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Abstract: Oxidative stress, which results in the damage of diverse biological molecules, is a ubiqui-
tous cellular process implicated in the etiology of many illnesses. The sulfhydryl-containing tripep-
tide glutathione (GSH), which is synthesized and maintained at high concentrations in all cells, is
one of the mechanisms by which cells protect themselves from oxidative stress. N-acetylcysteine
(NAC), a synthetic derivative of the endogenous amino acid L-cysteine and a precursor of GSH,
has been used for several decades as a mucolytic and as an antidote to acetaminophen (paraceta-
mol) poisoning. As a mucolytic, NAC breaks the disulfide bonds of heavily cross-linked mucins,
thereby reducing mucus viscosity. /n vitro, NAC has antifibrotic effects on lung fibroblasts. As an
antidote to acetaminophen poisoning, NAC restores the hepatic GSH pool depleted in the drug de-
toxification process. More recently, improved knowledge of the mechanisms by which NAC acts
has expanded its clinical applications. In particular, the discovery that NAC can modulate the home-
ostasis of glutamate has prompted studies of NAC in neuropsychiatric diseases characterized by im-
paired glutamate homeostasis. This narrative review provides an overview of the most relevant and
recent evidence on the clinical application of NAC, with a focus on respiratory diseases, ace-
taminophen poisoning, disorders of the central nervous system (chronic neuropathic pain, depres-
sion, schizophrenia, bipolar disorder, and addiction), cardiovascular disease, contrast-induced

nephropathy, and ophthalmology (retinitis pigmentosa).
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1. INTRODUCTION

Oxidative stress is a ubiquitous cellular process implicat-
ed in the etiology of many illnesses [1-5]. Several endoge-
nous mechanisms exist to protect cells against oxidative
stress [6]. The sulthydryl (thiol)-containing tripeptide glu-
tathione (GSH) is synthesized and maintained at high con-
centrations in virtually all cells and is one of the principal
mechanisms by which reactive oxygen species (ROS) are
eliminated [3, 7, 8].

N-acetylcysteine (NAC) is a synthetic derivative of the
endogenous amino acid L-cysteine (Fig. 1), and a precursor
of GSH. NAC not only modulates oxidative stress but other
pathophysiologic processes implicated in disease. These in-
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clude mitochondrial dysfunction, apoptosis, and inflamma-
tion, as well as indirect effects on neurotransmitters such as
glutamate and dopamine [9, 10]. The proposed pathophysio-
logic targets of NAC are presented in (Fig. 2), and will be
covered further in subsequent sections.

Whether antioxidant molecules, including cysteine and
GSH, given exogenously have a therapeutic effect has long
attracted interest [11]. The therapeutic activity of NAC has
been extensively investigated in in vitro and in vivo studies
and, consequently, it has been used clinically for more than
50 years [12]. The clinical benefit of NAC as a mucolytic
agent was first described in the 1960s in patients with cystic
fibrosis (CF) [13]. In the 1970s, NAC was used to treat ace-
taminophen (paracetamol) overdose [14, 15].

Since the 1980s, in addition to its licensed indications as
a mucolytic and an antidote to acetaminophen overdose, the
therapeutic potential of NAC has been investigated in a wide
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Fig. (1). Chemical structures of cysteine, N-acetylcysteine and glutathione.
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Fig. (2). Proposed pathophysiologic targets of N-acetylcysteine (NAC). The various mechanisms by which NAC acts as a neurotransmitter,
modulates redox reactions, promotes neurogenesis, corrects mitochondrial dysfunction, and dampens the inflammatory response are de-
scribed in the text.

Adapted from Berk M, et al. Trends. Pharmacol. Sci.,2013,34(3), 167-177. * Elsevier Inc.

AMPA, 2-amino-3-hydroxy-5-methyl-4-isoxazolepropionate; BDNF, brain-derived neurotrophic factor; Bcl-2, B cell lymphoma 2; Ca, calci-
um; Cys, cysteine; DA, dopamine; Glu, glutamate; Gly, glycine; GSH, glutathione; IL, interleukin; NAC, N-acetylcysteine; NMDA, N-
methyl-D-aspartate; NO, nitrous oxide; ROS, reactive oxygen species; TNF, tumor necrosis factor. (4 higher resolution / colour version of
this figure is available in the electronic copy of the article).
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range of conditions where oxidative stress is thought to be a
driving factor in disease onset and/or progression [9]. In Jan-
uary 2019, a small expert group met to discuss the state-of-
the-art of the use of NAC in clinical practice. This narrative
and consensus-based review summarizes the main conclu-
sions of that meeting, as well as providing an overview of
the relevant current literature about the clinical applications
of NAC. In the following sections, we will briefly describe
the pharmacology of NAC and its role in counteracting
oxidative stress. Next, we focus on the current clinical use
of NAC in respiratory diseases and acetaminophen poison-
ing. Finally, we consider newer data about the potential of
NAC in selected therapeutic areas, including disorders of the
central nervous system (CNS; chronic neuropathic pain, de-
pression, bipolar disorder, schizophrenia, and addiction), car-
diovascular disease, contrast-induced nephropathy, and oph-
thalmology (retinitis pigmentosa [RP]).

2. METHODS

A literature search was carried out through
PubMed/MEDLINE for all studies, randomized controlled
trials, systematic reviews, meta-analyses, and review articles
of NAC published up to February 2019. Published articles
that addressed the review objective were discussed and re-
viewed, and selected papers were supplemented by the clini-
cal experience of the panel. The bibliographies of retrieved
papers identified in the search were manually searched for
additional relevant articles, and recent recommendations and
treatment guidelines were also considered for inclusion. The
literature was monitored as the manuscript was developed,
and papers identified reviewed for relevance.

3. PHARMACOLOGY OF NAC

GSH is synthesized in two steps from cysteine, gluta-
mate, and glycine. Of these precursors, cysteine has the low-
est intracellular concentration, limiting the rate of GSH syn-
thesis in the presence of oxidative stress [8]. NAC is more
stable than L-cysteine, which is rapidly oxidized in solution
to the disulfide cysteine. Thus, NAC is a more efficient
source of antioxidant sulthydryl moieties than cysteine.
Once inside cells, NAC is rapidly hydrolyzed to cysteine,
which can be incorporated into GSH [8]. Furthermore, un-
like GSH, NAC can cross the phospholipid bilayer of the
plasma membrane of cells.

NAC is available as oral, inhalation, and intravenous
(IV) formulations. In respiratory diseases, NAC is usually
administered orally at a daily dose of 600 mg [16], although
it may be more effective as a mucolytic agent when given by
inhalation, as nebulized NAC may be able to reach a higher
concentration in the airways [17]. However, available data
do not support the efficacy of inhaled NAC in terms of lung
function and disease exacerbations, probably due to the low
intrinsic reducing activity and short half-life of NAC in the
airway environment [17].

After oral administration, NAC is rapidly absorbed, with
peak plasma concentrations reached between 30 minutes and
1 hour [8, 16]. Orally administered NAC is absorbed in the
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small intestine and undergoes first-pass hepatic metabolism
to cysteine, which is used by the liver to synthesize GSH
[8]. The hepatic pool of GSH is replenished before GSH is
released into the plasma via a membrane transporter [§].

The oral bioavailability of NAC is low (< 5%), probably
due to gut-wall metabolism and high first-pass metabolism
[3, 8]. Low plasma detection may also be due to rapid diffu-
sion into cells and conversion to GSH [8]. Intravenous NAC
formulations bypass first-pass and gut-wall metabolism and
rapidly provide sufficient concentrations in acute ace-
taminophen overdose [8].

3.1. NAC and Oxidative Stress

Oxidative stress, which arises from an imbalance be-
tween the levels of pro- and antioxidants, can lead to oxida-
tion, peroxidation, and damage of vital cellular macro-
molecules, such as DNA, proteins, and lipids by ROS and
by reactive nitrogen species (RNS) [18, 19]. ROS include
the superoxide radical (O, ), hydrogen peroxide (H,0,), and
the hydroxyl radical (OH), and are mostly produced by the
mitochondria in the pathway of oxidative phosphorylation
during normal cell metabolism when molecular O, is con-
verted into H,O [8]. H,0, is also produced by peroxisomes
when fatty acids are degraded. In addition, oxidative bursts
of ROS are used by phagocytes to kill microorganisms.
Such reactions occur very rapidly, which means that mark-
ers of oxidative stress are usually indirect, and no validated
biomarkers for oxidative stress are currently available [9,
20]. Various markers of oxidative stress include analysis of
the activities of antioxidant enzymes glutathione peroxidase
(GPx), glutathione reductase, catalase (CAT), glutathione-S-
transferase, and superoxide dismutase (SOD), measuring lev-
els of GSH or the GSH/oxidized GSH [GSH/GSSG] ratio,
or monitoring markers of lipid peroxidation, oxidative DNA
or protein damage [9, 20].

Intracellular H,O, is mostly detoxified by the enzymes
GPx and CAT. However, some molecules escape degrada-
tion. Oxidative stress occurs when metabolically derived oxi-
dants prevail over antioxidant defenses. Cellular antioxidant
defense mechanisms include vitamin C and vitamin E, en-
zymes such as SOD, CAT, and GPx, and thiols or
sulfhydryl-containing compounds such as GSH and thiore-
doxin [6]. GSH is the most thoroughly investigated. It exerts
a protective effect on cells not only as an antioxidant de-
fense mechanism, but also because of a number of other ef-
fects, including protein thiolation, drug detoxification, and
regulation of signal transduction modulated by oxidation-re-
duction reactions [8]. The antioxidant effect of GSH is pro-
vided by the free sulfhydryl group, which constitutes a
source of reducing equivalents to scavenge harmful ROS
[8]. GSH also plays a crucial role in the antioxidant activity
of GPx, a defense mechanism against peroxides, by provid-
ing reducing equivalents.

In vivo, NAC mainly acts as an indirect antioxidant via
its effect as a GSH precursor (Fig. 2), its contribution to
scavenging superoxide and peroxides being negligible com-
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pared to that of antioxidant enzymes [8, 10, 21]. Neverthe-
less, the nucleophilic free sulthydryl group of NAC enables
it to act as a direct antioxidant against a number of elec-
trophilic groups of oxidant radicals [10]. For example, NAC
protects al-antitrypsin from inactivation by hypochlorous
acid, a potent oxidant produced by the myeloperoxidase en-
zyme of activated phagocytes [16].

The mechanisms usually thought to be important in the li-
censed indications for NAC, mucolysis, and detoxification
of acetaminophen overdose, are fairly well understood, and
both rely on the delivery of sulthydryl moieties [8]. As a mu-
colytic, NAC breaks the disulfide bonds of heavily cross-
linked mucus glycoproteins (mucins), thereby reducing mu-
cus viscosity [21]. As an antidote to acetaminophen poison-
ing, NAC restores the hepatic GSH pool depleted in the drug
detoxification process [8, 21]. GSH, in turn, reacts with and
neutralizes the electrophilic and harmful metabolite of ace-
taminophen, N-acetyl-p-benzoquinone imine (NAPQI) [21]
and scavenges reactive oxygen and reactive nitrogen species
[22].

4. NAC FOR RESPIRATORY DISEASES

Aside from its ability to break disulfide bonds and
change mucus rheology [9, 23], NAC has other actions that
have the potential to treat pulmonary diseases. For example,
NAC increases the secretion activity of alveolar type II
cells, leading to increased alveolar surfactant [24]. In addi-
tion, antimicrobial and anti-biofilm properties against sever-
al respiratory pathogens [25], as well as interference with in-
flammatory pathways [4, 17], have also been reported. Thus,
the mechanisms by which NAC acts in respiratory disease
are complex and not limited to its antioxidant activity [4].

There are a number of large and well-designed trials re-
porting the efficacy and safety of NAC for the treatment of
chronic obstructive pulmonary disease (COPD) [26-28] and
idiopathic pulmonary fibrosis (IPF) [29-32]. These provide
clinically valuable information but do not clarify which
mechanisms are most important in explaining the NAC ef-
fect.

4.1. Chronic Obstructive Pulmonary Disease

COPD is a common, preventable and treatable disease
caused by a mixture of small airways disease (obstructive
bronchiolitis) and parenchymal destruction (emphysema),
the relative contribution of which varies from person to per-
son [33]. Oxidative stress in response to endogenous and ex-
ogenous oxidants, including cigarette smoke and other in-
haled oxidants leads to the chronic inflammation characteris-
tic of COPD [4, 9, 33, 34]. Extracellular and intracellular lev-
els of GSH are frequently abnormal in COPD, and the inabil-
ity to maintain normal GSH levels may contribute to disease
progression [17]. Lung function declines with age but more
rapidly in COPD sufferers, and this excess decline likely re-
flects the cumulative effects of prolonged oxidative stress.
Thus, COPD may be regarded as a disease of accelerated ag-
ing of the lungs, characterized by loss of elasticity, which
leads to respiratory impairment from the age of 30 years,
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raising the possibility that, in younger patients, protection
from oxidative stress could prevent disease progression. The
time to progress to serious ill-health in COPD is unpre-
dictable but is usually slow, so that preventive interventions,
such as with NAC, do have a chance to be effective.

The hypothesis that treatment with NAC can prevent
COPD exacerbations, (periods of symptomatic deterioration
usually associated with increased pulmonary inflammation)
was tested in the BRONCUS, HIACE, and PANTHEON
trials, with somewhat mixed results reflecting the different
doses, studied and different target populations Table (1)
[26-28]. In the randomized, placebo-controlled BRONCUS
trial, oral NAC 600 mg/day for 3 years did not reduce the
rate of decline in forced expiratory volume in 1 second
(FEV)) or the number of exacerbations per year [26], at least
in patients who used inhaled corticosteroids (ICS) Table (1),
possibly because the NAC concentration used was too low.
In subsequent trials, a higher NAC dose of 1200 mg/day (o-
ral NAC 600 mg, twice daily), was tested. In the 1-year HI-
ACE trial in Chinese patients with stable COPD Table (1),
high-dose NAC significantly improved lung function and de-
creased exacerbation frequency compared with placebo [27].
A post-hoc analysis of the HIACE trial showed that the bene-
fits of high-dose NAC treatment in terms of reduced exacer-
bation frequency and prolonged time to first exacerbation
were significant in the subgroup of patients at high risk of ex-
acerbations, but not in those at low risk [35].

In the large, randomized, double-blind, placebo-con-
trolled PANTHEON trial, high-dose NAC for 1 year re-
duced the rate of acute exacerbations of COPD (AECOPD)
by 22% [28]. Like the HIACE trial, PANTHEON involved
Chinese patients. One-year treatment with high-dose NAC
reduced the risk of AECOPD by 22% Table (1), indepen-
dent of corticosteroid use. NAC was effective from 6
months onwards, suggesting that the preventive effects of
NAC are slow to develop but then progress, and are sus-
tained with regular treatment. Thus, early intervention might
be essential to prevent the progression of COPD in terms of
exacerbations [28].

Post-hoc analysis of the PANTHEON study confirmed
that NAC reduces the rate of COPD exacerbations defined
using conventional criteria, compared with placebo, particu-
larly in patients with a history of smoking or not treated with
ICS [36]. NAC may thus represent an alternative to ICS-con-
taining therapies in these subgroups. A meta-analysis clari-
fied the role of NAC in preventing exacerbations of chronic
bronchitis or COPD and evaluated the differences between
the responses induced by low (< 600 mg/day) and high (>
600 mg/day) doses of NAC [37]. The data from 13 studies
in a total of 4,155 patients in a variety of patient populations
showed that patients treated with NAC had consistently and
significantly fewer exacerbations of chronic bronchitis or
COPD (relative risk 0.75, 95% CI 0.89-0.97, p < 0.01). The
beneficial effect of NAC was more marked in patients with
no evidence of airway obstruction. However, high-dose
NAC was also effective in patients with airway obstruction.
These findings suggest that NAC should be used at a dose-
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Table 1. Summary of randomized, placebo-controlled controlled trials of oral N-acetylcysteine in chronic obstructive pulmonary dis-

ease.

First Author Study Sample Size & Population

Intervention

Primary Outcomes Comments

Current smokers 23%
Mean predicted FEV, 54%

Decramer | BRONCUS | Smoking-related stable COPD | 600 mg of NAC daily or | No difference in FEV, in pts (54 mL | Dose only 600 mg once
2005 (n=523) matching placebo for 3 years vs. 47 mL; 95% CI -25, 10); daily
[26] Age 40-75 years No overall difference in exacerba-
FEV, 40-70% predicted tions per year (HR 0.99, p = 0.85)
Mean age 62 years Potential reduction in exacerbation
Women 21% rate in pts not treated with ICS
Current smokers 46%
Mean predicted FEV, 57%
TSE 2013 HIACE Smoking-related stable COPD | 600 mg of NAC twice daily | FEF improved 25% to 75% (p= | Trend towards a reduction
[27] (n=120) or matching placebo for 1 0.037) in hospital admission rates
Age 50-80 years year Reduction in exacerbation frequency
FEV, <70% predicted value (0.96 vs. 1.71 times per year, p =
over | year 0.019)
Mean age 71 years
Women 7%

[28] 1006)

FEV, 30-70% of predicted val-
ue over 1 year
Mean age 66 years
Women 18%

Current smokers 18%
Ex-smokers 58%
Non-smokers 24%
Mean predicted FEV, 49%

Zheng 2014 |PANTHEON| Moderate-to-severe COPD (n = | 600 mg of NAC twice daily | Reduction in exacerbation frequency | Time to second exacerba-
or matching placebo for 1
Age 40-80 years year

(1.16 vs. 1.49 per patient-year, p= | tion and time to third ex-
0.0011; RR 0.78, 95% CI 0.67-0.90; acerbation extended
p=0.0011) No significant difference
in treatment effect and
ICS use

Abbreviations: CI confidence interval, COPD chronic obstructive pulmonary disease, FEF forced expiratory flow, FEV, forced expiratory volume in one second, HR hazard ratio,

ICS inhaled corticosteroids, NAC N-acetylcysteine, pts patients, RR risk ratio.

> 1200 mg/day to prevent exacerbations in patients with a
chronic bronchitis phenotype of COPD and airway obstruc-
tion, while regular doses (600 mg/day) may be sufficient in
the absence of airway obstruction [37].

Based on the evidence emerging from the recent trials
showing that NAC can reduce exacerbations in patients with
COPD, including those taking ICS, the 2020 Global Initia-
tive for Chronic Obstructive Lung Disease (GOLD) report
includes NAC, as well as other thiol-based drugs, as additio-
nal therapies to consider in the treatment of COPD [33].

4.2. Idiopathic Pulmonary Fibrosis

IPF is a chronic, fibroproliferative interstitial pneumonia
of unknown etiology, occurring primarily in the elderly and
resulting in a progressive loss of lung function and a poor
prognosis. Oxygen radicals and decreased GSH levels are
implicated in the pathogenesis and progression of IPF [38].
Therefore, NAC and other thiol-based drugs may be useful
for the treatment of IPF. Preclinical studies have revealed
that NAC inhibits several profibrotic mechanisms in a num-
ber of experimental models [39]. Glutathione has antifibrot-
ic effects on lung fibroblasts in vitro [38]. Decreased lung
glutathione levels have been documented in bronchoalveolar
lavage obtained from patients with IPF, and its level is aug-
mented by oral NAC and associated with improved lung
function in patients with IPF [40]. The randomized, placebo-

controlled IFIGENIA trial in 182 patients with IPF investi-
gated the effectiveness of 1-year treatment with high-dose
oral NAC (600 mg, three times daily) added to standard ther-
apy with prednisone plus azathioprine [29]. NAC was
shown to preserve lung function (vital capacity and sin-
gle-breath carbon monoxide diffusing capacity) more than
standard therapy plus placebo, with no significant differ-
ences in the safety profile of the two treatments. However,
subsequent well-designed, randomized, placebo-controlled
clinical trials with NAC 600 mg three times daily, combined
with other medications or in monotherapy failed to provide
evidence supporting the use of NAC in patients with IPF
[31] and identified safety issues with the combination of
prednisone, azathioprine, and NAC [30]. Interestingly, the
analysis of single-nucleotide polymorphisms (SNPs) within
the genes TOLLIP and MUC5B, which are involved in lung
host defense, suggested that the response to NAC could be
influenced by the genotype of IPF patients (i.e., the TOLLIP
rs3750920 genotype) [41]. The SNP analysis was performed
on the data of the PANTHER-IPF trial evaluating the safety
of the combination of prednisone and azathioprine with
NAC [30].

The recent phase 2, placebo-controlled PANORAMA
trial was designed to assess the safety and tolerability of
NAC combined with pirfenidone in patients with IPF (n =
123) [32]. The study also included exploratory efficacy mea-
surements (forced vital capacity, carbon monoxide diffusing
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capacity, and 6-minutes' walk distance). The addition of
NAC to pirfenidone did not significantly affect the safety
and tolerability profile of pirfenidone, but it did not appear
to confer further benefits in terms of forced vital capacity, al-
though it must be acknowledged that the study was under-
powered to demonstrate a meaningful difference. Therefore,
the debate over the therapeutic potential of NAC in sub-
groups of IPF patients is evident, and it is hoped that the
studies in carriers of the TOLLIP rs3750920 genotype will
confirm the reported benefits of NAC in this subgroup be-
fore the potential of NAC in IPF is excluded [42]. In this re-
gard, a multicenter clinical trial in this specific subgroup is
currently underway.

4.3. Current Use of NAC in Clinical Practice of Pulmo-
nary Medicine

The implementation of NAC and other thiol-based drugs
in pulmonary medicine remains limited [17], and there is a
need to examine further the implications of recent findings
to fully define the potential of NAC in respiratory diseases,
including COPD [43].

Current treatment guidelines for COPD support the use
of mucolytics, including NAC, to reduce the risk of exacer-
bations [33, 44]. Although there are limited published data
on its potential benefits as a mucolytic agent in bronchiecta-
sis (CF and non-CF bronchiectasis), our experience suggests
it is being used in clinical practice in lung diseases associat-
ed with tenacious and copious sputum production, such as in
allergic bronchopulmonary aspergillosis and bronchiectasis
regardless of cause, and there is anecdotal evidence for the
use of oral NAC as an antioxidant for IPF.

5. USE OF NAC IN TOXICOLOGY

The most extensively investigated application of NAC in
toxicology is its use as an antidote to acetaminophen poison-
ing. ROS and RNS play a crucial role also in acute liver in-
jury induced by acetaminophen overdose [22]. Although
some damage to proteins, lipids, and mitochondrial DNA oc-
curs, mitochondrial oxidative stress and mitochondrial mem-
brane permeability transition activation are the key events in
acetaminophen-induced hepatic cell necrosis [45, 46].

5.1. NAC as an Antidote to Acetaminophen Poisoning

Acetaminophen at therapeutic doses is considered to be
a safe drug. Under these conditions, more than 90% of ace-
taminophen is eliminated through phase II conjugation reac-
tions, and only less than 10% is metabolized by cytochrome
P450 2EI1, forming the reactive metabolite NAPQI [47].
NAPQI is effectively detoxified by conjugation with cellular
GSH, and only a very limited amount covalently binds to
proteins [47, 48]. However, in the case of an overdose of ace-
taminophen, NAPQI formation is substantially increased, re-
sulting in the depletion of hepatic GSH levels and increased
protein adduct formation, including the formation of mito-
chondrial protein adducts [48] (Fig. 3). Importantly, protein
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adducts on mitochondria are most critical for toxicity be-
cause they trigger initial oxidative stress, which is amplified
through a mitogen-activated protein (MAP) kinase cascade
with the ultimate activation of c-jun N-terminal kinase
(JNK). The mitochondrial translocation of phospho-JNK
causes the enhanced leakage of electrons from the electron
transport chain and formation of superoxide, which reacts
with nitric oxide (NO) to form the highly reactive oxidant
peroxynitrite in the mitochondria [49]. Peroxynitrite is con-
sidered the ultimate oxidant responsible for the mitochon-
drial membrane permeability transition pore (MPTP) open-
ing, potentially leading to liver cell death [50-52]. The
MPTP opening causes cessation of ATP production and ma-
trix swelling [45] (Fig. 3), which results in the rupture of the
outer mitochondrial membrane and the release of intermem-
brane proteins, including endonuclease G and apoptosis-in-
ducing factor (AIF). Both endonuclease G and AIF translo-
cate to the nucleus and cause DNA fragmentation [53]. To-
gether, these events trigger cellular necrosis [54]. Important-
ly, these mechanisms of cell death demonstrated in mice and
mouse hepatocytes also apply to acetaminophen-induced
cell death in human hepatocytes and in overdose patients
[55-57].

Based on the early, limited mechanistic understanding of
acetaminophen hepatotoxicity, which included reactive
metabolite formation and hepatic GSH depletion [58, 59],
various antidotes with the capacity to replenish hepatic GSH
levels were tested. Several antidotes worked in animal mod-
els and in patients [15]. However, NAC was quickly adopted
as the preferred antidote for acetaminophen overdose in pa-
tients because of its superior efficacy and limited side ef-
fects [14, 15, 60].

NAC is most effective in patients when given within the
first 8-10 hours after an overdose [14, 61] but still shows
some beneficial effects when administered later [61, 62].
Among patients presenting with plasma acetaminophen con-
centrations that put them at risk for hepatotoxicity, 6—7% of
patients treated with NAC within 10 hours after the over-
dose developed liver injury, as indicated by a transient in-
crease of plasma alanine aminotransferase levels; 26-29%
showed hepatotoxicity when NAC was given between
10-16 hours, and 40-60% developed liver injury when NAC
was started between 16-24 hours [61, 62]. These results
were all significantly better than those of historical controls.

To ensure the appropriate use of NAC to prevent liver in-
jury from acetaminophen toxicity, a nomogram that plots ac-
etaminophen plasma concentrations against the time of over-
dose was developed [63] and subsequently modified [60,
61]. Although the current nomogram is conservative and has
proven to be a reliable guide for NAC treatment after ace-
taminophen poisoning [64], treatment decisions based on a
single measurement may not assess the risk completely, as
patients who were initially stratified as below the treatment
line, can cross the treatment threshold following overdose
[65].
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imine; Sab, SH3 domain-binding protein that preferentially associates with Btk; SOD, superoxide dismutase. (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).

Animal studies indicated that early NAC treatment pro-
tects by scavenging NAPQI and by preventing protein
adduct formation [66]. However, NAC does not react direct-
ly with NAPQI but provides the essential amino acid cys-
teine for the synthesis of GSH, which reacts with NAPQI
[67, 68] (Fig. 3). GSH also directly scavenges peroxynitrite
and functions as a co-factor for the detoxification of hydro-
gen peroxide by GPx [50]. Furthermore, excess NAC not
used for GSH synthesis is converted to Krebs cycle interme-
diates and supports mitochondrial bioenergetics leading to
higher ATP levels in hepatocytes [69] (Fig. 3).

NAC also protects against mitochondrial dysfunction
[50, 51, 69], a key factor in acetaminophen-induced liver in-
jury [52]. Thus, NAC has multiple modes of action against
acetaminophen-induced hepatotoxicity, which helps explain
why NAC is beneficial, even if administered with significant
delay after the overdose in patients [62] and human hepato-
cytes [55].

A key to recovery after acetaminophen-induced liver in-
jury is the onset of regeneration and replacement of necrotic
hepatocytes [70], which is critically dependent on mitochon-
drial biogenesis [71]. Although early NAC treatment is bene-

ficial in limiting the injury, continuous NAC treatment well
beyond the injury phase can delay regeneration [72] mainly
through impairment of mitochondrial biogenesis, an adap-
tive response whose role is to maintain or restore homeosta-
sis following mitochondrial dysfunction [71]. This is an un-
derappreciated problem of prolonged NAC treatment.

Despite the widely accepted use of NAC as an antidote
against acetaminophen poisoning, for ethical reasons, no ran-
domized clinical trials were conducted in establishing the ef-
ficacy and optimal dose of NAC [60, 73]. The initial IV treat-
ment of a limited number of acetaminophen overdose pa-
tients with an empirical dose of NAC showed complete pro-
tection of all patients that were treated within 10 hours of
the overdose [15]. In a follow-up study, only one patient out
of 62 treated with NAC within 10 hours developed severe
liver injury as compared to a retrospective control group,
which showed that 33 out of 57 patients (58%) developed se-
vere liver injury after an acetaminophen overdose [14]. In a
similar study in the US, over 600 patients were treated with
an oral dose of NAC [61]. Only 7% of patients with plasma
acetaminophen levels in the toxic range developed transient
liver injury when treated within 10 hours after the overdose.
However, the efficacy of NAC declined when treatment was
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initiated later [61, 62]. The high efficacy after early treat-
ment and the limited side effects compared to cysteamine
and other compounds established NAC as the antidote of
choice for acetaminophen overdose [14, 61]. In addition,
even late presenting patients with acetaminophen-induced
fulminant hepatic failure showed a survival benefit when
treated with NAC [74].

Due to the lack of randomized clinical trials, there is no
universally accepted NAC treatment protocol. In the 1970s,
Prescott and coworkers in the UK used an IV protocol [15],
while Rumack and coworkers in the US developed a 72-
hour oral treatment protocol because the US Food and Drug
Administration did not approve the use of the mucolytic
drug by the IV route [60]. In 2004, an IV preparation was ap-
proved in the US. Retrospective comparison of cohorts treat-
ed with a 20-hour IV and a 72-hour oral protocol showed a
slightly better outcome with IV treatment for early present-
ing patients (< 12 hours), no difference when treated be-
tween 12 hours and 18 hours, and lower risk with the 72-
hour oral regimen [75]. The limitations of this study have
been discussed [76, 77]; a more recent comparison between
shorter IV versus longer oral treatments did not find any sig-
nificant difference in adverse outcomes when patients were
treated within 8 hours of the overdose [78]. In addition, in
low-risk patients, an abbreviated 12-hour IV NAC dosing
regimen was as effective as treatment with the same dose
over 20 hours but with fewer adverse effects [79, 80]. Thus,
the various NAC treatment protocols are highly effective for
most patients presenting early (< 8 hours) after an overdose
and at least partially effective for late-presenting patients.
However, there is some concern that patients with massive
acetaminophen overdoses will need more than the standard
NAC treatment [81-83]. Given the potential increased ad-
verse effects of high doses of NAC, including anaphylactic
reactions and fluid overload [84], mechanistically comple-
mentary interventions such as 4-methylpyrazole may be ben-
eficial in supporting standard-of-care NAC treatment in pa-
tients with high overdoses [85-87].

Challenges for treating acetaminophen overdose patients
with the optimal NAC dosing regimen remain because of the
variations in acetaminophen dose, use of different prepara-
tions of acetaminophen, and co-ingestion of various other
drugs or alcohol. Interestingly, since the adoption of IV
NAC as the mainstay for the treatment of acetaminophen poi-
soning, the overall case-fatality has decreased from approxi-
mately 3% in the early 1970s to less than 1% in the
2008-2012 period [73, 88].

5.2. Role of NAC in Non-acetaminophen Poisonings

The antidote effects of NAC to other toxic compounds
are less well established than those to acetaminophen, and
this is an area of toxicology still in development [9]. Investi-
gated toxins include the herbicide paraquat [89], mushroom
toxins [90], essential oils [91], and hydrocarbons (chloro-
form, carbon tetrachloride) [92, 93]. As with acetaminophen
overdose, NAC exerts an antidote action predominantly by
replenishing the cellular GSH pool; antioxidant effects and
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scavenging of free radicals have also been reported [9]. Fur-
thermore, NAC has also been investigated for heavy-metal
poisoning and has the potential of acting as an antidote for
heavy metal ions such as lead [94-96], cadmium, chromium,
and mercury [97]. According to the prevailing hypothesis
about the mechanisms of lead toxicity, Pb(Il) oxidizes GSH,
leading to increased levels of free radicals [95].

6. NAC FOR NEUROLOGIC AND PSYCHIATRIC DIS-
ORDERS

NAC has been investigated in many neurologic and
psychiatric diseases, including neurodegenerative diseases,
chronic and neuropathic pain, mood disorders, psychoses,
and addiction [5, 9, 98, 99]. Cognitive dysfunction lies at the
core of most of these conditions, and oxidative stress has
been implicated in cognitive impairment [100]. A recent sys-
tematic review provides an overview of the available data on
the effects of NAC on human cognition in healthy individu-
als and in patients with Alzheimer’s, bipolar disorder, schi-
zophrenia, and other diseases of the CNS [100]. The avail-
able data, albeit early, suggest that NAC as an intervention
provides significant cognitive improvements. However, the
clinical relevance of its effects is currently unclear, given
the limitations of the studies identified, including the hetero-
geneity of studies, the number of studies with insufficient
power, and other methodologic considerations [100].

Preclinical data support a positive effect of NAC on cog-
nition in animal models of mitochondrial dysfunction, in-
herited metabolic disorders, heavy metal neurotoxicity, and
Alzheimer’s disease [101-105]. Such data has helped dissect
the mechanisms underlying the effects of NAC on the CNS.
For example, a study in mice lacking glutamate transporter
type 3 (excitatory amino acid transporter-3 [EAAT3]), an an-
imal model that recapitulates brain changes and cognitive im-
pairment associated with aging, showed that NAC was able
to reverse learning and memory impairment [106]. Besides
taking up glutamate, EAAT3 also transports cysteine, the
rate-limiting substrate in the synthesis of glutathione. Mice
lacking EAAT3 have decreased levels of GSH and increased
oxidative stress in neurons, and are characterized by prema-
ture brain aging. Although the cognitive impairment of the
EAATS3 knockout mice might be due also to impaired gluta-
mate uptake, the authors concluded that NAC treatment rev-
ersed cognitive impairment, at least in part, by increasing
neuronal GSH levels.

A large body of preclinical evidence has shown that
NAC can act on the CNS by modulating glutamate homeos-
tasis [107] (Fig. 2). Glutamate is the major excitatory neuro-
transmitter in the CNS and is involved in mechanisms of ac-
tivity-dependent synaptic plasticity underlying learning and
memory processes, such as long-term potentiation (LTP)
and long-term depression (LTD) [108]. However, excessive
excitatory action of glutamate may cause excitotoxic neuron-
al damage as a result of a sustained influx of extracellular
calcium ions (Ca’") [109, 110]. For this reason, the homeosta-
sis of extracellular glutamate is tightly controlled by the com-
bined activity of neuronal and glial membrane transporters,
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such as glutamate transporter-1 (GLT1), glutamate aspartate
transporter (GLAST), and the cysteine/glutamate antiporter,
or system xc (Sxc ), present in astrocytes, and EAAT3 pre-
sent in neurons. GLT1, GLAST, and EAAT3 clear synaptic
and extra-synaptic glutamate, whereas Sxc mediates the
exchange of extracellular cysteine and intracellular gluta-
mate across the cellular plasma membrane [111]. Sxc is a
fundamental component for the control of extracellular gluta-
mate and feedback regulation of glutamate release [107].
The uptake of cysteine provides the intracellular cysteine re-
quired for the synthesis of GSH [111]. Notably, NAC has
been shown to activate Sxc [111, 112] and to induce the ex-
pression of GLT1 [113].

Glutamate receptors are subdivided into ionotropic recep-
tors (i.e., a-amino-3-hydroxyl-5-methyl-4-isoxazole-propio-
nate [AMPA], N-methyl-D-aspartate, and kainate receptors),
which form ligand-gated ion channels, and metabotropic glu-
tamate (mGlu) receptors, which are coupled to G proteins
(Fig. 2). By activating Sxc, NAC enhances the endogenous
activation of presynaptic mGlu2 receptors, thereby inhibit-
ing glutamate release from excitatory nerve endings [114].
This action, combined with the induction of GLT]1 in astro-
cytes, may at least in part account for the beneficial effects
of NAC in conditions associated with excessive release of
glutamate and impairment of glutamate homeostasis, and
characterized by maladaptive synaptic plasticity and excito-
toxic neuronal death [113]. Conditions associated with al-
tered glutamate homeostasis include drug addiction, chronic
pain, depression, schizophrenia, and neurodegenerative dis-
orders [107], suggesting potential applications for NAC as
adjuvant therapy in these disorders. (Fig. 4) summarizes the
actions of NAC on Sxc— and its effects on glutamate home-
ostasis.

6.1. NAC and Addiction

In preclinical studies, mGlu receptors are promising can-
didate pharmacotherapeutic targets in the management of
substance use disorders [115]. The role of NAC in glutamate
homeostasis has prompted research into the use of NAC for
the treatment of addiction; most preclinical and clinical
trials of NAC in neurologic and psychiatric diseases relate to
addiction [9].

Studies in animal models suggest that vulnerability to re-
lapse reflects an alteration in glutamate homeostasis in the
nucleus accumbens [114, 116]. In particular, cocaine treat-
ment in mice has been shown to cause a bidirectional loss of
activity-dependent synaptic plasticity in the nucleus accum-
bens core, which is a defect in both LTP and LTD of excita-
tory synaptic transmission [114]. This was associated with
reduced expression of xCT (the catalytic subunit of Sxc")
and mGlu2 receptors [116], suggesting that a defective en-
dogenous activation of mGlu2 receptors in the nucleus ac-
cumbens underlies the altered glutamate homeostasis that is
ultimately responsible for the loss of control in drug-seeking
behavior and relapse. Systemic treatment of the cocaine-ad-
dicted mice with NAC was able to normalize both LTP and
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LTD in the nucleus accumbens; furthermore, NAC action
was inhibited by the potent mGlu2/3 receptor antagonist,
LY341495[116].

More recent findings suggest that NAC corrects the alter-
ations in glutamate homeostasis associated with drug addic-
tion by inducing GLT1, a glial transporter that clears extra-
cellular glutamate and inhibits the activation of extrasynap-
tic receptors that are involved in the induction and expres-
sion of maladaptive synaptic plasticity, such as mGlu5 recep-
tors [117]. This mechanism might be at least as important as
the activation of XCT for the ability of NAC to inhibit drug-
and cue-induced reinstatement of cocaine, heroin, and nico-
tine seeking [112, 118-125]. Interestingly, NAC suppressed
D,-tetrahydrocannabinol and cannabidiol self-administration
and cue-induced reinstatement in a rodent model of cannabis
relapse [126].

Clinical data provide some support for the efficacy of
NAC in preventing relapse and normalizing glutamate home-
ostasis. In a 4-week, open-label pilot study in 23 treatmen-
t-seeking cocaine-dependent subjects, NAC at doses of 1.2,
2.4, and 3.6 g/day improved retention rates and was well tol-
erated [127]. Most subjects who completed the study (n =
16) either discontinued the use of cocaine or significantly re-
duced the use of cocaine during treatment. In an open-label,
randomized, cross-over study, cocaine-dependent patients
showed higher glutamate levels in the dorsal anterior cingu-
late cortex compared with healthy controls, as assessed by
proton magnetic resonance spectroscopy [128]. In the co-
caine-dependent patients, glutamate levels were normalized
by a single oral administration of NAC (2.4 g) [128]. In a re-
cent randomized, placebo-controlled trial conducted to in-
vestigate the effect of NAC and working memory-training to
reduce cocaine use and craving and to improve inhibition, a
25-day treatment with NAC (2.4 g/day) was associated with
fewer cocaine problems and cocaine-positive urines com-
pared with placebo [129]. In this study, NAC had, however,
no effects on cocaine craving.

The efficacy of NAC in addiction is not always appar-
ent. For example, NAC consistently reduced cannabis use in
adolescents but not in adults [130-133]. There are data
suggesting efficacy in smoking cessation [134]. A systemat-
ic review of nine studies (165 patients) evaluating various ad-
dictions (cocaine, cannabis, nicotine, methamphetamine,
pathologic gambling), confirmed the potential of NAC for
the treatment of addiction, especially to cocaine and cann-
abis [135]. The involvement of glutamatergic pathways in
the pathophysiology of addiction was also confirmed. How-
ever, another systematic review concluded that the evidence
for NAC as a treatment for addiction is rather limited and
pointed out that although several controlled studies have re-
ported significant results for cocaine, the largest and best-de-
signed trial was positive versus placebo only in a small sub-
group of participants, who were abstinent at the beginning
of the trial [5]. Finally, a recent meta-analysis of clinical
studies with NAC in substance use disorders showed that
NAC is superior to placebo in reducing drug craving [136].
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Fig. (4). Regulation of glutamate homeostasis by N-acetylcysteine (NAC). NAC stimulates glutamate efflux by activating the cysteine:gluta-
mate antiporter (Sxc ) thereby enhancing the endogenous activation of mGlu2 receptors. In addition, NAC enhances the clearance of synaptic

glutamate by inducing GLT-1.

GLT, glial membrane transporter; GSH, glutathione; mGlu, metabotropic glutamate; NMDA, N-methyl-d-aspartate. (4 higher resolution /
colour version of this figure is available in the electronic copy of the article).

In spite of the inconsistencies in currently available clini-
cal evidence, the prevailing view in the field is that the safe-
ty and tolerability profile of NAC encourages further study
of the use of the drug in the treatment of addiction and asso-
ciated psychiatric disorders. Large scale studies in metham-
phetamine addiction and other addictive disorders are under-
way [137].

6.2. NAC for the Treatment of Depression

Chronic pain and depression often coexist, and activa-
tion of specific brain regions that are associated with the so-
called “pain matrix,” including the insula, cingulate cortex,
and amygdala, play a key role in the regulation of mood and
in the mechanisms of resilience to stress. Interestingly, the
mGlu2 receptor, the endogenous activation of which is en-
hanced by NAC via Sxc activation, as discussed in the previ-
ous sections, has also been linked to resilience to stress. Ac-
cordingly, Nasca and coworkers found that chronic unpre-
dictable stress causes large reductions in hippocampal
mGlu2 receptors exclusively in mice that are not resilient to
stress, and that mice lacking mGlu2 receptors are more sus-
ceptible to stress [138]. A follow-up study prompted by th-
ese findings showed that chronic stress caused a decrease in
mGlu2 receptors and XCT in the ventral hippocampus via an
epigenetic mechanism [139]. A short treatment period (3
days) with either NAC or L-acetylcarnitine, but not fluoxe-
tine, corrected the depressive-like phenotype in these mice
by inducing resilience to stress [139]. There are experimen-
tal data in mice that the antidepressant effects of NAC are
blocked by AMPA antagonists [140], suggesting the involve-
ment of AMPA receptors in the antidepressant-like effects
of NAC. The use of NAC in depression is supported by the

presence of oxidative stress in depression, suggesting glu-
tathione is a feasible treatment target [141].

Data from clinical trials are in line with the evidence
from preclinical research and suggest the potential of NAC
as adjunctive treatment to antidepressant therapy [142, 143].
A placebo-controlled trial in 252 patients with major depres-
sive disorder who were randomized to 12-weeks” NAC or
placebo added to standard antidepressant treatment, and fol-
lowed up to 16 weeks, found no significant differences in de-
pressive symptoms assessed using the Montgomery-Asberg
Depression Rating Scale (MADRS) between the two groups
at week 12 (primary endpoint) [144]. However, other be-
tween-group differences were significant and in favor of
NAC at the 16-week post discontinuation endpoint. This
was true in other situations. In the smoking cessation trial of
Prado and colleagues, there was a significant reduction in de-
pression [134], a secondary outcome also seen in the post-
traumatic stress disorder trial of Kalivas and colleagues [99].
Lastly, the IPF trial conducted by the Idiopathic Pulmonary
Fibrosis Clinical Research Network reported significant ben-
efits of NAC on mental health quality of life, a measure high-
ly associated with mood measured psychometrically [31]. A
recent meta-analysis including five studies evaluating NAC
and 574 patients with depression (291 randomized to NAC
and 283 to placebo) with a follow-up of 12-24 weeks re-
vealed significantly greater improvements in depressive
symptoms (MADRS) and functionality with NAC than with
placebo [143]. NAC was associated with a favorable safety
and tolerability profile, overlapping with that of placebo.
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6.3. NAC in Schizophrenia and Bipolar Disorder

Several clinical trials have investigated the utility of ad-
junctive NAC in schizophrenia, with moderate benefits
suggested, particularly for negative symptoms [5]. Specifi-
cally, one double-blind trial in 140 patients with chronic
schizophrenia, described by the Cochrane Collaboration as a
“high quality” trial that measured clinically-useful outcomes
(Positive and Negative Syndrome Scale [PANSS] and Clini-
cal Global Impression [CGI]) over a longer period of time
[145], compared adjunctive NAC versus placebo [146]. Pa-
tients were randomized to oral NAC 1 g twice daily or place-
bo as an add-on to maintenance therapy. After 24 weeks,
there were significantly greater improvements in the NAC
group in PANSS total, negative, and general qualitative mea-
sures (p = 0.009, 0.018, and 0.035, respectively) and CGI-
Severity (CGI-S) and CGI-Improvement (CGI-I) scores (p =
0.004, and 0.025, respectively) [146]. No significant change
in the PANSS positive subscale was seen. A qualitative anal-
ysis follow-up to this study showed improved mental state
for patients receiving NAC [147].

A benefit in terms of negative symptoms of schizophre-
nia was also shown in another, shorter-term study [148], and
NAC has been shown to have beneficial effects in experi-
mental models of schizophrenia through the regulation of
glutamate homeostasis [107]. While there are negative
studies, a recent 1-year study showed benefits for NAC over
placebo at months 9 and 12 in negative but not positive
symptoms, replicating the findings of previous studies [149,
150]. This finding was upheld by subsequent meta-analysis
[151]. However, further adequately-powered real-world
studies with appropriate follow-up periods are needed to con-
firm the role of adjunctive antioxidants in schizophrenia; in
this respect, NAC is considered to be a promising interven-
tion that should have priority in the design of such trials
[145].

Data from several controlled and uncontrolled studies of
adjunctive oral NAC 1 g twice daily have shown beneficial
effects on the depressive component of bipolar disorder dur-
ing maintenance phase treatment [142, 152-157]. In one ran-
domized controlled trial, significant improvements com-
pared with placebo were observed on the MADRS and Bipo-
lar Depression Rating Scale (BDRS) and on secondary out-
come measures of clinical status, quality of life, and func-
tioning [142]. Effect sizes at study endpoint were medium-
to-high for improvements in MADRS and for 9 of 12 se-
condary measures. There was no significant difference be-
tween NAC and placebo in the other primary outcome mea-
sure, time to a new mood episode [142]. Data from various
subgroup analyses further support the benefits of NAC in
terms of symptom severity, functioning, response rate, symp-
tom remission, and quality of life [155-158].

A subsequent 2-month open-label phase of a randomized
placebo-controlled trial of adjunctive oral NAC 1 g twice
daily in 149 patients with moderate bipolar depression
showed robust improvement in BDRS, quality of life, and
functioning [152]. Latency to a new mood episode was not
improved in the controlled phase of the study [153], in
which very few participants in either arm relapsed, suggest-
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ing that NAC may not affect cycling between mood states.
However, more recent, but shorter, studies have not con-
firmed this result [151]. Whether this reflects a true null ef-
fect, or whether NAC takes longer to work, as suggested by
the two initial studies (6 months) and the Brieier study in
schizophrenia (9 months), remains to be determined.

6.4. NAC in Obsessive-compulsive Disorder and Autism

The antioxidant properties of NAC and its ability to mod-
ulate neurotransmitters such as glutamate and dopamine
have also led to adjunctive NAC being investigated in obses-
sive-compulsive disorder (OCD), where excessive gluta-
matergic activity and altered dopamine signaling are thought
to play a role [9]. There were benefits (improvements in the
Yale-Brown Obsessive Compulsive Scale and CGI-S after
12 weeks), compared with placebo, although not in CGI-I
[159]. However, systematic reviews of trials in OCD have
found limited robust data for the treatment effects of NAC
in OCD, and further studies are needed [5, 98, 160-162].

Although parameters of oxidative stress may be elevated
in children with an autism spectrum disorder, suggesting a
role for NAC in the domain of irritability, the evidence is in-
consistent and limited by studies with small sample size or
small effect size [163]. Decreased levels of GSH, GPx, cys-
teine, and methionine, and increases in GSSG concentra-
tions, compared with controls, have been shown in a number
of studies, whereas levels of homocysteine, SOD, and cys-
tathionine have not been shown to be consistently different
between children with autism and controls [163]. A role for
NAC in supporting mitochondrial metabolism has been
shown in preclinical models of autism spectrum disorder, re-
viewed in Frye and Berk, 2019 [9], and promising, if mixed,
results have been seen in some aspects of autism spectrum
disorder in the limited number of studies conducted to date
[5, 9]. Larger clinical trials are needed to determine whether
core autism symptoms may respond to treatment with NAC.

6.5. NAC for the Treatment of Chronic Pain

All types of chronic pain, such as nociceptive, inflamma-
tory, neuropathic, and neurovascular pain, are characterized
by the development of nociceptive sensitization. This is the
amplification of pain transmission along the entire pain neu-
raxis, from peripheral nociceptors to the upper CNS regions
that form the “pain matrix” and encode the perceptive, cogni-
tive, and emotional aspects of pain [164]. mGlu2 receptors
are found in many stations of the pain neuraxis and negative-
ly modulate pain transmission in the first pain synapse be-
tween primary afferent fibers and second-order neurons in
the dorsal horns of the spinal cord [164]. In a study per-
formed to dissect the role of mGlu2 and mGlu3 receptors in
the endogenous control of inflammatory pain, mice lacking
mGlu2 receptors showed amplification of pain in the second
phase of the formalin test, which reflects the development of
nociceptive sensitization in the spinal cord [165].

The established role of mGlu2 receptors in the modula-
tion of pain transmission prompted investigations about the
effects of NAC in animal models of inflammatory and neuro-
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pathic pain. Bernabucci and coworkers found that NAC in-
duced analgesia in models of inflammatory pain and in the
chronic constriction injury model of neuropathic pain [166].
Furthermore, NAC-induced analgesia was abrogated by phar-
macologic inhibition of Sxc™ or by the mGlu2/3 receptor an-
tagonist, LY341495, suggesting that NAC alleviates chronic
pain by amplifying the endogenous activation of mGlu2 re-
ceptors [166]. Other potential mechanisms underlying the ac-
tion of NAC on neuropathic pain include the activation of
type-9 matrix metalloprotease and the decreased phosphory-
lation of p38 MAP kinase in the spinal cord [167, 168].

Preclinical evidence supporting a beneficial effect of
NAC on chronic pain is also provided by a model of diabetic
neuropathy. A study investigating the effects of NAC on the
dorsal root ganglion TRPM2 channel in diabetic rats showed
that NAC prevented the enhancement of channel activity
(calcium influx) and oxidative stress associated with strepto-
zotocin-induced diabetes [169].

Taken together, the findings from preclinical studies in
animal models suggest that NAC has the potential for the
treatment of chronic neuropathic pain, including diabetic
neuropathy. Clearly, these data need to be confirmed in clini-
cal trials. Currently, studies in humans are extremely limited
[170, 171]. A recent study in healthy volunteers assessing
the effects of NAC on thermal-pain thresholds and laser-e-
voked potentials showed that the acute oral administration
of NAC was able to inhibit pain transmission, providing sup-
port for the therapeutic potential of NAC for patients with
chronic pain [171].

7. NAC FOR CARDIOVASCULAR DISEASE

Cardiac mitochondrial dysfunction is implicated in car-
diovascular diseases such as cardiomyopathies, heart failure,
and myocardial infarction. Accordingly, NAC has been in-
vestigated in numerous experimental models, and human
studies encompassing a wide range of cardiovascular diseas-
es, comprehensively reviewed in Frye and Berk, 2019 [9].
However, the application of NAC in the management of th-
ese conditions in clinical practice remains limited, and evi-
dence from clinical trials is often conflicting.

Several mechanisms of action of NAC have been pro-
posed across different cardiovascular diseases, including en-
hancement of NO metabolism by supplying free sulthydryl
groups needed for the activation of guanylate cyclase, inhibi-
tion of the angiotensin-converting enzyme, prevention of the
oxidation of nitrate compounds, reduction of ROS and other
free radicals, anti-inflammatory activity, and antiplatelet ef-
fects [9, 172, 173].

A systematic review of data from patients with heart fail-
ure, atrial fibrillation, myocardial infarction, hypertension,
atherosclerosis, ischemic heart disease, or undergoing cardio-
thoracic surgery identified a variety of beneficial cardiovas-
cular effects of NAC [174]. For example, in patients under-
going cardiothoracic surgery, NAC significantly decreased
the risk of developing postoperative atrial fibrillation; it also
decreased ischemia-reperfusion injury, potentiated the va-
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sodilator effects of nitroglycerin and angiotensin-converting
enzyme inhibitors, and reduced myocardial oxidative stress.
In ischemic heart disease, the concomitant administration of
intravenous nitroglycerin and NAC was able to increase the
systemic and coronary hemodynamic effects related to nitro-
glycerin. In addition, NAC prevented and reversed nitrate
tolerance. In patients with myocardial infarction, NAC com-
bined with streptokinase significantly decreased oxidative
stress, improved ventricular function, and reduced acute my-
ocardial infarction episodes; it also prevented cardiac remod-
eling. In atherosclerosis, NAC therapy appeared to inhibit ex-
tracellular degradation and to improve vascular stability in
both the early and late stages of atherosclerosis. In hemodial-
ysis patients with heart failure, NAC was associated with a
reduction of heart failure symptoms and other cardiovascu-
lar events [174].

In a randomized, placebo-controlled study in 251 pa-
tients with ST-segment elevation myocardial infarction
(STEMI) undergoing primary angioplasty, high-dose NAC
(1200 mg IV bolus before angioplasty and 1200 mg IV bo-
lus twice daily for 48 hours following angioplasty) reduced
oxidative stress [172]. Clinical benefits as compared with
placebo in terms of myocardial reperfusion injury were not
apparent. More encouraging results have emerged from a re-
cent study in patients with STEMI undergoing primary an-
gioplasty [173]. The randomized, placebo-controlled study
in 112 patients evaluated the effects of IV high-dose NAC
(29 g over 2 days) versus placebo on infarct size assessed by
early cardiac magnetic resonance imaging. All patients re-
ceived concomitant low-dose nitroglycerin (7.2 mg over 2
days). The study showed an absolute 5.5% smaller myocar-
dial infarct size in NAC-treated patients compared with
placebo-treated patients (16.5% versus 11.0% size reduc-
tion, p = 0.02). Myocardial salvage with NAC was more
than doubled compared with placebo (60% vs. 27%, p <
0.01) [173].

The ability of NAC to protect against the cardiovascular
complications associated with diabetes was addressed in a re-
cent systematic review that identified 49 papers reporting on
in vitro and in vivo studies investigating the cardiac effects
of NAC, mostly in animal models of diabetes [175]. A large
body of preclinical data suggesting a cardioprotective effect
of NAC in diabetes was highlighted, most likely related to
the ability of NAC to reduce oxidative stress. In diabetes, as
in other therapeutic areas, there is a need for clinical trials to
confirm the benefits of NAC.

8. NAC FOR CONTRAST-INDUCED NEPHROPATHY

The intravascular administration of contrast media for ra-
diologic imaging techniques can result in acute renal dys-
function [176]. Prevention of contrast-induced nephropathy
(CIN), usually defined as an increase of > 25% in the serum
creatinine level from baseline, is crucial because even small
changes in renal function are associated with increased mor-
bidity and mortality [176]. The incidence of CIN in the gen-
eral population ranges from 1% to 6%, while it can reach
50% in special populations, including patients with diabetes,
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pre-existing renal impairment, and multiple comorbidities
[177]. Widely-accepted preventive strategies for CIN in-
clude volume expansion with intravenous saline or sodium
bicarbonate and the use of low-osmolar or iso-osmolar con-
trast media [176].

Owing to its antioxidant and renal vasodilator properties,
NAC has been extensively investigated for CIN prevention
in patients undergoing coronary diagnostic and intervention-
al procedures, with mixed results [9]. Because of these uncer-
tainties, the evidence supporting a generalized use of NAC
to prevent CIN is currently considered insufficient [178]. As
a consequence, a universally accepted protocol for the use of
NAC in the prevention of CIN is not available.

However, promising results emerged from a study in-
volving 354 consecutive patients with STEMI undergoing
primary angioplasty that investigated NAC for the preven-
tion of CIN [179]. Patients were randomized to standard
dose NAC (600 mg IV bolus before primary angioplasty and
600 mg orally, twice daily for 48 hours following angioplas-
ty), double dose NAC (1200 mg IV bolus before primary an-
gioplasty and 1200 mg orally, twice daily for 48 hours fol-
lowing angioplasty), and placebo. CIN was reported in 33%
of patients treated with placebo and in 15% and 8% of pa-
tients treated with standard- and double-dose NAC, respec-
tively (p < 0.001). Hospital outcomes were significantly bet-
ter in patients treated with NAC compared with those treated
with placebo. For example, hospital mortality was 11% in pa-
tients treated with placebo and 3.4% in those treated with
NAC (p =0.005) [179].

In contrast, in the randomized, placebo-controlled study
in 251 patients with STEMI undergoing primary angioplasty
discussed in the previous section, high-dose NAC (1200 mg
IV bolus twice daily intravenously for 48 hours) was associ-
ated with a numerically lower incidence of CIN in patients
treated with NAC versus placebo (14% vs. 20%), but the dif-
ference between the two treatment groups was not statistical-
ly significant [172], possibly because the study was clearly
underpowered (1200 patients would have been required to
achieve statistical significance with respect to this endpoint).
A large randomized study in 720 patients with STEMI under-
going primary angioplasty compared four CIN prophylactic
regimens: hydration with sodium chloride alone, and hydra-
tion with sodium chloride plus either NAC (oral), sodium bi-
carbonate (infusion), or NAC plus sodium bicarbonate
[180]. The overall rate of CIN was 21.9%. In this study, the
addition of NAC, sodium bicarbonate, or NAC plus sodium
bicarbonate to hydration with sodium chloride did not re-
duce the incidence of CIN.

Systematic reviews of the literature and meta-analyses as-
sessing NAC for CIN prevention in angioplasty interven-
tions are also available [9, 181, 182]. A meta-analysis of
five randomized, controlled clinical trials involving a total
of 643 patients with impaired renal function undergoing car-
diovascular procedures found that the addition of NAC to IV
saline hydration reduced CIN by 20% compared with hydra-
tion alone [181]. More recently, a meta-analysis that includ-
ed 48 randomized-controlled trials was performed to com-
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pare different strategies of CIN prevention versus hydration
in patients with chronic kidney disease undergoing coronary
angiography [182]. Five strategies significantly reduced the
odds of CIN and, among these, NAC (evaluated in 27 trials
with a total of 5694 patients) was the most effective (odds ra-
tio 0.77, 95% CI 0.65-0.91, p = 0.002). According to sub-
group analysis, the benefit of NAC was most evident in pa-
tients receiving higher contrast doses [182]. A previously
published meta-analysis evaluating the efficacy of high-dose
NAC for the prevention of CIN seems to support this con-
cept [183]. High-dose NAC was a priori defined as a daily
dose greater than 1200 mg or a single peri-procedural dose
greater than 600 mg, peri-procedural being defined as imme-
diately or within 4 hours of planned contrast agent exposure.
Sixteen prospective studies of patients (total sample size of
1677 subjects) randomized to NAC administered either oral-
ly or intravenously versus a control group (842 assigned to
high-dose NAC, 835 to the control arm) were included in
this meta-analysis. The overall effect size revealed an odds
ratio of 0.46 (95% CI 0.33-0.63, p < 0.0001) for the occur-
rence of CIN with the use of high-dose NAC, suggesting a
significant protective effect.

A recent systematic review pointed out that the out-
comes related to the effects of NAC on renal function are
very variable, with a rate of positive results from the ana-
lyzed trials of 39% for oral NAC and 29% for IV NAC [9].
Of note, no trial reported detrimental effects associated with
NAC use, and NAC-related adverse events were rare.

9. USE OF NAC IN OPHTHALMOLOGY

The effect of topical and oral NAC in various ophthalmo-
logic conditions has been investigated in a number of small
trials, with promising results [9, 184-186]. Currently, most
evidence supporting the use of NAC in ophthalmology
comes from studies in RP.

9.1. NAC for the Treatment of Retinitis Pigmentosa

In RP, a large number of mutations in many different
genes lead to rod photoreceptor death [187, 188]. Once wide-
spread rod cell death has occurred, cone photoreceptors grad-
ually degenerate, causing visual loss and complete blind-
ness. Rod cells are characterized by very high oxygen con-
sumption [189]. As rod cells die, oxygen consumption dimin-
ishes while oxygen supply remains unchanged, leading to hy-
peroxia in the retina [190].

In a transgenic pig model of RP, there was progressive
oxidative damage of cone photoreceptors following the
death of rod cells [191]. Studies in multiple murine models
of RP showed that a mixture of antioxidants prevented oxida-
tive damage to cone cells and promoted cone cell function
and survival [192, 193]. Oral NAC promoted cone cell func-
tion and survival in a murine model of RP [194].

The results from preclinical studies in animal models
are, at least in part, reflected in the findings from studies in
human subjects. Patients with RP show a significant reduc-
tion in the GSH/GSSG ratio in the aqueous humor, and a sig-
nificant increase in protein carbonyl content, suggesting
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oxidative stress and oxidative damage in the eyes of these pa-
tients [195].

The FIGHT RP study was a dose-ranging study aimed at
testing the safety of oral NAC and its effect on several pa-
rameters of visual function in patients with RP [196]. There
were three cohorts with 10 participants in each. Cohort 1 re-
ceived 600 mg NAC twice daily for 3 months and then 600
mg three times daily for 3 months, cohort 2 received 1200
mg twice daily for 3 months and then 1200 mg three times
daily for 3 months, and cohort 3 received 1800 mg twice dai-
ly for 3 months and then 1800 mg three times daily for 3
months. The primary outcome measure was safety, and key
secondary outcomes were mean change from baseline best-
corrected visual acuity (BCVA), mean change from baseline
macular sensitivity measured by microperimetry, change
from baseline in ellipsoid zone width at weeks 12 and 24,
and NAC levels in the aqueous humor and in plasma. There
were no severe adverse events and 11 drug-related adverse
events, nine of which involved the gastrointestinal tract.
Eight were mild and resolved spontaneously and three were
moderate, occurring during three times daily dosing, and re-
solving after dose reduction to twice daily administration.
The maximum tolerated dose was determined to be 1800 mg
twice daily. While on NAC, participants showed evidence of
improved cone function. The strongest evidence was an im-
provement in macular sensitivity, which was greatest in co-
hort 3. Since 1800 mg NAC twice daily was very well toler-
ated and cohort 3 showed the greatest improvement in macu-
lar sensitivity, it has been selected as the dose for a multicen-
ter trial aimed at determining the long-term safety of NAC
and whether long-term NAC can promote cone survival in
patients with RP.

In FIGHT RP, good intraocular levels of NAC were ob-
tained with oral dosing. The mean aqueous level was in the
range of 100 ng/ml in cohort 1 and 300 ng/ml in cohorts 2
and 3. Mean baseline BCVA was 72 letters (20/40 Snellen)
in cohort 1 and 74 and 75 letters in cohorts 2 and 3, respec-
tively, which is approximately 20/32 Snellen. With this
good baseline vision, it was surprising to see a gradual,
steady increase in BCVA during the treatment period in
each cohort that was statistically significant (linear mixed ef-
fects models). As random changes tend to fluctuate, a steady
progressive increase is unlikely to be due to chance. Macu-
lar sensitivity was measured with the Macular Integrity As-
sessment microperimetry instrument, which measures sensi-
tivity at 68 loci and calculates the mean sensitivity from
those 68 measurements. There was a steady increase in
mean sensitivity during the treatment period in each cohort,
which was greatest in cohort 3 at 0.15 dB/month (p =
0.008). The improvement in mean sensitivity between base-
line and week 24 was statistically significant in cohorts 2
and 3. There was no change from baseline in ellipsoid zone
width in any of the cohorts during treatment; this is a promis-
ing result, but is not definitive because 6 months may be too
short to detect a change in the absence of treatment.

Thus, the FIGHT RP study showed that oral NAC is safe
in patients with RP, with a maximum tolerated dose of 1800
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mg twice daily that resulted in good intraocular levels. Grad-
ual improvements in visual acuity and macular sensitivity
suggest the possibility of improvement in cone function dur-
ing a 24-week treatment period. A large, placebo-controlled
multicenter clinical trial is being planned to determine if
long term oral NAC can promote cone survival and function
and reduce visual disability in patients with RP.

10. PRECAUTIONS OF USE

Data from clinical studies and extensive use in clinical
practice and as over-the-counter supplementation have de-
monstrated that oral NAC is generally well-tolerated and
safe, even at high doses [9, 12].

NAC has been rarely associated with clinically signifi-
cant adverse events (SmPC (Zambon) oral NAC). The most
frequently reported adverse event is gastrointestinal discom-
fort (emesis, diarrhea) [9]. In very rare cases, severe skin re-
actions in response to IV NAC have been reported, with a
temporal relationship with NAC administration [12]. A re-
duction in platelet aggregation during NAC administration
has been observed in some studies, but the clinical relevance
of these findings is unclear [16]. NAC also has a favorable
profile in terms of pharmacologic interactions, with few de-
scribed drug-drug interactions. These include antitussive
medicines, oral antibiotics, and nitroglycerin [16]. In particu-
lar, antitussive agents should not be given concomitantly
with NAC, because a decrease in the cough reflex may re-
sult in the accumulation of bronchial secretions. The admin-
istration of oral antibiotics and NAC should preferably be
spaced by at least 2 hours, as their coadministration may be
associated with decreased antibiotic activity [16]. This
should be set against the evidence from studies in biofilms
that NAC may enhance the activity of antibiotics in respirato-
ry airway infections by inhibiting and/or disrupting biofilm
formation (reviewed in [25]).

The concomitant administration of NAC and nitroglyc-
erin should be avoided because it induces hypotension. If
concomitant administration cannot be avoided, patients
should be monitored for hypotension and warned about the
possible occurrence of hypotension and headache [16].
There is also some suggestion that inhibition of ROS, for ex-
ample, by the administration of NAC, may attenuate adapta-
tions to exercise [197].

Despite the overall safety and tolerability of NAC, some
precautions are advised [16]. Patients with bronchial asthma
should be closely monitored during treatment with NAC,
which should be discontinued as soon as bronchospasm oc-
curs. NAC is contraindicated in children aged < 2 years be-
cause mucolytics can cause bronchial obstruction in young
children. Caution is advised in patients with peptic ulcer or a
history of this condition. NAC is also contraindicated in pa-
tients with hypersensitivity to the active substance or any of
the excipients, and during pregnancy and breastfeeding.

Finally, it should be remembered that redox reactions
play a key role in signaling pathways involved in cell dam-
age prevention and cell maturation. It has been suggested
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that a biphasic dose-response (hormesis effect) may occur
with NAC, whereby high-dose NAC and a complete block
of ROS production may not always be beneficial [10]. Fur-
thermore, as NAC is readily oxidized to its disulfide di-
NAC, which has oxidative rather than reductive effects, the
source and form of NAC taken may cause great variability
in the response to treatment and should be taken into ac-
count [9].

CONCLUSION

NAC is a small, synthetic derivative of L-cysteine that
has been extensively investigated and used for more than 50
years for the treatment of several conditions. The therapeutic
activity of NAC relies on its ability to provide reducing
sulthydryl moieties and to act as a precursor of GSH to re-
plenish the intracellular GSH pool when this has been deplet-
ed in conditions of oxidative stress, in processes of drug de-
toxification, or in other conditions leading to GSH deficit.
Several other mechanisms of actions of NAC, including mo-
dulation of mitochondrial dysfunction, apoptosis, and inflam-
matory processes, have emerged from the intense research
program involving this molecule, with the modulatory ac-
tion of NAC on glutamate homeostasis perhaps the best char-
acterized. By activating Sxc , a key component in the con-
trol of extracellular glutamate, and inducing GLT1, NAC
prevents excessive and neurotoxic glutamate release from
excitatory nerve endings.

These multiple actions of NAC have prompted studies
addressing the potential of NAC in a wide range of therapeu-
tic areas, including disease driven by oxidative stress as well
as conditions characterized by impaired glutamate homeosta-
sis. In the present review, we have focused on the six areas
where we work (lung diseases, poisoning, CNS disorders,
cardiovascular disease, CIN, and ophthalmologic condition-
s), while we invite the readers to consult a recently pub-
lished systematic review of the literature concerning the ther-
apeutic use of NAC in medicine [9], for a comprehensive
view of the topic.

With regard to NAC and respiratory diseases, besides
the established role as a mucolytic in chronic bronchitis,
NAC has proven effective in reducing the risk of exacerba-
tion in patients with COPD. Along with other sulfhydryl-con-
taining drugs, NAC is currently mentioned as adjunctive
therapy by the 2020 GOLD guidelines for the management
of COPD. The licensed NAC oral dose of 600 mg/day ap-
pears to be sufficient for preventing COPD exacerbations, al-
though patients presenting with airway obstruction may ben-
efit from doses > 1200 mg/day. By contrast with COPD, evi-
dence from randomized clinical trials has shown that
monotherapy with NAC may not, in general, be recommend-
ed for patients with IPF, another respiratory condition in
which NAC has been extensively investigated. However,
analysis of SNPs has shown that patients with a specific
genotype (TOLLIP rs3750920) have a better response to
NAC compared with the general IPF population. These find-
ings, and the potential anti-fibrotic effects in vitro, when con-
firmed in larger trials, highlight the potential of patient geno-
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typing and precision medicine in identifying patients with
IPF who may benefit from NAC, in pulmonary medicine as
well as in other therapeutic areas such as CF and non-CF
bronchiectasis.

Management of drug poisoning is another therapeutic
area where NAC has long had an established position. The
available evidence shows that current protocols are effective
for most patients presenting early (< 8 hours) following in-
take of acetaminophen overdose. An interesting area of cur-
rent research concerns the use of NAC for the detoxification
of other compounds, including heavy metals.

Due to its properties as an antioxidant and modulator of
neurotransmission (glutamatergic transmission in particu-
lar), NAC has long attracted considerable interest as an ad-
junctive treatment to therapies for a wide range of CNS dis-
orders. In the present article, we have focused on four main
areas: chronic pain (neuropathic), depressive symptoms,
schizophrenia, and drug addiction. Preclinical studies with
NAC are promising across all these areas. Clinical trials ad-
dressing the role of NAC in the treatment of chronic pain are
currently lacking or just beginning to emerge. Clinical evi-
dence from studies with NAC in depression is overall in line
with preclinical findings and suggests a role of NAC as an
adjunctive treatment to antidepressant therapy for symptom
improvement. The role of NAC in the treatment of addiction
has been extensively investigated, especially in patients ad-
dicted to cocaine or cannabis, with mixed results in terms of
relapse prevention. There is a need for larger studies, consid-
ering the current lack of effective approaches to addiction
and the social relevance of this condition.

NAC has also been investigated in a wide range of car-
diovascular conditions, with conflicting results emerging
from clinical trials. Overall, the use of NAC in cardiovascu-
lar clinical practice is limited. A promising area seems to be
the use of NAC for the prevention of cardiovascular compli-
cations in patients with diabetes. In patients undergoing pri-
mary angioplasty, NAC may play a role in the prevention of
kidney damage induced by CIN. However, clinical evidence
from trials evaluating the efficacy of NAC in this indication
is mixed and considered insufficient for inclusion in current
guidelines. In this area subgroup analysis has identified pa-
tients who may benefit from the addition of NAC to recom-
mended preventive measures, highlighting the importance of
stratifying patients to optimize treatment outcomes.

As for the use of NAC in ophthalmology, the results of
the FIGHT RP trial demonstrated improvement in cone func-
tion in patients with RP during a 24-week treatment period
with NAC. This suggests that some of the visual dysfunction
is due to cones that are functioning suboptimally due to
oxidative stress. It is reasonable to hypothesize that long
term reduction of oxidative stress with oral NAC could pro-
mote survival of cones and thereby stop or slow the inex-
orable reduction in visual fields that leads to blindness. A
large phase III, multicenter, placebo-controlled, double-
masked clinical trial is being planned to test this hypothesis.

In conclusion, more than 50 years of clinical use have
shown that NAC is effective, safe, and generally well tolerat-
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ed. Furthermore, recent clinical trials, despite great variabili-
ty in efficacy outcomes, have consistently confirmed the fa-
vorable safety profile of NAC across a wide range of thera-
peutic areas. Although much remains to be done to defini-
tively establish NAC in some of the conditions considered in
this review, this molecule has a number of properties that
make it an ideal adjunctive treatment to established thera-
pies for complex diseases, including a favorable pharmacoki-
netic profile with few relevant drug-drug interactions. NAC
is an inexpensive drug that has already proven easy to repur-
pose. Finally, precision medicine and an increased unders-
tanding of the pharmacogenetics of SNPs may ultimately
prove useful for improving the efficacy of treatment with
NAC by identifying patients likely to benefit.
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