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Attention should be paid in assessing the studies whether the NAC was used orally or intravenously.

1. Drug Overdose
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1.1. Existing and potential therapeutic uses for N-acetylcysteine: The need for
conversion to intracellular glutathione for antioxidant benefits

Existing and potential therapeutic uses for N-acetylcysteine: The need for conversion to intracellular glutathione
for antioxidant benefits

Gordon F. Rushworth a, Ian L. Megson b, a Highland Clinical Research Facility, Centre for Health Science, Old
Perth Road, Inverness IV2 3JH, UK b Department of Diabetes and Cardiovascular Science, University of the
Highlands and Islands, Centre for Health Science, Old Perth Road, Inverness IV2 3JH, UK

N-acetyl-L-cysteine (NAC) has long been used therapeutically for the treatment of acetaminophen (paracetamol)
overdose, acting as a precursor for the substrate (L-cysteine) in synthesis of hepatic glutathione (GSH) depleted
through drug conjugation. Other therapeutic uses of NAC have also emerged, including the alleviation of clinical
symptoms of cystic fibrosis through cysteine-mediated disruption of disulfide cross-bridges in the glycoprotein
matrix in mucus.

More recently, however, a wide range of clinical studies have reported on the use of NAC as an antioxidant, most
notably in the protection against contrast-induced nephropathy and thrombosis. The results from these studies are
conflicting and a consensus is yet to be reached regarding the merits or otherwise of NAC in the antioxidant setting.

This review seeks to re-evaluate the mechanism of action of NAC as a precursor for GSH synthesis in the context of
its activity as an “antioxidant”. Results from recent studies are examined to establish whether the pre-requisites for
effective NAC-induced antioxidant activity (i.e. GSH depletion and the presence of functional metabolic pathways
for conversion of NAC to GSH) have received adequate consideration in the interpretation of the data. A key
conclusion is a reinforcement of the concept that NAC should not be considered to be a powerful antioxidant in its
own right: its strength is the targeted replenishment of GSH in deficient cells and it is likely to be ineffective in cells
replete in GSH.

1.1.1. N-acetyl-L-cysteine (NAC) has long been used therapeutically for the
treatment of acetaminophen (paracetamol) overdose, acting as a precursor for the
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substrate (L-cysteine) in synthesis of hepatic glutathione (GSH) depleted through
drug conjugation.
1.1.2. Other therapeutic uses of NAC have also emerged, including the alleviation
of clinical symptoms of cystic fibrosis through cysteine-mediated disruption of
disulfide cross-bridges in the glycoprotein matrix in mucus
1.1.3. That NAC remains the treatment of choice for acetaminophen overdose
more than 50 years after its first use is testament both to the importance of
maintaining cellular GSH reserves and to the exceptional qualities of NAC in
helping to replenish this key antioxidant when it has become acutely depleted
1.2. Mechanism of Action of N-Acetylcysteine in the Protection Against the
Hepatotoxicity of Acetaminophen in Rats In Vivo

Mechanism of Action of N-Acetylcysteine in the Protection Against the Hepatotoxicity of Acetaminophen in Rats In
Vivo

BERNHARD H. LAUTERBURG, GEORGE B. CORCORAN, and JERRY R. MITCHELL, Baylor College of
Medicine, Department of Internal Medicine, Sections on Gastroenterology and Clinical Pharmacology, Houston,
Texas 77030

N-Acetylcysteine is the drug of choice for the treatment of an acetaminophen overdose. It is thought to provide
cysteine for glutathione synthesis and possibly to form an adduct directly with the toxic metabolite of
acetaminophen, N-acetyl-p-benzoquinoneimine. However, these hypotheses have not been tested in vivo, and other
mechanisms of action such as reduction of the quinoneimine might be responsible for the clinical efficacy of Nacetylcysteine.

After the administration to rats of acetaminophen (1 g/kg) intraduodenally (i.d.) and of [35S]-N-acetylcysteine (1.2
g/kg i.d.), the specific activity of the N-acetylcysteine adduct of acetaminophen (mercapturic acid) isolated from
urine and assayed by high pressure liquid chromatography averaged 76±6% of the specific activity of the
glutathione-acetaminophen adduct excreted in bile, indicating that virtually all N-acetylcysteineacetaminophen
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originated from the metabolism of the glutathione-acetaminophen adduct rather than from a direct reaction with the
toxic metabolite.

N-Acetylcysteine promptly reversed the acetaminophen-induced depletion of glutathione by increasing glutathione
synthesis from 0.54 to 2.69 gmol/g per h. Exogenous N-acetylcysteine did not increase the formation of the Nacetylcysteine and glutathione adducts of acetaminophen in fed rats. However, when rats were fasted before the
administration of acetaminophen, thereby increasing the stress on the glutathione pool,exogenous N-acetylcysteine
significantly increased the formation of the acetaminophen-glutathione adduct from 57 to 105 nmol/min per 100 g.

Although the excretion of acetaminophen sulfate increased from 85±15 to 211±17 iimol/100 g per 24 h after Nacetylcysteine, kinetic simulations showed that increased sulfation does not significantly decrease formation of the
toxic metabolite. Reduction of the benzoquinoneimine by N-acetylcysteine should result in the formation of
Nacetylcysteine disulfides and glutathione disulfide via thiol-disulfide exchange. Acetaminophen alone depleted
intracellular glutathione, and led to a progressive decrease in the biliary excretion of glutathione and glutathione
disulfide. N-Acetylcysteine alone did not affect the biliary excretion of glutathione disulfide.

However, when administered after acetaminophen, Nacetylcysteine produced a marked increase in the biliary
excretion of glutathione disulfide from 1.2±0.3 nmol/min per 100 g in control animals to 5.7±0.8 nmol/min per 100
g. Animals treated with acetaminophen and N-acetylcysteine excreted 2.7±0.8 nmol/ min per 100 g of Nacetylcysteine disulfides (measured by high performance liquid chromatography) compared to 0.4±0.1 nmol/min per
100 g in rats treated with N-acetylcysteine alone.

In conclusion, exogenous N-acetylcysteine does not form significant amounts of conjugate with the reactive
metabolite of acetaminophen in the rat in vivo but increases glutathione synthesis, thus providing more substrate for
the detoxification of the reactive metabolite in the early phase of an acetaminophen intoxication when the critical
reaction with vital macromolecules occurs.

1.2.1. N-Acetylcysteine is the drug of choice for the treatment of an
acetaminophen overdose. It is thought to provide cysteine for glutathione
synthesis and possibly to form an adduct directly with the toxic metabolite of
acetaminophen, N-acetyl-p-benzoquinoneimine.
1.2.2. N-Acetylcysteine and other sulfhydryl donors such as cysteine, methionine,
and cysteamine have been shown to be effective antidotes protecting against the
hepatotoxicitv of acetaminophen both in animal models (1-4) and clinical practice
(a, 6). Because of its ease of administration and low toxicity, N-acetylcvsteine is
currently the favorite compound for the treatment of acetaminophen overdose in
man (6, 7).
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1.2.3. In vivo, the administration of N-acetylcysteine only moderately increases
the formation of the N-acetvlcysteine adduct of acetamiinophen (mercapturic
acid) in overdosed patients (14) and mice (4, 15).
1.2.4. N-acetvlcvsteine ma) serve as a precursor for glutathione synthesis.
Glutathione plays a critical role in the protection against hepatic necrosis
produced by acetaminophen (1). Hepatocellular necrosis occurs only when the
hepatic content of glutathione falls below a critical threshold concentration
1.2.5. A second potential mechanism of action is direct adduct formation between
N-acetylcysteine and the reactive intermediate of acetaminophen, thereby
preventing covalent binding and cell injurv.
1.2.6. N-acetylcysteine might protect by increasing the availability of inorganic
sulfate, thus increasing the formation of acetaminophen-sulfate and
simultaneously decreasing the fraction of acetamninophen metabolized to the
toxic intermiediate
1.2.7. N-acetylcysteine could reduce the reactive intermediate of acetaminophen,
N-acetyl-p-benzoquinoneimine, back to acetaminophen, thereby preventing its
reaction with glutathione and vital macromolecules. We have recently
demonstrated that the reduction of the reactive metabolite by cysteine or
ascorbic acid is a quantitatively important reaction in vitro and prevents covalent
binding of the toxic intermediate to microsomal proteins

2. Addiction

2.1. Bipolar disorder and substance misuse: pathological and therapeutic
implications of their comorbidity and cross-sensitisation
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See Also: Mental Health
Bipolar disorder and substance misuse: pathological and therapeutic implications of their comorbidity and crosssensitisation

Robert M. Post and Peter Kalivas

Bipolar disorder has a high co-occurrence with substance use disorders, but the pathophysiological mechanisms have
not been adequately explored. To review the role of stress in the onset and recurrence of affective episodes and
substance misuse. We review the mechanisms involved in sensitisation (increased responsivity) to recurrence of
stressors, mood episodes and cocaine use.

Evidence suggests that intermittent stressors, mood episodes and bouts of cocaine use not only show sensitisation to
themselves, but cross-sensitisation to the others contributing to illness progression. Converseley, an understanding of
the common mechanisms of sensitisation (such as regionally selective alterations in brain derived neurotrophic
factor (BDNF) and hyperactivity of striatally based habit memories), could also result in single therapies (such as Nacetylcysteine) having positive effects in all three domains.

These interacting sensitisation processes suggest the importance of early intervention in attempting to prevent
increasingly severe manifestations of bipolar illness and substance misuse progression.

2.1.1. N-acetylcysteine also decreased cocaine, heroin and gambling addiction
proneness, and most recently for alcohol and marijuana

2.1.1.1. Thus, the N-acetylcysteine reset of the hyper-responsive cued glutamate
signal in the nucleus accumbens, a key reward area of the brain, may be a
critical component to suppressing overlearnt mechanisms in the habit memory
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system of the striatum. This sensitised hyper-responsivity in the nucleus
accumbens may then be further exacerbated by the inability of prefrontal cortex
to exert its normal modulatory control over the accumbens and sensory-motor
striatum.

2.1.1.1.1. Chronic cocaine use not only induces a variety of long-term
biochemical and physiological effects, but also induces changes in the shape of
the dendritic spines on the medium spiny neurons containing the
neurotransmitter gamma-aminobutyric acid (GABA) in the ventral striatum
(nucleus accumbens). These GABA neurons receive converging input on these
spines from terminals from the frontal cortex (glutamate) and the ventral
tegmental area (dopamine).
2.1.1.2. N-acetylcysteine acts at the glial cystine–glutamate exchanger in the
accumbens to promote glutamatergic tone on extrasynaptic inhibitory
metabotropic glutamate receptors, and thereby decreasing the hyperactive
glutamate response to the environmental triggers of reinstated cocaine-seeking.
2.1.2. Daily administration of N-acetylcysteine reversed the electrophysiological,
morphological, and neurochemical changes in the nucleus accumbens produced by
cocaine self-administration
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2.1.2.1. The striatum has been associated with processes of habit memory,
which is automatic and unconscious, in contrast to conscious, declarative or
representational memory, which involves structures of medial temporal lobe,
including amygdala and hippocampus.
2.1.3. It also decreased other repetitive habits such as those in trichotillomania,
obsessive–compulsive disorder (OCD) and autism

2.1.3.1. The ventral striatum appears to be involved in memory pertaining to
habits that have particular reward value such as substance administration,
gambling proclivity, or perhaps even in the initial anxiety reduction occurring in
the context of hair pulling in trichotillomania or repetitious behaviours in OCD.
2.2. N-Acetylcysteine as a Treatment for Addiction

Addictions - From Pathophysiology to Treatment

Edited by David Belin, ISBN 978-953-51-0783-5, 498 pages, Publisher: InTech, Chapters published October 19,
2012 under CC BY 3.0 license

DOI: 10.5772/1178
Edited Volume

Addiction, increasingly perceived as a heterogeneous brain disorder, is one of the most peculiar psychiatric
pathologies in that its management involves various, often non-overlapping, resources from the biological,
psychological, medical, economical, social, and legal realms. Despite extensive efforts from the players of these
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various fields, to date there are no reliably effective treatments of addiction. This may stem from a lack of
understanding of the etiology and pathophysiology of this disorder as well as from the lack of interest into the
potential differences among patients in the way they interact compulsively with their drug. This book offers an
overview of the psychobiology of addiction and its current management strategies from pharmacological, social,
behavioural, and psychiatric points of view.

Chapter 1 Drug Addictions: An Historical and Ethological Overview by Aude Belin-Rauscent and David Belin

Chapter 2 Animal Models of Drug Addiction by Aude Belin-Rauscent and David Belin

Chapter 3 Addictive Drugs and Synaptic Plasticity by José Vicente Negrete-Díaz, Gonzalo Flores, Talvinder S.
Sihra and Antonio Rodríguez-Moreno

Chapter 4 Cocaine Addiction: Changes in Excitatory and Inhibitory Neurotransmission by Edgar Antonio ReyesMontaño and Edwin Alfredo Reyes-Guzmán

Chapter 5

Role of Prefrontal Cortex Dopamine and Noradrenaline Circuitry in Addiction by Ezio Carboni,

Roberto Cadeddu and Anna Rosa Carta

Chapter 6 A Molecular Mechanism of Ethanol Dependence: The Influence of the Ionotropic Glutamate Receptor
Activated by N-Methyl-D-Aspartate by Sonia Luz Albarracín Cordero, Bernd Robert Stab II, Felipe Guillen and
Edgar Antonio Reyes Montano

Chapter 7

Role of Multifunctional FADD (Fas-Associated Death Domain) Adaptor in Drug Addiction by

Alfredo Ramos-Miguel, María Álvaro-Bartolomé, M. Julia García-Fuster and Jesús A. García-Sevilla

Chapter 8 Polydrug Use in Adolescence by Marta Rodríguez-Arias and María Asunción Aguilar

Chapter 9 Food Addiction, Obesity and Neuroimaging by Karen M. von Deneen and Yijun Liu

Chapter 10

Pathways Involved in the Cardiac Adaptive Changes Observed During Morphine Withdrawal by

M.L. Laorden, M. V. Milanés and P. Almela

Chapter 11

Medication Development for the Treatment of Cocaine Addiction – Progress at Preclinical and

Clinical Levels by Zheng-Xiong Xi

Chapter 12
Belin
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N-Acetylcysteine as a Treatment for Addiction by Jennifer E. Murray, Jérôme Lacoste and David

Chapter 13

Proposals for the Treatment of Users of Alcohol and Other Drugs: A Psychoanalytic Reading by

Cynara Teixeira Ribeiro and Andréa Hortélio Fernandes

Chapter 14 The Interactional Approach in the Treatment of Cocaine Addicts by Andrea Leonardi, Sonia Scavelli
and Gianluca Ciuffardi

Chapter 15

Research and Intervention for Drug-Addicted Mothers and Their Children: New Perspectives by

Paolo Stocco, Alessandra Simonelli, Nicoletta Capra and Francesca De Palo

Chapter 16 HCV and Drug Use – What Can Be Learned from the Failure to Control This Epidemic? by Philippe
Chossegros

2.2.1. N-acetylcysteine (NAC), has been in use in humans for many years, primarily
as a treatment for acetaminophen/paracetamol overdose and more recently as a
mucolytic agent effective in chronic obstructive pulmonary disease. Further, an
evaluation of the potential therapeutic use of NAC in a variety of psychiatric
disorders has been recently reviewed.
2.2.2. NAC appears to regulate the systems involved in glutamate homeostasis in
the brain. Following 7 days of cocaine exposure and 21 subsequent days of
withdrawal, decreased basal extracellular glutamate levels in the NAc are
recovered following an IP injection of NAC in rats
2.2.3. The findings that NAC impacts escalation without affecting typical shortaccess drug self-administration suggests that loss of control over drug intake may
be better reflective of dysregulated glutamate homeostasis.
2.2.4. Acute treatment with NAC has been shown to attenuate drug-induced
reinstatement. In some of these experiments, rats were trained to self-administer
cocaine in 2-hr or 6-hr daily sessions.
2.2.5. The effects of NAC on drug-induced reinstatement have also been shown
when NAC is administered prior to, but not explicitly during, the reinstatement
test. In one such experiment, rats were trained to self-administer cocaine under
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short-access conditions and then underwent extinction followed by cocaineprimed reinstatement (nightmare).
2.2.6. ECG abnormalities, status epilepticus and fatal reaction due to NAC
overdose are rare, the latter having been observed only at doses 10 times greater
than the recommended antidote dose (for review see Sandilands & Bateman,
2009)
2.2.7. NAC has been shown to have low rates of adverse reactions which
nevertheless include nausea, vomiting, as well as cutaneous and systemic
anaphylactoid reactions
2.2.8. Atopy and asthma are major risk factors for developing adverse and
anaphylactoid reactions to NAC (Schmidt & Dalhoff, 2001)
2.2.9. NAC has dose-dependent protective effects against contrastinduced
nephrotoxicity (Briguori et al., 2011)
2.2.10. NAC can also be used as both a chelating agent for methylmercury (for
review see Dodd et al., 2008) and a mucolytic and antiinflammatory agent
2.2.11. controversial efficacy in patients with exacerbations of chronicobstructive
pulmonary disease (Decramer et al., 2005)
2.2.12. NAC treatment reduces levels of some pro-inflammatory cytokines (IL-6,
IL-1β, and TNF-α) shown to be implicated in several psychiatric disorders, notably
in depressive and bipolar disorders as well as in schizophrenia. NAC has been used
to target the prefrontal glutamatergic dysfunction implicated in schizophrenia and
impulsive-compulsive behaviors (for reviews see Dean et al., 2011; Sansone &
Sansone, 2011)
See Also: Mental Health
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2.2.13. NAC in psychiatry was a case-report of the amelioration of self-injurious
behaviors and craving in a female patient suffering from Post-traumatic Stress
Disorder and borderline personality disorder (Pittenger et al., 2005)
See Also: Mental Health
2.2.14. In humans, clinical studies should take interest in assessing efficacy of NAC
as a cognitive enhancer (Brady et al., 2011), as it has been shown that
improvement of inhibitory control, attentional and decision-making processes
may help individuals perform better in face of stressful and complex
environmental situations
2.3. Neurobiological research on addiction: A Review of the Scientific, Public Health
and Social Policy Implications for Australia

Neurobiological research on addiction: A Review of the Scientific, Public Health and Social Policy Implications for
Australia

Final Report
30th January 2009

Project Team
Adrian Carter 1,2
Prof Wayne Hall 1,3
Dr Ben Capps 4
Dr Mark Daglish 5

1. The University of Queensland, UQ Centre for Clinical Research
2. The University of Melbourne, School of Psychological Sciences
3. The University of Queensland, Queensland Brain Institute
4. The University of Singapore, Centre for Medical Ethics
5. The University fo Queensland, School of Psychiatry

Ministerial Council on Drug Strategy – Cost Shared Funding Model project

38

The Amino Acid Neurotransmitters: Glutamate and GABA Many of the neuroadaptations that are thought to occur
in addiction involve changes in the prefrontal cortex that have numerous connections with the dopaminergic reward
pathway. Activity in these cortical circuits is mediated by the amino acid neurotransmitters, glutamate and GABA. It
is also likely that other yet to be identified neurotransmitters are involved. These neurochemicals accordingly
represent promising targets for pharmacological intervention.

Studies have begun to look at whether drugs that act on these systems reduce drug self administration in animals
(Kalivas and Volkow, 2005). Treatments which affect the glutamate and GABA systems may also prove effective in
the treatment of stimulant addiction. . The amino acid, glutamate, is the principal excitatory neurotransmitter in the
brain. The glutamatergic system is well placed to influence dopamine signalling because its neurons in the prefrontal
cortex and amygdala make reciprocal connections with the dopaminergic mesolimbic reward pathway.

The glutamate receptor subtype, Nmethyl-D-aspartic acid (NMDA), appears to play an important role in addiction to
nicotine, cannabis, alcohol and benzodiazepines (Wolf, 1998; Lingford-Hughes and Nutt, 2003). Antagonists of the
NMDA receptor inhibit sensitisation to stimulants and the development of opioid dependence (Trujillo and Akil,
1995; Lingford-Hughes and Nutt, 2003).

Co-treatment with the NMDA blocker, dizocilpine, also attenuates tolerance to opioids (Trujillo and Akil, 1991).
There also appears to be a compensatory increase in the numbers of glutamate receptors in alcohol addiction that
may explain the hyper-excitability seen in alcohol withdrawal. Acamprosate, a drug that is effective in treating
alcohol withdrawal symptoms, decreases glutamate release (O'Brien, 2005).

N-acetylcysteine (NAC), an activator of the cystine-glutamate exchange, is currently in Phase 1 clinical trials for
cocaine dependence (LaRowe et al., 2006). Not all NMDA receptor antagonists are clinically useful because some
produce hallucinations and psychotic symptoms Dopaminergic activity in the reward system is under inhibitory
control from GABA signalling, in particular the GABA-B receptor (Cousins et al., 2002).

GABA agonists have been effective in reducing the reinforcing effects of a number of drugs, presumably by
decreasing dopaminergic activity. For example, Baclofen, a muscle relaxant that stimulates the GABA-B receptor,
has been shown to reduce the reinforcing effect of a number of addictive drugs, including heroin, psychostimulants
and alcohol in animal studies. Preclinical studies in rats suggest that Baclofen may be an effective treatment of
alcohol, cocaine and amphetamines (Cousins et al., 2002; Brebner et al., 2005).

A recent clinical trial of Baclofen showed that it was also effective in reducing alcohol consumption in a population
of alcoholic patients with severe liver cirrhosis (Addolorato et al., 2007). GABA enhancing drugs maintain
abstinence by preventing cue- and drug-induced increases in dopamine. There are several anticonvulsants or
antiepileptics that have demonstrated promise in the treatment of addiction, although the mechanism is not fully
understood. Valproate, tiagabine and topiramate have shown promise in treating alcohol, opioid and cocaine
addiction (Kampman et al., 2004; Myrick and Anton, 2004; Zullino et al., 2005), while another antiepileptic,
gamma-vinyl-GABA (vigabatrin) might also be effective (Brodie et al., 2005). Other antiepileptics have not had any
effect, indicating that more research is required (Sofuoglu and Kosten, 2006; Johnson et al., 2007).
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Glutamate is involved in the neuroadaptations that underpin the learning of addictive behaviours as a result of
chronic drug use. Future research will investigate the possibility that glutamatergic drugs can be used to “unlearn”
these behaviours by reversing the synaptic changes (Nutt and Lingford-Hughes, 2008). Glutamate, and to a lesser
extent GABA, are also involved in the molecular processes, such as LTP and LTD, that are responsible for the
synaptic changes that maintain addiction.

Neuroscientists are currently investigating the signalling molecules within each neuron that produce the internal
cellular processes that lead to synaptic plasticity, such as gene expression or gene upregulation, protein synthesis and
protein trafficking (Calabresi et al., 2007). The molecules that sustain these processes may prove to be significant
targets for the treatment of addiction, by helping to reverse or ameliorate the neuroadaptations associated with
addiction (Calabresi et al., 2007). A great deal of research is required before this hope may be realised, but it holds
significant promise, particularly for addictions that do not yet have an effective pharmacological target.

2.3.1. N-acetylcysteine (NAC), an activator of the cystine-glutamate exchange, is
currently in Phase 1 clinical trials for cocaine dependence (LaRowe et al., 2006).
2.3.2. Many of the neuroadaptations that are thought to occur in addiction involve
changes in the prefrontal cortex that have numerous connections with the
dopaminergic reward pathway

2.3.2.1. Activity in these cortical circuits is mediated by the amino acid
neurotransmitters, glutamate and GABA. It is also likely that other yet to be
identified neurotransmitters are involved.
2.3.3. Studies have begun to look at whether drugs that act on these systems
reduce drug self administration in animals (Kalivas and Volkow, 2005)
2.3.4. The glutamatergic system influences dopamine signalling because its
neurons in the prefrontal cortex and amygdala make reciprocal connections with
the dopaminergic mesolimbic reward pathway
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2.3.4.1. Glutamate is involved in the neuroadaptations that underpin the
learning of addictive behaviours as a result of chronic drug use.

2.3.4.1.1. Glutamate, and to a lesser extent GABA, are also involved in the
molecular processes, such as LTP and LTD, that are responsible for the
synaptic changes that maintain addiction.
2.3.4.2. compensatory increase in the numbers of glutamate receptors in alcohol
addiction may explain the hyper-excitability seen in alcohol withdrawal
2.3.4.3. The glutamate receptor subtype, Nmethyl-D-aspartic acid (NMDA),
appears to play an important role in addiction to nicotine, cannabis, alcohol and
benzodiazepines (Wolf, 1998; Lingford-Hughes and Nutt, 2003)

2.3.4.3.1. Antagonists of the NMDA receptor inhibit sensitisation to stimulants
and the development of opioid dependence (Trujillo and Akil, 1995; LingfordHughes and Nutt, 2003)
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2.3.4.3.2. Co-treatment with the NMDA blocker, dizocilpine, also attenuates
tolerance to opioids (Trujillo and Akil, 1991).
2.3.4.3.3. Not all NMDA receptor antagonists are clinically useful because
some produce hallucinations and psychotic symptoms.
2.3.4.4. Dopaminergic activity in the reward system is under inhibitory control
from GABA signalling, in particular the GABA-B receptor (Cousins et al., 2002)

2.3.4.4.1. metabotropic glutamate receptors (mGluR) ectodomains have a
cysteine-rich region found at the C-terminal end
Nature. 2013 Dec 12; 504(7479): 254–259.
Published online 2013 Dec 4. doi: 10.1038/nature12725
PMCID: PMC3865065
NIHMSID: NIHMS528775

Structural mechanism of ligand activation in human GABAB receptor

Yong Geng,1 Martin Bush,1 Lidia Mosyak,1 Feng Wang,1 and Qing R. Fan1,2

Structures of GABAB heterodimer

The extracellular VFT module of human GBR1b (GBR1bVFT) and GBR2 (GBR2VFT) were co-secreted as
a heterodimeric complex from insect cells (Supplementary Fig. 1). The GBR1bVFT:GBR2VFT heterodimer
binds various agonists and antagonists with the same rank order of affinities as the full-length receptor,
indicating that it is physiologically relevant26.

We determined the crystal structure of the GBR1bVFT:GBR2VFT complex in the apo form, bound to six
different antagonists (CGP54626ANT, CGP46381ANT, CGP35348ANT, SCH50911ANT, (S)-2-OH-
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saclofenANT, and (R)-phaclofenANT), and bound to two different agonists (endogenous ligand GABA and
clinical drug (R)-baclofenAGO) (Supplementary Table 1). Each structure consists of a non-covalent
heterodimer of GBR1bVFT and GBR2VFT, wherein the two subunits “dance cheek-to-cheek”: the
protomers are bound to each other such that they are side by side and facing opposite directions (Fig. 1a–c;
Supplementary Fig. 2). All of the agonists and antagonists bind in the crevice between the LB1 and LB2
domains of GBR1bVFT.

GBR1bVFT and GBR2VFT have similar overall structures, in agreement with their sequence homology
(33% identity) (Supplementary Fig. 3). Both subunits have a bi-lobed architecture related to that found in
mGluRs33–35, natriuretic peptide receptors36,37, ionotropic glutamate receptors38–40 and PBPs41.
However, the extracellular domains of GBR1b and GBR2 lack the cysteine-rich region found at the Cterminal end of mGluR ectodomains. Each GABAB subunit contains two distinct domains, LB1 and LB2.
The individual LB1 and LB2 domains of the two subunits exhibit high correlation with each other.

Despite similarities, the GBR1bVFT and GBR2VFT structures have different interdomain arrangements,
consistent with their disparate ligand-binding characteristics (Fig. 2a, b). The ligand-binding subunit
GBR1bVFT can oscillate between open and closed conformations, wherein the more compact closed
conformation is associated with agonist binding. In contrast, the non-ligand binding subunit GBR2VFT has
nearly identical conformations with and without dimer partner GBR1VFT.

2.3.4.4.2. GABA agonists have been effective in reducing the reinforcing
effects of a number of drugs, presumably by decreasing dopaminergic activity.
2.3.5. Neuroscientists are currently investigating the signalling molecules within
each neuron that produce the internal cellular processes that lead to synaptic
plasticity, such as gene expression or gene upregulation, protein synthesis and
protein trafficking (Calabresi et al., 2007)

2.3.5.1. The molecules that sustain these processes may prove to be significant
targets for the treatment of addiction, by helping to reverse or ameliorate the
neuroadaptations associated with addiction (Calabresi et al., 2007)
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2.3.5.1.1. Future research will investigate the possibility that glutamatergic
drugs can be used to “unlearn” these behaviours by reversing the synaptic
changes (Nutt and Lingford-Hughes, 2008)

3. Mental Health

See Also: Chronic N-Acetylcysteine during Abstinence or Extinction after Cocaine SelfAdministration Produces Enduring Reductions in Drug Seeking, Bipolar disorder and
substance misuse: pathological and therapeutic implications of their comorbidity and
cross-sensitisation, NAC treatment reduces levels of some pro-inflammatory cytokines
(IL-6, IL-1β, and TNF-α) shown to be implicated in several psychiatric disorders, notably
in depressive and bipolar disorders as well as in schizophrenia. NAC has been used to
target the prefrontal glutamatergic dysfunction implicated in schizophrenia and
impulsive-compulsive behaviors (for reviews see Dean et al., 2011; Sansone & Sansone,
2011), NAC in psychiatry was a case-report of the amelioration of self-injurious
behaviors and craving in a female patient suffering from Post-traumatic Stress Disorder
and borderline personality disorder (Pittenger et al., 2005)
3.1. Clinical trials of N-acetylcysteine in psychiatry and neurology: A systematic
review
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abstract
N-acetylcysteine (NAC) is recognized for its role in acetaminophen overdose and as a mucolytic. Over
the past decade, there has been growing evidence for the use of NAC in treating psychiatric and neurological
disorders, considering its role in attenuating pathophysiological processes associated with
these disorders, including oxidative stress, apoptosis, mitochondrial dysfunction, neuroinflammation
and glutamate and dopamine dysregulation. In this systematic review we find favorable evidence for the
use of NAC in several psychiatric and neurological disorders, particularly autism, Alzheimer’s disease,
cocaine and cannabis addiction, bipolar disorder, depression, trichotillomania, nail biting, skin picking, obsessivecompulsive disorder, schizophrenia, drug-induced neuropathy and progressive myoclonic

3.1.1. N-acetylcysteine (NAC) is recognized for its role in acetaminophen overdose
and as a mucolytic
3.1.2. Growing evidence for the use of NAC in treating psychiatric and neurological
disorders, considering its role in attenuating pathophysiological processes
associated with these disorders, including oxidative stress, apoptosis,
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mitochondrial dysfunction, neuroinflammation and glutamate and dopamine
dysregulation
NOTE ONE

This is in the box after the paper (extrapolated quote)

3.1.3. In this systematic review we find favorable evidence for the use of NAC in
several psychiatric and neurological disorders, particularly autism, Alzheimer’s
disease, cocaine and cannabis addiction, bipolar disorder, depression,
trichotillomania, nail biting, skin picking, obsessive-compulsive disorder,
schizophrenia, drug-induced neuropathy and progressive myoclonic
See Also: Cocaine
3.1.4. NAC is considered a well-tolerated and safe medication that has been used
all across the world in variety of medical conditions for past several decades. It is
widely recognized for its role as an antidote of acetaminophen overdose
3.2. Cognitive effects of adjunctive N-acetyl cysteine in psychosis

Background. Cognitive deficits are predictors of functional outcome in patients with psychosis. While conventional
antipsychotics are relatively effective on positive symptoms, their impact on negative and cognitive symptoms is
limited.
Recent studies have established a link between oxidative stress and neurocognitive deficits in psychosis. Nacetylcysteine
(NAC), a glutathione precursor with glutamatergic properties, has shown efficacy on negative symptoms and
functioning in patients with schizophrenia and bipolar disorder, respectively. However, there are few evidence-based
approaches
for managing cognitive impairment in psychosis. The present study aims to examine the cognitive effects of
adjunctive
NAC treatment in a pooled subgroup of participants with psychosis who completed neuropsychological assessment
in
two trials of both schizophrenia and bipolar disorder.
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Method. A sample of 58 participants were randomized in a double fashion to receive 2 g/day of NAC (n = 27) or
placebo
(n = 31) for 24 weeks. Attention, working memory and executive function domains were assessed. Differences
between
cognitive performance at baseline and end point were examined using Wilcoxon’s test. The Mann–Whitney test was
used
to examine the differences between the NAC and placebo groups at the end point.
Results. Participants treated with NAC had significantly higher working memory performance at week 24 compared
with placebo (U = 98.5, p = 0.027).
Conclusions. NAC may have an impact on cognitive performance in psychosis, as a significant improvement in
working
memory was observed in the NAC-treated group compared with placebo; however, these preliminary data require
replication. Glutamatergic compounds such as NAC may constitute a step towards the development of useful
therapies for
cognitive impairment in psychosis.

Cognitive effects of adjunctive N-acetyl cysteine in psychosis M. Rapado-Castro1,2,3, S. Dodd4,5, A. I. Bush5, G.
S. Malhi6,7,8, D. R. Skvarc4, Z. X. On9, M. Berk3,4,5,10*† and O. M. Dean

3.2.1. Recent studies have established a link between oxidative stress and
neurocognitive deficits in psychosis. N-acetylcysteine (NAC), a glutathione
precursor with glutamatergic properties, has shown efficacy on negative
symptoms and functioning in patients with schizophrenia and bipolar disorder,
respectively.
3.2.2. NAC may have an impact on cognitive performance in psychosis, as a
significant improvement in working memory was observed in the NAC-treated
group

3.2.2.1. NAC attenuates the cognitive and behavioural effects of NMDA receptor
antagonists in rodents (Gunduz-Bruce, 2009). By rescuing depleted levels of GSH
in the brain, NAC restores cognitive deficits such as short-term spatial memory
deficits in rats in a dose-dependent manner (Choy et al. 2010).
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3.2.3. N-acetylcysteine (NAC) is emerging as a useful agent in the treatment of a
wide range of psychiatric disorders

3.2.3.1. Cognitive deficits are predictors of functional outcome in patients with
psychosis. While conventional antipsychotics are relatively effective on positive
symptoms, their impact on negative and cognitive symptoms is limited
3.2.3.2. Regulation of the putative ‘hyperdopaminergic state’ with antipsychotic
drugs effectively counters the positive symptoms of psychosis, but their effects
on negative and cognitive symptoms are modest
3.2.3.3. Glutamate is thought to have a critical role in cognitive and negative
symptoms through the activation of N-methyl-D-aspartate (NMDA)
glutamatergic receptors
3.2.3.4. In human studies, NAC improves core negative symptoms of
schizophrenia (Berk et al. 2008a; Bulut et al. 2009), depressive symptoms in
bipolar disorder (Berk et al. 2008b) and functioning in both (Berk et al. 2008a,
b), as well as improving MMN in psychosis (Mismatch negativity (MMN)
deficiency: a break-through biomarker in predicting psychosis onset)
3.2.3.5. These results suggest that NAC may be a promising agent to treat
cognitive dysfunction in psychotic disorders
3.2.4. Shown to decrease pro-inflammatory cytokines and enhance neurogenesis,
mitochondrial function and regulate apoptosis
3.3. Cognitive Enhancers in the Treatment of Substance Use Disorders: Clinical
Evidence
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See Also: Cocaine
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Medical University of South Carolina, Department of Psychiatry, 67 President Street, Charleston,
SC 29425, United States, graykm@musc.edu
Bryan K. Tolliver, MD, PhD
Medical University of South Carolina, Department of Psychiatry, 67 President Street, Charleston,
SC 29425, United States, tollive@musc.edu
Abstract
Attenuation of drug reward has been the major focus of medication development in the addictions
area to date. With the growth of research in the area of cognitive neuroscience, the importance of
executive function and inhibitory cognitive control in addictive disorders is becoming increasingly
apparent. An emerging strategy in the pharmacotherapy of addictions and other psychiatric
disorders involves the use of medications that improve cognitive function. In particular, agents
that facilitate inhibitory and attentional control, improve abstraction, planning and mental
flexibility could be beneficial in the treatment of substance use disorders. Because there are
multiple neurotransmitter systems involved in the regulation of cognitive function, agents from a
number of drug classes have been tested. In particular, agents acting through the cholinergic,
adrenergic and glutamatergic systems have shown potential for improving cognitive function in a
number of psychiatric and neurologic disorders, but most of these agents have not been tested in
the treatment of individuals with substance use disorders. This manuscript provides a review of
clinical data supporting the use of the major classes of cognitive enhancing agents in substance use
disorders. Agents that have shown promise in cognitive enhancement in other disorders, and have
a theoretical or mechanistic rationale for application to substance use disorders are also
highlighted.
Keywords
Cognition; Addiction; Pharmacotherapy; Medications; Substance Use Disorders; Learning and
Memory
Correspondence to: Kathleen T. Brady.
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(Declaration of Helsinki) for experiments involving humans and the Uniform Requirements for manuscripts
submitted to biomedical
journals.
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3.3.1. Based on encouraging cognitive-enhancing studies in animals, the
antioxidant Nacetylcysteine has been investigated as a potential treatment in
humans targeting cognitive decline in dementia (McCaddon and Hudson, 2010)
3.3.2. demonstrating reduced mitochondriarelated oxidative stress in fibroblasts
of patients with Alzheimer’s disease (Moreira et al., 2007)
3.3.3. In animal models, N-acetylcysteine has demonstrated glutamate
modulation in the nucleus accumbens, via activation of the cystine-glutamate
exchanger, leading to changes in drug seeking and self-administration (Zhou,
2010)
3.3.4. N-acetylcysteine, relative to placebo, is well tolerated and may reduce
cocaine withdrawal, craving, and cue reactivity
3.3.5. An open-label pilot study in cannabis-dependent youth (n=24)
demonstrated adequate tolerability and reductions in cannabis craving and use
during treatment with Nacetylcysteine (Gray et al., 2010)
3.4. Glutamatergic Dysfunction in Obsessive-Compulsive Disorder and the Potential
Clinical Utility of Glutamate-Modulating Agents

ABSTRACT Obsessive-compulsive disorder (OCD) is a common psychiatric disorder and the tenth leading cause of
disability in the world. The introduction of serotonin reuptake inhibitors (SRIs) in the 1980s represented an
important advance in the treatment of OCD. However, most patients show only a partial response to existing
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treatments and a full remission of OCD symptoms is not frequently observed. Clinical experience and research has
highlighted the role of serotonin and dopamine in OCD. The clinical observation that SRIs and augmentation with
dopamine antagonists only yields a partial treatment response in most patients suggests that other
neurotransmitters contribute to the neurobiology of the illness. Recent research findings raise the possibility that
agents that directly reduce glutamate hyperactivity or its consequences in the central nervous system are
efficacious as novel therapeutic interventions. This article reviews current treatment strategies for OCD and
summarizes the growing body of research implicating glutamatergic dysfunction in OCD.

CLINICAL FOCUS
Primary Psychiatry. 2006;13(10):65-77

3.4.1. N-acetylcysteine (NAC) is widely used for its antioxidant properties and as a
treatment for acetaminophen toxicity; however, recent preclinical studies suggest
that NAC also modulates CNS glutamate. NAC is converted to cystine, a substrate
for the glutamate/cystine antiporter located on glial cells. The uptake of cystine
by glia causes glial release of glutamate into the extrasynaptic space, where it
appears to stimulate inhibitory metabotropic glutamate receptors on
glutamatergic nerve terminals and thereby reduces the synaptic release of
glutamate.
3.4.2. Systemic administration of NAC has been shown to reverse the susceptibility
to reinstitution of compulsive cocaine use in a rodent model by restoring reestablishing normal extracellular glutamate concentrations in the nucleus
accumbens.
3.4.3. In addition to attenuating synaptic glutamate release, NAC may enhance
clearance of glutamate by glial cells at the synapse. Elevated levels of glutamate
deplete glutathione within glial cells, impair cystine transport, and thereby
increase the vulnerability of glia to oxidative stress.
3.4.4. Preclinical studies demonstrate that NAC protects glial cells against
glutamate
toxicity, repletes levels of glutathione, and attenuates toxic levels of glutamate.
3.5. Imaging glutamate in schizophrenia: review of findings and implications for drug
discovery
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Imaging glutamate in schizophrenia: review of findings and
implications for drug discovery
EMP Poels1,2, LS Kegeles1,2, JT Kantrowitz1,2, M Slifstein1,2, DC Javitt1,2, JA Lieberman1,2, A AbiDargham1,2,3 and RR Girgis1,2
Currently, all treatments for schizophrenia (SCZ) function primarily by blocking D2-type dopamine receptors. Given
the limitations
of these medications, substantial efforts have been made to identify alternative neurochemical targets for treatment
development
in SCZ. One such target is brain glutamate. The objective of this article is to review and synthesize the proton
magnetic resonance
spectroscopy (1H MRS) and positron emission tomography (PET)/single-photon emission computed tomography
(SPECT)
investigations that have examined glutamatergic indices in SCZ, including those of modulatory compounds such as
glutathione
(GSH) and glycine, as well as data from ketamine challenge studies. The reviewed 1H MRS and PET/SPECT
studies support the theory
of hypofunction of the N-methyl-D-aspartate receptor (NMDAR) in SCZ, as well as the convergence between the
dopamine and
glutamate models of SCZ. We also review several advances in MRS and PET technologies that have opened the
door for new
opportunities to investigate the glutamate system in SCZ and discuss some ways in which these imaging tools can be
used to
facilitate a greater understanding of the glutamate system in SCZ and the successful and efficient development of
new
glutamate-based treatments for SCZ.
Molecular Psychiatry (2014) 19, 20–29; doi:10.1038/mp.2013.136; published online 29 October 2013

3.5.1. NAC, which is converted to GSH in vivo, has been used in one long-term
clinical study of SCZ to date. In this study, Berk et al.96 randomized 140 medicated
patients with SCZ to either placebo or 1 mg NAC b.i.d. for 24 weeks. Patients who
received NAC had greater improvements on the PANSS total, general and negative
subscales, as well as on the CGI-S (Clinical Global Impression–Severity) scale
(effects sizes 0.43–0.57)
3.5.2. The current glutamate model of SCZ suggests hypofunction of the NMDAR.
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3.6. Nacetylcysteine modulates glutamatergic dysfunction and depressive behavior
in Huntington’s disease

N-acetylcysteine modulates glutamatergic dysfunction
and depressive behavior in Huntington’s disease
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Abstract
Glutamatergic dysfunction has been implicated in the pathogenesis of depressive disorders and Huntington’s disease
(HD), in
which depression is the most common psychiatric symptom. Synaptic glutamate homeostasis is regulated by
cystinedependent glutamate transporters, including GLT-1 and system xc-. In HD, the enzyme regulating cysteine
(and subsequently
cystine) production, cystathionine-c-lygase, has recently been shown to be lowered. The aim of the present study
was to establish whether cysteine supplementation, using N-acetylcysteine (NAC) could ameliorate glutamate
pathology through the
cystine-dependent transporters, system xc- and GLT-1. We demonstrate that the R6/1 transgenic mouse model of
HD has
lower basal levels of cystine, and showed depressive-like behaviors in the forced-swim test. Administration of NAC
reversed
these behaviors. This effect was blocked by co-administration of the system xc- and GLT-1 inhibitors CPG and
DHK, showing
that glutamate transporter activity was required for the antidepressant effects of NAC. NAC was also able to
specifically increase glutamate in HD mice, in a glutamate transporter-dependent manner. These in vivo changes
reflect changes in glutamate transporter protein in HD mice and human HD post-mortem tissue. Furthermore, NAC
was able to rescue changes in
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key glutamate receptor proteins related to excitotoxicity in HD, including NMDAR2B. Thus, we have shown that
baseline reductions in cysteine underlie glutamatergic dysfunction and depressive-like behavior in HD and these
changes can be rescued by treatment with NAC. These findings have implications for the development of new
therapeutic approaches for depressive disorders.

3.6.1. Baseline reductions in cysteine underlie glutamatergic dysfunction and
depressive-like behavior in HD and these changes can be rescued by treatment
with NAC
3.6.2. Our results show that NAC exerts a rapid antidepressant-like effect, which is
maintained after 4 weeks of treatment. Although we have previously
demonstrated beneficial effects of NAC on oxidative stress and mitochondrial
function in HD mice, these are longer-term processes
3.6.3. We highlight the importance of cysteine/cystine in regulating glutamate flux
in the hippocampus of HD, with associated changes in depressive-like behavior
This was regulated by glutamate transporters, GLT-1 and system xc-.
3.6.4. NAC has previously been shown to ameliorate depressive symptoms in
bipolar patients (45). The therapeutic mechanism was hypothesized to be related
to glutathione redox and antioxidant activity.
3.6.5. Taken together with previous studies showing therapeutic effects in
preclinical models of HD and clinical studies of depression, NAC is a strong
candidate for clinical trials in HD.
3.7. Maintenance N-acetyl cysteine treatment for bipolar disorder: A double-blind
randomized placebo controlled trial

Maintenance N-acetyl cysteine treatment for
bipolar disorder: A double-blind randomized
placebo controlled trial
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Michael Berk1,2,3,4,5*, Olivia M Dean1,4,5, Sue M Cotton2,3, Clarissa S Gama6, Flavio Kapczinski6, Brisa
Fernandes7,8,
Kristy Kohlmann4, Susan Jeavons4, Karen Hewitt4, Kirsteen Moss9,10, Christine Allwang9,10,11, Ian Schapkaitz4,
Heidi Cobb9, Ashley I Bush4, Seetal Dodd1,5 and Gin S Malhi8,9

Berk et al. BMC Medicine 2012, 10:91
http://www.biomedcentral.com/1741-7015/10/91

Abstract
Background: N-acetyl cysteine (NAC) is a glutathione precursor that has been shown to have antidepressant
efficacy in a placebo-controlled trial. The current study aimed to investigate the maintenance effects of NAC
following eight weeks of open-label treatment for bipolar disorder.
Method: The efficacy of a double blind randomized placebo controlled trial of 2 g/day NAC as adjunct
maintenance treatment for bipolar disorder was examined. Participants (n = 149) had a Montgomery Asberg
Depression Rating Score of ≥12 at trial entry and, after eight weeks of open-label NAC treatment, were randomized
to adjunctive NAC or placebo, in addition to treatment as usual. Participants (primarily outpatients) were recruited
through public and private services and through newspaper advertisements. Time to intervention for a mood
episode was the primary endpoint of the study, and changes in mood symptoms, functionality and quality of life
measures were secondary outcomes.
Results: There was a substantial decrease in symptoms during the eight-week open-label NAC treatment phase.
During the subsequent double-blind phase, there was minimal further change in outcome measures with scores
remaining low. Consequently, from this low plateau, between-group differences did not emerge on recurrence,
clinical functioning or quality of life measures.
Conclusions: There were no significant between-group differences in recurrence or symptomatic outcomes during
the maintenance phase of the trial; however, these findings may be confounded by limitations.
Trial Registration: The trial was registered with the Australian New Zealand Clinical Trials Registry
(ACTRN12607000074493).
Keywords: N-acetyl cysteine, depression, bipolar disorder, maintenance, mania, oxidative

3.7.1. There was a substantial decrease in symptoms during the eight-week open
label phase. During the subsequent double blind phase, there was a very low
baseline reflecting improvement across all symptomatic measures, and this did
not change significantly in either group
3.7.2. A robust decrease in symptoms in the open-label phase of the trial using 2
grams daily of NAC
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3.7.3. The improvements in depressive symptoms reached a plateau in the openlabel phase and symptoms changed little from this very low base in the
randomized phase, such that between group differences did not emerge
3.7.4. These results are not concordant with our previous data examining NAC in
bipolar disorder [31]. In a 24- week double blind placebo controlled trial (n = 75)
adjunctive NAC was trialled in participants with either bipolar I or II disorder [32].
In this study NAC significantly improved clinical outcomes, particularly depression,
quality of life and measures of functioning, with large effect sizes in almost all
domains.
3.7.5. Benefits of NAC in other psychiatric disorders, including a large clinical trial
of schizophrenia [8], and small scale clinical papers in obsessive-compulsive
disorder [33] and compulsive disorders [9,33,34], pathological gambling [35] and
cocaine dependence [36] have been reported.
3.7.6. NAC promotes neuronal survival after injury and has anti-inflammatory
effects.
3.7.7. A neuroprotective effect of NAC has been suggested by effects in a variety
of neurodegenerative disease models
3.7.8. NAC appears to reverse mitochondrial dysfunction, which is concordant
with the emerging literature on the role of mitochondria in bipolar disorder
3.8. N-Acetyl Cysteine (NAC) in the Treatment of ObsessiveCompulsive Disorder: A
16-Week, Double-Blind, Randomised, Placebo-Controlled Study

Sarris, J., Oliver, G., Camfield, D.A. et al. CNS Drugs (2015) 29: 801. https://doi.org/10.1007/s40263-015-0272-9

Abstract
Background
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Obsessive-compulsive disorder (OCD) is a disabling mental illness for which pharmacological and psychosocial
interventions are all too often inadequate. Recent preclinical and clinical studies have implicated dysfunction of
glutamatergic neurotransmission in the pathophysiology of OCD. The amino acid-based nutraceutical N-acetyl
cysteine (NAC) is a safe and readily available agent that has been found to modify the synaptic release of glutamate
in subcortical brain regions via modulation of the cysteine-glutamate antiporter.
Objective

The aim of this study was to assess the efficacy and safety of NAC in treating OCD.
Methods

A 16-week, double-blind, placebo-controlled, randomised trial using 3 g/day of NAC (1.5 g twice daily) in 44
participants (aged 18–70 years) with Diagnostic and Statistical Manual of Mental Disorders, 5th edition (DSM-5)diagnosed OCD, during 2013–2015. The primary outcome measure was the Yale–Brown Obsessive Compulsive
Scale (YBOCS), conducted every 4 weeks.
Results

Analysis of the full sample (intention-to-treat) with repeated measures mixed linear modelling revealed a
nonsignificant time × treatment interaction for the YBOCS scale total score (p = 0.39). A per-protocol analysis
removing protocol violators also failed to show a significant time × treatment interaction for YBOCS total score (p =
0.15). However, a significant time × treatment interaction was observed for the YBOCS ‘Compulsions’ subscale in
favour of NAC (p = 0.013), with a significant reduction observed at week 12 (dissipating at week 16). At 16 weeks,
only four (20 %) participants were considered ‘responders’ (YBOCS ≥35 % reduction at endpoint) versus four (27
%) in the placebo group. The NAC was well-tolerated, aside from more cases of heartburn occurring compared with
placebo (p = 0.045).
Conclusion

Further research involving NAC for OCD may require larger samples to detect moderate or small effect sizes,
involve dosage or formulation differences, use in concert with exposure therapy, or an additional post-study
observational period to mitigate study withdrawal.

3.8.1. A gradual and continual decrease in symptom severity was evident from
week 4, with NAC showing significance over placebo from week 8 onwards
3.8.2. the effect of NAC over placebo only began to separate towards the end of
the study
3.8.3. Results of a 16-week, double-blind RCT using 3 g/day of NAC in OCD
revealed a reduction of OCD symptoms occurring over the first 12 weeks in favour
of NAC over placebo

57

3.8.4. a dose of 2.4 g/day was used. Recent data from clinical trials involving
bipolar [28] and schizophrenia patients have shown that longer treatment times
using NAC may be needed
3.8.5. a study on attention-deficit hyperactivity disorder (ADHD) showed a
reduction of symptoms using a higher NAC dose, querying the optimal dose of the
agent
3.8.6. Doses of 2.4–3 g/day for a minimum of 8 weeks were considered adequate
for exerting an initial therapeutic effect
3.8.7. it is possible that a longer treatment period may be justified, with NAC
potentially requiring over 16 weeks to be effective
3.8.8. Studies of patients with NAC in schizophrenia and bipolar disorder needed 6
months for the full effect to be evident
3.9. N-acetylcysteine (NAC) in schizophrenia resistant to clozapine: a double blind
randomised placebo controlled trial targeting negative symptoms

BMC Psychiatry. 2016 Sep 15;16(1):320. doi: 10.1186/s12888-016-1030-3.

N-acetylcysteine (NAC) in schizophrenia resistant to clozapine: a double blind randomised placebo controlled trial
targeting negative symptoms.

Rossell SL1,2,3, Francis PS4, Galletly C5,6, Harris A7,8, Siskind D9, Berk M10, Bozaoglu K11, Dark F12, Dean
O10, Liu D5,6, Meyer D13,14, Neill E15, Phillipou A15, Sarris J16,17, Castle DJ18,19.

Abstract

Background: Clozapine is an effective treatment for a proportion of people with schizophrenia (SZ) who are resistant
to the beneficial effects of other antipsychotic drugs. However, anything from 40–60 % of people on clozapine
experience residual symptoms even on adequate doses of the medication, and thus could be considered ‘clozapine
resistant’. Agents that could work alongside clozapine to improve efficacy whilst not increasing the adverse effect
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burden are both desired and necessary to improve the lives of individuals with clozapine-resistant SZ. NAcetylcysteine (NAC) is one such possible agent. Previous research from our research group provided promising
pilot data suggesting the efficacy of NAC in this
patient population. The aim of the study reported here is to expand this work by conducting a large scale clinical trial
of NAC in the treatment of clozapine-resistant SZ.

Methods: This study is an investigator initiated, multi-site, randomised, placebo-controlled trial. It aims to include
168
patients with clozapine-resistant SZ, divided into an intervention group (NAC) and a control group (placebo).

Participants in the intervention group will receive 2 g daily of NAC. The primary outcome measures will be the
negative symptom scores of the Positive and Negative Syndrome Scale (PANSS). Secondary outcome measures will
include: changes in quality of life (QoL) as measured by the Lancashire Quality of Life Profile (LQoLP) and
cognitive functioning as measured by the total score on the MATRICS. Additionally we will examine peripheral and
cortical glutathione (GSH) concentrations as process outcomes.

Discussion: This large scale clinical trial will investigate the efficacy of NAC as an adjunctive medication to
clozapine.
This trial, if successful, will establish a cheap, safe and easy-to-use agent (NAC) as a ‘go to’ adjunct in patients that
are only partly responsive to clozapine.

3.9.1. Overall, results showed significant improvements on the Clinical Global
Impression-Severity Scale (CGI-S; d = 0.43; p < 0.05) and Positive and Negative
Syndrome Scale (PANSS), negative (d = 0.52; p < 0.05) and general (d = 0.46; p <
0.05) subscales
3.9.2. NAC was extremely well tolerated with no significant adverse events
reported in the NAC group
3.9.3. abnormal involuntary movements (a side effect of antipsychotic medication)
were reduced during NAC treatment
3.9.4. there were significant reductions in PANSS negative scores from baseline to
endpoint in the NAC group
3.9.5. There is now substantial evidence from animal studies that NAC improves
cognitive function [15], more specifically attention, executive function and
memory
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3.9.6. early evidence indicates that it may improve specific areas of cognition
including memory [16]
3.9.7. Do et al. [20] demonstrated that GSH is reduced in the cortex of SZ patients
using MRS
3.9.8. Farokhnia et al. [7], in an independent study, also demonstrated similar
improvements for NAC for negative symptoms of SZ (as an adjunct to risperidone)
3.10. N-acetylcysteine may reduce repetitive behaviors in children with autism: a
case series

Psychiatry and Clinical Psychopharmacology Volume 27, 2017 - Issue 2

N-acetylcysteine may reduce repetitive behaviors in children with autism: a case series

Fahri Çelebi, Ahmet Koyuncu & Murat Coşkun Pages 185-188 Received 16 Feb 2017 Accepted 15 Mar 2017
Accepted author version posted online: 22 Mar 2017 Published online: 11 Apr 2017
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ABSTRACT Objective: Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by
impairment in social communication and interaction, and restricted, stereotypic, repetitive behaviors. Behavioral
problems are common in children with ASD. Herein, we report the effect of N-acetylcysteine (NAC) treatment on
repetitive behaviors in 10 children with ASD.

Methods: Ten children with ASD were assessed using the Childhood Autism Rating Scale and Aberrant Behavior
Checklist (ABC). The clinical follow-up was performed with ABC and Clinical Global Impressions-Improvement
(CGI-I). A total of 10 patients were initiated on NAC therapy in addition to their treatment with a stable dose of
risperidone to avoid the potential adverse effects of higher doses of risperidone. Two patients discontinued NAC
treatment before the third week. Eight patients were treated with an NAC dosage of 1200–2700 mg/day for 6–10
weeks.
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Results: The mean age of the patients was 8.6 years. Patients received NAC treatment for a mean duration of 8.25
weeks and a mean dosage of 2100 mg/day. Improvement in stereotypic behaviors was statistically significant in
addition to the improvement in mean CGI-I score (p = .025 and .006, respectively).

Conclusion: NAC adjunction to risperidone treatment may be helpful to reduce repetitive behaviors in children with
ASD with limited adverse effects and good tolerability.

3.10.1. NAC is the acetaldehyde form of cysteine, which modulates glutamate
metabolism and acts as an antioxidant [12]
3.10.2. NAC is shown to be effective in patients with obsessive compulsive
disorder (OCD) and trichotillomania (TTM) [13– 15]
3.10.3. NAC is also promising for schizophrenia, depressive episodes of bipolar
disorder and substance use disorders [15]
3.10.4. a recent randomized controlled trial which reported that NAC did not
show a significant improvement in social impairment in youth with ASD [16]
3.10.5. a recent randomized controlled trial which reported that NAC did not
show a significant improvement in social impairment in youth with ASD [16]
behaviors in children with ASD[17]
3.10.6. NAC augmentation to risperidone treatment was found effective for
irritability in two other randomized controlled trials in patients with ASD [9,18]
3.10.7. Based on ABC, improvement in stereotypic behaviors were statistically
significant (P = .025)
3.10.8. stereotypic behaviors in eight children with ASD were improved
significantly with NAC with tolerable adverse effects
3.10.9. Hardan et al. reported improvement in stereotypic behaviors and
irritability symptoms in a randomized controlled trial [17]
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3.10.10. Ghanizadeh and Moghimi-Sarani found a decrease in irritability scores
and Nikoo et al. reported improvement in irritability and hyperactivity symptoms
in children with ASD who were treated with adjuvant NAC to risperidone [9,18]
3.10.11. Marler et al. reported a 4-year-old child with ASD whose self-injurious
behaviors resolved after the administration of 1800 mg NAC [21]
3.10.12. NAC is shown to be effective for the symptoms of ADHD, OCD, and
impulse control disorders such as nail biting, skin picking, and TTM [13–15,22]
3.10.13. NAC reported to be an effective agent as an add-on therapy to SSRIs in
the treatment refractory OCD [23] and a treatment option in adults with TTM [14]
3.10.14. several studies reported improvement in the symptoms of
schizophrenia, addiction, bipolar disorder and depressive disorders with NAC
treatment [15,22]
3.10.15. The imbalance in the glutathione system and the redox imbalance in the
brain are thought to be responsible as an etiologic factor for these psychiatric
disorders [13,17,21,22]
3.10.16. NAC has a low-potential adverse effect profile with a good tolerability
[17]
3.11. N-Acetylcysteine Add-On Treatment in Refractory Obsessive-Compulsive
Disorder A Randomized, Double-Blind, Placebo-Controlled Trial

J Clin Psychopharmacol. 2012 Dec;32(6):797-803. doi: 10.1097/JCP.0b013e318272677d.

N-acetylcysteine add-on treatment in refractory obsessive-compulsive disorder: a randomized, double-blind,
placebo-controlled trial.

Afshar H1, Roohafza H, Mohammad-Beigi H, Haghighi M, Jahangard L, Shokouh P, Sadeghi M, Hafezian H.
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Objective: This study aimed to evaluate the efficacy and safety of N-acetylcysteine, a glutamate-modulating agent,
in patients with treatmentrefractory obsessive-compulsive disorder as an adjunct to serotonin reuptake inhibitor
treatment.

Methods: Forty-eight patients (36 women; mean T SD age, 30.93 T 4.99) with obsessive-compulsive disorder who
failed to respond to a course of serotonin reuptake inhibitor treatment were randomized to a 12-week intervention
period of N-acetylcysteine (up to 2400 mg/d) or placebo. Primary outcome measures were the change in YaleBrown Obsessive Compulsive Scale (Y-BOCS) score from baseline to end point and the rate of full response in each
group at the end of trial. Full response was defined as 35% or greater reduction in Y-BOCS score from baseline.

Results: Changes of Y-BOCS score were different over time (P G 0.001) and between groups (P G 0.001). NacetylcysteineYassigned patients showed significantly improved mean Y-BOCS score (P = 0.003) and Clinical
Global ImpressionYSeverity of Illness scale score (P = 0.01) but not Clinical Global ImpressionVImprovement scale
score at study end point. Of the patients in the N-acetylcysteine group, 52.6% were full responders at the end of the
study, which was significantly higher than 15% of the patients in the placebo group (P = 0.013).

Conclusion: This trial suggests that N-acetylcysteine may be a safe and effective option to augment standard
treatment in patients with refractory obsessive-compulsive disorder

3.11.1. Chakrabarty et al demonstrated that CSF glutamate in psychotropic
patients with drug-naive OCD is significantly higher than psychiatrically normal
controls.16
3.11.2. In one study, transgenic mice with increased glutamate output to the
striatum exhibited a phenotype similar to comorbid OCD and Tourette
syndrome.17
3.11.3. there is convincing evidence to support the role of glutamatergic
hyperactivity in the genesis of OCD symptoms.18-20
3.11.4. one case report of OCD has been published to date by Lafleur et al31 in
which significant improvement of symptoms was reported after adding NAC to SRI
regimen
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3.11.5. Yale Brown Obsessive Compulsive Scale (Y-BOCS) score reduction in the
NAC group was significantly different from that of the placebo group by the study
end point (P = 0.003)
3.11.6. Improving effect of NAC on the Y-BOCS score was first detected at the end
of week 8 (P = 0.03, Fig. 2)
3.11.7. Of the 19 patients in the NAC group, 10 patients (52.6%) had full clinical
response. Such ratio in the placebo group was 15% (3/20), which was significantly
lower than that in the NAC group (P = 0.013)
3.11.8. N-Acetylcysteine was well tolerated by most patients, and no unusual or
serious adverse event was observed. The adverse events reported during trial
were only gastrointestinal. Eight patients in the NAC group reported
nausea/vomiting of mild to moderate intensity compared with 2 patients in the
placebo group (W2 = 5.267; P = 0.03, Fisher exact test)
3.11.9. Mild diarrhea was reported by 4 patients in the NAC group but none of
the patients in the placebo group (W2 = 4.692; P = 0.047)
3.11.10. No hypersensitivity reaction, alteration in blood pressure, respiratory
adverse effect, or dizziness was observed
3.11.11. N-Acetylcysteine showed promising efficacy in some OC-spectrum
disorders including trichotillomania, pathological gambling,30 and skin picking.29
3.11.12. In the central nervous system, NAC protects glial cells against glutamate
toxicity and consequently enhances the clearance of synaptic glutamate.40,41
3.11.13. NAC may be a safe and effective option to augment standard treatment
in patients with refractory OCD
3.12. N-Acetyl Cysteine as a Glutathione Precursor for Schizophrenia—A DoubleBlind, Randomized, Placebo-Controlled Trial
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Biol Psychiatry. 2008 Sep 1;64(5):361-8. doi: 10.1016/j.biopsych.2008.03.004. Epub 2008 Apr 23.

N-acetyl cysteine as a glutathione precursor for schizophrenia--a double-blind, randomized, placebo-controlled trial.

Berk M1, Copolov D, Dean O, Lu K, Jeavons S, Schapkaitz I, Anderson-Hunt M, Judd F, Katz F, Katz P, OrdingJespersen S, Little J, Conus P, Cuenod M, Do KQ, Bush AI.

Background: Brain glutathione levels are decreased in schizophrenia, a disorder that often is chronic and
refractory to treatment. N-acetyl cysteine (NAC) increases brain glutathione in rodents. This study was
conducted to evaluate the safety and effectiveness of oral NAC (1 g orally twice daily [b.i.d.]) as an addon to maintenance medication for the treatment of chronic schizophrenia over a 24-week period.

Methods:

A randomized, multicenter, double-blind, placebo-controlled study. The primary readout was

change from baseline on the Positive and Negative Symptoms Scale (PANSS) and its components.
Secondary readouts included the Clinical Global Impression (CGI) Severity and Improvement scales, as well
as

general

functioning

and

extrapyramidal

rating

scales.

Changes

following

a

4-week

treatment

discontinuation were evaluated. One hundred forty people with chronic schizophrenia on maintenance
antipsychotic medication were randomized; 84 completed treatment.

Results: Intent-to-treat analysis revealed that subjects treated with NAC improved more than placebo-treated
subjects over the study period in PANSS total [  5.97 (  10.44,  1.51), p
[mean difference  1.83 (95% confidence interval:  3.33,  .32), p
 5.38,  .20), p

.018], and PANSS general [  2.79 (

.035], CGI-Severity (CGI-S) [  .26 (  .44,  .08), p

(CGI-I) [  .22 (  .41,  .03), p

.009], PANSS negative
.004], and CGI-Improvement

.025] scores. No significant change on the PANSS positive subscale

was seen. N-acetyl cysteine treatment also was associated with an improvement in akathisia ( p

.022).

Effect sizes at end point were consistent with moderate benefits.

Conclusions:

These data suggest that adjunctive NAC has potential as a safe and moderately effective

augmentation strategy for chronic schizophrenia.

3.12.1. Glutathione responsible for the detoxification of reactive oxygen and
other radical species (1), is decreased (-27%) in the cerebrospinal fluid of drugnaïve patients with schizophrenia, reflecting a decrease in medial prefrontal
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cortex GSH (-52%) as detected by in vivo magnetic resonance spectroscopy (MRS)
(2)
3.12.2. Postmortem assay of the caudate region also showed a decrease of GSH (41%) in patients with schizophrenia compared with normal control subjects (3)
3.12.3. Abnormal metabolism of neurotransmitters dopamine and glutamate,
characteristic of schizophrenia, induce neuronal oxidative stress that is
exaggerated by GSH deficiency (6–9)
3.12.4. Systemic administration of NAC prevents brain GSH depletion (13–18),
with neuroprotective benefits in a variety of neurodegenerative disease models
(19–23).
3.12.5. adjunctive treatment of chronic schizophrenia with 2 g/day oral NAC
reduces clinical severity as measured by CGI-S (Figure 1A) and PANSS scores (Table
2) and improves global measures of symptomatology as measured by the CGI-I
scores (Figure 1B)
3.12.6. The response on the PANSS, with improvement on total, general, and
negative components, but little improvement on positive symptoms is noteworthy
3.12.7. raters detected clinical improvement from baseline (using CGI-S) in more
than twice as many NAC-treated subjects compared with placebotreated subjects
(p=.007)
3.12.8. Further supporting the likelihood of a NAC treatment effect, the
significant benefits that were detected were lost after a 4-week washout (Figure
1A, Table 3), with the exception of the CGI-I
3.12.9. A moderate benefit of NAC at end point for akathisia was also evident
(Figures 1C and 2) on the BAS, which approached significance (p = .022)
3.12.10. increasing evidence implicating deficits in oxidative defenses in major
psychiatric illness (34)
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3.12.11. The typical antipsychotic haloperidol induces oxidative stress, which
NAC is able to reverse (37)
3.12.12. NAC recently was reported to improve mismatch negativity in
schizophrenia, an auditory evoked potential that reflects N-methyl-D-aspartate
(NMDA) receptor activity (31).
3.12.13. Other antioxidants that promote glutathione recycling have been
studied in schizophrenia. Benefit was reported for a combination of vitamins C, E,
and omega 3 fatty acids (41)
3.12.14. our study of chronically ill patients encourages consideration of NAC
supplementation in this setting as a potential augmentation strategy, especially as
it is safe, relatively inexpensive, and available over-the-counter
3.13. N-Acetyl Cysteine in the Treatment of Obsessive Compulsive and Related
Disorders: A Systematic Review

Clin Psychopharmacol Neurosci. 2015 Apr 30;13(1):12-24. doi: 10.9758/cpn.2015.13.1.12.

N-acetyl cysteine in the treatment of obsessive compulsive and related disorders: a systematic review.

Oliver G1, Dean O1,2,3, Camfield D4,5,6, Blair-West S1, Ng C1, Berk M1,2,3,4, Sarris J1,4.

Objective: Obsessive compulsive and related disorders are a collection of debilitating psychiatric disorders in which
the role of glutamate dysfunction in the underpinning neurobiology is becoming well established. N-acetyl cysteine
(NAC) is a glutamate modulator with promising therapeutic effect. This paper presents a systematic review of
clinical trials and case reports exploring the use of NAC for these disorders. A further objective was to detail the
methodology of current clinical trials being conducted in the area.

Methods: PubMed, Web of Science and Cochrane Library Database were searched for human clinical trials or case
reports investigating NAC in the treatment of obsessive compulsive disorder (OCD) or obsessive compulsive related
disorders. Researchers with known involvement in NAC studies were contacted for any unpublished data.
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Results: Four clinical trials and five case reports/series were identified. Study durations were commonly 12-weeks,
using 2,400-3,000 mg/day of NAC. Overall, NAC demonstrates activity in reducing the severity of symptoms, with
a good tolerability profile and minimal adverse effects. Currently there are three ongoing randomized controlled
trials using NAC for OCD (two adults and one pediatric), and one for excoriation.

Conclusion: Encouraging results have been demonstrated from the few pilot studies that have been conducted. These
results are detailed, in addition to a discussion of future potential research.

3.13.1. evidence suggests that abnormal glutamate metabolism is apparent in
patients with OCD.29,30
3.13.2. Significantly higher levels of glutamate have been found in the cerebral
spinal fluid and various regions of the brain including the right caudate and
orbitofrontal cortex of treatment refractory OCD patients.15,31,32
3.13.3. However reduced concentrations were evident in the anterior cingulate in
a sample of women with OCD, and were correlated with symptom severity.31
3.13.4. high levels of glutamate result in excitotoxicity and oxidative stress33) and
oxidative stress has been detected in serum samples from those diagnosed with
OCD, as evidenced by lipid peroxidation and alterations to antioxidant
systems.17,18,34
3.13.5. higher levels of oxidative stress appear to correlate with symptom
severity.35
3.13.6. glutamate’s role in mediating fear related memory,36) abnormalities in
this neurotransmitter’s activity may play a role in the poor cognitive processing
and doubt in OCD
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3.13.7. An advantage of NAC in comparison to other glutamatergic
pharmaceuticals, is that it is available over-the- counter without prescription, and
thus represents a more affordable and accessible treatment option
3.13.8. In a mouse model of OCD involving marble burying behaviour, NAC dosedependently decreased burying behaviour independent of locomotor activity.66
3.13.9. a more recent series of six retrospective case reports concluded little
efficacy of NAC for OCD.71
3.13.10. NAC appears effective in the majority of the published research, data is
inconclusive, and it is yet to be rigorously investigated
3.14. Participant Characteristics as Modifiers of Response to N-Acetyl Cysteine
(NAC) in Obsessive-Compulsive Disorder

Clinical Psychological Science 2016, Vol. 4(6) 1104–1111 © The Author(s) 2016 Reprints and permissions:
sagepub.com/journalsPermissions.nav DOI: 10.1177/2167702616639864 cpx.sagepub.com

Participant Characteristics as Modifiers of Response to N-Acetyl Cysteine (NAC) in Obsessive-Compulsive
Disorder

Jerome Sarris1,2, Georgina Oliver1, David A. Camfield2,3,4, and Olivia M. Dean1,5,6 1ARCADIA Research
Group, Professorial Unit, The Melbourne Clinic, Department of Psychiatry, University of Melbourne, 2Swinburne
University of Technology, Centre for Human Psychopharmacology, 3School of Psychology and Centre for Health
Initiatives, University of Wollongong, 4Illawarra Health & Medical Research Institute, 5IMPACT SRC, School of
Medicine, Deakin University, and 6Florey Institute for Neuroscience and Mental Health

Abstract

We previously reported on a 16-week, double-blind, randomized placebo-controlled trial (RCT) using 3 grams per
day of N-acetyl cysteine (NAC) (1.5 grams twice per day) in 44 participants (aged 18–70) with DSM-5-diagnosed
obsessivecompulsive disorder (OCD). We now report on an analysis of age, severity and duration of illness, OCD
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presentation type, baseline anxiety and depression scores, as well as the use of antidepressant medications as
potentially modifying factors.

Results revealed a significant effect (p = .037) for younger participants (under mean age of 34) responding to NAC.
This remained significant using OCD severity as a covariate (p = .044). For those under 34 years of age with less
than 17 years of OCD duration, this was also significant (p = .037). Regression analysis within the NAC treatment
group also revealed that duration of OCD presentation was a significant predictor of Yale-Brown Obsessive
Compulsive Scale (YBOCS) change at study endpoint (p = .019), whereas baseline Montgomery–Asberg Depression
Rating Scale scores were also a trend-level predictor (p = .060) of YBOCS change in the NAC group

3.14.1. Obsessive-compulsive disorder (OCD) is a frequently debilitating
neuropsychiatric disorder, and often presents in a chronic waxing and waning
nature (Franklin & Foa, 2011)
3.14.2. Selective serotonin reuptake inhibitors (SSRIs), as well as clomipramine
(an older tricyclic antidepressant) are considered to be the first-line
pharmacological interventions for OCD (Franklin & Foa, 2011; Slade, Johnston,
Oakley Browne, Andrews, & Whitefo

3.14.2.1. it is estimated that 40% of patients do not achieve a clinical response
from these medications
3.14.3. NAC exerts glutamate-modulating effects through its interaction with the
glutamate/cystine antiporter system (XC-)
3.14.4. NAC improves brain health by modulating excess levels of synaptic
glutamate, excitoxicity and neuronal damage is also reduced
3.14.5. low levels of glutathione and excessive levels of glutamate have both
been shown to contribute to hypofunction of the N-methyl-D-aspartate receptor
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3.14.6. Several clinical trials have been conducted using NAC for a range of
psychiatric disorders (Berk, Malhi, Gray, & Dean, 2013; Deepmala et al., 2015)
3.14.7. NAC has been demonstrated to be well tolerated in doses up to 8 grams
per day (De Rosa et al., 2000)
3.14.8. NAC has evidence of efficacy in bipolar depression, schizophrenia,
trichotillomania, and other compulsive behaviors
3.14.9. 3 grams of NAC supplemented for 16 weeks did not to exert a statistically
significant effect over placebo for reducing the severity of OCD symptoms as
measured by the YBOCS
3.14.10. NAC is more effective in younger people with a lesser duration of the
illness
3.14.11. a longer study period, with poststudy observational periods, is still
warranted to ascertain if the implied 12-week effects of NAC continue to dissipate
or improve with time
3.15. Obsessive-compulsive disorder (OCD) is a frequently debilitating
neuropsychiatric disorder, and often presents in a chronic waxing and waning
nature (Franklin & Foa, 2011)

4. Cocaine

See Also: In this systematic review we find favorable evidence for the use of NAC in
several psychiatric and neurological disorders, particularly autism, Alzheimer’s disease,
cocaine and cannabis addiction, bipolar disorder, depression, trichotillomania, nail biting,
skin picking, obsessive-compulsive disorder, schizophrenia, drug-induced neuropathy
and progressive myoclonic, Cognitive Enhancers in the Treatment of Substance Use
Disorders: Clinical Evidence
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4.1. Chronic N-Acetylcysteine during Abstinence or Extinction after Cocaine SelfAdministration Produces Enduring Reductions in Drug Seeking

See Also: Mental Health
Chronic N-Acetylcysteine during Abstinence or Extinction after
Cocaine Self-Administration Produces Enduring Reductions in
Drug Seeking

Carmela M. Reichel, Khaled Moussawi, Phong H. Do, Peter W. Kalivas, and
Ronald E. See
Department of Neurosciences, Medical University of South Carolina, Charleston, South Carolina
Received January 11, 2011; accepted February 7, 2011

ABSTRACT

The cysteine prodrug N-acetylcysteine (NAC) has been shown
to reduce reinstatement of cocaine seeking by normalization of
glutamatergic tone. However, enduring inhibition of cocaine
seeking produced by NAC has not been explored under different withdrawal conditions. Thus, the present study
determined
whether chronic NAC administered during daily extinction training or daily abstinence after withdrawal from
cocaine selfadministration would reduce cocaine seeking. Rats self-administered intravenous cocaine during daily 2h sessions for 12 days, followed by daily extinction or abstinence sessions. During this period, rats received daily
injections of saline or NAC
(60 or 100 mg/kg). Subsequently, rats were tested for cocaine
seeking via conditioned cue, cue  cocaine-primed, and context-induced relapse. Chronic NAC administration
blunted cocaine seeking under multiple experimental protocols. Specifically, NAC attenuated responding during cue
and cue 
cocaine-primed reinstatement tests after extinction and context, cue, and cue  cocaine relapse tests after abstinence.
Protection from relapse by NAC persisted well after treatment
was discontinued, particularly when the high dose was combined with extinction trials. The finding that NAC
reduced cocaine seeking after drug treatment was discontinued has important implications for the development of
effective antirelapse
medications. These results support recent preclinical and clinical
findings that NAC may serve as an effective treatment for inhibiting relapse in cocaine addicts

72

4.1.1. The cysteine prodrug N-acetylcysteine (NAC) has been shown to reduce
reinstatement of cocaine seeking by normalization of glutamatergic tone
4.1.2. Chronic NAC administration blunted cocaine seeking under multiple
experimental protocols.
4.1.3. Protection from relapse by NAC persisted well after treatment was
discontinued, particularly when the high dose was combined with extinction trials.
The finding that NAC reduced cocaine seeking after drug treatment was
discontinued has important implications for the development of effective
antirelapse medications.
4.1.4. Drug-induced plasticity in central glutamate function has been increasingly
implicated in the process of cocaine addiction and relapse....N-acetylcysteine
(NAC) is a cystine prodrug that restores basal glutamate levels and prevents
increased glutamate during reinstatement by reversing glutamate dysregulation
after cocaine self-administration in rats
4.1.5. Chronic NAC given during cocaine self-administration does not affect
cocaine intake with daily 2-h access conditions
4.1.6. NAC does not change the reinforcing mechanisms associated with cocaine,
but instead prevents drug seeking by a reduction or reversal of the development
of neuroplasticity required for cocaine-induced reinstatement
4.2. N-Acetylcysteine reduces early- and late-stage cocaine seeking without affecting
cocaine taking in rats

N-Acetylcysteine reduces early- and late-stage cocaine
seeking without affecting cocaine taking in rats
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Jennifer E. Murray1, Barry J. Everitt1 & David Belin2
Department of Experimental Psychology, University of Cambridge, UK1 and INSERM AVENIR team,
Psychobiology of Compulsive Disorders, Institut de Physiologie
et de Biologie Cellulaires, & Université de Poitiers, France2
ABSTRACT adb_330 437..440
N-acetylcysteine (NAC) has been suggested to have therapeutic potential in the treatment of drug addiction through
its
effects on brain glutamate homeostasis. Here we show that NAC treatment resulted in dose-dependent reductions in
cocaine seeking at both early and late stages of acquisition and maintenance of cocaine-seeking behavior, while
confirming it had no effect on cocaine reinforcement. The results indicate that NAC is able to significantly diminish
the
propensity to seek cocaine early and late in the development of addiction and, taken together with previous work,
indicates significant potential in relapse prevention.
Keywords Cocaine self administration, cystine-glutamate exchange, drug seeking, habits, N-acetylcysteine,
second-order schedule.
Correspondence to: Jennifer E. Murray, Department of Experimental Psychology, University of Cambridge,
Cambridge CB2 3EB, UK. E-mail:
jem98@cam.ac.uk

4.2.1. There is a growing body of evidence indicating that the cysteine prodrug Nacetylcysteine (NAC) may have beneficial therapeutic effects in the treatment of
cocaine addiction through its effects on brain glutamate homeostasis (Baker et al.
2003)
4.2.2. In human cocaine-dependent individuals, NAC administration has been
shown to reduce drug cue–induced interest in, and desire to use, cocaine (LaRowe
et al. 2007)
4.2.3. Treatment with NAC has been shown to reduce relapse behavior in rats
having undergone extinction of cocaine self administration after a relatively brief
history of cocaine taking (e.g. Baker et al. 2003; Moran et al. 2005)
4.2.4. At the early stage, cocaine seeking depends upon glutamatergic and
dopaminergic mechanisms in the nucleus accumbens core (NAcC) and shell (Di
Ciano & Everitt 2004; Ito, Robbins & Everitt 2004) and is independent of the dorsal
striatum (Vanderschuren, Di Ciano & Everitt 2005)
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4.2.5. Following an extended drug seeking and taking history, the dorsolateral
striatum dominantly controls cocaine seeking (e.g. Vanderschuren et al. 2005;
Belin & Everitt 2008)
4.2.6. These findings affirm the remarkable property of NAC to decrease dosedependently the propensity to seek cocaine while having no effect on the
reinforcing properties of cocaine, or on general locomotor activity
4.3. N-acetylcysteine Facilitates Self-Imposed Abstinence After Escalation of Cocaine
Intake

Biol Psychiatry. 2016 Aug 1;80(3):226-34. doi: 10.1016/j.biopsych.2015.09.019. Epub 2015 Oct 8.

N-acetylcysteine Facilitates Self-Imposed Abstinence After Escalation of Cocaine Intake

Ducret E1, Puaud M2, Lacoste J3, Belin-Rauscent A2, Fouyssac M2, Dugast E1, Murray JE4, Everitt BJ4, Houeto
JL5, Belin D6.

ABSTRACT BACKGROUND: N-acetylcysteine (NAC) has been suggested to prevent relapse to cocaine seeking.
However, the psychological processes underlying its potential therapeutic benefit remain largely unknown.

METHODS: We investigated the hallmark features of addiction that were influenced by chronic NAC treatment in
rats given extended access to cocaine: escalation, motivation, self-imposed abstinence in the face of punishment, or
propensity to relapse. For this, Sprague Dawley rats were given access either to 1 hour (short access) or 6 hours
(long access [LgA]) self-administration (SA) sessions until LgA rats displayed a robust escalation. Rats then
received daily saline or NAC (60 mg/kg, intraperitoneal) treatment and were tested under a progressive ratio and
several consecutive sessions in which lever presses were punished by mild electric foot shocks.

RESULTS: NAC increased the sensitivity to punishment in LgA rats only, thereby promoting abstinence. Following
the cessation of punishment, NAC-treated LgA rats failed to recover fully their prepunishment cocaine intake levels
and resumed cocaine SA at a lower rate than short access and vehicle-treated LgA rats. However, NAC altered
neither the escalation of SA nor the motivation for cocaine. At the neurobiological level, NAC reversed
cocaineinduced decreases in the glutamate type 1 transporter observed in both the nucleus accumbens and the
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dorsolateral striatum. NAC also increased the expression of Zif268 in the nucleus accumbens and dorsolateral
striatum of LgA rats.

CONCLUSIONS: Our results indicate that NAC contributes to the restoration of control over cocaine SA following
adverse consequences, an effect associated with plasticity mechanisms in both the ventral and dorsolateral striatum

4.3.1. increasing evidence that cocaine addiction is associated with alterations of
glutamate homeostasis within the corticostriatal circuitry
4.3.2. NAC treatment resulted neither in abstinence nor in decreases in cocaine
intake in addicted individuals actively using the drug
4.3.3. NAC prevented the return to cocaine use in patients that had already
achieved abstinence
4.3.4. NAC has been shown in rats to reverse cocaineinduced glutamatergic
adaptations selectively in the AcbC (1), where pharmacogenetically induced
astrocytic release of glutamate also decreases cue-induced reinstatement of
instrumental responding for cocaine (22)
4.3.5. NAC increases glial expression of the cysteine/glutamate antiporter and
glutamate type 1 transporter (GLT1), thereby restoring extracellular levels of
glutamate (11,23) and decreasing excitatory synaptic transmission in the AcbC
4.3.6. NAC treatment had no effect on the progression of the escalation of cocaine
intake in LgA rats
4.3.7. Rats progressively developed abstinence in the presence of adverse
consequences operationalized by three sessions of contingent foot shock (20,39)
that eventually resulted in a complete cessation of cocaine intake in all
experimental groups

4.3.7.1. Indications for socially mediated factors for drug use
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4.3.8. NAC Increases the Sensitivity to Punishment and Promotes Self-Maintained
Control Over Cocaine Intake at Relapse
4.3.9. reorganization of glutamatergic function brought about by NAC treatment in
both the ventral striatum and DSL provides a mechanism by which control over
drug intake can be regained
4.4. N-Acetylcysteine reduces early- and late-stage cocaine seeking without affecting
cocaine taking in rats

Addict Biol. 2012 Mar;17(2):437-40. doi: 10.1111/j.1369-1600.2011.00330.x. Epub 2011 Apr 26.

N-Acetylcysteine reduces early- and late-stage cocaine seeking without affecting cocaine taking in rats.

Murray JE1, Everitt BJ, Belin D.

Abstract

N-acetylcysteine (NAC) has been suggested to have therapeutic potential in the treatment of drug addiction through
its effects on brain glutamate homeostasis. Here we show that NAC treatment resulted in dose-dependent reductions
in cocaine seeking at both early and late stages of acquisition and maintenance of cocaine-seeking behavior, while
confirming it had no effect on cocaine reinforcement. The results indicate that NAC is able to significantly diminish
the propensity to seek cocaine early and late in the development of addiction and, taken together with previous work,
indicates significant potential in relapse prevention.

PMID: 21521427
DOI: 10.1111/j.1369-1600.2011.00330.x

4.4.1. NAC administration has been shown to reduce drug cue–induced interest in,
and desire to use, cocaine (LaRowe et al. 2007)
4.4.2. NAC has been shown to reduce relapse behavior in rats having undergone
extinction of cocaine selfadministration after a relatively brief history of cocaine
taking (e.g. Baker et al. 2003; Moran et al. 2005)

77

4.4.3. at the early stage, cocaine seeking depends upon glutamatergic and
dopaminergic mechanisms in the nucleus accumbens core (NAcC) and shell (Di
Ciano & Everitt 2004; Ito, Robbins & Everitt 2004)
4.4.4. following an extended drug seeking and taking history, the dorsolateral
striatum dominantly controls cocaine seeking (e.g. Vanderschuren et al. 2005;
Belin & Everitt 2008)
4.4.5. findings affirm the remarkable property of NAC to decrease dosedependently the propensity to seek cocaine while having no effect on the
reinforcing properties of cocaine, or on general locomotor activity
4.4.6. NAC pretreatment can reduce cocaine seeking in individuals that seek
cocaine on a daily basis, both early and late in the course of dependence
development, and thereby suggest that it may have the effect to aid the
establishment of abstinence.
4.4.7. The mechanism of NAC action is attributed to an increase in available
extracellular glutamate acting at extrasynaptic mGluR2/3 autoreceptors and
ultimately reducing synaptic glutamate release (Moran et al. 2005)
4.4.8. NAC may not only decrease the tendency to relapse, especially when
precipitated by exposure to cocaine cues, but the present results suggest it may
also help to break drug cue–elicited cocaineseeking habits
4.5. New treatments for cocaine dependence: a focused review

New treatments for cocaine dependence: a focused review

78

Laurent Karila1, David Gorelick2, Aviv Weinstein3, Florence Noble4, Amine Benyamina5, Sarah Coscas5, Lisa
Blecha5, William Lowenstein6, Jean Luc Martinot7, Michel Reynaud5* and Jean Pierre Le´pine8*

1 INSERM, U797, Research Unit ‘Neuroimaging & Psychiatry’, IFR49 – CEA, ‘Neuroimaging & Psychiatry’ Unit,
Hospital Department Fre´de´ric Joliot, 12BM, Orsay, France – Univ Paris-Sud and Univ Paris V Rene Descartes;
AP-HP, Hoˆpital Universitaire Paul Brousse, Centre d’Enseignement, de Recherche et de Traitement des Addictions,
Villejuif F-94808, France 2 Intramural Research Program, National Institute on Drug Abuse, National Institutes of
Health, Baltimore, MD, USA 3 Department of Medical Biophysics and Nuclear Medicine, Hadassah Hospital Ein
Kerem, Jerusalem, Israel 4 Universite´ Paris Descartes, Faculte´ de Pharmacie, Neuropsychopharmacologie des
addictions, CNRS, UMR7157, France 5 Universite´ Paris-Sud – INSERM U669 Paris, F-75014 – AP-HP, Hoˆpital
Universitaire Paul Brousse, Centre d’Enseignement, de Recherche et de Traitement des Addictions, Villejuif F94808, France 6 Montevideo Clinic, Boulogne-Billancourt, France 7 INSERM, U797, Research Unit ‘Neuroimaging
& Psychiatry’, IFR49 – CEA, ‘Neuroimaging & Psychiatry’ Unit, Hospital Department Fre´de´ric Joliot, 12BM,
Orsay, France – Univ Paris-Sud and Univ Paris V Rene Descartes, France 8 Universite´ Paris Descartes, Faculte´ de
Pharmacie, Neuropsychopharmacologie des addictions, CNRS, UMR7157 et Universite´ Paris 7 – INSERM, U705 –
AP-HP, Hoˆpital Fernand Widal, Service de Psychiatrie, Paris F-75010, France

Abstract

Cocaine, already a significant drug problem in North and South America, has become a more prominent part of the
European drug scene. Cocaine dependence has major somatic, psychological, psychiatric, socio-economic, and legal
implications. No specific effective pharmacological treatment exists for cocaine dependence. Recent advances in
neurobiology have identified various neuronal mechanisms implicated in cocaine addiction and suggested several
promising pharmacological approaches.

Data were obtained from Medline, EMBASE, and PsycINFO searches of English-language articles published
between 1985 and June 2007 using the key words: cocaine, addiction, cocaine dependence, clinical trials,
pharmacotherapy(ies) singly and in combination. Large well-controlled studies with appropriate statistical methods
were preferred. Pharmacological agents such as GABA agents (topiramate, tiagabine, baclofen and vigabatrin) and
agonist replacement agents (modafinil, disulfiram, methylphenidate) seem to be the most promising in treatment of
cocaine dependence.

The results from trials of first- and second-generation neuroleptics are largely negative. Aripiprazole, a partial
dopaminergic agonist that may modulate the serotonergic system, shows some promise. Preliminary results of
human studies with anti-cocaine vaccine, N-acetylcysteine, and ondansetron, are promising, as are several
compounds in preclinical development. While no medication has received regulatory approval for the treatment of
cocaine dependence, several medications marketed for other indications have shown efficacy in clinical trials. An
anti-cocaine vaccine and several compounds in preclinical development have also shown promise. Findings from
early clinical trials must be confirmed in larger, less selective patient populations.
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4.5.1. Cocaine dependence is a chronic, relapsing disorder characterized by
compulsive drug-seeking and drug use despite negative consequences (Dackis and
O’Brien, 2001; Goldstein and Volkow, 2002)

4.5.1.1. Cocaine use has become the third commonest reason (after opiate and
cannabis use) for patients in the European Union to enter drug abuse treatment,
accounting for approximately 8% of all treatment admissions in 2004 (EMCDDA,
2006)
4.5.2. Almost all psychoactive drugs causing addiction in humans activate the
meso-cortico-limbic system by increasing dopamine release within the nucleus
accumbens (Cami and Farre, 2003; Koob and Le Moal, 2001; Nestler, 2001; Wise,
2002)

4.5.2.1. This dopamine system plays a critical role in motivational, emotional,
contextual, and affective information processing of behaviour and drug
reinforcement mechanisms.
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4.5.3. Cocaine directly increases synaptic dopamine levels in this meso-corticolimbic system

4.5.3.1. increased dopamine transmission contributes significantly to the
reinforcing effects of cocaine (Volkow et al., 2006)
4.5.3.2. Cocaine withdrawal alters function of both serotonin and dopamine
neurons
4.5.3.3. The rewarding cocaine subjective experience (‘high’) is mediated by
increases in both synaptic dopamine and norepinephrine levels (Filip et al.,
2005; Wee et al., 2006)
4.5.3.4. Cocaine also blocks the serotonin and norepinephrine presynaptic
transporters.
4.5.4. N-acetyl cysteine is approved for the treatment of pulmonary complications
of cystic fibrosis and paracetamol (acetaminophen) overdose

4.5.4.1. Peak plasma concentrations are observed 0.5–1 h following oral
administration of 200–600 mg. Its terminal half-life is approximately 6 h
4.5.5. Chronic cocaine use decreases basal levels of glutamate within the nucleus
accumbens in rats (Baker et al., 2003a). N-acetyl cysteine can exchange
extracellular cysteine for intracellular glutamate, resulting in increased levels of
glutamate.
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4.5.5.1. N-acetyl cysteine treatment reduces cocaine-induced reinstatement of
cocaine self-administration in rats (an animal model of relapse) (Baker et al.,
2003b).
4.5.5.2. N-acetyl cysteine well tolerated, with some evidence of decreased
cocaine craving and withdrawal symptoms (LaRowe et al., 2006)
4.5.5.3. A 4-wk, open-label pilot study of three doses of N-acetyl cysteine (1200,
2400, or 3600 mg/d) in 23 treatment-seeking cocaine-dependent outpatients
found all doses safe and well tolerated (Mardikian et al., 2007). The majority of
subjects reduced their cocaine use; treatment retention was longer for the two
higher-dose groups

5. Amphetamine

5.1. The efficacy of N-acetylcysteine in the treatment of methamphetamine
dependence: a double-blind controlled, crossover study

Arch Iran Med. 2015 Jan;18(1):28-33. doi: 0151801/AIM.008.
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The efficacy of N-acetylcysteine in the treatment of methamphetamine dependence: a double-blind controlled,
crossover study.

Mousavi SG1, Sharbafchi MR2, Salehi M2, Peykanpour M3, Karimian Sichani N4, Maracy M5.

Abstract
OBJECTIVE:

Preclinical studies and early pilot clinical investigations have suggested that N-acetylcysteine (NAC) may be useful
in treatment of methamphetamine (METH) dependence. The present study evaluated whether NAC would suppress
craving to the METH.

METHODS:

In a double-blind, controlled crossover clinical trial, 32 METH-dependent volunteers were chosen to receive either
NAC (1200 mg/day) or placebo, randomly. They were intervened in two four-week sessions. During first session
they received either 1200 mg/day of NAC (group A) or placebo (group B). After three days of washout period, next
session started with the crossover intervention of the previous regimen. During these eight weeks, all participants
received standardized, and Matrix Model of treatment. Craving was assessed using the Cocaine Craving
Questionnaire-Brief (CCQ-Brief). The data were analyzed using SPSS version 20.0 (SPSS Inc. Chicago, Illinois,
USA).

RESULTS:

In 23 subjects who completed the study, the mean score of CCQ-Brief reduced in four consecutive weeks with NAC
treatment. The mean (SD) scores of carving in group A and B were 3.38 (1.16) and 5.96 (1.03), at the end of first
session; and 4.57 (1.88) and 3.2 (0.86), at the end of the second session, respectively. Our findings indicate that the
main effect was significant for NAC (P < 0.001). Across placebo and NAC conditions, only mild side effects were
noted, and the number of subjects who reported side effects did not differ.

CONCLUSION:

The NAC showed good efficacy in suppressing METH craving, and may be a useful pharmacological treatment for
METH dependency.
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5.1.1. evidence which shows the role of glutamatergic abnormalities in the
substance craving.13,14
5.1.2. Restoring extracellular glutamate concentration in the nucleus accumbens,
blocks the reinstitution of compulsive behaviors.15,16
5.1.3. NAC was effective in reducing the METH craving in studying subjects
5.1.4. NAC was safe and well tolerated by treatment-seeking METH-dependent
subjects. No unexpected side effects were reported and in general, side effects
appeared to be mild and selflimited, and often occurred during the beginning of
treatmentNo unexpected side effects were reported and in general, side effects
appeared to be mild and selflimited, and often occurred during the beginning of
treatment
5.1.5. NAC has a limited enduring effect for relapse prevention
5.1.6. in rat studies, Reichel, et al. and Zhou, et al. found that after two weeks of
NAC treatment, reduction in cocaine craving lasts about 15 and 40 days long,
respectively.26,27

6. Nicotine

6.1. Efficacy of N-Acetylcysteine in the Treatment of Nicotine Dependence: A
Double-Blind Placebo-Controlled Pilot Study

Efficacy of N-Acetylcysteine in the Treatment of Nicotine Dependence: A Double-Blind Placebo-Controlled Pilot
Study
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Eur Addict Res 2011;17:211–21
DOI: 10.1159/000327682

Relapse is the rule rather than the exception in smokers aiming to quit smoking. Recently, evidence has emerged that
glutamate transmission plays an important role in relapse. N-acetylcysteine (NAC), a cysteine prodrug, restores
glutamate homeostasis and appears to be a potential new treatment for substance dependence. In the current pilot
study, the effects of NAC on short-term abstinence of smoking were investigated. Subjects were heavy smokers
randomized to receive placebo (n = 12) or NAC 3,600 mg/day (n = 10) in a double-blind fashion during 3.5 days.
Subjects were asked to stop smoking and report on nicotine craving, nicotine withdrawal symptoms, and cigarette
smoking during treatment. At the end of the treatment, subjects were invited to smoke a cigarette and to rate the
rewarding effect of this cigarette. There was no significant effect of NAC on craving (p = 0.23, d = 0.52) and only a
statistical trend towards fewer withdrawal symptoms in the NAC condition (p = 0.07, d =
0.80). Interestingly, subjects receiving NAC rated the first cigarette after the abstinence period of 3.5 days as
significantly less rewarding than subjects on placebo (p = 0.04, d = 0.85). It is concluded that the results of this pilot
study are encouraging and suggest that NAC might be a promising new treatment option for relapse prevention in
nicotine dependence.

Lianne Schmaala Lotte Berkb Kai P. Hulstijnc Janna Cousijna, b Reinout W. Wiersb Wim van den Brinka
a Department of Psychiatry, Academic Medical Center, b ADAPT Lab, Department of Psychology, and
c Department of Psychonomics, University of Amsterdam, Amsterdam , The Netherlands

In recent years, the role of glutamate transmission in
substance dependence has been more extensively investigated. Especially from preclinical work, evidence has
emerged for the involvement of glutamate in relapse [14–
17]. In a study of Baker et al. [18], relapse to cocaine-seeking behavior was linked to decreased basal concentrations
of extracellular glutamate which, in turn, provided less tonic activation of the group II metabotropic glutamate
(mGluR2/3) receptors that normally inhibit presynaptic glutamate release.

Indeed, administration of N-acetylcysteine (NAC), a cysteine prodrug, restored extracellular glutamate
concentrations and prevented relapse to drug-seeking behavior in rats previously treated with cocaine [21] and
heroin [22]. In humans, pilot studies have shown that NAC decreases cue-induced craving for cocaine [23],
pathological gambling [24], number of cigarettes smoked [25], and marijuana use and craving [26]. NAC is
currently used for treatment of acetaminophen overdose, prescribed for pulmonary conditions, and sold over-thecounter as a mucolytic agent and nutritional supplement. NAC appears to be well tolerated; even at very high doses
side effects are rare [27, 28]. These characteristics of NAC provide an advantage over the current pharmacotherapies
for nicotine dependence.
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Participants in the NAC group rated the first cigarette after the abstinence period as significantly and considerably
less rewarding than participants in the placebo group (F = 4.70, df = 1.21, p = 0.04; d = 0.85).

In the current pilot study, we examined the short-term
effects of NAC treatment on craving, withdrawal, and the
rewarding effect of the first cigarette after a brief period
of smoking cessation. NAC was associated with a large
(non-significant: p = 0.07) effect on withdrawal and a
large (and significant) effect on nicotine reward after a
very short treatment of 3.5 days including only seven doses of 1,800 mg NAC. To our knowledge, this is the second
study investigating the effects of NAC on smoking cessation. In a randomized double-blind trial in 29 heavy
smokers, Knackstedt et al. [25] compared 4 weeks of 2,400 mg NAC per day (n = 14) with 4 weeks of placebo (n =
15) and found a significant reduction in the number of
smoked cigarettes in the NAC condition, but no significant effects on self-reported craving and withdrawal
symptoms. However, because most subjects continued
smoking during treatment, it was not likely for them to
show withdrawal symptoms. Together, these data suggest
that NAC in high dosages is safe and can reduce withdrawal and nicotine reward in smokers and subsequently
reduce the probability of relapse to previous smoking levels

Our results suggested a tendency
towards fewer withdrawal symptoms after 3.5 days of
treatment with NAC. Reduction of these early withdrawal symptoms could be of major importance in preventing
relapse. In addition, administration of NAC was associated with a smaller rewarding effect of smoking a cigarette
after almost 4 days of abstinence compared to placebo. NAC restores extracellular glutamate concentrations which
in turn stimulates mGluR2/3 receptors [21].
It is found that the stimulation of group II mGluR receptors inhibits synaptic glutamate transmission and diminishes
the rewarding effects of nicotine [19]. This could
have resulted in the diminished reward of smoking in the
current study. In addition, the smaller rewarding effect of
smoking a cigarette in the NAC condition could be related to the reduction in withdrawal symptoms observed
in the same condition, because more severe withdrawal
symptoms would result in higher relief after smoking,
which might be interpreted as reward.

The finding of no effect of NAC on self-reported craving is similar to the findings of Knackstedt et al. [25] in
smoking and LaRowe et al. [23] in cocaine dependence.

LaRowe
et al. [23] reported that NAC had no effect on craving but that it did decrease the desire to use cocaine in response
to cocaine cues in cocaine-dependent subjects. Perhaps
NAC is more effective in reducing intense episodic craving provoked by drug cues than in the reduction of tonic
background craving.
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A major benefit of NAC is that it is a readily available
treatment option, as it is sold over-the-counter in contrast
to bupropion and varenicline, which are only available as
(often not reimbursed and expensive) prescription medications.

In the current
study, no serious side effects were reported, only 2 subjects in the NAC condition reported mild stomachache as
opposed to 5 subjects in the placebo condition. This corresponds to previous findings that high dosages of NAC
are well tolerated in cocaine-dependent subjects [27] and
pathological gamblers [24].
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6.1.1. Relapse to cocaine-seeking behavior was linked to decreased basal
concentrations of extracellular glutamate
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6.1.2. Administration of N-acetylcysteine (NAC), a cysteine prodrug, restored
extracellular glutamate concentrations and prevented relapse to drug-seeking
behavior in rats previously treated with cocaine
6.1.3. Stimulation of group II mGluR receptors inhibits synaptic glutamate
transmission and diminishes the rewarding effects of nicotine
6.1.4. Promising new treatment option for relapse prevention in nicotine
dependence

7. Marijuana

7.1. N-Acetylcysteine (NAC) in Young Marijuana Users: An Open-Label Pilot Study
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PMCID: PMC2826714
NIHMSID: NIHMS159234
N-Acetylcysteine (NAC) in Young Marijuana Users: An Open-Label Pilot Study

Kevin M. Gray, M.D.,1 Noreen L. Watson, B.S.,1 Matthew J. Carpenter, Ph.D.,1,2 and Steven D. LaRowe, Ph.D.1,3

The publisher's final edited version of this article is available at Am J Addict

Cannabis use disorders (abuse or dependence) are present in 3.6% of adolescents and 5.9% of young adults,
compared with only 0.7% of adults over the age of 25 (1). While a small number of large-scale pharmacotherapy
clinical trials targeting cannabis dependence have been undertaken, none have demonstrated significant medication
effects on marijuana use and none have focused on young marijuana users (2,3). As such, investigation of novel
pharmacotherapeutic agents targeting cannabis dependence in young people is an important focus for research.
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The neurotransmitter glutamate has emerged as a potential target in the treatment of addictions, including cannabis
dependence (4). Within animal studies, the anti-oxidant N-acetylcysteine (NAC) has been shown to reverse druginduced down-regulation of the cystine-glutamate exchanger (5), which presumably allows for regulation of
glutamate release, reducing compulsive drug-seeking behaviors. Consistent with this, preliminary studies have
demonstrated significant reductions in cocaine craving (6) and cigarette use (7) during NAC treatment. Taken
together, these findings implicate NAC as a potential treatment for addictive disorders, including cannabis
dependence. Thus, the purpose of this open-label study was to gather tolerability and preliminary efficacy data for
NAC in the treatment of cannabis dependence in young people.

Participants were 24 cannabis dependent males (n = 18) and females (n = 6), age range 18–21 (mean age 19 ± SE
0.16) interested in cutting down their marijuana use (i.e., without requirements to quit). Twenty-two were White, one
African-American, and one Hispanic. They were required to be medically and psychiatrically stable, have no allergy
or intolerance to NAC, have no history of seizures or asthma, and be free of medications known to interact with
NAC.

Participants were enrolled in a four-week open-label trial of NAC 1200 mg twice daily. A baseline visit was
followed by four weekly visits (Weeks 1–4) to assess tolerability and clinical effects. Medication was discontinued
at the final (Week 4) visit. Participants were encouraged to gradually reduce marijuana use, but no formal cessation
instructions or psychosocial treatments were provided.

As assessed by medication adherence logs and weekly pill counts, participants took 82.6% ± SE 2.6% of the
scheduled NAC doses during the medication trial. Weekly assessments of adverse events (coded as mild, moderate,
or severe) revealed that NAC was generally well tolerated. Fifteen participants (63%) reported at least one adverse
event, but all were mild to moderate, and none led to discontinuation of medication. The most common adverse
events were abdominal discomfort (5/24), muscle pains/aches (5/24), insomnia (4/24), headache (3/24), nasal
congestion/runny nose (3/24), nausea (3/24), weight decrease (3/24), restlessness (3/24), and dizziness (3/24).

Marijuana use during the month preceding participation was quantified at the baseline visit using timeline followback procedures. From the initial assessment visit forward, daily marijuana use diaries were completed by
participants and turned in at weekly visits. During the month preceding the trial, participants reported using
marijuana 6.1 ± SE 0.24 days per week. A generalized estimating equation (GEE) analysis revealed a reduction in
reported days per week of marijuana use over the course of NAC treatment (overall time effect: p = 0.003). Post-hoc
pair-wise comparisons (comparator: baseline visit) revealed significant decrease from baseline in days per week of
use during the second (5.2 ± SE 0.33; p = 0.006), third (5.2 ± 0.39 p = 0.001), and fourth (5.3 ± 0.32; p = 0.03) week
of NAC treatment.

During the month preceding the trial, participants reported using an average of 15.9 ± SE 2.4 potency-adjusted “hits”
(8) of marijuana per day, and GEE analysis revealed an overall trend-level reduction in “hits” per day over time (p =
0.07). Average “hits” per day decreased to 14.8 ± SE 1.6 at Week 1, 11.6 ± 1.7 at Week 2, 12.4 ± 2.0 at Week 3, and
11.9 ± 2.1 at Week 4. Pair-wise comparison (comparator: baseline visit) revealed significant reduction at the second
week of NAC treatment (p = 0.02).
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In addition to self-report data, semi-quantitative urine cannabinoid levels (quantitative range 0 to 135 ng/dL) and
urine creatinine levels, to determine creatinine-normalized urine cannabinoid levels, were collected at each visit to
serve as a biomarker of marijuana use (9). In contrast to self reports, semi-quantitative, creatinine-normalized urine
cannabinoid levels did not significantly change over the course of the trial. Of note, though, 13 participants remained
above the semi-quantitative urine cannabinoid range (0 – 135 ng/mL) throughout the trial, thus limiting the utility of
this measure.

Craving for marijuana was measured using the 12-item version of Marijuana Craving Questionnaire (MCQ) (10).
The four domains of the MCQ represent four constructs characterizing marijuana craving: Compulsivity (inability to
control marijuana use), Emotionality (anticipation of using marijuana to relieve withdrawal or negative mood),
Expectancy (anticipation of positive outcomes from smoking marijuana), and Purposefulness (intention and planning
to use marijuana for positive outcomes). GEE analyses revealed that participants reported significantly reduced
ratings on three of the four MCQ domains over the course of NAC treatment (MCQ Emotionality p < 0.001,
Purposefulness p = 0.003, and Compulsivity p = 0.008) (Figure 1).
Figure 1
Figure 1
Marijuana Craving Questionnaire (MCQ) domain scores (mean ± SE) over the course of treatment.

To our knowledge, this is the first study to date investigating the effects of NAC in young people with cannabis
dependence. Results from this preliminary open-label study indicate that treatment with NAC was well tolerated and
associated with significant decreases in self-report measures of marijuana use and craving. These reductions parallel
those noted in prior NAC treatment studies in cocaine and nicotine dependent individuals (6,7). Although the present
findings should be interpreted in light of the limitations of this preliminary study (i.e. open-label study without a
control group, limited semi-quantitative urine drug testing), data strongly suggest the need for a more rigorous
examination of NAC for treatment of cannabis dependence.

7.1.1. significant decreases in self-report measures of marijuana use and craving
7.1.2. generalized estimating equation (GEE) analyses revealed that participants
reported significantly reduced ratings on three of the four MCQ domains over the
course of NAC treatment (MCQ Emotionality p < 0.001, Purposefulness p = 0.003,
and Compulsivity p = 0.008)
7.1.3. treatment with NAC was well tolerated

8. Alcohol
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See Also: Oxidative Stress and Inflammation in Hepatic Diseases: Therapeutic
Possibilities of N-Acetylcysteine
8.1. A dual effect of N-acetylcysteine on acute ethanol-induced liver damage in mice

A dual effect of N-acetylcysteine on acute ethanol-induced liver damage in mice

Reactive oxygen species (ROS) have been associated with acute ethanol-induced liver damage. N-acetylcysteine
(NAC) is a glutathione (GSH) precursor and direct antioxidant. In this study, we investigated the effects of NAC on
acute ethanol-induced liver damage. Female ICR
mice were administered by gavage with a single dose of ethanol (6 g/kg). NAC was administered in two different
modes. In mode A, mice were injected with different doses of NAC at 30 min before ethanol. In mode B, mice were
injected with different doses of NAC at 4 h after
ethanol. Acute ethanol-induced liver damage was estimated by measuring serum alanine aminotransferase (ALT)
activity and histopathological changes. Result showed that a single dose of ethanol (6 g/kg) caused a significant
increase in serum ALT activity, followed by microvesicular steatosis and necrosis in mouse liver. Pretreatment with
NAC significantly protected against acute ethanol-induced liver damage in a doseindependent manner.
Correspondingly, pretreatment with NAC significantly attenuated acute ethanol-induced lipid peroxidation and GSH
depletion and inhibited hepatic TNF- mRNA expression. By contrast, post-treatment with NAC aggravated
ethanol-induced hepatic lipid
peroxidation and worsened acute ethanol-induced liver damage in a dose-dependent manner. Taken together, NAC
has a dual effect on acute ethanol-induced liver damage. Pretreatment with NAC prevent from acute ethanol-induced
liver damage via counteracting ethanol-induced oxidative stress. When administered after ethanol, NAC might
behave as a pro-oxidant and aggravate acute ethanol-induced liver damage.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Hepatology Research 34 (2006) 199–206
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Acute alcoholic hepatitis is a serious disease, with a mortality of up to 60% in the first 4 weeks of diagnosis in
severe cases [1]. Lack of understanding of mechanism of alcoholic liver injury has hampered the development of
effective treatments. Recently, the progress on the mechanism involved in the pathogenesis of alcoholic liver injury
has demonstrated that alcoholic liver injury is a result of complex pathophysiological events involving various types
of cells, such as neutrophils, endothelial cells, Kupffer cells, and hepatocytes, and
different injurious factors such as endotoxin (lipopolysaccharide, LPS), oxidative stress, cytokines, and proteases [2–
4].

Ethanol deleteriously affects the anatomical and functional integrity of intestinal mucosa and increases intestinal
permeability, thus allowing gut-derived endotoxin LPS to
escape into the blood [5–9]. Numerous studies demonstrated that LPS stimulates Kupffer cells to generate reactive
oxygen species (ROS), such as superoxide (O2−) and nitric oxide (NO) [10,11].

Elevated levels of O2− and NO in Kupffer cells
are responsible for activation of NF- B, releases of TNF-,
and, eventually, liver injury [12–16]. On the other hand,
ethanol is a potent inducer of P450 2E1. Several studies
demonstrated that P450 2E1-dependent formation of free
radicals is involved in ethanol-induced liver damage [17,18].
ROS might play an important role on ethanol-induced liver
damage [19–22].
N-acetylcysteine (NAC) is a glutathione (GSH) precursor
and direct antioxidant. As a potent antioxidant, NAC directly
scavenges hydrogen peroxide (H2O2), hydroxyl free radicals (•OH) and hypochloric acid (HOCl) in vitro [23]. NAC
also decreases free radical levels by increasing GSH synthesis [24,25]. Several studies showed that NAC inhibited
LPS-induced inducible nitric oxide synthase (iNOS), TNF expression and NF- B activity [26,27]. Our earlier study
showed that pretreatment with NAC attenuated LPS-induced
downregulation of pregnane × receptor and cytochrone P450
3a11 gene expressions in adult mouse liver, placenta and fetal
liver [28–30]. Clinically, NAC has been successfully used in
adult respiratory distress syndrome [31].

In the present study, we investigated the effects of NAC
on acute ethanol-induced liver damage in mice. Our results
found that pretreatment with NAC protected against acute
ethanol-induced liver damage via counteracting ethanolinduced oxidative stress and inhibiting TNF- expression in
mouse liver, whereas post-treatment with NAC aggravated
acute ethanol-induced liver damage.
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3.1. Effects of NAC on acute ethanol-induced liver
damage
Acute ethanol-induced liver damage was evaluated
by measuring serum ALT activity and histopathological
changes. As shown in Fig. 1, a single dose of ethanol administration significantly increased serum ALT activity in a
time-dependent manner. Microvesicular steatosis and necrosis were observed in mouse liver at 6 h after ethanol
treatment
(Fig. 2). When administered as a pretreatment, NAC protected against ethanol-induced increase in serum ALT
activity
in a dose-independent manner (Fig. 3A), which was not be
blocked by pretreatment with BSO (Fig. 4). Ethanol-induced
microvesicular steatosis and necrosis also were attenuated
by pretreatment with NAC. By contrast, post-treatment with
NAC significantly aggravated ethanol-induced increase in
serum ALT activity (Fig. 3B) and histopathological changes
(Fig. 2).
3.2. Effects of NAC on ethanol-induced lipid
peroxidation
Lipid peroxidation was quantified by measuring TBARS.
As shown in Fig. 5, ethanol administration significantly

increased hepatic TBARS content as early as 3 h after ethanol
treatment. A time-dependent increase in TBARS content
was observed up to 12 h. When administered at 30 min
before ethanol,NAC significantly attenuated ethanol-induced
increase in hepatic TBARS level in a dose-independent manner (Fig. 6A), whereas post-treatment with ethanol
aggravated ethanol-induced lipid peroxidation in mouse liver
(Fig. 6B).
3.3. Effects of NAC on ethanol-induced GSH depletion
The effects of ethanol on hepatic GSH content are presented in Fig. 7. Results showed that acute ethanol exposure
significantly decreased hepatic GSH content as early as 3 h
after ethanol administration. Pretreatment with NAC significantly attenuated ethanol-induced GSH depletion (Fig.
8A).
However, post-treatment with NAC had no effect on ethanolinduced hepatic GSH depletion (Fig. 8B).
3.4. Effects of NAC on ethanol-induced hepatic TNF-α
expression
The effects of NAC on ethanol-induced hepatic TNF expression are presented in Fig. 9. Ethanol markedly
increased hepatic TNF- mRNA level. When administered at 30 min before ethanol, NAC significantly attenuated
ethanol-induced hepatic TNF- mRNA expression. However, when administered after ethanol, NAC had little
effect
on ethanol-induced TNF- mRNA expression in mouse
liver.
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The present study investigated the effects of NAC on
acute ethanol-induced liver damage. Results showed that
pretreatment with NAC significantly attenuated ethanol induced increase in serum ALT activity and
histopathological
changes. Furthermore, pretreatment with NAC significantly
attenuated ethanol-induced increase in hepatic TBARS concentration, suggesting that NAC-mediated protection
against
acute ethanol-induced liver damage is, at least in part, associated with decreased lipid peroxidation in mouse liver.
The antioxidant activity of NAC primarily involves two
mechanisms [23]: (1) NAC acts as a free radical scavenger,
directly scavenges hydrogen peroxide (H2O2), hypochloric acid (HOCl) and hydroxyl radical (•OH), and (2) NAC
acts as a precursor of GSH to facilitate intracellular GSH
synthesis. In the present study, we analyzed the effects of
acute ethanol exposure on GSH content in mouse liver.
As expected, a single dose (6.0 g/kg) of ethanol markedly
decreased GSH level in mouse liver. Furthermore, pretreatment with NAC significantly attenuated ethanol-induced
hepatic GSH depletion. However, the protective effect of NAC on
acute ethanol-induced liver damage was not blocked by DLbuthionine-(SR)-sulfoximine (BSO), an inhibitor of GSH
synthesis, suggesting that NAC-mediated protection against
acute ethanol-induced liver damage is most likely due to its
potent ROS–scavenging effect but not attributed to increased
GSH synthesis.
Numerous studies demonstrated that TNF- plays an
important role in acute ethanol-induced liver damage [35].
Animal experiment showed that acute ethanol administration
significantly increased serum TNF- levels. Acute ethanolinduced liver damage was preceded by rapidly increases
in
serum TNF- levels [6]. NAC is an inhibitor of TNF- production [24,36,37]. The present study investigated the
effects
of acute ethanol administration on hepatic TNF- mRNA
expression. Results showed that a single dose of ethanol dramatically increased TNF- mRNA level in mouse liver.
Pretreatment with NAC significantly attenuated ethanol-induced
increase in hepatic TNF- mRNA level, suggesting that
NAC-mediated protection against acute ethanol-induced liver damage might also be associated with inhibition of
TNF-alpha
production in mouse liver.
The present study found that post-treatment with NAC
had no effect on ethanol-induced GSH depletion and TNF-

mRNA expression. When administered at 4 h after ethanol,
NAC aggravated ethanol-induced hepatic lipid peroxidation
and worsened acute ethanol-induced liver damage.
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Usually, NAC is mentioned as an “antioxidant”. However, NAC and other thiol chemicals have been demonstrated
to be also pro-oxidants [38,39]. According to the report by
Sprong et al. [40], NAC behaves either as anti- or pro-oxidants
depending on the dose administered. Low dose (275 mg/kg
in 24 h) of NAC protected rats against LPS-mediated oxidative stress, whereas high dose NAC (900 mg/kg in 24 h)
increased LPS-induced lung injury and mortality. Chan et
al. [41] found that NAC inhibited LPS-induced activation of
the mitogen-activated protein kinases (MAPKs) in a serumdepleted environment (0.1% fetal bovine serum). By
contrast,
NAC enhanced LPS induction of p38mapk and JNK phosphorylation in the presence of 10% serum. We hypothesize
that
local redox environment might influence the effect of NAC.
Before ethanol, the body is in intracellular redox balance.
When administered before ethanol, NAC behaved as antioxidant and significantly attenuated ethanol-induced
oxidative
stress in mouse liver. However, when administered after
ethanol, NAC may interact with ROS generated by ethanol
and generate thiyl radicals, which, in turn, may impart a prooxidant function. Actually, the presence of metals, such
as
Cu(II), and the presence of ROS, such as H2O2, potentiate
“auto-oxidize” process of NAC [42]. Furthermore, as it has
undergone auto-oxidation, thiol no longer acts as an “antioxidant”. Once initiated, these reactions can produce
additional
ROS including O2−•, H2O2, and •OH. Thus, when administered at 4 h after ethanol, NAC behaved as pro-oxidant,
aggravated ethanol-induced lipid peroxidation, and eventually worsened acute ethanol-induced liver damage. These
results are in agreement with our recent report [43], in which
we found that pretreatment with NAC prevented from LPSinduced intra-uterine fetal death and reverses LPSinduced
fetal growth and skeletal development retardation, whereas
post-treatment with NAC aggravates LPS-induced preterm
labor.
In summary, the present study found that NAC has a dual
effect on acute ethanol-induced liver damage. The effects of
NAC depend on the schedule of NAC administration. Pretreatment with NAC protects against acute ethanol-induced
liver damage via counteracting hepatic oxidative stress and
inhibiting TNF- expression in mouse liver. However, when
administered after ethanol, NAC behaves as a pro-oxidant
and worsens acute ethanol-induced liver damage.

8.1.1. Pretreatment with NAC prevent from acute ethanol-induced liver damage
via counteracting ethanol-induced oxidative stress
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8.1.2. When administered after ethanol, NAC might behave as a pro-oxidant and
aggravate acute ethanol-induced liver damage
8.1.3. N-acetylcysteine (NAC) is a glutathione (GSH) precursor and direct
antioxidant
8.1.4. NAC directly scavenges hydrogen peroxide (H2O2), hydroxyl free radicals
(•OH) and hypochloric acid (HOCl)
8.1.5. Acute ethanol exposure significantly decreased hepatic GSH content as early
as 3h after ethanol administration
8.1.6. NAC significantly attenuated ethanol-induced hepatic TNF-alpha mRNA
expression
8.1.7. Low dose (275 mg/kg in 24 h) of NAC protected rats against LPS-mediated
oxidative stress, whereas high dose NAC (900 mg/kg in 24 h) increased LPSinduced lung injury and mortality
8.2. Effects of N-acetylcysteine on alcohol abstinence and alcohol-induced adverse
effects in rats

Effects of N-acetylcysteine on alcohol abstinence and alcohol-induced
adverse effects in rats
Fa´bio Rodrigues Ferreira Seivaa, Juliana Fujihara Amauchib, Katiucha Karolina Ribeiro Rochab,
Gisele Aparecida Souzaa, Geovana Xavier Ebaida, Regina Miranda Burneikob,
Ethel Lourenzi Barbosa Novellib,*
aDepartment of Clinical and Cardiology, School of Medicine, and
bDepartment of Chemistry and Biochemistry, Institute of Biological Sciences, Sa˜o Paulo State University, District
of Rubia˜o Junior, UNESP, CEP 18618-000,
Botucatu, Sa˜o Paulo, Brazil
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8.2.1. Ethanol abstinence and NAC intake interact synergistically, improving serum
lipids and hepatic antioxidant defenses.
8.2.2. N-acetylcysteine offers promising therapeutic value to inhibit ethanolinduced adverse effects
8.2.3. There is a growing awareness that the association between alcohol
consumption and some cardiovascular risk factors follows a ‘‘J-shaped’’
relationship
8.2.4. Putative mechanisms for alcohol vascular protection include inhibition of
platelet activation, increases in high-density lipoprotein (HDL), and reduction in
oxidative stress, which is an imbalance between oxidants and antioxidants
systems, in favor of the former
8.2.5. Dyslipidemia has been shown to be one of the major risk factors of
atherosclerosis, but there is a growing awareness that oxidative stress plays a
crucial role in atherogenesis
8.2.6. N-acetylcysteine offers promising therapeutic value to inhibit ethanolinduced adverse effects. Ethanol withdrawal had beneficial effects on serum
lipids, but was more effective when coupled with NAC supplementation.
8.3. Effects of N-acetylcysteine on ethanol-induced hepatotoxicity in rats fed via
total enteral nutrition

Free Radic Biol Med. Author manuscript; available in PMC 2010 Oct 18. Published in final edited form as: Free Radic
Biol Med. 2005 Sep 1; 39(5): 619–630. doi: 10.1016/j.freeradbiomed.2005.04.011 PMCID: PMC2956427 NIHMSID:
NIHMS237195 Effects of N-acetylcysteine on ethanol-induced hepatotoxicity in rats fed via total enteral nutrition
Martin J.J. Ronis,a,b,* Angelica Butura,c Brante P. Sampey,d Kartik Shankar,a,b Ronald L. Prior,a Sohelia
Korourian,e Emanuele Albano,f Magnus Ingelman-Sundberg,c Dennis R. Petersen,d and Thomas M. Badgera,g
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Author information ► Copyright and License information ► The publisher's final edited version of this article is
available at Free Radic Biol Med See other articles in PMC that cite the published article. Go to: Abstract The
effects of the dietary antioxidant N-acetylcysteine (NAC) on alcoholic liver damage were examined in a total enteral
nutrition (TEN) model of ethanol toxicity in which liver pathology occurs in the absence of endotoxemia. Ethanol
treatment resulted in steatosis, inflammatory infiltrates, occasional foci of necrosis, and elevated ALT in the
absence of increased expression of the endotoxin receptor CD14, a marker of Kupffer cell activation by LPS. In
addition, ethanol treatment induced CYP2E1 and increased TNFα and TGFβ mRNA expression accompanied by
suppressed hepatic IL-4 mRNA expression. Ethanol treatment also resulted in the hepatic accumulation of
malondialdehyde (MDA) and hydroxynonenal (HNE) protein adducts, decreased antioxidant capacity, and
increased antibody titers toward serum hydroxyethyl radical (HER), MDA, and HNE adducts. NAC treatment
increased cytosolic antioxidant capacity, abolished ethanol-induced lipid peroxidation, and inhibited the formation
of antibodies toward HNE and HER adducts without interfering with CYP2E1 induction. NAC also decreased
ethanol-induced ALT release and inflammation and prevented significant loss of hepatic GSH content. However,
the improvement in necrosis score and reduction of TNFα mRNA elevation did not reach statistical significance.
Although a direct correlation was observed among hepatic MDA and HNE adduct content and TNFα mRNA
expression, inflammation, and necrosis scores, no correlation was observed between oxidative stress markers or
TNFα and steatosis score. These data suggest that ethanol-induced oxidative stress can contribute to inflammation
and liver injury even in the absence of Kupffer cell activation by endotoxemia. Keywords: N-Acetylcysteine,
Adducts, Cytokines, Alcohol, Hepatotoxicity, Lipid peroxidation

8.3.1. Ethanol treatment resulted in steatosis, inflammatory infiltrates, occasional
foci of necrosis, and elevated ALT in the absence of increased expression of the
endotoxin receptor CD14, a marker of Kupffer cell activation by LPS
8.3.2. Ethanol treatment induced CYP2E1 and increased TNFα and TGFβ mRNA
expression accompanied by suppressed hepatic IL-4 mRNA expression. Ethanol
treatment also resulted in the hepatic accumulation of malondialdehyde (MDA)
and hydroxynonenal (HNE) protein adducts, decreased antioxidant capacity, and
increased antibody titers toward serum hydroxyethyl radical (HER), MDA, and HNE
adducts
8.3.3. NAC treatment increased cytosolic antioxidant capacity, abolished ethanolinduced lipid peroxidation, and inhibited the formation of antibodies toward HNE
and HER adducts without interfering with CYP2E1 induction
8.3.4. NAC also decreased ethanol-induced ALT release and inflammation and
prevented significant loss of hepatic GSH content
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8.3.5. A direct correlation was observed among hepatic MDA and HNE adduct
content and TNFα mRNA expression, inflammation, and necrosis scores
8.3.6. NAC is a dietary antioxidant and glutathione precursor widely utilized in the
treatment of acute oxidative liver injury by acetaminophen overdose
8.3.7. Ethanol-induced oxidative stress and its role in the development of
Alcoholic Liver Disease has been the subject of many studies

9. Liver Disease

9.1. Clinical results of N-acetylcysteine after major hepatic surgery: a review

Clinical results of N-acetylcysteine after major hepatic surgery:
a review
ANDREW MCKAY, DARBY CASSIDY, FRANCIS SUTHERLAND, and ELIJAH DIXON
Division of Surgical Oncology, University of Calgary Tom Baker Cancer Centre, 1331-29th Street NW, Calgary,
Alberta, T2N 4N2 Canada
Offprint requests to: E. Dixon
Received: April 23, 2007 / Accepted: September 22,
2007
Abstract
Background/Purpose. Ischemia/reperfusion injury is thought
to play an important role in postoperative liver dysfunction
and morbidity following major liver surgery. N-acetylcysteine
may be protective by serving as a precursor to glutathione and
replenishing intracellular stores, in addition to other mechanisms. The purpose of this review is to summarize the
clinical
evidence that N-acetylcysteine may reduce liver dysfunction
and the postoperative complications following major liver
surgery.
Methods. A PubMed (MEDLINE) search was performed
using the search terms “N-acetylcysteine”, “Mucomyst”,
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“liver”, and “surgery” to identify all relevant articles published in English prior to February 2007.
Results. Seventy-three articles were identified, and of these,
there were seven studies that involved human patients undergoing orthotopic liver transplantation (six randomized
controlled trials and one retrospective study).
Conclusions. The evidence that routine use of N-acetylcysteine reduces ischemia/reperfusion injury and prevents
complications after major liver surgery is not conclusive. The available
studies may have been limited by small sample sizes, and heterogeneous outcome measures prevent conclusions
being
made across studies and prevent pooling of the data. Further
study with more relevant clinical endpoints and larger sample
sizes is warranted

9.1.1. N-acetylcysteine has several potential protective mechanisms during major
liver surgery
9.1.2. NAC serves as a precursor to glutathione (GSH) and can replenish
intracellular GSH stores, thus offering protection against oxygen free radicals that
can disrupt cellular metabolism and cause lipid peroxidation. Protection comes
from GSH, which becomes oxidized by these oxygen free radicals. The oxidized
form is then reduced back to GSH at the expenditure of nicotinamide adenine
dinucleotide phosphate, reduced (NADPH), forming a closed reduction/oxidation
cycle.
9.1.3. GSH levels may have a regulatory function in apoptosis. High levels of GSH
have been shown to prevent cell death, while low levels may enhance cell death
9.2. N-Acetylcysteine Attenuates Progression of Liver Pathology in a Rat Model of
Nonalcoholic Steatohepatitis

The Journal of Nutrition Biochemical, Molecular, and Genetic Mechanisms N-Acetylcysteine Attenuates Progression
of Liver Pathology in a Rat Model of Nonalcoholic Steatohepatitis1–3 January N. Baumgardner,4,8 Kartik
Shankar,4,8 Leah Hennings,7 Emanuele Albano,9 Thomas M. Badger,4–6,8 and Martin J. J. Ronis4,6,8*
Departments of 4Pharmacology and Toxicology, 5Physiology and Biophysics, 6Pediatrics, and 7Pathology,
University of Arkansas for Medical Sciences, Little Rock, AR 72205; 8Arkansas Children’s Nutrition Center, Little
Rock, AR 72202; and 9Department of Medical Sciences, University ‘‘Amedeo Avogadro’’ of East Piedmont, I-28100
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Novara, Italy Abstract A ‘‘2-hit’’ model for nonalcoholic steatohepatitis (NASH) has been proposed in which
steatosis constitutes the ‘‘first hit’’ and sensitizes the liver to potential ‘‘second hits’’ resulting in NASH. Oxidative
stress is considered a candidate for the second hit. N-acetylcysteine (NAC), an antioxidant, has been suggested as a
dietary therapy for NASH. We examined the effects of NAC in a rat total enteral nutrition (TEN) model where NASH
develops as the result of overfeeding dietary polyunsaturated fat. Male Sprague-Dawley rats consumed pelleted
AIN-93G diets ad libitum or were overfed a 9200 kJ kg20.75 d21 liquid diet containing 70% corn oil with or without
2 g kg21 d21 NAC i.g. for 65 d. Hepatic steatosis was not influenced by dietary supplementation with NAC;
however, the liver pathology score was lower (P # 0.05) and NAC provided partial protection against alanine
aminotransferase release (P # 0.05). NAC attenuated increased hepatic oxidative stress (TBARS; P # 0.05) and
prevented increases in cytochrome P450 2E1 apoprotein and mRNA and in tumor necrosis factor-a (TNFa) mRNA.
Titers of autoantibodies against proteins adducted to lipid peroxidation products were lower in serum of the NAC
group than in the 70% corn oil group (P # 0.05). NAC also decreased Picosirius red staining of collagen, a marker of
fibrosis. However, markers of hepatic stellate cell activation were unaffected. Using NAC in a TEN model of NASH,
we have demonstrated that NAC prevents many aspects of NASH progression by decreasing development of
oxidative stress and subsequent increases in TNFa but does not block development of steatosis. J. Nutr. 138: 1872–
1879, 2008

9.2.1. NAC successful in prevention of alcohol induced liver disease in rats fed via
total enteral nutrition (TEN)
9.2.2. NAC prevents many aspects of nonalcoholic steatohepatitis (NASH)
progression by decreasing development of oxidative stress and subsequent
increases in tumor necrosis factor-a (TNFa) but does not block development of
steatosis
9.2.3. Steatosis is a necessary prerequisite for any further damage. Neither CD36
expression nor steatosis was reversed by NAC supplementation
9.2.4. As a source of sulfhydryl groups, NAC can stimulate GSH synthesis, enhance
GSH-S-transferase activity, promote detoxification, and act as a scavenger of free
radicals as it interacts with reactive oxygen species (ROS)
9.3. Oxidants and Antioxidants in Alcohol-Induced Liver Disease
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Oxidants and Antioxidants in Alcohol-Induced Liver Disease GAVIN E. ARTEEL Department of Pharmacology and
Toxicology, University of Louisville Health Sciences Center, Louisville, Kentucky Although there are numerous
experimental data indicating that oxidative stress plays a role in the initiation and progression of alcohol-induced
liver disease (ALD), this work has yet to translate into an accepted antioxidant therapy for ALD in humans.With a
better understanding of the mechanisms by which oxidative stress leads to liver damage during alcohol exposure,
therapies that are more targeted at the cellular/molecular level may be applied in the clinic with potentially
greater success. This article discusses the general concepts of oxidative stress and how it relates to current
hypotheses in alcohol-induced liver injury, as well as lists several key questions that remain to be addressed in this
field: (1) Which prooxidants are involved in ALD? (2) What are the sources of prooxidants in the liver during alcohol
exposure? (3) How are oxidants involved in alcohol-induced liver injury? (4) Can a rational and effective antioxidant
therapy against ALD be developed?

9.3.1. Alcohol-induced liver disease (ALD) results from the dose- and timedependent consumption of alcohol
9.3.2. Economic burden from alcoholism on the US economy, in part owing to
health care for individuals with ALD, rose 42% to $148 billion from 1985 to 1992
9.3.3. The disease process is characterized by early steatosis, inflammation, and
necrosis (often called steatohepatitis), and in some individuals, ultimately, it
progresses to fibrosis and cirrhosis
9.3.4. progression of the disease include not only hepatocytes, but also
inflammatory cells (e.g., Kupffer cells, lymphocytes, and neutrophils) and
activated stellate cells
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9.3.5. One mechanism by which alcohol is proposed to mediate its effects is
through oxidative stress
9.3.6. Di Luzio was the first to characterize lipid peroxidation after chronic
exposure to alcohol, a finding confirmed by others
9.3.7. Alcoholics replace up to 50% of their total daily calories with ethanol,
leading to nutritional deficiencies that can be further complicated by
malabsorption in the gastrointestinal tract. The net effect is that alcoholics often
have lower levels of key dietary antioxidant molecules and an overall decreased
antioxidant status
9.3.8. Oxidative stress in ALD most likely is mediated both by an increase in
prooxidant production, as well as by a decrease in antioxidant defense
9.3.9. In support of the hypothesis that oxidative stress is involved in ALD,
numerous antioxidants have been shown to protect against the damaging effects
of ethanol in in vitro and in vivo models of ALD.
9.3.10. O2- is believed to play a central role in alcohol induced liver injury.
Support for the role of O2- in ALD comes predominantly from correlations
between injury and levels of superoxide dismutase (SOD), an enzyme that
catalytically reduces O2. to hydrogen peroxide (H2O2)
9.3.11. Levels of SOD correlated inversely with pathologic changes in the enteral
alcohol model of experimental ALD exogenous SOD has shown
protective/antioxidant effects in in vitro and in situ models of alcohol exposure.
Delivery of either cytosolic Cu/Zn-SOD or mitochondrial Mn-SOD by this technique
also was shown to prevent alcohol-induced liver injury in rats fed enteral alcohol
9.3.12. Dysregulation of vascular tone after acute alcohol and during alcoholinduced cirrhosis is mediated, in part, by a decrease in NO production. NO is
antiapoptotic in hepatocytes and is required for normal liver regeneration.
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9.3.13. High levels of NO also can play a potentially damaging role in ALD by
production of Reactive nitrogen species (RNS), such as peroxynitrite (ONOO-). RNS
derived from NO can cause nitration reactions (e.g., 3-nitrotyrosine formation)
and nitrosation reactions (e.g., nitrosothiol formation), as well as oxidation
reactions during alcohol exposure
9.3.14. Reactive intermediates formed during ONOO- degradation also can cause
one-electron oxidation reactions with ethanol, leading to the formation of
hydroxyethyl radicals
9.3.15. The hypothesis that redox modification of thiols is an important
posttranslational modification within the cell is receiving wider acceptance.
Ethanol has been shown to modulate the signal of many of these cascades in vitro
and/or in experimental ALD
9.3.16. Part of the rationale for supplementation with compounds such as
polyenylphosphatidylcholine and S-adenosyl methionine in alcoholics; S-adenosyl
methionine also protects mitochondrial glutathione pools against alcohol by
normalization of the microviscosity of the mitochondrial inner membrane.
9.4. N-Acetylcysteine ameliorates the late phase of liver ischaemia/reperfusion
injury in the rabbit with hepatic steatosis

N-Acetylcysteine ameliorates the late phase of liver ischaemia/reperfusion injury in the rabbit with hepatic
steatosis
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ABSTRACT

Steatotic livers are highly susceptible to I/R (ischaemia/reperfusion) injury and, therefore, the aim of the present
study was to evaluate the in vivo effect of NAC (N-acetylcysteine) on hepatic function in the early and initial late
phase of warm liver I/R injury in steatotic rabbits. Twelve New Zealand White rabbits were fed a high-cholesterol (2
%) diet. The control group (n = 6) underwent lobar liver ischaemia for 1 h, followed by 6 h of reperfusion. In the
treated group receiving NAC (n = 6), an intravenous infusion of NAC was administered prior to and during the 6 h
reperfusion period. Systemic and hepatic haemodynamics were monitored continuously. ALT (alanine
aminotransferase) activity and bile production were measured. NMR spectroscopy was used to analyse bile
composition. Oxidation of DHR (dihydrorhodamine) to RH (rhodamine) was used as a marker of production of
reactive oxygen and nitrogen species. Moderate centrilobular hepatic steatosis was demonstrated by histology. The
results showed that NAC administration significantly improved portal flow, hepatic microcirculation, bile
composition and bile flow after 5 h of reperfusion. NAC administration was also associated with less hepatocellular
injury, as indicated by ALT serum activity, and decreased the oxidation of DHR to RH. In conclusion, NAC
administration decreased the extent of I/R injury in the steatotic liver, particularly during the late phase of
reperfusion.

9.4.1. NAC administration reduces I/R injury in steatotic liver following a 1 h
period of partial inflow occlusion, and the benefit is apparent mainly in the late
phase of I/R injury
9.4.2. Several studies on liver I/R injury have focused on the initial reperfusion
phase [29–31], which is characterized by oxidative stress induced by Kuppfer cells
and occurs in the first 2 h [7]
9.4.3. NAC was chosen as an antioxidant to modulate hepatic I/R injury as it is
routinely administered to patients with acute liver failure secondary to
acetaminophen (paracetamol) overdose [33], and has been used in other clinical
conditionswhere oxidant damagewas the putative or known mechanism of injury,
such as ARDS (acute respiratory distress syndrome) [34] and I/R after cardiac
surgery [35]
See Also: Coronary
9.4.4. Recent work from our group [20] has also shown beneficial effects of NAC in
normal liver following 1 h of lobar ischaemia
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9.4.5. The dose of NAC administered is that used in clinical practice to treat
patients with acute liver failure [33]
9.4.6. beneficial effect of NAC was demonstrated by improvement in liver
microcirculation, bile production and composition, which was associated with
reduced hepatocellular injury
9.4.7. hepatic microcirculation returned to baseline values at the end of
reperfusion, suggesting that NAC reversed the perfusion failure of the late phase
of I/R injury
9.4.8. decreased hepatocellular injury as indicated by lower ALT values following
reperfusion and improved biliary excretion, an energy-dependent process,
resulting in increased bile drainage volumes
9.4.9. NAC administration enhanced the biliary excretion of acetate, pyruvate and
lactate higher bile acetate levels in the NACtreated livers would suggest improved
ATP production and energetics
9.4.10. increased excretion of pyruvate and lactate in the bile of NAC-treated
livers is difficult to interpret
9.4.11. Oxidation of DHR 123 to RH has been reported in endotoxaemia,
haemorrhagic shock and splanchnic I/R [23] NAC administration significantly
decreased the oxidation of DHR 123 to RH
9.4.12. administration of NAC, prior to and during reperfusion, reduced the
extent of I/R injury in the steatotic liver his improvement was associated with
reduced levels of ROS and RNS
9.5. N-acetylcysteine for non-paracetamol druginduced liver injury: a systematic
review
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Abstract
Background

Drug-induced liver injury (DILI) refers to acute or chronic liver injury that may occur as a consequence of using
drugs and herbal or dietary supplements. Specific therapies for DILI are limited. There is considerable evidence for
efficacy and safety of N-acetylcysteine (NAC) in management of paracetamol-induced liver injury. More recently,
research has explored the use of NAC in non-paracetamol drug-induced liver injury. It is important to summarise the
evidence of NAC for non-paracetamol DILI to determine if NAC may be considered a therapeutic option in this
condition.
Methods/design

We will conduct a systematic review of the benefit and harm of NAC in non-paracetamol drug-induced liver injury.
Primary and secondary outcomes of interest are pre-specified. Primary outcomes include all-cause mortality,
mortality due to DILI, time to normalisation of liver biochemistry (e.g. return of alanine transaminase to <100 U/l
and/or international normalized ratio (INR) <1.5) and adverse events. Secondary outcomes include transplantation
rate, time to transplantation, transplant-free survival and duration of hospitalisation. We will include randomized
controlled trials (RCTs) and prospective cohort studies. RCTs will contribute to the evaluation of safety and efficacy
of NAC, whereas, the cohort studies will contribute exclusively to the evaluation of safety. We will search several
bibliographic databases (including PubMed, Scopus, CINAHL, CENTRAL), grey literature sources, conference
proceedings and ongoing trials. Following data extraction and assessment of the risk of bias, we will conduct a metaanalysis if feasible, as well as subgroup analyses. We will assess and explore clinical and statistical heterogeneity.
Discussion
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The aim of this review is to provide evidence on the effectiveness and safety of NAC in non-paracetamol DILI. We
anticipate that the results could aid health care practitioners, researchers and policymakers in the decision-making
regarding the use of NAC in patients with non-paracetamol DILI.

9.5.1. In a randomized clinical trial comparing NAC with placebo in adults with
non-paracetamol Acute Liver Failure (ALF), NAC was associated with an
improvement in transplant-free survival in a subgroup of patients with grade 1
and grade 2 encephalopathy [10]
9.5.2. In a cohort study conducted in adults with non-paracetamol Acute Liver
Failure (ALF) at a centre without the facility for transplantation, the use of NAC
was associated with a mortality benefit [11]
9.5.3. In a retrospective study in paediatric patients with non-paracetamol Acute
Liver Failure (ALF), NAC was associated with a shorter hospital stay and improved
survival post-transplantation [12]
9.5.4. A case series of patients with drug-induced liver injury (DILI) secondary to
Amanita phalloides mushroom poisoning, 10 of 11 patients recovered fully after
receiving NAC in combination with other therapies [13]
9.5.5. prevention of radiocontrast associated nephrotoxicity and for the treatment
of certain ophthalmic conditions [14–17]
9.5.6. NAC used as a mucolytic agent in pulmonary diseases
9.5.7. NAC may be of benefit in treatment of non-paracetamol DILI in improving
the secondary endpoint of transplant free survival
9.6. N-Acetylcysteine Improves Liver Function in Patients with Non-Alcoholic Fatty
Liver Disease
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Abstract
Background and Aims

Non-alcoholic fatty liver change is a common disease of the liver in which oxidative stress plays a basic role. Studies
are largely focused on protecting the liver by means of anti-oxidative material. The aim of this study is to evaluate
the role of N- acetylcysteine in the process of liver injury.
Methods

Thirty patients with non-alcoholic fatty liver steatosis were randomly selected to receive either N-acetylcysteine or
vitamin C. Liver function tests (alanine aminotransfrase, aspartate aminotransfrase and alkaline phosphatase) were
measured as well as the grade of steatosis, the pattern of its echogenicity, the span of the liver and the spleen and the
portal vein diameter before the intervention. Patients were followed up using the same method of evaluation
repeated in the first, second and third months.
Results

The mean age (SD) was 40.1(12.4) in patients receiving NAC and 46(10.4) years in patients receiving vitamin C (P
= 0.137). NAC resulted in a significant decrease of serum alanine aminotransfrase after three months, compared to
vitamin C. This effect was independent of the grade of steatosis in the initial diagnosis. NAC was able to
significantly decrease the span of the spleen.
Conclusions

N-acetylcysteine can improve liver function in patients with non-alcoholic fatty liver disease. Better results may be
achievable in a longer follow up.

9.6.1. Non-alcoholic fatty liver disease (NAFLD) is very common and affects up to
24 % of the general population in various countries (1)
9.6.2. increased level of fatty acids within the hepatocytes causing oxidative
stress, is believed to be responsible for the progression from steatosis to
steatohepatitis and cirrhosis
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9.6.3. Vitamins C and E have been found to have both protective and therapeutic
effects on NAFLD in an animal model (3, 4) This effect has been linked to the antioxidative
function of these two vitamins
9.6.4. N-acetylcysteine (NAC) is frequently utilized where intracellular oxidantantioxidant balance is concerned. NAC has a protective effect against liver injury
in rats (5-8)
9.6.5. One study has reported improvement of liver histopathology and reduction
of oxidative stress by NAC in non-alcoholic fatty steatosis (NASH) in a rat model (9
9.6.6. A recent study has reported a signifcant decrease in liver steatosis and
fbrosis in patients with NASH receiving Metformin and NAC (10)
9.6.7. NAC can significantly decrease the Alanine transaminase (ALT) level
9.6.8. a three-month consumption of NAC in patients with NAFLD, which resulted
in a decrease in the level of ALT and in the size of the spleen
9.7. Oxidative Stress and Inflammation in Hepatic Diseases: Therapeutic Possibilities
of N-Acetylcysteine

See Also: Alcohol
Int J Mol Sci. 2015 Dec 18;16(12):30269-308. doi: 10.3390/ijms161226225.

Oxidative Stress and Inflammation in Hepatic Diseases: Therapeutic Possibilities of N-Acetylcysteine.
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Abstract

Liver disease is highly prevalent in the world. Oxidative stress (OS) and inflammation are the most important
pathogenetic events in liver diseases, regardless the different etiology and natural course. N-acetyl-l-cysteine (the
active form) (NAC) is being studied in diseases characterized by increased OS or decreased glutathione (GSH) level.

NAC acts mainly on the supply of cysteine for GSH synthesis. The objective of this review is to examine
experimental and clinical studies that evaluate the antioxidant and anti-inflammatory roles of NAC in attenuating
markers of inflammation and OS in hepatic damage.

The results related to the supplementation of NAC in any form of administration and type of study are satisfactory in
85.5% (n = 59) of the cases evaluated (n = 69, 100%). Within this percentage, the dosage of NAC utilized in studies
in vivo varied from 0.204 up to 2 g/kg/day.

A standard experimental design of protection and treatment as well as the choice of the route of administration, with
a broader evaluation of OS and inflammation markers in the serum or other biological matrixes, in animal models,
are necessary.

Clinical studies are urgently required, to have a clear view, so that, the professionals can be sure about the
effectiveness and safety of NAC prescription.

4.3.2. Alcohol

Alcoholic liver disease (ALD) can manifest itself in different severity grades, going from hepatic steatosis (the
simple form of liver damage) up to severe cirrhosis [129] ALD is the most common liver disease in world and its
responsible for 3.8% of all deaths and 4.6% of disability-adjusted life-years in consequence of alcohol intake [130].
Classically there are three stages of ALD, which are histologically classified as: fatty liver or hepatic steatosis,
alcoholic hepatitis, and chronic hepatitis with hepatic fibrosis or cirrhosis [131], and in all of them, inflammation and
OS occur.

The metabolization of alcohol to acetaldehyde, directly responsible for damage in liver, is promoted by key
enzymes, including alcohol dehydrogenase (ADH), CYP2E1, and CAT [132]. Similarly to alcohol dehydrogenation
to acetaldehyde by ADH, acetaldehyde dehydrogenation to acetate by its respective dehydrogenase (aldehyde
dehydrogenase—ALDH), can lead to the synthesis of NADH, which inhibits fatty acid oxidation and promotes fat
accumulation. NADH, in excess, is responsible for the indirect liver damage. Alternative metabolism of alcohol by
CYP2E1 leads to the production of ROS, causing lipid peroxidation and inflammation.

Furthermore, alcohol also increases intestinal permeability, leading to endotoxemia. This leads to the activation of
KCs in the liver to release TNF-α, which in turn leads to more OS [133]. When acetaldehyde accumulates, it binds,
forming adducts, i.e., covalent chemical addition products, with proteins, lipids, and DNA, causing dysfunction and
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DNA damage and mutation [132]. OS and inflammation have been confirmed in patients with ALD, in several
studies. Qu et al. [134], observed that heat shock protein 70 (HSP70), an intracellular polypeptide involved in
immune responses, contributing to vascular damage and TNF-α release, was increased in alcoholic fatty liver
disease. Grasselli et al. (2014) [135] also identified a redox imbalance in ALD subjects: increase of lipid
peroxidation and stimulation of the activities of the antioxidant enzymes CAT and SOD [135].

Parthasarathy et al. (2015) studying cirrhotic patients observed that even during alcohol withdrawal, those alterations
are kept [136]. Based on the close relationship between OS and ALD and its progression, research is being
conducted to investigate the advantages of antioxidant therapy in animal models as well as in humans. According to
Pivetta et al. (2006) (Table 2), NAC alone in dose of 300 mg/kg/day, for 30 days, via i.p., restored nonproteic thiols
and GPx, which had been reduced with alcohol administration [137]. Another important observation by Caro et al.
(2014) (Table 2), was the beneficial effects of NAC on OS in cytosol but not in hepatocyte mitochondria [138].

NAC supplementation may be effective during ethanol abstinence improving serum lipids and hepatic antioxidant
defenses (GSH/GSSG tissue levels and GR tissue activity) [119] (Table 2). Interestingly, NAC pre-treatment is able
to attenuate the lipid peroxidation and GSH depletion caused by the administration of alcohol, in acute period but, in
the post-treatment, NAC aggravated hepatic lipid peroxidation and worsened acute ethanol-induced liver damage in
a dose-dependent manner [139] (Table 2).

It is clear from the above information that NAC supplementation needs more investigation in hepatic tissue and on
several clinical conditions to validate or not its use in ALD, in clinical practice.

9.7.1. The liver has multiple functions and is the principal detoxifying organ, acting
in the clearance of pathogens, toxic chemicals and metabolic waste products from
the body, also contributing, for the adequate function of other organs
9.7.2. The continuous exposure of the liver to some factors, such as viruses,
alcohol, fat, biotransformed metabolites, among others, can cause hepatic injury,
which can lead to inflammation and liver degeneration
9.7.3. When the injury is sustained for long time, it can cause chronic liver diseases
(CLDs), which occur in multistage processes of fibrosis, cirrhosis and hepatocellular
carcinoma (HCC) [1]
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9.7.3.1. Liver disease has a high prevalence in the world. For some patients,
complications may occur, including portopulmonary hypertension, hepatorenal
and hepatopulmonary syndromes [4].

9.7.3.1.1. Liver fibrosis is a wound healing process, which is reversible and
results from chronic liver injuries, including those caused by alcohol
consumption, chronic viral hepatitis, autoimmune diseases, parasites,
metabolic diseases, lipopolysaccharide (LPS) [5] and other toxins or drugs [6,7]

9.7.3.1.1.1. inflammation is the first phase, and develops to fibrosis after
chronic oxidative stress (OS) [8]. When fibrosis is not controlled, it can
progress into cirrhosis and after to HCC [7,9]. Alcoholic liver disease (ALD),
nonalcoholic fatty liver disease (NAFLD) and chronic viral hepatitis (B and C),
are the three most common causes of liver cirrhosis [7].
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9.7.3.1.2. Thiols, the most important systemic and intracellular endogenous
antioxidants, have been the focus of particular interest of scientific
community [25,50,51].

9.7.3.1.2.1. Altered thiol status has effects on hepatocytes and other
resident and transient cells within the liver [25].
9.7.3.1.3. Due to the role of hepatocytes in the metabolism of drugs,
xenobiotics and endogenous compounds, these cells become the target of
reactive oxygen and nitrogen species (ROS/RNS), giving reactive oxygenated
metabolites (ROM), requiring, therefore, an important antioxidant defense
system [13]. Among these antioxidant systems, stands out glutathione (GSH)

9.7.3.1.3.1. OS associated with inflammation causes focal or zonal necrosis,
destruction of hepatocytes and architectural disarray [1]
9.7.3.2. N-acetyl-L-cysteine (NAC) (Figure 1) is known as an antioxidant that acts
directly and/or by increasing intracellular GSH, especially on hepatic tissue [16]
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9.7.3.2.1. The results related to the supplementation of NAC with antioxidant
and anti-inflammatory roles in any form of administration and type of study
are satisfactory in 85.5% (n = 59), considering some markers of oxidative stress
and inflammation (Table 1), in cases evaluated as liver damage.
9.7.3.2.2. Administration of NAC has been reported to be beneficial in other
chronic clinical conditions, such as inflammatory bowel disease [18]
obstructive pulmonary disease and other pulmonary diseases, systemic
sclerosis, cystic fibrosis, human immunodeficiency virus (HIV) infection, septic
shock, diabetes along with hepatic injuries [19].
9.7.3.3. GSH is the most abundant intracellular thiol, present in millimolar
concentrations in many cell types, including the liver [32,50,51]

9.7.3.3.1. GSH is directly involved in the removal of toxic aldehydes and
peroxides and indirectly maintains the reduced state (active form) of vitamins
C and E [55]
9.7.3.3.2. In many studies, NAC was shown to increase GSH levels in hepatic
cells, having, in turn, antioxidant effects in cells. It increased the protection

116

capability of hepatic cell, since the exhaustion of GSH is often seen as a
consequence of the increased OS and inflammation [78]. NAC stimulates also
the activity of cytosolic enzymes involved in GSH request, such as GSH
reductase (GR) [53]
9.7.3.3.3. GSH acts in the detoxification of electrophilic xenobiotic
compounds, modulation of the redox regulation in signal transduction, of the
of immune response, metabolism of prostaglandins and leukotrienes, of
neurotransmitter signaling, of modulation of cell proliferation, among others
[40]
9.7.3.4. NAC is a reducing agent stronger than cysteine and GSH, showing a
more negative redox potential in 63 and 106 mV vs. Orion 9103BN semi-micro
combination electrode, than the GSH/GSSG redox couple and Cys/Cys-Cys,
respectively [58].

9.7.3.4.1. NAC acts in the detoxification of ROS produced by leukocytes [60]
and is able to chelate transition metals such as Cu2+, Fe3+ and heavy metals
such as Cd2+, Hg2+ and Pb2+ [61], primarily through its thiol side chain to
form complexes, which are easily excreted from the body, being removed
from the intra- and extracellular media [40].
9.7.3.4.2. It was first reported to have clinical benefits in the early 60ties,
when it was observed that NAC had a mucolytic agent effect in patients with
cystic fibrosis [52]

117

9.7.3.4.3. In the liver, NAC, quickly, integrates peptides for the generation of
proteins and a diversity of metabolites [58,67,68].
9.7.3.4.4. Positive results were observed with the use of NAC in animal
models [73] and in clinical trials [74] and has been used in the treatment of
various disorders, such as intoxication [40], cardiac ischemia-reperfusion (I/R)
injury [75], chronic obstructive pulmonary disease (COPD) [59], bronchitis
[50], HIV [76], psychiatric disorders [77], and others
9.7.3.4.5. Regarding apoptosis, Lin et al. (1997) [83] demonstrated the
protective effect of NAC against apoptosis induced by peroxynitrite (ONOO´)
by modulating levels of O2¨´ and H2O2. Zaragoza et al. (2000) [84] reported
that NAC has been used to protect against cocain-induced apoptosis by
upregulation of antioxidant enzymes such as SOD (Mn-SOD and Cu/Zn-SOD),
GPx and CAT

9.7.3.4.5.1. NAC also inhibits the production of NO¨ by the inducible form of
iNOS and IL-6 by cells of the immune system [80]. Pathophysiological effects
are observed when NO¨ levels are elevated, due to its interaction with O2 or
O2¨´ [94]
9.7.3.4.5.2. studies in rat livers and human cells have suggested that NO¨
has the capacity to induce apoptosis [95] and that caspase-8 gene
expression induced by NO¨ could contribute to cell death [96].
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9.7.3.4.6. In acute toxicity, the oral LD50 in mice and rats was determined to
be greater than 6000 mg/kg body weight (b.w.). In the studies that observed
the sub-acute and sub-chronic toxicity, oral administration from 2000 mg/kg
b.w./day over 4 weeks in male and female Sprague-Dawley rats and 1000
mg/kg b.w./day over 28 weeks in male and female Sprague-Dawley rats did
not affect behaviour, body weight gain, hematology, hepatic and renal
function, prothrombin and bleeding time.
9.7.3.4.7. Other beneficial effects of NAC are:

9.7.3.4.7.1. (1) reduction of disulfide bonds of the protein, disrupting its
links and changing their structures, which may explain its activity in TNF-α
blocking by reducing the affinity for the receptor [79,80];
9.7.3.4.7.2. (2) regulation of cell cycle and apoptosis [81];
9.7.3.4.7.3. (3) anti-neoplastic and anti-mutagenic activity, including
electrophilic metabolic blocking, either from endogenous or exogenous
origin [82];
9.7.3.4.7.4. (4) modulation in gene expression and signal transduction;
9.7.3.4.7.5. (5) modulation of the immune system and mitochondrial
functions [40].
9.7.3.5. NAC has shown immunomodulatory activity, improving immune
functions such as chemotaxis of leukocytes and reducing levels of TNF-α and IL-8
[40], cytokines that attract inflammatory cells and increase oxidant production
by these cells [86]
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9.7.3.5.1. As certain immune properties are very sensitive to OS, even a
moderate decrease in the intracellular GSH levels has important consequences
for a variety of leukocyte functions, especially the more sensitive such as T
lymphocytes proliferation and NK activity, dependent on IL-2 [53]
9.7.3.5.2. NAC suppresses NF-κB activation and subsequent cytokine
production [90,91]
9.7.3.5.3. NAC blocks TNF-α activation of NF-κB regardless of their antioxidant
activity, causing structural changes in the TNF-α receptor which reduces its
receptor affinity α [80].
9.7.3.5.4. NAC inhibits the expression of vascular cell adhesion molecule 1
(VCAM-1), a member of the immunoglobulin superfamily, by inhibiting the
binding of NF-κB to the VCAM-1 κB motif [87]. VCAM-1 regulates T-cell
recruitment and allows that the inflammation persists, giving a survival signal
for lymphocytes [88]

10. Coronary

See Also: NAC was chosen as an antioxidant to modulate hepatic I/R injury as it is
routinely administered to patients with acute liver failure secondary to acetaminophen
(paracetamol) overdose [33], and has been used in other clinical conditionswhere oxidant
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damagewas the putative or known mechanism of injury, such as ARDS (acute respiratory
distress syndrome) [34] and I/R after cardiac surgery [35]
10.1. Assessment Effect of N Acetyl Cysteine on Liver Function Test in Patient with
Elective Coronary Artery Bypass Grafting with Cardiopulmonary Bypass

Assessment Effect of N Acetyl Cysteine on Liver Function Test in
Patient with Elective Coronary Artery Bypass Grafting with
Cardiopulmonary Bypass
Mohammad Fathi1, Maryam Baniani1, Mohammad Forouzeshfard2, Samira Rajaei3, Kamran Ghods4, Ali
Dabbagh1*
Abstract
Background: Liver ischemic insults are important sources of liver injuries
leading to production of reactive oxygen species (ROS) and mediating liver cell
injury. Glutathione mediated mechanisms are among the most important
defense mechanisms of the liver; N-acetylcysteine (NAC) provides cysteine for
glutathione defense mechanisms. Patients undergoing cardiac surgery are at
increased risk of liver ischemia. This study was performed to assess the role of
NAC in prevention of liver ischemia.
Materials and Methods: In a double blind, randomized clinical trial, 90
patients entered the study in two groups (45 in each). Patients in the NAC
group received 150 mg/Kg NAC after induction of anesthesia and the other
group, the same volume of placebo. Serum levels of aspartate aminotransferase
(AST), Alanine aminotransferase (ALT) and bilirubin were checked before
and after the surgery. ANOVA was used for data analysis and p value less than
0.05 was considered statistically significant.
Results: No difference between the two groups regarding basic variables;
however, the postoperative values of AST and ALT were lower in the NAC
group with statistically significant difference. Also, postoperative levels of
total bilirubin were lower in the NAC group compared with the control group;
a statistically significant difference.
Conclusion: Patients undergoing CABG are advised to receive prophylactic
150 mg/Kg NAC to improve their postoperative levels of AST, ALT and
bilirubin.
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10.1.1. Liver ischemic insults are important source of liver injuries; mainly
through inflammatory pathways and oxidative stress chain of injury which leads
to production of reactive oxygen species (ROS); these ROS's mediate endoplasmic
reticulum stress response leading to liver cell injury
10.1.2. N acetyl cysteine (NAC) provides cysteine for defense mechanisms exerted
by glutathione. NAC has similar structure with cysteine, being an appropriate
lysine releasing agent which supports the glutathione mediated protective
mechanisms.
10.1.3. Serum levels of Aspartate aminotransferase i.e. AST (formerly known as
SGOT) and Alanine aminotransferase i.e. ALT (formerly known as SGPT) are still
among the very sensitive and predictive biomarkers of liver injury.
10.1.4. Postoperative values of total bilirubin, AST (Aspartate aminotransferase)
and ALT (Alanine aminotransferase) were lower in the NAC group with statistically
significant difference.
10.1.5. Patients undergoing Coronary Artery Bypass Grafting (CABG) are advised
to receive prophylactic 150 mg/Kg NAC

The results from these studies are conflicting and a consensus is yet to be
reached regarding the merits or otherwise of NAC in the antioxidant
setting.
A key conclusion is a reinforcement of the concept that NAC should not be
considered to be a powerful antioxidant in its own right: its strength is the
targeted replenishment of GSH in deficient cells and it is likely to be
ineffective in cells replete in GSH.
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