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Abstract

There is a clear and pressing need to expand pharmacotherapy options for substance use disorders

(SUDs) in order to improve sustained abstinence outcomes. Preclinical literature has demonstrated

the role of glutamate in addiction, suggesting that new targets for pharmacotherapy should focus

on the restoration of glutamatergic function. Glutamatergic agents for SUDs may span multiple

addictive behaviors and help demonstrate potentially overlapping mechanisms in addiction. The

current review will focus specifically on N-acetylcysteine (NAC), a safe and well-tolerated

glutamatergic agent, as a promising potential pharmacotherapy for the treatment of SUDs across

several substances of abuse. Building on recently published reviews of the clinical efficacy of

NAC across a broad range of conditions, this review will more specifically discuss NAC as a

pharmacotherapy for SUDs, devoting particular attention to the safety and tolerability profile of

© Springer International Publishing Switzerland 2014

Correspondence to: Erin A. McClure, mccluree@musc.edu.

Conflicts of interest Erin A. McClure, Cassandra D. Gipson, Robert J. Malcolm, Peter W. Kalivas, and Kevin M. Gray have no
relevant conflicts of interest to report. The authors alone are responsible for the content and writing of this paper. All authors have
read and approved the manuscript.

NIH Public Access
Author Manuscript
CNS Drugs. Author manuscript; available in PMC 2014 May 04.

Published in final edited form as:
CNS Drugs. 2014 February ; 28(2): 95–106. doi:10.1007/s40263-014-0142-x.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



NAC, the wealth of preclinical evidence that has demonstrated the role of glutamate dysregulation

in addiction, and the limited but growing clinical literature that has assessed the efficacy of NAC

across multiple substances of abuse. Preliminary clinical studies show the promise of NAC in

terms of safety, tolerability, and potential efficacy for promoting abstinence from cocaine,

nicotine, and cannabis. Results from randomized clinical trials have been mixed, but several

mechanistic and methodological factors are discussed to refine the use of NAC in promoting

abstinence and relapse prevention across several substances of abuse. Further preclinical and

clinical investigation into the use of NAC for SUDs will be vital in addressing current deficits in

the treatment of SUDs.

1 Novel Pharmacotherapies for Substance Use Disorders (SUDs)

Substance use disorders (SUDs) represent a significant and pressing public health concern.

Estimated costs in the form of healthcare expenditures, drug-related crime, and lost

productivity total approximately $621 billion per year when considering both illicit and licit

(i.e. tobacco and alcohol) substances in the US (illicit drugs and tobacco) and globally

(alcohol) [1-3]. In 2011, approximately 20.6 million Americans aged 12 years or older

reported substance dependence or abuse of illicit drugs and/or alcohol, while 68.2 million

Americans aged 12 years or older reported use of a tobacco product in the past month [4].

Additional estimates indicate that 43.8 million (19.0 %) adults (≥18 years of age) in the US

were current cigarette smokers [5]. Despite advancements in the treatment of SUDs, many

individuals fail to access treatment resources, and even fewer receive treatment that results

in sustained, long-term abstinence. Treatment efforts for SUDs require significant

refinement in order to maximize the chances of successful recovery from these chronic and

relapsing disorders.

As the complex and multifaceted mechanisms contributing to SUDs have more closely

aligned with a medical model of disease [6], first-line pharmacotherapeutic treatment

interventions have been explored extensively in research and clinical practice. In the search

for effective pharmacotherapeutic medications to treat SUDs, a number of promising agents

have been identified throughout the years. For example, in the mid-1960s agonist

replacement therapies for opioid addiction (i.e. methadone maintenance) were demonstrated

to be effective in improving treatment outcomes [7], thus representing a pivotal moment in

the treatment of SUDs. Agonist replacement therapies for opioid addiction, such as

methadone and buprenorphine, continue to be widely accepted and enduring evidence-based

pharmacotherapies for opioid-dependent patients [8]. Replacement pharmacotherapy has

also been a key strategy in treatment guidelines for nicotine dependence [9]. A major

advantage to replacement pharmacotherapies is that they are substance-specific, but this may

also prove to be a weakness when considering the potential need to apply pharmacotherapy

across multiple substances of abuse.

Many first-line pharmacotherapies improve the likelihood of sustained abstinence, but vary

greatly in treatment outcomes, and many still suffer from generally poor outcomes. Several

first- and second-line pharmacotherapeutic options exist for substance-specific SUDs and

pathological gambling, and are discussed at length in a recent review by van den Brink [10].

Within the smoking cessation literature, nicotine replacement therapy (NRT), bupropion,
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and varenicline have been shown to increase the odds of quitting smoking by two to

threefold compared with placebo [11]. However, even with varenicline, arguably the most

efficacious smoking cessation pharmacotherapy, abstinence rates after 12 weeks of

treatment are still only approximately 40 % [12-14]. Modest effect sizes have been

demonstrated for pharmacotherapies for alcohol dependence that function to reduce the

reinforcing effects of alcohol and reduce craving, such as naltrexone and acamprosate [15,

16]. Several pharmacotherapies for cannabis dependence have been explored with mixed

results, and few positive controlled clinical trials exist to guide clinical practice [17, 18].

Finally, there are currently no US FDA-approved medications for cocaine and other

stimulant dependence, although some have suggested that agonist replacement approaches

may be a fruitful avenue to explore [19]. Unfortunately, the abuse potential of stimulant

pharmacotherapy has dampened enthusiasm for agonist replacement therapies for stimulant

dependence. Even in the case that highly effective pharmacotherapies are developed for

specific substances of abuse, this does not address the issue that many individuals report

using multiple substances of abuse [4], and some may use multiple substances concurrently.

Use of other substances (particularly licit substances) during a treatment episode may persist

and even increase during the course of medication-assisted treatment.

There is a need to improve and expand pharmacotherapy options for SUDs. Extensive

preclinical literature exists highlighting the role of glutamate in addiction. More specifically,

chronic drug exposure in non-human animal models leads to enduring alterations in

glutamatergic signaling and the downregulation of the cystine-glutamate exchanger [20, 21].

Glutamatergic agents may restore that functioning, thus providing ample justification to

target glutamatergic signaling in the treatment of SUDs in clinical populations. New targets

for pharmacotherapy that span multiple addictive behaviors would be beneficial and may

help to demonstrate potentially overlapping mechanisms in SUDs. The current review will

focus specifically on N-acetylcysteine (NAC) as a promising potential pharmacotherapy for

the treatment of SUDs across several substances of abuse. NAC is an N-acetyl prodrug that

acts primarily on the glutamatergic system. Preclinical studies have demonstrated the

efficacy of NAC in restoring normal glutamate signaling and reversing addiction pathology.

The clinical literature focusing on NAC for SUDs is relatively limited, but preliminary work

to date has shown the promise of NAC in terms of safety, tolerability, and potential efficacy

for promoting abstinence from cocaine, nicotine, and cannabis. Building on several excellent

reviews that have been published recently on the utility of NAC in the treatment of a range

of conditions [22-24], this review will more specifically discuss NAC as a pharmacotherapy

for SUDs, devoting particular attention to the safety and tolerability profile of NAC, the

preclinical evidence that has demonstrated the role of glutamate dysregulation in addiction,

and the limited but growing clinical literature that has assessed the efficacy of NAC across

multiple substances of abuse. We conducted an extensive PubMed literature search through

December 2013. The following keywords were used in our search: ‘N-acetylcysteine’,

‘substance use disorders’, ‘addiction’, ‘pharmacotherapy’, ‘glutamate’, ‘translational’,

‘relapse’, and ‘abstinence’. We also explored references cited in relevant articles and review

papers.
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2 Overview of N-Acetylcysteine (NAC)

NAC is an N-acetyl prodrug of the naturally occurring amino acid cysteine. The chemical

structure of NAC is shown in Fig. 1. NAC is available by prescription in intravenous, oral,

and nebulizer forms. It is also sold orally as an over-the-counter product in health food

stores. Oral bioavailability of NAC has been shown to range from 4–10 % [25, 26]. NAC

has a long-established safety record in adults and children, with FDA approval since 1963.

NAC has clinical efficacy as a mucolytic agent for bronchopulmonary disorders [27] and in

the treatment of chronic obstructive pulmonary disease (COPD) [28]. It is also used as an

oral or intravenous antidote to treat acetaminophen poisoning, acting as a precursor for the

synthesis of the antioxidant glutathione (GSH), and forming complexes with toxic reactive

oxidative metabolites of acetaminophen, ultimately preventing hepatic cell necrosis [29]. A

meta-analysis of studies evaluating long-term oral treatment with NAC for the prevention of

chronic bronchitis found that NAC was well-tolerated. Adverse events reported in those

trials were generally mild and most commonly included gastrointestinal events that did not

require medication termination [27]. Local irritation has also been reported when NAC is

administered as a mucolytic [30]. Systemic allergic reactions to NAC have been observed,

but only with intravenous administration [31, 32], and seizures have been reported at very

high intravenous doses [33]. NAC may be appropriate among varying age groups since it

has been used safely for several decades in adults and children, often at doses greatly

exceeding those typically used in research studies [34, 35].

Research interest in NAC has grown amid increasing evidence of its clinical efficacy in the

treatment of several psychiatric disorders. A recent review by Berk and colleagues [22]

summarized the literature on the uses of NAC in neuropsychiatry, specifically in the

treatment of SUDs, pathological gambling, obsessive-compulsive disorder (OCD) and other

compulsive disorders, schizophrenia, unipolar depression, bipolar disorder, and autism, as

well as neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases. That

review noted the promising efficacy of NAC as a pharmacotherapy among these diverse

disorders; however, it was also noted that many trials with NAC were preliminary and

further study through controlled efficacy trials is required. Additionally, NAC has been

studied for the treatment of psychiatric disorders based on its antioxidant properties. It has

been suggested that oxidative stress may function as a mechanism underlying psychiatric

disorders, including bipolar and anxiety disorders, depression, and SUDs, in addition to

other diagnoses such as autism and attention-deficit hyperactivity disorder [36]. GSH is

depleted during oxidative stress, which can be reversed with NAC treatment [37], and

providing evidence to pursue GSH as a novel therapeutic target for psychiatric disorders

[38]. Furthermore, in rodent models NAC has been shown to reduce myocardial oxidative

stress due to chronic ethanol administration [39, 40].

Specific to the treatment of SUDs, there is increasing evidence to support the role of

glutamatergic signaling in addiction [20, 21, 41-43], which will be discussed in greater

detail in this review. NAC may be a particularly attractive candidate pharmacotherapy for

SUDs given its favorable safety profile and the preclinical evidence of its reversal of (i)

glutamatergic dysregulation and (ii) GSH depletion and oxidative stress. In the following

sections, the role of glutamate in addiction will be discussed, as well as the preclinical
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literature assessing the influence of NAC on neural plasticity, restoring cystine-glutamate

exchange, drug self-administration, and reinstatement of drug seeking in an animal model.

3 Dysregulation of Glutamatergic Signaling in Addiction

Animal models mimicking aspects of human addiction allow deep exploration of the

neurobiological changes induced with prolonged administration of substances of abuse. In

these models, neurobiological alterations have been examined following various timepoints

of withdrawal from a substance of abuse. Following periods of withdrawal (i.e. 1–14 days,

up to 3 months) from self-administration of a substance of abuse such as cocaine, heroin, or

nicotine, dysregulation of glutamatergic signaling has been found within a corticostriatal

circuit [prefrontal cortex (PFC)–nucleus accumbens (NA)] [41, 44-46]. Extensive evidence

indicates that chronic exposure to addictive drugs decreases the expression of the excitatory

amino-acid transporter-2 (EAAT2), also known as glial glutamate transporter-1 (GLT1), in

the NA [44, 47-49]. This decrease in turn reduces glutamate elimination from the

extracellular space and contributes to the spillover of synaptically released glutamate during

reinstated drug seeking [50-52]. Activity in this impaired state is represented in Fig. 2a.

After withdrawal from chronic administration of cocaine, reduced basal extracellular

glutamate occurs in conjunction with a decrease in expression and function of both glial

proteins, including the catalytic subunit of the cystine-glutamate exchanger system (Xc−

system; xCT, glial catalytic subunit) and GLT1 in the NA (note that nicotine and cocaine

reduce system Xc−, while all addictive drugs tested to date elicit enduring reductions in

GLT1) [44, 50-52]. This results in decreased tone on presynaptic inhibitory metabotropic

glutamate 2/3 (mGluR2/3) receptors. Basal tone on these receptors provides a means of

feedback inhibition and control of synaptic transmission. However, in the absence of this

inhibitory tone, excessive glutamatergic transmission occurs [53]. The excessive release of

extracellular glutamate during reinstated drug seeking arises from the decrease in GLT1 and

stimulates extrasynaptic N-methyl-D-aspartate (NMDA) receptors and metabotropic

glutamate receptor 5 [43, 54]. This sequence of events leads to a rapid, transient increase in

synaptic plasticity rendering increased relapse vulnerability [55-57]. Indeed, GLT1 is

strategically expressed near the synaptic cleft to minimize glutamate spillover into the

extrasynaptic space [58]. Presentation of a drug or a cue associated with drug taking

reinstates drug seeking in a preclinical model of relapse and this behavior is associated with

elevated extracellular glutamate derived from synaptic activity in the PFC-NA pathway [44,

45, 59].

In addition to the glutamate overflow that occurs during a withdrawal state after chronic

drug administration, recent evidence shows that reinstatement of drug seeking prompted by

drug cues (i.e. cue-induced reinstatement) in cocaine- and nicotine-extinguished rats is

associated with a rapid, transient long-term potentiation (LTP)-like plasticity in the NAcore

[44, 56]. The LTP-like changes observed in these studies were quantified as increases in

dendritic spine head diameter (dh) and in the ratio of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor to NMDA-mediated excitatory postsynaptic

currents (EPSCs; AMPA/NMDA) [60-62]. Importantly, both dh and AMPA/NMDA were

significantly correlated with reinstated cocaine seeking. Since presynaptic and non-synaptic

glutamate release regulates synaptic plasticity in both primary cell cultures and in vivo [63,
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64], the LTP-like changes may arise from the reinstatement-associated increase in glutamate

release and overflow [44, 45, 65]. Accordingly, the LTP-like plasticity was prevented by

inhibiting PFC glutamatergic input to the NAcore [66]. Within the corticostriatal circuit, the

NAcore is thought to serve as a ‘gateway’ through which information concerning behavioral

output is processed from the limbic cortex to motor subcircuits [67, 68]. Throughout the

addiction cycle, it is thought that the switch to compulsive drug seeking from controlled

intake (i.e. recreational use) arises from an impaired ability of this circuit to successfully

process negative environmental contingencies, leading to decreased capacity to inhibit

prepotent drug-associated responses [41, 69]. This process thereby leads to heightened

vulnerability to relapse. Although the NAcore is heavily implicated in relapse vulnerability,

other striatal regions have been implicated in the extinction of drug seeking. Specifically,

input to the shell subcompartment of the NA from the infralimbic cortex [70], and similar

neuro-biological alterations, have been found in the NA shell as well as the core [47, 71].

Given the extensive disruption of glutamatergic input from the PFC to the NAcore, NAC

may serve to restore this dysregulation. The following sections expand on the preclinical

research on NAC that suggests its role in reversing addiction pathology.

4 Preclinical Literature Review

4.1 NAC to Restore Cystine-Glutamate Exchange

NAC is a cysteine prodrug with antioxidant properties via activation of the Xc− system [72,

73]. NAC enters cells after it is deacetylated to cysteine and rapidly oxidized to cystine,

primarily through cysteine transporters. Once transported by Xc− into cells, cystine is

reduced to cysteine for synthesis of GSH [72] (see Fig. 2b). High concentrations of NAC in

tissue slices lead to glutamate release from xCT that potentiates EPSCs in NA medium spiny

cells [74].

Following withdrawal from cocaine and nicotine, the xCT subunit of the Xc− system is

reduced both in function and content [47, 48]. NAC activates the glial system Xc− to

exchange extracellular cystine for intracellular glutamate in a 1:1 stoichiometry, thereby

elevating non-synaptic glutamate and restoring levels of both xCT and GLT1 [59]. This

increase in non-synaptic glutamate counters the reduced extrasynaptic levels after

withdrawal from a drug of abuse [75]. The restoration of glutamate then activates the

presynaptic mGluR2/3, which then reduces synaptic glutamate release and drug seeking

[76]. Visual representation of the system restored through NAC treatment is shown in Fig.

2b. In contrast to previous work on the effects of NAC on xCT, recent work has found an

important action of NAC on GLT1 in the reduction of drug seeking. Restoration of GLT1,

but not xCT, was found critical for chronic NAC to inhibit cue-induced cocaine seeking

[Reissner et al., unpublished], although the mechanism by which NAC restores GLT1 is

currently unknown. It is possible that restoration of GLT1 after treatment with NAC will

inhibit glutamate spillover into the extrasynaptic space via increased glutamate uptake [77],

thus inhibiting activation of the primarily extrasynaptic NMDA receptor subunit, GluN2B

[78]. This in turn may inhibit the rapid synaptic plasticity that has been demonstrated during

drug seeking. The reduction in activation of GluN2B NMDA receptors could influence

insertion of calcium-permeable AMPA subunit receptors (GluA1), which are increased
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during incubation of cocaine craving [79]. The reduction in GluA1-containing AMPA

receptors could inhibit the rapid increase in dh shown to be linked to increased relapse

vulnerability [55, 56]. Although not yet shown, it would also be of interest to examine the

effect of NAC on reducing the basal potentiated resting state of NAcore medium spiny

neurons (MSNs) after withdrawal from chronic drug self-administration [63].

4.2 NAC to Inhibit Drug Seeking

Systemic administration of NAC has been shown to robustly decrease reinstatement of

cocaine, heroin, and nicotine seeking in preclinical models [44, 45, 63, 80-83]. This

reduction in relapse vulnerability has been attributed to the ability of chronic NAC treatment

to reverse drug-induced metaplasticity and may serve as a mechanism to chronically restore

prefrontal to accumbens glutamate transmission, which serves to provide enduring relapse

protection [63, 84]. In support of this, daily NAC treatment given prior to cocaine self-

administration sessions has been shown to prevent escalation of cocaine intake, behavioral

sensitization, and cocaine-induced reinstatement of cocaine seeking [85]. It has also been

shown to reduce cocaine-induced cocaine seeking in rodents [86]. In animals being

withdrawn from chronic heroin administration, chronic NAC administration was shown to

decrease extinction responding and inhibit cue-induced heroin seeking up to 40 days after

discontinuing NAC treatment [82]. Acute administration of NAC has been shown to be

effective at decreasing nicotine self-administration and nicotine seeking that is prompted by

a previously paired cue [83]. Finally, NAC has been shown to reduce alcohol-induced

oxidative stress in rats [39, 40], and therefore may be of interest in the examination of NAC

in the treatment of alcohol abuse and dependence. This exploration would also be supported

by the literature, as increased glutamate levels have been found in the NAcore during cue-

induced alcohol seeking [87].

5 Clinical Literature Review

5.1 Safety/Tolerability in SUD Populations

The wealth of preclinical data demonstrating the role of glutamate in addiction, and the

overall safety and tolerability of NAC among adults and children when administered orally,

has contributed to the preliminary investigation of NAC as a pharmacotherapy for SUDs,

specifically in cocaine-dependent adults. To assess the safety and tolerability of oral NAC in

SUD populations, LaRowe and colleagues [88] conducted an inpatient, laboratory-based,

placebo-controlled, crossover study. This study involved two separate inpatient stays in

which non-treatment-seeking, cocaine-dependent adults (N = 13) received NAC 600 mg or

placebo every 12 h for 3 days. Two hours after each dose administration, vital signs and

adverse events related to the medication were assessed. No differences were found in the

number of participants reporting adverse events in the placebo and NAC conditions.

Adverse events reported in this study included pruritus (itching), headache, flatulence/

diarrhea, abdominal cramps, local rash, fatigue, increased blood pressure, sweating, ears

popping, increased appetite, canker sores, chest pain, crying, and dizziness. None were

serious and study results demonstrated that NAC was safe and well-tolerated among study

participants.
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In an outpatient context, two open-label studies assessed safety and tolerability among SUD

populations. Several doses of NAC were assessed in an open-label, between-subjects study

that recruited treatment-seeking cocaine-dependent adults (N = 23) [89]. Total daily doses of

NAC were 1,200 mg (600 mg twice daily), 2,400 mg (1,200 mg twice daily), and 3,600 mg

(1,200 mg thrice daily) during a 4-week treatment period with two clinic visits per week. All

doses were shown to be safe and well-tolerated among this outpatient population, with the

most common adverse events experienced being pruritus, headache, and elevated blood

pressure. Retention rates through the 4-week study were higher among the 2,400 mg and

3,600 mg dosing groups, and self-reported cocaine use (biologically confirmed through a

urine drug screen) was reduced among participants who were retained in the study. Another

open-label investigation of NAC was conducted with cannabis-dependent young adults (N =

24; aged 18–21 years) [90] over a 4-week treatment period with a dose of 2,400 mg/day

(1,200 mg twice daily). Similar to previous studies, results showed that NAC was safe and

well-tolerated. Adverse events (from most common to least common) included abdominal

discomfort, muscle pains/aches, insomnia, headache, nasal congestion, nausea, weight

decrease, restlessness, and dizziness. Additionally, reductions in self-reported cannabis

craving and use over the 4-week trial were reported among study participants.

These aforementioned studies not only provided much needed safety and tolerability data for

NAC among SUD populations, both during periods of active use and abstinence, but also

provided preliminary efficacy data to support further investigation. Additional studies have

assessed the neural mechanism of NAC in humans through imaging techniques, effects on

craving, withdrawal, and drug reward, and, finally, the potential efficacy of NAC in

promoting abstinence.

5.2 Neural Mechanism

Only one study thus far has used imaging techniques in humans to assess the neural

mechanisms affected by NAC administration. Schmaal and colleagues [75] recruited

cocaine-dependent adult males (N = 10) and healthy controls (N = 14) to assess glutamate

activity in the dorsal anterior cingulate cortex (dACC) using proton magnetic resonance

spectroscopy. This was an open-label, randomized, crossover study in which participants

received either a single 2,400 mg dose of NAC or no compound. Each scan was separated

by 1–2 weeks. This study showed reductions in glutamate activity (quantified individually,

in addition to glutatmate+glutamine) in the left dACC due to NAC administration, but only

in cocaine-dependent patients (not in healthy controls). This demonstrated normalization of

cortical glutamate levels in cocaine-dependent humans is generally consistent with

preclinical work showing excessive glutamatergic signaling after chronic cocaine self-

administration. Thus, NAC may work to restore glutamate homeostasis in cocaine-

dependent humans.

5.3 Craving/Withdrawal/Reward

Several studies have explored the influence of NAC on craving, withdrawal, and the

rewarding properties of substances of abuse to determine if these processes, thought to

contribute to relapse, are modified under NAC administration. As part of the same inpatient

trial that assessed the safety and tolerability of NAC [88], another study was published that
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assessed the effects of NAC on cue-induced cocaine craving [91]. Two additional

participants were included within that data set (N = 15). Cue reactivity assessments included

the presentation of slides depicting cocaine, neutral, pleasant, and unpleasant images.

Physiological measures were taken (i.e. heart rate and skin conductance) and, following

slide presentations, participants were asked about their craving for cocaine, desire to use,

and interest in using. Results showed that with NAC, compared with placebo, participants

self-reported less desire to use cocaine and less interest when presented with cocaine-related

slides. However, no medication effects were found for ratings of craving.

A translational study was conducted that utilized preclinical and clinical designs to assess

the influence of repeated administration of NAC on cocaine seeking (rodents) and craving

(humans) [86]. The clinical component assessed cocaine craving and rewarding properties

following intravenous cocaine administration through an inpatient, laboratory-based,

crossover study design with doses of NAC [1,200 mg/day (400 mg thrice daily) or 2,400

mg/day (800 mg thrice daily)] or baclofen for 3 days. Participants were cocaine-dependent

adult males (N = 4). This study found that NAC, compared with baclofen, reduced cocaine

craving following an intravenous cocaine injection, but did not alter the reinforcing

properties of cocaine. No differences between the 1,200 mg and 2,400 mg NAC doses were

found.

Finally, an outpatient, laboratory-based, placebo-controlled study recruited nicotine-

dependent young adults (N = 22) [92]. Participants were randomized to receive 3,600

mg/day of NAC (1,800 mg twice daily) or placebo for 3.5 days. Abstinence from smoking

was confirmed using breath carbon monoxide (CO) each morning of medication

administration, and craving and nicotine withdrawal symptoms were assessed. A laboratory

session was conducted on day 4 of the study, in which participants were asked to smoke one

cigarette and report on the subjective rewarding effects of that cigarette. Results showed that

NAC had no effect on cigarette craving, and only a trend towards reduced withdrawal with

NAC. With NAC administration, compared with placebo, the first cigarette smoked after 3.5

days of abstinence was rated as less rewarding. Only mild stomach problems were reported

as adverse events in this study in both the placebo and NAC groups.

5.4 Efficacy

All studies discussed above provided sufficient preliminary data to conduct pilot, as well as

larger, fully-powered clinical trials to determine the potential efficacy of NAC across several

substances of abuse. A pilot randomized controlled trial (RCT) was conducted as part of a

translational study to assess glutamate disruption caused by nicotine dependence, and to

determine if control could be restored through cystine-glutamate exchange [47]. Specific to

the RCT component of this study, nicotine-dependent adult smokers (N = 29) were recruited

and were randomized to 2,400 mg/day (1,200 mg twice daily) of NAC or matched placebo

for 4 weeks. This study showed a reduction in self-reported cigarettes per day across the

treatment period in the NAC group, but only when two participants were excluded due to

alcohol and cigarette consumption that was greater than two standard deviations above the

mean. However, there was no effect of NAC on CO levels, craving, or withdrawal ratings.
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Previous to the exploration of NAC as a pharmacotherapy for SUDs, work was conducted

with NAC in smokers, but mainly due to its oxidative and protective properties [93].

Healthy adult smokers (N = 41) were recruited and were randomized to 1,200 mg/day (600

mg twice daily) of NAC versus placebo for 6 months. At the 6-month timepoint, results

showed that NAC had reduced tobacco smoke carcinogenicity, modulated cancer-associated

biomarkers, and decreased oxidative damage in a generally positive manner. However, NAC

did not appear to reduce smoking (verified by cotinine levels).

Another pilot RCT recruited non-treatment seeking methamphetamine-dependent adults (N

= 31) to test the efficacy of NAC + naltrexone versis placebo on methamphetamine craving

and use [94]. Doses of NAC were steadily increased throughout the study (i.e. 600, 1,200,

1,800, and 2,400 mg/day) in the absence of significant clinical improvement (remained at

the current dose if improvements were seen). The intervention phase lasted for 8 weeks.

There was no reduction in methamphetamine craving or use throughout the 8-week

treatment period, but there was greater dropout from study procedures among the placebo

group. Adverse events included nausea and lethargy and did not differ across experimental

groups.

Finally, two fully-powered RCTs testing NAC for SUDs have been completed. Gray and

colleagues [95] conducted an 8-week, placebo-controlled RCT with cannabis-dependent

adolescents (N = 116; aged 15–21 years) and tested the efficacy of NAC (2,400 mg/day;

1,200 mg twice daily) versus placebo, added to contingency management and brief cessation

counseling, in achieving cannabis abstinence. In this trial, NAC doubled the odds of having

negative urine cannabinoid tests during treatment. The medication was also well-tolerated

and no differences were found in the occurrence of adverse events between treatment

groups. Adverse events included upper respiratory infection, vivid dreams, insomnia,

irritability, and heartburn. Interestingly, although NAC was efficacious in promoting

cannabis abstinence, a secondary analysis from this data set found no differential reductions

in cannabis craving between the NAC and placebo groups, although craving did decrease

over the course of the trial, regardless of treatment group [96]. Therefore, craving seemed to

decrease as a function of some undefined variable, but was not attributable to NAC. The

second clinical trial recruited treatment-seeking cocaine-dependent adults (N = 111) [97] and

tested the efficacy of NAC in promoting cocaine abstinence. Participants were randomized

to receive 1,200 or 2,400 mg/day (600 or 1,200 mg twice daily, respectively) of NAC or

placebo, added to cognitive-behavioral therapy, during an 8-week treatment phase.

Treatment with NAC was not found to reduce cocaine use or craving. Exploratory analyses

found that participants abstinent from cocaine at the beginning of the trial and randomized to

the 2,400 mg dose of NAC had longer time to relapse and lower ratings of craving.

Tolerability of study medication was favorable, with no differences in adverse events

between groups. The most commonly reported adverse event was gastrointestinal problems

(i.e. heartburn, flatulence, abdominal cramps). This study further supported the safety of

NAC, and suggested unique conditions (i.e. abstinence) under which NAC may be most

effective.
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6 Discussion

The trajectory of research on NAC as a pharmacotherapy for SUDs has been well-informed

through the preclinical investigation of mechanism. The role of glutamate dysregulation, the

target of NAC treatment, has been proposed as a ubiquitous finding and underlying feature

across SUDs [20, 21, 98]. This lends strong support to the strategy of employing

glutamatergic agents in the treatment of SUDs across multiple substances of abuse. NAC

has been shown to be a safe and well-tolerated medication [27] with a long history of use for

several conditions, making it a promising candidate for use in the treatment of SUDs.

Despite preclinical evidence to suggest the efficacy of NAC, and early phase I and II clinical

studies demonstrating safety, tolerability, and potential efficacy, not all pilot trials and fully-

powered RCTs have yielded positive results. Of the three pilot or smaller-scale RCTs

reviewed above [47, 93, 94], two of the three failed to demonstrate robust reductions in the

substance of abuse being targeted. The study conducted by van Schooten and colleagues

[93] was unique given the emphasis on measuring oxidative stress due to cigarette smoking,

rather than targeting smoking itself. Of the two fully-powered clinical trials discussed above,

only one showed positive results in the form of increased likelihood of abstinence from

cannabis [95]. Given the promising preclinical and preliminary clinical work on NAC for

SUDs, the results of these RCTs are curious, although several alternatives have been

suggested to refine the use of NAC in treating SUDs and improve its efficacy.

6.1 Improving the Efficacy of NAC

The majority of the preclinical work conducted with NAC has used a model of reinstatement

of drug seeking meant to mimic relapse vulnerability, and many of the most robust findings

with NAC have been in the context of a reinstatement model to predict relapse. This

suggests that NAC may be most effective under conditions of abstinence, rather than to

promote initial cessation. This possibility was discussed by LaRowe and colleagues [97] to

account for the finding that participants who were abstinent from cocaine at study entry had

better outcomes in the NAC condition compared with placebo. This is an important

consideration for efficacy trials. NAC may prove to be an ideal relapse prevention aid when

given after periods of abstinence or when combined with other forms of pharmacological

and/or behavioral treatments to promote abstinence. It may be that the positive findings in

the cannabis cessation trial by Gray and colleagues were a function of the synergy of NAC

with contingency management, an established abstinence-targeted behavioral treatment

platform [95]. In the cases of forced abstinence from substances of abuse (i.e. inpatient drug

treatment, hospitalization, incarceration, etc.), NAC may potentially be used during periods

of abstinence and following release to promote continued abstinence. This will be

challenging to incorporate into clinical trials, given that methodologies typically administer

investigational medication during periods of active use. As above, concurrent treatment with

abstinence-targeted pharmacotherapies or behavioral treatments may be an avenue to

address this issue and explore NAC as a complement to established cessation interventions.

A notable limitation to the use of NAC for SUDs is its poor oral bioavailability, which is

approximately 4–10 % [25, 26]. It is possible that participants are not receiving doses

sufficient to demonstrate efficacy in all cases. Recommended doses of 1,200 or 2,400 mg are
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often given across two to four pills taken two to three times per day, and some studies

suggest that higher doses may be preferable for treatment outcomes [89]. Medication dosing

at multiple times per day is burdensome for patients, especially those with SUDs, who may

also be dealing with psychiatric comorbidity, unstable housing, interpersonal, economic,

and/or professional consequences due to their substance use, etc. Improved medication

regimens and forms of NAC that are more bioavailable would allow for less response effort

on the part of the participant. This would be an important advancement for its use in the

treatment of SUDs and may serve to improve compliance rates. With this goal in mind, a

recent study discussed the synthesis of an amide derivative NAC amide (NACA) [99].

Preliminary results suggest that this compound has more membrane permeability and

bioavailability, which may result in improved clinical outcomes. Alternate formulations of

NAC that would only require once a day dosing would also be an important advancement

for the clinical viability of NAC.

It is possible that NAC alone is not a sufficient pharmacotherapy to promote abstinence, and

it must be part of a more comprehensive treatment plan or combination pharmacotherapy.

Treatment for nicotine dependence is an example of how NAC could be used in combination

with an already approved smoking cessation pharmacotherapy. Improvements to smoking

cessation pharmacotherapy are greatly needed as even the most effective pharmacotherapies

only promote abstinence in approximately 40 % of patients [12-14]. Combination

pharmacotherapies may target the initiation of quit attempts or initial abstinence through

reduced smoking reward or reduction in craving and withdrawal, and may also provide more

enduring relapse protection through normalization and restoration of glutamate homeostasis

during periods of withdrawal, as is seen with NAC treatment in non-human animal models.

A potentially synergistic interaction between NAC and other smoking cessation

pharmacotherapies may therefore be achieved. It is also possible that NAC as a

pharmacotherapy for SUDs will only demonstrate efficacy when paired with psychosocial

support, education and skills-based training, or contingency management. Future research is

greatly needed with NAC in combination with other forms of treatment, including as a

combination pharmacotherapy, especially in cases of distinct, yet complementary,

neurobiological mechanisms.

6.2 Future Directions for Research

Many questions remain regarding the use of NAC for SUDs, both in preclinical and clinical

investigation. Preclinically, it will be of interest to examine the ability of NAC to restore

basal synaptic plasticity of glutamatergic NAcore synapses via a possible neuron-glial

interaction, as well as the ability to inhibit the rapid, transient increase in synaptic plasticity

found during cue-induced cocaine seeking. Additionally, it will be important to examine the

mechanism contributing to the ability of NAC to restore GLT1, inhibit glutamate overflow,

and inhibit activation of extrasynaptic NMDA receptors across different drugs of abuse.

Among clinical investigators, more studies are needed to determine the conditions under

which NAC is an efficacious pharmacotherapy for SUDs. NAC may be most effective when

administered under conditions of abstinence, rather than during active use. NAC as a relapse

prevention pharmacotherapy in abstinent cocaine-dependent adults is being explored in a

recently funded study sponsored by the National Institute on Drug Abuse (R01DA034054,
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PI Malcolm). Conversely, studies with cannabis-dependent adolescents have demonstrated

the efficacy of NAC during periods of active use [95]. This distinction could be based on

differences in the substances of abuse being targeted by the study interventions, the

behavioral support used in these clinical trials (e.g. abstinence-targeted contingency

management in the cannabis trial), actual medication adherence rates, etc. RCTs assessing

the efficacy of NAC that have yielded negative findings highlight the importance of careful

consideration of conditions that may contribute to the efficacy of NAC. These and other

possibilities are worthy of further inquiry.

The restoration of glutamatergic activity due to NAC following withdrawal in preclinical

models has been demonstrated across various substances, including opioids [82]. Despite the

consistencies across various drugs of abuse, no studies have been conducted in human

participants to determine the efficacy of NAC in opioid dependence, either as a stand-alone

treatment or adjunct to opioid-replacement therapies or behavioral treatment. Additionally,

the effects of NAC on alcohol withdrawal and other alcohol-induced aversive effects in a

rodent model have been explored [39, 40, 100], with promising results. A recent review

dedicated to new pharmacotherapies for alcohol abuse and dependence suggested that

medications targeting the glutamatergic system may be a promising avenue to explore,

including those agents that reduce excess extracellular glutamate (i.e. NAC, among others)

[101]. These and other results contribute to the preclinical evidence suggesting that NAC

may be an effective pharmacotherapy for several substances of abuse, and that more clinical

investigation across substances is needed.

Among the limited clinical work to date with NAC for SUDs, a number of ongoing studies

aim to further address the efficacy of NAC. NAC as a treatment for cannabis dependence in

adults is being explored through an ongoing, multisite RCT through the Clinical Trials

Network of the National Institute of Drug Abuse (NCT01675661). Another RCT is

assessing the effects of NAC on cannabis withdrawal (NCT01439828). A third study will

assess NAC as a relapse prevention pharmacotherapy in cocaine-dependent participants

(R01DA034054, PI Malcolm), while an ongoing inpatient study will assess the effects of

NAC on the rewarding properties of cocaine and changes in glutamate activity during

abstinence (NCT01392092). Another RCT focusing on comorbidity is assessing the efficacy

of NAC on nicotine dependence and pathological gambling (NCT00967005). Finally, an

RCT exploring NAC plus naltrexone for the treatment of alcohol dependence is ongoing

(NCT01214083). These trials will provide further clarification on the role of NAC in the

treatment of SUDs. The number of ongoing studies with NAC is even greater when the

scope is extended to psychiatric and compulsive disorders more generally, which may

eventually lead to the study of NAC in patients with comorbid SUDs and psychiatric

disorders.

An additional area of future research focused on the clinical utility of NAC is in its influence

on minimizing damage caused by oxidative stress. Based on evidence supporting the role of

oxidative stress as a mechanism underlying psychiatric disorders [36], it will be important to

study this specifically for the treatment of SUDs. Oxidative stress as an underlying

mechanism of psychiatric disorders, and treatment with NAC, represents a preliminary and
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promising direction for future research focused on poly-substance use and psychiatric

comorbidities.

7 Conclusions

Preclinical evidence supporting the role of glutamatergic dysregulation in addiction has led

to clinical investigation exploring glutamatergic targets for the treatment of SUDs. These

results have been mixed, but generally show promise. Over 50 years, NAC has been shown

to be safe and well tolerated in adults and adolescents. It is being explored as a

pharmacotherapy for several indications, including psychiatric disorders, making it a

promising agent for those experiencing psychiatric comorbidity or struggling with multiple

substances of abuse. The economic implications for effectively treating SUDs and other

psychiatric disorders are substantial. NAC has FDA approval and is widely available, while

also being relatively inexpensive compared with other pharmacotherapeutic options. If NAC

is shown to be efficacious for promoting abstinence and preventing relapse, either alone or

as part of a combination pharmacotherapy regimen, the cost savings of preventing future

treatment episodes and related healthcare costs would be well worth the additional cost of

medication. Future clinical studies should pursue research focused on the necessary

conditions required for NAC to be effective in the treatment of SUDs. This may involve the

use of NAC as part of a combination pharmacotherapy or as part of a comprehensive

treatment plan that works to promote the initiation of quit attempts or initial periods of

abstinence. These and other questions will be vital in addressing the deficits that currently

exist in the treatment of SUDs and the potential that NAC holds to provide improved

treatment outcomes.
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Fig. 1.
Molecular structure of N-acetylcysteine
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Fig. 2.
a Representation of a synapse in the NAcore with glutamatergic input from the PFC during an impaired state caused by

withdrawal from drugs of abuse such as cocaine, nicotine, and heroin. b Representation of the same neural areas and glutamate

restoration due to the administration of NAC. Following chronic NAC administration, upregulation of both the cysteine-

glutamate xCT and the GLT1 occurs, restoring uptake of glutamate from the extracellular space. This leads to less tone on

extrasynaptic NMDA receptors, and possibly inhibits postsynaptic relapse-induced synaptic plasticity. AMPA α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor, GLT1 glial glutamate transporter-1, GSH glutathione, NA nucleus

accumbens, NAC N-acetylcysteine, NMDA N-methyl-D-aspartate, PFC prefrontal cortex, xCT exchanger catalytic subunit
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