytokines, markers of oxidative
stress in the brain, and the activation of microglia. We aimed to contribute to a deeper
understanding of the potential therapeutic advantages that fenofibrate might offer in the
management of alcohol use disorder and the corresponding neurobiological alterations.

2. Materials and Methods
2.1. Animals and Treatments

High-drinker UChB (University of Chile Bibulous) rats derived from the Wistar strain
and bred selectively for their high alcohol intake [38] were used. Two-month-old female
rats were housed in individual cages in temperature-controlled rooms under a regular
12-hour light/12-hour dark cycle (a total of 30 animals). For 46 days, rats were offered a
free choice between 10% (v/v) ethanol solution and water. On day 47, rats were allowed
concurrent three-bottle choice access to 10% and 20% (v/v) ethanol solutions and water for
14 additional days. This protocol was routinely adopted by our group, since, in a previous
study, we observed that simultaneous access to 10% and 20% ethanol allowed the detection
of a more marked effect in relapse-type alcohol consumption [39]. Food (Mardones rat
formula, Alimentos Cisternas, Santiago, Chile) and water were always provided ad libitum,
and the volume of water and ethanol was recorded daily. After these 60 days of alcohol
consumption, the weight of the animals averaged 242.1 ± 18.9 g. The decision to utilize
female rats in this study stems from compelling evidence in specific rat lines, such as
high-alcohol-drinking-2 (HAD-2), and Sardinian alcohol-preferring (sP) lines, which were
selectively bred for their elevated ethanol consumption. In these lines, females consistently
demonstrated higher levels of ethanol consumption compared to males [40,41]. This pattern
is found as well in the UChB rat line (unpublished results). Furthermore, the choice of
female rats is supported by their relatively more stable body weight during the 2–3-month
duration of the experiments conducted in this study.

After 60 days of continuous free choice between ethanol and water, animals were
divided into 4 groups (n = 7 for groups I and IV, n = 8 for groups II and III, see below)
and deprived of ethanol access for 14 days, keeping water and food consumption ad
libitum. In the last five days of ethanol withdrawal, the four groups were, respectively,
administered a daily dose of: Group I, Vehicle control: dimethyl sulfoxide (DMSO), i.p.,
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plus water by gavage, which are the vehicles of GW6471 and of fenofibrate, respectively;
Group II, Fenofibrate: micronized fenofibrate (Fibronil®, Royal Pharma, Santiago, Chile)
50 mg/kg/day per gavage, re-suspended in water (1 mL per each 150 g of body weight) [27]
plus DMSO i.p. vehicle; Group III, Fenofibrate: 50 mg/kg/day + GW6471 1 mg/kg/day
i.p. (a PPAR-α specific antagonist, MyBioSource, San Diego, CA, USA), dissolved in DMSO
(0.1 mL per 100 g body weight) [42]; and Group IV, GW6471: 1 mg/kg/day i.p. plus water
vehicle per gavage.

On day 75, after finishing the 14 days of abstinence (which included the 5 days of drug
treatment), the animals were offered the 10% and 20% (v/v) ethanol solutions again for just
1 h, and the consumed volume was recorded.

Immediately after recording alcohol consumption during 1 h re-access, the animals
were anesthetized with ketamine/xylazine (10:1 mg/kg of body weight, i.p.) and immedi-
ately decapitated to obtain brains samples.

2.2. Quantification of the Expression of Proinflammatory Cytokines and Oxidative Stress Markers

From one of the cerebral hemispheres, hippocampus, nucleus accumbens, and pre-
frontal cortex tissues were extracted and homogenized in RNA-Solv® Reagent (Omega
Bio-tek, Inc., Norcross, GA, USA) with a mini Potter–Elvehjem pestle (Sigma-Aldrich,
St. Louis, MO, USA). Total RNA was purified according to the manufacturer’s instruc-
tions. For RT-qPCR analysis, 300 ng of RNA was treated with DNase I (New England
Biolabs, Ipswich, MA, USA) and subjected to amplification by RT-qPCR using the follow-
ing primers: TNF-α (forward) CAGCCGATTTGCCACTTCATA, TNF-α (reverse) TCCT-
TAGGGCAAGGGCTCTT, IL1-β (forward) AGGCTTCCTTGTGCAAGTGT, IL1-β (reverse)
TGTCGAGATGCTGCTGTGAG, IL6 (forward) CCCAACTTCCAATGCTCTCCTAATG,
IL6 (reverse) GCACACTAGGTTTGCCGAGTAGACC, β-Actin (forward) CTTGCAGCTC-
CTCCGTCGCC β-Actin (reverse) CTTGCTCTGGGCCTCGTCGC, HO-1 (forward) TCGA-
CAACCCCACCAAGTTC, HO-1 (reverse) AGGTAGTATCTTGAACCAGGCT.

The corresponding GenBank accession numbers are: TNF-α X66539.1; IL1-β NM_031512.2;
IL6 NM_012589.2; β-Actin NM_031144.3; HO-1 NM_012580.2.

2.3. Determination of Oxidized Glutathione (GSSG) and Reduced Glutathione (GSH) Levels

A portion of the hippocampus was reserved for the determination of oxidized glu-
tathione (GSSG) and reduced glutathione (GSH) levels using the GSH/GSSG Ratio Detec-
tion Assay Kit II (Abcam, Boston, MA, USA), following the manufacturer’s instructions.
Briefly, tissue samples were homogenized in ice-cold PBS/0.5% NP-40 with a mini Potter–
Elvehjem pestle ((Sigma-Aldrich, St. Louis, MO, USA).), centrifuged for cell debris removal,
and deproteinized to remove enzymes that could potentially metabolize glutathione (De-
proteinizing Sample Preparation Kit—TCA, Abcam, Boston, MA, USA).

2.4. Determination of Microglia Immunoreactivity

The other cerebral hemisphere was used for immunofluorescence against the mi-
croglial marker ionized calcium-binding adaptor molecule 1 (Iba-1, 019-19741, Wako
Chemicals, Richmond, VA, USA, 1:400 dilution) in coronal cryosections of the hippocam-
pus (30 µm thick) as previously reported [43]. Nuclei were labeled with 4,6 diamino-2-
phenylindol (DAPI), 0.02 M; 0.0125 mg/mL for nuclear labelling (Invitrogen, Carlsbad,
CA, USA). Microphotographs were taken from the stratum radiatum of the hippocampus
using a confocal microscope (Zeiss, LMS700, Oberkochen, Germany). The area analyzed
for each stack was 0.04 mm2, and the thickness (z-axis) was measured for each case. The
density of Iba-1-positive microglial cells was assessed using FIJI Image J analysis software
(https://imagej.net/ij/, accessed on 6 September 2023) as previously reported [43].

https://imagej.net/ij/
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2.5. Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8. Data are expressed as
means ± SEM. One-way or two-way ANOVA followed by Tukey’s post hoc analysis was
used. A level of p < 0.05 was considered for statistical significance.

3. Results
3.1. Effect of Fenofibrate on Relapse-like Alcohol Consumption

Over a span of 60 days, voluntary alcohol consumption was tracked within the
four experimental groups. As shown in Figure 1 (left side), alcohol consumption in-
creased from 7.6 ± 1.5 g/kg/day on day 1 (10% ethanol solution) until stabilizing at
13.86 ± 1.19 g/kg/day between days 47 and 60 (10% plus 20% ethanol solutions). Of
this cumulative ethanol consumption, an average of 65% was attributed to the 10% ethanol
solution bottle, while the remaining 35% was derived from the 20% ethanol solution bottle
(data not presented in Figure 1 left). No significant differences were detected among the
four groups (ANOVA F(3,1586) = 1.023; p = 0.3816).
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Figure 1. Fenofibrate administration during the ethanol withdrawal stage reduces alcohol relapse-like
drinking. Following 46 days of chronic 10% (v/v) ethanol intake and then concurrent three-bottle
choice access to 10% and 20% (v/v) ethanol solutions and water for 14 additional days, rats were
deprived of ethanol for 14 days. In the last 5 days of deprivation, 4 groups were, respectively, treated
with a daily dose of: (i) vehicle control (DMSO + water); (ii) fenofibrate 50 mg/kg/day + DMSO;
(iii) fenofibrate 50 mg/kg/day plus GW6471 1 mg/kg/day; and (iv) GW6471 1 mg/kg/day + water.
The day after finishing the 14 days of abstinence (which includes the 5 days of drug treatment), the
animals were offered the 10% and 20% (v/v) ethanol solutions again for just 1 h, and the consumed
volume was recorded. Hatched pattern in bars represents the amount of 20% ethanol ingested, while
the filled pattern represents the amount of 10% ethanol; the total height of the bars and the standard
errors shown correspond to the total amounts of alcohol consumed. Data are presented as mean
± SEM, n = 7–8 rats per experimental group. *** = p < 0.001 vs. Vehicle and Fenofibrate/GW6471
groups. ANOVA followed by Tukey’s test for multiple comparisons.

Following this period, the animals were deprived of alcohol for 14 days. In the last five
days of the withdrawal period, the four groups were, respectively, treated with: (i) vehicles
(DMSO i.p. and water gavage); (ii) fenofibrate 50 mg/kg/day per gavage + DMSO,
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(iii) fenofibrate 50 mg/kg/day by gavage plus GW6471 1 mg/kg/day i.p. (a PPAR-α spe-
cific antagonist); (iv) GW6471 1 mg/kg/day i.p. + water. GW6471 is a specific PPAR-α
antagonist, with capacity to counteract the protective effects of PPAR-α on neuroinflam-
mation [44]. As shown in Figure 1 (right side), the administration of fenofibrate in the
withdrawal stage produced an 80% decrease in total voluntary alcohol consumption during
the sole hour of re-access to alcohol. This reduction was markedly different from the control
group, which solely received the vehicles (0.38 ± 0.13 g/kg/1 h vs. 1.82 ± 0.28 g/kg/1 h;
ANOVA F(3,26) = 15.47; p < 0.001). When fenofibrate was administered simultaneously with
GW6471, the decrease in alcohol consumption during relapse was abrogated, since no sig-
nificant differences were observed when compared to the control group that solely received
the vehicles (1.31 ± 0.13 g/kg/1 h vs. 1.82 ± 0.28 g/kg/1 h; ANOVA p = 0.2030). Similarly,
the administration of GW6471 alone also yielded no significant effect on alcohol consump-
tion when compared to the control group (1.53 ± 0.16 g/kg/1 h vs. 1.82 ± 0.28 g/kg/1 h;
ANOVA p = 0.6788). These findings provide strong evidence that the effect of fenofibrate
on alcohol consumption during relapse is specifically due to PPAR-α activation.

Regardless of the total amount of alcohol ingested among the four groups, the ratio
between 10% ethanol and 20% ethanol consumption during relapse remained statistically
unchanged from that observed during the chronic consumption stage (vehicle group:
67%/33%; fenofibrate group: 66%/34%, fenofibrate+GW6471 group: 70%/30%, GW6471
group: 70%/30%), indicating that the different treatments did not change the preference
for ethanol concentration in the ingested solution.

3.2. Effect of Fenofibrate on Ethanol-Induced Expression of Proinflammatory Cytokines and an
Oxidative Stress Marker

In a previous study, we had reported the effectiveness of fenofibrate in reversing
ethanol-induced increase in GFAP expression, and NF-κB activation in the hippocampus,
prefrontal cortex, and the hypothalamus [37]. These findings align with fenofibrate´s
propriety in inhibiting neuroinflammation in contexts beyond alcohol exposure, including
aging, ischemia/reperfusion injury, and traumatic brain injury [32–36]. In our current
investigation, we explored the ability of fenofibrate to counteract an increase in proinflam-
matory cytokines and a marker of oxidative stress, both induced by alcohol consumption.
To quantify these effects, the expression of three well-known proinflammatory cytokines
(TNF-α, IL1-β, and IL-6) as well as the expression of heme oxygenase-1 (HO-1), a gene that is
induced in response to oxidative stress [44] was quantified by RT-qPCR in the hippocampus,
nucleus accumbens (NAcc), and prefrontal cortex (PFC).

As shown in Figure 2a–c, fenofibrate was able to decrease mRNA TNF-α expression
in the hippocampus (fenofibrate vs. vehicle: 26.7 ± 1.5% vs. 100.0 ± 17.8%; ANOVA
F(3,26) = 28.0; p < 0.01), NAcc (6.2 ± 0.9% vs. 100.0 ± 23.7%; ANOVA F(3,26) = 80.2; p < 0.01),
and PFC (16.3 ± 0.3% vs. 100.0 ± 23.7%; ANOVA F(3,26) = 12.0; p < 0.01). Fenofibrate was
also able to decrease the mRNA expression of IL-β in the hippocampus (fenofibrate vs.
vehicle: 30.3 ± 3.5% vs. 100.0 ± 11.5%; ANOVA F(3,26) = 32.9; p < 0.01), NAcc (7.8 ± 1.3%
vs. 100.0 ± 25.1%; ANOVA F(3,26) = 53.0; p < 0.01), and PFC (40.2 ± 7.8% vs. 100.0 ± 18.9%;
ANOVA F(3,26) = 11.0; p < 0.05). Similar results were observed regarding the mRNA
expression of IL-6, since fenofibrate showed effects in the hippocampus (fenofibrate vs.
vehicle: 16.8 ± 1.1% vs. 100.0 ± 13.2%; ANOVA F(3,26) = 46.2; p < 0.01) and NAcc (0.0 ± 0.0%
vs. 100.0 ± 33.1%; ANOVA F(3,26) = 12.0; p < 0.01). In the case of PFC, although there
was a decrease, it was, albeit marginally, not statistically significant (63.6 ± 15.0% vs.
100.0 ± 17.3%; ANOVA F(3,26) = 2.6; p = 0.07). Regarding the oxidative stress marker gene
HO-1, the administration of fenofibrate showed marked effects in reducing its expression
in the hippocampus (fenofibrate vs. vehicle: 27.7 ± 1.3% vs. 100.0 ± 9.4%; ANOVA
F(3,26) = 18.0; p < 0.01), NAcc (11.0 ± 0.6% vs. 100.0 ± 19.2%; ANOVA F(3,26) = 43.7; p < 0.01),
and PFC (42.8 ± 3.2% vs. 100.0 ± 11.7%; ANOVA F(3,26) = 9.0; p < 0.05), which would
indicate its ability to reduce not only neuroinflammation but also ethanol-induced oxidative
stress in these brain areas.



Antioxidants 2023, 12, 1758 7 of 17

Antioxidants 2023, 12, x FOR PEER REVIEW 7 of 17 
 

100.0 ± 13.2%; ANOVA F(3,26) = 46.2; p < 0.01) and NAcc (0.0 ± 0.0% vs. 100.0 ± 33.1%; 
ANOVA F(3,26) = 12.0; p < 0.01). In the case of PFC, although there was a decrease, it was, 
albeit marginally, not statistically significant (63.6 ± 15.0% vs. 100.0 ± 17.3%; ANOVA F(3,26) 
= 2.6; p = 0.07). Regarding the oxidative stress marker gene HO-1, the administration of 
fenofibrate showed marked effects in reducing its expression in the hippocampus 
(fenofibrate vs. vehicle: 27.7 ± 1.3% vs. 100.0 ± 9.4%; ANOVA F(3,26) = 18.0; p < 0.01), NAcc 
(11.0 ± 0.6% vs. 100.0 ± 19.2%; ANOVA F(3,26) = 43.7; p < 0.01), and PFC (42.8 ± 3.2% vs. 100.0 
± 11.7%; ANOVA F(3,26) = 9.0; p < 0.05), which would indicate its ability to reduce not only 
neuroinflammation but also ethanol-induced oxidative stress in these brain areas. 

✱✱
✱✱

✱✱
✱ ✱✱

✱✱
✱✱

✱

✱✱✱

✱✱✱

✱✱✱

✱✱✱

 

✱✱
✱✱

✱✱
✱ ✱✱

✱✱
✱

✱✱✱ ✱✱✱

✱✱✱

✱✱✱

 
Figure 2. Cont.



Antioxidants 2023, 12, 1758 8 of 17
Antioxidants 2023, 12, x FOR PEER REVIEW 8 of 17 
 

 
Figure 2. Fenofibrate administration during the ethanol withdrawal stage reduces the expression of 
proinflammatory cytokines and the marker of oxidative stress. Following the experiment shown in 
Figure 1, the expression of TNF-α, IL-1β, IL-6, and HO-1 in the hippocampus (a), NAcc (b), and PFC 
(c) was analyzed by RT-qPCR in the 4 groups of animals, treated, respectively, with: (i) vehicle 
control (DMSO + water); (ii) fenofibrate 50 mg/kg/day + DMSO; (iii) fenofibrate 50 mg/kg/day plus 
GW6471 1 mg/kg/day; and (iv) GW6471 1 mg/kg/day + water. The graphs show the levels of gene 
expression as percentages of their vehicle-administered controls, normalized by the levels of 
expression of ß-actin. Data are presented as mean ± SEM, n = 7–8 rats per experimental group. * = p 
< 0.05, ** = p < 0.01, *** = p < 0.001 between the indicated groups. ANOVA followed by Tukey’s test 
for multiple comparisons. 

The co-administration of the antagonist GW6471 and fenofibrate abrogated the effect 
of the laĴer as in alcohol consumption during relapse (Figure 1), further reinforcing the 
notion that the reduced expression of proinflammatory cytokines and the oxidative stress 
marker is explicitly aĴributed to PPAR-α activation (Figure 2). [Fenofibrate + GW6471 vs. 
fenofibrate, TNF-α: hippocampus 113.0 ± 22.4% vs. 26.7 ± 1.5% ANOVA F(3,26) = 28.0; p < 
0.01; NAcc 88.7 ± 13.2% vs. 6.2 ± 0.9% ANOVA F(3,26) = 80.2; p < 0.01; PFC 106.5 ± 10.5% vs. 
16.3 ± 0.3% ANOVA F(3,26) = 12.0; p < 0.01; IL-1β: hippocampus 58.5 ± 4.7% vs. 30.3 ± 3.5% 
ANOVA F(3,26) = 32.9; p < 0.05; NAcc (40.9 ± 7.4% vs. 7.8 ± 1.3%; ANOVA F(3,26) = 53.0; p < 
0.05); PFC 98.3 ± 1.0% vs. 40.2 ± 7.8%; ANOVA F(3,26) = 11.0; p < 0.05; IL-6: hippocampus 63.2 
± 7.2% vs. 16.8 ± 1.1% ANOVA F(3,26) = 46.2; p < 0.01; NAcc 0.0 ± 0.0% vs. 0.0 ± 0.0% ANOVA 
F(3,26) = 12.0, n.s.; PFC 77.9 ± 2.1% vs. 63.6 ± 15.0% ANOVA F(3,26) = 2.6; p = 0.07; HO-1: 
hippocampus 53.7 ± 4.4% vs. 27.7 ± 1.3%; ANOVA F(3,26) = 18.0; p < 0.05; NAcc (132.8 ± 45.9% 
vs. 11.0 ± 0.6%; ANOVA F(3,26) = 43.7; p < 0.05; PFC 80.3 ± 2.5% vs. 42.8 ± 3.2% ANOVA F(3,26) 
= 9.0; p < 0.05]. 

Notably, in the group administered only with the antagonist GW6471, a marked 
increase in all proinflammatory cytokines evaluated and in the marker of oxidative stress 
was detected, approximately between 3- and 13-fold in the hippocampus and NAcc 
(Figure 2) [GW6471 vs. vehicle, TNF-α: hippocampus 515.3 ± 98.1% vs. 100.0 ± 17.8% 
ANOVA F(3,26) = 28.0; p < 0.001; NAcc 466.7 ± 57.9% vs. 100.0 ± 23.7% ANOVA F(3,26) = 80.1; 
p < 0.001; IL-1β: hippocampus 304.5 ± 58.6% vs. 100.0 ± 11.5%; ANOVA F(3,26) = 32.9; p < 
0.001; NAcc (452.9 ± 73.7% vs. 100.0 ± 25.1%; ANOVA F(3,26) = 53.0; p < 0.001); IL-6: 
hippocampus 528.0 ± 85.5% vs. 100.0 ± 13.2%; ANOVA F(3,26) = 46.2; p < 0.01; NAcc 267.2 ± 
57.4% vs. 100.0 ± 33.1%; ANOVA F(3,26) = 12.0; p < 0.001; HO-1: hippocampus 831.0 ± 79.3% 

Figure 2. Fenofibrate administration during the ethanol withdrawal stage reduces the expression
of proinflammatory cytokines and the marker of oxidative stress. Following the experiment shown
in Figure 1, the expression of TNF-α, IL-1β, IL-6, and HO-1 in the hippocampus (a), NAcc (b), and
PFC (c) was analyzed by RT-qPCR in the 4 groups of animals, treated, respectively, with: (i) vehicle
control (DMSO + water); (ii) fenofibrate 50 mg/kg/day + DMSO; (iii) fenofibrate 50 mg/kg/day
plus GW6471 1 mg/kg/day; and (iv) GW6471 1 mg/kg/day + water. The graphs show the levels
of gene expression as percentages of their vehicle-administered controls, normalized by the levels
of expression of ß-actin. Data are presented as mean ± SEM, n = 7–8 rats per experimental group.
* = p < 0.05, ** = p < 0.01, *** = p < 0.001 between the indicated groups. ANOVA followed by Tukey’s
test for multiple comparisons.

The co-administration of the antagonist GW6471 and fenofibrate abrogated the effect of
the latter as in alcohol consumption during relapse (Figure 1), further reinforcing the notion
that the reduced expression of proinflammatory cytokines and the oxidative stress marker
is explicitly attributed to PPAR-α activation (Figure 2). [Fenofibrate + GW6471 vs. fenofi-
brate, TNF-α: hippocampus 113.0 ± 22.4% vs. 26.7 ± 1.5% ANOVA F(3,26) = 28.0; p < 0.01;
NAcc 88.7 ± 13.2% vs. 6.2 ± 0.9% ANOVA F(3,26) = 80.2; p < 0.01; PFC 106.5 ± 10.5%
vs. 16.3 ± 0.3% ANOVA F(3,26) = 12.0; p < 0.01; IL-1β: hippocampus 58.5 ± 4.7% vs.
30.3 ± 3.5% ANOVA F(3,26) = 32.9; p < 0.05; NAcc (40.9 ± 7.4% vs. 7.8 ± 1.3%; ANOVA
F(3,26) = 53.0; p < 0.05); PFC 98.3 ± 1.0% vs. 40.2 ± 7.8%; ANOVA F(3,26) = 11.0; p < 0.05;
IL-6: hippocampus 63.2 ± 7.2% vs. 16.8 ± 1.1% ANOVA F(3,26) = 46.2; p < 0.01; NAcc
0.0 ± 0.0% vs. 0.0 ± 0.0% ANOVA F(3,26) = 12.0, n.s.; PFC 77.9 ± 2.1% vs. 63.6 ± 15.0%
ANOVA F(3,26) = 2.6; p = 0.07; HO-1: hippocampus 53.7 ± 4.4% vs. 27.7 ± 1.3%; ANOVA
F(3,26) = 18.0; p < 0.05; NAcc (132.8 ± 45.9% vs. 11.0 ± 0.6%; ANOVA F(3,26) = 43.7; p < 0.05;
PFC 80.3 ± 2.5% vs. 42.8 ± 3.2% ANOVA F(3,26) = 9.0; p < 0.05].

Notably, in the group administered only with the antagonist GW6471, a marked in-
crease in all proinflammatory cytokines evaluated and in the marker of oxidative stress was
detected, approximately between 3- and 13-fold in the hippocampus and NAcc (Figure 2)
[GW6471 vs. vehicle, TNF-α: hippocampus 515.3 ± 98.1% vs. 100.0 ± 17.8% ANOVA
F(3,26) = 28.0; p < 0.001; NAcc 466.7 ± 57.9% vs. 100.0 ± 23.7% ANOVA F(3,26) = 80.1;
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p < 0.001; IL-1β: hippocampus 304.5 ± 58.6% vs. 100.0 ± 11.5%; ANOVA F(3,26) = 32.9;
p < 0.001; NAcc (452.9 ± 73.7% vs. 100.0 ± 25.1%; ANOVA F(3,26) = 53.0; p < 0.001); IL-6:
hippocampus 528.0 ± 85.5% vs. 100.0 ± 13.2%; ANOVA F(3,26) = 46.2; p < 0.01; NAcc
267.2 ± 57.4% vs. 100.0 ± 33.1%; ANOVA F(3,26) = 12.0; p < 0.001; HO-1: hippocampus
831.0 ± 79.3% vs. 100.0 ± 9.4%; ANOVA F(3,26) = 18.0; p < 0.001; NAcc (1318.7 ± 296.5% vs.
100.0 ± 19.2%; ANOVA F(3,26) = 43.7; p < 0.001)].

3.3. Effect of Fenofibrate on the Levels of the Antioxidant Glutathione

Figure 3 shows that the administration of fenofibrate decreased the oxidized glu-
tathione/reduced the glutathione ratio (GSSG/GSH) in the hippocampus (fenofibrate
vs. vehicle: 81.4 ± 2.5% vs. 100.0 ± 3.1%, ANOVA F(3,26) = 41.3; p < 0.01). Like what
was observed with the expression of proinflammatory cytokines and HO-1 (Figure 2),
co-administration of the antagonist GW6471 decreased the protective effect of fenofibrate
against oxidative stress (fenofibrate+GW6471 vs. fenofibrate: 130.6 ± 4.2% vs. 100.0 ± 3.1%,
ANOVA F(3,26) = 41.3; p < 0.001). Furthermore, administration of GW6471 alone produced
per se an increase in oxidative stress in the hippocampus (GW6471 vs. vehicle: 118.4 ± 3.7%
vs. 100.0 ± 3.1% ANOVA F(3,26) = 41.3; p < 0.01). These findings indicate that fenofibrate
can reduce not only neuroinflammation, but also oxidative stress levels in this brain area,
which is consistent with the decrease in HO-1 expression levels (Figure 2a), together with
the decrease in the relapse-like alcohol intake (Figure 1).
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Figure 3. The administration of fenofibrate reduces the oxidative stress induced by ethanol. Oxidized
glutathione (GSSG) and reduced glutathione (GSH) levels were determined in the hippocampus
of the 4 groups of treated animals. The graph shows the GSSG/GSH ratios as percentages of their
vehicle-administered controls. Data are presented as mean ± SEM, n = 7–8 rats per experimental
group. ** = p < 0.01 and *** = p < 0.001 between the indicated groups. ANOVA followed by Tukey’s
test as a post hoc.

Similar to what was observed with the expression of proinflammatory cytokines and
with the oxidative stress-induced gene (HO-1) in the hippocampus and NAcc (Figure 2),
the administration of the antagonist GW6471, either in conjunction with fenofibrate or
alone, produced a 30.6% and 18.4% increase in oxidative stress levels in the hippocampus,



Antioxidants 2023, 12, 1758 10 of 17

respectively (fenofibrate+GW6471 vs. vehicle: 130.6 ± 4.2% vs. 100.0 ± 3.1%, GW6471 vs.
vehicle: 118.4 ± 3.6% vs. 100.0 ± 3.1%, ANOVA F(3,26) = 41.3; p < 0.01).

3.4. Effect of Fenofibrate on Ethanol-Induced Microglial Reactivity

Regarding microglia reactivity, while not reaching statistical significance, fenofibrate
showed a trend towards doubling the number of cells displaying an anti-inflammatory
morphology (M2) in comparison to the vehicle group (Figure 4) (fenofibrate vs. vehicle:
1633 ± 375 vs. 823 ± 234, ANOVA F(3,86) = 1.76; p = 0.16). In addition, the co-administration
of the antagonist GW6471 together with fenofibrate attenuated the effect of the latter on
the increase in the number of M2 microglial cells (fenofibrate+GW6471 vs. fenofibrate:
1266 ± 235 vs. 1633 ± 375, ANOVA F(3,86) = 1.76; p = 0.16).
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Figure 4. Effect of fenofibrate administration on microglial reactivity. The cells with the M2 (anti-
inflammatory) phenotype were quantified in the hippocampus of the 4 groups of treated animals.
(a) Representative microphotograph of microglia immunofluorescence (IBA-1 immunoreactivity:
green; DAPI: blue) from the four experimental groups. Scale bar 20 µm. The arrows show an example
of the morphology of the cells that were counted. (b) Densitometric analysis from Iba-1-positive
cells/mm3 present in 3 hippocampal slices from each animal. Data are presented as mean ± SEM,
n = 7–8 rats per experimental group. ANOVA followed by Tukey’s test as a post hoc.

We also quantified phagocytic microglial cells in the hippocampus. Phagocytic mi-
croglia are characterized by rounded macrophage-like morphology with no or few pro-
cesses and are associated with maximal proinflammatory activation and oxidative-free
radicals [11]. The group of animals treated with fenofibrate showed a decrease of 30.4% with
respect to the control group, although the difference was statistically significant only when
compared with the fenofibrate+GW6471 group (ANOVA F(3,86) = 2.66 p < 0.05) (Figure 5).
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Figure 5. Effect of fenofibrate administration on microglial reactivity. The microglial cells with
the phagocytic phenotype were quantified in the hippocampus of the 4 groups of treated ani-
mals. (a) Microglia immunofluorescence (IBA-1 immunoreactivity: green; DAPI: blue). Scale bar
20 µm. The arrows show examples of the morphology of the microglial cells in phagocytic process.
(b) Densitometric analysis of microglial cells in the phagocytic process (phagocytic pouches). Data
are presented as mean ± SEM, n = 7–8 rats per experimental group. * = p < 0.05, between the indicated
groups. ANOVA followed by Tukey’s test as a post hoc.

4. Discussion

Due to the marked effect of fenofibrate in decreasing post-withdrawal relapse-type
alcohol consumption (Figure 1), it is reasonable to consider whether this could be attributed
to effects that extend beyond the inhibition of the drinking reflex, e.g., producing memory
and/or spatial orientation disorders, mobility impairment, sedation, anxiety, depression,
etc. Although in this work we did not carry out behavioral or motor studies, there are stud-
ies by other authors that have shown that fenofibrate decreases the motivation of animals to
obtain ethanol (operant self-administration) but not to self-administer sucrose [30], which
could indicate that there are no effects on memory or spatial orientation, or other effects
such as depression (depressed animals decrease their sucrose intake) or sedation. In another
study, Blednov et al. [29] reported that fenofibrate did not alter preference for saccharin,
nor motor response to novelty, reduced duration of ethanol-induced loss of righting reflex,
and increased EtOH-induced conditioned taste aversion. That is, fenofibrate per se does
not produce motor effects that could explain its effect in reducing alcohol consumption.

In addition to the decrease in relapse-type alcohol consumption, fenofibrate showed
effects in a reduction in the expression of proinflammatory cytokines and of a gene that is
induced by oxidative stress (HO-1), in the brain (Figure 2). Although the effects of PPAR-α
in mitigating ethanol-induced brain oxidative stress had not previously been explored, its
neuroprotective capabilities have been reported in distinct models [45], including traumatic
brain injury [31], transient cerebral ischemia/reperfusion [34], and Alzheimer’s disease [46].
Collino et al. [34] reported that the administration of a synthetic PPAR-α agonist (WY14643)
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reduced HO-1 expression induced by ischemia/reperfusion brain injury. Additionally,
oleoylethanolamide (a physiological PPAR-α agonist) administration in a model of chem-
ically induced degeneration of substantia nigra dopamine neurons, led to a decrease in
the number of HO-1 immunoreactive cells in the striatum when compared to untreated
animals [47]. Nevertheless, there are also several reports where the expression of HO-1
increases due to treatment with anti-inflammatory agents. It has been found that adminis-
tration of the antioxidant N-acetylcysteine to UChB rats with chronic alcohol consumption
was linked to increased HO-1 expression [48]. The discordant findings concerning the
decrease or increase in HO-1 expression following particular anti-inflammatory treatments
could be attributed to various factors, including the animal model employed, the nature
of the anti-inflammatory drug, the route and duration of administration, and the timing
of HO-1 expression evaluation post-treatment. Specifically, in the UChB rat model, the
distinction between the study conducted by Quintanilla et al. [48] and our findings lies
in the fact that N-acetylcysteine was administered over a 14-day span during the period
of alcohol consumption. In contrast, fenofibrate was administered for only 5 days during
the withdrawal period. Nonetheless, since the induction of HO-1 is mediated by ROS
production [44] it remains unclear whether the reduction in HO-1 expression is a direct
outcome of fenofibrate or a consequence of diminished oxidative stress levels in rats to
which fenofibrate was administered after chronic alcohol consumption.

Remarkably, the group that received only the antagonist GW6471 exhibited a consid-
erable rise in all assessed proinflammatory cytokines, along with an elevated expression
of HO-1, demonstrating an increase ranging from approximately 3- to 13-fold in the hip-
pocampus and NAcc (Figure 2). The substantial increases induced by the administration
of GW6471 alone (Figure 2) do not correlate with an increase in alcohol consumption of
this group during the re-access stage (Figure 1). This discrepancy likely arises because
the amount of alcohol that UChB rats can drink in 1 h has already reached its ceiling
of ~1.5–1.8 g/kg/1 h, as evidenced in other reports from our group [43]. PPAR-α is not
only activated by drugs of the fibrate family; it also responds to endogenous agonists
such as palmitoylethanolamide [49] and oleoylethanolamide [50]. Furthermore, the anti-
inflammatory and antioxidant actions of these agonists in the brain have been demon-
strated [49,51,52]. In a similar way to fibrates, it has been reported that these endogenous
agonists exert effects in reducing voluntary alcohol consumption in animals [53,54]. Thus,
it is possible that the administration of GW6471 alone produced a degree of PPAR-α inhi-
bition that prevented its activation by endogenous agonists, consequently inhibiting its
anti-inflammatory and antioxidant functions against the deleterious effects of ethanol. The
minor response within the PFC in comparison to the hippocampus and NAcc could be
attributed to the fact that PFC has been observed to display a comparative lower response
to alcohol administration [37]. In agreement, Kane et al. [55] reported that ethanol adminis-
tration fails to increase the expression of pro-inflammatory cytokines like chemokine C-C
motif ligand 2 (CCL2), IL-6, and TNF-α in the mouse cerebral cortex.

Additionally, fenofibrate showed effects in reducing oxidative stress in the hippocam-
pus, measured as the GSSG/GSH ratio. In several reports, the reduction in relapse-like
alcohol intake has been related to a decrease in cerebral oxidative stress through the ad-
ministration of N-acetylcysteine (a precursor for the cellular synthesis of glutathione) [48],
ibudilast (an anti-inflammatory phosphodiesterase inhibitor) [56], and mesenchymal stem
cells and their secreted products known for potent anti-inflammatory actions [43]. In our
study, it was found that the administration of fenofibrate produced approximately 20%
reduction in the GSSG/GSH ratio. Quintanilla et al. reported a decrease of 70% in the
GSSG/GSH ratio by N-acetylcysteine [48] and 45% due to the secretome derived from
mesenchymal stem cells [43]. The significant reduction achieved by N-acetylcysteine may
be attributed to its direct function as a precursor for the synthesis of glutathione, whereas
the effect of fenofibrate seems to be indirect. Regarding the difference obtained for secre-
tome derived from mesenchymal stem cells, this was administered in 3 doses spread over
18 days of treatment [43], a longer treatment compared to fenofibrate (5 days). Moreover,
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the mechanisms underlying these effects may not necessarily be identical. In agreement
with our results, in a model of oxidative stress induced by valproic acid, fenofibrate de-
creased 33% the levels of GSH [57]. The administration of the GW6471 antagonist, whether
in combination with fenofibrate or alone, resulted in a rise in oxidative stress levels in
the hippocampus (Figure 3). As previously discussed in relation to Figure 2, it is plausi-
ble to consider that the administration of GW6471 resulted in a substantial inhibition of
PPAR-α, preventing its activation by endogenous agonists and consequently inhibiting its
antioxidant activity against the detrimental effects of ethanol.

We also studied the properties of fenofibrate on the reactivity of microglia in the
hippocampus, as a parameter to evaluate its protective effects against ethanol-induced
neuroinflammation. We observed a tendency to increase the number of microglia with
anti-inflammatory phenotype (M2) (Figure 4) and to reduce phagocytic microglial cells
(Figure 5). In contrast to the effects observed on alcohol consumption during relapse
(Figure 1), the expression of proinflammatory cytokines (Figure 2) and oxidative stress
levels (Figure 3), the relatively short treatment period of five days with fenofibrate might
not have been sufficient to elicit a more pronounced impact on the microglial cell phenotype.
In future experiments, we plan to evaluate the effect of longer treatments with fenofibrate.
According to this idea, Quintanilla et al. [48] and Ezquer et al. [43] were able to observe
differences in microglia cells in the hippocampus of UChB rats that had consumed alcohol
and were then treated with N-acetylcysteine or mesenchymal stem cell-derived secretome,
respectively, by employing extended treatment periods.

One of the considerations that we must make as caveat of the current study is that
we did not include groups of rats that had not drunk alcohol. In several publications of
our group (please see references [43,48], as examples), we have reported that this scheme
of alcohol administration and subsequent withdrawal produces a neuroinflammation
response and oxidative stress in the brain of UChB drinking rats compared to alcohol-
naïve rats. The objective of the current work was to demonstrate that, if fenofibrate was
administered during the withdrawal stage to rats that had previously voluntarily drunk
alcohol chronically, it would decrease voluntary alcohol consumption when it was offered
again to the animals (model of relapse-type drinking), and that these effects are mediated
by PPAR-α activation. Thus, it would have been somewhat difficult to include in this
scheme a group of alcohol-naïve animals, since we would not have been able to assess
relapse in animals that had never drunk. Regarding the effect of fenofibrate on markers
of neuroinflammation and oxidative stress when administered to naïve animals, there are
some reports in the literature. For example, Barbiero et al. [58] reported that fenofibrate per
se does not produce changes in oxidative stress (GSH levels, superoxide dismutase, lipid
peroxidation) in the striatum of rats. In other studies, the administration of fenofibrate to
control rats did not produce changes in the expression of TNF-α, IL-1β, or IL-6 in the spinal
cords of mice [59] nor in inflammatory markers such as prostaglandin D2, thromboxane,
arachidonic acid, cyclooxygenase-2, and TNF-α in rat primary astrocyte cultures [60]. For
their part, Mirza and Sharma [57] reported that fenofibrate did not change the levels of GSH,
IL-6, and TNF-α in the cerebellum, brainstem, and prefrontal cortex of rats. Based on this
background, we believe that the administration of fenofibrate per se should not produce
alterations in the proinflammatory markers when administered to alcohol-naïve animals.

Another limitation that we must consider is regarding the use of only female animals
in this study. As we have stated above, UChB females, as well as females from other lines
selected to drink alcohol, present a higher consumption compared to males. However, we
cannot rule out that the response to fenofibrate could have different characteristics between
male and female UChB rats. In this sense, Blednov et al. [61] reported that male and female
mice that drank alcohol respond in different ways to treatment with PPAR agonists.

We are also aware that in these studies we do not include naive animals that have not
been administered DMSO. In a recent systematic review, Dludla et al. [62] found that DMSO
possesses essential antioxidant properties that are linked to its protective effect against
oxidative damage. Interestingly, this antioxidant effect appears to be dose-dependent
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in vivo, since lower doses (1–3 g/kg) were the most effective in blocking oxidative stress-
induced damage, mostly through a reduction in ROS, inhibition of lipid peroxidation,
improving mitochondrial function, enhancement of intracellular antioxidants, and sup-
pression of pro-inflammatory makers, in the different studies analyzed. On the other
hand, high doses of DMSO have been shown to be toxic and induce oxidative stress and
cellular damage [62]. In our studies, we administered a DMSO dose of 1 mL/kg—which is
equivalent to 1.1 g/kg—that is, in the range of the lowest doses used in the literature. The
possibility exists that the anti-inflammatory effects of DMSO might have overshadowed
the anti-inflammatory and anti-oxidative stress effects of fenofibrate; however, we do not
believe this would have been the case, as only animals receiving fenofibrate showed effects
on downregulation of proinflammatory and oxidative stress cytokine genes, as well as a
decreased GSSG/GSH ratio, while the four groups of rats indeed did receive DMSO.

5. Conclusions

Overall, our studies show that the administration of fenofibrate to rats during the
withdrawal stage after chronic ethanol consumption decreases the severity of relapse when
ethanol is offered again to the animals. This beneficial effect apparently is due to the
capacity of fenofibrate to reduce ethanol-induced neuroinflammation. This was evident in
the downregulation of proinflammatory cytokines and oxidative stress-induced genes in the
brain, decreased oxidative stress (GSSG/GSH ratio), the decreased number of phagocytic
microglial cells, and a trend to increase the number of anti-inflammatory microglia. These
protective effects collectively could contribute to a reduction in ethanol craving, which is
the main cause of relapse in patients undergoing detoxification. Our findings suggest that
incorporating fenofibrate into the post-detoxification withdrawal phase could serve as a
promising therapeutic approach to prevent or alleviate the severity of relapse. The ultimate
goal of our research is to identify a novel and effective pharmacological treatment for AUD,
based on a drug already approved for other clinical conditions. In this context, fenofibrate
has been clinically used worldwide for decades, having received approval in Europe in the
1980s, and in USA since 1994 for the treating for dyslipidemia.

Author Contributions: Conceptualization, E.K. and P.M.; methodology, C.I., T.A. and D.P.-R.;
writing—original draft preparation, E.K.; writing—review and editing, P.M. and M.E.Q.; supervision
of animals, M.E.Q. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Agencia Nacional de Investigación y Desarrollo (ANID, Chile),
grant number ANILLO ANID/ACT210012.

Institutional Review Board Statement: The animal study protocol was approved by the Bioethics
Committee on Animal Research, Faculty of Medicine, Universidad de Chile (Protocol 22543-MED-UCH).

Data Availability Statement: We have no additional data available to share.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Maisel, N.C.; Blodgett, J.C.; Wilbourne, P.L.; Humphreys, K.; Finney, J.W. Meta-Analysis of Naltrexone and Acamprosate for

Treating Alcohol Use Disorders: When Are These Medications Most Helpful? Addiction 2013, 108, 275–293. [CrossRef]
2. Plosker, G.L. Acamprosate: A Review of Its Use in Alcohol Dependence. Drugs 2015, 75, 1255–1268. [CrossRef]
3. Holleck, J.L.; Merchant, N.; Gunderson, C.G. Symptom-Triggered Therapy for Alcohol Withdrawal Syndrome: A Systematic

Review and Meta-Analysis of Randomized Controlled Trials. J. Gen. Intern. Med. 2019, 34, 1018–1024. [CrossRef]
4. Coller, J.K.; Hutchinson, M.R. Implications of Central Immune Signaling Caused by Drugs of Abuse: Mechanisms, Mediators and

New Therapeutic Approaches for Prediction and Treatment of Drug Dependence. Pharmacol. Ther. 2012, 134, 219–245. [CrossRef]
5. Flores-Bastías, O.; Karahanian, E. Neuroinflammation Produced by Heavy Alcohol Intake Is Due to Loops of Interactions between

Toll-like 4 and TNF Receptors, Peroxisome Proliferator-Activated Receptors and the Central Melanocortin System: A Novel
Hypothesis and New Therapeutic Avenues. Neuropharmacology 2018, 128, 401–407. [CrossRef]

6. Crews, F.T.; Zou, J.; Qin, L. Induction of Innate Immune Genes in Brain Create the Neurobiology of Addiction. Brain. Behav.
Immun. 2011, 25 (Suppl. S1), S4–S12. [CrossRef]

https://doi.org/10.1111/j.1360-0443.2012.04054.x
https://doi.org/10.1007/s40265-015-0423-9
https://doi.org/10.1007/s11606-019-04899-7
https://doi.org/10.1016/j.pharmthera.2012.01.008
https://doi.org/10.1016/j.neuropharm.2017.11.003
https://doi.org/10.1016/j.bbi.2011.03.003


Antioxidants 2023, 12, 1758 15 of 17

7. Cao, Q.; Mak, K.M.; Lieber, C.S. Cytochrome P4502E1 Primes Macrophages to Increase TNF-Alpha Production in Response to
Lipopolysaccharide. Am. J. Physiol.-Gastrointest. Liver Physiol. 2005, 289, G95–G107. [CrossRef]

8. Chandel, N.S.; Trzyna, W.C.; McClintock, D.S.; Schumacker, P.T. Role of Oxidants in NF-Kappa B Activation and TNF-Alpha
Gene Transcription Induced by Hypoxia and Endotoxin. J. Immunol. 2000, 165, 1013–1021. [CrossRef]

9. Qin, L.; He, J.; Hanes, R.N.; Pluzarev, O.; Hong, J.-S.; Crews, F.T. Increased Systemic and Brain Cytokine Production and
Neuroinflammation by Endotoxin Following Ethanol Treatment. J. Neuroinflamm. 2008, 5, 10. [CrossRef]

10. Ferrier, L.; Bérard, F.; Debrauwer, L.; Chabo, C.; Langella, P.; Buéno, L.; Fioramonti, J. Impairment of the Intestinal Barrier
by Ethanol Involves Enteric Microflora and Mast Cell Activation in Rodents. Am. J. Pathol. 2006, 168, 1148–1154. [CrossRef]
[PubMed]

11. Crews, F.T.; Vetreno, R.P. Mechanisms of Neuroimmune Gene Induction in Alcoholism. Psychopharmacology 2016, 233, 1543–1557.
[CrossRef] [PubMed]

12. Qin, L.; Wu, X.; Block, M.L.; Liu, Y.; Breese, G.R.; Hong, J.-S.; Knapp, D.J.; Crews, F.T. Systemic LPS Causes Chronic Neuroinflam-
mation and Progressive Neurodegeneration. Glia 2007, 55, 453–462. [CrossRef] [PubMed]

13. Crews, F.T.; Sarkar, D.K.; Qin, L.; Zou, J.; Boyadjieva, N.; Vetreno, R.P. Neuroimmune Function and the Consequences of Alcohol
Exposure. Alcohol Res. 2015, 37, 331–341,344–351.

14. Clapp, P.; Bhave, S.V.; Hoffman, P.L. How Adaptation of the Brain to Alcohol Leads to Dependence: A Pharmacological
Perspective. Alcohol Res. Health J. Natl. Inst. Alcohol Abus. Alcohol. 2008, 31, 310–339.

15. Koob, G.F. A Role for GABA Mechanisms in the Motivational Effects of Alcohol. Biochem. Pharmacol. 2004, 68, 1515–1525.
[CrossRef]

16. Hou, R.; Baldwin, D.S. A Neuroimmunological Perspective on Anxiety Disorders. Hum. Psychopharmacol. 2012, 27, 6–14.
[CrossRef]

17. Simen, B.B.; Duman, C.H.; Simen, A.A.; Duman, R.S. TNFalpha Signaling in Depression and Anxiety: Behavioral Consequences
of Individual Receptor Targeting. Biol. Psychiatry 2006, 59, 775–785. [CrossRef]

18. Koo, J.W.; Duman, R.S. Interleukin-1 Receptor Null Mutant Mice Show Decreased Anxiety-like Behavior and Enhanced Fear
Memory. Neurosci. Lett. 2009, 456, 39–43. [CrossRef]

19. Reissner, K.J.; Kalivas, P.W. Using Glutamate Homeostasis as a Target for Treating Addictive Disorders. Behav. Pharmacol. 2010,
21, 514–522. [CrossRef]

20. Rao, P.S.S.; Bell, R.L.; Engleman, E.A.; Sari, Y. Targeting Glutamate Uptake to Treat Alcohol Use Disorders. Front. Neurosci. 2015,
9, 144. [CrossRef]

21. Dahchour, A.; De Witte, P. Taurine Blocks the Glutamate Increase in the Nucleus Accumbens Microdialysate of Ethanol-Dependent
Rats. Pharmacol. Biochem. Behav. 2000, 65, 345–350. [CrossRef]

22. Scofield, M.D.; Heinsbroek, J.A.; Gipson, C.D.; Kupchik, Y.M.; Spencer, S.; Smith, A.C.W.; Roberts-Wolfe, D.; Kalivas, P.W. The
Nucleus Accumbens: Mechanisms of Addiction across Drug Classes Reflect the Importance of Glutamate Homeostasis. Pharmacol.
Rev. 2016, 68, 816–871. [CrossRef]

23. Berger, J.; Moller, D.E. The Mechanisms of Action of PPARs. Annu. Rev. Med. 2002, 53, 409–435. [CrossRef] [PubMed]
24. Schoonjans, K.; Staels, B.; Auwerx, J. Role of the Peroxisome Proliferator-Activated Receptor (PPAR) in Mediating the Effects of

Fibrates and Fatty Acids on Gene Expression. J. Lipid Res. 1996, 37, 907–925. [CrossRef] [PubMed]
25. Cignarella, A.; Bellosta, S.; Corsini, A.; Bolego, C. Hypolipidemic Therapy for the Metabolic Syndrome. Pharmacol. Res. 2006, 53,

492–500. [CrossRef]
26. Karahanian, E.; Quintanilla, M.E.; Fernandez, K.; Israel, Y. Fenofibrate—A Lipid-Lowering Drug—Reduces Voluntary Alcohol

Drinking in Rats. Alcohol 2014, 48, 665–670. [CrossRef]
27. Rivera-Meza, M.; Muñoz, D.; Jerez, E.; Quintanilla, M.E.; Salinas-Luypaert, C.; Fernandez, K.; Karahanian, E. Fenofibrate

Administration Reduces Alcohol and Saccharin Intake in Rats: Possible Effects at Peripheral and Central Levels. Front. Behav.
Neurosci. 2017, 11, 133. [CrossRef]

28. Blednov, Y.A.; Benavidez, J.M.; Black, M.; Ferguson, L.B.; Schoenhard, G.L.; Goate, A.M.; Edenberg, H.J.; Wetherill, L.; Hesselbrock,
V.; Foroud, T.; et al. Peroxisome Proliferator-Activated Receptors α and γ Are Linked with Alcohol Consumption in Mice and
Withdrawal and Dependence in Humans. Alcohol. Clin. Exp. Res. 2015, 39, 136–145. [CrossRef]

29. Blednov, Y.A.; Black, M.; Benavidez, J.M.; Stamatakis, E.E.; Harris, R.A. PPAR Agonists: II. Fenofibrate and Tesaglitazar Alter
Behaviors Related to Voluntary Alcohol Consumption. Alcohol. Clin. Exp. Res. 2016, 40, 563–571. [CrossRef]

30. Haile, C.N.; Kosten, T.A. The Peroxisome Proliferator-Activated Receptor Alpha Agonist Fenofibrate Attenuates Alcohol Self-
Administration in Rats. Neuropharmacology 2017, 116, 364–370. [CrossRef] [PubMed]

31. Barson, J.R.; Karatayev, O.; Chang, G.-Q.; Johnson, D.F.; Bocarsly, M.E.; Hoebel, B.G.; Leibowitz, S.F. Positive Relationship between
Dietary Fat, Ethanol Intake, Triglycerides, and Hypothalamic Peptides: Counteraction by Lipid-Lowering Drugs. Alcohol 2009, 43,
433–441. [CrossRef]

32. Bordet, R.; Ouk, T.; Petrault, O.; Gelé, P.; Gautier, S.; Laprais, M.; Deplanque, D.; Duriez, P.; Staels, B.; Fruchart, J.C.; et al. PPAR: A
New Pharmacological Target for Neuroprotection in Stroke and Neurodegenerative Diseases. Biochem. Soc. Trans. 2006, 34 Pt 6,
1341–1346. [CrossRef]

https://doi.org/10.1152/ajpgi.00383.2004
https://doi.org/10.4049/jimmunol.165.2.1013
https://doi.org/10.1186/1742-2094-5-10
https://doi.org/10.2353/ajpath.2006.050617
https://www.ncbi.nlm.nih.gov/pubmed/16565490
https://doi.org/10.1007/s00213-015-3906-1
https://www.ncbi.nlm.nih.gov/pubmed/25787746
https://doi.org/10.1002/glia.20467
https://www.ncbi.nlm.nih.gov/pubmed/17203472
https://doi.org/10.1016/j.bcp.2004.07.031
https://doi.org/10.1002/hup.1259
https://doi.org/10.1016/j.biopsych.2005.10.013
https://doi.org/10.1016/j.neulet.2009.03.068
https://doi.org/10.1097/FBP.0b013e32833d41b2
https://doi.org/10.3389/fnins.2015.00144
https://doi.org/10.1016/S0091-3057(99)00197-5
https://doi.org/10.1124/pr.116.012484
https://doi.org/10.1146/annurev.med.53.082901.104018
https://www.ncbi.nlm.nih.gov/pubmed/11818483
https://doi.org/10.1016/S0022-2275(20)42003-6
https://www.ncbi.nlm.nih.gov/pubmed/8725145
https://doi.org/10.1016/j.phrs.2006.03.012
https://doi.org/10.1016/j.alcohol.2014.08.004
https://doi.org/10.3389/fnbeh.2017.00133
https://doi.org/10.1111/acer.12610
https://doi.org/10.1111/acer.12972
https://doi.org/10.1016/j.neuropharm.2017.01.007
https://www.ncbi.nlm.nih.gov/pubmed/28088358
https://doi.org/10.1016/j.alcohol.2009.07.003
https://doi.org/10.1042/BST0341341


Antioxidants 2023, 12, 1758 16 of 17

33. Chen, X.R.; Besson, V.C.; Palmier, B.; Garcia, Y.; Plotkine, M.; Marchand-Leroux, C. Neurological Recovery-Promoting,
Anti-Inflammatory, and Anti-Oxidative Effects Afforded by Fenofibrate, a PPAR Alpha Agonist, in Traumatic Brain Injury.
J. Neurotrauma 2007, 24, 1119–1131. [CrossRef]

34. Collino, M.; Aragno, M.; Mastrocola, R.; Benetti, E.; Gallicchio, M.; Dianzani, C.; Danni, O.; Thiemermann, C.; Fantozzi, R.
Oxidative Stress and Inflammatory Response Evoked by Transient Cerebral Ischemia/Reperfusion: Effects of the PPAR-Alpha
Agonist WY14643. Free Radic. Biol. Med. 2006, 41, 579–589. [CrossRef] [PubMed]

35. Poynter, M.E.; Daynes, R.A. Peroxisome Proliferator-Activated Receptor Alpha Activation Modulates Cellular Redox Status,
Represses Nuclear Factor-KappaB Signaling, and Reduces Inflammatory Cytokine Production in Aging. J. Biol. Chem. 1998, 273,
32833–32841. [CrossRef] [PubMed]

36. Shehata, A.H.F.; Ahmed, A.-S.F.; Abdelrehim, A.B.; Heeba, G.H. The Impact of Single and Combined PPAR-α and PPAR-γ
Activation on the Neurological Outcomes Following Cerebral Ischemia Reperfusion. Life Sci. 2020, 252, 117679. [CrossRef]

37. Villavicencio-Tejo, F.; Flores-Bastías, O.; Marambio-Ruiz, L.; Pérez-Reytor, D.; Karahanian, E. Fenofibrate (a PPAR-α Agonist)
Administered during Ethanol Withdrawal Reverts Ethanol-Induced Astrogliosis and Restores the Levels of Glutamate Transporter
in Ethanol-Administered Adolescent Rats. Front. Pharmacol. 2021, 12, 653175. [CrossRef] [PubMed]

38. Israel, Y.; Karahanian, E.; Ezquer, F.; Morales, P.; Ezquer, M.; Rivera-Meza, M.; Herrera-Marschitz, M.; Quintanilla, M.E.
Acquisition, Maintenance and Relapse-Like Alcohol Drinking: Lessons from the UChB Rat Line. Front. Behav. Neurosci. 2017,
11, 57. [CrossRef]

39. Karahanian, E.; Rivera-Meza, M.; Tampier, L.; Quintanilla, M.E.; Herrera-Marschitz, M.; Israel, Y. Long-Term Inhibition of Ethanol
Intake by the Administration of an Aldehyde Dehydrogenase-2 (ALDH2)-Coding Lentiviral Vector into the Ventral Tegmental
Area of Rats. Addict. Biol. 2015, 20, 336–344. [CrossRef]

40. Dhaher, R.; McConnell, K.K.; Rodd, Z.A.; McBride, W.J.; Bell, R.L. Daily Patterns of Ethanol Drinking in Adolescent and Adult,
Male and Female, High Alcohol Drinking (HAD) Replicate Lines of Rats. Pharmacol. Biochem. Behav. 2012, 102, 540–548. [CrossRef]

41. Loi, B.; Colombo, G.; Maccioni, P.; Carai, M.A.M.; Franconi, F.; Gessa, G.L. High Alcohol Intake in Female Sardinian Alcohol-
Preferring Rats. Alcohol 2014, 48, 345–351. [CrossRef]

42. Gavzan, H.; Hashemi, F.; Babaei, J.; Sayyah, M. A Role for Peroxisome Proliferator-Activated Receptor α in Anticonvulsant
Activity of Docosahexaenoic Acid against Seizures Induced by Pentylenetetrazole. Neurosci. Lett. 2018, 681, 83–86. [CrossRef]
[PubMed]

43. Ezquer, F.; Quintanilla, M.E.; Morales, P.; Santapau, D.; Ezquer, M.; Kogan, M.J.; Salas-Huenuleo, E.; Herrera-Marschitz, M.;
Israel, Y. Intranasal Delivery of Mesenchymal Stem Cell-Derived Exosomes Reduces Oxidative Stress and Markedly Inhibits
Ethanol Consumption and Post-Deprivation Relapse Drinking. Addict. Biol. 2019, 24, 994–1007. [CrossRef] [PubMed]

44. Ryter, S.W.; Choi, A.M.K. Heme Oxygenase-1: Redox Regulation of a Stress Protein in Lung and Cell Culture Models. Antioxid.
Redox Signal. 2005, 7, 80–91. [CrossRef] [PubMed]

45. Moreno, S.; Cerù, M.P. In Search for Novel Strategies towards Neuroprotection and Neuroregeneration: Is PPARα a Promising
Therapeutic Target? Neural Regen. Res. 2015, 10, 1409–1412. [CrossRef]
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