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Abstract

Alcohol use disorder (AUD) and posttraumatic stress disorder (PTSD) are two prevalent 

psychiatric conditions in the U.S. The co-occurrence of AUD and PTSD is also common, and 

associated with a more severe clinical presentation and worse treatment outcomes across the 

biopsychosocial spectrum (e.g., social and vocational functioning, physical health) as compared to 

either disorder alone. Despite the high co-occurrence and negative outcomes, research on effective 

medications for AUD/PTSD is sparse and there is little empirical evidence to guide treatment 

decisions. The study described in this paper addresses this knowledge gap by testing the efficacy 

of N-acetylcysteine (NAC) in reducing alcohol use and PTSD symptoms. Animal studies and prior 

clinical research suggest a role for NAC in the treatment of substance use disorders and PTSD via 

glutamate modulation. NAC is a cysteine pro-drug that stimulates the cystine-glutamate exchanger, 

normalizes glial glutamate transporters, and restores glutamatergic tone on presynaptic receptors 

in reward regions of the brain. Moreover, NAC is available over-the-counter, has a long-

established safety record, and does not require titration to achieve the target dose. This paper 

describes the rationale, study design, and methodology of a 12-week, randomized, double-blind, 

placebo-controlled trial of NAC (2400 mg/day) among adults with co-occurring AUD and PTSD. 

Functional magnetic resonance imaging (fMRI) and proton magnetic resonance spectroscopy (1H-

MRS) are utilized to investigate the neural circuitry and neurochemistry underlying comorbid 

AUD/PTSD and identify predictors of treatment outcome. This study is designed to determine the 
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efficacy of NAC in the treatment of co-occurring AUD/PTSD and provide new information 

regarding mechanisms of action implicated in co-occurring AUD/PTSD.
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1. Introduction

Alcohol use disorder (AUD) and post-traumatic stress disorder (PTSD) are two common and 

debilitating psychiatric conditions. Data from national epidemiological studies indicate that 

the lifetime prevalence rates of AUD and PTSD are 29.1% and 7.8%, respectively 

[21,28,29]. Moreover, AUD and PTSD frequently co-occur [60,71]. Among individuals 

seeking treatment for substance use disorders, 30%–59% meet criteria for PTSD 

[4,19,39,49,71]. This is of considerable clinical importance, as comorbid substance use 

disorder and PTSD is associated with a more severe presentation and worse treatment 

outcomes as compared to either disorder alone [40,60,71].

Research on effective treatments for comorbid AUD/PTSD is sparse and no medications, to 

date, have conclusively been shown to improve symptoms of co-occurring AUD and PTSD 

[50]. Emerging evidence regarding shared neurobiologic links between AUD and PTSD 

suggests potential treatment targets. In particular, preclinical and clinical studies indicate 

that glutamate dysfunction plays an important role in addictive processes across multiple 

substances of abuse, including alcohol [3,17,43,47] as well as PTSD [48]. As such, 

medications that normalize glutamatergic functioning, such as N-acetylcysteine (NAC), are 

potential candidate pharmacotherapies ([27,50,66,67,70].

NAC is an antioxidant that has been used in the treatment of acetaminophen overdose for 

more than three decades [64]. In animal models, NAC reduces reinstatement to alcohol and 

drug use, purportedly via glial glutamate transporter (GLT-1) dependent mechanisms 

[16,18,20,31,55,58]. In human studies, NAC has been shown to reduce craving and 

substance use, although the findings are mixed [22,23,32,35,57,75]. In a recent, 8-week 

randomized controlled trial (RCT) of 35 individuals with comorbid substance use disorders 

and PTSD, NAC significantly reduced craving and PTSD symptoms [5]. Moreover, NAC 

was well tolerated in this sample with minimal, transient side effects. Given the effects of 

NAC on shared neurobiological impairments associated with both AUD and PTSD, as well 

as promising preliminary data, the current study was designed to examine NAC in a larger 

sample of individuals (N = 200) with co-occurring AUD/PTSD. This paper describes the 

study design and methodology of the ongoing RCT, which is the first study to our 

knowledge to evaluate NAC among civilians with co-occurring AUD/PTSD.

1.1. Research objectives and hypotheses

The primary objective of the current study is to evaluate NAC in reducing alcohol use and 

PTSD symptomatology by comparing NAC (2400 mg/day) to placebo among individuals 

with current AUD/PTSD. Secondary objectives are to evaluate the effects of NAC on 
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impairment in associated areas of functioning (e.g., depression). In addition, we are utilizing 

functional magnetic resonance imaging (fMRI) and proton magnetic resonance spectroscopy 

(1H-MRS) to investigate the underlying pathophysiology of AUD/PTSD and identify 

predictors of treatment response.

There are three main hypotheses regarding changes in outcomes of interest during the 

treatment phase (weeks 1–12). Hypothesis 1 proposes that participants who receive NAC, as 

compared to placebo, will evidence significantly greater reductions in alcohol use and 

craving at the end of treatment. Hypothesis 2 is that NAC, as compared to placebo, will 

result in significantly greater reduction in PTSD symptoms at the end of treatment. Finally, 

Hypothesis 3 centers on the functional neuroimaging aims and proposes that (a) prefrontal 

cortex-amygdala connectivity at rest and in response to alcohol vs. neutral cues during the 

baseline scan will predict reduction in alcohol use, and (b) prefrontal cortex-amygdala 

connectivity at rest and in response to trauma vs. neutral cues at baseline scan will predict 

reduction in PTSD symptoms. Exploratory analyses will examine the effects of NAC vs. 

placebo on (a) changes in glutamate concentrations in the dorsal anterior cingulate cortex 

(dACC), and (b) the relationship between changes in glutamate concentrations and clinical 

outcomes.

2. Materials and methods

2.1. Research design

This study is a phase II, double-blind, 12-week RCT to evaluate the efficacy of NAC (2400 

mg/day) in reducing alcohol use and PTSD symptomatology among treatment-seeking 

individuals with current AUD and PTSD. Following the informed consent process and 

baseline assessment, eligible subjects are randomized to receive NAC or placebo. All 

participants, regardless of treatment arm, receive weekly individual cognitive-behavioral 

therapy (CBT) for AUD. Following completion of the treatment phase of the study, 

participants complete follow-up assessment visits at 3, 6, and 12 months post-treatment. 

Baseline neuroimaging (scan 1) is completed prior to medication initiation and repeated 

(scan 2) prior to medication discontinuation. Fig. 1 illustrates the study design.

2.2. Participants

Participants (N = 200) include adults of all genders, races, and ethnicities, ages 18–65 with 

current AUD and PTSD. The vast majority of participants are anticipated to be civilians and 

roughly half of the sample female. Inclusion criteria include: 1) meets DSM-5 criteria for 

current AUD as assessed by the Mini International Neuropsychiatric Interview (MINI; [59]) 

and endorses some alcohol use within the past 60 days, and 2) meets DSM-5 criteria for 

current PTSD as assessed by the Clinician Administered PTSD Scale (CAPS-5; [72,73]). 

Participants may meet DSM-5 criteria for another substance use disorder as long as alcohol 

is the primary substance of choice. Participants taking psychotropic medications are required 

to be maintained on a stable dose for at least four weeks before treatment initiation. 

Exclusion criteria for the overall study include: 1) history of or current psychotic disorder or 

bipolar disorder, 2) pregnant or current nursing status, 3) evidence of liver damage; alanine 

aminotransferase (ALT) or aspartate aminotransferase (AST) levels greater than 3 times the 
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upper limit of normal; 4) asthma or any clinically significant medical condition that in the 

opinion of the investigator would adversely affect safety or study participation; 5) use of 

medications that may have an interaction if taken with NAC (e.g., nitroglycerin, 

carbamazepine); 6) history of childhood or adult seizures of any cause; or 7) any clinically 

significant medical condition that in the opinion of the investigator would adversely affect 

safety or study participation. Individuals presenting with significant withdrawal symptoms, 

as evidenced by a score of ≥10 on the Clinical Institute Withdrawal Assessment of Alcohol – 

Revised (CIWA; [69]), are referred for clinical detoxification and may be re-assessed for 

study eligibility after medically supervised detoxification has been completed. Individuals 

considered an immediate suicide risk or who are likely to require hospitalization during the 

course of the study for suicidality are excluded. Exclusion criteria specific to the 

neuroimaging component include claustrophobia; metal fragments in the face, eyes or skin; 

non-removable hearing aids; shunts/stents; metal mesh/coil implants; metal plate/pin/screws/

wires; or any other metal implants.

2.3. Procedures

This study was reviewed and approved by the Institutional Review Board (IRB) of the 

Medical University of South Carolina (MUSC). The study is being carried out in accordance 

with The Code of Ethics of the World Medical Association (Declaration of Helsinki). 

Potential participants are given a full description of the study and asked to read and sign 

IRB-approved informed consent forms before any study procedures take place. Interested 

individuals are initially screened for eligibility and those who meet inclusion criteria are 

invited to come into the office for a comprehensive baseline assessment (see Table 1 for 

measures). Following the baseline visit, eligible participants complete a randomization and 

medication initiation, enter the 12-week RCT, and return for post-treatment follow-up at 3, 

6, and 12 months. At week 6 (mid-treatment), some assessments are repeated (e.g., CAPS-5, 

pregnancy test for women, Columbia Suicide Severity Rating Scale) as shown in Table 1. 

Eligible participants also complete the initial neuroimaging visit prior to medication 

initiation and the second neuroimaging session during week 8 of treatment phase. Ineligible 

individuals are referred clinically for treatment.

2.4. Study medication, dosage, administration, and randomization

The dose of NAC (2400 mg/day) and length of treatment (12 weeks) are based on previous 

research [23,24,32,57]. NAC is initiated at 2400 mg/day and does not require upward or 

downward titration, which is an advantage to this medication. Placebo capsules are matched 

and visually identical to the NAC capsules. All NAC and placebo capsules contain 25 mg 

riboflavin, which serves as a biomarker to assess medication compliance. Medication 

adherence is monitored through use of a riboflavin assay. Study participants who request 

multi-vitamin supplementation during the treatment phase of the study are provided with a 

specific multi-vitamin formulation (Tri-Vi-Sol) that does not contain riboflavin. Weekly pill 

counts and documentation of missed doses are carefully recorded at each visit. Research 

staff administer the study medication or placebo at the weekly visits, and participants are 

given take-home doses to self-administer on the days in between study visits. Participants 

are maintained at the target dose for 12 weeks. Side effects and adverse events are evaluated 

weekly.

Back et al. Page 4

Contemp Clin Trials. Author manuscript; available in PMC 2020 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Participants are randomly assigned (1:1) to receive NAC or matched placebo. The double-

blind design is further preserved by treatment assignment according to a pre-arranged 

randomization scheme. Stratified block randomization is used to balance the randomization 

assignment with respect to alcohol use and PTSD symptoms. For this study, high AUD is 

defined as ≥16 on the AUDIT at baseline and high PTSD is defined as ≥48 on the PCL-5 at 

baseline. Randomization is carried out by a pharmacist who is not involved in the clinical 

management of participants.

2.5. Cognitive behavioral therapy (CBT)

All participants receive 12, individual, weekly 60-min sessions of manualized CBT for AUD 

[26]. Examples of session topics include: assessing high-risk situations, coping with 

cravings and urges to drink, managing thoughts about drinking, drink refusal skills, and 

seemingly irrelevant decisions. Receipt of weekly CBT during the treatment phase is 

designed to help facilitate retention and medication adherence, and ensure that all 

participants receive adequate psychosocial support, regardless of medication arm. It also 

serves to provide a standardized behavioral platform, which may enhance statistical power 

by restricting variability resulting from varied types of interventions (error or “noise” 

variance) [10].

Therapist Training, Supervision and Fidelity Monitoring: All therapists are masters- or 

doctoral-level clinicians with experience delivering CBT. Therapists receive extensive 

training in the CBT protocol by the investigators, including didactic review of intervention-

specific theory and manual review. Throughout the study, therapists receive weekly 

supervision focusing on manual adherence, and any clinical concerns about particular 

patients. Supervision also includes monitoring therapists to assure that they are not 

delivering trauma-specific therapy. Patients needing PTSD treatment post intervention are 

referred for specialized treatment.

2.6. Assessments

Table 1 includes the list and timeline of assessments used in this study. Measures are 

included to capture information related to demographics, alcohol use disorder, trauma 

exposure, PTSD, and depression and mood [6,51,69]. The measures were selected because 

many are standardized, have good psychometric properties, and are widely used in research 

on AUD and PTSD.

The MINI International Neuropsychiatric Interview for DSM-5 [59] is used to assess 

diagnosis of AUD. Alcohol use is assessed using the Timeline Follow-back measure (TLFB; 

[65]), a calendar-based self report measure that yields consistently high test-retest reliability 

and convergent validity with other self-reports and collateral reports [9]. Craving is 

measured using the Obsessive Compulsive Drinking Scale (OCDS; [2]), a 14-item self-

report measure of craving with high internal consistency and concurrent validity and good 

predictive validity of future drinking [2]. The standard 12-month version of the Alcohol Use 

Disorder Identification Test (AUDIT; [56]) is given at baseline and used as a measure of 

AUD severity. The AUDIT is repeated at the 12-month follow-up visit. Ethyl glucuronide 

(EtG), a serum biomarker which correlates with the level of recent alcohol consumption, is 
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collected at baseline, week 6, week 12, and all follow-up time points (i.e., 3, 6, and 12 

months).

PTSD diagnosis and severity are assessed using the CAPS-5 [72], and the PCL-5 is used to 

measure self-report PTSD symptomatology [73]. The CAPS-5 is a 30-item structured 

diagnostic interview and is considered the gold standard for assessing PTSD. The CAPS-5 

also captures the participant’s trauma exposure and global perception of distress and 

functional impairment. Symptom clusters are scored on a 5-point severity scale with a total 

severity score ranging from 0 to 80. The CAPS-5 is administered at baseline, mid-treatment, 

end-of-treatment, and follow-up visits. The PCL-5 is a 20-item self-report measure that 

assesses PTSD severity and has excellent psychometric characteristics [36]. The PCL-5 is 

administered at baseline, weekly during the treatment phase, and at follow-up visits.

2.7. Neuroimaging procedures

Given the severe negative outcomes associated with comorbid AUD/PTSD and lack of 

effective treatments, investigation of the neural circuitry and neurochemistry underlying 

AUD/PTSD comorbidity could be important in guiding future studies. The current study 

employs fMRI and 1H-MRS at two time points: immediately prior to medication initiation 

and during week 8 of the treatment phase. Week 8 was selected as the second scan time 

point because a) we hypothesize medication effects will occur by this time based on our 

previous research [5], and b) scanning at week 8 may increase sample size and power as 

compared to waiting to week 12. Fig. 2 illustrates the components of the neuroimaging 

visits. Each neuroimaging visit is 60–90 min in duration. Prior to the first neuroimaging 

scan, personalized imagery scripts pertaining to the participant’s index trauma, alcohol cues, 

and a neutral event are developed according to standard procedures outlined by Sinha and 

colleagues [61–63]. During the neuroimaging visits, participants are placed in the scanner 

wearing headphones to listen to the audio-recorded imagery script cues. To minimize 

potential carry-over effects, the scripts are counterbalanced so that half of the subjects in the 

placebo group and half of the subjects in the NAC group are exposed to the alcohol cue first 

and the remaining participants in each group are exposed to the trauma cue first. As 

illustrated in Fig. 2, the neutral cue always precedes the alcohol and trauma cues.

Participants are screened for metal using a handheld metal detector and a self-report 

instrument about metal or devices in the body which is reviewed by the MRI technician with 

each participant. During initial scanner tuning, localizing, and structural scanning, 

participants are shown “relaxing” images (i.e., 20 scenic pictures, each displayed for 30 s). 

For co-registration and normalization of functional images, as well as 1H-MRS voxel-

placement and tissue-segmentation, a high resolution T1-weighted MPRAGE anatomical 

image is acquired with the following parameters: TR = 2300 ms, TE = 2.26 ms, flip angle = 

8°, field of view = 256 mm, slice thickness 1.0 mm. The scanning planes are oriented 

parallel to the anterior commissure–posterior commissure line. The ACC voxel for 1H-MRS 

is placed on midsagittal T1-weighted images, anterior to the genu of the corpus callosum, 

with the ventral edge of the voxel aligned with the dorsal edge of the genu and a voxel size 

of 3 × 2.5 × 2.5 cm3 selected. Following auto-shimming, single-voxel water-suppressed 1H-

MRS spectra are acquired using a Point Resolved Spectroscopy (PRESS) sequence: 
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Repetition Time (TR) = 2000 ms; Echo Time (TE) = 40 ms; number of averages = 128); an 

unsuppressed water spectrum will be co-acquired (TE = 40 ms, number of averages = 16), 

scaled for partial volume effects and relaxation, and used as a concentration reference. For 

the resting state scans, participants are asked to relax and keep their eyes opened and fixed 

on a cross-hair while two 6-min resting state scans are collected (320 brain volumes per 

scan). For both resting state and task runs, T2*-weighted gradient-echo planar images (EPI) 

are acquired with the following parameters: TR = 1100 ms, TE = 30 ms, flip angle = 65°, 

acceleration factor = 3, matrix 64 × 64, field of view = 19.2 cm, slice thickness = 3.0 mm 

with no gap, with 51 slices, T > C −15 orientation, to cover the entire brain. Field maps are 

collected for each scanning session. All scans are conducted on a Siemens 3 T Prisma MRI 

scanner (Siemens Medical, Erlangen, Germany).

2.8. Data analytic plan

2.8.1. General considerations and power for the RCT—Statistical analyses will be 

conducted on the intent-to-treat (ITT) sample consisting of all randomized participants. 

Contrasts between treatment groups will assess differences on demographic and clinical 

baseline characteristics. This study is powered to estimate the efficacy of NAC on reduction 

in alcohol use, alcohol craving, and PTSD severity at the end of the treatment phase 

(Hypotheses 1 and 2). Specifically, the primary outcomes are a) number of standard drink 

units as measured by the TLFB, b) craving as measured by the OCDS, and c) PTSD 

symptoms as measured by the CAPS-5 and PCL-5. A pilot trial of NAC among veterans 

with substance use disorders and PTSD found that reductions in craving were significantly 

greater in the NAC vs. placebo treated group (change = 3.0 vs. change = 1.3) [5]. A 

randomized sample size of 100 participants per treatment arm provides > 95% power with a 

type 1 error rate of 5% to detect this effect. Further, with this sample size, a 25% decrease in 

the consumption of standard drinks can be detected with at least 80% power between the 

NAC and placebo treated arms (risk ratio = 0.75). In the pilot study, a clinically significant 

decrease in CAPS-5 total scores following 8 weeks of treatment (change = 26.8) while the 

placebo response was attenuated (change = 17.1) [5]. Assuming a similar difference in 

treatment effects in a larger population, the study is powered at 0.80 with a type 1 error rate 

of 5% to detect this difference with 75 participants randomized to each of the two treatment 

arms (total N = 150). In the same pilot trial, 77% of subjects completed the 8-week trial; 

similar retention is anticipated for the current study. Therefore, a randomized sample size of 

100 participants per treatment arm (total N = 200) would maintain power to detect the 

clinically significant difference stated above in the presence of 25–30% attrition during the 

study.

To test the hypothesis that NAC will result in significant reductions in alcohol use (standard 

drink units) and craving compared to placebo, a mixed effects modeling framework is 

specified. A Poisson distribution is assumed with a logarithm link function to assess the 

effects of treatment group (NAC or placebo). Baseline alcohol use and craving are included 

in pertinent models as covariates. In addition to the primary outcomes, the multimodal 

assessment of alcohol use will allow us to examine secondary outcomes of drinking behavior 

(e.g., heavy drinking days) and the proportion of participants who reduce alcohol use based 
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on the World Health Organization (WHO) risk levels (measured as grams of pure ethanol per 

day) [12,74].

Generalized linear mixed effects regression models with a Gaussian distribution and 

adjusted for baseline CAPS-5 scores (or PCL-5 scores) will be used to test the hypothesis 

that NAC versus placebo will result in significantly greater reduction in PTSD symptoms as 

measured by the CAPS-5 and PCL-5. Assumptions of residual normality and 

homoscedasticity are checked using statistical tests and graphical methods (i.e., residual and 

Q-Q plots, and Shapiro-Wilk tests) and transformation is done as necessary. Restricted 

maximum likelihood (REML) methods will estimate the fixed effects and variance 

components.

2.8.2. General considerations and power for the neuroimaging component—
Power calculations for the neuroimaging component are based on previous studies of 

individuals with PTSD or substance use disorders. One study of 29 individuals (PTSD = 14, 

controls = 15) observed significant differences in PFC-amygdala (AMY) resting state 

connectivity [68]. The effect size for this difference was 0.80 (Cohen’s d). Thus, power 

reaches 0.80 with a total sample size of N = 26 (two-tailed, alpha = 0.05). Another study of 

45 cocaine-dependent individuals found that individuals who relapsed (n = 24) had 

significantly lower PFC-AMY connectivity at baseline as compared to individuals who did 

not relapse (n = 21) [37]. The effect size for this reduction was 1.0 (Cohen’s d). Power 

reaches 0.80 with N = 34 subjects (two-tailed, alpha = 0.05). One study examining the 

effects of NAC on brain glutamate found that one dose of NAC vs. placebo administered 1 h 

prior to scanning, led to a significant modification in ACC glutamate with an effect size of d 

= 2.6 in individuals with cocaine dependence [57]. Although the present study will be 

examining the effects of chronic NAC treatment in individuals with AUD and PTSD, an 

effect of similar magnitude would provide power > 0.99.

Functional connectivity is measured using a psychophysiologic interaction (PPI) seed-based 

approach [13]. PPI is a method for examining task-specific changes in the correlation 

between time series in various brain areas [46]. Following acquisition of the imaging data, 

preprocessing corrects for geometric distortion and head motion, with spatial smoothing 

(FWHM = 6 mm). A mask of the two seed regions is made using a 12-mm diameter sphere 

located in the center of the left and right AMY using the Montreal Neurological Institute 

coordinates (x, y, z = ± 22, 0, −22). The mean corrected and high pass filtered time series of 

the blood‑oxygen-level dependent (BOLD) signal in each AMY sphere is extracted for each 

participant and used in a single subject whole brain PPI analysis. Statistical analysis is 

performed at the individual-subject level using FEAT (FMRI Expert Analysis Tool), with six 

head motion parameters and motion outliers as covariates. The interactions of interest 

include: alcohol (vs. neutral) x (left or right) AMY time series, and trauma (vs. neutral) x 

(left or right) AMY. For resting state fMRI analysis, a seed-based approach is used with the 

same AMY seed regions applied in the PPI analysis and head motion parameters and 

outliers as covariates.

To test hypotheses 3A and 3B that connectivity between the PFC and the AMY at rest and in 

response to cues at baseline will predict change in alcohol use and PTSD symptoms due to 
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treatment, separate linear regression tests are used. Changes in total standard drinks and the 

CAPS-5 total score are regressed against the parameter estimate obtained from the voxel 

with the maximum Z-score from each PFC cluster exhibiting a significant association with 

the AMY time series at rest, and a significant task × seed interaction with the AMY in 

response to the alcohol cue (Hypothesis 3A) and trauma cue (Hypothesis 3B). Further 

exploratory analyses examine change in PFC-AMY connectivity from pre- to post-treatment 

and associations with alcohol and PTSD outcomes, both within and between medication 

groups. In addition, group-level exploratory fMRI analyses use a mixed effects approach 

(FLAME1 in FSL), with separate group analyses performed for left and right AMY.

1H-MRS spectra data are analyzed using LC Model 6.3 [52], an operator-independent curve-

fitting software package that uses least-squares estimation for quantifying metabolite 

concentrations; the basis set for TE = 40 ms is provided by the vendor and includes a 

number of metabolites including glutamate, creatine, glutamine, N-acetylaspartate, and 

phosphocholine. Only metabolites with fitting uncertainties (Cramer-Rao Lower Bound 

values) < 20% of SD in the LC Model output are retained for analysis. LC Model includes 

standardized zero filling, Fourier transformation, and automated phase, baseline and eddy 

current correction. To address variability in within-voxel tissue composition we extract and 

segment T1-weighted images into partial volume maps of gray matter (GM), white matter 

(WM), and CSF using FSL tools, match the coordinates and size of the 1H-MRS voxel with 

the segmented images and extract the tissue fractions within the voxel, correct the raw values 

obtained from the LC model (scaled to water) for CSF and coil loading, and calculate each 

participant’s GM to brain matter (GM/[GM + WM]) ratio for use as a covariate in the 

analyses. Change in glutamate levels is analyzed as a mixed model with visit as a within 

participant variable and medication group as between participant variables. Variables known 

to influence ACC glutamate levels (e.g., age, smoking status, within-voxel tissue 

composition, days since last drink) are considered as covariates. Further exploratory 

regression analyses examine associations between glutamate difference scores and clinical 

outcomes (e.g., change in total standard drinks and CAPS-5 total score) both within and 

between medication groups.

3. Discussion

AUD and PTSD are highly prevalent psychiatric conditions that frequently co-occur and are 

associated with an array of related mental, physical, and social problems. Despite the 

frequent co-occurrence and deleterious consequences associated with AUD/PTSD, there are 

substantial gaps in the evidence base regarding the treatment of AUD/PTSD and no 

medications have been proven effective for this comorbidity. This paper describes the study 

design and methodology of an ongoing RCT to test the efficacy of N-acetylcysteine (NAC), 

an antioxidant with glutamatergic modulationproperties, in reducing alcohol use and PTSD 

symptomatology.

A confluence of findings suggest that glutamate dysfunction plays an important role in the 

underlying neuropathology of both AUD and PTSD. Glutamate is the main excitatory 

neurotransmitter in the brain and it is highly involved in learning and memory [45]. AUD 

and other substance use disorders have been characterized by reduced accumbens glial 
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glutamate transport (GLT-1) ([54,76]. In animal models, pharmacological restoration of 

GLT-1 has been shown to inhibit relapse ([30,42,54,54,77]). An acute stressor was shown to 

produce an enduring reduction in GLT-1, and these animals acquired cocaine self-

administration more readily than sham stress rats [15]. Importantly, pharmacologic 

restoration of GLT-1 prevented the stress-induced facilitation of substance use, suggesting 

GLT-1 as a potential pharmacotherapeutic target in treating comorbid AUD and PTSD. 

Furthermore, glutamatergic neurotransmission in the limbic region mediates the acquisition 

and extinction of fear conditioning and plays a pivotal role in the pathophysiology of PTSD 

[44]. Glutamate also modulates the release of other neurotransmitters involved in AUD and 

PTSD, such as serotonin, dopamine, and GABA ([25,45].

In order to address these gaps in the literature, the current study examines the efficacy of 

NAC (2400 mg/day) among individuals with current AUD and PTSD. NAC is a cysteine 

pro-drug that stimulates the cystine-glutamate exchanger and normalizes glial glutamate 

transporters, which are reduced in both substance use disorders and PTSD, and restores 

glutamatergic tone on presynaptic receptors in the nucleus accumbens [41,70]. Some 

preclinical and clinical studies indicate NAC reduces substance use and craving, purportedly 

via GLT-1 dependent mechanisms (([1,11,14,18,20,31,38,55,58]. Gray and colleagues 

conducted an 8-week, double-blind, placebo-controlled trial of NAC in individuals with 

cannabis use disorders (N = 116) and found significantly higher rates of negative urine 

cannabinoid tests among participants in the NAC as compared to the placebo group [22]. 

LaRowe and colleagues conducted a double-blind, placebo-controlled trial among 

individuals with cocaine use disorder (N = 111) and found that, among patients entering the 

trial abstinent, NAC was associated with significantly longer time to relapse and lower 

craving as compared to placebo [32]. In a small human laboratory cue reactivity study of in-

patients with cocaine use disorder (N = 15), NAC resulted in reduced desire to use cocaine 

and reduced cue viewing time, as compared to placebo [33]. Despite these positive findings, 

some studies of NAC among patients with substance use disorders or other mental health 

conditions (e.g., depression) have found negative or mixed results ([7,8,23,70,75].

Specific to comorbid AUD and PTSD, our group recently completed the first investigation of 

NAC among veterans with co-occurring substance use disorders and PTSD [5]. This 8-week, 

double-blind, RCT pilot trial evaluated NAC (2400 mg/day) vs. placebo among 35 veterans. 

The most common substance use disorder was AUD (85.1%). NAC treatment was associated 

with significantly reduced self-report and clinician- rated PTSD symptoms as compared to 

placebo. The CAPS total score was reduced by 46% in the NAC group vs. 25% in the 

placebo group (d = 1.27, p < .001). NAC reduced PCL scores 32% in the NAC group vs. 3% 

in the placebo group (d = 1.30, p < .001). Moreover, depression was significantly reduced in 

the NAC group but not the placebo group. Among patients treated with NAC, craving was 

reduced 81% vs. only 32% in the placebo group (p < .05). A trend was observed for the 

NAC group to evidence fewer positive UDS tests during treatment (p = .07). Finally, 

retention in the trial was excellent and did not differ by group: 77.1% completed all 8 weeks. 

Medication compliance (measured via riboflavin) was 82.9% and did not differ by group. 

NAC was well tolerated and side effects were mild. Taken together, the results from 

preclinical and clinical studies suggest that NAC is a promising candidate pharmacotherapy 

for the treatment of comorbid AUD/PTSD. Unlike other potential candidate medications for 
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comorbid AUD/PTSD, NAC is inexpensive, available over-the-counter, does not require a 

titration upward to the target dose nor titration downward at the end of treatment, and has a 

long-established safety record in adults and children [34], all of which confer ease of 

transferability from research to clinical practice if the results of this study support efficacy. 

Thus, the current study was designed to build on our previous work by testing NAC in a 

larger sample with sufficient statistical power.

The current study utilizes a double-blind, placebo-controlled randomized design, measures 

functioning in related areas, such as depression, and incorporates multi-modal 

neuroimaging. In comparison with the majority of clinical pharmacotherapy trials, the 

current study has the unique advantage of simultaneously assessing clinical, biological, 

neurochemical and neural connectivity indices of both AUD and PTSD symptoms. The 

design pairs rigorous traditional RCT methodology with an array of human laboratory and 

novel neuroimaging procedures to elucidate behavioral and neurobiological mechanisms 

underlying comorbid AUD/PTSD. These neurobiological data will not only provide new 

knowledge on mechanisms of change for alcohol use and PTSD symptoms, but also related 

features such as depression symptomatology. Furthermore, one potential benefit of using 

imaging measures is that not all patients may respond to NAC or they may respond in 

different ways, so understanding the neurobiological pathways can inform the development 

of more targeted, precision medicine approaches. As such, regardless of the overall efficacy 

of NAC, the study is poised to advance scientific understanding in the field and inform 

effective clinical management of individuals with comorbid AUD and PTSD.
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CIWA-Ar Revised Clinician Institute Withdrawal Assessment of Alcohol
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EPI gradient-echo planar images

FDA U.S. Food and Drug Administration

FEAT FMRI Expert Analysis Tool

fMRI functional magnetic resonance imaging

FMRIB functional magnetic resonance imaging of the brain

FSL FMRIB Software Library

GM gray matter

HIV human immunodeficiency virus

IRB Institutional Review Board

MINI Mini International Neuropsychiatric Interview

MPRAGE magnetization-prepared rapid gradient-echo

MRI magnetic resonance imaging

MUSC Medical University of South Carolina

OCDS Obsessive Compulsive Drinking Scale

PCL-5 PTSD Checklist for DSM-5

PFC prefrontal cortex

PPI psychophysiological interaction

PTSD posttraumatic stress disorder

RCT randomized controlled trial

TLFB Timeline Follow-back

USP-grade meets or exceeds requirements of the United States Pharmacopeia

U.S. United States

VA U.S. Department of Veterans Affairs

VAS Visual Analogue Scale

WHO World Health Organization

WM white matter
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Fig. 1. Study design overview.
Note. Participants receive 12, 60-min sessions of cognitive-behavioral therapy (CBT) for 

alcohol use disorder (AUD) and either NAC (2400 mg/day, dosed as 1200 mg twice daily) or 

placebo. Twice weekly visits occur during the treatment phase (weeks 1–12). Follow-up 

visits occur at 3, 6 and 12 months post-treatment.
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Fig. 2. Overview of neuroimaging procedures.
Note. Structural scan followed by assessment of dorsal anterior cingulate cortex (dACC) 

using 1H-MRS, resting state connectivity, and response to alcohol, trauma and neutral cues.
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