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Abstract

Objective—The antioxidant A-Acetylcysteine (NAC) is being increasingly investigated as a
therapeutic agent in the treatment of substance use disorders. Preclinical and clinical findings
suggest that NAC normalizes extracellular glutamate by restoring the activity of glutamate
transporters and antiporters in the nucleus accumbens. This study explored the efficacy of NAC in
the treatment of post-traumatic stress disorder (PTSD), which frequently co-occurs with substance
use disorders (SUD) and shares impaired prefrontal cortex regulation of basal ganglia circuitry, in
particular at glutamate synapses in the nucleus accumbens.

Method—\Veterans with current PTSD and SUD (N=35) were randomly assigned to receive a
double-blind, 8-week course of NAC (2400 mg/day) or placebo plus outpatient group cognitive-
behavioral therapy for SUD. Primary outcome measures included PTSD symptoms (Clinician
Administered PTSD Scale, PTSD Checklist-Military) and craving (Visual Analogue Scale).
Depression (Beck Depression Inventory-I1) and substance use (Timeline Follow Back, urine drug
screens) were also assessed.

Results—Participants treated with NAC, as compared to placebo, evidenced significant
improvements in PTSD symptoms, craving, and depression. Substance use at the start of treatment
was low for both the NAC and placebo groups and no significant between-group differences were
observed. NAC was well tolerated and retention was high.

Conclusions—This is the first randomized controlled trial to investigate NAC as a
pharmacological treatment for PTSD. The findings show a significant treatment effect on
symptoms of PTSD and drug craving, and provide initial support for the use of NAC in
combination with cognitive-behavioral therapy among individuals with co-occurring PTSD and
SUD.

Corresponding author: Sudie E. Back Ph.D., Department of Psychiatry and Behavioral Sciences, Medical University of South
Carolina, 5 Charleston Center Drive, Suite 151, Charleston, SC 29407. Telephone (843) 792-9383. backs@musc.edu.
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Introduction

Posttraumatic stress disorder (PTSD) is the most common mental health disorder among
Veterans presenting for treatment at Veterans Affairs (VA) hospitals (1) and 45.7% of
military personnel with PTSD remain symptomatic three years after discontinuing service
(2). Data from the Department of Veterans Affairs indicate that, among Veterans serving in
the Vietnam era or later (N=1,001,996), 41.4% with a substance use disorder (SUD) meet
criteria for current PTSD (3). Veterans with co-occurring PTSD/SUD have poorer treatment
outcomes on multiple indices of functioning, including more social and legal problems,
suicide attempts, and violence, and they undergo more episodes of substance abuse
treatment (4).

Pharmacological treatment for co-occurring PTSD/SUD is not well explored. Only serotonin
specific reuptake inhibitors (SSRIs) have received Food and Drug Administration (FDA)
approval for treatment of PTSD, and SSRIs are of limited efficacy for Veteran populations
with comorbid PTSD/SUD (5-6). Investigations of other pharmacologic treatments of co-
occurring PTSD/SUD have had suboptimal results (7-10). The antioxidant A-acetylcysteine
(NAC) has been used in the treatment of acetaminophen overdose for over three decades
(11), and is being increasingly investigated as a therapeutic agent in the treatment of a
variety of psychiatric disorders that share impaired executive functioning, impulse control,
and top-down regulation, including addiction (i.e., cannabis, cocaine, nicotine), pathological
gambling, and trichotillomania (11-13). Preclinical and clinical research suggests that NAC
normalizes extracellular glutamate by restoring the activity of glutamate transporters and
antiporters in the nucleus accumbens (14). Animal models demonstrate that chronic SUD
down-regulates the glial glutamate transporter (GLT-1, EAAT-2) in the nucleus accumbens,
and treatment with NAC restores this transporter thereby normalizing synaptic glutamate
transmission (12).

PTSD and SUD share impaired prefrontal cortex regulation of basal ganglia circuitry, in
particular at glutamate synapses in the nucleus accumbens (15-18). Neuroimaging studies
demonstrate that individuals with PTSD exhibit hypoactive executive functioning (prefrontal
cortex) and hyperactive fear circuitry (amygdala) activity (19-21), and significant
uncoupling between the prefrontal cortex and amygdala at rest and during symptom
provocation (22-23). Individuals with SUD also demonstrate attenuated prefrontal-amygdala
functional connectivity (18, 24), which is a marker of early relapse risk (25). This
converging evidence suggests that the prefrontal cortex of individuals with PTSD/SUD is
less able to disrupt compulsive anxiety-related and drug-seeking behaviors that are driven, in
part, by intrusive thoughts about stressful events and/or cravings to use drugs (18, 26).

In light of the capacity of NAC to restore normal glutamatergic synaptic physiology in
prefrontal cortex projections and to inhibit drug use in animal models and human addiction,
as well as the shared prefrontal impairments identified in PTSD and SUD, we examined
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NAC as a candidate pharmacotherapy for comorbid PTSD/SUD. We conducted a double-
blind, randomized placebo-controlled pilot trial of NAC plus group cognitive-behavioral
therapy for SUD among U.S. military Veterans with PTSD and SUD.

Method

Trial Design

Treatment-seeking Veterans with PTSD and SUD were randomly assigned, in a 1:1 parallel
group allocation, to receive a double-blind, 8-week course of NAC or placebo, along with
group cognitive behavioral therapy for SUD. A one-month assessment following medication
discontinuation was conducted. The Investigational New Drug application for this study was
approved by the FDA. All study procedures were approved by the institutional review boards
and were in accordance with the Helsinki Declaration of 1975.

Participants

The sample was comprised of 35 Veterans enrolled in the outpatient Substance Abuse
Treatment Clinic (SATC) at the Ralph H. Johnson VA Medical Center in Charleston, SC.
Participants were 18-65 year old; U.S. military Veteran, Reservist, or member of the
National Guard; met DSM-1V (27) diagnostic criteria for current (past 6 months) SUD, and
PTSD or subthreshold PTSD (i.e., met criteria for cluster B (re-experiencing) and either
cluster C (avoidance) or D (hyperarousal), as well as duration of one month and clinically
significant impairment); score > 21 on the Mini-Mental State Exam (MMSE) (28).
Participants were excluded for unstable medical conditions, diagnosis of bipolar or psychotic
disorders, history of seizures or asthma, prior treatment with NAC, suicidality, or if they
were enrolled in ongoing PTSD treatment (pharmacotherapy or psychosocial). Female
participants could not be pregnant or lactating, and had to use adequate contraception during
the trial.

General Procedures

After receiving a complete description of the study, participants provided written informed
consent. Veterans were recruited through clinical referral and local advertisements. After
being screened for initial eligibility, interested Veterans completed a comprehensive baseline
assessment that involved diagnostic interviews, history and physical examination,
assessment of concomitant medications, self-report questionnaires, breathalyzer and urine
drug screen (UDS) tests, and pregnancy test for women. Eligible participants were
randomized after at least one week of abstinence from alcohol and drugs, as verified by self-
report, UDS test, and breathalyzer test. Participants came into the office twice weekly for
visits. Vital signs and concomitant medications were assessed weekly. Study medication was
dispensed each week and participants were asked to return the prior week’s medication
container in order to assess medication compliance. After the 8-week trial, participants
completed a one-month follow-up visit (Week 12). Participants received $510 for
completing all visits.
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Interventions

Measures

Medication—Eligible participants were randomized to either NAC (2400 mg/day) or
placebo for 8 weeks. The starting dose of NAC was 1200 mg twice daily (2400 mg/day).
One participant achieved target dose at week 4 (1200 mg/day for first 4 weeks). Equivalent
numbers of identical appearing placebo capsules were dispensed. All NAC and placebo
capsules contained riboflavin 25 mg, which was used as a biomarker for medication
compliance. Participants who wished to take a multivitamin during the trial were given a
multivitamin (Tri-Vi-Sol) that does not contain riboflavin. Weekly pill counts and
documentation of missed doses were recorded each week.

Study medications (USP-grade NAC and matched placebo capsules) were compounded and
packaged by Pitt Street Pharmacy in Charleston, South Carolina, and dispensed to
participants by the medical clinician or study staff. Treatment assignment followed a pre-
arranged randomization scheme and was carried out by study personnel at the pharmacy
(i.e., personnel not involved in clinical management of participants to preserve the double-
blind design).

Cognitive Behavioral Therapy for SUD—Participants were enrolled in the SATC and
received weekly, structured group therapy targeting addiction. Topics included, for example,
cognitive restructuring, coping with cravings, drink/drug refusal, and relaxation skills.
Enrollment in SATC ensured that all participants received adequate psychosocial support
and monitoring, regardless of medication arm. It also provided a standardized behavioral
platform, which has been shown to enhance statistical power and precision of analyses by
restricting variability resulting from varied types of interventions (29). Importantly,
participants did not receive any psychosocial interventions targeting PTSD during the trial.

Participants completed a demographic form, which included information about their service
history, and the MMSE (28) at baseline. The Mini International Neuropsychiatric Interview
(MINI) (30) assessed SUD and other psychiatric diagnoses at baseline.

The Clinician Administered PTSD Scale (CAPS) assessed traumatic life events, PTSD
diagnosis and symptom severity (31). The CAPS was administered at baseline, mid- and
post-treatment, and follow up. The PTSD Checklist-Military (PCL-M), a 17-item self-report
measure of PTSD symptoms, was administered weekly (32). The Timeline Follow Back
(TLFB), a self-report, calendar-based instrument, measured the frequency of alcohol and
drug use (i.e., percent of day using) (33). It was administered at baseline (past 60 days) and
weekly during the study. Visual Analog Scales (VAS), which consist of 100-mm lines with
anchoring statements at both ends, were used to assess craving over the past week.
Participants rated 3 items (amount, intensity and frequency) using anchors of 0 mm
representing “not at all” and 100 mm representing “extreme” or “all the time.” UDS tests
(CLIAwaived 6 Panel), for THC/marijuana, cocaine, opiates, methamphetamines,
amphetamines and benzodiazepines were collected weekly. Alcohol breathalyzer tests
measured blood alcohol concentration each week.
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The Beck Depression Inventory (BDI)-II, a 21-item self-report questionnaire, measured
depressive symptoms weekly (34). The Columbia Suicide Severity Rating Scale (C-SSRS)
was conducted at baseline for study eligibility (35). Adverse events (AEs) were assessed
weekly using a 6-item checklist measuring the most common AEs associated with NAC as
indicated on the FDA-approved label for NAC (Anjinomoto North America Inc.).

Statistical Analyses

Results

The primary hypothesis was that NAC treatment would significantly decrease PTSD
symptoms and drug craving (from baseline to week 8, adjusting for baseline). Secondary
analyses examined the effect of NAC on depression symptoms and substance use). Analyses
were conducted using SPSS Version 22 (IBM Corp.). Demographic characteristics were
compared using chi-square tests for categorical variables and t-tests for continuous variables.
A series of hierarchical linear regression analyses were conducted to examine the effects of
treatment group (NAC or placebo) on PTSD symptomatology (PCL-M, CAPS), craving
(\VAS variables), depression (BDI-I1), and substance use (TLFB, UDS). The primary
outcome measure was entered as the criterion variable. Baseline levels of the respective
outcome measures were entered in Step 1 of the model in order to adjust for baseline
differences. Treatment group was entered as the predictor in Step 2 of the model. Changes in
the primary outcome measures were examined from baseline to end of treatment (Week 8),
and baseline to one-month follow-up (Week 12). This was a pilot study with adequate power
to detect within-group changes on key outcome measures. Thus, we conducted a series of
paired samples t-tests to examine within-group changes in PTSD symptoms, depressive
symptoms, craving, and substance use. The significance threshold was set at a p-value of .05
(two-sided) for all statistical tests.

Study Retention and Medication Compliance

Participants were enrolled between March, 2013 and April, 2014. Figure 1 illustrates the
CONSORT flow diagram. Sixty-nine participants completed the baseline assessment for
eligibility and 34 were excluded. Thus, 35 participants were randomized (18 to NAC, 17 to
placebo). The majority of participants (77%) completed the 8-week treatment phase and
there were no group differences in retention (13/18 NAC, 14/17 placebo). Similarly, 12/18
(67%) in the NAC group and 12/17 (71%) in the placebo group completed the one month
follow-up visit. Of the eight participants that did not complete the study, five were lost to
follow-up, two were excluded due to unstable medical conditions, and one participant died
of cardiovascular collapse, judged to be unrelated to the study. No participants dropped out
secondary to adverse events related to study medication. Medication compliance (i.e., 21000
ng/ml of riboflavin and greater than baseline at > 2/3 assessment time points) was 82.9% and
did not differ significantly by group. This resulted in 13 participants in the NAC treated
group and 14 in the placebo group who were included in the final per-protocol analyses of
treatment effect.
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Demographics

Table 1 presents the demographic characteristics for the sample. Participants were primarily
male (96.3%) with an average age of 49 years old. The most common service branches were
the Army (44.4%) and Navy (22.2%), and the average length of service was 80.9 months.
No significant group differences were identified.

PTSD Symptoms

PTSD symptomatology was quantified using the PCL-M total score, CAPS total score, and
the CAPS subscale scores (re-experiencing, CAPS-R; avoidance, CAPS-A; hyperarousal,
CAPS-H). Table 2 includes the means and standard deviations for these measures.

Self-Report PTSD Symptoms—As shown in Figure 2A, the PCL-M total score was
reduced by 32% in the NAC group from baseline to Week 8 (45.7 to 31.2) as compared to
3% in the placebo group (43.4 to 41.9). The adjusted regression model examining the
efficacy of NAC as compared to placebo on reduction of PCL-M total scores at the end of
treatment (Week 8) accounted for 73.8% of the variance (F(2, 24) = 33.89, p < .001), with
the NAC group having significantly lower scores on the PCL-M at Week 8 than the placebo
group (8= -.36, p<.01). Examination of follow-up (Week 12) PCL-M total score revealed
a trend toward a significant reduction by NAC (8 =-.70, p=.06).

A series of paired-sample t-tests were performed to evaluate within-group effects on the
PCL-M total score. Results revealed significant within-group effects in the NAC group on
the PCL-M from baseline to Week 4 (d= 1.84, p< .01) and baseline to Week 8 (¢=1.30, p
<.001), reflecting large effect sizes (36). In contrast, no significant within-group effects on
the PCL-M were observed in the placebo group.

Clinician-Rated PTSD Symptoms—The CAPS total score was reduced by 46% in the
NAC treated group from baseline to Week 8 (58.8 to 32.0), as compared to 25% in the
placebo group (68.6 to 51.5). Examination of between-group differences in the CAPS total
and subscales scores revealed no statistically significant differences. Significant within-
group effects in the NAC group on the CAPS total score from baseline to week 8 (d= 1.27,
p<.001) and baseline to Week 12 (d'= 1.48, p < .05) were observed. Further, significant
within-group effects on the CAPS-R, CAPS-A, and CAPS-H subscales were observed in the
NAC group from baseline to Week 8 (d=1.01, d=1.03, and d=1.16, respectively, p’s<.
01) and baseline to Week 12 (d=1.04, d=1.34, and o= 1.57, respectively, p’s<.01).
Among the placebo group, no significant within-group effects on the CAPS total was
observed at Week 8 or 12, but significant within-group effects on the CAPS-R subscale score
were observed from baseline to Week 8 (d= .73, p< .05) and Week 12 (d= .67, p< .05).

Craving and Substance Use

Craving—The effect of treatment group on subjective craving for substances was tested
using the VAS. As illustrated in Figure 2B, amount of craving was reduced 81% from
baseline to Week 8 in the NAC group (3.7 to 0.7), as compared to 32% in the placebo group
(4.1 to 2.8). The adjusted regression equation model examining the efficacy of NAC as
compared to placebo on reduction of amount of craving from baseline to Week 8 accounted
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for 32.7% of the variance (£ (2, 24) = 18.34, p< .001), with the NAC group having
significantly lower amount of craving at Week 8 than the placebo group (8= -.41, p<.05).
No significant group difference was observed at follow-up (8= —.41, p= ns). Tests of
within-group effects revealed a significant effect for amount of craving in the NAC, but not
the placebo, group from baseline to Week 8 (d=1.03, p < .05) and Week 12 (d= .75, p<.
05).

Frequency of craving was reduced by 72% from baseline to Week 8 in the NAC group (3.6
to 1.0), as compared to 29% in the placebo group (4.2 to 3.0). The adjusted regression
equation model examining the efficacy of NAC as compared to placebo on reduction of
frequency of craving from baseline to Week 8 accounted for 30.3% of the variance (~(2, 24)
= 6.65, p<.001), with the NAC group having significantly lower level of frequency of
craving at Week 8 than the placebo group (8= -.39, p<.05). There was a significant group
differences in frequency of craving at follow-up with the adjusted regression equation model
accounting for 27.9% of the variance (F(2, 21) = 4.057, p < .05), with the NAC group
having significantly lower level of freguency of craving at Week 12 than the placebo group
(B=-.40, p< .05). Tests of within-group effects revealed a significant effect for frequency
of craving in the NAC, but not the placebo, group from baseline to Week 8 (¢=1.03, p<.
05) and Week 12 (d= .79, p< .05).

Treatment condition was not a significant predictor of /ntensity of craving at Week 8 (8= -.
28, p<.05) or Week 12 (8= -.51, p< .05) in the between-group analyses. However,
significant within-group effects from baseline to Week 8 (¢/= 1.06) and to Week 12 were
revealed in the NAC (d'= .82) but not placebo group.

Substance Use—Treatment group differences in alcohol and drug use were examined
using the TLFB (percent days using any substance and total days used) and no significant
between-group differences were revealed. Substance use was low in both groups. We also
examined differences in positive UDS tests. A linear regression was computed to examine
the efficacy of NAC as compared to placebo and a trend toward significance was observed (F
(1, 24) = 3.60, p=-.36, p=.07), with the NAC group having slightly fewer positive UDS
tests during the course of treatment as compared to the placebo group.

Depressive Symptoms

The BDI-II total score was reduced by 48% in the NAC group from baseline to Week 8 (19.1
to 9.9) as compared to 15% in the placebo group (22.8 to 19.3). The adjusted regression
equation examining the impact of treatment group on BDI-II total score at Week 8 accounted
for 57.1% of the variance (~ (2, 24) = 18.34, p < .001), with the NAC group having
significantly lower symptoms at Week 8 than the placebo group (8= -.33, p<.05). Change
from baseline to follow-up was examined and no significant between-group differences were
observed (8= -.22, p= ns). Significant within-group effects in the NAC group on the BDI
from baseline to Week 8 (d= 1.62, p< .001) and baseline to Week 12 (d= .71, p < .05) were
observed. Among the placebo group, no significant within-group effects were observed from
baseline to Week 8; however, a significant within-group effect was found at Week 12 (d=.
71, p<.05).
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Adverse Events

There were 31 total AEs, with the most common being dry mouth and heartburn. AEs were
reported in 66.7% of participants in the NAC group and 47.1% in the placebo group. Three
different participants experienced a serious adverse event (SAE) during the trial, which
involved cardiac arrhythmia, hospitalization due to pancreatitis, syncopal episode, and
hospitalization for suicidality. Of these SAEs, one was conservatively estimated to be
possibly related to the study (syncopal episode).

Discussion

This is the first double-blind, randomized placebo-controlled trial to investigate NAC as a
pharmacological treatment for comorbid PTSD/SUD. Results support the primary
hypothesis that NAC significantly reduced pre-to-post treatment PTSD symptoms and
craving. On average, participants who received NAC experienced a significant reduction in
self-reported and clinician-rated PTSD symptoms from pre-to-post treatment. Furthermore,
clinician-rated reductions in PTSD symptoms remained significantly reduced at follow-up
for participants in the NAC condition. Participants receiving NAC also reported significant
pre-to-post treatment decreases in craving. NAC produced average reductions in the amount
and frequency of craving that were more than 2.5 times the magnitude of placebo effects.
Secondary hypotheses were partially supported. NAC participants reported significant pre-
to-post treatment reductions in depression symptoms that were sustained at one-month
follow-up. Substance use was low for both the NAC and placebo groups and no significant
differences were observed.

Five prior randomized clinical trials have examined the efficacy of pharmacotherapies for
comorbid PTSD/SUD and all focused on comorbid alcohol dependence (7-9). These trials
of sertraline, disulfiram, naltrexone, paroxetine, topiramate and desipramine produced mixed
results (10). Preclinical studies show that NAC normalizes corticostriatal glutamate
transmission and reduces levels of inflammatory cytokines, two mechanisms associated with
PTSD and addiction. Previous clinical trials demonstrate some efficacy for NAC in treating
SUD and it is currently under investigation for treating PTSD (NCT01664260;
clinicaltrials.gov), but the current study is the first to assess NAC’s effects on comorbid
PTSD and a broad range of SUD. The 8-week treatment with NAC significantly reduced
PTSD symptoms, and led to a qualitative shift to sub-diagnostic PTSD symptom
presentation (<50 CAPS score) for many participants, which was particularly remarkable
given that participants were not receiving psychotherapy addressing PTSD.

Although significant group differences in drug craving were observed, there was a lack of
treatment group differences in substance use behaviors. This may be due, in part, to the fact
that all participants were required to demonstrate abstinence from alcohol and drugs for at
least 7 days prior to study entry, and were receiving cognitive-behavioral therapy targeting
SUD. The current trial offers additional support to the extant literature that suggests the
effects of NAC may not be specific to a particular psychosocial platform, but rather
generalizable to disorders involving impaired regulation of compulsive, intrusive thinking
that promotes anxiety, drug craving, gambling or trichotillomania (18, 37-40). In
combination with animal research and human imaging studies showing impaired
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corticostriatal regulation in SUD and PTSD, we postulate that by normalizing corticostriatal
transmission NAC is reducing intrusive thinking and restoring top-down control in disorders
sharing this endophenotype.

Conclusion

In summary, the current data provide encouraging preliminary support for combining NAC
and cognitive-behavioral therapy to reduce PTSD symptoms, craving, and depression over 8
weeks. The wide availability, low cost, and low side-effect profile of NAC make it a
potentially promising pharmacologic intervention for PTSD/SUD and our results support a
future full-scale trial to investigate the synergistic effects of combining NAC with evidence-
based psychosocial platforms that concurrently address PTSD/SUD. Additional preclinical
research is also warranted to disentangle specific mechanisms through which NAC promotes
symptom reduction among individuals with comorbid PTSD/SUD.
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Figure 2. Change in PTSD Symptoms and Drug Craving Over Time by Treatment Condition
A) Weekly total score on the PTSD Military Checklist (PCL-M). NAC (N-acetylcysteine)

showed a significant treatment effect to reduce PTSD symptoms over the 8-week treatment
period. Follow-up measure was obtained 4 weeks after discontinuing NAC or placebo (i.e.,
week 12 of the study) B) Weekly subjective craving score measured using a Visual Analog
Scale (VAS). NAC showed a significant treatment effect to reduce drug craving over the 8-
week treatment period. *p<.05. B = Baseline, F = Follow-Up.
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Baseline Demographic and Clinical Characteristics among Participants in the N-

Table 1

Acetylcysteine and Placebo Groups

Placebo (n=14) NAC (n=13) Total (N=27)

Variable % % %
Gender (Male) 100.0% 92.3% 96.3%
Race (Caucasian) 28.6% 30.8% 29.6%
Race (African-American) 71.4% 69.2% 70.4%
Relationship (Married) 21.4% 23.1% 22.2%
Education (At Least Some College) 42.8% 69.2% 55.5%
Unemployed/Retired/Disabled 64.3% 92.3% 77.7%
Trauma Type

Military, combat 14.3% 23.1% 18.5%

Military, non-combat 28.6% 38.5% 33.3%

Civilian-related event(s) 57.1% 38.5% 48.1%
Substance Use Disorders

Alcohol Use Disorder 85.7% 76.9% 81.5%

Drug Use Disorder 71.4% 84.6% 77.8%

M (SD) M (SD) M (SD)

Age (Years) 49.9 (8.1) 48.2 (8.6) 49.0 (8.2)
PCL-M Total Score 43.4 (18.6) 457 (14.6)  44.5(165)
CAPS Total Score 68.6 (23.7) 58.8(21.2)  63.8(22.6)

Re-experiencing Subscale 21.9(7.3) 18.8 (9.5) 20.4 (8.4)

Avoidance Subscale 25.5(12.5) 18.3(8.3) 22.0(11.1)

Hyperarousal Subscale 21.2 (6.97) 21.8 (7.5) 215(7.1)
BDI-II Total Score 22.8 (13.1) 19.1(6.7) 21.0 (10.5)

Note. NAC = N-Acetylcysteine; PCL-M = PTSD Checklist, Military; CAPS = Clinician Administered PTSD Scale; BDI-II = Beck Depression

Inventory Second Edition.
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