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1  | INTRODUC TION

Alcohol use disorders (AUDs) are among the most prevalent and 
undertreated psychopathologies in developed countries (Rehm 
et al., 2015), causing around 3.3 million deaths/year—which rep-
resents 5.9% of all deaths worldwide—and having an enormous 

health and socioeconomic impact (WHO, 2014). Notwithstanding 
the prevalence of AUDs, few drugs have been marketed for the 
treatment of this neuropsychiatric disease along the last decades. 
Acamprosate and naltrexone, which are the latest medications for 
alcohol relapse prevention approved by the FDA, reduced the risk 
of heavy drinking only to 83% and 86% with respect to the placebo 
group (Rösner et al., 2010a, 2010b). Jonas et al. (2014), after a sys-
tematic review and meta-analysis, reported that no significant dif-
ferences were found between both drugs. Unfortunately, these 
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Abstract
Alcohol use disorders are chronic and highly relapsing disorders, thus alcoholic pa-
tients have a high rate of recidivism for drug use even after long periods of absti-
nence. The literature points to the potential usefulness of N-acetylcysteine (NAC) in 
the management of several substance use disorders probably due to its capacity to 
restore brain homeostasis of the glutamate system disrupted in addiction. However, 
there is little evidence in the case of alcohol. The aim of this study was to explore 
the potential anti-relapse efficacy of NAC using the alcohol deprivation effect (ADE) 
model in long-term experienced rats. Two experiments were performed in male 
Wistar rats to: (a) test the efficacy of NAC to prevent relapse and (b) discriminate 
the best administration schedule (intermittent vs. continuous) for NAC. In the first 
experiment, animals were implanted with mini-osmotic pumps delivering 0 or 1 mg/
hr NAC during 14 days. In a second experiment, rats received 0, 60, or 100 mg/kg 
once daily by subcutaneous injection. The efficacy to prevent ADE was evaluated in 
both experiments. NAC subcutaneously administered, either by continuous infusion 
or by intermittent injections regimen, is able to block the ADE. The best results were 
obtained after using 60 mg/kg NAC dose. Our findings support the hypothesis that 
NAC may represent a valuable therapy in the management of alcohol relapse.
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pharmacotherapies also show low compliance rates and adverse 
side effects that leads to a limited efficacy (Ch’Ng & Lawrence, 
2018).

AUDs can be defined as chronically relapsing disorders, in 
which patients have a high rate of recidivism for drug use even 
after long periods of abstinence have been attained. Sixty to 80% 
of abstinent alcoholics will relapse during their lifetime (Barrick & 
Connors, 2002; Weiss et al., 2001). Hence, from a clinical point of 
view, there is a pressing need for effective treatment to reduce 
the relapse rate or, to a lesser extent, reduce alcohol intake (Reilly 
et al., 2014; Spanagel & Vengeliene, 2012). The rationale to explore 
N-acetylcysteine (NAC) for AUD is due to its potential mechanism 
of action underlying the process of drug relapse. According to the 
literature, contextual stimuli associated previously with the con-
sumption of the drug trigger the excessive release of neurotrans-
mitters (cue-induced firing), inevitably activating the circuit that 
puts the relapse process in motion (Kalivas, 2009). This process is 
related to the glutamate neurotransmission within the mesocortico-
limbic system (Gipson et al., 2013) and could be modulated through 
NAC (Brown et al., 2013; Olive et al., 2012). Although preclinical and 
clinical research has increasingly explored the potential efficacy of 
NAC to regulate/modify drug-related behaviors (Brown et al., 2013; 
McClure et al., 2014), the literature is mixed on its efficacy, particu-
larly depending on the drug of abuse considered. For instance, with 
respect to cocaine, NAC has been found to reduce cocaine-seek-
ing behavior in rats (Amen et al., 2011; Baker et al., 2003; Kupchik 
et al., 2012; Murray et al., 2012), to prevent the escalation of drug in-
take (Madayag et al., 2007), and to facilitate self-imposed abstinence 
after cocaine escalation (Ducret et al., 2016). Likewise, preliminary 
clinical data indicate that repeated administration of NAC to co-
caine-dependent human subjects produced a significant reduction 
in craving (Amen et al., 2011). The clinical trial conducted by LaRowe 
et  al.  (2013) failed to demonstrate that NAC reduces cocaine use 
in actively using cocaine-dependent individuals, but they demon-
strated its anti-relapse effect in patients who had already achieved 
abstinence from this drug. Nicotine self-administration, extinction 
response and cue-induced reinstatement have also been reduced 
in rats treated with NAC (Moro et  al.,  2018; Powell et  al.,  2019; 
Quintanilla et  al.,  2018; Ramirez-Niño et  al.,  2013). Human smok-
ers treated with NAC reported a reduction in cigarette smoking but 
without any effect on the measurements of withdrawal and craving 
symptoms (Knackstedt et  al.,  2009). Nevertheless Froeliger et  al. 
(2015) reported that NAC was able to prevent nicotine craving. In a 
general sense, meta-analyses of NAC trials support the use of NAC 
in ameliorating drug craving, although in some trials NAC failed to 
reduce craving (Deepmala et  al.,  2015; Duailibi et  al.,  2017). In a 
preclinical setting, effects of NAC on heroin-seeking behavior have 
also been identified (Hodebourg et al., 2018; Zhou & Kalivas, 2008), 
and a potential role in the management of methamphetamine de-
pendence has also been claimed (McKetin et al., 2017). Thus, there 
is currently sufficient evidence that points to the potential useful-
ness of NAC in the management of several substance use disorders 
probably due to its capacity to restore drug-induced alterations in 

glutamate homeostasis within the mesocorticolimbic system (for re-
view see McClure et al., 2014 and Morley et al., 2018).

Studies with ethanol evaluating the preclinical effectiveness of 
NAC are scarce and show controversial results as well. For example, 
Weiland et al. (2015) reported that NAC did not attenuate the cue-
primed reinstatement of alcohol seeking in male Sprague–Dawley 
rats. Quintanilla et al. (2016) demonstrated that NAC (30 or 60 mg/
kg, ip) was able to reduce voluntary drug intake during the mainte-
nance phase, but not along the acquisition phase. Later, the same 
group also reported that oral NAC administration during 14 days re-
duced ethanol binge-like behavior (Quintanilla et al., 2018). Naassila 
and Vilpoux's group also showed that NAC, under different alcohol 
exposure protocols, was able to reduce ethanol-motivational proper-
ties, ethanol-seeking behavior, and re-acquisition after abstinence in 
rats but it failed to limit re-acquisition after extinction (Lebourgeois 
et  al.,  2018, 2019). Curiously, in all these latter experiments, only 
a single dose of the drug was intraperitoneally injected 60 min be-
fore the session. Thus, it seems difficult to attribute the restoration 
of glutamate systems disrupted in addiction to NAC, but rather to 
the acute effects of NAC. Finally, Garcia-Keller et al. (2019) also 
demonstrated that subchronic NAC treatment, using several timing 
variations, is able to reduce conditioned stress reinstatement after 
cocaine or alcohol self-administration, expanding the potential use 
of this drug in the treatment of substance use disorders, given that, 
until now NAC had principally explored in preventing cue-induced or 
context-induced reinstatement.

The drug shortage to relieve abstinence syndrome symptoms and 
prevent relapse in alcohol-addicted individuals together with the po-
tential mechanism of action of NAC underlying the process of drug 
relapse prompted us to carry out the present research. Particularly, 
the main objective of this study was the evaluation of the efficacy of 
prolonged NAC treatment in the prevention of alcohol relapse using 
a high face, predictive and ecological validity model in the preclinical 
setting such as the alcohol deprivation effect (ADE) model. Our re-
sults could provide preclinical data supporting the possible/potential 

Significance

Alcohol addiction is among the most prevalent and un-
dertreated psychopathologies in developed countries 
causing around 3.3  million deaths/year worldwide. 
Notwithstanding these data, few drugs have been mar-
keted for the treatment of this disease. N-acetylcysteine 
(NAC) has been used in therapeutic practices for several 
decades (as mucolytic agent, for treatment of paracetamol 
intoxication, etc). Literature studies suggest the potential 
usefulness of NAC in the management of several sub-
stance use disorders such as cocaine, nicotine, or heroine. 
We have gathered more evidence to lend support to the 
hypothesis that NAC may represent a valuable therapy in 
the management of alcohol relapse.
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use of NAC as an adjuvant in the therapy to attenuate drug seeking 
and alcohol relapse.

2  | MATERIAL AND METHODS

2.1 | Animals

Two different cohorts of male Wistar rats were used for the ADE 
experiments: 16 rats from our own breeding colony at Faculty of 
Pharmacy of University of Valencia (Experiment 1) and 30 animals 
purchased from ENVIGO (Barcelona, Spain) for Experiment 2. All 
animals, weighing 275 ± 15 g at the beginning of the experiments, 
were housed in individual cages in a temperature- and humidity-
controlled room with a 12-hr inverted light/dark cycle (on 22:00, off 
10:00. All the procedures were carried out in strict accordance with 
Directive 2010763/EU, Spanish laws (RD 53/2013) and animal pro-
tection policies. All experiments were approved by the Animal Care 
Committee of University of Valencia and authorized by the Regional 
Government (Conselleria de Agricultura, Medio Ambiente y Cambio 
Climático).

2.2 | Long-term voluntary alcohol drinking with 
repeated deprivation phases

Rats were subjected to a long-term voluntary ethanol drinking pro-
cedure with repeated deprivation phases, which lasted for a total of 
38–40 weeks. This procedure was previously validated under our ex-
perimental conditions (Orrico et al., 2013, 2014). During the proce-
dure, animals were given continuous access to tap water and to 5%, 
10%, and 20% (v/v) ethanol solutions in their home cages. Every time 
bottles were removed to determine the intake, the position of the 
four bottles was changed to avoid location preferences. Bottles were 
weighed from 9:00 to 10:00 a.m., just before the active phase began, 
in order to avoid intromissions during this period. Rats were subjected 
to four random drinking (6 ± 2 weeks) and deprivation (2 ± 1 weeks) 
periods. Hence, the duration of these periods was irregular in order 
to prevent behavioral adaptations (Vengeliene et al., 2005). The pro-
gression of the body weight of animals chronically exposed to alco-
hol followed the same pattern than that previously observed (Orrico 
et al., 2013, 2014). All the pharmacological studies were initiated at 
the end of the fourth alcohol deprivation period.

2.3 | Drugs

Alcohol drinking solutions were prepared from 96% v/v (Scharlau 
S.A., Spain) and then diluted with tap water to the different con-
centrations. NAC was purchased from Sigma-Aldrich Quimica, S.A. 
(Spain) and was freshly dissolved before use in phosphate buffer 
0.4  M (pH was adjusted to 7.2 with NaOH), at a concentration of 
100 mg/ml in all the experiments.

2.4 | Experimental design

The pharmacological study was performed when animals had ap-
proximately 9  months of ethanol experience. Daily ethanol (ex-
pressed as g/kg/day) and total fluid intake (expressed as ml/day), 
were calculated individually from daily weighing of the bottles be-
fore abstinence and following the reintroduction of the ethanol bot-
tles. Basal ethanol intake was considered the average of the 4-day 
measurement of ethanol intake displayed before the forced absti-
nence period. Rats were randomly distributed to the different exper-
imental groups ensuring no group differences in basal alcohol intake, 
which was then assessed by one-way analysis of variance (ANOVA). 
Two experiments were developed.

2.4.1 | Experiment 1: Effect of continuous NAC 
administration (1 mg/hr) on the ADE

The experimental design of Experiment 1 (continuous infusion of NAC 
1 mg/h) was based on previous research developed in our laboratory 
in which d-penicillamine was administered using a similar approach. 
The NAC dose was selected in virtue of its maximum solubility and 
the repertoire of ALZET pumps (mod. 2ML1) that provides the highest 
flux (10 µl/hr) along a week. According to the average weight of the 
animals (0.55  ±  0.05  kg), the NAC dose assayed in this experiment 
was around 40–45 mg/kg. Hence, the assayed dose of the drug is in 
line with the preclinical literature, in which the most common NAC 
doses tested to regulate/modify drug-related behaviors range from 
15 to 100 mg/kg (Lebourgeois et al., 2019; Murray et al., 2012). The 
pharmacological treatment was initiated during the fourth abstinence 
period, 9 days before the reintroduction of the ethanol bottles. The du-
ration of the treatment, but not the administration routine, was similar 
to that experienced by other authors (Quintanilla et al., 2016, 2018). 
All the animals were briefly anesthetized with isoflurane (1.5 MAC) 
and a mini-osmotic Alzet® pump was subcutaneously (SC) implanted 
delivering either vehicle or 1 mg/hr of NAC (n = 8 rats/group). Seven 
days after the surgery, when the pump reservoir was almost empty, 
rats were, again, briefly anesthetized and a second Alzet pump was 
implanted in order to continue with the same treatment. Forty-eight 
hours after this procedure, animals were re-exposed (post-abstinence 
days), in their respective home cages, to the ethanol solutions. After a 
21-day withdrawal period, the daily weighing routine was restored in 
order to assess the possible appearance of the ADE phenomenon dur-
ing the four post-abstinence days (see Figure 1a). The NAC infusion-
rate (1 mg/hr) assayed fits with the maximum solubility of NAC and 
maximal flow-rate available, as previously discussed.

2.4.2 | Experiment 2: Effects of 60 or 100 mg/kg 
subcutaneous NAC administration on the ADE

In a second experiment, the effect of NAC for relapse preven-
tion on alcohol intake was evaluated using a different cohort of 
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rats (from ENVIGO), administration modus and doses than those 
used in Experiment 1. In this experiment, rats received vehicle, 
NAC 60 mg/kg or NAC 100 mg/kg (n = 10 rats/group), once a day 
by subcutaneous injection for 14 consecutive days (before lights 
were turned on in the facilities). NAC doses and schedule were se-
lected on the basis of previous studies (Corbit et al., 2014; Ducret 
et al., 2016; Quintanilla et al., 2016). Nine days after the initiation 
of the treatment, ethanol bottles were reintroduced in all the ex-
perimental groups, and the daily ethanol intake was measured in 
order to evaluate whether the ADE phenomenon was expressed 
(see Figure 1b). As in Experiment 1, the duration of the last with-
drawal period was 21 days.

2.5 | Statistics

A power analysis was performed that revealed a sample size of 
N = 8–10/group was determined necessary to detect differences in 
the key variables at an α level of p < 0.05 and 80% power. The use of a 
mixed two-way ANOVA to analyze the data was discarded since the 
observed covariance matrices of the dependent variable between 
groups were different (Box–Pierce test; p = 0.00172). Hence, etha-
nol intake along 8 days (4 days before and after the abstinence pe-
riod) was analyzed both, by a one-way repeated-measures ANOVA, 
time being the targeted factor, and by a paired Student's t test. In this 
latter comparison, the daily alcohol intake obtained on the 4 days be-
fore and after the abstinence period was collapsed. When the sphe-
ricity assumption was violated, the repeated-measures ANOVA was 
appropriately corrected according to the Huynh–Feldt approxima-
tion (Tabachnick and Fidell, 2007). In order to analyze treatment ef-
fect, one-way ANOVA between groups were performed during the 
post-abstinence period alcohol intake. When significant differences 

were detected, multiple comparison Tukey test was applied. To en-
sure no group differences in basal alcohol intake among groups, 
a one-way ANOVA analysis was made. Total fluids intake and the 
weight of the animals before and after receiving the NAC treatment 
were analyzed by a paired Student's t test. All data are presented as 
mean ± standard deviation (SD) and all the analyses were carried out 
using IBM SPSS Statistics 24 and R.

3  | RESULTS

3.1 | Experiment 1: Constant subcutaneous infusion 
of N-acetylcysteine blocks the ADE expression

First of all, we confirmed that the profile and the magnitude of the 
ADE after the fourth deprivation period were very similar to those 
observed in the third period, in which no surgery was applied to 
the animals (data not shown), suggesting that animals did not alter 
their alcohol intake to alleviate post-surgical pain in Experiment 1. 
These results are in accordance with previous results reported by 
our group (Orrico et al., 2014).

Figure 2a,b show the daily time course (left panel) and the 4-day 
average intake of ethanol (right panel) before (basal) and after the 
abstinence period (post-abstinence), that lasted 21 days, in vehicle- 
and NAC-treated rats. One-way ANOVA confirmed that average 
basal alcohol intake did not show statistical differences between 
both experimental groups [F(1, 62) = 0.314; n = 16; p = 0.575]. As 
can be seen in Figure 2a left panel, one-way ANOVA for repeated 
measures showed a statistically significant effect on daily alcohol 
intake over time [F(3.25, 22.76)  =  3.605; n  =  8; p  =  0.026] in ve-
hicle-treated rats. Moreover, as can be observed in Figure 2a right 
panel, the Student's t test for paired measures confirmed that, after 

F I G U R E  1   Schematic representation of the experimental procedure used in this study. (a) Experimental protocol used in Experiment 1. 
(b) Experimental protocol used in Experiment 2. B1, B2, B3, and B4 represent the baseline measurements taken throughout 4 days prior to 
the abstinence period. Hatch bars correspond to a 12-day period in both experiments, so that the total duration of the abstinence period 
was 21 days 
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the 3-week abstinence period, average ethanol intake increased sig-
nificantly, with respect to basal value, up to 50.4% [T(31) = −4.204; 
n = 8; p < 0.001] in vehicle-treated rats, thus confirming the expres-
sion of the ADE in this group of animals. On the other hand, the 
continuous subcutaneous administration of NAC (1 mg/hr) blocked 
the increase in ethanol intake on post-abstinence days, (Figure 2b). 
Again, statistical analysis confirmed this observation, since nei-
ther ANOVA for repeated measures [F(6.96, 48.76) = 1.306; n = 8; 
p = 0.268] (left panel) nor the paired Student's t test [T(31) = −1.903; 
n = 8; p = 0.066] (right panel) detected any significant difference, 
suggesting the potential anti-relapse effect of NAC under our exper-
imental conditions. One-way ANOVA also confirmed the existence 
of a NAC treatment effect between groups during the post-absti-
nence period [F(1, 62) = 6.607; n = 16; p = 0.013)]. The total fluid in-
take expressed as milliliters per day, and animal body weight before 
and after NAC treatment is shown in Figure 2c,d, respectively. As 
can be observed, the total fluid intake was not modified during the 
post-abstinence days with respect to its respective baseline value 
neither in the vehicle- [T(31)  =  −1.693; n  =  8; p  =  0.111] nor the 
NAC-treated group [T(31) = −1.550; n = 8; p = 0.131]. Hence, the 
changes in ethanol intake determined in the absence or presence of 

NAC are not conditioned by any change or reduction in total fluid 
intake, suggesting that the effect of NAC on ethanol consumption is 
apparently selective. On the other hand, continuous infusion of NAC 
during 14 days did not cause any significant alteration in the body 
weight of the animals [T(7) = −1.350; n = 8; p = 0.219] evidencing no 
appreciable changes in food consumption patterns.

3.2 | Experiment 2: ADE expression can be inhibited 
by subcutaneous injections of N-acetylcysteine

Before Experiment 2 was completed, some aspects in relation to the 
alcohol intake profile displayed by each cohort of rats were com-
pared. Concretely, before the pharmaceutical experiment was per-
formed, Wistar rats from our own colony weighed 0.55 ± 0.05 kg 
versus 0.61 ± 0.05 kg of the purchased rats (T(44) = −3.79; n = 48; 
p = 0.0004). Moreover, in-house bred animals showed lower total 
fluid intake than purchased rats (T(182) = −2.63; n = 48; p = 0.0094) 
yet, alcohol intake did not show differences between them 
(T(182)  =  −1.81; n  =  48; p  =  0.0720). Therefore, while there was 
sufficient evidence to suggest that fluid consumption was different 

F I G U R E  2   Effect of continuous administration of N-acetylcysteine (NAC) on alcohol deprivation effect (ADE) measurements. On the 
left part of panels (a) and (b), the mean daily ethanol intake, determined during the 4 days before (baseline) and after (post-abstinence) the 
imposed withdrawal period, is shown; results of the one-way repeated-measures ANOVA for ethanol intake are represented in this part of 
the panel. The dashed line represents the mean baseline value. B1, B2, B3, and B4 represent the baseline measurements taken throughout 
4 days prior to the abstinence period. On the right part of these two panels, the collapsed values of alcohol intake determined during the 
4 days of baseline and the post-abstinence period are represented as bars; the results of the Student's t test for the ethanol intake are 
included. Ethanol intake determined before and after the continuous administration of vehicle or NAC (1 mg/hr) is depicted in panel (a) and 
(b), respectively (n = 8/group). Effect of the constant subcutaneous infusion of vehicle or NAC on total fluid intake per day and body weight 
in rats used in Experiment 1 is shown in panel (c) and (d), respectively. Asterisks denote statistically significant differences between groups 
(*p < 0.05, ***p < 0.001). Data are presented as mean ± SD [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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across the cohorts, there was insufficient evidence to suggest that 
alcohol consumption differed.

Results of Experiment 2 are illustrated in Figure 3. As previously, 
Figure 3a (vehicle), 3B (NAC 60 mg/kg), and 3C (NAC 100 mg/kg) 
show the daily time course (left panel) and the 4-day collapsed eth-
anol intake (right panel) before (baseline) and after the abstinence 
period (post-abstinence), that lasted 21 days, obtained by each ex-
perimental group. There were no statistically significant differences 
in average alcohol intake among groups [F(2, 117)  2.016; n  =  30; 
p = 0.138]. As expected, after the abstinence period, vehicle-treated 
animals showed an increase in alcohol intake in comparison with 
that observed in the baseline period (Figure 3a). One-way ANOVA 
for repeated measures detected a statistically significant effect on 
daily alcohol intake over time [F(7, 63) = 2.362; n = 10; p = 0.033]. 
Student's t test for paired measures determined that average eth-
anol intake increased significantly after the deprivation period by 
up to 25% [T(39) = −2.960; n = 10; p = 0.005], confirming that vehi-
cle-treated rats experienced the ADE phenomenon. As can be seen 
in Figure 3b,c, a 14-day treatment based on one daily subcutaneous 
NAC injection of 60 or 100 mg/kg, was able to block the expression 

of the ADE phenomenon. Statistical analysis did not reveal signif-
icant differences in ethanol intake in the post-abstinence period 
when rats were treated with the highest dose assayed (Figure 3c) 
since neither ANOVA for repeated measures detected a statisti-
cally significant effect on daily alcohol consumption over time [F(7, 
63) = 1,166; n = 10; p = 0.335] nor did the Student's t test determine 
differences between mean ethanol intake values [T(39)  =  −0.980; 
n = 10; p = 0.333]. However, animals treated with the 60 mg/kg dose 
displayed a significant decrease (around −20%) in ethanol intake after 
the forced abstinence period, (the effect on daily alcohol intake over 
time was statistically significant [F(7, 63) = 2.155; n = 10; p = 0.05], 
as confirmed by ANOVA for repeated measures, and also the paired 
t test for collapsed values [T(39) = 3.110; n = 10; p = 0.003]).

One-way ANOVA also detected the existence of a NAC treat-
ment effect between groups during the post-abstinence period 
[F(2, 117) = 4.845; n = 30; p = 0.01], identifying significant sta-
tistical differences between NAC60- and vehicle-treated ani-
mals (p = 0.007).Total fluid intake and animal body weight before 
and after NAC treatment, are illustrated in Figure  3d,e, respec-
tively. It can be seen that the total fluid intake (Figure 3d) did not 

F I G U R E  3   Effect of subcutaneous injections of N-acetylcysteine (NAC) on alcohol deprivation effect (ADE) measurements. Effect of the 
subcutaneous injections once a day for 12 days of vehicle (a), NAC 60 mg/kg (b) or NAC 100 mg/kg (c) on ethanol intake, total fluid intake 
(d) and body weight (e) (n = 10/group). On the left part of a, b, and c panels, the mean daily ethanol intake determined during the 4 days 
before (baseline) and after (post-abstinence) the imposed withdrawal period is shown; results of the one-way repeated-measures ANOVA for 
ethanol intake are represented in this part of the panel. The dashed line represents the mean baseline value. B1, B2, B3, and B4 represent 
the baseline measurements taken throughout 4 days prior to the abstinence period. On the right part of panels a, b, and c, the collapsed 
values of alcohol intake determined during the 4 days of baseline and the post-abstinence period are represented as bars; the results of 
the Student's t test for the ethanol intake are included. Asterisks denote statistically significant differences between groups (*p < 0.05, 
**p < 0.01). Data are presented as mean ± SD [Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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decrease in any of the experimental groups during the post-absti-
nence period after NAC treatment. Neither in the vehicle- [T(39, 
0.05) = −1.562; n = 10; p = 0.126] nor in the 60 mg/kg NAC-treated 
group [T(39) = −1.487; n = 10; p = 0.131] did the total fluid intake 
change. Curiously, the 100  mg/kg NAC-treated group showed a 
significant total fluid increase [T(39) = −3.71; n = 10; p = 0.006] 
in the post-abstinence period. Finally, as can be seen in Figure 3e, 
no significant alteration in the body weight of the animals was 
detected.

4  | DISCUSSION

In the present work, the potential anti-relapse efficacy of NAC in 
long-term ethanol-experienced rats has been explored. The most 
significant finding of the current study is that NAC treatment sup-
presses the ADE in long-term ethanol-experienced rats, an animal 
model with high face and predictive validity (Bell et al., 2017; Rodd 
et  al.,  2004; Sanchis-Segura & Spanagel,  2006; Spanagel,  2017). 
According to our results, NAC (either by SC continuous infusion or 
by intermittent SC injections) was able to block the ADE phenom-
enon. Specifically, the best results were obtained after the adminis-
tration of NAC 60 mg/kg once per day through SC injection.

4.1 | The ADE model in preclinical research

Modeling alcoholism, which is a human mental disorder, in rodents 
is a challenge given its complexity. As widely reported, models of 
alcoholism in rats constitute an excellent platform for screening 
and developing pharmacological treatments for this disorder (Belin-
Rauscent et al., 2016; Bell et al., 2012). Concretely, the ADE model 
is probably the most commonly used preclinical approach to ethanol 
relapse-drinking behavior. The rationale behind the selection of the 
ADE model for our research is based on the literature, supporting 
this model as an excellent model in its face and predictive validity 
(Bell et al., 2012; Spanagel, 2017). This model has been used broadly 
in the literature with rats from early works of Sinclair and Senter 
in 1967 to the latest works of different laboratories studying alco-
hol relapse such us Dr. Spanagel's lab, Dr. Kreek's lab, and others 
(Spanagel & Kiefer, 2008; Zhou & Kreek, 2019). The ADE phenom-
enon is a marked and transient increase in the alcohol intake over 
basal values following a period of deprivation, which is correlated 
with the alcohol relapse-like drinking behavior. This animal model 
encompassed the entire range of the addiction cycle, including ac-
quisition and maintenance of drug taking, withdrawal and craving 
during periods of drug abstinence and ultimately relapse; processes 
that were repeated several times in this experimental model (Leong 
et al., 2018). Hitherto, preclinical studies in which NAC has been sug-
gested to prevent alcohol relapse have relied upon a single period of 
abstinence (Lebourgeois et al., 2018; Quintanilla et al., 2018), which 
does not parallel the clinical condition as most individuals seek-
ing treatment have experienced multiple cycles of abstinence and 

relapse. Hence, the use of the ADE model could overcome this limi-
tation. Moreover, the predictive value of this experimental approach 
is best illustrated by the fact that the latest approved medications 
for alcohol relapse prevention—acamprosate and naltrexone—were 
developed by means of adequate animal models, more concretely 
this particular ADE model, and then translated into a clinical setting 
(Spanagel, 2017). Our laboratory has a great deal of experience in 
this model, and we have used it to test the ability of acetaldehyde se-
questering agents (d-penicillamine) in blocking the ADE occurrence 
(Orrico et al., 2013, 2014).

4.2 | Anti-relapse effect of NAC: Influence of the 
experimental schedule

Several studies indicate that NAC may be useful in preventing re-
lapse to drug use (Duailibi et  al.,  2017; Ducret et  al.,  2016), how-
ever, preclinical and clinical reported outcomes are not clear on its 
efficacy, especially when the duration of the therapy is short or the 
patient is not abstinent (LaRowe et al., 2013; Powell et al., 2019).

The reduction in relapse vulnerability in preclinical studies has 
been attributed, at least in part, to the ability of prolonged NAC 
treatment to reverse drug-induced plasticity (Ducret et  al.,  2016; 
Madayag et  al.,  2007; Reichel et  al.,  2011; Zhou & Kalivas, 2008). 
Along this line, one of the most extended hypotheses suggests that 
NAC is able to restore the cystine-glutamate exchanger (xCT) and/or 
glial Na+gradient-dependent GLT-1 expression, contributing to the 
normalization of the glutamate function in several key brain areas 
(McClure et al., 2014; Reissner et al., 2015).

At present, it is not clear if the continuous presence of NAC in 
the brain is required to exercise its effects on the xCT and GLT-1 
function and expression. According to the principles of pharmaco-
kinetics and therapeutics, an adequate dosing interval to be used in 
a multiple dosing pharmacological treatment is the elimination half-
life of the drug to be dosed (Jambheckar & Breen,  2009). Hence, 
since the elimination half-life of NAC in plasma is extremely short 
(around 34 min in mice (Zhou et al., 2015) and 46 min in cats (Buur 
et al., 2013)) it would lead to an impracticable dosage regimen and 
that would not assure the constant presence of the drug in the brain. 
Therefore, we employed in Experiment 1, the continuous subcu-
taneous infusion of NAC with the aid of ALZET minipumps. This 
procedure, which we already used in previous studies with other an-
ti-relapse compounds (Orrico et al., 2014), is able to assure the sta-
ble presence of the administered drug in plasma and the brain when 
the drug is able to cross the blood–brain barrier (Orrico et al., 2013). 
Using this strategy to administer NAC along 14  days, we demon-
strated that this drug is able to block the ADE expression in male 
Wistar rats.

In order to gather more evidence and evaluate if the continu-
ous presence of NAC is necessary to exercise its effects on ADE 
prevention, the second experiment was carried out using a more 
conventional mode of administration of NAC: the intermittent 
(once a day) subcutaneous injection protocol, previously used by 
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other authors (Corbit et al., 2014; Ducret et al., 2016; Quintanilla 
et al., 2016). Our results demonstrate that this administration pro-
tocol was also effective to prevent the ADE in our animal model, 
suggesting that, in spite of the short half-life of NAC, the use of a 
once a day subcutaneous injection does not hamper the efficacy 
of the treatment. In fact, in most studies reporting positive anti-re-
lapse effects of NAC, the drug was administered only once a day 
(Ducret et al., 2016; Murray et al., 2012; Ramirez-Niño et al., 2013; 
Zhou & Kalivas,  2008). Moreover, Quintanilla et  al.  (2018) ob-
served NAC effects after 72  hr of the last administered dose, 
thus indicating that chronic NAC administration generates a neu-
rochemical effect that extends beyond the molecule's presence 
in the brain. NAC restores glutamate homeostasis disrupted in 
drug addiction when administered daily for 5 or more days (Amen 
et  al.,  2011; Knackstedt et  al.,  2010; McKetin et  al.,  2017), but 
an acute effect could additionally be attributed as NAC might 
serve as an exogenous source of cysteine. Hence, our results are 
in agreement with those reported by Powell et al., 2019 who ob-
served that NAC administration (100 mg/kg/day) for 4 days failed 
in inhibiting nicotine seeking or accumbens synaptic plasticity but, 
after the administration of chronic NAC treatment (along 15 days), 
detected a significantly decreased extinction responding and re-
duced reinstatement of nicotine seeking, evidencing that the du-
ration and the dosage regimen might be crucial in the therapeutic 
efficacy of NAC.

In order to rule out that a possible loss of interest in the con-
sumption of liquids could have caused the observed reduction in 
ethanol intake displayed by the animals treated with NAC, total 
fluid intake was evaluated. As depicted in Figures 2c and 3d, total 
fluid intake was not significantly reduced during the post-absti-
nence days in any of the experimental groups, suggesting that 
NAC might have a specific effect on the mechanisms that medi-
ate relapse. Curiously, total fluid intake remained unaltered in all 
the experimental groups except for the animals assigned to the 
100 mg/kg NAC group in Experiment 2, in which a significant in-
crease was detected. This result stood out, and it was, therefore, 
analyzed in depth. After our analysis, we thought that the hetero-
geneity of population could explain this result. Indeed, after ani-
mals were randomly assigned to different experimental groups, we 
determined no group differences in baseline alcohol intake but not 
in total fluid intake. That is to say, once the pharmacological exper-
iment had been performed, we applied one-way ANOVA and it de-
tected differences between groups (F(2, 117) = 5.556; p = 0.005) 
when total fluid intake was analyzed before the abstinence period 
took place. According to this result, we think that animals coinci-
dentally assigned to 100 mg/kg NAC showed a significant lower 
total liquid consumption than other groups, providing a plausible 
explanation for the obtained result.

Hence, although this result was noteworthy, it did not invalidate 
the obtained outcomes. On the other hand, NAC has an established 
record of being safe and well tolerated (Whyte et  al.,  2007). As 
can be observed under our experimental conditions, chronic NAC 
treatment did not affect animal body weight. All in all, the obtained 

results make the effect of NAC in preventing ethanol relapse-like 
drinking evident, probably by counteracting neuroadaptations that 
occur during ethanol withdrawal without affecting total fluid con-
sumption and body weight.

As indicated above, only a few authors have explored the poten-
tial preclinical efficacy of NAC to prevent alcohol relapse. Lebourgeois 
et al. showed that a single NAC dose was able to inhibit ethanol re-
lapse-like behavior in an operant model and under two different 
experimental procedures: with or without forced ethanol vapor ex-
posure. They reported that a minimum effective dose of NAC (25 
–100 mg/kg), i.p. administered 1 hr before the beginning of the test, 
changed by virtue of the paradigm and experimental model assayed 
(Lebourgeois et al., 2018, 2019). In their entire research, animals had 
ethanol limited access (15  min) in the operant chamber on the day 
of the test, hence somewhat limiting the ecological validity of this 
model. Moreover, these results could be attributed to the acute ef-
fects of NAC, but not to its capacity to restore homeostasis to the 
brain glutamate system, as treatment was administered, only once, 
and 60  min before the operant-cued relapse testing. On the other 
hand, Quintanilla et al. (2018) reported that oral NAC reduced ethanol 
relapse binge-like drinking, in selectively bred female rats (UChB rats) 
treated with oral NAC (100 mg/kg/day) for 14 days during abstinence. 
These results were obtained after a limited re-access period lasting for 
60 min. Overall, our results are in agreement with previous outcomes 
reported by other groups.

4.3 | Anti-relapse effect of NAC: Importance of the 
administered dose

Under our experimental conditions, the anti-relapse effect of NAC 
was higher with 60 mg/kg/day NAC than 100 mg/kg/day. This ob-
servation might fit with an inverted U-shaped dose-effect curve. 
From a mechanistic point of view, this result could be in agreement 
with data reported by Kupchik et al in 2012 using electrophysiologi-
cal techniques (in vitro whole cell recording) that demonstrated that 
low concentrations of NAC inhibit glutamate transmission onto 
Nucleus Accumbens core spiny cells via activation of presynaptic 
mGluR2/3, but higher concentrations of the drug counteract this 
effect by stimulating mGluR5 at the postsynaptic level. Along this 
line, they concluded that the effect of NAC on relapse to cocaine 
seeking depends on the balance between stimulating mGluR2/3 and 
mGluR5 in this brain region of the mesocorticolimbic system. We are 
aware that our preclinical conditions are far from those used in vitro 
by Kupchik and colleagues, but, generally, the results obtained point 
in the same direction and underline the importance of selecting the 
appropriate dose of NAC.

4.4 | Conclusion remarks and future direction

The results obtained show that NAC effectively inhibits alcohol 
relapse in the ADE model. Moreover, our results also demonstrate 
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that, under our experimental conditions, the administration of NAC 
60 mg/kg once per day through SC injection provided the best pre-
clinical outcome. We should point out that basal alcohol intake in our 
rats was about 2 g/kg/day. This value is lower than that displayed by 
selectively bred high alcohol-consuming rat lines, although similar 
to that reported in previous studies using heterogeneous randomly 
selected Wistar rats (Juárez & Eliana, 2007; Orrico et al., 2013, 2014; 
Vengeliene et al., 2013). Nevertheless, our animals showed steady 
voluntary consumption and exhibited, repeatedly, the ADE phenom-
enon throughout the study (38–40 weeks), giving experimental va-
lidity to the results obtained. We are aware of the low magnitude 
of the reported effects, but preclinical data reproducibility, using 
different animal models and paradigms is, at present, a great chal-
lenge for neuroscience, which is backed up by numerous institutions 
(Stecker,  2015). Hence, our results, obtained in rats under a very 
prolonged model of ethanol experience, gather more evidence to 
lend support to previously reported data that suggest that NAC may 
represent a valuable therapy in the management of alcohol relapse.

Last but not least, the mechanism by which NAC, or another deri-
vate, exerts its diverse effects are complex and still remain unclear. 
In fact, at present, it is unknown which the molecular fraction of 
the drug is, that correlates with its pharmacological effects (Samuni 
et al., 2013). Moreover, several papers have recently reported sex 
differences in the psycho-pharmacological effects of NAC under 
different indications and experimental paradigms (Goenaga et al., 
2020; Monte et al., 2020). Hence, following the pipeline to the clin-
ical evaluation of its alcohol anti-relapse effect, it would be highly 
recommended to previously elucidate its molecular mechanism of 
action, to determine plasma NAC levels that correlate with their 
pharmacological response as well as to evaluate different NAC 
treatment regimens and doses focusing on the sex and gender dif-
ferences previously reported for this drug. Future experiments will 
address this issue.
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