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rological disorders, considering its role in attenuating pathophysiological processes associated with
these disorders, including oxidative stress, apoptosis, mitochondrial dysfunction, neuroinflammation
and glutamate and dopamine dysregulation. In this systematic review we find favorable evidence for the
use of NAC in several psychiatric and neurological disorders, particularly autism, Alzheimer’s disease,
cocaine and cannabis addiction, bipolar disorder, depression, trichotillomania, nail biting, skin pick-
ing, obsessive-compulsive disorder, schizophrenia, drug-induced neuropathy and progressive myoclonic
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Psychiatry
Neurology
Mechanism of action

epilepsy. Disorders such as anxiety, attention deficit hyperactivity disorder and mild traumatic brain
injury have preliminary evidence and require larger confirmatory studies while current evidence does
not support the use of NAC in gambling, methamphetamine and nicotine addictions and amyotrophic

lateral sclerosis. Overall, NAC treatment appears to be safe and tolerable. Further well designed, larger
controlled trials are needed for specific psychiatric and neurological disorders where the evidence is

favorable.

© 2015 Published by Elsevier Ltd.

Contents

B R {1 o T LTt () o 00
B ¥ 1 Lo T 00
2.1. Search strategy............... 00

2.2.  Study selection................ 00

2.3.  Level of evidence ratings..... 00

2.4, Data analysis and SYNtNesiS. ..o ou ettt e e e, 00

TR 1] 1L 00
3.1.  Evidence of effectiveness of NAC in the treatment of psychiatric and neurological disorders 00

20 0 O V[ (ot 1o ) o 1 00

3.1.2.  Alzheimer’s disease............... 00

3.1.3.  Amyotrophic lateral sclerosis ... 00

3.14. Anxiety.........coovviiiiiniaann. 00

T8 TR LV N 00

280 T L £ o 00

3.1.7. Bipolardisorder.................... 00

3.1.8. Depressive disorder 00

1200 S TR 23 )1 1<) 1) 00

3.1.10.  IMPUISE CONEIOL AiSOTAET . ...ttt ittt ettt e et e e ettt e et e e e et e e e et e e e et e e e et ae e et ae e e e aae e e aaeeaennaeeees 00

280 0 I R [ () 0 L 0 /2 00

3.1.12.  Obsessive COMPUISIVE QISOTAOT .. ... ..ttt ettt ettt ettt et e ettt e e et e e e et ee e et e e e et ae e e e iae e e aaeeeaaaeeeennns 00

IO 0 TR Vel o 10 5 3§ <) 1 L 1 00

3.1.14. Traumatic brain injury (TBI)....................... 00

3.2.  Adverse effects reported in controlled clinical trials 00

S 0 ) ol 11 ) » N 00
4.1.  Potential MeChanisms Of ACtION . ... ..ttt ittt ettt ettt ettt e e e e e et e e e e 00

0 TR )4 e =T AT o 00

4.1.2.  Mitochondrial Ay SfUNCHION . ... ettt e ettt e ettt e ettt e et e e e e et e e ee e e e e e aieeaeeeaaeenaaens 00

4.1.3.  INflammatory MIEAIAtOrS ... i ettt ettt ittt et ettt ettt e et ettt e e e e e e e e et e e e e et e e e 00

4.1.4. Glutamate neurotransmission 00

4.1.5. Long term neuroadaptation......... 00

4.1.6. Dopamine neurotransmission 00

4.1.7.  SerotONergiC MEUTOTTANSITIISSION . ...ttt ettt ettt e ettt e et e e et e et e e e e e e e e e e e e e e aaeeeennaeeeannneennnnnes 00

N [0 LT Yo Vo Ve I8 (0] 0 0 100 () 1 00

e TR o T3 1 U = U e A oYY =T 00

LS TR o ) Uad L T ) L 00
Conflict of interest.. 00
Appendix 1 00
References 00

1. Introduction

N-acetylcysteine (NAC) is acetyl derivative of the amino acid
cysteine (Arakawa and Ito, 2007). It is widely available as an over-
the-counter nutritional supplement with antioxidant properties
(Berk et al., 2013). NAC is considered a well-tolerated and safe
medication that has been used all across the world in variety of
medical conditions for past several decades (LaRowe et al., 2006).
It is widely recognized for its role as an antidote of acetaminophen
overdose (Green et al., 2013). For acetaminophen overdose, NAC
has been FDA approved as oral 72-h protocol since 1985 in the
United States (Yarema et al., 2009). Outside of the Unites States, the
20-h intravenous protocol has been preferable and FDA approved
the intravenous form for use in acetaminophen overdose in the
United States in 2004 (Yarema et al., 2009). It is also used as a
mucolytic in chronic obstructive pulmonary disease (Dekhuijzen
and van Beurden, 2006), a renal protectant in contrast-induced

nephropathy (Quintavalle et al., 2013), as a preventive agent for
atrial fibrillation (Liu et al., 2014) and as adjunct therapy in HIV-
infection (De Rosa et al., 2000). Additionally it has shown to
inhibit replication of the seasonal influenza A virus and could
be a potential treatment in influenza A infection (Geiler et al.,
2010).

Over the past decade, there has been a growing interest in
using NAC to treat psychiatric and neurological disorders. Evi-
dence based on preclinical research studies suggest that NAC
may modulate pathophysiological processes that are involved in
multiple psychiatric and neurological disorders, including oxida-
tive stress, neurogenesis and apoptosis, mitochondrial dysfunction,
neuroinflammation and dysregulation of glutamate and dopamine
neurotransmitter systems (Dean et al., 2011; Samuni et al., 2013).
In addition, it is also believed to have a role in long-term neuroad-
aptation and metaplasticity that is very important in a number
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of psychiatric disorders (Moussawi et al., 2009; Reichel et al.,
2011).

Over the past decade, clinical reports have documented the
outcome of treatment with NAC for a multitude of psychiatric
and neurological disorders, including schizophrenia, bipolar disor-
der, skin picking, trichotillomania, obsessive-compulsive disorder,
autism and addiction to nicotine, cannabis, cocaine, metham-
phetamine, gambling (Berk et al., 2013); as well as epilepsy,
amyotrophic lateral sclerosis, neuropathy (Bavarsad Shahripour
et al.,, 2014) and traumatic brain injury (Hoffer et al., 2013). Given
the growing number of studies on its use as a treatment interven-
tion in psychiatry and neurology, along with a very good safety and
tolerability profile, we aimed to systematically review the litera-
ture and critically evaluate the level of evidence concerning the use
of NAC for treating psychiatric and neurological disorders. Such a
systematic evaluation has allowed us to produce a grade of recom-
mendation for each psychiatric and neurological disorder. To this
end, this manuscript can help us understand in which disorders
NAC may be clinically useful, in which disorders NAC may not be
useful and in which disorders more studies are required to make
such a judgment. We particularly concentrate on the evidence for
any adverse effects during the use of NAC in controlled clinical tri-
als to assess whether NAC is safe for the treatment of psychiatric
and neurological disorders.

2. Method

The PICO (Problem-Intervention-Comparison-Outcomes)
framework was used to conduct this review (Richardson et al.,
1995). The goal was to identify research studies that reported NAC
as a treatment to improve all common psychiatric and neurological
disorders. We did not compare NAC treatment to other treatment
and we considered all clinical study designs. Our primary goal was
to consider improvement in all outcomes reported in the clinical
studies review as well as determine the prevalence of adverse
effects with NAC treatment.

2.1. Search strategy

A systematic online literature search of PUBMED, Ovid
Medline, Psych info, Google Scholar, CINAHL, EmBase, Scopus,
Cochrane and ERIC databases from inception through March
2015 was conducted using search terms - “N-acetylcysteine”,
“acetylcysteine” or “NAC” AND broad search term - “psy-
chiatry”, “psychiatric disorder”, “mental illness”, “neurology”,
“neurological disorder” or “addiction” OR specific psychiatric
and neurological disorder - “autism”, “autistic disorder”, “ASD”,
“Asperger’s”, “pervasive developmental disorder”, “depressive

” o« ” o«

disorder”, “major depression”, “bipolar disorder”, “mania”, “hypo-
mania”, “psychosis”, “schizophrenia”, “anxiety”, “attention deficit
hyperactivity disorder”, “ADHD”, “obsessive compulsive disorder”,

” o«

“OCD”, “methylphenidate”, “amphetamine”, “methamphetamine”,

» o« » o« » o«

“cocaine”, “cannabis”, “marijuana”, “heroin”, “prescription pills”,
“opioids”, “benzodiazepine”, “nicotine”, “pathological gambling”,
“trichotillomania”, “nail biting”, “skin picking”, “impulse con-

trol disorder”, “amyotrophic lateral sclerosis”, “ALS”, “epilepsy”,
“seizures”, “traumatic brain injury”, “TBI”, “stroke”, “neuropathy”,
“Parkinson’s disease”, “Huntington’s disease”, or “multiple scle-
rosis”. The references cited in the identified publications were

searched for additional studies.
2.2. Study selection
One reviewer screened titles and abstracts of all potentially rele-

vant publications. All the abstracts were divided into five reviewers.
All the reviewers independently went through their section to

select articles based on inclusion and exclusion criteria. Studies
were initially included if they met all of the following criteria: (a)
human clinical trials that included randomized controlled trials,
non-randomized trials, case studies and/or case series, (b) studies
on psychiatric and neurological disorders, and (c) reported a direct
clinical effect of NAC as an outcome. Studies were excluded if they:
(a) did not involve humans, (b) did not present new or unique data
(review articles, letter to the editor, duplicate article), (c) did not
measure a clinical outcome related to effect of NAC, or (d) only
reported a non-clinical measure.

2.3. Level of evidence ratings

Although we considered conducting a meta-analysis on each
psychiatric and neurological disorder, the lack of standard
outcomes and the limitations in study design prevented a meta-
analysis of any identified disorder. As an alternative, we provide a
grade of recommendation (GOR) for each psychiatric and neuro-
logical disorder based on the level of evidence (LOE) for each study.
Using a well-established scale (Howick et al., 2011), each study was
individually assessed to determine the LOE, ranging fromlevel 1 to 5
(see Table 1). After assessing all identified studies for each disorder,
a GOR ranging from A (solid evidence) to D (limited, inconsistent or
inconclusive evidence) was assigned (see Table 2) to each disorder.
Since a treatment could be a GOR of D for several reasons, we spec-
ified if the treatment received this rating because the evidence was
a single case-report or series (SC), demonstrated a neutral effect
(NE) or was found to be possibly detrimental (DE).

2.4. Data analysis and synthesis

We summarized and synthesized the information about various
psychiatric and neurological disorders in several ways. A GOR for
each psychiatric and neurological disorder is summarized based on
the LOE for each study identified in Table 3. Since the GOR is based
on the quality of the clinical study and not necessarily the outcome,
we outline whether NAC should be recommended for the specific
psychiatric and neurological disorder based on both the strength
of the evidence and the outcome of the studies. A study was given
1 point for positive outcomes on all primary and secondary mea-
sures and O for negative outcomes on all measures. The studies were
given 0.5 point if the study was positive for few but not all outcomes
(either primary or secondary) or positive in subgroup analysis only.
Based on points, the percentage positive of total studies was calcu-
lated. If the overall percentage was less that 50%, independent of
the GOR, then the recommendation for treatment was ‘NO’ to use
NAC for that specific disorder based on current research. If 100%
of the studies were positive and GOR was either A or B, then the
recommendation for treatment was ‘YES’ to use NAC for that spe-
cific disorder. For percentage positive between 50% and 100% or
GOR was either C or D, then recommendation for treatment was
‘MIXED'. If there was only one study on a disorder, the recommen-
dation for clinical treatment was ‘NONE’ as it is not advisable to base
treatment on one study. Number of studies was based on actual trial
conducted and not number of articles to avoid duplication. For each
psychiatric and neurological disorder, a table provides the details
of each study along with the LOE grading and point based on out-
comes. In addition, the text discusses the summary of all the studies
for each disorder. Following the discussion of the potential effec-
tiveness of NAC, a section discusses the reported adverse effects
based on the reports from the controlled clinical trials. Finally the
discussion synthesizes this information to summarize the potential
clinical use of NAC in psychiatric and neurological disorders along
with its mechanism of action.
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Table 1
Levels of evidence.
Level Description
la SR or meta-analysis of RCTs with homogeneity or Cochrane review with favorable findings
1b Prospective high-quality RCT (medium sized with N between 50 and 100 or large sized with N over 100 and/or higher validity trials based on
adequate follow-up, intent to treat analysis, baseline similarity, equal treatment and dropout rates)
2a SR of cohort (prospective, nonrandomized) studies with homogeneity
2b Individual cohort (prospective, nonrandomized) study or low-quality RCT (small sized with N less than 50 and/or lower validity trials based on
adequate follow-up, intent to treat analysis, baseline similarity, equal treatment and dropout rates)
3a SR of case—control (retrospective) studies with homogeneity
3b Individual case-control (retrospective) study
4 Open label trials, case series or reports
5 Expert opinion without critical appraisal or based on physiology or bench research

RCT, randomized controlled trial; SR, systematic review.

Table 2
Grade of recommendation.
Grade Description
A At least one level 1a study or two level 1b studies
B At least one level 1b, 2a, or 3a study, or two level 2b or 3b studies
C At least one level 2b or 3b study, or two level 4 studies
D Level 5 evidence, or troublingly inconsistent or inconclusive studies of any level, or studies reporting no improvements
N No studies identified
3. Results There were four sets of publications (a total of 13 published stud-

3.1. Evidence of effectiveness of NAC in the treatment of
psychiatric and neurological disorders

A total of 65 publications met inclusion and exclusion criteria.
These studies included several psychiatric and neurological disor-
ders, including addiction to cocaine, nicotine, methamphetamine,
cannabis and gambling, Alzheimer’s disease (AD), Amyotrophic
Lateral Sclerosis (ALS), anxiety disorder, attention deficit hyperac-
tivity disorder (ADHD), autism, bipolar disorder (BPAD), depressive
disorder, epilepsy, impulse control disorder including trichotil-
lomania, skin picking and nail biting, neuropathy, obsessive
compulsive disorder (OCD), schizophrenia, and traumatic brain
injury (TBI). Each of these disorders is reviewed in a sepa-
rate section below. Fig. 1A-M outlines the flow diagrams of
article screening and selection for each disorder (see Appendix
1).

Table 3
Overall ratings of NAC based on clinical studies presented by condition.

ies) that examined the same population but with different outcome
measures. One set in schizophrenia with two publications (Berk
et al., 2008a, 2011a, 2011b); one set in BPAD with six publications
(Berketal.,2008b; Deanetal.,2012; Magalhaes etal.,2011a,2011b,
2012, 2013); one set in cocaine addiction with two publications
(LaRowe et al., 2006, 2007); and one set in cannabis addiction with
three publications (Gray et al., 2012; McClure et al., 2014; Roten
et al., 2013;). There was one publication that reported outcomes
related to two different disorders — nicotine and pathological gam-
bling addiction and hence this publication is discussed in both the
sections (Grant et al., 2014).

3.1.1. Addiction

NAC has been used in several clinical trials examining various
addictions, including cannabis, cocaine, methamphetamine, nico-
tine, and pathological gambling (Table 4).

Psychiatric and Uncontrolled studies Controlled studies Grade of Recommendation for
neurological condition Positive% Positive% recommendation treatment
(positive/total) (positive/total)
Addiction - cannabis 50%(0.5/1) 50%(0.5/1) B Mixed
Addiction - cocaine 100%(1/1) 50%(1.5/3) B Mixed
Addiction - methamphetamine 25%(0.5/2) B No
Addiction - nicotine 33%(2/6) B No
Addiction - pathological gambling 100%(1/1) 25%(0.5/2) B No
Alzheimer's disease 100%(2/2) 50%(0.5/1) C Mixed
Amyotrophic lateral sclerosis 50%(1/2) 0% (0/2) B No
Anxiety 100%(1/1) D -SC None
Attention-deficit hyperactivity disorder 100%(1/1) C None
Autism 100%(2/2) (1.5/3) B Mixed
Bipolar disorder 100%(1/1) 50% (1/2) A Mixed
Depressive disorder 100%(1/1) (0.5/1) B Mixed
Epilepsy 75%(3/4) C Mixed
Impulse control-nail biting 100%(2/2) 50%(0.5/1) C Mixed
Impulse control-skin picking 100% (4/4) C Mixed
Impulse control-trichotillomania 100% (4/4) 50%(1/2) B Mixed
Neuropathy 100%(1/1) 100%(1/1) C Mixed
Obsessive compulsive disorder 100%(1/1) 50%(0.5/1) C Mixed
Schizophrenia 100%(1/1) 75%(1.5/2) B Mixed
Traumatic brain injury 100% (1/1) B None

SC, Single Case Report.
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Table 4
Addiction.
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); measure
age (SD)
Controlled studies
Cannabis
Gray et al. NAC: 58 (39M, 2.4g/d NAC or DBPC parallel Urine ORin favor of Vivid dreams, 1b/0.5
(2012) 19F); 18.9(1.5) PB for 8 wk cannabinoid NAC irritability,
PB: 58 (45M, testing severe
13F); 18.8(1.5) heartburn
Roten et al. NAC: 45 MCQ No significant
(2013) (gender NR); differences
15-21
PB: 44 (gender
NR); 15-21
Cocaine
LaRowe et al. 13 (6M, 7F); 1.2 g/d NAC or DBPC crossover CSSA, craving, Reduced CSSA, Pruritus, 2b/0.5
(2006) 37.1(7.6) PB, every 12h self-reported craving and headache,
dosing for 4 use self-reported flatu-
doses use lence/diarrhea,
LaRowe et al. 15 (7M, 8F); Physiologic Reduced abdominal
(2007) 374(7.1) response to viewing time, cramps, local
cue, desire and rash, fatigue,
motivational interest. No elevated BP,
measures change in sweating, chest
physiologic pain, dizziness
response and
craving
Amen et al. 6 (4M, 2F); 41.8 2.4g/d NAC or Single blind VAS ratings of NAC reduced NR 2b/0.5
(2011) (7.4) Baclofen for 16 Cross over rush, high, cravings.
days craving No effect on
rush, high
LaRowe et al. 2.4g NAC: 33 24g/dor DBPC parallel Quantitative No significant Gastrointestinal 1b/0.5
(2013) (25M, 8F); 43 1.2g/d NAC or levels of BE, effect; AE, headaches,
9) PB for 8 wk BSCS, CSSA, improved BSCS, dizziness,
1.2g NAC: 40 days to relapse CSSA, days to insomnia
(30M, 10F); 44 relapse only in
(10) initially
PB: 38 (28M, abstinent
10F); 43 (9) individuals
Methamphetamine
Grant et al. NAC: 14 (8M, Upto2.4g/d DBPC parallel Penn Craving No significant None 2b/0
(2010) 6F); 37.2(8.2) NAC+200 mg Scale, CGI, UDS, differences
PB: 17 (14M, Naltrexone or frequency of
3F); 36.1 (6.6) PB for 8 wk use
Mousavi et al. 32 (26M, 6F); 1.2 g/d NAC or DBPC crossover CCQ-Brief, Significant Not significant 2b/0.5
(2015) 29.2 (4.9) placebo for daily use, UDS, improvement
4wk side effects on NAC during
treatment but
no carryover
effects
Nicotine
Bernardo et al. Nicotine, 1-2g NAC or DBPC parallel CGI-SU No change in NR 1b/0.5
(2009) alcohol and PB for 24 wk (alcohol, alcohol and
caffeine in tobacco, tobacco use;
BPAD caffeine) significant
NAC: 38 (15M, decrease in
23F); 44.6 caffeine use in
(11.2) NAC group at
PB: 37 (15M, 2wk
22F); 46.6
(13.8)
Knackstedt NAC: 14 (9M, 2.4g/d NAC or DBPC parallel Daily use, CO No significant NR 2b/0.5
et al. (2009) 5F); 51.3(10.1) PB for 4wk levels, differences
PB: 15 (10M, QSU-Brief
5F); 48.6 (10.5) (craving),
MNWS
(withdrawal)
Schmaal et al. NAC: 10 (42% 3.6g/d NACor DBPC parallel QSU-Brief Reduced Mild stomach 2b/0.5
(2011) M); 21.4 (2.07) PB for 3 days (craving), MNWS, VAS problems
PB: 12 (40% M); and 1.8 g the MNWS reward; no
20.25(1.14) 4th day (withdrawal), effect on
VAS reward craving
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Table 4 (Continued)

Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); measure
age (SD)
Grant et al. 28 (23M, 5F); 1.2-3.0g/d DBPC parallel Fagerstrom test Improvement NR 2b/0.5
(2014) 47.6 (10.9) NAC or PB for for nicotine at 6 wk but not
NAC: 13 12wk dependence, at 12 and 24 wk
PB: 15 HDRS, HARS at
6,12 and 24 wk
McClure et al. Cigarette 2.4¢g/d NACor DBPC parallel Cigarettes/day; No significant NR 2b/0
(2014) smokers from PB for 8 wk QSU-Brief; differences
Gray et al. modified FTQ
(2012); 32M,
36F; 18.8(1.4)
NAC: 34
PB: 34
Prado et al. Treatment 3g/d NAC or PB DBPC parallel Cigarettes/day, Significant Not significant 2b/1
(2015) resistant for 12 wk CO levels, quit difference in all
tobacco use rates, HDRS outcomes
disorder
NAC: 17 (7M,
10F); 51.9
(7.02)
PB: 14 (2M,
12F); 50.8
(11.8)
Pathological gambling
Grant et al. NAC: 6; gender 1.8 g/d NAC or DBPC parallel PG-YBOCS Reduced Mild flatulence 2b/0
(2007) and age NR PB for 6 wk PG-YBOCS but
PB: 7; gender not statistically
and age NR significant
Grant et al. 28 (23M, 5F); 1.2-3.0g/d DBPC parallel PG-YBOCS, No effect at 6 NR 2b/0.5
(2014) 47.6 (10.9) NAC or PB for HDRS, HARS at and 12 wk but
NAC: 13 PB: 15 12wk 6, 12 and 24 wk improved
PG-YBOCS at
24wk
Uncontrolled studies
Cannabis
Gray et al. Cannabis 2.4 g/d NAC for Open label Daily Significant Mild-moderate 4/0.5
(2010) dependent: 24 4wk marijuana use, decrease over 4 AE in 63% -
(18M, 6F); 19 MCQ, urine weeks in use abdominal
(0.16) cannabinoid and cravings. discomfort,
levels No change in muscle aches,
urine insomnia,
cannabinoid headaches,
levels runny nose,
nausea,
restlessness,
dizziness
Cocaine
Mardikian et al. N=23(22M, 1.2-3.6¢g/d Open label Cocaine use, Reduced CSSA Pruritus, 4/1
(2007) 1F); 40 (1.4) NAC for 28 days side effect, and cocaine use headache,
CSSA flatu-
lence/diarrhea,
abdominal
cramps, local
rash, fatigue,
elevated BP,
sweating, chest
pain, dizziness
Pathological gambling
Grant et al. N=27(15M, Upto 1.8g/d Open label PG-YBOCS, Reduced Mild flatulence 4/1
(2007) 12F); 50.8 NAC for 8 wk G-SAS, CGI, SDS PG-YBOCS
(12.1)

AE, adverse effects; BE, benzoylecgonine; BP, blood pressure; BPAD, bipolar disorder; BSCS, Brief Substance Craving Scale; CCQ-Brief, Cocaine Craving Questionnaire-Brief;
CSSA, Cocaine Selective Severity Assessment; CGI, Clinical Global Impression; CO, carbon monoxide; DBPC, Double Blind Placebo Control Trial; FTQ, Fagerstrom Tolerance
Questionnaire; G-SAS, Gambling Symptom Assessment Scale; HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating Scale; MCQ, Marijuana Craving
Questionnaire; MNWS, Minnesota Nicotine Withdrawal Scale; NR, not reported; OR, odds ratio; PB, placebo; PG-YBOCS, Pathological Gambling-Yale-Brown Obsessive
Compulsive Scale; QSU, Questionnaire of Smoking Urges; SDS, Sheehan Disability Scale; SU, substance use; UDS, Urine Drug Screen; VAS, Visual Analog Scale.

3.1.1.1. Cannabis. A large DBPC trial (N=116; LOE 1b) which
treated cannabis dependent adolescents and young adults with
2.4 g/day of NAC or placebo along with brief weekly cessation coun-
seling and contingency management for 8 weeks demonstrated

that significantly more NAC treated individuals demonstrated a
negative urine cannabinoid tests (Gray et al., 2012). Secondary out-
come measure of self-reported days of cannabis use favored NAC
but was not statistically significant. Further analysis performed on a
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subset of the participants (N=89) found a decrease in self-reported
marijuana craving in both groups, but no statistically significant
difference between groups (Roten et al., 2013). A small open-label
uncontrolled study (N =24; LOE 4) found significant improvements
in number of days used and cravings, but no significant changes
were seen in urine cannabinoid levels (Gray et al., 2010).

Thus, there is one level 1b study that suggests partial improve-
ment in clinical measures of cannabis use. This provides a GOR of
B, but this must be considered carefully as it is not clear how NAC
affects cannabinoid metabolism. If NAC hastens the elimination of
cannabinoid then it might be more likely for an individual to have a
negative urine test. In addition, concurrent use of psychotherapeu-
tic intervention along with NAC treatment could have decreased
the individual effect of NAC on cannabis use. Further studies will
be needed to investigate these possibilities.

3.1.1.2. Cocaine. A three-arm DBPC (N=111; LOE 1b) treated
treatment-seeking cocaine dependent adults with NAC 2.4 g/day,
NAC 1.2 g/day or placebo for 8 weeks (LaRowe et al., 2013). No
significant effects were found in any of the outcome measures —
quantitative levels of benzoylecgonine in urine, a cocaine metabo-
lite, Brief Substance Craving Scale (BSCS) and Cocaine Selective
Severity Assessment (CSSA). A positive effect of NAC on the BSCS,
CSSA and days to relapse was found in a very small subgroup of
individuals who were abstinent at the beginning of the trial. Addi-
tionally, riboflavin, the compound added to both the NAC and the
placebo to measure compliance, is a co-factor for the enzyme glu-
tathione peroxidase - an enzyme that is essential in glutathione
antioxidant metabolism and one of the metabolic targets of NAC.
Thus, it is possible the addition of riboflavin to the treatment cap-
sules in both groups could have reduced any effect of NAC. The
results were mixed for two other small controlled trials (N=15, 6;
LOE 2b) (LaRowe et al., 2007; Amen et al., 2011). A small 4 week
open-label uncontrolled safety study (N =23; LOE 4) found that NAC
significantly reduced self-reported craving and abstinence scores
on the CSSA, the number of use days and total dollar amount spent
on use (Mardikian et al., 2007).

Thus, with at least one LOE 1b study a GOR of Bis assigned to NAC
for treatment for cocaine addiction symptoms. However, the largest
study to date was overall negative and other controlled studies
were rather small. This limits the confidence to which these results
can be generalized. Thus, it is clear that other larger well-designed
controlled clinical studies are needed to follow-up on these initial
studies.

3.1.1.3. Methamphetamine. One small sized DBPC trials (N=31;
LOE 2b) compared progressive increasing doses of NAC (up to
2.4 g/day) along with Naltrexone (up to 200 mg/day) vs. placebo
for 8 weeks in non-treatment-seeking subjects with metham-
phetamine dependence (Grant et al., 2010). The study found no
statistical difference in the Penn rating scale for craving, frequency
of use, urine toxicology results or Clinical Global Impression —
Severity (CGI-S). This study was limited by a high dropout rate.
Another recent small DBPC cross over trial (N=32; LOE 2b) found
significant decrease in Cocaine Craving Questionnaire-Brief (CCQ-
Brief) scores in the NAC (1.2 g/day) group when compared to
placebo among the 23 treatment seeking completers. The effect was
no longer significant when cross treatment was done with placebo
indicating NAC’s limited effect on relapse prevention (Mousavi
etal, 2015).

Thus, there are two LOE 2b trials studying the effect of NAC on
methamphetamine dependence resulting in a GOR of B, but these
studies were inconsistent, so an unequivocal recommendation for
the use of NAC treatment for methamphetamine dependence can-
not be made at this point and further larger controlled trials are
needed.

3.1.1.4. Nicotine. A medium sized DBPC trial (N=75; LOE 1b)
treated individuals with BPAD I and II with 1-2 g/day NAC or
placebo for 24 weeks and measured change in tobacco, alcohol
and caffeine use. There was a significant decrease in caffeine use
in the NAC group at 2 weeks, but not at any other visit. The biggest
limitation of this study was that the clinical cohort was individu-
als with BPAD and the overall rates of substance use disorder in
this cohort were low. This affected the power of this study spe-
cific to substance use disorder and might have affected the overall
results (Bernardo et al., 2009). An analysis of the cigarette smokers
in a DBPC study (N=68; LOE 2b) on cannabis cessation (Gray et al.,
2012) demonstrated no effect of 2.4 g/day of NAC on the number
of cigarettes smoked per day on Smoking Urges-Brief or Modi-
fied Fagerstrom Tolerance Questionnaire scores (McClure et al.,
2014). Three small sized trials (N=29, 22, 28; level 2b) reported
either negative or mixed results on use of NAC in nicotine use dis-
order (Grant et al., 2014; Knackstedt et al., 2009; Schmaal et al.,
2011). In a recent pilot study (N=34; LOE 2b), there was a signifi-
cant reduction in both the number of cigarettes used and exhaled
carbon monoxide, which was complimented by higher cessation
rates in the NAC (47.1%) than the placebo (21.4%) group (Prado
et al., 2015). Overall there is one LOE 1b and at least two LOE
2b studies resulting in a GOR of B but there is little evidence of
effectiveness of the NAC for nicotine addiction. The studies which
demonstrated some differences showed inconsistent effects. Thus,
a recommendation for the use of NAC for nicotine cannot be made
at this time.

3.1.1.5. Pathological gambling. A small 8 week open-label uncon-
trolled trial (N=27; LOE 4) treated individuals with pathological
gambling with 1.8g/day of NAC for 8 weeks and found
improvement in the Pathological Gambling-Yale-Brown Obsessive
Compulsive Scale (PG-YBOCS), Gambling Symptom Assessment
Scale (G-SAS), CGI and Sheehan Disability Scale (SDS) (Grant et al.,
2007). A few responders from this open-label trial completed a 6
week DBPC withdrawal trial (N=13; LOE 2b) but results were not
statistically significant. The selection of responders and the with-
drawal study design may have reduced the effect that could have
been detected from the controlled study. For example, by selecting
responders, the study may have selected a higher number of indi-
viduals with a placebo response. Another small DBPC trial (N=28;
LOE 2b) did not find improvement in any outcome measures during
12 weeks of treatment phase of the study but showed improvement
at 24 week follow-up (Grant et al., 2014). However, only 11 indi-
viduals completed the follow-up visits, suggesting a significant bias
due to high dropouts. Thus, with two LOE 2b studies, the GOR is B
but there is only limited evidence for the effectiveness of NAC for
gambling addiction.

3.1.1.6. Addiction overall. Overall, the evidence for NAC as a treat-
ment for addiction is rather limited. Although several controlled
studies were positive for cocaine, the largest and most meticulously
performed study was only positive for a small subset of partici-
pants that were abstinent at the beginning of the trial. There is
some evidence for cannabis but this is limited due to inconsistent
findings. Other addictions have limited evidence that NAC is a use-
ful treatment. However, many of the studies conducted were rather
preliminary in nature and hence making recommendations for or
against the use of NAC in addiction is somewhat preliminary.

3.1.2. Alzheimer’s disease

In the largest DBPC trial to date (N=43; LOE 2b), patients with
probable AD who were treated with either 50 mg/kg/day of NAC
or placebo for 24 weeks showed improvement in some, but not
all cognitive testing (Adair et al.,, 2001). An attempt was made
to do a small DBPC using 0.6 g NAC with 400 p.g folic acid, 6 mg
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vitamin B12, 301U a-tocopherol, 400 mg S-adenosyl methionine
and 500 mg acetyl-L-carnitine daily vs. placebo for 9 months in
12 institutionalized patients with moderate to late-stage proba-
ble AD (Remington et al., 2009). Unfortunately everyone in the
placebo group dropped-out by 6 months, making the study a small
uncontrolled case-series (N =6; LOE 4). This treatment delayed the
decline in the Dementia Rating Scale-2 (DRS-2) and Clock Drawing
Test (CLOX-1) tests and resulted in improvements in the Neu-
ropsychiatric Inventory and AD Cooperative Study - Activities of
Daily Living. Another case report (N=1; LOE 4) described a man
with probable AD and hyperhomocysteinemia who demonstrated
impressive clinical improvements when NAC was added to hydrox-
ocobalamin and 5 mg folinic acid (McCaddon and Davies, 2005).

Since there is only one LOE 2b trial, the GOR is C for AD. The
results of studies are mixed and high-quality controlled studies
would be very helpful in documenting a potential therapeutic effect
of NAC in AD (Table 5).

3.1.3. Amyotrophic lateral sclerosis

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenera-
tive disorder, caused by degeneration of central and peripheral
motor neurons (Williams and Windebank, 1991). The largest DBPC
(N=110; LOE 1b) failed to show any benefit of subcutaneous
50 mg/kg/day of NAC in survival and/or disease progression when
compared to placeboinindividuals with ALS (Louwerse etal., 1995).
Similarly another small sized case control study (N=36; LOE 3b)
concluded no benefit in survival with NAC along with other antiox-
idants (Vyth et al., 1996). There are two uncontrolled open label
studies with mixed results (N=51, 11; LOE 4) (De Jong et al., 1987;
Kiither and Struppler, 1987). With one level 1b study the GOR for
ALS is B but since 100% of the controlled studies and 75% of overall
studies were negative, NAC does not seem to be a recommended
treatment option for increasing survival in ALS at this time (Table 6).

3.1.4. Anxiety

One case study (N=1; LOE 4) reported significant improvement
as evident by drop in CGI-S from 5 to 2 after 8 week treatment
with NAC in a 17 yo male with generalized anxiety disorder and
social phobia who previously failed both multiple selective sero-
tonin reuptake inhibitors and cognitive behavioral therapy (Strawn
and Saldana, 2012). As there is only one case report, a GOR D is
assigned and hence it is difficult to make any recommendations for
NAC treatment for anxiety at this point (Table 7).

3.1.5. ADHD

A small sized DBPC study (N = 24; LOE 2b) examined the effect of
NAC (2.4 g/day or 4.8 g/day), compared to placebo on ADHD within
a systemic lupus erythematosus (SLE) population (Garcia et al.,
2013). NAC reduced ADHD symptoms as measured by the ADHD
Self-Report Scale Symptom Checklist (ASRS). With one LOE2b
study, a GOR of C is assigned but this evidence must be tempered
with the fact that the study population suffered from SLE and thus
cannot be generalized as a treatment for typical ADHD (Table 8).

3.1.6. Autism

In a small sized DBPC study (N =29; Level 2b), Aberrant Behavior
Checklist Irritability Subscale (ABC-I) scores significantly decreased
over the study period in the NAC group as compared to the placebo
group (Hardan et al., 2012). Although other secondary outcomes
improved, no significant improvement was found in the CGI-
improvement (CGI-I) or CGI-S. In another small sized DBPC study
(N=40; Level 2b), the NAC add-on to risperidone group showed a
decrease in ABC-I as compared to the placebo group but did not
affect any of the core autism symptoms. It should be noted that the
treatment group started out with a significantly higher ABC-I at
the beginning of the trial (Ghanizadeh and Moghimi-Sarani, 2013).

Similar findings were seen in a recent 10 week small sized DBPC
trial (N=40; Level 2b) on NAC treatment adjunctive to risperidone
on irritability and hyperactivity subscales (Nikoo et al., 2015).

Two case studies (LOE 4) reported improvements in core and
associated ASD behaviors with NAC treatment. (Ghanizadeh and
Derakhshan, 2012; Marler et al., 2014). Given that there are three
LOE 2b studies of autism, a GOR of B is given to NAC for the
treatment in children with autism. Clearly NAC is a promising treat-
ment for irritability in children with autism. Larger clinical trials
are needed to confirm these findings and potentially investigate
whether other core or associated autism symptoms may respond
to NAC treatment (Table 9).

3.1.7. Bipolar disorder

Several controlled and uncontrolled studies have investigated
NAC in treating and preventing symptoms during the mainte-
nance phase of BPAD (Table 10). In the first multicenter DBPC trial
(N=75; LOE 1b), when compared to placebo, the NAC group demon-
strated a significant improvement on the Montgomery-Asberg
Depression Scale (MADRS), Bipolar Depression Rating Scale (BDRS)
and nine out of 12 secondary outcome measures in individ-
uals in the maintenance phase of BPAD (Berk et al., 2008a,
2008b). However, the study failed to show any significant differ-
ences between the two groups in the frequency of or latency to
new episodes of either depression or mania (Berk et al., 2008a,
2008b).

Several subgroup analyses of the abovementioned study have
been done to examine other outcome measures. No intergroup
differences were found on cognitive outcomes examined in
one subgroup analysis (N=46) using digit span, word learn-
ing, trail making and verbal fluency (Dean et al., 2012). The
interaction between symptoms, functioning level and medi-
cal comorbidities using a self-reported checklist was examined
in another subgroup analysis (N=74) and showed advantage
of NAC treatment in functioning over the placebo treatment
in individuals with medical comorbidities as compared to
individuals without medical comorbidities (Magalhaes et al,,
2012).

A small subgroup analysis (N=17) of individuals who had a
major depressive episode at baseline, showed that NAC treatment
significantly improved measures of symptom severity, functioning,
quality of life and response rate at the end of 24 weeks (Magalhaes
et al., 2011b). In another subgroup analysis (N=14) of individu-
als who had BPAD II, changes were more pronounced for every
outcome including Young Mania Rating Scale (YMRS) in the NAC
treatment group, as compared to the placebo group (Magalhaes
et al.,, 2011a). Another small subgroup analysis examined individ-
uals (N=15) with a manic or hypomanic episode at baseline and
reported improvement in YMRS in the NAC group and a worsen-
ing of BDRS in the placebo group. More participants in NAC group
had complete symptom remission although it was not statistically
significant (Magalhaes et al., 2013).

Subsequent studies focused specifically on depressive symp-
toms of BPAD. A large 8 week open-label run-in (N=149; LOE 4) to
a DBPC trial included individuals with BPAD and a recent episode
of moderate depression. The study showed robust improvement in
BDRS, functioning and quality of life on NAC add-on to usual treat-
ment (Berk et al., 2011a, 2011b). Participants in the above study
with a MADRS > 12 at baseline were randomized (N =149; LOE 1b)
to NAC or placebo add-on treatment for 24 weeks. The primary
outcome measure, latency to a mood episode, was not significantly
different between the treatment and placebo groups (Berk et al.,
2012).

Thus, there are two LOE 1b studies in BPAD with one of the
two positive for NAC as an effective treatment for BPAD symptoms,
resulting in a GOR of A. The negative study was a withdrawal study
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Table 5
Alzheimer’s disease (AD).
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); measure
age in year (SD)
Controlled studies
Adair et al. NAC: 23 50 mg/kg/d DBPC parallel MMSE, ADL, Improvement Transient 2b/0.5
(2001) PB: 20 NACin 3 cognitive in some headache
Age and gender divided doses battery cognitive tests
NR for 24 wk or PB
Uncontrolled studies
McCaddon and 65yo M with 0.6g/d NAC+ Case report Symptoms Less agitated; NR 4/1
Davies probable AD hydroxocobal- improved
(2005) and hyperho- amin and 5 mg recognition,
mocysteinemia folinic acid compliance,
memory and
communica-
tion
Remington Institutionalized 0.6g Case series DRS-2, CLOX-1, Improved NPI NR 4/1
etal. (2009) moderate-to- NAC+other NPI, ADCS-ADL and ADL.
late stage AD vitamins for Slower CLOX-1
NAC: 6 9mo or PB for and DRS-2
PB: 6, all 6 mo decline
dropped out by
6 months

ADCS-ADL, Alzheimer's Disease Cooperative Study - Activities of Daily Living; ADL, Activities of Daily Living; AE, adverse effects; DBPC, Double Blind Placebo Controlled;
DRS-2, Dementia Rating Scale-2; CLOX-1, Clock Drawing Executive Test; GI, gastrointestinal; MMSE, Mini-Mental Status Examination; NPI, Neuropsychiatric Inventory; NR,

not reported; PB, placebo.

which measured time to new mood episode. This could suggest
that the initial 8-week open-label treatment was enough time to
optimally reverse physiological processes and that further pro-
longed treatment was not necessary to provide an advantage of
the NAC treatment. However, the primary outcome measure in the
withdrawal study was not significant in the other large DPBC study,

suggesting that time to new mood episode is not a clinical charac-
teristic of BPAD that is effectively treated by NAC. This may indicate
that NAC may lessen symptoms of BPAD but may not affect the
frequency of cycling between mood states. Clearly NAC treatment
for BPAD seems promising and deserves further investiga-
tion.

Table 6
Amyotrophic lateral sclerosis (ALS).
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); measure
age (SD)
Controlled studies
Louwerse et al. Acetylcysteine: 50 mg/kg/d SQ DBPC Parallel Survival No significant NR 1b/0
(1995) 54 (29M, 25F); acetylcysteine difference in
58(11) or PB for 12 mo survival or
PB: 56 (32M, reduction in
24F); 57 (9.6) disease
progression
Vyth et al. ALS: 36 SQ NAC#Vit C Case control Survival No effect on Gastric pain, 3b/0
(1996) Controls: 107 and E, NAM, survival nausea,
Age and gender DTT, DTE for abdominal
NR 3-4.2yr discomfort
Uncontrolled studies
De Jong et al. ALS: 40 Everyone: Open label Increased, 62% were Hypersensitivity 4/1
(1987) Spinal 100 ml of 5% equal or drop stable at 6 mo
muscular NAC, SQ/d for less than 10% in and 52% at
dystrophy: 11 6-24 mo Norris score, 24 mo
Age and gender 26 (not stable vital chest
NR on NAC alone): capacities
DTT
10 (hypersensi-
tivity to NAC):
prednisone
Kiither and N=11(6M, 5F); 50 ml of 5% Open label Contracture, No significant Pain, swelling, 4/0
Struppler 35-68yo NAC, SQ/d and muscle difference SC granuloma,
(1987) Vit C for strength, and abscess at
1-12mo Norris score, the injection
vital capacity site,

rhinorrhea, leg
edema, allergic
reaction

AE, adverse effects; DBPC, Double Blind Placebo Controlled; DTE, dithioerythritol; DTT, dithiothreitol; NAM, N-acetylmethionine; NR, not reported; PB, placebo; SQ, subcu-

taneous; Vit, vitamin.
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Table 7
Anxiety.
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); measure
age (SD)
Uncontrolled Studies
Strawn and 17 yo M with 1.2 g/d NAC for Case report CGI; subjective Improved CGI; None 4/1
Saldana generalized 4wk then anxiety levels decreased
(2012) anxiety and 2.4¢g/d for 4wk subjective
social phobia anxiety

AE, adverse effects; CGI, Clinical Global Impression.

3.1.8. Depressive disorder

Alarge randomized controlled trial (N=252; LOE 1b) in individ-
uals with major depressive disorder (MDD) and MADRS score > 18
showed improvement in multiple outcome measures - in the NAC
group when compared to placebo add on treatment to usual treat-
ment for 12 weeks (Berk et al., 2014). There is also a case series
(N=2; LOE 4) that showed successful and sustained improvement
of depressive symptoms on NAC augmentation in two patients with
MDD who had responded only partially to a trial of monoamine
oxidase inhibitors (MAOI) tranylcypromine (Carvalho et al., 2013)
(Table 11).

With one level 1b study, the GOR is B. Since the randomized
controlled trial was not positive for all the outcome measures,
the recommendations for NAC treatment for MDD is still mixed
and further controlled studies and longer follow-up for assessing
consistent improvement are needed. Overall NAC seems to be a
promising treatment option for mood disorders. It has shown to
have positive effect on mood in an unrelated RCT that studied NAC
for idiopathic pulmonary fibrosis, and found no benefit for that
indication. However, on a measure of well-being, the SF 36, there
were significant between group differences favoring the NAC group
(Martinez et al., 2014). The SF 36 has shown a tight correlation with
more traditional mood scales (Elliott et al., 2003).

3.1.9. Epilepsy

All the studies have been in progressive myoclonus epilepsy,
Unverricht-Lundborg Disease (ULD) (Table 12). ULD is an autoso-
mal recessive neurodegenerative disorder (21q22.3) that typically
begins between 6 and 15 years of age characterized by myoclonus
and tonic-clonic seizures, followed by the development of
dysarthria, cognitive dysfunction and ataxia. Most patients have
marked impairment in daily life functioning and marked disabil-
ity (Lehesjoki and Koskiniemi, 1998). In first case series (N=4;
LOE-4) of use of adjunctive treatment with NAC in ULD, four sib-
lings were treated with 4-6 g/day of NAC over 26-30 months for
ULD and showed remarkable improvement in symptoms and basic
daily functioning (Hurd et al., 1996). Similar responses to 6 g/day
NAC were seen in a 40-year-old male with ULD with marked
improvement in walking, myoclonus, generalized seizures, talking
and daily living skills (N=1; LOE-4). Symptoms clearly worsened

when he refused his medications for 1 week when parents were
on vacation. Improvement was seen back within 2 days as soon
as he restarted his medicines and was sustained for 10 month of
follow-up (Selwa, 1999). Another case series (LOE-4) also showed
positive response to 4-6 g/day NAC in the majority of the five cases
of progressive myoclonic epilepsies (four with ULD and one with
Lafora Body disease) (Ben-Menachem et al., 2000). Mixed response
ranging from dramatic improvement in some individuals, partial
or failed improvement in some and significant side effects includ-
ing possible neutropenia and sensorineural hearing loss in some
were reported in a subsequent case series (N=4; LOE-4) (Edwards
et al., 2002). With four case studies/series (LOE-4), the GOR is C.
The results of the case series are mixed and some serious adverse
events are mentioned in these studies therefore the recommenda-
tion for use of NAC in progressive myoclonus epilepsy is mixed and
further controlled studies are needed.

3.1.10. Impulse control disorder

Several controlled and uncontrolled trials were conducted on
various impulse control disorders including trichotillomania, skin
picking disorder and nail biting disorder (Table 13).

3.1.10.1. Nail biting. A DBPC study (N=42; LOE 2b) on nail-biting
in children showed greater increase in nail length after 1 month of
treatment with NAC compared to placebo but this difference was
not significant at the end of second month (Ghanizadeh etal., 2013).
Two case series (N=4; LOE 4) reported improvement in nail biting
frequency with NAC (Berk et al., 2009; Odlaug and Grant, 2007).
Thus with one level 2b and two level 4 studies, the GOR is C but con-
sidering the results of controlled trial was not consistently positive
over time, there is only limited evidence on effectiveness of NAC
on nail biting disorder and further controlled studies are required.

3.1.10.2. Skin picking. An interesting open-label prospective case-
series (N=35; LOE 4) of individuals with Prader-Willi syndrome
demonstrated a significant improvement in skin-picking symp-
toms and skin lesions in the majority of individuals with 12 week
NAC treatment (Miller and Angulo, 2014). Several adult case series
(N=5; LOE 4) have reported decrease in the frequency of skin pick-
ing behavior with NAC treatment (Grant et al., 2012; Odlaug and

Table 8
Attention-deficit hyperactivity disorder (ADHD).
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); age measure
(SD)
Controlled studies
Garcia et al. (2013) Participants with 24g/dor DBPC - three ASRS Improved ASRS None 2b/1
ADHD and SLE; 45.9 4.8 g/d or PB for arms Scores
(1.8) 3 mo
NAC, 2.4g/d: 9
NAC, 4.8g/d: 9
PB: 6

Controls: 22; 48.0 (1.5)

ASRS, ADHD Self Report Scale; AE, adverse effects; DBPC, Double Blind Placebo Controlled.
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Table 9
Q10 Autism.
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); measure
age in year (SD)
Controlled studies
Hardan et al. NAC: 14 (12M, 0.9g NAC: DBPC parallel Primary: ABC Improved ABC Gastrointestinal 2b/0.5
(2012) 2F); 7 (2.1) 1x/d x 4wk Irritability Irritability, SRS AE
PB: 15 (15M, then Secondary: cognition,
0F); 7.2 (2.2) 2x[d x 4wk ABC- autism
then Stereotype, mannerisms
3x/d x 4wk or SRS, RBS-R, CGI and RBS-R
PB stereotypies
but no effect on
other SRS
subscales or
CGI
Ghanizadeh NAC: 20 (13M, Risperidone DBPC parallel ABC- Significant Not significant 2b/0.5
and 7F); 8.8 (3.1) with add-on Irritability, improvement
Moghimi- PB: 20 (12M, 1.2gNAC/d or lethargy, social in irritability
Sarani 8F); 7.9 (2.4) PB for 8 wk withdrawal, only and no
(2013) stereotype change in other
behavior, secondary
hyperactivity, outcome
noncompliance measures
and
inappropriate
speech
subscale
Nikoo et al. NAC: 20 (16M, Risperidone DBPC parallel ABC- Significant Not significant 2b/0.5
(2015) 4F); 7.5 (2.6) with add-on Irritability, improvement
PB: 20 (17M, 0.6-0.9g/d lethargy, social in irritability
3F); 7.6 (2.6) NAC or PB for withdrawal, and
10wk stereotype hyperactivity
behavior, subscale but no
hyperactivity, change in other
noncompliance secondary
and outcome
inappropriate measures
speech
subscale at 5
and 10 wk
Uncontrolled studies
Ghanizadeh 8yo M with 0.8 gNAC/d for Case report VAS for social Improvement Mild abdomen 4/1
and autism, 30 days interactions, on all VAS pain
Derakhshan nail-biting, communica- measures,
(2014) hyperactivity tion, verbal improved
and skills and nail-biting,
inattentiveness aggression hyperactivity
and
inattentiveness
Marler et al. 4yo M with 0.45g/d Case report Frequency and Improvement None 4/1
(2014) severe titrating to severity of in
self-injurious 1.8 g/day over self-injurious self-injurious
behavior 3wk behavior behavior

604
605
606
607

608
609
610
611
612
613
614
615
616
617

ABC, Aberrant Behavior Checklist; AE, adverse effects; CGI-I, Clinical Global Impression - Improvement; CGI-S, Clinical Global Impression - Severity; DBPC, Double Blind
Placebo Controlled; NAC, N-acetylcysteine; NR, not reported; PB, placebo; RBS-R, Repetitive Behavior Scale-Revised; SRS, Social Responsiveness Scale; VAS, Visual Analog

Scale.

Grant, 2007; Silva-Netto et al., 2014). With four level 4 studies, the
GOR is C. All the studies showed positive effect so NAC seems like a
promising treatment option for skin picking but further controlled
studies are needed.

3.1.10.3. Trichotillomania. In a medium sized DBPC trial (N=50;
LOE 1b), significant improvements were found on the Mas-
sachusetts General Hospital Hair Pulling Scale, the Psychiatric
Institute Trichotillomania Scale and the CGI in participants who
received NAC as compared to the placebo group (Grant et al., 2009).
In another DBPC trial (N=39; LOE 2b), no significant differences
in improvement between NAC and placebo groups were found
in children and adolescents with trichotillomania (Bloch et al.,
2013). The authors suggest that their study findings may differ
from previous studies due to a younger aged sample or more severe

trichotillomania symptoms among the placebo group in their study.
Four case series (N=6; LOE 4) in adults reported improved hair
growth with NAC (Odlaug and Grant, 2007; Rodrigues-Barata et al.,
2012; Silva-Netto et al., 2014; Taylor and Bhagwandas, 2014). Thus,
with one level 1b, one level 2b and four level 4 studies, the GOR is B.
The results however are mixed as only one out of two controlled tri-
als was positive for improvement. Larger clinical trials are needed
to confirm the effectiveness of NAC in trichotillomania.

3.1.10.4. Impulse control disorder overall. The GOR is B given the
one level 1b study but this must be tempered with the fact that one
other DBPC study did not find positive results and another DBPC
was positive only at one time point. However, there were some
limitations to the negative DBPC studies, and seven uncontrolled
studies have documented positive results. Thus, further studies
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Table 10
Bipolar disorder (BPAD).
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); age measure
in year (SD)
Controlled studies
Berk et al. NAC: 38 (15M, 1g NAC BID for DBPC parallel MADRS, BDRS, Moderate-to- Changed 1b/1
(2008b) 23F); 44.6 (11.2) 24wk or PB YMRS, CGlI, large effect on energy,
PB: 37 (15M, 22F); GAF, SOFAS, MADRS and headaches,
46.6 (13.8) SLICE-LIFE, BDRS increased joint
LIFE-RIFT, pain,
Q-LES-Q heartburn, 3
serious AE
Magalhaes BPAD II Significant Mild HAin 1,
etal.(2011a) NAC: 7 (4M, 3F); 43 improvement sweating in 1,
(29) in the YMRS. increased thirst
PB: 7 (3M, 4F); 52 More inl
(54) participants
achieved
remission in
depression and
mania
symptoms
Magalhaes BPAD with major Significant Mild HA in 3,
etal. (2011b) depressive episode improvement diarrhea and
at baseline on MADRS, abdominal pain
NAC: 10 (5M, 5F); BDRS, GAF, in2
43 (15.39) RIFT and
PB: 7 (3M, 4F); Q-LES-Q.
42.86 (15.39) Significantly
more patients
with treatment
response
Magalhaes BPAD with manic Significant 1 NAC patient
etal. (2013) or hypomanic improvement withdrew due
episodes at in YMRS within to AE
baseline NAC group;
NAC: 8 (4M, 4F); 50 more symptom
(20) remission
PB: 7 (3M, 4F); 38
(36)
Magalhaes BPAD with medical Self-reported Only all the NR
etal. (2012) comorbidities medical functional
NAC: 38 (15M, 23 comorbidities, outcomes were
F); 44.6 (11.2) MADRS, BDRS, better with
PB: 36 (14M, 22F); YMRS, CGI, medical
46.6 (13.8) GAF, SOFAS, comorbidity
SLICE/LIFE,
LIFERIFT,
Q-LES-Q
Dean et al. NAC: 21 (8M, 13F); Digit span, No effect NR
(2012) 44,6 (12.5) word learning,
PB: 25 (10M, 15F); trail making,
46.4 (13.1) verbal fluency
Berk et al. BPAD with 1 g NAC BID for DBPC MADRS, BDRS, No effect NR 1b/0
(2012) depressive 24wk or PB withdrawal YMRS, CGI,
symptoms at GAF, SOFAS,
baseline SLICE/LIFE,
(MADRS > 12) LIFERIFT,
NAC: 76 (16M, Q-LES-Q
60F); 47.1 (10.9)
PB: 73 (32M, 41F);
44.4(11.8)
Uncontrolled studies
Berk et al. BPAD with 1g NAC BID for Open label BDRS, MADRS, Significant NR 4/1
(2011a, depressive 8wk YMRS, CGI, improvement
2011b) symptoms at GAF, SOFAS, in all outcome
baseline SLICE/LIFE, measures
(MADRS > 12) LIFERIFT,Q-
149 (48M, 101F); LES-Q
45.8(11.4)

AE, adverse effects; BDRS, Bipolar Depression Rating Scale; CGI-S, Clinical Global Impression Severity Scale; DBPC, Double Blind Placebo Controlled; GAF, Global Assessment
of Functioning; LIFE-RIFT, Longitudinal Interval Follow-up Evaluation Range of Impaired Functioning Tool; MADRS, Montgomery-Asberg Depression Scale; NR, not reported;
PB, placebo; Q-LES-Q, Quality of Life Enjoyment and Satisfaction Questionnaire; SLICE/LIFE, Streamlined Longitudinal Interview Clinical Evaluation from the Longitudinal
Interval Follow-up Evaluation; SOFAS, Social and Occupational Functioning Assessment Scale; YMRS, Young Mania Rating Scale.
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Table 11
Depressive disorder.
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); measure
age in year (SD)
Controlled studies
Berk et al. MDD 1g BID NAC for DBPC parallel MADRS, CGI-I, No significant Gastrointestinal 1b/0.5
(2014) (MADRS > 18) 12wk or PB CGI-S, HARS, effect on and muscu-
NAC: 127 add on to usual GAF, SOFAS, MADRS, loskeletal
(43M, 84F); treatment SLICE/LIFE, response rate, AE
49.9(13.0) LIFERIFT, remission rate
PB: 125 (50M, Q-LES-Q at at 12 wk but
75F); 50.5 12wk and 4 wk significant
(12.5) after treatment effect at 16 wk;
discontinua- LIFE-RIFT
tion improved at
(16 wk) 12 wk; no
significant
change in GAF
and SOFAS
Uncontrolled studies
Carvalho et al. Severe 2 g BID NAC for Case series HDRS and CGI-I Improvement NR 4/1
(2013) treatment 8wk in and CGl in
resistant MDD both the cases
on tranyl-
cypromine

Case 1: 22yoM
Case2:43yoF

AE, adverse effects; CGI-I, Clinical Global Impression Improvement Scale; CGI-S, Clinical Global Impression Severity Scale; DBPC, Double Blind Placebo Controlled; GAF,
Global Assessment of Functioning; HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating Scale; LIFE-RIFT, Longitudinal Interval Follow-up Evaluation
Range of Impaired Functioning Tool; MADRS, Montgomery-Asberg Depression Scale; MDD, major depressive disorder; NR, not reported; PB, placebo; Q-LES-Q, Quality of Life
Enjoyment and Satisfaction Questionnaire; SLICE/LIFE, Streamlined Longitudinal Interview Clinical Evaluation from the Longitudinal Interval Follow-up Evaluation; SOFAS,

Social and Occupational Functioning Assessment Scale.

will be needed to help clarify the role of NAC in impulse control
disorders as NAC may be a promising treatment.

3.1.11. Neuropathy

In a small sized DBPC (N=14; LOE 2b) trial, 14 stage III colon
cancer receiving adjunctive biweekly oxaliplatin along with fluo-
rouracil/leucovorin chemotherapy were randomized to 1.2 g/day
NAC (N=5) or placebo (N=9) to see the protective effect of NAC in
the development of common serious adverse effect of oxaliplatin
- grades 3-4 sensory neuropathy. After 12 cycles of chemother-
apy, the study showed a significant benefit of NAC over placebo
in preventing development of oxaliplatin induced serious sensory
neuropathy (Lin et al., 2006). One other case report (N=1; LOE 4)
showed positive response on combination of neuro-protectants -
NAC, Levocarnitine and Pyridoxine in a 46-day-old male with acute
lymphoblastic leukemia (ALL) who developed severe vincristine-
induced peripheral neuropathy (Baker and Lipson, 2010). With one
LOE2b and one LOE 4 studies, the GOR is C but considering the small
sample size of the controlled study and use of multiple antioxidants
in the case study, the data is still limited to provide any recommen-
dations for use of NAC in anticancer medicines induced neuropathy.
Further large controlled studies are required (Table 14).

3.1.12. Obsessive compulsive disorder

A 12 week DBPC trial (N=48; LOE 2b) treated individuals with
OCD on a selective serotonin reuptake inhibitor with either placebo
or NAC. Results showed significant improvement in the Yale Brown
Obsessive Compulsive Scale (Y-BOCS) and CGI-S, but not the CGI-
[, in the NAC group compared to the placebo group (Afshar et al.,
2012). The study is limited due to high dropout rates. Significant
decrease in Y-BOCS from 33 to 9 was seen with NAC add on treat-
ment to Fluvoxamine in a case report (N=1; LOE 4), with childhood
onset OCD (Lafleur et al., 2006).

Since there is only one LOE 2b study, the GOR is C for OCD. Also
in this study not all the outcome measures were positive. So the

recommendations for use of NAC in OCD is limited at this time and
further larger controlled studies are needed to see the effectiveness
of NAC in treatment of OCD (Table 15).

3.1.13. Schizophrenia

A large DBPC study (N=140; LOE 1b) reported significantly
greater improvement in the NAC group in all qualitative and a few
quantitative measures (Berk et al., 2008a, 2011a, 2011b) Another
small sized DBPC study (N=42; LOE 2b) examining the addition
of NAC to risperidone in an 8 week trial found improvement in
PANSS negative and total scales (Farokhnia et al., 2013). Addition-
ally, a case report (N=1; LOE 4) documented improvements in a
24-year-old women with treatment resistant schizophrenia after 7
days of 0.6 g/day of NAC as assessed by the PANSS and CGI-S (Bulut
et al., 2009). With one LOE 1b study, the GOR for use of NAC in
schizophrenia is B. Clearly NAC is a novel treatment for schizophre-
nia but further high-quality clinical trials are needed to confirm the
findings (Table 16).

3.1.14. Traumatic brain injury (TBI)

One DBPC study (N=80; LOE 1b) showed positive response to
NAC on top of usual treatment in blast related mild TBI in active
duty service members. Use of NAC was associated with a sig-
nificant improvement in mild TBI symptoms, neuropsychological
testing results, and complete symptom resolution when compared
to placebo. Early treatment initiation within 24 h of the injury inde-
pendently showed improvement in symptoms (Hoffer et al., 2013).
Since there is one LOE 1b study, the GOR is B for NAC use in TBI. Even
though the study is positive, it is hard to make recommendation
based on just one positive study. Early treatment with NAC seems to
be a promising treatment for mild TBI and further controlled trials
showing consistent improvements on NAC are needed (Table 17).
In a related traumatic neurodegenerative model, NAC has shown
preliminary promise in a study of the prevention of noise induced
hearing loss. While the study was negative on the primary outcome,
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Table 12
Epilepsy.
Study Participants Treatment Study Outcome Effect of NAC AE Level/point
# Group (M, F); design measure
age (SD)
Uncontrolled studies
Hurd et al. Siblings with 4-6g/d NAC for Case series Symptoms and 1: Improved One case had 4/1
(1996) ULD 1 and 2: 30 mo functioning verbalization, diarrhea
Case 1:33yoM 3 and 4: 26 mo conversation skills,
Case2:35yo0F basic daily functioning,
Case3:38yoM understanding abilities
Case 4: 39yo M 2: Improved basic
living skills — eating,
toileting, walking
3 and 4: Improved
turning in bed,
speaking few words
Selwa (1999) 40yo M with 3 g BID NAC for Case report Overall Improved tremors, NR 4/1
ULD 10mo symptoms myoclonus, talking and
walking
Ben- Progressive NAC: Case series Overall 1: Improved ataxia, None 4/0.5
Menachem myoclonic 1and 2: symptoms GTCS, myoclonus and
et al. (2000) epilepsies 4-6 g/d for functioning
Case1:22yoF 60 mo 2: Improved
Case 2: 20yo F 3: 6g/d for myoclonus, GTCS and
Case 3:24yoM 3 mo functioning
Case 4:30yo M 4: 4-6g/d for 3: Improved
Case5:21yo F 24 mo myoclonus and general
5:4¢g/d for cognition but patient
6 mo died 3 mo later due to
other medical
complications
4: Improved walking,
myoclonus, ataxia and
self-care
5: Improved
myoclonus, GTCS,
absence seizures,
ataxia and mental
function for 3 mo then
deterioration (NAC
stopped at 6 mo)
Edwards et al. ULD NAC: Case series Seizures, ataxia 1: Improved GTCS but 1: Possible 4/0.5
(2002) Case 1: 38yo F 1: 3.6 g/d for and other not myoclonus and neutropenia 2:
Case 2:30yo F 12mo symptoms ataxia None
Case 3:48yo F 2:3.6¢g/d for 2: Dramatically 3: SN deafness
Case4:35yo M 24 mo improved myoclonus, (NAC stopped
3:3g/d for ataxia, and alertness in 5wk)
5wk 3: Slightly improved 4: Nausea,
4: 3g/d for myoclonus epigastric pain
3mo 4: Improved

myoclonus only for
initial 2 mo

AE, adverse effects; GTCS, Generalized Tonic Clonic Seizures; NR, not reported; SN, sensorineural; ULD, Unverricht-Lundborg Disease.

the rate of threshold shifts, there was significance in a secondary
outcome and post hoc analyses (Kopke et al., 2015).

3.2. Adverse effects reported in controlled clinical trials

It is important to consider the adverse effects profile of
any new treatment. It is difficult to judge the significance of
adverse effects (AEs) reported in uncontrolled trials and con-
trolled trials provide a more objective indication of significant
AEs. However, rather rare AEs may not be statistically signifi-
cant in controlled clinical trials, thus it is important to consider
all reported possible AEs. Here we consider both AEs from con-
trolled clinical trials as well as those reported in uncontrolled
trials.

For the most part, controlled trials did not report significant
AEs in the NAC treated groups as compared to the placebo group.
Adverse effects involved different systems including gastroin-
testinal, neurological, psychological/behavioral, musculoskeletal,

dermatological, and other systems. Details of AE specific to a par-
ticular disorder are tabulated in Table 18. The largest rate of AEs
were seen in an open-label study on cannabis in which 63% of
the participants reported mild to moderate AEs, primarily consist-
ing of abdominal discomfort, muscle pains, insomnia, headache,
nasal congestion, runny nose, nausea, weight loss, restlessness, and
dizziness (Gray et al., 2010). Very few studies reported severe AEs
leading to discontinuation of NAC including full body rash in a
TTM DBPC (Bloch et al., 2013); aggression in a child with nail bit-
ing (Ghanizadeh et al., 2013); and SN deafness in a case of ULD
(Edwards et al., 2002). In studies of ALS where subcutaneous injec-
tions were used, swelling, granuloma, and an abscess at injection
sites were reported along with hypersensitivity reactions (De Jong
et al., 1987; Kiither and Struppler, 1987). Serious AE of possible
neutropenia was reported in a case series on ULD (Edwards et al.,
2002). Interestingly, in a study on schizophrenia Extrapyramidal
Symptoms Rating Scale (ESRS) were significantly lower for the
NAC +risperidone group as compared to the placebo +risperidone
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Table 13
Impulse control disorder.
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); age measure
(SD)
Controlled studies
Nail biting
Ghanizadeh NAC: 21 (13M, 8F); 0.8 g/d NAC or PB DBPC parallel Total length of Greater nail growth Headache, 2b/0.5
etal. (2013) 9.3(2.8) for 8 wk all nails in 1st but not in agitation,
PB: 21 (15M 6F); 2nd month isolation,
10.8(3.1) aggression
Trichotillomania
Grant et al. NAC: 25 (1M, 24F); 1.2g/d NAC x 6 wk, DBPC parallel MGH-HPS, Improved None 1b/1
(2009) 32.7(10.5) then 2.4 g/d NAC PITS, CGI MGH-HPS, PITS and
PB: 25 (4M, 21F); for 6 wk or PB CGI
35.8(13.6)
Bloch et al. NAC: 20 (3M, 17 F); 2.4g/d NAC or PB DBPC parallel MGH-HPS, TSC, No significant Full body rash 2b/0
(2013) 14.0 (2.4) for 12wk NIMH-TSS, CGI difference between inl
PB: 19 (2M, 17 F); groups
13.1(3.1)
Uncontrolled studies

Grooming behaviors - nail biting, skin picking and trichotillomania

Odlaug and Case 1: 28yo M NAC: Case series
Grant (2007) with nail-biting 1: 1.2 g/d for 2wk
and 2:2.4g/d for 5mo
trichotillomania 3:1.8g/d for4mo
Case 2: 40yo F with
trichotillomania
Case3:52yoF
with skin picking
Nail biting
Berk et al. BPAD and nail NAC: Case series
(2009) biting 1: 1g BID for 7mo
Case 1: 46yo F 2:1gBID for 2mo
Case 2:44yoF 3: Dose NR for
Case 3:46yo M 28 wk
Skin picking
Grant et al. 24yoF Dose NR for 1yr Case report
(2012)
Miller and Prader-Willi 0.450-1.2 g/d NAC Open-label
Angulo syndrome and for 12wk
(2014) skin-picking
35(23F, 12M);
5-39yo
Silva-Netto Case 1: 45yo F with NAC: Case series
etal. (2014) skin picking and 1: 1.2-1.8 g/d;
trichotillomania duration NR
Case 2:40yo F 2: 1.2 g/d for 10mo
with skin-picking 3: 1.2 g/d; duration
Case3:31yoF NR
with skin-picking
Trichotillomania
Rodrigues- Case 1: 23yo F NAC: Case series
Barata et al. Case2: 19yoF 1: 1.2 g/d for 6 mo
(2012) 2:1.2g/d for 3mo
Taylor and 58yo F 1.2 g/d NAC for Case report
Bhagwandas 32wk
(2014)

Frequency of Improvement in Mild flatulence 4/1

engaging in grooming behavior incase1
grooming frequency
behaviors
Nail biting Improved nail None 4/1
frequency biting frequency
(self-report)
Skin picking Improved skin None 4/1
frequency picking frequency
(self-report)
Number of skin 71% complete Abdominal 4/1
lesions resolution of cramping,
skin-picking and diarrhea and
remainder had flatulence
significant
improvement in
skin-picking
Symptoms 1: Improved NR 4/1
trichotillomania
and skin-picking
2: Improved
skin-picking
3: Improved
skin-picking
Regrowth of Complete regrowth None 4/1
hair achieved
Regrowth of Improved hair NR 4/1
hair growth

AE, adverse effects; BPAD, bipolar disorder; CGI, Clinical Global Impression; DBPC, Double Blind Placebo Controlled; MGH-HPS, Massachusetts General Hospital Hair Pulling

Scale; NIMH-TSS, National Institute of Mental Health Trichotillomania Severity Scale; NR, not reported; PITS, Psychiatric Institute Trichotillomania Scale; TSC, Trichotillomania

Scale for Children.

group suggesting that it might be protective against adverse effects
of other psychiatric medications when used as an adjunctive ther-
apy (Farokhnia et al., 2013).

For the most part, NAC, especially oral formulation was found
to be safe with a low incidence of AEs in most studies. The excel-
lent safety profile of NAC and favorable treatment effects support
it as an excellent novel treatment for psychiatric and neurological
disorders especially in oral formulation.

4. Discussion

NAC has been investigated as a novel treatment for a wide
range of psychiatric disorders and a few neurological disorders.
Studies suggest that NAC is a favorable treatment for several dis-
orders while the evidence of its effectiveness for other disorders
is less clear. The exact reason of this differential response is not
obvious. NAC works through several different metabolic pathways.
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Table 14
Neuropathy.
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); age measure
(SD)
Controlled studies
Lin et al. (2006) Participants with stage 1.2g NACor PB, DBPC parallel Development Positive effect in NR 2b/1
III colorectal cancer on 90 min before of neuropathy preventing
postoperative oxaliplatin oxaliplatin induced
oxaliplatin with a administration for neuropathy
fluorouracil/leucovorin 18 mo
regimen
NAC: 5 (4M, 1F); 58
(41-75)
PB: 9 (5M, 4F); 65
(43-78)
Uncontrolled studies
Baker and 46 yo M with ALL and 50 mg BID NAC, Case report Motor function Motor function NR 4/1
Lipson vincristine induced 150 mg TID returned to near
(2010) peripheral neuropathy Levocarnitine and normal
35mg/d Pyridoxine
for 5mo

AE, adverse effects; DBPC, Double Blind Placebo Controlled; NR, not reported; PB, placebo.

Table 15
Q11 Obsessive compulsive disorder (OCD).
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); age measure
(SD)
Controlled studies
Afshar et al. Participants with OCD 0.6 g/d NAC titrated DBPC parallel Y-BOCS CGI-S Significant Nausea, vomiting, 2b/0.5
(2012) on SSRI to2.4g/d CGI-1 improvement diarrhea
NAC: 24 (6M, 18F); depending on CGI in Y-BOCS and
30.62 (5.35) or PB for 12 wk CGI-S but not
PB: 24 (6, 18); 31.25 CGI-1
(4.70)
Uncontrolled studies
Lafleur et al. 58 yo F with OCD on 0.6 g/d NAC titrated Case report Y-BOCS Marked Few episode of 4/1
(2005) Fluvoxamine 300 mg up to 3 g/d for 7wk decrease in mild, brief right
daily Y-BOCS hand tingling and
single day of dry
mouth

AE, adverse effects; CGI-I, Clinical Global Impression Improvement Scale; CGI-S, Clinical Global Impression Severity Scale; DBPC, Double Blind Placebo Controlled; PB, placebo;
SSRI, selective serotonin reuptake inhibitor; Y-BOCS, Yale Brown Obsessive Compulsive Scale.

Table 16
Schizophrenia.
Study Participants Treatment Study design Outcome Effect of NAC AE Level/point
# Group (M, F); measure

age in year (SD)

Controlled studies

Berk et al. 140 (98M, 2 g/day NAC or DPBC parallel PANSS, CGI, GAF, Improvement on CGI, Not significant 1b/0.5
(2008a, 32F); 36.6 PB for 4 mo SOFAS, BAS, SAS, PANSS but no other
2008b) (10.9) AIMS outcome measures
Berk et al. NAC: 69 (48M, Qualitative analysis
(2011a, 21F) showed improved
2011b) PB: 71 (50M, mental state
21F)
Farokhnia et al. NAC: 21 (9M, 2g/d NAC or DBPC parallel PANSS, HDRS Improvement in PANSS None 2b/1
(2013) 12F); 32.2 (6.1) PB +risperidone negative and total
PB: 21 (11M, for 8 wk scales

10F); 33.4 (7.0)

Uncontrolled studies
Bulut et al. 24yoF 0.6 g/d for 67 Case report PANSS, CGI-S Decrease in PANSS and None 4/1
(2009) days CGI-S

AE, adverse effects; AIMS, Abnormal Involuntary Movement Scale; BAS, Barnes Akathisia Scale; CGI-S, Clinical Global Impression Severity Scale; DPBC, Double Blind Placebo
Controlled; GAF, Global Assessment of Functioning; HDRS, Hamilton Depression Rating Scale; PANSS, Positive and Negative Syndrome Scale; PB, placebo; SAS, Simpson-Angus
Scale; SOFAS, Social and Occupational Functioning Assessment Scale.
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Table 17
Traumatic brain injury (TBI).
Study Participants Treatment Study design Outcome measure Effect of NAC AE Level/point
# Group (M, F); age
(SD)
Controlled studies
Hoffer et al. Mild TBI secondary 4 g loading dose DBPC parallel Resolution of dizziness, Significant NR 1b/1
(2013) to blast exposure NAC then 2 g BID hearing loss, headache, improvement

80M, 1F; 18-43yo for 4 days then
NAC: 40 1.5g BID or PB for 7
PB: 41 days

memory loss, sleep in all measures
disturbance and
neurocognitive dysfunction

(COWA, AN, TMT)

AE, adverse effects; AN, Animal Naming; COWA, Controlled Oral Word Association test; DPBC, Double Blind Placebo Controlled; NR, not reported; PB, placebo; TMT, Timed

Trail Making Test A and B.

This differential response may be due to different metabolic path-
ways underlying the pathophysiology of various psychiatric and
neurological disorders and the differential effect of NAC on these
pathways. Studies on most of the psychiatric disorders, including
autism, AD, schizophrenia, cocaine addiction, cannabis addiction,
BPAD, MDD, trichotillomania, nail biting and OCD, demonstrated
mixed results. For other psychiatric disorders, specifically metham-
phetamine, nicotine, and pathological gambling addictions, the
evidence for the effectiveness of NAC was negative overall. No
recommendations could be made for two psychiatric disorders —
anxiety and ADHD. Study on anxiety was only preliminary (i.e., case
report) while the evidence for ADHD was based on a very specific
population (SLE) hence not fully representative of idiopathic ADHD.
The majority of the psychiatric disorders were assigned a GOR of
B or C. Thus, the recommendations for use of NAC in the majority
of psychiatric disorders are still limited based on the number and
the quality of studies that have been conducted and available for
review at the time of this review. In terms of neurological disorder,
for mild TBI there was one positive DBPC study making NAC a poten-
tially promising treatment option, but it is difficult to give a specific
recommendation based on a single study. NAC showed positive
response in anticancer medicines induced neuropathy in a small
controlled trial and a case study making it a favorable treatment
option for this indication, but since the sample size of the controlled
study was very small, it is hard to give any specific recommenda-
tion based on the limited current evidence. Similarly evidence of
use was mixed ranging from dramatic to partial or no improve-
ment along with AEs in progressive myoclonus epilepsy. For ALS
the evidence of the effectiveness of NAC in survival was negative
overall. While larger controlled trials are needed to establish effec-
tiveness of NAC, based on the evidence so far and excellent safety
profile, NAC appears to be a favorable and novel treatment option
for several psychiatric and neurological disorders and these results
are encouraging.

The presumed mechanisms of action of NAC may make clin-
ical sense for its use in psychiatric and neurological disorder.
NAC has been demonstrated to work on multiple pathways that
have been implicated in various psychiatric and neurological
disorders - oxidative stress, mitochondrial dysfunction, inflamma-
tory mediators, neurotransmission, and neural plasticity (Bavarsad
Shahripour et al., 2014; Berk et al., 2013; Dean et al., 2011;
Moussawi et al., 2009). Potential mechanisms of action are sum-
marized below.

4.1. Potential mechanisms of action

4.1.1. Oxidative stress

Oxidative stress refers to a pathological state which occurs when
the level of reactive oxygen species (ROS) is elevated to a level at
which cellular damage can occur. This can be due to abnormally
high levels of ROS, a deficit of cellular protective mechanisms, or

both (Gandhi and Abramov, 2012; Smaga et al., 2012). Oxidative
stress is involved in the pathogenesis of multiple psychiatric and
neurological disorders including BPAD (Fullerton et al., 2010; Kunz
et al., 2008), autism (James et al., 2004, 2006, 2008, 2009; Melnyk
etal.,2012; Rose etal.,2012a,2012b), depression (Behr et al., 2012;
Smaga et al., 2012), schizophrenia (Kunz et al., 2008; Okusaga,
2014; Wu et al., 2013), OCD (Selek et al., 2008), AD (Markesbery,
1999), ULD (Arakawa and Ito, 2007), ALS (Louwerse et al., 1995)
and drug induced neuropathy (Baker and Lipson, 2010; Lin et al.,
2006). The brain is uniquely vulnerable to ROS, due to its high oxy-
gen metabolism and limited antioxidant capabilities (Smaga et al.,
2012). Highly reactive compounds like hydroxyl radical, hydro-
gen peroxide, superoxide and peroxynitrite cause oxidative cellular
dysfunction through processes like lipid peroxidation, inactivation
of enzymes, malfunction of the mitochondrial respiratory chains,
DNA modification and/or cell death (Maes et al.,, 2011; Smaga
et al.,, 2012). Postmortem brain specimens in several psychiatric
disorders have shown oxidative damage (Gawryluk et al., 2011).
Protective antioxidant mechanisms such as superoxide dismutase,
catalase, glutathione (GSH) reductase and glutathione peroxidase
neutralize reactive species (Maes et al., 2011; Smaga et al., 2012).
Reduction in GSH has been shown in depression (Bilici et al., 2001),
BPAD (Andreazza et al., 2009) and schizophrenia (Altuntas et al.,
2000) supporting the role of redox imbalance in psychiatric disor-
ders.

NAC provides cysteine that is rate limiting amino acid in GSH
production (Dringen and Hirrlinger, 2003). GSH carries a free thiol
group that acts as a reducing agent. GSH reduces the superoxide
radical into hydrogen peroxide which can then be neutralized to
water by catalase activity. During this processes, GSH becomes
oxidized into glutathione disulphide (GSSG). The cysteine/cysteine
cycle can also serve as a direct free radical scavenging system
(Banjac et al., 2008; Vene et al., 2011). Several preclinical stud-
ies have shown direct and indirect antioxidant effects of NAC, for
example, NAC significantly improves antioxidant defenses in alco-
hol treated rats (Achat-Mendes et al., 2007; Flora, 1999; Fukami
et al., 2004; Seiva et al., 2009; Smaga et al., 2012; Wan et al., 2006).

4.1.2. Mitochondrial dysfunction

Mitochondrial dysfunction occurs in several psychiatric disor-
ders (Shao et al., 2008) including schizophrenia (Robicsek et al.,
2013), BPAD (Konradi et al., 2004), autism (Rossignol and Frye,
2012), AD (Wang et al., 2014) and TBI (Lifshitz et al., 2004). The role
of mitochondrial dysfunction in the pathophysiology of psychiatric
disorders is supported by the fact that psychiatric symptoms are
common in mitochondrial disorders (Anglin et al., 2012a, 2012b,
2012c, 2012d). Mitochondria are the site for multiple redox reac-
tion in order to generate adenosine triphosphate (ATP) energy
and hence are a major source of ROS in the cell that can lead
to oxidative injury (Sullivan et al., 2007). NAC has been shown
to have direct effects on mitochondrial functioning in different
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Table 18
Reported adverse effects (AE) of N-acetylcysteine.
AE Addiction AD ALS Anxiety ADHD Autism BPAD Dep Epilepsy Impulse control disorder Neurop- OCD Schizoph- TBI
athy renia
Cannabis Cocaine MAP Nicotine PG Nail Skin TT™
biting picking
Gastrointestinal AE
Mild abdominal X X X X X X
pain/discomfort
Flatulence X X X
Abdominal cramps X X X X
Nausea, heart burns, x X X X X X X X X
vomiting, diarrhea
General GI symptoms X X

Neurological/psychological/behavioral AE

Headaches X X X X X

Tingling X
Vivid dreams X

Insomnia X

Irritability/agitation X X

Other system AE
Elevated BP X
Purities/local rash X
Hypersensitivity
Injection site reaction
Allergic reaction X
Fatigue/change in X X X
energy
Dry mouth/increased X X
thirst/sweating
Muscle/joint pain X X
General X
musculoskeletal
symptoms
Nasal X X
congestion/runny
nose
Restlessness X
Dizziness X X
Neutropenia X
Chest pain X
Leg edema X

X %

Severe AE needing discontinuation

Full body rash X
Severe aggression X

Other severe AE X X X

SN deafness X

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; ADHD, attention deficit hyperactivity disorder; BP, blood pressure; BPAD, bipolar disorder; Dep, depressive disorder; GI, gastrointestinal; MAP, methamphetamine;
OCD, obsessive compulsive disorder; PG, pathological gambling; SN, sensorineural; TBI, traumatic brain injury; TTM, trichotillomania.
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disorders. As mentioned above NAC is the precursor of the most
abundant intracellular antioxidant, GSH, and also acts as a direct
free radical scavenger and hence plays a very important role
in reducing the incidence and burden associated with oxidative
injury. NAC has shown to improve mitochondrial functioning in
animal models of inflammatory bowel disease through regener-
ation of mitochondrial membrane potential and hence decreases
membrane permeability and apoptosis (Amrouche-Mekkioui and
Djerdjouri, 2012). Similarly the effect of NAC on mitochondrial
membrane potential along with oxidative injury has been shown in
lung epithelial cells (Tobwala et al., 2013). NAC has shown similar
effect on mitochondrial functioning in an animal model of myocar-
dial infarction (Basha and Priscilla, 2013) and Huntington disease
related mitochondrial dysfunction (Sandhir et al., 2012).

4.1.3. Inflammatory mediators

Several psychiatric disorders have been associated with a
derangement of inflammatory cytokines including interleukin (IL)-
13, IL-2, IL-6, interferon (IFN), tumor necrosis factor o (TNF o), the
soluble IL-6 receptor (sIL-6R), and the IL-1 receptor antagonist (IL-
1RA) including depression (Dowlati et al., 2010), BPAD (Tsai et al.,
2014) and schizophrenia (Drexhage et al., 2010). Nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«B), proinflam-
matory cytokines, and intercellular adhesion molecule-1 (ICAM-1)
are upregulated after TBI (Chen et al., 2008). Treatment with
cytokines IL-2 and IFN « in diseases such as cancer are associated
with high rates of depression (Capuron et al., 2000, 2001, 2004).
Cytokines activate brain macrophages that lead to the release of
inflammatory mediators resulting in oxidative stress and neuro-
toxicity (Rajkowska and Miguel-Hidalgo, 2007).

NAC has anti-inflammatory properties through several cellular
processes. It is a GSH precursor and direct antioxidant, and hence
inhibits upstream events leading to NF-kB activation (Baeuerle and
Henkel, 1994) and other proinflammatory cytokines. This inhibi-
tion of proinflammatory transcription factor NF-kB by NAC down
regulates expression of several proinflammatory genes (Yang et al.,
2002). NAC directly inhibits the inflammatory cytokines TNFa, IL-
1B and IL-6, at the protein and mRNA levels, in LPS-activated
macrophage cell lines (Palacio et al., 2011) along with a direct
effect on brain macrophages through increased GSH production,
antioxidant properties and cysteine/glutamate exchange and hence
regulating glutamergic excitatory neuronal damage and redox
reactions (Kigerl et al., 2012).

By suppressing the activation of NF-kB, NAC has shown to
reduce lung inflammation (Blackwell et al., 1996). NAC has also
been shown to reduce IL-6 levels in dialysis patients (Nascimento
etal.,2010), TNF « and IL-1[3 in cardiac injury after aortic aneurysm
repair (Mahmoud and Ammar, 2011), and multiple other inflam-
matory cytokines in burn patient (Csontos et al., 2012). NAC is
as effective as an anti-inflammatory agent in animal models of
traumatic brain injury (Chen et al., 2008) and ischemia (Khan
et al., 2004), lipopolysaccharide-induced pulmonary edema (Gatti
et al., 1993), lethal endotoxemia (Victor et al., 2003) and hypoxia-
ischemic brain injury in neonatal rat brains (Jatana et al., 2006).

4.1.4. Glutamate neurotransmission

Abnormal glutamate signaling has been shown in multiple psy-
chiatric illnesses including schizophrenia (Kantrowitz and Javitt,
2010a, 2010b), OCD (Chakrabarty et al., 2005), autism (Rubenstein
and Merzenich, 2003) and addiction, primarily cocaine addic-
tion (Baker et al., 2003; Bauzo et al., 2012; Carlezon and Nestler,
2002; Cornish and Kalivas, 2000, 2001; Pierce et al., 1996). Vesicu-
lar release of glutamate at Prefrontal Cortex-Nucleus Accumbens
(PFC-NA) synapses contributes to the basal tone of glutamate.
This is negatively regulated by extrasynaptic glutamate activation
of extrasynaptic group Il metabotropic autoreceptors mGIluR2/3

(Baker et al., 2002a, 2002b; Kupchik et al., 2012). Extracellular
glutamate is regulated primarily by cystine-glutamate exchang-
ers (System Xc~) located on glial cells (Baker et al., 2002a; Bauzo
etal., 2012; Pow, 2001). These transporters exchange extracellular
cystine for intracellular glutamate (Kupchik et al., 2012; McBean,
2002). System Xc~ also plays a very important role in GSH pro-
duction and hence plays an important role in regulating oxidative
stress. Glutathione is synthesized by uptake of L-cystine in the
glial cells that is released later out of the cell as GSH via the
Cys, /CysH shuttle (Dringen et al., 1999; Kranich et al., 1998; Wang
and Cynader, 2000).

Studies have shown both increased and decreased glutamate
levels in different psychiatric disorders specifically schizophrenia
(Baker et al., 2008) and addiction (Schmaal et al., 2012). Increased
glutamatergic release from a wide range of glutamatergic projec-
tions extending from the PFC to the NA is seen in animal models of
active drug seeking and reinstatement (Baker et al., 2003; Cornish
and Kalivas, 2000; Di Ciano and Everitt, 2001; Everitt and Wolf,
2002; Goldstein and Volkow, 2002; McFarland and Kalivas, 2001;
Park et al., 2002). Studies have also shown reduced basal glutamate
levels in the NA associated with substance withdrawal (Baker et al.,
2003; Hotsenpiller et al., 2001; Kupchik et al., 2012; McFarland
et al., 2003; Pierce et al., 1996). Excess of glutamate can lead to
NMDA activation leading to increased excitatory neuronal dam-
age and degeneration (Barger and Basile, 2001; Piani and Fontana,
1994; Sattler and Tymianski, 2001). Excitatory glutamate related
injuries have been shown to have a role in several neurodegen-
erative disorder including epilepsy, trauma, ALS and AD (Lipton
and Rosenberg, 1994). Studies have shown that the activation of
group I mGlus receptors can be neurotoxic by increased excita-
tory signals or neuroprotective by inhibiting the ROS generation
and intracellular GSH loss (Allen et al., 2000; Deng et al., 2004).
NAC is rapidly converted into cystine after administration and
enters cell through this cysteine transporters to activate system
Xc~ (Kau et al., 2008; Kupchik et al., 2012). NAC dose-dependently
increases extracellular glutamate by restoring cystine-glutamate
exchange via system Xc~ and thus bringing extracellular gluta-
mate to normal range (Baker et al., 2003; Madayag et al., 2007).
This normalization of extracellular glutamate by NAC restores tone
onto presynaptic inhibitory metabotropic glutamate autorecep-
tors in the NA and blunts the increased glutamate release (Baker
et al.,, 2003; Moran et al., 2005). NAC also provides the rate limit-
ing component, cysteine for GSH production and hence has role in
modulation of NMDA related injury via effect on GSH or its deriva-
tives (Gilbertetal., 1991; Leslie et al., 1992; Varga et al., 1997). Both
these actions of NAC together affect the excitatory neuronal dam-
age and glutamate homeostasis. Magnetic resonance spectroscopy
data suggests that NAC normalizes glutamate in cocaine addiction,
increases brain glutathione, and alters neural markers, including
glutamate-glycine and myoinositol (Das et al., 2013; Holmay et al.,
2012; Schmaal et al., 2012).

4.1.5. Long term neuroadaptation

Dysregulated glutamate homeostasis can lead to impaired
synaptic potentiation and plasticity and thus altered metaplastic-
ity (Moussawi et al., 2009). Metaplasticity refers to the ability to
generate synaptic plasticity (ability of synapses to strengthen or
weaken over time in response to their activity level) and can be
adaptive or maladaptive. This change in synaptic plasticity hap-
pens when a priming activity like substance administration alters
the capacity of a subsequent high or low frequency stimulation
in inducing long-term potentiation (LTP) or long term depression
(LTD)(Abraham, 2008). Several studies found that rats withdrawn
from cocaine self-administration had a marked deficit in LTP and
LTD in the NA core following stimulation of PFC and NAC treatment
restored the ability to induce LTP and LTD by stimulating mGIluR2/3
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and mGIluR5, respectively (Kupchik et al., 2012; Moussawi et al.,
2009). Neuroplasticity is important in mental health and maladap-
tive neuroplasticity could lead to psychiatric disorders (Kays et al.,
2012). This mechanism is worth further exploration in different
psychiatric disorders

4.1.6. Dopamine neurotransmission

Dopamine (DA) has been linked to the pathophysiology of
schizophrenia, addiction, BPAD, depression, and ADHD (Berk et al.,
2007; Heinz and Schlagenhauf, 2010; Hyman et al., 2006; Malhi and
Berk, 2007; Wu et al., 2012). The reciprocal interaction between
dopamine and glutamate in brain has been an area of focus in
understanding the pathology of psychiatricillnesses including drug
addiction (Sesack et al., 2003) especially methamphetamine addic-
tion. Methamphetamine releases high levels of DA. DA itself has
the potential to cause oxidative injury and hence dysregulation
of DA transmission can lead to neurotoxicity (Hastings, 2009).
Repeated administration of methamphetamine damages DA nerve
terminals (Cadet et al., 2003; Davidson et al., 2001; Fukami et al.,
2004; Fumagalli et al., 1998) as evident by a marked reduction of
DA transporter demonstrated using positron emission tomography
in the brain of methamphetamine abusers (Fukami et al., 2004;
Sekine et al., 2001, 2003; Volkow et al., 20014, 2001b, 2001c). NAC
influences glutamergic neurotransmission regulation of DA release
from presynaptic terminals (Baker et al., 2002a, 2002b). Also NAC
as a GSH precursor acts as an important intracellular antioxidant
(Schulz et al., 2000) and hence seems to have a significant role in
regulating DA induced neurotoxicity in different psychiatric disor-
ders.

4.1.7. Serotonergic neurotransmission

Serotonin (5HT) transmission has been target of multiple psy-
chopharmacological agents and derangement has been shown to
be associated with multiple psychiatric disorder including affective
disorders (Jobe et al., 1998), schizophrenia (Abi-Dargham, 2007),
autism (Cook et al., 1997), addiction (Jones and Kauer, 1999; Miiller
etal.,2007)and OCD (Baumgarten and Grozdanovic, 1997). Role of
NAC on serotonergic transmission has not been explored in details
as of yet. Arecent study showed the effect of NAC in animal model of
psychosis by blocking hallucinogenic effect of serotonergic recep-
tor 5-HT,4R agonist. This action seem to be mediated by increased
cysteine-glutamate antiporter followed by mGluR2 autoreceptors
activations hence showing complex interaction between gluta-
matergic and serotonergic neurotransmission (Lee et al., 2014)

4.2. Dosage and formulations

The daily dosage of NAC ranged from 0.6 g to 6 g/day with major-
ity of the studies using 2.0-2.4 g/day dosing. All the studies used
oral formulation of NAC with the exception of the four studies in
ALS that used subcutaneous formulation. The shortest duration of
treatment reported was 2 days in cocaine addiction (LaRowe et al.,
2007) and longest was 60 month in a case of progressive myoclonic
epilepsy (Ben-Menachem etal.,2000). Both of these studies showed
positive outcomes. The majority of the studies had 8 weeks follow-
up and few had 3-6 months follow-up.

N-acetylcysteine is FDA-approved for acetaminophen poisoning
for 72-h oral and 21-h intravenous regimens. Seventy two-hour
oral regimen consists of 18 doses - loading dose of 140 mg/kg
and maintenance dose of 70mg/kg every 4h to a total dose of
1330 mg/kg. Total recommended intravenous dose is 300 mg/kg
(OnlineTM, 2011). This dose is much higher than used in the studies
in our review. In initial studies on ALS, 50 mg/kg/day subcutaneous
dose was used (Louwerse et al., 1995). Similarly in the study on
the use of NAC in AD, 50 mg/kg/day in three divided doses were
used (Adair et al., 2001). So if a patient is 50 kg the total dose would

be 2.5g. The rationale for this dose was not clearly stated in the
studies but due to precautionary reasons the dose may have been
decided to be a little lower than one used for acetaminophen toxi-
city. This dose was fairly well tolerated in these studies with some
gastrointestinal side effects along with hypersensitivities and local
site reaction related to subcutaneous formulation in the ALS stud-
ies (Louwerse et al., 1995). In a follow-up AD case series, a much
lower dose of 0.6 g/day of NAC was used as an adjunct to Vita-
min B12 and folate (McCaddon and Davies, 2005) and it showed
positive effects. It was followed by a trial in severe OCD in which,
based on earlier study dosing, 0.6 g/day was initiated and based on
the response it was titrated to 3 g/day over 6 weeks (Lafleur et al.,
2006). These case reports were followed by a crossover study to
specifically assess the safety and tolerability of three doses of NAC
- 1.2 g/day, 2.4 g/day and 3.6 g/day. The study did not show any sig-
nificant difference between the three doses in terms of side effects
or effect but the retention rate appeared more in favor of the higher
doses of NAC (Mardikian et al., 2007). Also one three-arm DBPC
did not show any differential response between NAC 1.2 g/day or
2.4 g/day in treatment-seeking cocaine dependent adults (LaRowe
et al., 2013). One ADHD study and few addiction studies used
higher doses of NAC in the range of 3-4.8 g with no clear signal of
higher efficacy (Garcia et al., 2013; Grant et al., 2014; LaRowe et al.,
2007; Mardikian et al., 2007). Studies on ULD used a higher dose
3-6g/day. No clear association with increased efficacy with the
higher dose was seen. In one study increasing the dose from 4 g to
6 g/day led to cold sores and possible neutropenia that was reversed
on lowering the dose to 2.4 g/day. One other patient developed
sensorineural hearing loss on 3 g/day dose of NAC (Edwards et al.,
2002). Several case reports/series have shown positive responses
with gradual titration to the range of 1.8-2.4 g/day of NAC (Marler
et al., 2014; Odlaug and Grant, 2007; Strawn and Saldana, 2012).
Hence most of the studies used the dose around 2-2.4 g/day based
on the effect and safety profile. Overall the dose range between 2
and 2.4 g/day seems to be effective and well tolerated.

4.3. Potential adverse effects

For the most part, oral NAC seemed to be fairly well toler-
ated with no significant between group differences in most of
the controlled trials. Gastrointestinal (GI) symptoms were the
most common AEs and have been reported in autism, addiction,
ALS, epilepsy, grooming disorder and OCD studies. Adverse effects
included mild abdominal pain (Ghanizadeh and Derakhshan, 2012;
Hardan et al., 2012), mild abdominal discomfort, heartburn, flatu-
lence, cramps (Edwards et al., 2002; LaRowe et al., 2006; Odlaug
and Grant, 2007; Vyth et al., 1996), nausea, vomiting and diar-
rhea (Afshar et al., 2012; Hurd et al., 1996). The largest rate of AEs
was seen in an open-level studies on cannabis in which 63% of the
participants reported mild to moderate AEs, primarily abdominal
discomfort (Gray et al., 2010).

Neurological side effects were also commonly reported rang-
ing from headaches (Adair et al., 2001; Ghanizadeh et al., 2013;
Mardikian et al.,, 2007); to right hand tingling in a case of OCD
(Lafleur et al., 2006). On the contrary lower rates in Extrapyrami-
dal Symptoms Rating Scale was seen in NAC +risperidone group
as compared to the placebo +risperidone group suggesting pro-
tective effects of NAC on AEs related to concomitant psychiatric
medications when used as adjunctive therapies (Farokhnia et al.,
2013). There were few incidents of dermatological AEs including
self-limited non-dose dependent pruritus in one study (Mardikian
et al., 2007). One child developed full body rash that required dis-
continuation of the NAC treatment (Bloch et al., 2013). Elevated
blood pressure was reported in two studies (LaRowe et al., 2006;
Mardikian et al., 2007). Other miscellaneous AEs reported were
fatigue (LaRowe et al., 2006), a single day of dry mouth (Lafleur
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et al., 2006), muscle pains, insomnia, nasal congestion, runny nose,
restlessness, and dizziness (Gray et al., 2010), and vivid dreams and
irritability (Grant et al., 2012).

Very few studies reported severe AEs leading to discontinuation
of NAC treatment. In a TTM DBPC study one child discontinued the
NAC treatment after experiencing a full body rash which dissipated
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after discontinuing NAC (Bloch et al., 2013). A child with nail biting
discontinued treatment due to aggression (Ghanizadehetal.,2013).
In a large DBPC study on cannabis one individual discontinued NAC
for severe AEs (Grant et al., 2012). Two rare AE were reported in
a ULD case series — neutropenia on 6 g of NAC that improved once
the dose was dropped down to 2.4 g daily and SN deafness leading
to discontinuation of NAC at 5 weeks and it was not resolved till 9
month of follow-up (Edwards et al., 2002). It is important to con-
sider that different formulations of NAC may have various additives
and fillers that also could cause AEs. The few and lack of consis-
tent reports of particular severe AEs suggest that NAC is generally
considered a well-tolerated and safe medication overall.

In animal literature serious AEs of pulmonary hypertension has
been reported (Palmer et al., 2007) and also seizures have been
reported on overdose (Bailey et al., 2004). None of the clinical stud-
iesin this review reported these AEs. Serious anaphylactic reactions
have also been reported mostly associated with intravenous admin-
istration of NAC (Mroz et al., 1997). There were more AEs in ALS
studies that used a subcutaneous formulation including an injec-
tion site granuloma and an abscess along with hypersensitivity and
allergic reactions (De Jong et al., 1987; Kiither and Struppler, 1987).
No hypersensitivity or allergic reaction was seen in oral formula-
tion. No clear association could be seen between AEs and dose or
type of disease. Overall across studies it seems to be safe and well
tolerated with a low incidence of serious AEs.

5. Conclusion

The use of NAC has been studied in several psychiatric and neu-
rological disorders and seems to be a novel treatment approach.
Data is still limited in terms of quantity and quality of studies for
most of the disorders but overall the effect trends in a positive direc-
tion for many disorders. NAC treatment appears safe, tolerable and
affordable. It’s a medication worth exploring further. Further well
designed, larger controlled trials are needed for different psychi-
atric and neurological disorders. In addition, studies to elucidate
which of its many mechanisms of action are responsible for its
efficacy are required.
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Fig. 1. Selection of studies for systematic review of NAC use in different psychiatric
and neurological disorders. Flow diagram depicting inclusion and exclusion of trials
for the systematic review for each disorder. (A) Selection of studies for systematic
review of NAC use in addiction. (B) Selection of studies for systematic review of NAC
use in Alzheimer’s disease. (C) Selection of studies for systematic review of NAC use
in amyotrophic lateral sclerosis (ALS). (D) Selection of studies for systematic review
of NAC use in anxiety. (E) Selection of studies for systematic review of NAC use in
attention deficit hyperactivity disorder (ADHD). (F) Selection of studies for system-
atic review of NAC use in autism. (G) Selection of studies for systematic review of
NAC use in bipolar disorder (BPAD) and depression. (H) Selection of studies for sys-
tematic review of NAC use in epilepsy. (I) Selection of studies for systematic review
of NAC use in impulse control disorder. (J) Selection of studies for systematic review
of NAC use in neuropathy. (K) Selection of studies for systematic review of NAC
use in obsessive compulsive disorder (OCD). (L) Selection of studies for systematic
review of NAC use in schizophrenia. (M) Selection of studies for systematic review
of NAC use in traumatic brain injury (TBI).

Please cite this article in press as: Deepmala, et al., Clinical trials of N-acetylcysteine in psychiatry and neurology: A systematic review.
Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/j.neubiorev.2015.04.015



dx.doi.org/10.1016/j.neubiorev.2015.04.015

G Model
NBR2177 1-27

22 Deepmala et al. / Neuroscience and Biobehavioral Reviews xxx (2015 ) XXX—-XXX
(D) Search of NAC and Anxiety (G) Search of NAC and BPAD & Depression
N=15 N =45
> Unrelated, N =7 l—> Unrelated, N=6
Repeated, N =5 Repeated, N=1
Relevant R;'f";’gt
N=3 —
. . _ Review Articles, N = 20
" Review Articles, N =2 — News Reports = 3
v
Specific to Bipolar & Depression
Specific to Anxiety N=15
N=1
> Basic Science, N=5
;I Basic Science, N =0
A4
v Clinical Studies
fos ;. N=10
Clinical Studies

l“ ! | |

Controlled Trials, N =9 Uncontrolled Trials Case Study/Series
(BPAD-7; Depression-1) N = 1(BPAD) N = 1(Depression)
Case Study/Series
N=1
(H) Search of NAC and Epilepsy
E N =30
( ) Search of NAC and ADHD
N=2 > Unrelated, N = 13
> Unrelated, N=1
> Relevant
N=17
Relevant
N=1 :I Review Articles, N = 3 |
Review Articles, N =0 A\
v il Commentary, N =0 Specific to Epilepsy
N=14

Specific to ADHD

N=1 > Basic Science, N = 10 |

Basic Science, N=0

. A

A 4

Clinical Studies

X N=4

Clinical Studies

1

l Case Study/Series
N=4
Controlled Trials
N=1
(l) Search of NAC and Impulse Control Disorder
N=23

(F) Search of NAC and Autism Unrelated, N=3

N=11 Repeated, N = 2

| Unrelated, N=4 |

Repeated, N =0 N=18
Relevant ) Re_view Articles, N = 4
N=7 Discussion Paper or Letter, N =4

Specific to Impulse Control Disorder
JL | Review Articles, N = 2 | N=10
P N T |
Specific to Autism | asic Science, 0
N=5
A
> Basic Science, N =0 | Clinical Studies
N=10
~ l l l
Clinical Studies
N=5 Controlled Trials, N = 3 Uncontrolled Trials, N =1 Case Study/Series, N=6
(Nail Biting-2; (Skin Picking) (Grooming Behaviors-1; Nail Biting-1;
l l Trichotillomania-1) Skin picking-2; Trichotillomania-2; )
Controlled Trials Case Study/Series
N=3 N=2

Fig. 1. (Continued)
Fig. 1. (Continued)

ez has received grant support from the Brain and Behavior Research NAC in a formulation for oral administration. This formulation of 1168
s Foundation, Simons Foundation, Australian Rotary Health, Stan- NAC has been approved for use in clinical trials in the United 1169
e ley Medical Research Institute, Lilly, NHMRC and an ASBD/Servier States, Switzerland and Australia. The remainders of the authors 1170
es  grant. She has also received in kind support from BioMedica do not have any conflicts of interest associated with this pub- 17
nes  Nutraceuticals, NutritionCare and Bioceuticals. Charles Spielholz, lication. There has been no significant financial support for this 172
ez PhD is a consultant to BioAdvantex Pharma Inc. that manufactures work. 1173

Please cite this article in press as: Deepmala, et al., Clinical trials of N-acetylcysteine in psychiatry and neurology: A systematic review.
Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/j.neubiorev.2015.04.015



dx.doi.org/10.1016/j.neubiorev.2015.04.015

G Model
NBR21771-27

)

E——

y

Clinical Studies

N=2

l

}

Controlled Trials Case Study/Series
N=1 N=1
(K) Search of NAC and OCD
N=9
Unrelated, N=0
Repeat, N=1
Relevant
N=8

Review Articles, N=5

—

Specific to OCD

N=3

E——

Basic Science, N=1

¥

Clinical Studies

N=2

l

}

Controlled Trials
N=1

Case Study/Series
N=1

(L)

Search of NAC and Schizophrenia

N=51
> Unrelated, N=4
Repeated, N =2
Relevant
N=45

Y

4

Specific to Schizophrenia
N=27

Review Articles, N =13
Commentary, N=4
Other, N=1

— |

Basic Science, N =23

Y

Clinical Studies
N=4

}

Controlled Trials
N=3

Case Study/Series
N=1

Fig. 1. (Continued)

Deepmala et al. / Neuroscience and Biobehavioral Reviews xxx (2015) XxX—XXx 23
Search of NAC and Neuropathy (M) Search of NAC and TBI
N =32 N =30
l—>| Unrelated, N =2 > Unrelated, N =2
L 2 Repeat, N=1
Relevant
N =30 Relevant
N =27
—.l Review Articles, N =4 I
:I Review Articles, N =3 |
A
Specific to Neuropathy
N=26 Specific to TBI
N=24
Basic Science, N = 24

—

A4

Basic Science, N = 23 |

Clinical Studies
N=1

A 4

Controlled Trials
N=1

Fig. 1. (Continued)

Uncited references

Patel et al. (2014) and Simon et al. (2000).

Appendix 1.

References

Abraham, W.C., 2008. Metaplasticity: tuning synapses and networks for plasticity.
Nat. Rev. Neurosci. 9 (5), 387.

Abi-Dargham, A., 2007. Alterations of serotonin transmission in schizophrenia. Int.
Rev. Neurobiol. 78, 133-164.

Achat-Mendes, C., Anderson, K.L., Itzhak, Y., 2007. Impairment in consolidation of
learned place preference following dopaminergic neurotoxicity in mice is ame-
liorated by N-acetylcysteine but not D1 and D2 dopamine receptor agonists.
Neuropsychopharmacology 32 (3), 531-541.

Adair, J.C., Knoefel, J.E., Morgan, N., 2001. Controlled trial of N-acetylcysteine for
patients with probable Alzheimer’s disease. Neurology 57 (8), 1515-1517.
Afshar, H., Roohafza, H., Mohammad-Beigi, H., Haghighi, M., Jahangard, L., Shok-
ouh, P., Sadeghi, M., Hafezian, H., 2012. N-acetylcysteine add-on treatment
in refractory obsessive-compulsive disorder: a randomized, double-blind,

placebo-controlled trial. J. Clin. Psychopharmacol. 32 (6), 797-803.

Allen, J.W., Knoblach, S.M., Faden, A.L, 2000. Activation of group I metabotropic glu-
tamate receptors reduces neuronal apoptosis but increases necrotic cell death
in vitro. Cell Death Differ. 7 (5), 470-476.

Altuntas, 1., Aksoy, H., Coskun, 1., Caykoylu, A., Akcay, F., 2000. Erythrocyte superox-
ide dismutase and glutathione peroxidase activities, and malondialdehyde and
reduced glutathione levels in schizophrenic patients. Clin. Chem. Lab. Med. 38
(12),1277-1281.

Amen, S.L, Piacentine, L.B., Ahmad, M.E,, Li, S.J., Mantsch, J.R,, Risinger, R.C., Baker,
D.A., 2011. Repeated N-acetyl cysteine reduces cocaine seeking in rodents
and craving in cocaine-dependent humans. Neuropsychopharmacology 36 (4),
871-878.

Amrouche-Mekkioui, 1., Djerdjouri, B., 2012. N-acetylcysteine improves redox
status, mitochondrial dysfunction, mucin-depleted crypts and epithelial hyper-
plasia in dextran sulfate sodium-induced oxidative colitis in mice. Eur. ].
Pharmacol. 691 (1), 209-217.

Andreazza, A.C., Kapczinski, F., Kauer-Sant’Anna, M., Walz, ].C., Bond, D.J., Goncalves,
C.A., Young, L.T., Yatham, L.N., 2009. 3-Nitrotyrosine and glutathione antioxidant
system in patients in the early and late stages of bipolar disorder. ]. Psychiatry
Neurosci. 34 (4), 263-271.

Anglin, R.E., Garside, S.L., Tarnopolsky, M.A., Mazurek, M.F., Rosebush, P.I,, 2012a.
The psychiatric manifestations of mitochondrial disorders: a case and review of
the literature. J. Clin. Psychiatry 73 (4), 506-512.

Anglin, RE., Mazurek, M.F,, Tarnopolsky, M.A., Rosebush, P.I, 2012b. The mitochon-
drial genome and psychiatric illness. Am. J. Med. Genet. Part B: Neuropsychiatr.
Genet. 159b (7), 749-759.

Anglin, R.E.,Rosebush, P.I., Noseworthy, M.D., Tarnopolsky, M., Mazurek, M.F., 2012c.
Psychiatric symptoms correlate with metabolic indices in the hippocampus and
cingulate in patients with mitochondrial disorders. Transl. Psychiatry 2, e187.

Anglin, R.E., Tarnopolsky, M.A., Mazurek, M.F.,, Rosebush, P.I., 2012d. The psychi-
atric presentation of mitochondrial disorders in adults. J. Neuropsychiatry Clin.
Neurosci. 24 (4), 394-409.

Arakawa, M., Ito, Y., 2007. N-acetylcysteine and neurodegenerative diseases: basic
and clinical pharmacology. Cerebellum 6 (4), 308-314.

Please cite this article in press as: Deepmala, et al., Clinical trials of N-acetylcysteine in psychiatry and neurology: A systematic review.
Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/j.neubiorev.2015.04.015

1174

1175

1176

1177

1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224


dx.doi.org/10.1016/j.neubiorev.2015.04.015

1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310

G Model
NBR2177 1-27

24 Deepmala et al. / Neuroscience and Biobehavioral Reviews xxx (2015) XxX—XXx

Baeuerle, P.A., Henkel, T., 1994. Function and activation of NF-kappa B in the immune
system. Annu. Rev. Immunol. 12, 141-179.

Bailey, B., Blais, R., Letarte, A., 2004. Status epilepticus after a massive intravenous
N-acetylcysteine overdose leading to intracranial hypertension and death. Ann.
Emerg. Med. 44 (4), 401-406.

Baker, D.A., Madayag, A., Kristiansen, L.\V., Meador-Woodruff, J.H., Haroutunian,
V., Rajy, 1, 2008. Contribution of cystine-glutamate antiporters to the psy-
chotomimetic effects of phencyclidine. Neuropsychopharmacology 33 (7),
1760-1772.

Baker, D.A., McFarland, K., Lake, R.W., Shen, H., Tang, X.C., Toda, S., Kalivas, P.W., 2003.
Neuroadaptations in cystine-glutamate exchange underlie cocaine relapse. Nat.
Neurosci. 6 (7), 743-749.

Baker, D.A., Shen, H., Kalivas, P.W., 2002a. Cystine/glutamate exchange serves as the
source for extracellular glutamate: modifications by repeated cocaine adminis-
tration. Amino Acids 23 (1-3), 161-162.

Baker, D.A., Xi, Z.X., Shen, H., Swanson, CJ., Kalivas, P.W., 2002b. The origin and neu-
ronal function of in vivo nonsynaptic glutamate. J. Neurosci. 22 (20), 9134-9141.

Baker, S.K., Lipson, D.M., 2010. Vincristine-induced peripheral neuropathy in a
neonate with congenital acute lymphoblastic leukemia. ]. Pediatr. Hematol.
Oncol. 32 (3),e114-e117.

Banjac, A., Perisic, T., Sato, H., Seiler, A., Bannai, S., Weiss, N., Kolle, P., Tschoep, K.,
Issels, R.D., Daniel, P.T., Conrad, M., Bornkamm, G.W., 2008. The cystine/cysteine
cycle: a redox cycle regulating susceptibility versus resistance to cell death.
Oncogene 27 (11), 1618-1628.

Barger, S.W., Basile, A.S., 2001. Activation of microglia by secreted amyloid precursor
protein evokes release of glutamate by cystine exchange and attenuates synaptic
function. J. Neurochem. 76 (3), 846-854.

Basha, R.H., Priscilla, D.H., 2013. An in vivo and in vitro study on the protec-
tive effects of N-acetylcysteine on mitochondrial dysfunction in isoproterenol
treated myocardial infarcted rats. Exp. Toxicol. Pathol. 65 (1/2), 7-14.

Baumgarten, H.G., Grozdanovic, Z., 1997. Role of serotonin in obsessive-compulsive
disorder. Br. ]. Psychiatry Suppl. 35, 13-20.

Bauzo, R.M., Kimmel, H.L., Howell, L.L.,, 2012. The cystine-glutamate transporter
enhancer N-acetyl-L-cysteine attenuates cocaine-induced changes in striatal
dopamine but not self-administration in squirrel monkeys. Pharmacol. Biochem.
Behav. 101 (2), 288-296.

Bavarsad Shahripour, R., Harrigan, M.R., Alexandrov, A.V., 2014. N-acetylcysteine
(NAC) in neurological disorders: mechanisms of action and therapeutic oppor-
tunities. Brain Behav. 4 (2), 108-122.

Behr, G.A., Moreira, ].C., Frey, B.N., 2012. Preclinical and clinical evidence of antiox-
idant effects of antidepressant agents: implications for the pathophysiology of
major depressive disorder. Oxid. Med. Cell. Longev. 2012, 609421.

Ben-Menachem, E., Kyllerman, M., Marklund, S., 2000. Superoxide dismutase and
glutathione peroxidase function in progressive myoclonus epilepsies. Epilepsy
Res. 40 (1), 33-39.

Berk, M., Copolov, D., Dean, O., Lu, K., Jeavons, S., Schapkaitz, 1., Anderson-Hunt,
M., Judd, F., Katz, F., Katz, P., Ording-Jespersen, S., Little, J., Conus, P., Cuenod,
M., Do, K.Q., Bush, A.L, 2008a. N-acetyl cysteine as a glutathione precursor for
schizophrenia - a double-blind, randomized, placebo-controlled trial. Biol. Psy-
chiatry 64 (5), 361-368.

Berk, M., Copolov, D.L., Dean, O., Ly, K., Jeavons, S., Schapkaitz, I., Anderson-Hunt, M.,
Bush, A.L, 2008b. N-acetyl cysteine for depressive symptoms in bipolar disorder
- a double-blind randomized placebo-controlled trial. Biol. Psychiatry 64 (6),
468-475.

Berk, M., Dean, O., Cotton, S.M., Gama, C.S., Kapczinski, F., Fernandes, B.S., Kohlmann,
K., Jeavons, S., Hewitt, K., Allwang, C., Cobb, H., Bush, A.L, Schapkaitz, I., Dodd, S.,
Malhi, G.S., 2011a. The efficacy of N-acetylcysteine as an adjunctive treatment
in bipolar depression: an open label trial. ]. Affect. Disord. 135 (1-3), 389-394.

Berk, M., Dean, O.M., Cotton, S.M., Gama, C.S., Kapczinski, F., Fernandes, B., Kohlmann,
K., Jeavons, S., Hewitt, K., Moss, K., Allwang, C., Schapkaitz, I., Cobb, H., Bush, A.L,
Dodd, S., Malhi, G.S., 2012. Maintenance N-acetyl cysteine treatment for bipolar
disorder: a double-blind randomized placebo controlled trial. BMC Med. 10, 91.

Berk, M., Dean, O., Cotton, S.M., Jeavons, S., Tanious, M., Kohlmann, K., Hewitt, K.,
2014. The efficacy of adjunctive N-acetylcysteine in major depressive disor-
der: a double-blind, randomized, placebo-controlled trial. J. Clin. Psychiatry 75,
628-636.

Berk, M., Dodd, S., Kauer-Sant’Anna, M., Malhi, G.S., Bourin, M., Kapczinski, F., Nor-
man, T., 2007. Dopamine dysregulation syndrome: implications for a dopamine
hypothesis of bipolar disorder. Acta Psychiatr. Scand. 116 (s434), 41-49.

Berk, M., Jeavons, S., Dean, O.M., Dodd, S., Moss, K., Gama, C.S., Malhi, G.S., 2009.
Nail-biting stuff? The effect of N-acetyl cysteine on nail-biting. CNS Spectr. 14
(7),357-360.

Berk, M., Malhi, G.S., Gray, LJ., Dean, 0.M., 2013. The promise of N-acetylcysteine in
neuropsychiatry. Trends Pharmacol. Sci. 34 (3), 167-177.

Berk, M., Munib, A., Dean, O., Malhi, G.S., Kohlmann, K., Schapkaitz, I., Jeavons, S.,
Katz, F., Anderson-Hunt, M., Conus, P., Hanna, B., Otmar, R., Ng, F., Copolov, D.L.,
Bush, A.L, 2011b. Qualitative methods in early-phase drug trials: broadening the
scope of data and methods from an RCT of N-acetylcysteine in schizophrenia. J.
Clin. Psychiatry 72 (7), 909-913.

Bernardo, M., Dodd, S., Gama, C.S., Copolov, D.L, Dean, O., Kohlmann, K., Jeav-
ons, S., Schapkaitz, 1., Anderson-Hunt, M., Bush, A.L, Berk, M., 2009. Effects of
N-acetylcysteine on substance use in bipolar disorder: a randomised placebo-
controlled clinical trial. Acta Neuropsychiatr. 21 (6), 285-291.

Bilici, M., Efe, H., Koroglu, M.A., Uydu, H.A., Bekaroglu, M., Deger, O., 2001. Antioxida-
tive enzyme activities and lipid peroxidation in major depression: alterations
by antidepressant treatments. J. Affect. Disord. 64 (1), 43-51.

Blackwell, T.S., Blackwell, T.R., Holden, E.P., Christman, B.W., Christman, J.W., 1996.
In vivo antioxidant treatment suppresses nuclear factor-kappa B activation and
neutrophilic lung inflammation. J. Immunol. 157 (4), 1630-1637.

Bloch, M.H., Panza, K.E., Grant, ].E., Pittenger, C., Leckman, ].F.,2013. N-acetylcysteine
in the treatment of pediatric trichotillomania: a randomized, double-blind,
placebo-controlled add-on trial. J. Am. Acad. Child Adolesc. Psychiatry 52 (3),
231-240.

Bulut, M., Savas, H.A,, Altindag, A., Virit, O., Dalkilic, A., 2009. Beneficial effects of
N-acetylcysteine in treatment resistant schizophrenia. World J. Biol. Psychiatry
10 (4 Pt 2), 626-628.

Cadet, J.L.,, Jayanthi, S., Deng, X., 2003. Speed kills: cellular and molecular bases of
methamphetamine-induced nerve terminal degeneration and neuronal apopto-
sis. FASEB]. 17 (13), 1775-1788.

Capuron, L., Ravaud, A., Dantzer, R., 2000. Early depressive symptoms in cancer
patients receiving interleukin 2 and/or interferon alfa-2b therapy. J. Clin. Oncol.
18(10),2143-2151.

Capuron, L., Ravaud, A., Gualde, N., Bosmans, E., Dantzer, R., Maes, M., Neveu, PJ.,
2001. Association between immune activation and early depressive symptoms
in cancer patients treated with interleukin-2-based therapy. Psychoneuroen-
docrinology 26 (8), 797-808.

Capuron, L., Ravaud, A, Miller, A.H., Dantzer, R., 2004. Baseline mood and psy-
chosocial characteristics of patients developing depressive symptoms during
interleukin-2 and/or interferon-alpha cancer therapy. Brain Behav. Immun. 18
(3),205-213.

Carlezon Jr., W.A., Nestler, E.J., 2002. Elevated levels of GluR1 in the midbrain:
a trigger for sensitization to drugs of abuse? Trends Neurosci. 25 (12),
610-615.

Carvalho, A.F., Macedo, D.S., Goulia, P., Hyphantis, T.N., 2013. N-acetylcysteine aug-
mentation to tranylcypromine in treatment-resistant major depression. J. Clin.
Psychopharmacol. 33 (5), 719-720.

Chakrabarty, K., Bhattacharyya, S., Christopher, R., Khanna, S., 2005. Glutamatergic
dysfunction in OCD. Neuropsychopharmacology 30 (9), 1735-1740.

Chen, G,, Shi, ]., Hu, Z., Hang, C., 2008. Inhibitory effect on cerebral inflammatory
response following traumatic brain injury in rats: a potential neuroprotective
mechanism of N-acetylcysteine. Mediat. Inflamm. 2008, 716458.

Cook, E.H., Courchesne, R, Lord, C., Cox, N.J., Yan, S., Lincoln, A., Haas, R., Courchesne,
E., Leventhal, B.L., 1997. Evidence of linkage between the serotonin transporter
and autistic disorder. Mol. Psychiatry 2, 247-250.

Cornish, J.L., Kalivas, P.W., 2000. Glutamate transmission in the nucleus accumbens
mediates relapse in cocaine addiction. J. Neurosci. 20 (15), Rc89.

Cornish, J.L., Kalivas, P.W., 2001. Cocaine sensitization and craving: differing roles
for dopamine and glutamate in the nucleus accumbens. J. Addict. Dis. 20 (3),
43-54.

Csontos, C.,Rezman, B., Foldi, V., Bogar, L., Drenkovics, L., Roth, E., Weber, G., Lantos, J.,
2012. Effect of N-acetylcysteine treatment on oxidative stress and inflammation
after severe burn. Burns 38 (3), 428-437.

Das, P., Tanious, M., Fritz, K., Dodd, S., Dean, 0.M., Berk, M., Malhi, G.S., 2013. Metabo-
lite profiles in the anterior cingulate cortex of depressed patients differentiate
those taking N-acetyl-cysteine versus placebo. Aust. N. Z. ]. Psychiatry, http://
dx.doi.org/10.1177/0004867412474074

Davidson, C., Gow, AJ., Lee, T.H., Ellinwood, E.H., 2001. Methamphetamine neuro-
toxicity: necrotic and apoptotic mechanisms and relevance to human abuse and
treatment. Brain Res. Rev. 36 (1), 1-22.

De Rosa, S.C., Zaretsky, M.D., Dubs, J.G., Roederer, M., Anderson, M., Green, A., Mitra,
D., Watanabe, N., Nakamura, H., Tjioe, 1., Deresinski, S.C., Moore, W.A., Ela, SW.,
Parks, D., Herzenberg, L.A., Herzenberg, L.A., 2000. N-acetylcysteine replenishes
glutathione in HIV infection. Eur. J. Clin. Investig. 30 (10), 915-929.

De Jong, ].M.B.V,, den Hartog Jager, W.A,, Vyth, A., Timmer, J.G., 1987. Attempted
treatment of motor neuron disease with N-acetylcysteine and dithiothreitol.
Adv. Exp. Med. Biol. 209, 277-280.

Dean, O.M., Bush, A, Copolov, D.L, Kohlmann, K., Jeavons, S., Schapkaitz, I.,
Anderson-Hunt, M., Berk, M., 2012. Effects of N-acetyl cysteine on cognitive
function in bipolar disorder. Psychiatry Clin. Neurosci. 66 (6), 514-517.

Dean, O., Giorlando, F., Berk, M., 2011. N-acetylcysteine in psychiatry: current ther-
apeutic evidence and potential mechanisms of action. J. Psychiatry Neurosci. 36
(2), 78-86.

Dekhuijzen, P.N., van Beurden, W/J., 2006. The role for N-acetylcysteine in the man-
agement of COPD. Int. J. Chronic Obstr. Pulm. Dis. 1 (2), 99-106.

Deng, W., Wang, H., Rosenberg, P.A., Volpe, ]J., Jensen, F.E., 2004. Role of
metabotropic glutamate receptors in oligodendrocyte excitotoxicity and oxida-
tive stress. Proc. Natl. Acad. Sci. U. S. A. 101 (20), 7751-7756.

Di Ciano, P., Everitt, B.J., 2001. Dissociable effects of antagonism of NMDA and
AMPA/KA receptors in the nucleus accumbens core and shell on cocaine-seeking
behavior. Neuropsychopharmacology 25 (3), 341-360.

Dowlati, Y., Herrmann, N., Swardfager, W., Liu, H., Sham, L., Reim, E.K., Lanctot, K.L.,
2010. A meta-analysis of cytokines in major depression. Biol. Psychiatry 67 (5),
446-457.

Drexhage, R.C., Knijff, E.M., Padmos, R.C., Heul-Nieuwenhuijzen, L., Beumer, W., Ver-
snel, M.A., Drexhage, H.A., 2010. The mononuclear phagocyte system and its
cytokine inflammatory networks in schizophrenia and bipolar disorder. Expert
Rev. Neurother. 10 (1), 59-76.

Dringen, R., Hirrlinger, J., 2003. Glutathione pathways in the brain. Biol. Chem. 384
(4), 505-516.

Dringen, R., Pfeiffer, B., Hamprecht, B., 1999. Synthesis of the antioxidant glutathione
in neurons: supply by astrocytes of CysGly as precursor for neuronal glutathione.
J. Neurosci. 19 (2), 562-569.

Please cite this article in press as: Deepmala, et al., Clinical trials of N-acetylcysteine in psychiatry and neurology: A systematic review.
Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/j.neubiorev.2015.04.015

Q9

1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396


dx.doi.org/10.1016/j.neubiorev.2015.04.015
dx.doi.org/10.1177/0004867412474074
dx.doi.org/10.1177/0004867412474074
dx.doi.org/10.1177/0004867412474074
dx.doi.org/10.1177/0004867412474074
dx.doi.org/10.1177/0004867412474074
dx.doi.org/10.1177/0004867412474074
dx.doi.org/10.1177/0004867412474074

G Model
NBR21771-27

Deepmala et al. / Neuroscience and Biobehavioral Reviews xxx (2015) XxX—XXx 25

Edwards, M.JJ., Hargreaves, LP., Heales, SJ.R,, Jones, SJ., Ramachandran, V., Bha-
tia, K.P., Sisodiya, S., 2002. N-acetylcysteine and Unverricht-Lundborg disease:
variable response and possible side effects. Neurology 59 (9), 1447-1449.

Elliott, T.E., Renier, C.M., Palcher, J.A., 2003. Chronic pain, depression, and quality of
life: correlations and predictive value of the SF-36. Pain Med. 4 (4), 331-339.

Everitt, BJ., Wolf, M.E., 2002. Psychomotor stimulant addiction: a neural systems
perspective. ]. Neurosci. 22 (9), 3312-3320.

Farokhnia, M., Azarkolah, A., Adinehfar, F., Khodaie-Ardakani, M.R., Hosseini, S.M.,
Yekehtaz, H., Tabrizi, M., Rezaei, F., Salehi, B., Sadeghi, S.M., Moghadam, M.,
Gharibi, F., Mirshafiee, 0., Akhondzadeh, S., 2013. N-acetylcysteine as an adjunct
to risperidone for treatment of negative symptoms in patients with chronic
schizophrenia: arandomized, double-blind, placebo-controlled study. Clin. Neu-
ropharmacol. 36 (6), 185-192.

Flora, S.J., 1999. Arsenic-induced oxidative stress and its reversibility following com-
bined administration of N-acetylcysteine and meso 2,3-dimercaptosuccinic acid
in rats. Clin. Exp. Pharmacol. Physiol. 26 (11), 865-869.

Fukami, G., Hashimoto, K., Koike, K., Okamura, N., Shimizu, E., Iyo, M., 2004. Effect
of antioxidant N-acetyl-L-cysteine on behavioral changes and neurotoxicity in
rats after administration of methamphetamine. Brain Res. 1016 (1), 90-95.

Fullerton, .M., Tiwari, Y., Agahi, G., Heath, A., Berk, M., Mitchell, P.B., Schofield, P.R.,
2010. Assessing oxidative pathway genes as risk factors for bipolar disorder.
Bipolar Disord. 12 (5), 550-556.

Fumagalli, F., Gainetdinov, R.R., Valenzano, K.J., Caron, M.G., 1998. Role of dopamine
transporter in methamphetamine-induced neurotoxicity: evidence from mice
lacking the transporter. J. Neurosci. 18 (13), 4861-4869.

Gandhi, S., Abramov, A.Y., 2012. Mechanism of oxidative stress in neurodegenera-
tion. Oxid. Med. Cell. Longev. 2012, 428010.

Garcia, R, Francis, L., Dawood, M., Lai, ZW., Faraone, S.V., Perl, A., 2013. Atten-
tion deficit and hyperactivity disorder scores are elevated and respond to
N-acetylcysteine treatment in patients with systemic lupus erythematosus.
Arthritis Rheum. 65 (5), 1313-1318.

Gatti, S., Faggioni, R., Echtenacher, B., Ghezzi, P., 1993. Role of tumour necrosis factor
and reactive oxygen intermediates in lipopolysaccharide-induced pulmonary
oedema and lethality. Clin. Exp. Immunol. 91 (3), 456-461.

Gawryluk, J.W., Wang, J.F., Andreazza, A.C.,, Shao, L., Young, L.T., 2011. Decreased
levels of glutathione, the major brain antioxidant, in post-mortem prefrontal
cortex from patients with psychiatric disorders. Int. ]J. Neuropsychopharmacol.
14 (1), 123-130.

Geiler, J., Michaelis, M., Naczk, P., Leutz, A., Langer, K., Doerr, HW., Cinatl Jr., ].,
2010. N-acetyl-L-cysteine (NAC) inhibits virus replication and expression of pro-
inflammatory molecules in A549 cells infected with highly pathogenic H5N1
influenza A virus. Biochem. Pharmacol. 79 (3), 413-420.

Ghanizadeh, A., Derakhshan, N., 2012. N-acetylcysteine for treatment of autism, a
case report. J. Res. Med. Sci. 17 (10), 985-987.

Ghanizadeh, A., Derakhshan, N., Berk, M., 2013. N-acetylcysteine versus placebo for
treating nail biting, a double blind randomized placebo controlled clinical trial.
Antiinflamm. Antiallergy Agents Med. Chem. 12 (3), 223-228.

Ghanizadeh, A., Moghimi-Sarani, E., 2013. A randomized double blind placebo con-
trolled clinical trial of N-acetylcysteine added to risperidone for treating autistic
disorders. BMC Psychiatry 13 (1), 196.

Gilbert, K.R., Aizenman, E., Reynolds, L]., 1991. Oxidized glutathione modulates N-
methyl-D-aspartate- and depolarization-induced increases in intracellular Ca2*
in cultured rat forebrain neurons. Neurosci. Lett. 133 (1), 11-14.

Goldstein, R.Z., Volkow, N.D., 2002. Drug addiction and its underlying neurobiologi-
cal basis: neuroimaging evidence for the involvement of the frontal cortex. Am.
J. Psychiatry 159 (10), 1642-1652.

Grant, J.E., Kim, S.W.,, Odlaug, B.L., 2007. N-acetyl cysteine, a glutamate-modulating
agent, in the treatment of pathological gambling: a pilot study. Biol. Psychiatry
62 (6), 652-657.

Grant, ].E., Odlaug, B.L., Chamberlain, S.R., Keuthen, NJ., Lochner, C., Stein, D.J., 2012.
Skin picking disorder. Am. J. Psychiatry 169 (11), 1143-1149.

Grant, J.E., Odlaug, B.L., Chamberlain, S.R., Potenza, M.N., Schreiber, L.R., Donahue,
C.B.,Kim, S.W., 2014. A randomized, placebo-controlled trial of N-acetylcysteine
plus imaginal desensitization for nicotine-dependent pathological gamblers. J.
Clin. Psychiatry 75 (1), 39-45.

Grant, J.E., Odlaug, B.L., Kim, S.W., 2009. N-acetylcysteine, a glutamate modulator,
in the treatment of trichotillomania: a double-blind, placebo-controlled study.
Arch. Gen. Psychiatry 66 (7), 756-763.

Grant, J.E., Odlaug, B.L., Kim, S.W., 2010. A double-blind, placebo-controlled study
of N-acetyl cysteine plus naltrexone for methamphetamine dependence. Eur.
Neuropsychopharmacol. 20 (11), 823-828.

Gray, K.M., Carpenter, M.J,, Baker, N.L., DeSantis, S.M., Kryway, E., Hartwell, K.,
McRae-Clark, A.L., Brady, K.T., 2012. A double-blind randomized controlled trial
of N-acetylcysteine in cannabis-dependent adolescents. Am. J. Psychiatry 169
(8), 805-812.

Gray, K.M., Watson, N.L., Carpenter, M.]., Larowe, S.D., 2010. N-acetylcysteine (NAC)
in young marijuana users: an open-label pilot study. Am. J. Addict. 19 (2),
187-189.

Green, ].L., Heard, K.J., Reynolds, K.M., Albert, D., 2013. Oral and intravenous acetyl-
cysteine for treatment of acetaminophen toxicity: a systematic review and
meta-analysis. West. J. Emerg. Med. 14 (3), 218-226.

Hardan, AY., Fung, LK, Libove, R.A., Obukhanych, T.V., Nair, S., Herzenberg, L.A.,
Frazier, T.W., Tirouvanziam, R., 2012. A randomized controlled pilot trial of oral
N-acetylcysteine in children with autism. Biol. Psychiatry 71 (11), 956-961.

Hastings, T.G., 2009. The role of dopamine oxidation in mitochondrial dysfunction:
implications for Parkinson’s disease. J. Bioenerg. Biomembr. 41 (6), 469-472.

Heinz, A., Schlagenhauf, F., 2010. Dopaminergic dysfunction in schizophrenia:
salience attribution revisited. Schizophr. Bull. 36 (3), 472-485.

Hoffer, M.E., Balaban, C., Slade, M.D., Tsao, J.W., Hoffer, B., 2013. Amelioration of
acute sequelae of blast induced mild traumatic brain injury by N-acetyl cysteine:
a double-blind, placebo controlled study. PLOS ONE 8 (1), e54163.

Holmay, M.J., Terpstra, M., Coles, L.D., Mishra, U., Ahlskog, M., Oz, G., Cloyd, ].C., Tuite,
PJ., 2012. N-Acetylcysteine boosts brain and blood glutathione in Gaucher and
Parkinson diseases. Clin. Neuropharmacol. 36 (4), 103-106.

Hotsenpiller, G., Giorgetti, M., Wolf, M.E., 2001. Alterations in behaviour and gluta-
mate transmission following presentation of stimuli previously associated with
cocaine exposure. Eur. J. Neurosci. 14 (11), 1843-1855.

Howick, J., Chalmers, I, Glasziou, P., Greenhalgh, T., Heneghan, C., Liberati, A.,
Moschetti, 1., Phillips, B., Thornton, H., Goddard, O., Hodgkinson, M., 2011.
The Oxford 2011 Levels of Evidence. http://www.cebm.net/index.aspx?0=5653
(retrieved 03.09.11).

Hurd, RW., Wilder, B.J., Helveston, W.R., Uthman, B.M., 1996. Treatment of four
siblings with progressive myoclonus epilepsy of the Unverricht-Lundborg type
with N-acetylcysteine. Neurology 47 (5), 1264-1268.

Hyman, S.E., Malenka, R.C., Nestler, E.J., 2006. Neural mechanisms of addiction: the
role of reward-related learning and memory. Annu. Rev. Neurosci. 29, 565-598.

James, SJ., Cutler, P., Melnyk, S., Jernigan, S., Janak, L., Gaylor, D.W., Neubrander, J.A.,
2004. Metabolic biomarkers of increased oxidative stress and impaired methy-
lation capacity in children with autism. Am. J. Clin. Nutr. 80 (6), 1611-1617.

James, S.J., Melnyk, S., Jernigan, S., Cleves, M.A., Halsted, C.H., Wong, D.H., Cutler,
P., Bock, K., Boris, M., Bradstreet, J.J., Baker, S.M., Gaylor, D.W., 2006. Metabolic
endophenotype and related genotypes are associated with oxidative stress in
children with autism. Am. ]J. Med. Genet. Part B: Neuropsychiatr. Genet. 141b
(8),947-956.

James, SJ., Melnyk, S., Jernigan, S., Hubanks, A., Rose, S., Gaylor, D.W., 2008.
Abnormal transmethylation/transsulfuration metabolism and DNA hypomethy-
lation among parents of children with autism. J. Autism Dev. Disord. 38 (10),
1966-1975.

James, S.J., Rose, S., Melnyk, S., Jernigan, S., Blossom, S., Pavliv, O., Gaylor, D.W., 2009.
Cellular and mitochondrial glutathione redox imbalance in lymphoblastoid cells
derived from children with autism. FASEB J. 23 (8), 2374-2383.

Jatana, M., Singh, L, Singh, A.K., Jenkins, D., 2006. Combination of systemic hypother-
mia and N-acetylcysteine attenuates hypoxic-ischemic brain injury in neonatal
rats. Pediatr. Res. 59 (5), 684-689.

Jobe, P.C., Dailey, J.W., Wernicke, J.F., 1998. A noradrenergic and serotonergic
hypothesis of the linkage between epilepsy and affective disorders. Crit. Rev.
Neurobiol. 13 (4), 317-356.

Jones, S., Kauer, J.A., 1999. Amphetamine depresses excitatory synaptic transmis-
sion via serotonin receptors in the ventral tegmental area. J. Neurosci. 19 (22),
9780-9787.

Kantrowitz, ].T., Javitt, D.C., 2010a. N-methyl-p-aspartate (NMDA) receptor dysfunc-
tion or dysregulation: the final common pathway on the road to schizophrenia?
Brain Res. Bull. 83 (3-4), 108-121.

Kantrowitz, ].T., Javitt, D.C., 2010b. Thinking glutamatergically: changing concepts
of schizophrenia based upon changing neurochemical models. Clin. Schizophr.
Relat. Psychos. 4 (3), 189-200.

Kau, K.S., Madayag, A., Mantsch, J.R., Grier, M.D., Abdulhameed, O., Baker, D.A., 2008.
Blunted cystine-glutamate antiporter function in the nucleus accumbens pro-
motes cocaine-induced drug seeking. Neuroscience 155 (2), 530-537.

Kays, J.L., Hurley, RA., Taber, K.H., 2012. The dynamic brain: neuroplasticity and
mental health. J. Neuropsychiatry Clin. Neurosci. 24 (2), 118-124.

Khan, M., Sekhon, B., Jatana, M., Giri, S., Gilg, A.G., Sekhon, C,, Singh, 1., Singh, AK.,
2004. Administration of N-acetylcysteine after focal cerebral ischemia protects
brain and reduces inflammation in a rat model of experimental stroke. J. Neu-
rosci. Res. 76 (4), 519-527.

Kigerl, K.A., Ankeny, D.P., Garg, S.K., Wei, P., Guan, Z,, Lai, W., McTigue, D.M., Banerjee,
R., Popovich, P.G., 2012. System x(c)(—) regulates microglia and macrophage
glutamate excitotoxicity in vivo. Exp. Neurol. 233 (1), 333-341.

Knackstedt, L.A., LaRowe, S., Mardikian, P., Malcolm, R., Upadhyaya, H., Hed-
den, S., Markou, A. Kalivas, P.W., 2009. The role of cystine-glutamate
exchange in nicotine dependence in rats and humans. Biol. Psychiatry 65 (10),
841-845.

Konradi, C., Eaton, M., MacDonald, M.L., Walsh, ]., Benes, F.M., Heckers, S., 2004.
Molecular evidence for mitochondrial dysfunction in bipolar disorder. Arch. Gen.
Psychiatry 61 (3), 300-308.

Kopke, R., Slade, M.D., Jackson, R., Hammill, T., Fausti, S., Lonsbury-Martin, B., Sander-
son, A., Dreisbach, L., Rabinowitz, P., Torre III, P., Balough, B., 2015. Efficacy
and safety of N-acetylcysteine in prevention of noise induced hearing loss: a
randomized clinical trial. Hear. Res., pii:S0378-5955(15)00005-2.

Kranich, O., Dringen, R., Sandberg, M., Hamprecht, B., 1998. Utilization of cysteine
and cysteine precursors for the synthesis of glutathione in astroglial cultures:
preference for cystine. Glia 22 (1), 11-18.

Kunz, M., Gama, C.S., Andreazza, A.C,, Salvador, M., Cereser, K.M., Gomes, F.A.,
Belmonte-de-Abreu, P.S., Berk, M., Kapczinski, F., 2008. Elevated serum super-
oxide dismutase and thiobarbituric acid reactive substances in different phases
of bipolar disorder and in schizophrenia. Prog. Neuropsychopharmacol. Biol.
Psychiatry 32 (7), 1677-1681.

Kupchik, Y.M., Moussawi, K., Tang, X.C., Wang, X., Kalivas, B.C., Kolokithas, R.,Ogburn,
K.B.,Kalivas, P.W., 2012. The effect of N-acetylcysteine in the nucleus accumbens
on neurotransmission and relapse to cocaine. Biol. Psychiatry 71 (11), 978-986.

Kiither, G., Struppler, A., 1987. Therapeutic trial with N-acetylcysteine in amy-
otrophic lateral sclerosis. Adv. Exp. Med. Biol. 209, 281-284.

Please cite this article in press as: Deepmala, et al., Clinical trials of N-acetylcysteine in psychiatry and neurology: A systematic review.
Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/j.neubiorev.2015.04.015

1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568


dx.doi.org/10.1016/j.neubiorev.2015.04.015
http://www.cebm.net/index.aspx?o=5653
http://www.cebm.net/index.aspx?o=5653
http://www.cebm.net/index.aspx?o=5653
http://www.cebm.net/index.aspx?o=5653
http://www.cebm.net/index.aspx?o=5653
http://www.cebm.net/index.aspx?o=5653

1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581

1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621

1622
1623
1624
1625
1626
1627
1628
1629
1630
1631

1632
1633
1634
1635
1636
1637
1638
1639
1640
1641

1642
1643
1644
1645
1646
1647
1648
1649
1650
1651

1652
1653
1654

G Model
NBR2177 1-27

26 Deepmala et al. / Neuroscience and Biobehavioral Reviews xxx (2015) XxX—XXx

Lafleur, D.L,, Pittenger, C., Kelmendi, B., Gardner, T., Wasylink, S., Malison, R.T., Sana-
cora, G., Krystal, ].H., Coric, V., 2006. N-acetylcysteine augmentation in serotonin
reuptake inhibitor refractory obsessive-compulsive disorder. Psychopharma-
cology (Berl.) 184 (2), 254-256.

LaRowe, S.D., Kalivas, P.W., Nicholas, J.S., Randall, P.K., Mardikian, P.N., Malcolm,
RJ., 2013. A double-blind placebo-controlled trial of N-acetylcysteine in the
treatment of cocaine dependence. Am. J. Addict. 22 (5), 443-452.

LaRowe, S.D., Mardikian, P., Malcolm, R., Myrick, H., Kalivas, P., McFarland, K., Sal-
adin, M., McRae, A., Brady, K., 2006. Safety and tolerability of N-acetylcysteine
in cocaine-dependent individuals. Am. J. Addict. 15 (1), 105-110.

LaRowe, S.D., Myrick, H., Hedden, S., Mardikian, P., Saladin, M., McRae, A., Brady, K.,
Kalivas, P.W., Malcolm, R., 2007. [s cocaine desire reduced by N-acetylcysteine?
Am. ]. Psychiatry 164 (7), 1115-1117.

Lee, M.Y., Chiang, C.C., Chiu, H.Y., Chan, M.H., Chen, H.H., 2014. N-acetylcysteine
modulates hallucinogenic 5-HT(2A) receptor agonist-mediated responses:
behavioral, molecular, and electrophysiological studies. Neuropharmacology 81,
215-223.

Lehesjoki, A.E., Koskiniemi, M., 1998. Clinical features and genetics of progres-
sive myoclonus epilepsy of the Unverricht-Lundborg type. Ann. Med. 30 (5),
474-480.

Leslie, S.W., Brown, L.M., Trent, R.D., Lee, Y.H., Morris, J.L., Jones, T.W., Randall,
P.K, Lay, S.S., Monks, T.J., 1992. Stimulation of N-methyl-p-aspartate receptor-
mediated calcium entry into dissociated neurons by reduced and oxidized
glutathione. Mol. Pharmacol. 41 (2), 308-314.

Lipton, S.A., Rosenberg, P.A., 1994. Excitatory amino acids as a final common pathway
for neurologic disorders. N. Engl. ]. Med. 330 (9), 613-622.

Lifshitz, J., Sullivan, P.G., Hovda, D.A., Wieloch, T., McIntosh, T.K., 2004. Mitochon-
drial damage and dysfunction in traumatic brain injury. Mitochondrion 4 (5),
705-713.

Lin, P.C., Lee, M.Y., Wang, W.S., Yen, C.C., Chao, T.C., Hsiao, L.T., Yang, M.H., Chen, P.M.,
Lin, K.P., Chiou, T.J., 2006. N-acetylcysteine has neuroprotective effects against
oxaliplatin-based adjuvant chemotherapy in colon cancer patients: preliminary
data. Support. Care Cancer 14 (5), 484-487.

Liu, X.H., Xu, C.Y., Fan, G.H., 2014. Efficacy of N-acetylcysteine in preventing atrial
fibrillation after cardiac surgery: a meta-analysis of published randomized con-
trolled trials. BMC Cardiovasc. Disord. 14, 52.

Louwerse, E.S., Weverling, G.J., Bossuyt, P.M.M., Posthumus Meyjes, F.E., De Jong,
J.M.B.V,, 1995. Randomized, double-blind, controlled trial of acetylcysteine in
amyotrophic lateral sclerosis. Arch. Neurol. 52 (6), 559-564.

Madayag, A., Lobner, D., Kau, K.S., Mantsch, ].R., Abdulhameed, O., Hearing, M.,
Grier, M.D., Baker, D.A., 2007. Repeated N-acetylcysteine administration alters
plasticity-dependent effects of cocaine. J. Neurosci. 27 (51), 13968-13976.

Maes, M., Galecki, P., Chang, Y.S., Berk, M., 2011. A review on the oxidative and
nitrosative stress (O&NS) pathways in major depression and their possible
contribution to the (neuro)degenerative processes in that illness. Prog. Neu-
ropsychopharmacol. Biol. Psychiatry 35 (3), 676-692.

Magalhaes, P.V., Dean, 0.M., Bush, A.L, Copolov, D.L., Malhi, G.S., Kohlmann, K., Jeav-
ons, S., Schapkaitz, 1., Anderson-Hunt, M., Berk, M., 2011a. N-acetyl cysteine
add-on treatment for bipolar II disorder: a subgroup analysis of a randomized
placebo-controlled trial. J. Affect. Disord. 129 (1-3), 317-320.

Magalhaes, P.V., Dean, 0.M., Bush, A.IL, Copolov, D.L., Malhi, G.S., Kohlmann, K., Jeav-
ons, S., Schapkaitz, 1., Anderson-Hunt, M., Berk, M., 2011b. N-acetylcysteine
for major depressive episodes in bipolar disorder. Rev. Bras. Psiquiatr. 33 (4),
374-378.

Magalhaes, P.V., Dean, O.M., Bush, A.L, Copolov, D.L, Malhi, G.S., Kohlmann, K.,
Jeavons, S., Schapkaitz, 1., Anderson-Hunt, M., Berk, M., 2013. A preliminary
investigation on the efficacy of N-acetyl cysteine for mania or hypomania. Aust.
N. Z.]. Psychiatry 47 (6), 564-568.

Magalhaes, P.V., Dean, O.M., Bush, A.L, Copolov, D.L, Weisinger, D., Malhi, G.S.,
Kohlmann, K., Jeavons, S., Schapkaitz, 1., Anderson-Hunt, M., Berk, M., 2012. Sys-
temic illness moderates the impact of N-acetyl cysteine in bipolar disorder. Prog.
Neuropsychopharmacol. Biol. Psychiatry 37 (1), 132-135.

Mahmoud, K.M., Ammar, A.S., 2011. Effect of N-acetylcysteine on cardiac injury
and oxidative stress after abdominal aortic aneurysm repair: a randomized
controlled trial. Acta Anaesthesiol. Scand. 55 (8), 1015-1021.

Malhi, G.S., Berk, M., 2007. Does dopamine dysfunction drive depression? Acta Psy-
chiatr. Scand. 115 (s433), 116-124.

Mardikian, P.N., LaRowe, S.D., Hedden, S., Kalivas, P.W., Malcolm, R J., 2007. An open-
label trial of N-acetylcysteine for the treatment of cocaine dependence: a pilot
study. Prog. Neuropsychopharmacol. Biol. Psychiatry 31 (2), 389-394.

Markesbery, W.R., 1999. The role of oxidative stress in Alzheimer disease. Arch.
Neurol. 56 (12), 1449-1452.

Marler, S., Sanders, K.B., Veenstra-VanderWeele, J., 2014. N-acetylcysteine as treat-
ment for self-injurious behavior in a child with autism. J. Child Adolesc.
Psychopharmacol. 24 (4), 231-234.

Martinez, FJ., De Andrade, J.A., Anstrom, K., King Jr., T.E., Raghu, G., Idiopathic
Pulmonary Fibrosis Clinical Research Network, 2014. Randomized trial of acetyl-
cysteine in idiopathic pulmonary fibrosis. N. Engl. ]. Med. 370 (22), 2093.

McBean, G.J., 2002. Cerebral cystine uptake: a tale of two transporters. Trends Phar-
macol. Sci. 23 (7), 299-302.

McCaddon, A., Davies, G., 2005. Co-administration of N-acetylcysteine, vitamin B12
and folate in cognitively impaired hyperhomocysteinaemic patients. Int. J. Geri-
atr. Psychiatry 20 (10), 998-1000.

McClure, E.A., Baker, N.L, Gray, K.M., 2014. Cigarette smoking during an N-
acetylcysteine-assisted cannabis cessation trial in adolescents. Am. ]. Drug
Alcohol Abuse 40 (4), 285-291.

McFarland, K., Kalivas, P.W., 2001. The circuitry mediating cocaine-induced rein-
statement of drug-seeking behavior. J. Neurosci. 21 (21), 8655-8663.

McFarland, K., Lapish, C.C., Kalivas, P.W., 2003. Prefrontal glutamate release into
the core of the nucleus accumbens mediates cocaine-induced reinstatement of
drug-seeking behavior. . Neurosci. 23 (8), 3531-3537.

Melnyk, S., Fuchs, G.J., Schulz, E., Lopez, M., Kahler, S.G., Fussell, ].J., Bellando, ]J.,
Pavliv, O., Rose, S., Seidel, L., Gaylor, D.W., James, S.J., 2012. Metabolic imbalance
associated with methylation dysregulation and oxidative damage in children
with autism. J. Autism Dev. Disord. 42 (3), 367-377.

Miller, J.L., Angulo, M., 2014. An open-label pilot study of N-acetylcysteine for skin-
picking in Prader-Willi syndrome. Am. J. Med. Genet. Part A 164A (2), 421-424.

Moran, M.M., McFarland, K., Melendez, R.I., Kalivas, P.W., Seamans, ].K., 2005.
Cystine/glutamate exchange regulates metabotropic glutamate receptor presy-
naptic inhibition of excitatory transmission and vulnerability to cocaine seeking.
J. Neurosci. 25 (27), 6389-6393.

Mousavi, S.G., Sharbafchi, M.R., Salehi, M., Peykanpour, M., Karimian Sichani, N.,
Maracy, M., 2015. The efficacy of N-acetylcysteine in the treatment of metham-
phetamine dependence: a double-blind controlled, crossover study. Arch. Iran.
Med. 18 (1), 28-33.

Moussawi, K., Pacchioni, A., Moran, M., Olive, M.F,, Gass, ].T., Lavin, A., Kalivas, P.W.,
2009. N-acetylcysteine reverses cocaine-induced metaplasticity. Nat. Neurosci.
12 (2), 182-189.

Mroz, LS., Benitez, ].G., Krenzelok, E.P., 1997. Angioedema with oral N-
acetylcysteine. Ann. Emerg. Med. 30 (2), 240-241.

Miiller, C.P., Carney, R.]., Huston, J.P., De Souza Silva, M.A., 2007. Serotonin and
psychostimulant addiction: focus on 5-HT;4-receptors. Prog. Neurobiol. 81 (3),
133-178.

Nascimento, M.M,, Suliman, M.E,, Silva, M., Chinaglia, T., Marchioro, J., Hayashi, S.Y.,
Riella, M.C,, Lindholm, B., Anderstam, B., 2010. Effect of oral N-acetylcysteine
treatment on plasma inflammatory and oxidative stress markers in peri-
toneal dialysis patients: a placebo-controlled study. Perit. Dial. Int. 30 (3),
336-342.

Nikoo, M., Radnia, H., Farokhnia, M., Mohammadi, M.R., Akhondzadeh, S., 2015.
N-acetylcysteine as an adjunctive therapy to risperidone for treatment of irri-
tability in autism: a randomized, double-blind, placebo-controlled clinical trial
of efficacy and safety. Clin. Neuropharmacol. 38 (1), 11-17.

Odlaug, B.L., Grant, J.E., 2007. N-acetyl cysteine in the treatment of grooming disor-
ders. ]. Clin. Psychopharmacol. 27 (2), 227-229.

Okusaga, 0.0., 2014. Accelerated aging in schizophrenia patients: the potential role
of oxidative stress. Aging Dis. 5 (4), 256-262.

OnlineTM, L.-C., 2011. Pediatric & Neonatal Lexi-Drugs Online™, Lexi-Comp, Inc.,
Hudson, OH.

Palacio, J.R., Markert, U.R., Martinez, P., 2011. Anti-inflammatory properties of N-
acetylcysteine on lipopolysaccharide-activated macrophages. Inflamm. Res. 60
(7), 695-704.

Palmer, L.A., Doctor, A., Chhabra, P., Sheram, M.L.,, Laubach, V.E., Karlinsey, M.Z.,
Forbes, M.S., Macdonald, T., Gaston, B., 2007. S-nitrosothiols signal hypoxia-
mimetic vascular pathology. J. Clin. Investig. 117 (9), 2592-2601.

Park, W.K., Bari, AA., Jey, AR, Anderson, S.M., Spealman, R.D., Rowlett, J.K.,, Pierce,
R.C., 2002. Cocaine administered into the medial prefrontal cortex reinstates
cocaine-seeking behavior by increasing AMPA receptor-mediated glutamate
transmission in the nucleus accumbens. ]. Neurosci. 22 (7), 2916-2925.

Patel, S.P., Sullivan, P.G., Pandya, ].D., Goldstein, G.A., VanRooyen, ].L., Yonutas,
H.M,, Eldahan, K.C., Morehouse, J., Magnuson, D.S.K.,, Rabchevsky, A.G., 2014.
N-acetylcysteine amide preserves mitochondrial bioenergetics and improves
functional recovery following spinal trauma. Exp. Neurol. 257, 95-105.

Piani, D., Fontana, A., 1994. Involvement of the cystine transport system xc— in the
macrophage-induced glutamate-dependent cytotoxicity to neurons. J. Immunol.
152 (7), 3578-3585.

Pierce, R.C., Bell, K., Duffy, P., Kalivas, P.W., 1996. Repeated cocaine augments exci-
tatory amino acid transmission in the nucleus accumbens only in rats having
developed behavioral sensitization. J. Neurosci. 16 (4), 1550-1560.

Pow, D.V., 2001. Visualising the activity of the cystine-glutamate antiporter in glial
cells using antibodies to aminoadipic acid, a selectively transported substrate.
Glia 34 (1),27-38.

Prado, E., Maes, M., Piccoli, L.G., Baracat, M., Barbosa, D.S., Franco, O., Dodd, S., Berk,
M., Vargas Nunes, S.0., 2015. N-acetylcysteine for therapy-resistant tobacco use
disorder: a pilot study. Redox Rep. (Epub ahead of print).

Quintavalle, C., Donnarumma, E., Fiore, D., Briguori, C., Condorelli, G., 2013. Ther-
apeutic strategies to prevent contrast-induced acute kidney injury. Curr. Opin.
Cardiol. 28 (6), 676-682.

Rajkowska, G., Miguel-Hidalgo, ].J., 2007. Gliogenesis and glial pathology in depres-
sion. CNS Neurol. Disord. Drug Targets 6 (3), 219-233.

Reichel, C.M., Moussawi, K., Do, P.H., Kalivas, P.W., See, R.E., 2011. Chronic N-
acetylcysteine during abstinence or extinction after cocaine self-administration
produces enduring reductions in drug seeking. J. Pharmacol. Exp. Ther. 337 (2),
487-493.

Remington, R., Chan, A. Paskavitz, J., Shea, T.B., 2009. Efficacy of a vita-
min/nutriceutical formulation for moderate-stage to later-stage Alzheimer’s
disease: a placebo-controlled pilot study. Am. J. Alzheimers Dis. Other Dement.
24 (1),27-33.

Richardson, W.S., Wilson, M.C., Nishikawa, ]., Hayward, R.S., 1995. The well-built
clinical question: a key to evidence-based decisions. ACP J. Club 123 (3),
A12-A13.

Robicsek, O., Karry, R, Petit, I., Salman-Kesner, N., Muller, FJ., Klein, E., Aberdam,
D., Ben-Shachar, D., 2013. Abnormal neuronal differentiation and mitochondrial

Please cite this article in press as: Deepmala, et al., Clinical trials of N-acetylcysteine in psychiatry and neurology: A systematic review.
Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/j.neubiorev.2015.04.015

1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740


dx.doi.org/10.1016/j.neubiorev.2015.04.015

1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809

G Model
NBR21771-27

Deepmala et al. / Neuroscience and Biobehavioral Reviews xxx (2015) XxX—XXx 27

dysfunction in hair follicle-derived induced pluripotent stem cells of schizophre-
nia patients. Mol. Psychiatry 18 (10), 1067-1076.

Rodrigues-Barata, A.R., Tosti, A., Rodriguez-Pichardo, A., Camacho-Martinez, F.,
2012. N-acetylcysteine in the treatment of trichotillomania. Int. J. Trichol. 4 (3),
176-178.

Rose, S., Melnyk, S., Pavliv, O., Bai, S., Nick, T.G., Frye, R.E., James, S.J., 2012a. Evidence
of oxidative damage and inflammation associated with low glutathione redox
status in the autism brain. Transl. Psychiatry 2, e134.

Rose, S., Melnyk, S., Trusty, T.A., Pavliv, O., Seidel, L., Li, J., Nick, T., James, S.J., 2012b.
Intracellular and extracellular redox status and free radical generation in pri-
mary immune cells from children with autism. Autism Res. Treat. 2012, 986519.

Rossignol, D.A., Frye, R.E., 2012. A review of research trends in physiological abnor-
malities in autism spectrum disorders: immune dysregulation, inflammation,
oxidative stress, mitochondrial dysfunction and environmental toxicant expo-
sures. Mol. Psychiatry 17 (4), 389-401.

Roten, A.T., Baker, N.L, Gray, K.M., 2013. Marijuana craving trajectories in an
adolescent marijuana cessation pharmacotherapy trial. Addict. Behav. 38 (3),
1788-1791.

Rubenstein, ].L., Merzenich, M.M., 2003. Model of autism: increased ratio of excita-
tion/inhibition in key neural systems. Genes Brain Behav. 2 (5), 255-267.

Samuni, Y., Goldstein, S., Dean, 0.M., Berk, M., 2013. The chemistry and biological
activities of N-acetylcysteine. Biochim. Biophys. Acta 1830 (8), 4117-4129.

Sandhir, R., Sood, A., Mehrotra, A., Kamboj, S.S., 2012. N-Acetylcysteine reverses
mitochondrial dysfunctions and behavioral abnormalities in 3-nitropropionic
acid-induced Huntington’s disease. Neurodegener. Dis. 9 (3), 145-157.

Sattler, R., Tymianski, M., 2001. Molecular mechanisms of glutamate receptor-
mediated excitotoxic neuronal cell death. Mol. Neurobiol. 24 (1-3), 107-129.

Schmaal, L., Berk, L., Hulstijn, K.P., Cousijn, J., Wiers, RW., Van den Brink, W., 2011.
Efficacy of N-acetylcysteine in the treatment of nicotine dependence: a double-
blind placebo-controlled pilot study. Eur. Addict. Res. 17 (4), 211-216.

Schmaal, L., Veltman, D.J., Nederveen, A., Van den Brink, W., Goudriaan, A.E., 2012.
N-acetylcysteine normalizes glutamate levels in cocaine-dependent patients:
a randomized crossover magnetic resonance spectroscopy study. Neuropsy-
chopharmacology 37 (9), 2143-2152.

Schulz, ].B., Lindenau, J., Seyfried, J., Dichgans, J., 2000. Glutathione, oxidative stress
and neurodegeneration. Eur. J. Biochem. 267 (16), 4904-4911.

Seiva, F.R.F., Amauchi, J.F., Rocha, KK.R,, Ebaid, G.X., Souza, G., Fernandes, A.A.H.,
Cataneo, A.C., Novelli, E.L.B., 2009. Alcoholism and alcohol abstinence: N-
acetylcysteine to improve energy expenditure, myocardial oxidative stress, and
energy metabolism in alcoholic heart disease. Alcohol 43 (8), 649-656.

Sekine, Y., Iyo, M., Ouchi, Y., Matsunaga, T., Tsukada, H., Okada, H., Yoshikawa, E.,
Futatsubashi, M., Takei, N., Mori, N., 2001. Methamphetamine-related psychi-
atric symptoms and reduced brain dopamine transporters studied with PET.
Am. ]. Psychiatry 158 (8), 1206-1214.

Sekine, Y., Minabe, Y., Ouchi, Y., Takei, N., Iyo, M., Nakamura, K., Suzuki, K., Tsukada,
H., Okada, H., Yoshikawa, E., Futatsubashi, M., Mori, N., 2003. Association of
dopamine transporter loss in the orbitofrontal and dorsolateral prefrontal cor-
tices with methamphetamine-related psychiatric symptoms. Am. J. Psychiatry
160 (9), 1699-1701.

Selek, S., Herken, H., Bulut, M., Ceylan, M.F., Celik, H., Savas, H.A., Erel, O., 2008. Oxida-
tive imbalance in obsessive compulsive disorder patients: a total evaluation of
oxidant-antioxidant status. Prog. Neuropsychopharmacol. Biol. Psychiatry 32
(2),487-491.

Selwa, L.M., 1999. N-acetylcysteine therapy for Unverricht-Lundborg disease. Neu-
rology 52 (2), 426-427.

Sesack, S.R., Carr, D.B., Omelchenko, N., Pinto, A., 2003. Anatomical substrates for
glutamate-dopamine interactions: evidence for specificity of connections and
extrasynaptic actions. Ann. N. Y. Acad. Sci. 1003, 36-52.

Shao, L., Martin, M.V., Watson, S.J., Schatzberg, A., Akil, H., Myers, R.M., Jones, E.G.,
Bunney, W.E., Vawter, M.P., 2008. Mitochondrial involvement in psychiatric
disorders. Ann. Med. 40 (4), 281-295.

Silva-Netto, R., Jesus, G., Nogueira, M., Tavares, H., 2014. N-acetylcysteine in the
treatment of skin-picking disorder. Rev. Bras. Psiquiatr. 36 (1), 101.

Simon, H.U., Haj-Yehia, A., Levi-Schaffer, F., 2000. Role of reactive oxygen species
(ROS) in apoptosis induction. Apoptosis 5 (5), 415-418.

Smaga, I, Pomierny, B., Krzyzanowska, W., Pomierny-Chamiolo, L., Miszkiel,
J., Niedzielska, E., Ogorka, A., Filip, M., 2012. N-acetylcysteine possesses
antidepressant-like activity through reduction of oxidative stress: behavioral
and biochemical analyses in rats. Prog. Neuropsychopharmacol. Biol. Psychiatry
39(2),280-287.

Strawn, J.R,, Saldana, S.N., 2012. Treatment with adjunctive N-acetylcysteine in an
adolescent with selective serotonin reuptake inhibitor-resistant anxiety. J. Child
Adolesc. Psychopharmacol. 22 (6), 472-473.

Sullivan, P.G., Krishnamurthy, S., Patel, S.P., Pandya, J.D., Rabchevsky, A.G., 2007.
Temporal characterization of mitochondrial bioenergetics after spinal cord
injury. J. Neurotrauma 24 (6), 991-999.

Taylor, M., Bhagwandas, K., 2014. N-acetylcysteine in trichotillomania - a panacea
for compulsive skin disorders? Br. J. Dermatol., http://dx.doi.org/10.1111/bjd.

13080

Tobwala, S., Fan, W., Stoeger, T., Ercal, N., 2013. N-acetylcysteine amide, a thiol
antioxidant, prevents bleomycin-induced toxicity in human alveolar basal
epithelial cells (A549). Free Radic. Res. 47 (9), 740-749.

Tsai, S.Y., Chung, K.H., Huang, S.H., Chen, P.H., Lee, H.C., Kuo, C.J., 2014. Persistent
inflammation and its relationship to leptin and insulin in phases of bipolar dis-
order from acute depression to full remission. Bipolar Disord., http://dx.doi.org/
10.1111/bdi.12240

Varga, V., Jenei, Z.,, Janaky, R., Saransaari, P., Oja, S.S., 1997. Glutathione is an
endogenous ligand of rat brain N-methyl-p-aspartate (NMDA) and 2-amino-3-
hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors. Neurochem. Res.
22(9),1165-1171.

Vene, R, Castellani, P., Delfino, L., Lucibello, M., Ciriolo, M.R., Rubartelli, A., 2011. The
cystine/cysteine cycle and GSH are independent and crucial antioxidant systems
in malignant melanoma cells and represent druggable targets. Antioxid. Redox
Signal. 15 (9), 2439-2453.

Victor, V.M., Rocha, M., De la Fuente, M., 2003. N-acetylcysteine protects mice from
lethal endotoxemia by regulating the redox state of immune cells. Free Radic.
Res. 37 (9), 919-929.

Volkow, N.D., Chang, L., Wang, GJ., Fowler, ].S., Ding, Y.S., Sedler, M., Logan, ].,
Franceschi, D., Gatley, ]., Hitzemann, R., Gifford, A., Wong, C., Pappas, N., 2001a.
Low level of brain dopamine D2 receptors in methamphetamine abusers: asso-
ciation with metabolism in the orbitofrontal cortex. Am. J. Psychiatry 158 (12),
2015-2021.

Volkow, N.D., Chang, L., Wang, G.J., Fowler, ].S., Franceschi, D., Sedler, M., Gatley, S.J.,
Miller, E., Hitzemann, R., Ding, Y.S., Logan, ]., 2001b. Loss of dopamine trans-
porters in methamphetamine abusers recovers with protracted abstinence. ].
Neurosci. 21 (23), 9414-9418.

Volkow, N.D., Chang, L., Wang, G.J., Fowler, ]J.S., Leonido-Yee, M., Franceschi, D.,
Sedler, MJ., Gatley, S.J., Hitzemann, R., Ding, Y.S., Logan, ]., Wong, C., Miller,
E.N., 2001c. Association of dopamine transporter reduction with psychomo-
tor impairment in methamphetamine abusers. Am. ]. Psychiatry 158 (3),
377-382.

Vyth, A., Timmer, J.G., Bossuyt, P.M.M., Louwerse, E.S., De Jong, ] M.B.V., 1996. Sur-
vival in patients with amyotrophic lateral sclerosis, treated with an array of
antioxidants. J. Neurol. Sci. 139, 99-103.

Wan, FJ., Tung, CS., Shiah, LS., Lin, H.C,, 2006. Effects of alpha-phenyl-N-tert-
butyl nitrone and N-acetylcysteine on hydroxyl radical formation and dopamine
depletion in the rat striatum produced by d-amphetamine. Eur. Neuropsy-
chopharmacol. 16 (2), 147-153.

Wang, X.F., Cynader, M.S., 2000. Astrocytes provide cysteine to neurons by releasing
glutathione. J. Neurochem. 74 (4), 1434-1442.

Wang, X., Wang, W., Li, L., Perry, G., Lee, H.G., Zhu, X,, 2014. Oxidative stress and
mitochondrial dysfunction in Alzheimer’s disease. Biochim. Biophys. Acta 1842
(8), 1240-1247.

Williams, D.B., Windebank, AJ., 1991. Motor neuron disease (amyotrophic lateral
sclerosis). Mayo Clin. Proc. 66 (1), 54-82.

Wau, J., Xiao, H., Sun, H., Zou, L., Zhu, L.Q., 2012. Role of dopamine receptors in ADHD:
a systematic meta-analysis. Mol. Neurobiol. 45 (3), 605-620.

Wu, J.Q., Kosten, T.R,, Zhang, X.Y., 2013. Free radicals, antioxidant defense sys-
tems, and schizophrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 46,
200-206.

Yang, R., Gallo, D.J., Baust, ].J., Watkins, S.K., Delude, R.L., Fink, M.P., 2002. Effect
of hemorrhagic shock on gut barrier function and expression of stress-related
genes in normal and gnotobiotic mice. Am. J. Physiol. Regul. Integr. Comp. Phys-
iol. 283 (5), R1263-R1274.

Yarema, M.C,, Johnson, D.W., Berlin, R]., Sivilotti, M.L., Nettel-Aguirre, A., Brant, R.F.,
Spyker, D.A., Bailey, B., Chalut, D., Lee, ].S., Plint, A.C., Purssell, R.A., Rutledge,
T., Seviour, C.A,, Stiell, I.G., Thompson, M., Tyberg, J., Dart, R.C., Rumack, B.H.,
2009. Comparison of the 20-hour intravenous and 72-hour oral acetylcysteine
protocols for the treatment of acute acetaminophen poisoning. Ann. Emerg. Med.
54 (4), 606-614.

Please cite this article in press as: Deepmala, et al., Clinical trials of N-acetylcysteine in psychiatry and neurology: A systematic review.
Neurosci. Biobehav. Rev. (2015), http://dx.doi.org/10.1016/j.neubiorev.2015.04.015

1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831
1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879


dx.doi.org/10.1016/j.neubiorev.2015.04.015
dx.doi.org/10.1111/bjd. 13080
dx.doi.org/10.1111/bjd. 13080
dx.doi.org/10.1111/bjd. 13080
dx.doi.org/10.1111/bjd. 13080
dx.doi.org/10.1111/bjd. 13080
dx.doi.org/10.1111/bjd. 13080
dx.doi.org/10.1111/bjd. 13080
dx.doi.org/10.1111/bjd. 13080
dx.doi.org/10.1111/bdi.12240
dx.doi.org/10.1111/bdi.12240
dx.doi.org/10.1111/bdi.12240
dx.doi.org/10.1111/bdi.12240
dx.doi.org/10.1111/bdi.12240
dx.doi.org/10.1111/bdi.12240
dx.doi.org/10.1111/bdi.12240
dx.doi.org/10.1111/bdi.12240

	Clinical trials of N-acetylcysteine in psychiatry and neurology: A systematic review
	1 Introduction
	2 Method
	2.1 Search strategy
	2.2 Study selection
	2.3 Level of evidence ratings
	2.4 Data analysis and synthesis

	3 Results
	3.1 Evidence of effectiveness of NAC in the treatment of psychiatric and neurological disorders
	3.1.1 Addiction
	3.1.1.1 Cannabis
	3.1.1.2 Cocaine
	3.1.1.3 Methamphetamine
	3.1.1.4 Nicotine
	3.1.1.5 Pathological gambling
	3.1.1.6 Addiction overall

	3.1.2 Alzheimer's disease
	3.1.3 Amyotrophic lateral sclerosis
	3.1.4 Anxiety
	3.1.5 ADHD
	3.1.6 Autism
	3.1.7 Bipolar disorder
	3.1.8 Depressive disorder
	3.1.9 Epilepsy
	3.1.10 Impulse control disorder
	3.1.10.1 Nail biting
	3.1.10.2 Skin picking
	3.1.10.3 Trichotillomania
	3.1.10.4 Impulse control disorder overall

	3.1.11 Neuropathy
	3.1.12 Obsessive compulsive disorder
	3.1.13 Schizophrenia
	3.1.14 Traumatic brain injury (TBI)

	3.2 Adverse effects reported in controlled clinical trials

	4 Discussion
	4.1 Potential mechanisms of action
	4.1.1 Oxidative stress
	4.1.2 Mitochondrial dysfunction
	4.1.3 Inflammatory mediators
	4.1.4 Glutamate neurotransmission
	4.1.5 Long term neuroadaptation
	4.1.6 Dopamine neurotransmission
	4.1.7 Serotonergic neurotransmission

	4.2 Dosage and formulations
	4.3 Potential adverse effects

	5 Conclusion
	Conflict of interest
	Uncited references
	References
	References


