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N-Acetylcysteine in Depressive Symptoms and Functionality:
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ABSTRACT

Objective: To assess the utility of N-acetylcysteine administration for depressive
symptoms in subjects with psychiatric conditions using a systematic review and
meta-analysis.

Data Sources: A computerized literature search was conducted in MEDLINE,
Embase, the Cochrane Library, SciELO, PsycINFO, Scopus, and Web of Knowledge.
No year or country restrictions were used. The Boolean terms used for the electronic
database search were (NAC OR N-acetylcysteine OR acetylcysteine) AND (depression
OR depressive OR depressed) AND (trial). The last search was performed in
November 2014.

Study Selection: The literature was searched for double-blind, randomized, placebo-
controlled trials using N-acetylcysteine for depressive symptoms regardless of the
main psychiatric condition. Using keywords and cross-referenced bibliographies, 38
studies were identified and examined in depth. Of those, 33 articles were rejected
because inclusion criteria were not met. Finally, 5 studies were included.

Data Extraction: Data were extracted independently by 2 investigators. The primary
outcome measure was change in depressive symptoms. Functionality, quality of

life, and manic and anxiety symptoms were also examined. A full review and meta-
analysis were performed. Standardized mean differences (SMDs) and odds ratios
(ORs) with 95% Cls were calculated.

Results: Five studies fulfilled our inclusion criteria for the meta-analysis, providing
data on 574 participants, of whom 291 were randomized to receive N-acetylcysteine
and 283 to placebo. The follow-up varied from 12 to 24 weeks. Two studies included
subjects with bipolar disorder and current depressive symptoms, 1 included subjects
with MDD in a current depressive episode, and 2 included subjects with depressive
symptoms in the context of other psychiatric conditions (1 trichotillomania and 1
heavy smoking). Treatment with N-acetylcysteine improved depressive symptoms as
assessed by Montgomery-Asberg Depression Rating Scale and Hamilton Depression
Rating Scale when compared to placebo (SMD=0.37; 95% ClI=0.19 to 0.55; P<.001).
Subjects receiving N-acetylcysteine had better depressive symptoms scores on the
Clinical Global Impressions-Severity of lliness scale at follow-up than subjects on
placebo (SMD=0.22; 95% Cl=0.03 to 0.41; P<.001). In addition, global functionality
was better in N-acetylcysteine than in placebo conditions. There were no changes

in quality of life. With regard to adverse events, only minor adverse events were
associated with N-acetylcysteine (OR=1.61;95% Cl=1.01 to 2.59; P=.049).

Conclusions: Administration of N-acetylcysteine ameliorates depressive symptoms,
improves functionality, and shows good tolerability.

J Clin Psychiatry 2016;77(4):e457-e466

dx.doi.org/10.4088/JCP.15r09984

© Copyright 2016 Physicians Postgraduate Press, Inc.

3IMPACT Strategic Research Centre, Deakin University, School of Medicine, and Barwon
Health, Geelong, Australia

bl aboratory of Calcium Binding Proteins in the Central Nervous System, Department of
Biochemistry, Federal University of Rio Grande do Sul, Porto Alegre, Brazil

“Discipline of Psychiatry, Sydney Medical School, University of Sydney, Australia

dCADE Clinic, Department of Psychiatry, Royal North Shore Hospital, St Leonards, Australia
€Florey Institute for Neuroscience and Mental Health, Department of Psychiatry and Orygen,
The National Centre of Excellence in Youth Mental Health, University of Melbourne, Parkville,
Australia

*Corresponding author: Michael Berk, MD, PhD, Deakin University, School of Medicine,
Barwon Health, 285-295 Ryrie Street, Kitchener House, 3220 Geelong, Victoria, Australia
(mikebe@barwonhealth.org.au).

epressive symptoms are pervasive in a

manifold of psychiatric conditions and
often are a challenge to treat. Bipolar disorder
and major depressive disorder (MDD) are 2
prevalent conditions, both associated with
depression. Major depressive disorder is the
most prevalent psychiatric disorder, and its
course is typically recurrent and chronic.
Remission of depressive symptoms in
bipolar disorder, MDD, and other comorbid
psychiatric disorders may present formidable
difficulties, and full remission is only
achieved by a small population of persons
with these conditions and usually after
several courses of treatment. This situation
is aggravated by the lack of developments of
new interventions capable of ameliorating
depressive symptoms.'

One new and promising target
for treating depressive symptoms is
oxidative stress.> Both bipolar disorder
and MDD have been associated with a
prooxidative balance and consequent brain
neurotoxicity.>* Glutathione, the primary
endogenous antioxidant in the brain, is
vulnerable to depletion in oxidative stress
states. It is synthesized from the precursor
amino acids L-glutamate, L-glycine, and
L-cysteine in 2 enzymatic steps. Enhancing
L-cysteine supply, the rate-limiting factor
in glutathione synthesis via a nutraceutical
precursor, N-acetylcysteine, leads to a rise
in brain glutathione.> N-acetylcysteine is
capable of crossing the blood-brain barrier.
Moreover, N-acetylcysteine protects against
oxidative stress, chelates heavy metals,
impacts glutamate neurotransmission,
reduces markers of inflammation, protects
against multiple models of mitochondrial
dysfunction, inhibits apoptosis, enhances
neurogenesis, and promotes neuronal
survival in a variety of neurodegenerative
preclinical models—all of which are
implicated in depression.®

In defiance of its auspicious attributes
and promising results from preclinical
studies, clinical data regarding efficacy
of N-acetylcysteine for management of
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B N-acetylcysteine has emerged as a promising adjunctive
treatment for depressive symptoms, but results from
different studies are conflicting.

B A meta-analysis of all double-blind, randomized
controlled trials of N-acetylcysteine compared to placebo
was performed.

B N-acetylcysteine successfully improved severity of
depressive symptoms and functionality and can be
considered as an adjunctive treatment for patients with
depressive symptoms.

depressive symptoms have been mixed.” ' The first
double-blind, randomized, placebo-controlled trial® of
N-acetylcysteine was published in 2008, and it found benefits
of N-acetylcysteine for depressive symptoms and functionality
in the maintenance phase of bipolar depression. This
relatively small preliminary study was followed by a larger,
more substantive study,” which included an open-label phase
for acute bipolar depression and found marked improvement
of depressive symptomatology, overall functionality, and
quality of life. However, in the double-blind, placebo-
controlled phase of the study'® of maintenance treatment
in bipolar depression, once the participants’ depressive
symptoms in the open-label N-acetylcysteine phase had
improved, they remained low in both the N-acetylcysteine
and placebo arms. In another study'' addressing the acute
phase of MDD, N-acetylcysteine failed to differentiate
from placebo in terms of impact on depressive symptoms
at the week 12 primary end point, but it was significant
at the week 16 postdiscontinuation time point. Notably,
N-acetylcysteine showed superiority over placebo in terms of
global functionality.!! Assessing psychiatric disorders other
than bipolar disorder and MDD, a study'? that examined
the efficacy of N-acetylcysteine in trichotillomania found
no effect of N-acetylcysteine on depressive symptoms or
functionality, while another!? investigating heavy smokers
found a marked advantage in favor of N-acetylcysteine
over placebo for depressive symptoms. Although strictly
depressive measures were not used in a very rigorous study'*
of N-acetylcysteine for idiopathic pulmonary fibrosis, the
study found no benefits on pulmonary measures but noted
improvements in N-acetylcysteine-treated individuals on
quality of life, as assessed by the EuroQoL visual-analog scale
and the 36-Item Short-Form Health Survey mental health
score. Similarly, in a study'® of N-acetylcysteine for epistaxis,
while only minor effects were seen on epistaxis, there were
improvements in work-related quality of life. It should be
noted that, in all negative studies outlined above, all end
points regarding depressive symptoms and functionality
were numerically better in N-acetylcysteine than in placebo,
albeit not statistically significant.

Three of the studies®'®!! mentioned above used
N-acetylcysteine as an adjunctive therapy to treatment
as usual.” This highlights a paradigm problem because
gaining additional benefits on top of an already established
treatment is considerably harder than providing benefit as

monotherapy. This may be translated as N-acetylcysteine
possessing, at best, a small to moderate advantage to what,
in turn, would require a large and powerful sample size in
order to accurately avoid false-negative results. Therefore, the
potentially better profile of N-acetylcysteine, with a lack of
statistical significance in some studies, may reflect this issue.

In order to clarify this point, we performed a systematic
review and meta-analysis of all double-blind, randomized,
placebo-controlled trials of N-acetylcysteine in depressive
symptoms, irrespective of the primary pathology, to simulate
real-world patients.

METHODS

This study comprised a between-group meta-analysis
comparing N-acetylcysteine and placebo in randomized
controlled trials of persons with depressive symptoms,
regardless of the main psychiatric diagnosis. We adhered
to the recommended guidelines for systematic reviews and
meta-analyses of interventional studies statement (PRISMA
[Preferred Reporting Items for Systematic Reviews and
Meta-Analyses]) and the Cochrane Collaboration.'® Two of
the authors performed the literature search, made decisions
on inclusion, extracted data, and assessed quality control
independently.

Search Strategy

We conducted a systematic search for all possibly eligible
English and non-English peer-reviewed articles to avoid
language publication bias!” using MEDLINE, Embase,
the Cochrane Library, SciELO, PsycINFO, Scopus, and
Web of Knowledge. No year or country restrictions were
used.'® The Boolean terms used for the electronic database
search were (NAC OR N-acetylcysteine OR acetylcysteine)
AND (depression OR depressive OR depressed) AND
(trial). The last search was performed in November 2014.
We then manually checked the reference sections of the
publications found through our electronic search to identify
additional studies that may have been missed, and we also
contacted potential authors in order to verify the existence of
unpublished results. Study selection eligibility and exclusion
criteria were prespecified.

Study Selection

Inclusion criteria were (1) adult subjects with presence of
depressive symptoms, meeting or not meeting criteria for a
full depressive episode, as defined by American Psychiatric
Association; (2) double-blind, randomized controlled trials
(RCTs) of N-acetylcysteine versus placebo; (3) studies
assessing end points related to depressive or manic symptoms,
functionality, or quality of life; and (4) studies with intention-
to-treat, on treatment, or as per protocol analysis. Exclusion
criteria were (1) duplicate reports; (2) studies conducted in
subjects aged less than 18 years; (3) lack of a placebo arm; or
(4) studies regarding subjects without depressive symptoms
(Figure 1). The decision of whether to include studies in
the meta-analysis was made based on the above criteria,
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and a Consensus-was reached'among the authors on those
decisions.

Data Extraction

To avoid potential errors, 2 reviewers independently
extracted data (n and mean [SD]).!® We extracted the
following data: sample size, sex, age, length of illness, body
mass index (BMI), medication in use, adverse events, and
design of the study. Depression scores were assessed by the
Hamilton Depression Rating Scale (HDRS) or Montgomery-
Asberg Depression Rating Scale (MADRS), anxiety scores
by the Hamilton Anxiety Rating Scale (HARS), and mania
scores by the Young Mania Rating Scale (YMRS). Clinical
Global Impressions-Severity of Illness (CGI-S) and
-Improvement (CGI-I) scales were also collected for overall,
depressive, and manic symptoms. Regarding functionality,
we extracted data for Global Assessment of Functioning
(GAF), Longitudinal Interval Follow-Up Evaluation-Range
of Impaired Functioning Tool (LIFE-RIFT), Streamlined
Longitudinal Interview Clinical Evaluation from the
Longitudinal Interview Follow-up Evaluation (SLICE-LIFE),
and Social and Occupational Functioning Assessment Scale
(SOFAS). Quality of life was assessed using the Quality of Life
Inventory. Scores for all scales were assessed both at baseline
and at follow-up. According to information available in the
studies, we performed subgroup analyses according to the
outcome measured. Discrepancies in data entry were double-
checked by the reviewers with the original published data,
and consensus was reached.'® When the necessary data were
not available from the published article, we contacted the
authors and requested the necessary information. Whenever
multiple reports pertained to the same groups of patients,
we retained only the original report for the meta-analytic
calculations to avoid duplication of information.!® Most of
the included studies included data regarding more than 1
selected outcome. Whenever 1 study possessed more than
1 end point of interest, we extracted and analyzed them all.

Risk of Bias Assessment

We assessed the risk of bias in all included studies as
suggested by the Cochrane Collaboration.'® The potential
biases analyzed were selection, performance, detection,
attrition, and report bias, and these were considered as high,
low, or unclear. In general, the risk of bias was low for all
studies, with the exception of the risk of attrition bias, which
was high for all studies, particularly Prado et al."

Publication Bias

Studies with negative results are less likely to be published
than studies with positive results.'® To account for significant
publication bias, we analyzed the funnel plot graph, a scatter
plot of the standardized mean difference (SMD) against a
measure of study size, and the Egger test.!®!° In addition,
the Orwin fail-safe N test (file drawer statistic) was used to
quantify the number of possible negative omitted studies
that would be required to make our results nonsignificant
(P>.05).%°

N-Acetylcysteine for Depression

Statistical Analysis

Comprehensive Meta-Analysis, version 2.0 software
(Biostat, Inc) was employed in all analyses. Because studies
used different measurement methods, SMD was used as the
main effect. The SMD is a summary statistic used in meta-
analysis when all the studies assess the same outcome but
measure it in a variety of ways, such as was done, for instance,
for our outcome “depression scores,” where the studies
measured depression but used different psychometric scales
(in this case, MADRS and HDRS).!® The SMD expresses
the size of the intervention effect in each study relative to
the variability observed in that study. The 95% CI of the
SMD was also computed. An SMD of 0.2 is considered an
indication of a low effect, meaning a small difference between
N-acetylcysteine and placebo, an SMD of 0.5 a moderate
effect, and an SMD of 0.8 a large effect.’® Although all
included studies were randomized, there were some small
differences in the values of the scales analyzed in the baseline,
probably due to “unlucky randomization” secondary to small
sample size. This could lead to a regression to the mean
effect, with the arm with higher baseline scores more prone
to change regardless of the true effect of the intervention.
In order to take this phenomenon into account, we adjusted
each meta-analysis to its baseline scores, as suggested by the
Cochrane Collaboration.'® For adverse events, we extracted
the absolute number of events and performed the meta-
analysis employing the odds ratio (OR) of the occurrence.'®

We assessed heterogeneity across studies using the
Cochran Q test, a weighted sum of the squares of the
deviations of individual study SMD estimates from the overall
estimate, and a P value of <.10 was considered significant
(ie, showing heterogeneity).?"** Inconsistency across studies
was then quantified with the I? metric. It can be interpreted
as the percentage of total variation across several studies
due to heterogeneity, and it is considered substantial when
greater than 50%.%° Since the analyses showed that the
studies were heterogeneous for some outcomes, we pooled
the SMD results from different studies weighted according
to the inverse variance method of accounting for random
effects, which allows population-level inferences and is
more stringent than fixed-effects models. Random-effects
modeling assumes a genuine diversity in the results of various
studies and incorporates a between-study variance into the
calculations, resulting in a more conservative analysis.'® The
direction of the SMD values was positive if subjects showed
an improvement in the outcomes with N-acetylcysteine and
was negative if they showed improvement with placebo.
Studies were weighted such that the studies with the most
precise parameters, quantified by the sample size and 95%
CL, had more influence in the analyses.®

The meta-analyses consisted of 2 steps. First, we performed
the overall analysis for each outcome of the meta-analysis.
Second, sensitivity analyses were conducted to ascertain
whether the results of our analyses were strongly influenced
by any single study or studies sharing some characteristic.
The overall significance was recomputed after each study or
group of studies with a common feature was deleted from
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the'analysis. TheJevel of significance for the SMD estimates
was set at P<.05.

RESULTS

We identified 38 studies, after excluding duplicates,
through electronic searches, all of which had an English
abstract. Of those, 28 were excluded on the basis of title
and abstract, leaving 10 studies for further evaluation. Three
RCTs were excluded, 2 because they did not include subjects
with depressive symptoms”!# and 1 because it addressed
childhood.?* Three studies were duplicates and were also
excluded.?®-*” One additional epub-ahead-of-print study was
included.!® In total, 5 studies fulfilled our inclusion criteria
for the meta-analysis, providing data on 574 participants,
of whom 291 were randomized to receive N-acetylcysteine
as an add-on treatment and 283 to placebo (Figure 1). Of
those, 2 studies®!? included subjects with bipolar disorder
and current depressive symptoms; 1 study,!! subjects with
MDD in a current depressive episode; and 2 studies, subjects
with depressive symptoms in the context of other psychiatric
condition (1 trichotillomania'? and 1 heavy smoking'?).
We included all studies examining persons with depressive
symptoms, meaning it was not necessary to fulfill criteria for
a full depressive episode. Two studies!!"!? provided data for
anxiety symptoms, 2 studies®!? for depressive symptoms on
the CGI-1, 2 studies®!? for manic symptoms on the CGI-I, 2
studies®!? for the CGI-1 overall, 3 studies®!*!! for depressive
symptoms on the CGI-S, 2 studies®! for manic symptoms on
the CGI-S, 2 studies®!° for the CGI-S overall, 5 studies®!%-!?
for depressive symptoms as assessed by HDRS or MADRS,
3 studies® ! for GAF, 3 studies®'®!! for LIFE-RIFT, 2
studies®!? for manic symptoms as assessed by YMRS, 4
studies®1%-12 for quality of life, 3 studies®!*!! for the SLICE-
LIFE, and 3 studies®!®!! for the SOFAS. All studies except
one'? provided more than 1 pairwise comparison.

Table 1 summarizes the included studies. The studies
were published from 2008 to 2015 and varied in sample size
(from 31 to 269). The dose of N-acetylcysteine employed
ranged from 2 to 3 grams daily. The mean participant age
varied from 32.7 to 50.7 years. All 5 studies were double-
blind RCTs. Three®!1®!! used N-acetylcysteine as an add-on
to treatment as usual compared to a placebo arm, and 2
studies'>!3 used N-acetylcysteine as the main psychiatric
medication. Four of the studies®!?-!2 used intention-to-treat
analysis, and 1 study'® employed per protocol analysis.

N-Acetylcysteine Improves Depressive Symptoms
With No Changes in Manic and Anxiety Symptoms
Overall, random-effects meta-analysis showed that,
when compared to placebo, add-on treatment with
N-acetylcysteine moderately improved depressive symptoms
as assessed by MADRS and HDRS (SMD=0.37, 95%
CI=0.19 to 0.55, P<.001; 5 between-group comparisons,
n=>574). Subjects receiving N-acetylcysteine consistently
presented better scores regarding depressive symptoms
on the CGI-S at the follow-up than subjects on placebo

Figure 1. PRISMA Flow Diagram of the Systematic Review
Showing the Study Inclusion and Exclusion Process

—
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Abbreviation: PRISMA = Preferred Reporting Items for Systematic Reviews
and Meta-Analyses.

(SMD=0.22,95% CI=0.03 to 0.41, P<.001; 3 between-group
comparisons, n =493). When analyzing depressive symptoms
on the CGI-I, there were no significant differences between
N-acetylcysteine and placebo, although there was a trend in
favor of N-acetylcysteine (SMD =0.17, 95% CI=-0.09 to
0.43, P=.199; 2 between-group comparisons, n=224). This
last analysis may be underpowered, since it consisted of only
2 studies, and the 95% CI was consequently large, reflecting
the imprecision of the analysis (Figure 2, Table 2).

When we carried out the analyses regarding severity
of manic and anxiety symptoms, we found no effect of
N-acetylcysteine over placebo on manic symptoms as assessed
by the YMRS, CGI-S, CGI-I, and on anxiety symptoms as
measured by HARS. In addition, there were no differences on
the CGI-S overall and on the CGI-I overall (Figure 2, Table
2). However, it is worthwhile to point out that each one of the
analyses above consisted of only 2 studies and that, since the
inclusion criteria was subjects with depressive symptoms, the
scores regarding manic symptoms were very low at baseline
and consequently less prone to change.

N-Acetylcysteine Improves Functionality in
Subjects With Depressive Symptoms Without Changes
in Quality of Life

Another important outcome in the studies analyzed was
functionality. Three of the studies included data regarding
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Figure 2. Forest Plot for Random Effects Meta-Analysis of Randomized Controlled Trials of
N-Acetylcysteine Versus Placebo for Depressive Symptoms for Outcomes Related to Depressive,
Manic, and Anxiety Symptoms and to Functionality and Quality of Life?

Study Outcome SMD P
Berk etal, 2014'"  Anxiety scores 0.00 1.00
Grant et al, 2009'>  Anxiety scores 0.18 .53
0.03 .78
Berk etal, 2012’ CGI-l depression 0.04 .80
Berk et al, 20088 CGl- depression 044 .06
0.17 .20
Berk etal,2012'°  CGI-I mania 0.13 45
Berk et al, 20088 CGI-I mania -0.08 .72
0.06 .68
Berk etal,2012'°  CGI-l overall 0.08 .61
Berk et al, 20088 CGl-l overall 033 .15
0.17 22
Berk et al, 2014 CGI-S depression 031 .03
Berk etal, 2012’ CGI-S depression -0.13 45
Berk et al, 20088 CGI-S depression 0.69 .00
0.22 .02
Berk et al,2012'°  CGI-S mania -0.25 .13
Berk et al, 20088 CGI-S mania 0.00 1.00
-0.17 .22
Berk etal,2012'°  CGI-S overall -0.19 .25
Berk et al, 20088 CGI-S overall 0.74 .00
0.11 42
Berk et al, 2014 Depression scores 020 .16
Grant et al, 2009'>  Depression scores 029 .31
Berk et al, 201210 Depression scores 0.08 .65
Berk et al, 2008% Depression scores 1.13 .00
Prado et al, 2015'>  Depression scores 500 .00
0.37 .00
Berk etal, 2014""  GAF 0.10 .47
Berk et al, 20120 GAF 0.09 .59
Berk et al, 20088 GAF 0.71 .00
020 .04
Berk et al, 2014"" LIFE-RIFT 0.38 .01
Berk et al,2012'°  LIFE-RIFT 0.15 .36
Berk et al, 20088 LIFE-RIFT 1.18 .00
042 .00
Berk et al, 2012'©  Mania scores 0.09 .57
Berk et al, 20088 Mania scores 038 .10
0.19 .16
Berk etal, 2014  Quality of Life Inventory -0.01 .92
Grantetal,2009'2  Quality of Life Inventory ~ 0.18 .52
Berketal,2012'"  Quality of Life Inventory ~ 0.02 .89
Berk et al, 20088 Quality of Life Inventory  0.80 .00
0.14 14
Berk et al, 2014 SLICE-LIFE 028 .05
Berk et al, 2012° SLICE-LIFE 0.00 .99
Berk et al, 20088 SLICE-LIFE 1.11 .00
0.31 .00
Berk et al, 2014" SOFAS 0.15 .28
Berk etal, 2012'©  SOFAS 0.07 .68
Berk et al, 20088 SOFAS 0.75 .00
0.22 .02
Overall 0.20 .00

-1.00

1

|

-0.50

Favors Placebo

-
<

0.00 0.50

Favors
N-Acetylcysteine

1.00

aThe sizes of the squares are proportional to sample size. A total of 5 studies were included, comprising 574 subjects,
291 being allocated to N-acetylcysteine and 283 to placebo. The diamonds represent the effect size, and the horizontal
lines represent the 95% Cl.

Abbreviations: CGI-I=Clinical Global Impressions-Improvement scale, CGI-S =Clinical Global Impressions-Severity of lliness
scale, GAF =Global Assessment of Functioning, LIFE-RIFT =Longitudinal Interval Follow-Up Evaluation-Range of Impaired
Functioning, SLICE-LIFE = Streamlined Longitudinal Interview Clinical Evaluation from the Longitudinal Interview
Follow-up Evaluation, SMD = standardized mean difference, SOFAS = Social and Occupational Functioning Assessment

Scale.
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Table 2. Statistics on the Meta-Analyses Regarding Double-Blind Randomized Clinical Trials of
N-Acetylcysteine Versus Placebo in Persons With Depressive Symptoms

PE';Ii?W?ze Meta-Analysis Heterogeneity

Groupwise Outcome? Comparisons  N-Acetylcysteine,n  Placebo,n  SMD 95% Cl P 12 Q P

Depression scores 5 291 283 0.37 019 0.55 .001* 9264 5438 .001
Anxiety scores 2 160 159 0.03 -021 028 779 0.00 032 .568
Mania scores 2 114 110 005 -020 031 .680 0.01 077 378
CGI-S depression 3 249 244 0.22 003 041 .023* 7701 869 .013
CGI-S mania 2 114 110 -0.16  -042 009 216 0.00 077 .378
CGI-S overall 2 114 110 011  -015 037 418 90.18 10.19 .001
CGl-I depression 2 114 110 017 -009 043 .199 4799 192 .568
CGl-I mania 2 114 110 005 -020 031 .680 0.00 054 .463
CGl- overall 2 114 110 016 -009 042 215 000 076 .382
GAF 3 249 244 0.19 001 039 .042* 63.81 552 .063
LIFE-RIFT 3 249 244 0.42 023 061 .001* 8326 1145 .003
SLICE-LIFE 3 249 244 0.31 0.2 050 .002* 8576 14.04 .001
SOFAS 3 249 244 0.22 003 041 .024* 66.84 6.03 .049
Quality of Life Inventory 4 274 269 014 -004 032 .36 6760 926 .026

aDepression scores were assessed by Hamilton Depression Rating Scale (HDRS) or Montgomery-Asberg Depression Rating Scale
(MADRS); anxiety scores, by the Hamilton Anxiety Rating Scale (HARS); and mania scores, by the Young Mania Rating Scale (YMRS).

*P<.05.

Abbreviations: CGI-I=Clinical Global Impressions-Improvement scale, CGI-S=Clinical Global Impression-Severity of lliness scale,
GAF =Global Assessment of Functioning, LIFE-RIFT =Longitudinal Interval Follow-Up Evaluation-Range of Impaired Functioning
Tool, SLICE-LIFE =Streamlined Longitudinal Interview Clinical Evaluation from the Longitudinal Interview Follow-up Evaluation,
SMD = standardized mean difference, SOFAS =Social and Occupational Functioning Assessment Scale.

this domain. The scales considered in the studies were GAF,
LIFE-RIFT, SLICE-LIFE, and SOFAS. In general, there was
a consistent benefit of treatment with N-acetylcysteine over
placebo in all functionality scales considered above (Figure
2, Table 2). However, when considering quality of life as
assessed by the Quality of Life Inventory, we found no benefit
of N-acetylcysteine over placebo (Figure 2, Table 2).

Sensitivity Analyses

The heterogeneity for the analyses was moderate or high.
We verified that the high heterogeneity was mostly due to
the study of MDD.!! Thereafter, we conducted a sensitivity
analysis in all meta-analyses, excluding studies one at a
time to determine the robustness of the analyses and to
verify whether a particular study was responsible for the
high heterogeneity. No single study thoroughly explained
the heterogeneity, and the results remained significant in all
cases, with the exception of the analyses regarding the SLICE-
LIFE and SOFAS, where, when the study by Berk et al,® was
excluded, the significance was lost. In order to ascertain the
risk of bias in the studies included, we also reran the analysis
regarding depressive symptoms, excluding the study by Prado
et al,'® which was the only one that employed a per protocol
in lieu of an intention-to-treat analysis and that presented
a particularly high risk for attrition bias. Again, the results
remained significant, although there was a discrete decrease
in the SMD from 0.37 (SMD=0.37, 95% CI=0.19 to 0.55,
P<.001) t0 0.32 (SMD =0.32,95% CI=0.12 to 0.45, P= 0.001),
showing that the positive result regarding improvement of
depressive symptoms with N-acetylcysteine was not due to
the inclusion of a study with a less strict methodology.

Safety Profile of N-Acetylcysteine
N-acetylcysteine was not associated with more severe
adverse events (OR=1.04, 95% CI=0.43 to 2.51, P=.920; 5

between-group comparisons, n=>574). Severe adverse events
were only presented in 3 of the studies,>!*!! with 2 of the
studies'>!? presenting only minor adverse events. Most severe
adverse events were hospitalizations due to deteriorations in
mental state.

Regarding minor adverse events, the most common
reported were gastrointestinal complaints such as nausea and
heartburn and musculoskeletal complaints such as back and
joint pain. Additional reports included decreased energy and
headaches. In general, N-acetylcysteine was associated with
an increase in minor adverse events (OR=1.61,95% CI=1.01
to 2.59, P=.049; 5 between-group comparisons, n=>574).

Publication Bias and Sample Power

We found no evidence of publication bias in the funnel
plot, and the Egger test was not significant (P=.19). The
Duval and Tweedie trim and fill method found no negative
missing studies. Moreover, the Orwin fail-safe N test yielded
49 studies as the number of negative studies necessary to turn
our positive results into negative ones.

In addition, we calculated the numbers of subjects that
were needed to detect differences with a power of 0.80
with an a of .05 (2-sided), considering the SMD of 0.37 for
depressive symptoms as the “true” magnitude difference for
N-acetylcysteine and placebo. The calculations suggested
that 48 subjects in each group would be necessary to reliably
detect differences between N-acetylcysteine and placebo
when considering depressive symptoms. Based on this, just
2 of the included studies were sufficiently powered to reliably
detect differences in this outcome.

DISCUSSION

This meta-analysis of N-acetylcysteine compared to
placebo in subjects with depressive symptoms included a
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total of 5 double-blind, RCTs, with a total of 574 participants:
It shows that N-acetylcysteine has a moderate effect over
placebo in decreasing depressive symptoms and improving
functionality over a follow-up of 12 to 24 weeks. However,
treatment with N-acetylcysteine did not improve quality of
life over the same period and was associated with a small
increase in minor adverse events.

If N-acetylcysteine has efficacy for depression, this raises
the question as to why this might be. N-acetylcysteine
impacts a wide array of pathways and systems known to be
dysregulated in depression, including inflammation,?->!
heavy metal chelation, glutathione and oxidative
stress,?73¢ glutamate and dopamine neurotransmission,’
mitochondrial biogenesis, apoptosis, and neurogenesis.!
Determining which of these is the predominant operative
pathway is the next challenge for the field.®

Nevertheless, oxidative stress was the underpinning
hypothesis leading to exploration of the role of
N-acetylcysteine.® Data confirming the role of redox
dysregulation in mood disorders derive from 4 main areas:
(1) evidence of dysregulated oxidative defenses®®; (2) data on
effects of oxidative stress on cellular constituents, particularly
lipids, proteins, and DNA?; (3) evidence that known
mood disorder treatments influence oxidative processes®;
and (4) structural evidence of a neuroprogressive process.
Additionally, glutamate has been implicated in mood
disorders and can be modulated by N-acetylcysteine via its
effects on cystine glutamate exchange.®> N-acetylcysteine has
putative anti-inflammatory effects that are again concordant
with an emerging role of inflammatory processes in
depression. Finally, and in keeping with the actions of almost
all accepted antidepressants, N-acetylcysteine administration
in the forced swim test results in a significant decrease in the
immobility time in male Wistar rats.*® All of these factors in
conjunction with the findings in our study are concordant
with an acute antidepressant action for N-acetylcysteine.®

Interestingly, we found positive results for global
functionality in addition to the benefits on depression.
This is a particularly clinically meaningful outcome and
may suggest that the usefulness of N-acetylcysteine extends
beyond improvement of symptoms of depression and that
it can ameliorate some of the functional consequences that
result from depression.

Our study relied on a moderate sample size considering
the field (5 studies with a total of 574 participants), which
permitted us to draw results through meta-analysis technique.
Our results are unlikely to be caused by publication bias, since
the funnel plot was symmetrical,'® and a very large amount
of negative unpublished studies would be necessary to shift
these positive results into nonsignificance. In addition,
through a series of sensitivity and subgroup analyses, we were
able to rule out the possibility that the results were biased
due to a unique outlier. The above-mentioned approach also
allowed us to investigate and rule out any single study as the
sole source of the moderate or high heterogeneity found in
most of the analyses. Furthermore, the paucity of exclusion
criteria in addition to the examination of depressive

symptoms and the broad range of pathologies associated
with depressive symptoms—in this case, MDD, bipolar
disorder, trichotillomania, and heavy smoking—reinforces
the translational validity of these data into clinical practice.

Notwithstanding its strengths, our article has some
inherent limitations due to its design and statistical methods
employed. First, meta-analysis is retrospective research
in nature, affected by the methodological rigor of the
studies included, comprehensiveness of search strategies,
and possibility of publication bias.!® We tried to keep the
probability of bias to a minimum by doing a thorough
search for published and unpublished data and by using
explicit criteria for study selection, data collection, and
data analysis. Therefore, 3 notable studies”!*?* were not
eligible for our meta-analysis for legitimate reasons. We
believe that we have been robust in our approach and that
the results and conclusions can, therefore, provide reliable
recommendations for clinical practice.

Second, as with other meta-analyses, our results
should be interpreted with caution because individual
studies varied greatly with respect to the demographic
characteristics of participants, pathology responsible
for the depressive symptoms, and duration of follow-up.
Therefore, our report can provide information only about
whether N-acetylcysteine 2 to 3 grams daily is effective
for reduction of depressive symptoms in general and for
reinforcing benefits in functionality over placebo as an
adjunctive therapy. The study cannot provide evidence of
efficacy of N-acetylcysteine in monotherapy or superiority
of N-acetylcysteine over other treatments approved for
depressive symptoms, such as, for instance, classical
antidepressants for MDD or lithium and lamotrigine for
bipolar depression. However, it is worth pointing out
that N-acetylcysteine is considered a nutraceutical with a
benign, low-risk profile. This was also confirmed in this
study, with N-acetylcysteine being associated only with
minor adverse events, most commonly gastrointestinal
and musculoskeletal symptoms, and not with severe adverse
outcomes.

Third, as previously stated, moderate to high
heterogeneity was pinpointed across most of the analyses.
Although we tried to investigate the source of heterogeneity
through a series of statistical techniques, it could not be
clarified without access to individual participant data.

Fourth, sufficient data were not available to reliably
analyze effects of N-acetylcysteine on quality of life and
manic symptoms. These particular meta-analyses may
have failed to achieve statistical significance due to a lack of
power, giving us a false-negative result. This may particularly
be the case in the quality of life analysis, where we found
no benefit of N-acetylcysteine over placebo, regardless of
the improvement in functionality. The follow-up also varied
from 12 to 24 weeks, so it is not possible to extrapolate these
positive results in depressive symptoms and functionality
over a longer period. It is also worth mentioning that the
absence of benefit of N-acetylcysteine in the quality of
life domain may be due to the short follow-up, since we
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might Speculate that improvement in quality of life would
consequently follow improvement of functionality in the
long term. This would be in line with the glutathione deficit
hypothesis, since some length of time would be necessary
for N-acetylcysteine to restore glutathione levels and exert
an effect. It is also worth noting that none of the studies
reported assessment of glutathione, glutamate, or oxidative
stress; thus, we cannot assess whether changes in their levels
modulate the effect of N-acetylcysteine.
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