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Preface

I work in the field of autism where effective treatments are few and treatment targets
are still ill defined. One principle when looking for a potential effective treatment,
especially for children, is to assure safety of the treatment because the young body
is vulnerable and because the treatment, if effective, could be required lifelong. My
journey into treating children with autism led me to an interest in metabolic disorders that affect the nervous system. I met Dr. S. Jill James and Dr. Stephen Kahler
at a scientific think-tank on autism. They introduced me to redox regulation abnormalities associated with autism as well as treatments to improve these abnormalities. We were very excited when Dr. Antonio Hardan published his double-blind
clinical trial on the use of N-Acetylcysteine (NAC) in autism that supported our
premise that targeting redox metabolism could improve important symptoms associated with autism. Dr. Hardan’s article showed that NAC could reduce a common
symptom associated with autism called irritability. This is extremely important
since the primary treatments for irritability are antipsychotic medications, which
can have significant adverse effects to general health both in the short and long term.
As I began to learn more about NAC, I found the wide variety of diseases it could
treat, leading to our collaboration with Dr. Michael Berk and the systematic review
published in Neuroscience and Biobehavioral Reviews on the use of NAC in neurology and psychiatry. One of the amazing things that we noticed when reviewing the
clinical literature was the safety of NAC, allowing it to be applied to many disorders. This led to a more expanded work that is this book.
This book is divided into three parts. First, we have the honor to have Dr. Leonore
A Herzenberg, one of the pioneers of redox physiology and NAC, to write a history
of the use and development of NAC from her perspective. Second is a series of
chapters on the role of NAC in important physiological processes, including redox
metabolism, neurotransmitter systems, mitochondrial function, apoptosis, and
inflammation, from a basic science point of view. Lastly the book has a series of
clinically oriented chapters that comprehensively review the literature on important
disorders in which NAC has been found to be effective, including toxicity and neurological, psychiatric, renal, pulmonary, cardiovascular, and gastrointestinal disorders. The clinical evidence that NAC alters biological processes in the clinical
setting is also reviewed. Another chapter led by Dr. Leonore A Herzenberg is also
presented to suggest that the effectiveness of NAC may signal a new medical phenomenon that may be an important part of many diseases, glutathione deficiency.
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viii

Preface

Lastly we review the studies on the pharmacology and adverse effects of
NAC. Overall we hope this book will give the reader a broad introduction into this
interesting medical treatment.
Phoenix, AZ, USA

Richard Eugene Frye
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Part I
Introduction

1

History of N-Acetylcysteine
Leonore A. Herzenberg

1.1

N-Acetylcysteine, the Antidote to Acetaminophen
Overdose

N-Acetylcysteine (NAC)1 is a well-known and universally accepted antidote to acetaminophen (APAP; Tylenol, paracetamol) poisoning. Currently in stock in virtually
all hospitals and emergency medical facilities throughout the world, NAC has been
administered to literally thousands of patients who walked out of their care facilities
alive and healthy despite having intentionally or accidentally ingested lethal
amounts of APAP.
However, because NAC is readily oxidized to foul-tasting products, it can
develop a foul smell that patients commonly find repulsive. I’ve lost count of the
number of physicians who told me “horror stories” about having to convince people
who have overdosed on APAP to swallow this life-saving brew.
Nowadays, this scenario is avoided for most APAP overdose patients by giving
them NAC intravenously under controlled conditions that allow ready treatment of
side effects due to introduction of NAC in this manner. Further, NAC manufacturers
have succeeded in producing and packaging NAC under conditions that are fairly
successful in minimizing its oxidation, and the oxidation of any impurities, to
decrease the foul-tasting contaminants in the product when it has to be given orally.
These improvements have greatly simplified and improved the treatment of accidental and intentional APAP overdose, which unfortunately still continue to be a
serious public health hazard (Green et al. 2013).

1

Pronounced either as the homophone for the word “knack” or spelled out as the letters “N-A-C”

L. A. Herzenberg
Department of Genetics, Stanford University, Stanford, CA, USA
e-mail: leeherz@stanford.edu
© Springer Nature Singapore Pte Ltd. 2019
R. E. Frye, M. Berk (eds.), The Therapeutic Use of N-Acetylcysteine (NAC)
in Medicine, https://doi.org/10.1007/978-981-10-5311-5_1

3

4

1.2

L. A. Herzenberg

Unintentional Acetaminophen Overdose

Intentional overdosing with APAP is relatively common, particularly among
teenagers. However, such overdosing is only a part of the APAP overdose problem. Several years ago, I was alerted to this when James Andrus, then a young
pediatric intensive care physician with whom we did collaborative studies, came
into our laboratory looking thoroughly miserable. He told me that he had just
admitted the “sweetest little girl,” who was rapidly losing liver function for
unknown reasons and was likely to die in less than a week unless he could figure
out what was going wrong. A few hours later, Jim came back and told me he had
decided that although there was no obvious justification, he was going to put the
patient on NAC therapy, treating her as if she was suffering from APAP overdose.
The therapy started, the child began rapidly began to recover, and was out of the
hospital in a week or two.
Jim was delighted, but he really wanted to know what actually caused the liver
disease. After a little detective work speaking with the child’s family, he ascertained
that she was accidentally overdosed with APAP, which is present in most of the
over-the-counter (OTC) cold, cough, fever, and headache medications that her family had given her. In essence, she had been suffering from a fairly intense flu-like
illness and her parents and grandparents had, over several days, successively given
her a large number of APAP-containing OTC medications, individually labeled as
useful for reducing one or another of the symptoms of the illness (fever, sore throat,
headache, etc.). After several days of this well-intentioned treatment, the child’s
liver began to fail. She quickly wound up in the hospital with unexplained liver
failure, from which Jim’s guess about unintentional APAP overdose and his treatment with NAC rescued her.
This is an extreme example. However, the widespread presence of APAP in common OTC medications means that inadvertent overdosing with this drug may be far
more common than recognized. Basically, while most physicians are well aware of
the dangers of APAP overdose, few recognize how ubiquitous APAP is in OTC
medications, how important it is to maintain the total APAP exposure within
allowable limits, and how low those allowable doses should be. Thus, one important
outcome of the publication of this volume should be to sound the call for focus on
glutathione (GSH)-depleting medications and diseases and to make pediatricians
and physicians in general more aware of both the serious consequences of APAP
overdose and the value of treating with NAC where appropriate.
This kind of thinking also raises the question of whether the increase in pediatric
APAP use in the United States (US) and several other countries over the last several
decades might have contributed to the increased incidence of autism (Tirouvanziam
et al. 2012) and other diseases to which “oxidative stress,” a corollary of decreased
GSH, may contribute (Atkuri et al. 2007). I have seen several studies focused in this
way. However, there is certainly good reason to put more effort into examining and
documenting the relationship(s) between APAP usage and APAP-caused diseases
and conditions.
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Over-the-Counter NAC

Ingested NAC is rapidly deacetylated by first-pass metabolism to yield the amino
acid cysteine, which accumulates in the liver as such and is also incorporated into a
key tripeptide, GSH (γ-glutamylcysteinylglycine). GSH, cysteine, and methionine
(which can be converted to cysteine) then accumulate in the liver and are doled out
to the rest of the body as needed for protein synthesis and for maintenance of GSH
levels in cells. Thus, the Food and Drug Administration (FDA) classifies NAC as a
nutraceutical, even though it is clearly used for medicinal purposes.
Much of the NAC sold in health food and similar food or drug stores today is
packaged in containers that are not designed to protect NAC from air oxidation, and
hence deliver increasingly more di-NAC as packages age, particularly when opened.
I know of two companies, Zambon Pharma (Italy) and BioAdvantex (Canada and
US) that currently produce and package NAC in ways to minimize oxidation.
Zambon offers NAC as Fluimucil tablets, packaged in relatively small tubes that
minimize NAC exposure to air; BioAdvantex offers NAC as PharmaNAC, effervescent “fizzy tabs” that readily dissolve in water, juice, or soda and are individually
packaged in sealed foil packets to minimize exposure to air. Both companies have
supplied NAC and placebo for clinical trials in our laboratory and elsewhere.2
To my knowledge, despite the growing use of NAC in medical practice discussed
in this volume, neither these nor any other NAC-producing company has yet mounted
a serious NAC-APAP production effort aimed at providing a safer APAP product.

1.4

NAC-Acetaminophen: Formulate the Antidote Along
with the Drug?

The FDA, of course, is well aware that APAP overdose is a public health hazard. On
at least two occasions, they have decreed a reduction in the allowable APAP dosage
in OTC medications. This has certainly been helpful, but unintentional overdose is
still a problem.
Of course, one could ask, since NAC has been found to be a safe antidote to
APAP toxicity, “why not prevent acetaminophen overdose problems altogether by
mandating that each acetaminophen tablet be formulated with enough NAC to prevent the ingested acetaminophen from significantly decreasing patient glutathione
levels?” I’m not sure whether this issue has been discussed by any of the major
APAP producers, who perhaps lack an incentive to point out that their APAP products may be toxic at doses that fall far short of typical toxic APAP overdosing.
2

Disclaimer: In accord with our university policy, we have cooperated with BioAdvantex in the
development of several patents for NAC use in HIV and other diseases and have worked on clinical
trials with both Zambon and BioAdvantex. Some of these patents have been issued; none have as
yet secured FDA approval for clinical (or other) uses. Other groups conducting studies discussed
in this volume have worked, I believe, with other NAC sources
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The failure to field (or mandate) marketing of a NAC-APAP product may also be
explained by a relatively short shelf life of reduced NAC, which, unless properly
sequestered, is rapidly oxidized in air to “di-NAC” (NAC-S-S-NAC). Di-NAC has
been reported to be highly pro-inflammatory, and hence its presence, even at low
levels in unprotected NAC formulations, could subvert the anti-inflammatory activity of the NAC monomer. Unfortunately, the larger medical community has not
embraced this understanding of NAC. For example, in a recent very large clinical
trial using NAC, this aspect of protecting the product from oxidation was not
addressed (Weisbord et al. 2018).
The failure to create and market a NAC-APAP product could be due to the bad
sulfurous smell/taste that accumulates when NAC is not properly sequestered and
can often be detected when typical off-the-shelf NAC packages are opened. Any or
all of these reasons could account for reluctance on the part of APAP producers to
coformulate their product with NAC.
Going in the other direction, I raised this coformulation idea with a small company (BioAdvantex.com) that produces and safely packages NAC to protect it
from becoming oxidized. They package the NAC in individually sealed foil packets that minimize NAC exposure to air and thereby prevent significant NAC oxidation and/or generation of foul smells or tastes. The company has sold NAC in
such protective packaging for many years and is the mainstay of many people who
depend on NAC for medical reasons. However, although this company recognizes
the importance of fielding a combined NAC-APAP OTC medication, they have
not yet been able to develop the resources to mount the extensive effort required
to generate and get approval for this NAC-APAP3 product. Thus, at present, there
is no viable source for a properly protected product designed to provide normal
APAP doses along with sufficient NAC to prevent the toxic effects of the ingested
APAP.

1.5

How Did We, Two Basic Scientists, Get Involved
with Considering the Clinical Uses of NAC?

Having studied at Caltech in the mid-1950s, when biochemical genetics was king,
Len (my late husband) and I started out being more familiar with GSH than most of
our current medical and genetics colleagues. Len’s thesis work (and my “tagalong”)
brought us into contact with cytochromes, mitochondria, respiratory pathways, and
the like, and his postdoctoral work (and again, my tagalong work) with Jacques
Monod in Paris studying enzyme (β-galactosidase) induction in Escherichia coli
taught us more basic biochemistry, cell physiology, and genetics.
When we moved to the National Institutes of Health (NIH) so Len could complete
his required “military” service, I continued with bacterial genetics/physiology work
3

In accord with our university policy, we have been joined by this company (BioAdvantex) in the
development of several patents for NAC use in HIV and other diseases. However, neither we nor
BioAdvantex have secured FDA approval for any clinical (or other) uses.
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in Bruce Ames laboratory. Len, however, followed his “dream” and moved to Harry
Eagle’s laboratory, where mammalian cells were being put into culture for the first
time. Joining the effort to craft culture media for these cells, Len found that the cultured cells had a curious need for a metabolite (pyruvate) that they were quite capable
of making. Understanding the biochemistry surrounding this “oddity” and other such
findings in Eagle’s laboratory gave us a solid background for our later explorations
of the interplay between biochemical and genetic mechanisms (including redox) and
the survival, growth, genetics, and function of mammalian cells. Thus, by the time
Len was appointed (and I tagged along) to the faculty of Joshua Lederberg’s newly
founded Genetics Department at Stanford, we were well primed to begin the mammalian genetics and cell biology studies that have occupied us ever since.
Len initially focused on biochemical and drug sensitivity markers expressed by
mammalian cell lines. However, soon after we arrived at Stanford, Lederberg lodged
us in a laboratory next door to where Gus Nossal and Olli Makela were engaged in
proving that “one cell makes only one antibody.” This idea is at the heart of the
Lederberg-Burnet theory of antigen-based selection of cells. At this time, medical
science believed that all antibodies had the same structure, which then folded in different ways to combine with different antigens.
The work going on in the lab next door was too exciting to just pass by. Len suggested that I learn how to immunize mice and measure antibodies. I did, and within a
short time, we were both seduced into in vivo immunology and mouse immunogenetic studies. In the ensuing years, this led to our building the fluorescence-activated
cell sorter (FACS), making monoclonal antibodies to identify, sort, and test immunologically relevant mammalian cells, and to using these antibodies and the cell sorter to
clone CD5, CD8, and other immunologically relevant mammalian genes.
Relevant to the redox focus of this article, Len and his fellows developed a
FACS-detectable reporter gene assay in which they introduced Escherichia coli
β-galactosidase gene (lacZ) under the control of various genetic regulatory elements
(e.g., NF-κB) into cell lines. They then used FACS to measure lacZ cleavage of a
fluorogenic substrate in individual cells as an index of promoter efficacy, enhancer
activity, trans-acting factors, etc. Thus, we were well prepared to determine the
sensitivity of the promoter elements to various stimuli and/or stimulatory conditions, including oxidative stress. Indeed, we later showed, the expression
β-galactosidase (lacZ) reporter gene under the control of NF-κB in these various
promoter constructs increases in cell lines grown under oxidative stress and
decreases when NAC was added to the cultures to reduce oxidative stress (Nolan
et al. 1988).

1.6

Growing Cells at Physiological Oxygen Levels

In our early studies we were not equipped to alter our incubator oxygen levels.
However, modern (“Tri-Gas”) incubators that are now commonly available have the
ability to mix and maintain the concentrations of three gases (O2, CO2, and nitrogen). Nevertheless, most incubators today are still run with only two gases, 5% CO2
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and air, which results in continuously exposing cells to oxygen levels of about 20%.
Since, except for skin and other tissues exposed to air, mammalian cells live at oxygen levels considerably below this (roughly 2–12% oxygen), much of the work with
mammalian cells and cell lines has been done with cells growing under significant
oxidative stress.
Thus, not surprisingly, when cells are grown in incubators maintained at physiological oxygen levels (5–10% O2 in a 5% CO2 “Tri-Gas” incubator), their
responses differ in key ways from that are cells grown in incubators maintained at
room air oxygen levels. For example, sensitivity to apoptosis induction by HIVTat, a widely studied apoptosis inducer, is markedly decreased in cells grown at 5%
O2 versus cells grown at typical incubator oxygen levels (20%). These findings
underscore the importance of taking incubator oxygen levels into account when
interpreting data from cell culture studies, which today unfortunately are largely
conducted at room air.
Adding NAC to cells cultured at 20% O2 can decrease the oxidative stress, as our
early findings with the human immunodeficiency virus (HIV) promoter demonstrated. However, preventing the stress in the first place by lowering the incubator
oxygen levels that approximate those the cultured cells encounter in vivo (generally
5–10%) is likely better in the long run. In fact, in vivo veritas is probably still a good
rule to follow, if experimental goals permit. Keeping incubator oxygen levels in an
appropriate range for the cells being cultured is likely to provide findings more suitable for predicting in vivo behavior of the cultured cells.

1.7

NAC and HIV

Some time after we had developed these constructs discussed above, Len and I
chanced to hear a seminar by the National Institute of Allergy and Infectious
Disease (NIAID) director Anthony Fauci, who reported work done with Mary
Anderson and Alton Meister demonstrating NAC’s interference with HIV replication in cell lines. Since NF-κB was already known to be an important regulatory
element in the HIV promoter, we were immediately energized to use our NF-κB
lacZ reporter line to determine whether NAC would decrease lacZ expression
upregulated in the cell line under oxidative stress. Indeed, as predicted, we found
that adding NAC to the culture downregulated the activity of the NF-κB transcription factor in several reporter constructs, including those in which the HIV promoter controlled lacZ expression.
These findings suggested that ingesting NAC might downregulate HIV expression in HIV-infected individuals. And so began our long and still continuing romance
with NAC as a supplementary source of dietary cysteine necessary not only for
protein synthesis but also for synthesis and maintenance of reduced intracellular
GSH, the primary intracellular antioxidant, a key regulator of intracellular redox
status and, in vitro at least, a key regulator of the HIV activity (Staal et al. 1990).
On hearing the above findings, Fauci and his group rapidly decided to run a quick
(2-week) trial to determine whether NAC would be an antiretroviral drug and hence
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would decrease viral load very rapidly. It did not. Further, although administered at
a high dose, NAC proved to be minimally detectable in circulation shortly after dosing. This failure to detect NAC in the circulation is not surprising, since orally
administered NAC is rapidly metabolized to cysteine once it leaves the digestive
tract and enters the liver. However, together with the failure to rapidly achieve the
desired antiretroviral effect, this apparent lack of NAC’s ability to “get in” was sufficient for Fauci’s group to rapidly cross NAC of the list of potential therapeutics in
HIV infection. This decision paid off, since it ultimately led to the discovery of the
antiretroviral azidothymidine (AZT), which of course went on to become the first of
a series of progressively more effective and less toxic therapeutics for treating HIV
infection.
Of course, orally administered NAC “gets in” since, as indicated above, its
administration is the standard of care for treating toxic APAP overdose. Therefore,
although NAC failed as a rapid antiretroviral, we mustered our resources and established a small, short-term (8-week) placebo-controlled double-blind study to determine what benefit, if any, NAC therapy could bring to HIV-infected patients.
Results from this trial were largely eclipsed by the spectacular results obtained
with AZT, which were published about the time we were ready to publish our
findings. However, our findings established that HIV-infection progressively
decreases intracellular GSH levels, that subjects with CD4 T-cell counts below
200 had the lowest GSH levels, and that NAC restores the diminished GSH by the
end of the 8-week trial period (Herzenberg et al. 1997; Herzenberg et al. 1998; De
Rosa et al. 2000).
We were not confident, or arrogant, enough to set survival as an endpoint for this
trial. However, when we surveyed the survival of the subjects 1–2 years after the
trial, we found that none of the participants with T-cell counts above 200 had died,
that a sizable number with CD4 T-cell counts below 200 had died, and that within
this group, the survival of subjects who received NAC was significantly greater than
those who had received the placebo. Kaplan-Meier analysis added that even the
NAC-taking subjects who died had survived significantly longer than those who
were given placebo.
Our findings with this study were eclipsed by spectacular findings obtained
with AZT treatment, which were published before or around the same time. As a
result, AZT treatment was prescribed for essentially all HIV patients whose survival was at risk. Therefore, there was no justification for continuing our NACHIV studies except as adjunct therapy, for which were unlikely to get support
since the HIV research community largely still believed that orally administered
NAC “does not get in.”
Nevertheless, we were encouraged to go on with our NAC-HIV and other
NAC-redox studies based on the results from our in vitro reporter gene studies
(Herzenberg et al. 1997; Herzenberg et al. 1998; De Rosa et al. 2000), our clinical
trial testing NAC in HIV-infected subjects (Herzenberg et al. 1997; Herzenberg
et al. 1998; De Rosa et al. 2000), and a series of positive anecdotal results reported
by HIV-infected individuals who took NAC. Ultimately, our work and our interests broadened to include findings with NAC treatment in other diseases,
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including our collaborative clinical studies showing positive effects for NAC
treatment in cystic fibrosis (CF) (Tirouvanziam et al. 2006) and autism (Hardan
et al. 2012; Tirouvanziam et al. 2012).

1.8

NAC Treatment in Disease

We had started the above clinical HIV studies in accord with a suggestion by a
German T-cell biologist, Wulf Droge (now deceased), who had conducted a long
series of in vitro studies characterizing the amino acid and other requirements for
T-cell growth and function in vitro. On hearing about this work, a pharmacist who
lived next door to Wulf asked him whether he could suggest anything that might
help his adult HIV-infected son, whose T-cell counts had already diminished markedly as had his ability to help his father in the pharmacy. Wulf reasoned that some
help might be gotten by increasing the dietary intake of certain amino acids that he
found were necessary for T-cell growth in vitro, naming the sulfur-containing amino
acid cysteine as one of these.
The pharmacist, knowing that oral NAC is administered to counter cysteine and
GSH loss in APAP toxicity, responded by questioning whether administration of the
medicinal grade NAC he had in his pharmacy might be useful in restoring his son’s
health. Wulf was not sure, but he agreed that since NAC is not known to be toxic,
the pharmacist should try administering it to his son. Surprisingly, within a short
time of initiating this NAC treatment, the pharmacist’s son regained strength, got
back to work, and remained relatively healthy for some years until other aspects of
HIV disease caught up with him.
Seeing this “miracle,” Wulf decided to tell this story in an open letter to 100
immunologists, with the hope that someone would be encouraged to investigate
NAC as a potential therapeutic for HIV disease. So far as we know, only one laboratory (ours) took this idea seriously at the time. Working, as we were, only a short
distance from San Francisco, we were seeing and hearing close at hand the mounting numbers of HIV deaths in the city. Anything that could help should be
considered.
Bringing this plague even closer to home, we had recently learned that a close
friend, a gay man working as central engineer/investigator on our FACS development staff, was infected with HIV. Therefore, we were very attuned to Wulf’s message suggesting that a nontoxic treatment, NAC, might comfortably contribute to
prolonging life in HIV infection and gratefully accepted Wulf’s offer to send a “care
package” with enough NAC for several months’ treatment for our friend and his
partner.
At the time, our friend was helping his domestic partner through the last stages
of an opportunistic infection and did not want to try anything new for himself or his
partner. However, at his suggestion, we gave the NAC to another gay couple, mutual
friends also moving toward end-stage acquired immune deficiency syndrome
(AIDS). We were surprised and very pleased to see that after a few weeks on NAC
(in addition to their medically approved treatment), both friends felt healthier and
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resumed folk dancing and other activities that their disease had forced them to curtail. When last heard, they had set out on a world tour to “see the places they thought
they would never get to see.”
Our staff member continued to care for his partner through a sad and immensely
painful passing, and was then cut adrift to face his own likely demise. Being quite
knowledgeable about the horrendous effects of the then early HIV drugs, he decided
not to use any at all. We understood and said we would support him and help him
face the potentially painful consequences of this nonstandard response. However,
we asked him to take NAC regularly and continued to monitor his T-cell counts as
he went along (he had 300–400 CD4 T-cells at the time). His physician was not so
sanguine about his choice, but could do nothing to convince him to do otherwise.
Once our friend started taking NAC, his CD4 T-cell counts stabilized in the 300–
400 range and only fell to around 200 several years later. By that time, less toxic
HIV drugs were available and he decided to take these. Currently, having shifted to
better and better drugs in the intervening years, his CD4 T-cell counts are in the very
desirable 600 range, and he has ridden his Harley to Canada and Alaska multiple
times over the last few years (at this writing he is in Canada enjoying another such
ride). Importantly, those of us using FACS have all benefited from his continued
good health, since over the years, he has developed FACS/Desk and other innovative mathematics and software that collectively underlie the current FlowJo FACS/
CyTOF data analysis program (FlowJo.com) and his/our own CytoGenie software,
which provides innovative, statistically based software for FACS/CyTOF data analysis and visualization.
Anecdotal stories like this of course mean very little. Clearly, we would love to
see whether a properly controlled trial for NAC as adjunct therapy for HIV would
confirm our observations. However, the likelihood of such a trial happening in the
near future seems slim indeed in the current world. Therefore, since NAC is not
toxic, we content ourselves with recommending that HIV-infected individual supplement a good diet and medication regime with NAC, properly packaged to prevent it from being oxidized while “waiting on the shelf” to be ingested.
Nevertheless, we still continued to measure GSH levels in T-cells from HIVinfected people and to correlate these levels with disease parameters. We also developed a more facile test for determining GSH levels in HIV-infected patients and
correlating the measured levels with survival. Using this test, we found again that
GSH levels decrease as patient conditions deteriorate.

1.9

Contrast Nephropathy

Several years ago, our colleagues and us attempted to put together a comprehensive
review of NAC uses in the clinic. It proved to be a gargantuan task, well beyond
what we could manage, and the data available at the time was far too sparse.
Nevertheless, we did learn some useful things, particularly about what has now
become the fairly routine use of NAC to prevent the development of contrast dyeinduced nephropathy in patients scheduled for various radiological procedures.
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A survey of the literature available at the time (ca 2010) revealed a striking
dichotomy in the reported results, some studies showing clear success in the NAC
versus placebo groups, while others showed no differences at all. Broken down
further into the study locale, we surprisingly found that studies conducted in Europe
were far more likely to show that NAC is successful in preventing nephropathy than
studies conducted in the US.
We never arrived at a satisfactory explanation for this observed difference. The
patient groups and the trial protocols seemed comparable in the two locales.
However, there was likely to have been key differences in the source of the NAC
used in the two studies. That is, NAC is commonly used in Europe to treat asthma
and a variety of other conditions and hence is packaged and sold under stringent
conditions that mitigate against inclusion of oxidized NAC in the product. In contrast, in the US, relatively palatable NAC is commonly sold in health food and other
stores that pay little attention to whether care is taken to prevent oxidation of the
NAC, either before or after packaging. Since oxidized NAC can be expected to act
antithetically to reduced NAC, the differences in study results could well be
explained by differences in the oxidative state of the NAC at the time of treatment.
Because of this, we used NAC that was properly packaged according to European
standards in our studies.
This explanation occurred to us as we collated the data for the contrast nephropathy section of the review we were trying to write. However, although we sent letters
and made phone calls requesting specification of the source of the NAC used in the
various studies, and although we followed up on most of these requests, we did not
receive useful answers from most of the authors of the published studies. Thus,
while we believe the source of the NAC and its likelihood of being oxidized may
explain the differences in outcomes in these studies, we have no direct evidence to
substantiate this claim.
Nowadays, despite the earlier conflicting results, physicians in the US commonly recommend taking NAC some hours prior to exposure to contrast dyes.
Fortunately, because they tend to actually prescribe the NAC, it will usually be
obtained from a reputable pharmacy that will fill the prescription with pharmaceutical grade NAC used also to treat APAP overdose. Thus, the prescribed NAC may
taste terrible, but will likely be safe and efficacious. In Europe, in contrast, NAC is
routinely produced under European standards and packaged to prevent or at least
minimize oxidation. Thus, it is available from reputable companies (e.g., Zambon,
Inc.). In the US, BioAdvantex sells European-produced NAC, mainly via mail or
web order.

1.10

Cystic Fibrosis

Some time ago, Dr. Rabindra (Rabin) Tirouvanziam, working in our laboratory,
decided to determine whether NAC would be useful for treating cystic fibrosis (CF).
Teaming up with Drs. Richard (Rick) Moss and Carol Conrad from the Stanford
Medical School CF Clinic, Rabin initially organized a Phase 1 trial that was
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supported by the US FDA orphan drug unit. Using NAC supplied by BioAdvantex,
Rabin and Carol obtained positive Phase I results and embarked on organizing a
Phase 2 trial testing NAC efficacy in treating CF.
Here, the story becomes more complex. Carol Conrad, who leads the CF clinic
at the Stanford Medical School, became the principal investigator for the planned
multicenter trial, with Rick Moss as consultant. Carol and Rabin went to visit the
CF foundation to request help and advice in setting the trial guidelines and determining the trial endpoint(s). Richard Moss, who has led the Stanford clinical
effort in CF for years, and I (a non-clinician) were pleased that our younger colleagues were “carrying the ball” and left them to it. We did not visit the foundation with them.
At the end of the day, Carol and Rabin sifted the advice they received from the
foundation and established a defined magnitude change in sputum human neutrophil elastase (HNE) activity as the primary endpoint. As secondary endpoints, they
specified a change in forced expiratory volume in 1 s (FEV1) and other clinical lung
function measures that are commonly considered unlikely to change significantly
during trials. They also specified the safety and tolerability of NAC and the potential
of NAC to promote pulmonary hypertension in subjects with CF as additional
endpoints.
The results from this trial proved to be quite surprising. Although HNE is considered to be a good CF clinical endpoint, there was no significant difference between
the NAC-treated and placebo control groups. On the other hand, FEV1 increased
significantly in the treated group but stayed constant or fell somewhat in the placebo
control (Conrad et al. 2015). Since an increase in FEV1 is extremely rare in CF
patients, this latter finding suggests that NAC is indeed beneficial for the treated
patients.
Ideally, this study should be repeated with FEV1 as the primary endpoint.
However, CF is classified by the FDA as an orphan disease, meaning there are too
few patients to be able to conduct and repeat trials. In essence, the CF patient pool
is probably not large enough to enable recruitment for a second trial, particularly
since many CF patients heard about our results and are now “self-dosing” with
NAC, which is available OTC in the precise individually sealed packaging used for
the trial.
We plan to query the FDA to determine how to move forward within the confines
of this result. However, the likelihood is that NAC treatment in CF will be left up to
individual physicians and their patients, who will have to find and purchase properly
packaged NAC and find the funds to support NAC treatment in the absence of FDA
approval and hence the consequent lack of insurance funding for the treatment.

1.11

Autism

One day, as our NAC studies proceeded, a senior administrator in the Stanford
Immunology Program came by and asked me whether I thought NAC treatment
could be useful in autism. Knowing that she had two autistic children, I didn’t
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simply brush off the query but discussed the issue with her. She told me about
another Stanford Medical School professor who had a child who was much less
affected than her boys and suggested he might be interested in trying NAC with his
son. Since NAC is not known to be toxic, I suggested that I could procure Europeanstyle NAC (as it has come to be known) if the faculty member she spoke about was
interested. She then invited this professor to meet me to discuss the issue.
When we met, I outlined what I knew about NAC and said that I would be willing
to procure the NAC if the NAC treatment were done under the eyes of an autism
specialist. This was readily arranged since the child’s current physician was just
such a specialist. Over time, the NAC treatment appeared to have beneficial effects
for the child, leading Dr. Antonio Hardan in the Stanford Pediatrics autism group to
establish a serious placebo-controlled, double-blind clinical trial testing NAC for
efficacy in autism, which proved successful in that the treatment group showing
improvement in key widely used assays of behavioral function (Hardan et al. 2012).
The trial was successful for me in other ways, too, in that Dr. Hardan introduced
me to Dr. Michael Berk, the coeditor of this volume, who, together with his coeditor
Dr. Richard Frye, invited me to wander through my laboratory’s interest in NAC and
redox, and to lightly summarize our path as an introduction to this wonderful
volume.

1.12

Summary

In the sections above, I have outlined some basic and some clinically related findings from the NAC studies we have conducted in our laboratory or encountered in
our travels. The chapters that follow in this book tell a surprising and far broader
story of NAC’s uses than my husband and I would have ever thought possible when
we first began thinking about NAC and NF-κB years ago. Actually, though, we all
should be surprised—surprised that it took us, as a scientific and medical community, so long to recognize the importance of the complex relationship between the
air we breathe and the life we lead. Just because we don’t see air and the oxygen it
contains does not mean we should forget that it is there. This book reminds us of
this, and brings home to us how far we have come, and how much farther we have
to go to understand the processes that together serve the living organism. At least
we, a research and medical community, have now made a strong beginning.
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Neurotransmitter Systems: Glutamate
M. Foster Olive, Gregory Powell, Erin McClure,
and Cassandra D. Gipson

2.1

Overview of Glutamatergic Neurotransmission

Glutamate is the most abundant excitatory neurotransmitter in the central nervous
system (CNS) and is vital for a wide variety of CNS functions. It has been estimated
that up to 70–80% of all synapses in the CNS utilize glutamate for intercellular
communication (Niciu et al. 2012; Zhou and Danbolt 2014) and extracellular concentrations of this amino acid are found in the low millimolar range (Rodriguez
et al. 2013; Bridges et al. 2012). In a typical glutamatergic synapse, glutamate is
packaged into presynaptic terminal vesicles by one of three different vesicular glutamate transporters (vGluT1-3) (Shigeri et al. 2004). Upon arrival of an action
potential at the terminal and mobilization of synaptic vesicles to the active zone, an
estimated 3000–10,000 molecules of glutamate are released into the synaptic cleft
(Clements 1996; Pendyam et al. 2009).
Released glutamate binds with high affinity to one of the three different types of
ionotropic glutamate receptors (iGluRs) that mediate fast excitatory neurotransmission or metabotropic glutamate receptors (mGluRs) that mediate slower, modulatory
transmission (Fig. 2.1). iGluRs include the N-methyl-d-aspartate (NMDA), α-amino3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA), and kainic acid (kainate,
KA) receptor subtypes, each of which are multimeric pore-forming structures composed of varying combinations of individual protein subunits. It has been estimated
that approximately 50–100 iGluRs populate a typical synapse (Takumi et al. 1999).
mGluRs are seven transmembrane domain-spanning G-protein-coupled receptors
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Fig. 2.1 Schematic of a classical glutamatergic synapse. Release of glutamate from presynaptic terminals and/or glial cells binds to and activates iGluRs (NMDA, AMPA, or KA receptors), which in turn
allows the influx of Na+ and Ca2+ ions into the postsynaptic dendritic spine and increases the likelihood
of depolarization. Presynaptic mGluRs, particularly mGluR2/3, regulate the exocytosis of glutamate
via inhibition (−) of second messenger systems such as adenylyl cyclase, and also respond to non-synaptic sources of extracellular glutamate such as system xc- located on astrocytes. Once transported into
astroglia, glutamate is enzymatically converted to glutamine, after which it is transported to the presynaptic terminal for conversion back to glutamate. Intracellular cystine can also be reduced to cysteine,
which promotes the formation of GSH in both neurons and glia, the latter of which is depicted here

(GPCRs) that are subcategorized into Group I (mGluR 1, 5), Group II (mGluR 2, 3),
or Group III (mGluR 4, 6, 7, 8) based on their sequence homologies, pharmacology,
and signal transduction mechanisms. In general, iGluRs tend to be localized on postsynaptic membranes of dendritic spines directly opposed to presynaptic release sites,
whereas mGluRs tend to be located either on the perisynaptic annulus of the spine or
on presynaptic terminals as inhibitory autoreceptors or heteroreceptors (Fig. 2.1). It
should be noted that the mGluR6 receptor subtype is not found in the brain or spinal
cord but is exclusively expressed in the retina. While traditionally it was believed that
glutamate receptors were primarily localized to regions immediately surrounding
sites of synaptic glutamate release, there is now clear evidence for localization of
iGluRs and mGluRs on extrasynaptic sites as well as glial cells such as astrocytes
(Fan et al. 2014; Garcia-Junco-Clemente et al. 2005; Huganir and Nicoll 2013;
Parpura and Verkhratsky 2013), making up the tripartite synapse (Fig. 2.1).
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It should be mentioned that both neurons and glia synthesize considerable
amounts of the endogenous antioxidant glutathione (GSH). This thiol-containing
tripeptide exerts neuroprotective effects against damage from reactive oxygen and
nitrogen species such as hydrogen peroxide and peroxynitrite and is synthesized
from glutamate, glycine, and the rate-limiting substrate cysteine (Bridges et al.
2012). As will be discussed below, in addition to its ability to regulate glutamatergic
neurotransmission, NAC elevates brain cysteine levels that promote the formation
of GSH.

2.2

Regulation of Extracellular Glutamate Levels by
Autoreceptors and Glutamate Uptake

Glutamatergic signaling requires a high level of coordinated activity between
neurons and astrocytes, and it has been established that the vast majority of
extracellular glutamate is derived from vesicular and non-vesicular release from
astrocytes rather than neurons (Rodriguez et al. 2013; Baker et al. 2002a;
Danbolt et al. 2016; Baker et al. 2002b; Bridges et al. 2012; Moussawi et al.
2011). Its obligatory role in fast excitatory transmission, as well as the need to
safeguard cells against excitotoxicity, requires numerous mechanisms to regulate extracellular glutamate concentrations and achieve glutamate homeostasis
(Kalivas 2009). One such mechanism is via activation of presynaptic inhibitory
metabotropic autoreceptors, typically mGluR2/3 receptors, but also through
various members of the Group III mGluR family (Fig. 2.1). Upon stimulation by
extracellular glutamate, these receptors inhibit the activity of adenylyl cyclase
(AC), leading to the reduced formation of cyclic adenosine monophosphate
(cAMP), which affects numerous downstream targets (e.g., potassium channels
and vesicular release machinery) that ultimately reduce subsequent presynaptic
glutamate release.
Another key player in the regulation of glutamate homeostasis is the family of
sodium-dependent excitatory amino acid transporters (EAATs) (Shigeri et al. 2004;
Divito and Underhill 2014; Danbolt et al. 2016; Moussawi et al. 2011). It has been
estimated that collectively, EAATs are expressed in a density of 10,000 transporters
per μm2 in the brain, resulting in an uptake capacity of 10 μM/ms (Lehre and Danbolt
1998). This high level of glutamate uptake results in spatially compartmentalized
extracellular glutamate that limits activation of, or toxicity to, neighboring cells and
synapses. To date, five EAAT isoforms have been identified and are termed EAAT
1–5. However, alternative nomenclatures are frequently used in the literature, such
that EAAT1 is often referred to as glutamate aspartate transporter (GLAST), EAAT2
is referred to as glutamate type 1 transporter (GLT-1), and EAAT3 is referred to as
excitatory amino acid carrier 1 (EAAC1). Different EAAT isoforms are expressed
in different cell types (Fig. 2.2). EAAT1 is primarily localized to glial cells, EAAT2
is primarily localized to glial cells and presynaptic sites, EAAT3 and EAAT4 are
primarily localized to postsynaptic neuronal elements, and EAAT5 expression is
largely restricted to the retina. It is believed that up to 95% of extracellular
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Fig. 2.2 Localization of different glutamate transporter subtypes at a typical tripartite synapse.
EAAT1 is expressed predominantly in astrocytes, EAAT2 is expressed on astrocytes as well as
presynaptic terminals, and EAAT3 and EAAT4 are primarily localized to postsynaptic elements

glutamate is regulated by EAAT2, which constitutes 1% of the total forebrain protein content (Danbolt et al. 2016).

2.3

Regulation of Glutamate Homeostasis by CystineGlutamate Exchangers (System xc-) and NAC

Efflux of glutamate into the synaptic cleft and extrasynaptic space is derived from
several sources. Glutamate release into the synaptic cleft is primarily derived from
presynaptic vesicles (Fig. 2.1), while extrasynaptic glutamate is primarily derived
from non-neuronal cells such as astrocytes, either via calcium-independent vesicular exocytosis (Hamilton and Attwell 2010) or non-vesicular release via the cystine/
glutamate exchanger (system xc-) (Bridges et al. 2012; Massie et al. 2015). Also
known as the cystine-glutamate antiporter, system xc- is comprised of two functional proteins, xCT which serves as the primary molecular exchanger and an
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Fig. 2.3 Actions of NAC on system xc- and its effects on glutamate homeostasis. As a cystine
prodrug, NAC indirectly activates the antiporter to drive glutamate from glial stores into the extracellular space. The resulting increases in extracellular glutamate can then interact with extrasynaptic iGluRs and/or mGluRs. Under conditions of low levels of extracellular glutamate, basal
stimulation of presynaptically localized mGluR2/3 receptors is reduced, resulting in excessive
synaptic release of glutamate. Thus, NAC indirectly activates system xc- to increase extracellular
levels of glutamate, which restores the inhibitory tone on presynaptic mGluR2/3 receptors and thus
reduces presynaptic release of glutamate. As a result of increased system xc- activity, NAC also
increases intracellular cystine levels, which can be reduced to cysteine and thus promote GSH
formation in both glia (shown here) and neurons

auxiliary heavy chain protein termed 4F2hc. System xc- is primarily expressed by
glia and exchanges cystine and glutamate with a 1:1 stoichiometry, transporting one
molecule of cystine into the glial cell in exchange for one molecule of glutamate
transported into the extracellular environment (Fig. 2.3). It is believed that up to
90% of extracellular glutamate, particular that found in extrasynaptic regions,
results from system xc- activity (Massie et al. 2015; Bridges et al. 2012; Baker et al.
2002a). Other endogenous substrates of system xc- include cystathionine and
homocysteic acid.
NAC interacts with system xc- via acting as a cystine prodrug in the CNS, where
it is converted into cysteine followed by dimerization into the more stable cystine,
which then activates the antiporter and drives glutamate from glial stores into the
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extracellular space (Fig. 2.3). In turn, system xc- derived glutamate can then interact
with extrasynaptic iGluRs and/or mGluRs. It is thought that under conditions of low
levels of extracellular glutamate, basal stimulation of presynaptically localized
mGluR2/3 receptors is reduced, resulting in excessive synaptic release of glutamate.
Thus, by serving as a cystine prodrug, NAC activates system xc- to increase extracellular levels of glutamate, which restores the inhibitory tone on presynaptic
mGluR2/3 receptors and thus reduces presynaptic release of glutamate (Fig. 2.3).
Via this mechanism, NAC has been proposed and tested as a possible pharmacotherapeutic for various neuropsychiatric disorders associated with dysregulated glutamate homeostasis, including drug addiction, pathological gambling, psychotic,
mood, and anxiety disorders (Massie et al. 2015; Javitt et al. 2011; Bridges et al.
2012; Berk et al. 2013).
Although NAC primarily influences glutamate homeostasis via acting on system
xc-, there is evidence that NAC also interacts directly with iGluRs. In vitro studies
have revealed that the NAC by-product GSH, particularly in its oxidized form,
inhibits NMDA-mediated increases in intracellular calcium (Gilbert et al. 1991) and
can displace ligand binding from NMDA and AMPA receptors (Leslie et al. 1992;
Varga et al. 1997). However, NAC may not interact with these receptors under normal (non-perturbed) conditions since they appear to be dependent on the presence
of oxidant species and redox state of the receptor (Steullet et al. 2006). Finally, due
to its ability to increase brain levels of cysteine and thus promote GSH formation,
NAC has been proposed as a therapeutic option for treatment of neuropsychiatric
disorders associated with oxidative stress and inflammation such as bipolar disorder, schizophrenia, autism, and perhaps even neurodegenerative diseases including
Alzheimer’s disease (Massie et al. 2015).

2.4

Regulation of Glial Glutamate Transporters by NAC

As mentioned in Sect. 2.3 above, the highly expressed EAAT2 is believed to be
responsible for clearance for up to 95% of glutamate in the extracellular space.
Recently it has come to light that many clinically utilized medications, in addition
to their therapeutic mechanisms of action, also modulate the expression of EAAT2,
thus indirectly affecting glutamate homeostasis (reviewed in Fontana 2015;
Takahashi et al. 2015). Such medications include steroid hormones (dexamethasone, estradiol), anticonvulsants (valproate), antidepressants (amitriptyline), and
β-lactam and other classes of antibiotics (minocycline, ceftriaxone).
Recently, it has been demonstrated that NAC also increases EAAT2 expression.
Knackstedt et al. (2010) found that following self-administration of cocaine, rats
demonstrated reduced glutamate uptake corresponding with decreased EAAT2
expression in the nucleus accumbens, which were restored by repeated treatment
with NAC or ceftriaxone, resulting in reduced relapse-like reinstatement of cocaineseeking behavior. Follow-up studies by Reissner et al. demonstrated that upregulation of EAAT2 in the nucleus accumbens by repeated NAC administration was
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necessary for the ability of this drug to prevent relapse-like behavior (Reissner et al.
2015) and that similar effects were also observed following repeated administration
of the glial modulator propentofylline (Reissner et al. 2014). The mechanisms
underlying the ability of NAC to increase EAAT2 expression are unclear but appear
to be via transcriptional regulation of the EAAT2 gene (Fontana 2015; Takahashi
et al. 2015). Similar effects have been found in experimental models of stroke and
neurodegenerative diseases, suggesting that NAC and other medications that restore
glutamate homeostasis via modulating EAAT2 expression hold promise as therapeutics for CNS disorders that are either caused by or result in dysregulated glutamate homeostasis.

2.5

Possible Regulation of Glutamate Homeostasis
by NAC Analogues

While NAC was originally developed over 50 years ago, it has relatively poor oral
bioavailability, thus requiring higher doses and longer treatment times in order
to produce therapeutic effects. Clinically, this limits its use as a pharmacotherapeutic, and reports of gastrointestinal upset occur due to necessary higher oral
dosing regimens (Berk et al. 2013; Deepmala et al. 2015; Chiew et al. 2016). As
a result, newer structurally related analogues have recently been developed to circumvent these clinical limitations. These analogues include, but are not limited
to, N-Acetylcysteine amide (NACA, also known as AD4), N-Acetylcysteine ethyl
ester (NACET), and N-Acetylcysteine methyl ester (NACMT) (Fig. 2.4). Similar
to NAC, it has been demonstrated that NACA protects neuronal cells from glutamate-induced excitotoxicity (Penugonda and Ercal 2011; Penugonda et al. 2005;
Penugonda et al. 2006), and a recent report indicates that NACA reduces cocaineseeking behavior in rodents (Jastrzebska et al. 2016). However, the ability of these
NAC derivatives to serve as cystine prodrugs and thus exert effects on system xcin the CNS, while likely, has not yet fully been established. As with NAC, these
derivatives also have numerous additional mechanisms of action including copper
chelation, GSH formation, and interactions with various intracellular enzymes.
Thus, their ability to modulate glutamate homeostasis via actions on system xcrequires further study.
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2.6

Summary

NAC affects glutamatergic transmission in the CNS via a multistep indirect process.
NAC is biotransformed into cysteine followed by cystine, which is an endogenous
activator of system xc-, which transports cystine into glial cells in a 1:1 stoichiometry
with glutamate transport into the extracellular environment. Under conditions of dysregulated glutamate signaling, such as when extracellular glutamate levels are low,
NAC can therefore raise extracellular glutamate levels and restore tone on presynaptic mGluR2/3 autoreceptors to dampen neuronal release of synaptic glutamate. While
this mechanism has been studied in detail, less is known about mechanisms that do
not involve system xc-, such as GSH formation and/or direct interactions with
iGluRs. The development of pharmacological and other tools that selectively activate
or inactive system xc- vs. other aspects of glutamatergic transmission will therefore
provide valuable information on the precise molecular mechanisms underlying the
clinical efficacy of NAC in psychiatric and neurological disorders.
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3.1

Introduction

Dopamine is a naturally occurring catecholamine, derived from the amino acid tyrosine and formed by decarboxylation of dihydroxyphenylalanine (l-DOPA).
Catecholamines are comprised of a catechol group with an amine side chain and
include dopamine, norepinephrine, and epinephrine.
Dopamine is a centrally acting catecholamine and is a precursor of norepinephrine and epinephrine. Dopamine exerts its effects via its action on G-coupled
dopamine receptors, D1 through D5, which in turn activate or deactivate adenylyl
cyclase to produce the second messenger cyclic adenosine monophosphate. After
its release from presynaptic vesicles, it either undergoes reuptake or is degraded
by synaptic monoamine oxidase (MAO-A and MAO-B) enzymes to 3,4-dihydroxyphenylacetic acid (DOPAC), which is further converted into homovanillic
acid (HVA) by the enzyme catechol-O-methyltransferase (COMT) (Fig. 3.1).
Reactive oxygen species can convert dopamine into other compounds like dopamine quinones or dopaminochrome which are associated with cytotoxicity and
apoptosis.
Dopamine is a major transmitter in the extrapyramidal system of the brain and
the basal ganglia and important in regulating movement (MeSH 2016). Aberrant
dopaminergic transmission causes problems with memory, attention, and cognition and is implicated in psychotic disorders and schizophrenia. Degeneration of
dopaminergic neurons is also associated with diseases like Parkinson’s and
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Fig. 3.1 Dopamine metabolism

Alzheimer’s. Dopamine plays a significant role in the addiction reward pathway,
originating from ventral tegmental area in the striatum and extending to the
nucleus accumbens. Dopamine plays an important role in regulating prolactin
secretion, processing pain, and mediating nausea in the chemoreceptor trigger
zone as well as in mood, cognition, and behavioral reward. Dopamine also has a
prominent role in the peripheral circulation where it stimulates adrenergic receptors for the cardiovascular system and peripheral vasculature. Stimulation of
dopaminergic receptors in renal vessels leads to renal blood vessel dilation and an
increase in glomerular filtration rate, renal blood flow, sodium excretion, and
urine output (NCIT 2016).
At a cellular level, however, dopamine and its oxidized metabolites are associated with cytotoxicity, apoptosis, and mitochondrial dysfunction through free radical production and depletion of glutathione. Exposure to exogenous or endogenous
toxins may also affect dopamine levels.
N-Acetylcysteine (NAC) acts as an antioxidant and glutathione (GSH) precursor
and has been extensively studied as a potential treatment for a number of psychiatric
and neurological disorders (Deepmala et al. 2015). However, NAC has received
limited research attention as a protective agent against dopamine-induced cell death.
The purpose of this chapter is to examine the association between dopamine and
NAC in animal and cellular studies. Below the methodology for the systematic
search for this chapter is reviewed.
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PubMed search of “acetylcysteine” or
“N-Acetylcysteine” and “dopamine”
N = 301
Clinical/Human Studies
N = 104

Basic Science Studies
N = 197

Significant association between
dopamine and N-Acetylcysteine
N = 38

Animal studies
N = 13

Cellular studies
N = 25

•

•
•
•

No significant role of DA or DA
precursor/metabolites or effects
of NAC on dopamine levels
No abstract available
Review articles
Non-English articles
N = 159

*DA, Dopamine
NAC, N-Acetylcysteine

Fig. 3.2 Study selection flowchart

3.2

Methodology

An online literature search of PubMed from inception through October 2016 was
conducted using search terms “N-Acetylcysteine” OR “acetylcysteine” AND
“dopamine,” which yielded 301 studies. Only basic science studies were included
for the review using the selection criteria “other animals” under species filter. The
resulting 197 studies were screened by title and abstract review to include only
those articles with a predominant role of dopamine or its precursor/metabolites and
clear evidence of association of dopamine and NAC. Publications which did not add
a new or unique perspective, like review articles, along with non-English language
publications and publications with no abstract available were excluded. Finally, 38
studies were included in the chapter summary (Fig. 3.2; Online Table 3.1).
For the sake of clinical relevance, this chapter was divided in sections based on
each study’s potential importance for a certain clinical disorder. Two studies identified potential implications for two syndromes, the first study (Noh et al. 1999) for
Parkinson’s and Alzheimer’s and the second (Bauzo et al. 2012) for amphetamine
and cocaine, and were included in both sections. Each section is further classified
based on the cellular or animal model of the study.
Some of the literature in this chapter may overlap with those in other chapters,
specifically with oxidative stress/redox metabolism, apoptosis, and mitochondrial
disorders. This is due to the basic science nature of these publications, where multiple cellular hypotheses may be explored within a single study.
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3.3

Summary of Systematic Literature Review

3.3.1

Alzheimer’s Disease

Degeneration of catecholaminergic neurons is implicated in the pathogenesis of
Alzheimer’s disease. This cellular study examined the role of catecholamines
including dopamine, norepinephrine (NE), and epinephrine (EP) as modulators of
cortical neuronal death (Noh et al. 1999). Fetal mice cortical cells exposed to high
concentrations of dopamine (>100 μM) and EP/NE (~1000 μM) underwent dosedependent neuronal death accompanied by cell body shrinkage, aggregation and
condensation of nuclear chromatin, and prominent internucleosomal DNA fragmentation. Pretreatment with NAC (100 μM) protected neurons from dopamineinduced toxicity. An additional interesting finding in this study was that at lower
doses, all catecholamines (1–30 μM) mitigated free radical-mediated (ferrous
iron, Fe2+, or hydrogen peroxide, H2O2) necrotic death of cortical neurons. The
results of this study suggest a possible antioxidant role of lower-dose catecholamines, while exposure to higher doses results in neurotoxicity. Thus, this study
explores further the mechanism of action of dopamine and other free radicals in
the pathogenesis of Alzheimer’s disease and the potential role of NAC in preventing these changes.

3.3.2

Environmental Toxin

The following two studies explore the neurotoxic effects of environmental toxins
and their impact on biogenic amines.

3.3.2.1 Polychlorinated Biphenyls (PCBs)
This cellular study investigated the role of polychlorinated biphenyls (PCBs) in
altering vesicular storage of dopamine, leading to increased levels of unsequestered dopamine and dopamine metabolism, ultimately resulting in increased oxidative stress (Lyng and Seegal 2008). A 24-h exposure of developing rat striatum
and ventral mesencephalon (VM) to environmentally relevant mixture of PCBs
(8 μM) resulted in significant reduction in dopamine and GABA levels. Also,
H2O2-treated positive control cocultures resulted in significant depletion of both
dopamine and GABA. NAC (10 mM) pretreatment alone did not alter PCBinduced dopamine levels. However, NAC did reverse PCB-induced GABA reduction and H2O2-induced reduction in both dopamine and GABA. NAC pretreatment
also attenuated PCB- and H2O2-induced increase in rhodamine (RH-123) fluorescence in both striatum and VM, a marker of oxidative stress. Reduction in total
GSH (reduced glutathione, GSH + oxidized glutathione, GSSG) induced by PCBs
and H2O2 exposure was completely eliminated by prior treatment with NAC. These
results suggest the protective role of NAC in PCB-induced alterations in GABA
levels, oxidative stress, and GSH depletion, but not in PCB-induced depletion of
tissue dopamine.
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3.3.2.2 Tungsten
The effect of sodium tungstate on rat brain biogenic amines as well as on other
neurological alterations was examined in this animal study, along with the ability of
NAC to prevent these changes (Sachdeva et al. 2015). Rats were treated with sodium
tungstate (100 ppm in drinking water) with and without NAC (0.30 mM) orally for
3 months and their brains were dissected and analyzed. Measures of oxidative stress
in rat brain were elevated by administration of tungstate, as indicated by increase in
brain reactive oxygen species (ROS), tissue thiobarbituric acid reactive substances
(TBARS), and GSSG as well as decrease in GSH. Sodium tungstate exposure also
resulted in significant increase in glutathione peroxidase (GPx) and significant
decrease in glutathione-S-transferase (GST) activity, suggesting increased lipid peroxidation in brain regions. These effects were reversed by co-administration of
NAC. Treatment with NAC also resulted in restoration of depleted levels of dopamine, 5-hydroxytryptamine, norepinephrine, and acetylcholinesterase activity
induced by sodium tungstate. Thus, tungsten-induced neurotoxicity mediated by
increase in oxidative stress in rats was prevented by co-treatment with the antioxidant and GSH precursor NAC.
Thus, these two studies examined the dopamine-depleting effects of environmental toxins like PCBs and tungsten, which may be reversed by administration of
NAC.

3.3.3

Ischemic Brain Injury

NAC has been proposed as a neuroprotective agent due to its role as an antioxidant
and reactive oxygen species scavenger. This section reviews two cellular studies
implicating dopamine in the pathogenesis of ischemic brain injury and the role of
NAC in preventing these changes.
The first study assessed the cytotoxic effects of catecholamines, including
dopamine on cultured oligodendrocytes, thought to be preferentially damaged during ischemic brain insults (Khorchid et al. 2002). Exposure of both oligodendrocyte progenitors and 12-day differentiated oligodendrocytes to dopamine (150 or
500 μM) resulted in a significant decrease in cell viability as measured by MTT
assay, a marker of mitochondrial integrity, and also resulted in marked decreases
in intracellular GSH levels. Pretreatment with NAC (1 mM) 30 min prior to dopamine exposure prevented cell death as assessed by MTT reduction and reversed the
decrease in GSH levels, thus suggesting a role of oxidative stress and ROS generation in dopamine-induced cytotoxicity. Dopamine-mediated oxidative stress,
as measured by expression of HO-1 protein in both oligodendrocyte progenitors
and mature cells, was reversed by pretreatment with NAC (1 mM). NAC also prevented dopamine-mediated activation of caspase-3 and caspase-9 and cleavage of
poly(ADP-ribose) polymerase (PARP; caspase-3 substrate), which are molecular signals of apoptosis of oligodendrocyte progenitor cells, thus pointing toward
a role of ROS generation in apoptosis. These effects were more pronounced in
oligodendrocyte progenitors as compared to mature cells. TUNEL assay allows
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for quantification of apoptotic cells. Exposure of progenitors and differentiated
oligodendrocytes to dopamine resulted in an increase in TUNEL-positive cells.
However, treatment with NAC (1 mM) prior to dopamine exposure abolished this
increase in TUNEL-positive cells, thus implicating the role of oxidative stress in
dopamine-induced apoptosis.
Another study examined mechanisms of cell death in cultured rat forebrain neurons by dopamine and glutamate since increased levels of these neurotransmitters
are seen during ischemic damage to the brain (Hoyt et al. 1997). Dopamine (250 μM
for 2 h)-induced apoptosis as measured by changes in nuclear morphology was
completely prevented by pretreatment with NAC (100 μM). NAC attenuated toxicity, even when it was administered after dopamine exposure. However, glutamate
(100 μM for 5 min)-induced excitotoxicity was not prevented by NAC (100 μM)
treatment. NAC (100 μM) also did not prevent toxicity when administered after
combined dopamine and glutamate exposure. Exposure of neurons to neurotoxic
concentrations of dopamine resulted in dopamine being covalently bound to cellular
proteins, and treatment with NAC (100 μM) completely inhibited this reaction. The
ability of NAC to inhibit toxicity, even after dopamine-induced modification of cellular protein, suggests that NAC is able to reverse dopamine-induced cell death or
that NAC is able to prevent other downstream events that result in toxicity. Exposure
to dopamine induced increased intracellular Ca2+ in a subset of responsive neurons.
The presence of NAC (100 μM) did not inhibit dopamine-induced increase in intracellular Ca2+, suggesting that dopamine-induced neurotoxicity is mediated by
mechanisms other than increase in intracellular Ca2+ levels.
Thus, NAC was able to mitigate the damage to cultured brain cells induced by
ischemia in the above two cellular studies.

3.3.4

Parkinson’s Disease

3.3.4.1 Animal Studies
Parkinson’s disease involves degeneration of the nigrostriatal dopaminergic neurons. Various toxins are implicated in this neurodegenerative process. This section
explores the impact on dopamine levels of exposure to various endogenous or external toxins in animal model of Parkinson’s disease and the potential role of NAC in
attenuating these effects.
A recent study examined the role of 2,3,5,4′-tetrahydroxystilbene-2-O-betad-glucoside (TSG) in preventing MPTP-induced neurotoxicity in mice, an action
similar to NAC (He et al. 2015). Co-administration of either TSG or intragastric
NAC (32 mg/kg for 14 days) significantly improved behavioral performance of
MPTP-treated mice in pole test and open field test. TSG and NAC also reversed
MPTP-induced decrease in dopamine, DOPAC, and HVA levels. In addition,
treatment with MPTP resulted in loss of TH-positive cells, increased generation
of ROS, phosphorylation of JNK and P38, increased bax to bcl-2 ratio, increased
protein expression of cytochrome c and smac, and increased levels of cleaved
caspase-3, caspase-6, and caspase-9. Co-treatment with TSG or NAC prevented
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these cytotoxic effects of MPTP. NAC was used as a positive control in this
study, and TSG showed similar protective effects as NAC in attenuating MPTPinduced neuronal damage.
Another study published the same year investigated the role of NAC in reversing
rotenone-induced changes in dopaminergic areas of rat brain in an animal model of
Parkinson’s disease (Rahimmi et al. 2015). Rotenone induced motor dysfunction in
rats as measured by rotarod, rearing, and bar tests; these behavioral effects were
reversed by pretreatment with NAC (25 and 50 mg/kg/48 h, i.p.). Administration of
NAC also reversed the decrease in dopamine levels in rat brain substantia nigra seen
with administration of rotenone, but this effect of NAC was not significant in the
striatum. Cytosolic proteins like parkin and Drp 1 (dynamin-related protein-1) are
involved in mitochondrial dysfunction and are implicated in the neurodegenerative
process in Parkinson’s. The control group showed a significant decrease in parkin
levels in both substantia nigra and striatum and significant elevation of Drp 1 in the
striatum as compared to the rotenone-treated group. NAC (25 and 50 mg/kg/48 h,
i.p.) pretreatment reversed the decrease in parkin and elevation in Drp 1 levels in rat
dopaminergic neurons. This study demonstrates the potential neuroprotective role
of NAC in an animal model of Parkinson’s disease.
A study investigated the involvement of zinc (Zn)- and/or paraquat (PQ)-induced
dopaminergic neurodegeneration in a rat model of Parkinson’s disease (Kumar et al.
2012). Male Wistar rats were treated with Zn (20 mg/kg, i.p.) which resulted in a
significant elevation of Zn in nigrostriatal tissue. Exposure to Zn or PQ for 8 weeks
reduced spontaneous locomotor activity (SLA) and time of stay on rotarod, as well
as significantly reduced the levels of dopamine and its metabolites, DOPAC and
HVA, in the striatum. Pretreatment with NAC (200 mg/kg, i.p., GSH precursor) and/
or apocyanin (10 mg/kg, i.p., NADPH oxidase inhibitor) alleviated the neurobehavioral deficits and restored dopamine and DOPAC levels in Zn- and PQ-treated rats.
Treatment of rats with Zn and PQ also resulted in reductions in tyrosine hydroxylase (TH) immunoreactivity, number of TH-positive cells, NeuN-/TH-positive cells,
expression of TH protein, and GSH content in nigrostriatal tissue, which were all
restored significantly by pretreatment with NAC. Elevation of lipid peroxidation
(LPO) and SOD, translocation of p67 phox subunit of NADPH oxidase from cytosol to membrane, increased protein expression of gp91 phox subunit, increased
gp91 mRNA expression, mitochondrial cytochrome c release, increased caspase-9
and cleaved caspase-3 in cytosol, and CD11b expression were mediated by Zn and
PQ treatment, and exposure to NAC or apocyanin resulted in significant reversal of
these effects. Combination treatment with NAC and apocyanin showed more pronounced protective effects in all of these neurodegenerative changes induced by Zn
or PQ. These results point toward the role of oxidative stress and GSH depletion in
Zn-induced apoptotic and neurodegenerative changes, similar to those induced by
PQ, which are prevented by pretreatment with NAC.
Another study examined the mechanism of neuroprotection by NAC in a mouse
model of Parkinson’s disease (Chen et al. 2007). The decrease in striatal dopamine
and DOPAC induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
were significantly attenuated by a 3-week pre-intake of mice drinking water
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supplemented with NAC (1 g/L). Pre-intake of NAC also attenuated MPTP-induced
glutathione loss, reinstated the activity of GPx and superoxide dismutase (SOD),
alleviated MPTP-induced elevation of IL-6 and TNF-alpha, significantly upregulated the expression of GPx mRNA, and downregulated TNF-alpha mRNA expression. Thus NAC was able to effectively prevent dopamine loss and decrease markers
of oxidative stress and inflammatory damage in this animal model of Parkinson’s.
A previous study published during the same year examined the effects on dopamine levels on exposure of mice dopaminergic neurons to MPTP (Sharma et al.
2007). Treatment with MPTP resulted in about 80 percent reduction in striatal dopamine concentration, whereas no change in dopamine level was seen with NAC treatment alone. When NAC (150 mg/kg, i.p., three injections every 12 h) was
co-administered with MPTP, dopamine levels decreased slightly, but this change
was not significant compared to control. NAC also attenuated MPTP-induced
increase in lipid peroxidation and decrease in substantia nigra glutathione levels as
well as total tissue thiol levels. Treatment with MPTP caused a decrease in GPx
(glutathione peroxidase) and increase in superoxide dismutase activity; however,
both changes were partly reversed with co-administration of NAC. Thus, NAC
appears to protect against the neurodegenerative and oxidative effects of MPTP in
mice dopaminergic neurons.
A further study examined the effects of nitric oxide (NO) donor S-nitroso-Nacetylpenicillamine (SNAP) on dopamine levels in the striatum of freely moving
rats (Serra et al. 2001). SNAP administration at lower dose (0.2 mM for 180 min)
resulted in moderate increase in dopamine and decrease in ascorbic acid dialysate
levels. At higher dose of SNAP (1 mM), however, both dopamine and ascorbic acid
concentrations decreased. Co-infusion of ascorbic acid (0.1 mM) with SNAP
(1 mM) did not result in changes in dialysate dopamine levels. However, when NAC
(0.1 mM) was added to SNAP (1 mM) for 180 min, levels of dopamine in dialysate
significantly increased. NAC administration also reversed SNAP-induced decrease
in ascorbic acid levels. Thus, this study showed that SNAP at higher doses induced
nonenzymatic dopamine oxidation which was prevented by co-administration of
NAC. Addition of ascorbic acid did not prevent oxidation of dopamine; hence,
dopamine levels remained the same.
Another study by the same author investigated the effects of manganese (Mn) on
l-DOPA-induced toxicity in the striatum of freely moving rats using in vivo microdialysis (Serra et al. 2000). Administration of l-DOPA (25 mg/kg) intraperitoneally
significantly decreased dopamine and ascorbic acid levels and significantly
increased concentrations of l-DOPA, DOPAC, HVA, and uric acid in the dialysate,
suggesting that systemic administration of l-DOPA results in increased dopamine
auto-oxidation. l-DOPA administration intraperitoneally or in the striatum resulted
in detection of l-DOPA oxidation product, l-DOPA semiquinone, in the dialysate.
Treatment with continuous infusion of NAC (0.1 mM for 220 min) in rats given
l-DOPA resulted in fivefold increase in l-DOPA dialysate concentrations, as well
as significant inhibition of l-DOPA semiquinone production. NAC also significantly reversed l-DOPA-induced decrease in dopamine concentration as well as
increase in DOPAC + HVA and uric acid concentrations in the dialysate. Treatment
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with NAC did not affect ascorbic acid levels. Administration of MnCl2 (30 mM for
15 min) intrastriatally in l-DOPA-treated rats significantly decreased l-DOPA concentrations and increased l-DOPA semiquinone concentrations in the dialysate.
NAC infusion significantly inhibited MnCl2-induced changes. NAC also reversed
MnCl2-induced biphasic changes in DOPAC + HVA (initial short-lasting increase
followed by a significant and long-lasting decrease) and increase in uric acid dialysate concentrations. These findings suggest that the auto-oxidation of administered
l-DOPA via production of ROS is enhanced by manganese and abolished by NAC.
Finally, a study investigated the neurodegenerative effects of an environmental
toxin, MPTP, on dopaminergic nigrostriatal neurons in C57 black mice as an animal
model for Parkinson’s disease (Perry et al. 1985). MPTP was converted to one or
more toxic metabolites by monoamine oxidase B (MAO-B) that caused about a
90% reduction in striatal dopamine content, along with reductions in dopamine
metabolites, DOPAC, and HVA. Pretreatment with pargyline, an MAO-B inhibitor,
prevented the reduction in dopamine levels, and pretreatment with NAC (500 mg/kg
daily) reversed significantly the decrease in levels of dopamine and its metabolites
caused by MPTP. This study examines potential environmental risk factors for
development of idiopathic Parkinson’s disease and the protective role of antioxidants like NAC in reversing these changes.
Thus, a diverse group of toxins produced neurodegenerative changes in animal
model of Parkinson’s disease by altering dopamine levels, and NAC was able to
protect against or reverse these changes.

3.3.4.2 Cellular Studies
Dopamine (Toxin)
In contrast to the animal studies seen above, dopamine has been directly implicated
in cell damage mediated by oxidative stress leading to apoptosis, cytotoxicity, and
mitochondrial dysfunction. This section reviews several cellular studies exploring
the cytotoxic and neurodegenerative actions of dopamine and the role of NAC in
reversing these changes.
A study assessed the potential neuroprotective role of the botanical Z-ligustilide,
used in the treatment of Parkinson’s, to reduce dopamine-induced cytotoxicity (Qi
et al. 2012). The addition of Z-ligustilide (50 μM) to dopamine (500 μM) in rat
PC12 cells potentiated dopamine-mediated cell death as measured by MTT assay.
The reduction in cell viability with this combination was beyond the toxicity seen
with using Z-ligustilide or dopamine alone. The cytotoxic effects of Z-ligustilide on
dopamine were specific to dopaminergic cells only. Dopamine- and Z-ligustilideinduced cell toxicity appeared to be mediated by decrease in intracellular GSH and
production of intracellular ROS, and combining these agents had more severe
effects compared to treatment with either agent. Thiol antioxidant NAC (0.5 mM)
and GSH (0.5 mM) pretreatment 0.5 h before exposure to Z-ligustilide-dopamine
combination almost completely protected against loss of cell viability in a concentration-dependent manner; however, non-thiol antioxidants ascorbic acid and trolox
only had slight protective effects. This suggests that the reduction of GSH plays a
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role in Z-ligustilide-dopamine-mediated cytotoxicity and is not simply mediated by
production of ROS.
A few years earlier, a study examined dopamine-induced non-apoptotic cell
death in PC12 cells by overexpression of human mutant A53T alpha-synuclein
(α-syn) (Zhou et al. 2009). α-syn expression is highly related to the pathogenesis
of Parkinson’s disease. Transfection of PC12 cells with A53T plasmids resulted in
an expression level- and time-dependent loss of cell viability, and this was further
enhanced by addition of 200 μM exogenous dopamine. In cells overexpressing
A53T α-syn gene, considerable amount of yellow cells was observed (yellow color
observed by increase in red propidium iodide-positive cells in green fluorescent
protein-positive PC12 cells), but no cells with condensed/fragmented and bright
nuclei were found, suggesting that transfection and overexpression of A53T α-syn
may cause non-apoptotic cell death. Treatment with NAC (10 mM) significantly
reversed loss of cell viability in PC12 cells overexpressing mutant A53T α-syn.
Similarly, administration of nerve growth factor (NGF) and l-cysteine, but not
tyrosinase inhibitors and ER stress alleviator, could also improve cell viability.
Treatment with NAC (10 mM) or GSH (10 mM) alleviated dopamine auto-oxidation and tyrosinase-catalyzed dopamine oxidation. PC12 cells overexpressing
mutant A53T α-syn increased oxidized GSH levels and decreased total and reduced
GSH levels, but treatment with NAC (10 mM) or l-cysteine (10 mM) completely
reversed these changes in GSH levels. These data collectively suggest that dopamine causes non-apoptotic cell death in PC12 cells by auto-oxidation and overexpression of human mutant A53T α-syn and these changes can be abolished by
treatment with NAC.
The ROS scavenging properties of NAC and its effect on dopamine induced
mitochondrial electron transport chain (ETC) inactivation, and Na+, K+-ATPase
inhibition in rat brain was examined, all changes that have been implicated in the
pathogenesis of Parkinson’s disease (Bagh et al. 2008). Slow auto-oxidation of
dopamine resulted in production of H2O2 and quinones, both of which were effectively scavenged by addition of NAC (0.25–1 mM). Dopamine induced a dosedependent inhibition of mitochondrial ETC complex I and complex IV and a
decrease in mitochondrial MTT reduction ability; these changes were also reversed
by NAC (0.25–1 mM). Addition of NAC alone, without dopamine, had no effects on
ETC activity. Similarly, pretreatment with NAC (0.25–1 mM) prevented dopamineinduced inhibition of synaptosomal Na+, K+-ATPase activity. This study demonstrates the antioxidant and quinone scavenging properties of NAC, thus highlighting
its potential role as a neuroprotective agent, particularly in the treatment of sporadic
Parkinson’s disease.
Another study published the same year compared the effects of dopamine and
the proteasome inhibitor MG132 on apoptosis in N27 rat mesencephalic cells (Zafar
et al. 2007). Treatment with both dopamine (100–500 μM/L, 6–24 h) and MG132
(1–5 μM/L, 6–24 h) resulted in apoptosis as well as loss of mitochondrial membrane
potential (MMP) in a time- and concentration-dependent manner. Pretreatment
with NAC (5 mM/L) protected against dopamine-induced cell death and loss of
MMP, implicating the role of quinone and ROS production in dopamine-mediated
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apoptosis. However, NAC was unable to prevent MG132-induced apoptosis, suggesting a more direct effect of MG132. Administration of dopamine to N27 cells
also inhibited proteasomal activity independent of cell death, and inhibition of proteasome occurred prior to toxicity. Pretreatment with NAC prevented dopamineinduced proteasome inhibition, suggesting dopamine-mediated ROS production
involvement in inhibition of proteasome. Proteasome inhibition by MG132 was not
reversed by NAC, pointing toward a more specific action of MG132 on proteasome.
A study investigated the effects of co-addition of 1-methyl-4-phenylpyridinium
(MPP+) and dopamine on cell viability in PC12 cells and the role of NAC in preventing these changes (Lee et al. 2003). Dopamine alone as well as dopamine + MPP+
induced significant production of ROS, as measured by increase in DCF fluorescence. NAC (1 mM) reversed this dopamine + MPP+-mediated increase in DCF
fluorescence, but not significantly. Similarly, dopamine + MPP+ more so than dopamine or MPP+ alone resulted in loss of cell viability, as measured by the MTT assay.
This cytotoxic effect of dopamine + MPP+ was mediated by the production of dopamine quinone and melanin in PC12 cells, and addition of NAC (1 mM) decreased
the production of dopamine quinone and melanin. Cell death from combined dopamine + MPP+ was not prevented by other antioxidants (rutin or ascorbate), pointing
away from a mediating role of ROS in this process. This study suggests that dopamine oxidation products, rather than ROS, are involved in the cytotoxicity associated with combined dopamine + MPP+ administration.
Another study examined the evidence for non-oxidative mechanism of cytotoxicity by intracellular dopamine via activation of NF-κB in genetically modified
dopamine-producing Chinese hamster ovary (CHO) cell line to model dopamineproducing neurons (Weingarten et al. 2001). Unlike dopamine, l-DOPA is quite
permeable to cells and allows for differentiation of intracellular and extracellular
toxicity. l-DOPA induced decrease in cell viability, which was not prevented by
NAC (500 μM) in either wild-type or modified CHO cells. Intracellular administration of dopamine also activated the stress-induced transcription factor NF-κB, and
this change was only minimally inhibited by other antioxidants like ascorbic acid
(AA). The lack of protective effect of antioxidants against l-DOPA suggests a nonoxidative mechanism of action for intracellular dopamine toxicity. AA, however,
was able to prevent externally applied dopamine toxicity in both wild-type and
modified CHO cells, thus pointing toward an oxidative mechanism of action of
externally applied dopamine.
As mentioned above in the section for Alzheimer’s disease, this study examined
the role of catecholamines including dopamine, NE, and EP as modulators of cortical neuronal death, thought to be associated with Parkinson’s disease (Noh et al.
1999). Fetal mice cortical cells exposed to high concentrations of dopamine
(>100 μM) and EP/NE (~1000 μM) underwent dose-dependent neuronal death
accompanied by cell body shrinkage, aggregation and condensation of nuclear
chromatin, and prominent internucleosomal DNA fragmentation. Pretreatment with
NAC (100 μM) protected neurons from dopamine-induced toxicity. An additional
interesting finding in this study was that at lower doses, all catecholamines
(1–30 μM) mitigated free radical-mediated (Fe2+ or H2O2) necrotic death of cortical
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neurons. The results of this study suggest a possible antioxidant role of lower-dose
catecholamines, while exposure to higher doses results in neurotoxicity.
A few years earlier, a study investigated the role of NAC in preventing dopamine-induced apoptosis using 293 cell line and primary neonatal rat postmitotic
striatal neuron cultures (Luo et al. 1998). Cells exposed to dopamine (100–500 μM)
underwent apoptotic changes in a time- and concentration-dependent manner.
Dopamine auto-oxidation and enzyme catalysis produce free radicals which subsequently activate the JNK pathway, including increases in JNK activity, phosphorylation of c-Jun, and increase in the protein product of c-Jun, contributing to
apoptosis. Preincubation of cells with NAC (1 mM) completely abolished dopamine-induced JNK activity and cell death.
Another study investigated the apoptotic effects of dopamine in a clonal catecholaminergic cell line (CATH.a) derived from the central nervous system
(Masserano et al. 1996). Administration of dopamine (50–500 μM) to CATH.a cells
produced dose-dependent and time-dependent cell death over 48 h. Dopamineinduced cell death was mediated by DNA fragmentation, a hallmark of apoptosis.
Dopamine (50–500 μM) also increased formation of peroxide in CATH.a cells in a
dose-dependent manner, suggesting free radical production as a mechanism of
action. Pretreatment with antioxidant NAC (1 mM) prevented dopamine-induced
cytotoxicity in CATH.a cells in a dose-dependent manner, and this also correlated
with decrease in peroxide formation. Incubation of CATH.a cells with antisense of
anti-apoptotic protein bcl-2 resulted in decrease in bcl-2 levels by 40% and enhanced
dopamine-induced loss of cell viability.
Finally, a study published the same year examined the cytotoxic effects of dopamine in PC12 cells as a cellular model for Parkinson’s disease (Offen et al. 1996).
Dopamine induced a dose-dependent loss of cell viability as measured by increase
in thymidine uptake. Co-incubation with thiol antioxidants NAC (10 mM) and GSH
(10 mM) protected against dopamine-induced cytotoxicity. Pretreatment with NAC
and GSH also reversed dopamine-induced toxicity, indicating the protective effects
of these antioxidants may also be achieved by increasing their intracellular concentrations. NAC prevented oxidation of dopamine and production of dopamine-melanin (DA-M). Depletion of cellular GSH by phoron (0.5 mM) or buthionine
sulfoximine (BSO) enhanced dopamine-induced cell death. Addition of NAC
reversed dopamine-, dopamine + phoron-, and dopamine + BSO-mediated cytotoxicity. Treatment with NAC and GSH also prevented DNA fragmentation as measured by TUNEL assay. These results suggest the role of oxidative stress and GSH
depletion in dopamine-induced cell toxicity and the ability of NAC to prevent these
changes.
Thus, these cellular studies examined the role of dopamine as a cytotoxic and
apoptotic agent and the impact of NAC in protecting against dopamine-induced
toxicity.
Dopamine-Related Compounds (Toxin)
Dopamine precursor, l-DOPA, or immediate metabolites of dopamine (auto-oxidized dopamine, ODA; dopaminochrome, DAC; and DOPAC) may also affect
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levels of biologic amines or cell viability. This section reviews the toxic effects of
dopamine-related compounds in cellular studies related to Parkinson’s disease.
A study investigated the concerted action of a major dopamine metabolite,
DOPAC, and nitric oxide (•NO) on mitochondrial dysfunction and cell death in rat
pheochromocytoma-derived PC12 cells as a model for Parkinson’s disease (Nunes
et al. 2011). DOPAC and the •NO donor, S-nitroso-N-acetylpenicillamine (SNAP),
increased the production of free radicals synergistically compared to their individual effects, measured directly by electron paramagnetic resonance (EPR) technique.
DOPAC + SNAP also significantly increased GSSG/GSH ratio, a measure of cellular redox status, mainly by depleting GSH. Mitochondrial complex I activity was
significantly reduced, and an increase in Bax/Bcl-2 ratio was seen by incubation
with DOPAC + SNAP. Pretreatment with NAC (1 mM) significantly enhanced intracellular GSH content. Incubation of PC12 cells with NAC (1 mM) for 3 h before
exposure to DOPAC + SNAP prevented loss of cell viability and membrane integrity as determined by MTT assay and intracellular LDH leakage, respectively.
DOPAC + SNAP-mediated apoptotic changes in morphology of cells were completely reversed by pretreatment with NAC. NAC also reversed DOPAC + SNAPinduced reduction in cellular ATP, a measure of mitochondrial function back to
control levels. These suggest an oxidative stress model involving generation of free
radicals in the mechanism of action of DOPAC + SNAP, as well as the critical role
of GSH in maintaining mitochondrial function.
Another study investigated the effects of dopaminochrome (DAC), an oxidized
product of dopamine, on cell death in murine mesencephalic cell line, MN9D, as a
model for neurodegeneration in Parkinson’s disease (Linsenbardt et al. 2009). DAC
(50–250 μM) treatment for 24 h induced a concentration-dependent decrease in cell
viability in MN9D cells; however, this effect was only seen when MN9D cells were
incubated with the highest concentration of dopachrome (DPC, 50–250 μM), an oxidized product of l-DOPA. Exposure to DAC (175 μM) for as little as 1 h resulted in
significant loss of cell viability when observed at 24 h, suggesting rapid initiation of
cell toxicity. When exposed chronically to nontoxic or moderately toxic concentrations of DAC (50–100 μM), MN9D cells exhibited cytotoxicity over a period of 96 h.
DAC (175 μM) treatment for 2 h enhanced dihydroethidium (DHE, fluorescent redox
indicator for O2−) fluorescence in MN9D cells, thus suggesting the role of oxidative
stress. NAC (5 mM) prevented DAC-induced increase in DHE fluorescence.
Pretreatment with NAC (1–5 mM) also inhibited DAC (175 μM)-induced cell death,
demonstrating the role of DAC-mediated superoxide production in cytotoxicity.
Since exogenously administered NAC is similar to endogenous glutathione, the role
of glutathione in MN9D cytotoxicity by DAC was also examined. Pretreatment of
cells with buthionine sulfoximine (BSO, 50 and 100 μM), an intracellular glutathione depletor, significantly enhanced DAC-mediated cell death. DAC (175 μM)
administration also resulted in a loss of total glutathione, as well as an increase in
GSSG in MN9D cells. These results suggest the integral role of exogenous NAC as
well as glutathione in maintaining cell viability in MN9D cells exposed to DAC.
The synergistic effects of the dopamine precursor, l-DOPA, and manganese
(Mn) on oxidative stress-mediated apoptosis in catecholaminergic PC12 cells were
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examined (Migheli et al. 1999). Lower concentrations of l-DOPA (10 and 20 mM)
as well as fixed concentration of MnCl2 (0.2 mM) alone did not affect cell viability;
however, a significant concentration-dependent decrease in cell viability was noted
when l-DOPA was combined with MnCl2. Addition of NAC (0.1 mM) antagonized
the l-DOPA + MnCl2-induced decrease in cell viability. The exposure of PC12 cells
to nontoxic concentrations of l-DOPA (20 mM) resulted in increase in levels of
dopamine and its metabolites, DOPAC and HVA. The presence of MnCl2 inhibited
l-DOPA-induced increase in dopamine and DOPAC + HVA concentrations in both
cell lysate and incubation medium. Addition of NAC (0.1 mM) to l-DOPA + MnCl2
resulted in reversal of MnCl2-induced decrease in dopamine and DOPAC + HVA
levels. Apoptotic nuclear changes in PC12 cells, as measured by TUNEL assay,
flow cytometry, and fluorescence microscopy, were noted when l-DOPA (10 and
20 mM) was associated with MnCl2 (0.2 mM), and this was completely abolished
by addition of NAC (0.1 mM). Thus this study suggests the protective role of NAC
on combined l-DOPA + MnCl2 toxicity on catecholaminergic PC12 cells.
Finally, another study examined the apoptotic effects of auto-oxidized dopamine
(ODA) on PC12 cells as a model for Parkinson’s disease toxicity (Kang et al. 1998).
Treatment with ODA (100 μM), but not dopamine (100 μM), resulted in DNA fragmentation, a hallmark of apoptosis. Activation of c-Jun N-terminal kinase (JNK)/
stress-activated protein kinase (SAPK) and p38 kinase is prerequisite for apoptosis.
ODA induced 11.6-fold activation of JNK/SAPK and 7.7-fold activation of p38
kinase, suggesting the role of JNK/SAPK and p38 kinase in dopamine-induced
apoptosis. ODA-induced apoptosis also appears to be mediated by initial increase of
the pro-apoptotic protein Bax and delayed decrease of anti-apoptotic protein Bcl-2.
The role of ROS generation in dopamine-induced apoptosis is suggested by the ability of NAC (400 μM) to prevent ODA-induced SAPK activation and apoptosis.
Thus, these studies examined the cellular degenerative processes or alterations of
dopamine levels induced by dopamine-related compounds and the ability of NAC in
preventing these changes.

3.3.5

Pituitary Tumor

Dopamine, a major hypothalamic neurotransmitter acting via D2 receptors, inhibits
secretion of prolactin from anterior pituitary. The absence of D2 receptors in transgenic mice resulted in abnormal pituitary development (Baik et al. 1995; Kelly et al.
1997). A cellular study investigated the cytotoxic effects of dopamine on rat pituitary tumor cell lines expressing dopamine receptors (An et al. 2003). Dopamine
(10 nM–100 μM) induced dose-dependent decrease in cell viability in GH3D2L and
GH3D2S cells, but this effect was not observed in GH3 cells. This was mediated
specifically by D2 receptors as evidenced by the ability of quinpirole to induce toxicity in GH3D2L and GH3D2S cells, but not in GH3 cells, and the ability of haloperidol, a D2 receptor antagonist, to prevent dopamine-induced cytotoxicity.
Dopamine also inhibited DNA synthesis via D2 receptors in these cells measured by
significant decrease in BrdU-labeling index, an indicator of DNA proliferation rate.
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Cell morphology changes including change from elongated to spherical and
shrunken shape were observed in GH3D2L and GH3D2S cells after treatment with
dopamine, but such changes were not seen in GH3 cells. Dopamine also induced
DNA laddering and caspase-3 activation in GH3D2L and GH3D2S cells, along with
increase in activity of ERK 1/2 and p38 MAPK. Pretreatment with NAC (10 mM)
inhibited dopamine-induced activation of ERKs and p38 MAPK and reversed
decrease in cell viability as well as caspase-3 activation and DNA laddering. The
ability of NAC to reverse changes in pituitary tumor GH3D2L and GH3D2S cells
suggests a role of reactive oxygen species in dopamine-induced cytotoxicity.

3.3.6

Renal Pathology

Dopamine plays a critical role in renal physiology regulating blood flow in the renal
vasculature and urine output. It is synthesized in the renal proximal tubule and is
also released from the renal nerves that contain dopamine. At a cellular level, however, exposure to dopamine can be toxic to renal cells. The following two cellular
studies investigated the mechanism of action of dopamine-induced cell death in
renal proximal tubule cells.
The first study examined the mechanism of dopamine-induced apoptosis in rat
renal proximal tubule cells and in MAO-B-transfected HEK 293 cells, mediated by
internalization of dopamine in cells, and degradation by the MAO enzyme, resulting
in the production of H2O2 (Bianchi et al. 2003). Pretreatment with NAC (1 mM)
prevented increases in dopamine (50–200 μM)-induced SYTO-13 and TUNEL
staining and DNA laddering in rat proximal tubule cells, markers of apoptosis.
Similarly, in HEK-MAO-B cells, NAC abolished the increase in SYTO-13 staining
associated with dopamine-induced production of MAO-dependent H2O2. Incubation
of proximal tubule cells in the presence of dopamine induced an increase in the proapoptotic protein Bax and decrease in anti-apoptotic protein Bcl-2, leading to release
of mitochondrial cytochrome c and activation of caspase-3 indicating that dopamine
needs to be internalized and metabolized by MAO to activate the pro-apoptotic
cascade. These effects were effectively prevented by NAC, thus indicating the protective effects of NAC on dopamine-induced oxidative damage in rat renal cells.
Another study investigated the effects of dopamine on ERK activation in rat
renal proximal tubule cells and HEK 293 MAO-B cells via MAO-mediated H2O2
production (Vindis et al. 2001). In proximal tubule cells rich in MAO-A, dopamine
(5 μM/L) induced increase in DNA synthesis, ERK activation, and Shc phosphorylation which were prevented by NAC (1 mM/L) pretreatment, suggesting the role of
H2O2 production in MAO-A-mediated dopamine oxidation. Similarly, in HEK 293
cells stably transfected with human MAO-B cDNA as compared to wild-type HEK
293 cells (lacking MAO activity), incubation with dopamine (5 μM/L) resulted in
tyrosine phosphorylation of p42/44 ERKs and p52 Shc, as well as dose-dependent
increase in cell proliferation and cell counting. These effects were reversed by antioxidant NAC, suggesting similar mechanism of action of MAO-B-dependent dopamine degradation and H2O2 production.
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Thus, these two cellular studies examined the effects of NAC in preventing dopamine-induced damage in rat renal tubule cells.

3.3.7

Schizophrenia

Alterations in the mesocortical and mesolimbic dopaminergic pathways, among
others, are implicated in the pathogenesis of schizophrenia. The following two studies examine effects of social isolation rearing on dopamine levels in an animal
model of schizophrenia.
This study evaluated the mitochondrial, immunological, neurochemical, and
behavioral deficits associated with social isolation rearing (SIR) in rats, a valid neurodevelopmental animal model of schizophrenia (Moller et al. 2013a). SIR rats
showed significant decrease in social interactive behaviors (rearing, approaching,
staying together, and anogenital sniffing), increase in self-directed behaviors (square
crossing and self-grooming), and pronounced deficits in object recognition memory
and prepulse inhibition (PPI). NAC (150 mg/kg/day) alone significantly reversed
these changes but was only partially effective in some parameters; however,
NAC + clozapine (150 mg/kg/day and 5 mg/kg/day × 14 days) and clozapine alone
(5 mg/kg/day × 14 days) successfully reversed all of these behavioral effects of
SIR. Cytokine alterations induced by SIR in peripheral blood included significant
decreases in IL-6 and IL-4 as well as increases in TNF-alpha and IFN-gamma. NAC
(150 mg/kg) partially reversed changes in IL-6 and IL-4 and fully reversed changes
in TNF-alpha and IFN-gamma. Clozapine treatment fully reversed alterations in
IL-6, TNF-alpha, and IFN-gamma, and clozapine + NAC was superior to clozapine
alone in reversing SIR-induced changes in IL-4. Similarly, SIR induced alterations
in tryptophan-kynurenine metabolites including a significant increase in kynurenine
and QA and a significant decrease in KYNA and neuroprotective ratio. NAC
(150 mg/kg) partially reversed changes in kynurenine, QA, KYNA, and neuroprotective ratio, but both clozapine alone and clozapine + NAC were able to fully
reverse these changes. Clozapine + NAC was superior to clozapine alone in reversing changes to KYNA, QA, and neuroprotective ratio. SIR induced decrease in
levels of ATP and dopamine in the frontal cortex as well as increase in levels of ATP
and dopamine in the striatum in rat brains. NAC (150 mg/kg) partially reversed
changes in dopamine in both frontal cortex and striatum, whereas NAC + clozapine
fully reversed changes in ATP as well as dopamine in both brain regions. Thus, NAC
or clozapine attenuated SIR-induced behavioral deficits, possibly mediated by
immunological and neurochemical changes, with combination treatment superior to
treatment with NAC or clozapine alone.
A similar study investigated the role of NAC in reversing social isolation rearing
(SIR)-induced changes in cortico-striatal monoamines in an animal model of
schizophrenia (Moller et al. 2013b). SIR induced significant decrease in the frontal
cortex and significant increase in striatal dopamine and its metabolites, DOPAC and
HVA. NAC (50, 150, and 250 mg/kg) was used in a dose-dependent manner to
reverse these changes. Decreases of dopamine and DOPAC in the frontal cortex

3

Neurotransmitter Systems: Dopamine

45

were significantly but not fully reversed by 150 and 250 mg/kg of NAC; however,
decreases in HVA were significantly reversed by 150 mg/kg NAC and fully reversed
by 250 mg/kg NAC. SIR-induced increase in dopamine and HVA in the striatum
was significantly reversed by 150 mg/kg NAC and fully reversed by 250 mg/kg
NAC. Similarly, the increase in DOPAC in the striatum was fully reversed by both
150 and 250 mg/kg NAC. Treatment with lower dose of NAC 50 mg/kg was ineffective in reversing SIR-induced changes in dopamine or its metabolites. Similar to
dopamine and its metabolites, SIR induced increase in striatal 5-HT, 5-HIAA, NA,
and MHPG, increase in frontal cortical NA, and decrease in frontal cortical 5-HT,
5-HIAA, and MHPG. NAC dose dependently reversed all cortico-striatal alterations
in 5-HT, 5-HIAA, and NA, with NAC 250 mg/kg also reversing MHPG alterations
in both the frontal cortex and striatum. Thus, NAC was able to dose dependently
reverse changes in cortico-striatal monoamines induced by SIR in rats.
Thus, the above two studies investigated changes in levels of dopamine and its
metabolites induced by social isolation rearing in an animal model of schizophrenia
and the ability of NAC to attenuate these changes.

3.3.8

Substance Use Disorders

Dopamine is one of the major neurotransmitters implicated in development of
addictions and mediates the neural reward pathway from the ventral tegmental area
in the ventral striatum to the nucleus accumbens. The following studies explore the
impact of substances of abuse on dopamine levels in animal and cellular studies and
the potential role of NAC in reversing these changes.

3.3.8.1 Amphetamine
Animal Studies
The effects of manipulating the glutamatergic system on the neurochemical and
behavioral effects of cocaine and amphetamine administration in the caudate
nucleus of adult male squirrel monkeys were examined using in vivo microdialysis
(Bauzo et al. 2012). Cysteine-glutamate enhancer NAC (3 or 10 mg/kg, i.m.), given
as a pretreatment 3 h prior to cocaine administration, significantly attenuated
cocaine-induced increase in extracellular dopamine without altering baseline extracellular dopamine concentration. This effect was independent of NAC dose.
Surprisingly, NAC at lower dose (3 mg/kg, i.m.) actually enhanced amphetamineinduced dopamine increase; however, at higher dose of NAC (10 mg/kg, i.m.),
amphetamine effects on dopamine were similar to that of cocaine, resulting in
decreases in dopamine levels. Overall, the effects of NAC on amphetamine-induced
changes in extracellular dopamine were not significant. To examine the behavioralstimulant and reinforcing effect of stimulants, squirrel monkeys were trained on
fixed-interval stimulus termination and second-order schedule of self-administration, respectively. Behavioral-stimulant effects of cocaine and amphetamine were
not influenced by pretreatment with NAC (3.0–17 mg/kg, i.m.) 30 min or 3 h prior
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to stimulant administration. Thus NAC pretreatment neither resulted in significant
attenuation of amphetamine-induced dopamine increase, nor did it affect behavioralstimulant response of amphetamine in squirrel monkeys.
Another study examined the effects of NAC on dopamine levels and free radical
formation during D-amphetamine (AMPH)-induced neurotoxicity in rat brain striatum (Wan et al. 2006). AMPH (7.5 mg/kg, i.p.) administration for 7 days resulted in
decrease in striatal dopamine concentration, and this was significantly reversed by
treatment with NAC (326 mg/kg). NAC treatment also inhibited AMPH-induced
lipid peroxidation formation, as measured by significant decrease in striatal malondialdehyde (MDA) content. Direct intrastriatal administration of AMPH (10 μM)
significantly increased 2,3-DHBA levels, an indicator of hydroxyl radical formation. Treatment with NAC significantly reduced this effect of AMPH. Thus NAC,
via its free radical scavenging properties, could act as a potential neuroprotective
agent during AMPH toxicity.
Cellular Studies
This cellular study investigated the role of ROS and protein phosphatases in acute
amphetamine (AMPH)-mediated dopamine release in rat PC12 cells (Paszti-Gere
and Jakus 2013). Application of two different fluorescent dyes confirmed the lack of
involvement of ROS formation in acute AMPH-mediated dopamine release.
However, double AMPH challenge (DAC) was utilized to standardize differences in
striatal slices, and pretreatment with 10 mM of NAC for 60 min prior to second
AMPH bolus significantly reduced dopamine release. This effect of NAC on
quenching AMPH-mediated dopamine release remains to be explained.
A previous study by the same author investigated the role of NAC as an antioxidant in AMPH-mediated dopamine release by using a novel chromatographic measurement protocol (Gere-Paszti and Jakus 2009). AMPH-mediated production of
H2O2 along with nonenzymatic auto-oxidation of dopamine is major precipitants of
striatal degeneration and neurotoxicity in stimulant overuse. Pretreatment with
10 mM NAC 1 h before AMPH administration almost completely blocked the dopamine release in rat brain striatal slices. In further experiments, Reserpine, an irreversible vesicular monoamine depletor, was used to localize the intracellular origin
of NAC-induced dopamine release. Reserpine-depleted striatum could not respond
to 10 mM of NAC in the same manner as vehicle brain slices, thus pointing toward
the vesicular dopamine mobilizing properties of NAC. NAC in lower concentrations
(0.3, 1, and 3 mM) actually enhanced AMPH-induced dopamine release, presumably due to its free radical scavenging properties preventing dopamine from being a
substrate of oxidative metabolism.

3.3.8.2 Cocaine
As described above, an animal study examined the effects of manipulating the glutamatergic system on the neurochemical and behavioral effects of cocaine and
amphetamine administration in the caudate nucleus of adult male squirrel monkeys
using in vivo microdialysis (Bauzo et al. 2012). NAC (3 or 10 mg/kg, i.m.), given as
a pretreatment 3 h prior to cocaine administration, significantly attenuated
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cocaine-induced increase in extracellular dopamine without altering baseline extracellular dopamine concentration. This effect was independent of NAC dose.
Surprisingly, NAC at lower dose (3 mg/kg, i.m.) actually enhanced amphetamineinduced dopamine increase; however, at higher dose of NAC (10 mg/kg, i.m.),
amphetamine effects on dopamine were similar to that of cocaine, resulting in
decreases in dopamine levels. Overall, the effects of NAC on amphetamine-induced
changes in extracellular dopamine were not significant. To examine the behavioralstimulant and reinforcing effect of stimulants, squirrel monkeys were trained on
fixed-interval stimulus termination and second-order schedule of self-administration, respectively. Behavioral-stimulant effects of cocaine and amphetamine were
not influenced by pretreatment with NAC (3.0–17 mg/kg, i.m.) 30 min or 3 h prior
to stimulant administration. Prior NAC treatment also did not alter cocaine selfadministration or reinstatement of previously extinguished cocaine self-administration. Thus, effects of NAC on attenuation of cocaine-induced increase in dopamine
did not result in altered behavioral effects of cocaine in squirrel monkeys.

3.3.8.3 Methamphetamine
This animal study investigated the effects of NAC on methamphetamine (MAP)induced behavioral changes and neurotoxicity in rat brain dopaminergic neurons
(Fukami et al. 2004). Rats were pretreated with NAC (1, 3, 10, and 30 mg/kg, i.p.)
30 min before each MAP injection (7.5 mg/kg × 4, 2-h intervals), and their striatum
was dissected and analyzed for dopamine levels by high-performance liquid chromatography (HPLC). Pretreatment with NAC significantly attenuated the reduction
in dopamine levels by repeated administration of MAP in a dose-dependent fashion.
NAC also attenuated MAP-induced elevation of rectal temperature, an indicator of
neurotoxicity. There was significant attenuation of MAP (2 mg/kg, i.p.)-induced
hyperlocomotion with NAC pretreatment (30, 100, or 300 mg/kg, i.p.) in a dosedependent manner. NAC pretreatment (100 mg/kg, i.p.) also significantly attenuated
the development of behavioral sensitization in rats after repeated injection of MAP
(2 mg/kg).
Thus, these studies demonstrated the potential protective role of NAC by reversing dopamine levels induced by various substances of abuse.

3.3.9

Vitiligo

Increased levels of catecholamines in plasma and urine of patients are associated
with the onset and progression phase of vitiligo (Cucchi et al. 2003). Dopamine has
been implicated in neurotoxicity in brain cells, which are derived from the same
ectoderm that give rise to melanin containing dermatocytes. The following two cellular studies looked at the potential role of dopamine cytotoxicity in the pathogenesis of vitiligo.
A study demonstrated the apoptotic pathway in Mel-Ab cells induced by dopamine mediated by the chronic activation of Akt and increased oxidative stress (Choi
et al. 2010). Pretreatment with 10 mM NAC prevents the loss of cell viability and
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melanocyte death as measured by decrease in annexin V-positive cells. Antiapoptotic effects of NAC in this study were possibly mediated by inhibiting dopamine-induced chronic activation of Akt and Bad, mediators of cell death.
Additionally, the cytotoxic effects of dopamine on mouse Mel-Ab cells and cultured normal human melanocytes were investigated, as well as the role of NAC in
preventing this toxicity (Park et al. 2007). Dopamine induced a dose-dependent and
time-dependent reduction in cell viability in cultured Mel-Ab cells and human
melanocytes, with about 50% decrease in viability with addition of 500 μM of dopamine. This dopamine-induced cytotoxicity was prevented by pretreatment with 1
and 10 mM NAC and 1 mM GSH. Using flow cytometry, it was demonstrated that
dopamine-induced Mel-Ab cell death was due to apoptosis as measured by increase
in annexin V staining, and this was mediated by phosphorylation of JNK and p38
MAPK. Pretreatment with NAC or GSH inhibited JNK and p38 MAPK activation
and protected against dopamine-induced apoptotic cell death. This study demonstrates the protective role of thiol antioxidants like NAC and GSH against dopamine-induced cytotoxicity in the pathogenesis of vitiligo.
Thus, these two studies explored the mechanism of action of cell damage induced
by exposure to dopamine and the role of NAC in mitigating these effects.

3.4

Summary

Dopamine plays a critical role as a neurotransmitter in the human brain and is implicated in a number of peripheral physiological processes. At the cellular level, a
number of substances of abuse, exogenous as well as endogenous toxins, affect the
level of dopamine and its metabolites. As seen in animal models of schizophrenia,
behavioral interventions also affect dopamine concentrations in the brain. On the
other hand, dopamine itself, along with its oxidized metabolites, acts as cytotoxic or
neurotoxic agent in cells exposed to oxidative stress.
NAC is able to prevent or reverse many of these effects of dopamine mediated by
an oxidative stress mechanism. NAC is also able to reverse changes in dopamine
levels induced by social isolation rearing, as seen in schizophrenia studies above, as
well as those induced by exposure to toxins. These protective effects of NAC are
mediated by its action as an antioxidant as well as a GSH precursor.

References
An JJ, Cho SR, Jeong DW, Park KW, Ahn YS, Baik JH (2003) Anti-proliferative effects and cell
death mediated by two isoforms of dopamine D2 receptors in pituitary tumor cells. Mol Cell
Endocrinol 206(1–2):49–62
Bagh MB, Maiti AK, Jana S, Banerjee K, Roy A, Chakrabarti S (2008) Quinone and oxyradical scavenging properties of N-acetylcysteine prevent dopamine mediated inhibition of Na+,
K+-ATPase and mitochondrial electron transport chain activity in rat brain: implications in the
neuroprotective therapy of Parkinson’s disease. Free Radic Res 42(6):574–581

3

Neurotransmitter Systems: Dopamine

49

Baik JH, Picetti R, Saiardi A, Thiriet G, Dierich A, Depaulis A, Le Meur M, Borrelli E (1995)
Parkinsonian-like locomotor impairment in mice lacking dopamine D2 receptors. Nature
377(6548):424–428. https://doi.org/10.1038/377424a0
Bauzo RM, Kimmel HL, Howell LL (2012) The cystine-glutamate transporter enhancer N-acetylL-cysteine attenuates cocaine-induced changes in striatal dopamine but not self-administration
in squirrel monkeys. Pharmacol Biochem Behav 101(2):288–296
Bianchi P, Seguelas MH, Parini A, Cambon C (2003) Activation of pro-apoptotic cascade by dopamine in renal epithelial cells is fully dependent on hydrogen peroxide generation by monoamine oxidases. J Am Soc Nephrol 14(4):855–862
Chen CM, Yin MC, Hsu CC, Liu TC (2007) Antioxidative and anti-inflammatory effects of four
cysteine-containing agents in striatum of MPTP-treated mice. Nutrition 23(7–8):589–597
Choi HR, Shin JW, Lee HK, Kim JY, Huh CH, Youn SW, Park KC (2010) Potential redox-sensitive
Akt activation by dopamine activates Bad and promotes cell death in melanocytes. Oxidative
Med Cell Longev 3(3):219–224
Cucchi ML, Frattini P, Santagostino G, Preda S, Orecchia G (2003) Catecholamines increase
in the urine of non-segmental vitiligo especially during its active phase. Pigment Cell Res
16(2):111–116
Deepmala, Slattery J, Kumar N, Delhey L, Berk M, Dean O, Spielholz C, Frye R (2015) Clinical
trials of N-acetylcysteine in psychiatry and neurology: a systematic review. Neurosci Biobehav
Rev 55:294–321. https://doi.org/10.1016/j.neubiorev.2015.04.015
Fukami G, Hashimoto K, Koike K, Okamura N, Shimizu E, Iyo M (2004) Effect of antioxidant
N-acetyl-L-cysteine on behavioral changes and neurotoxicity in rats after administration of
methamphetamine. Brain Res 30(1):90–95
Gere-Paszti E, Jakus J (2009) The effect of N-acetylcysteine on amphetamine-mediated dopamine
release in rat brain striatal slices by ion-pair reversed-phase high performance liquid chromatography. Biomed Chromatogr 23(6):658–664
He H, Wang S, Tian J, Chen L, Zhang W, Zhao J, Tang H, Zhang X, Chen J (2015) Protective effects
of 2,3,5,4′-tetrahydroxystilbene-2-O-beta-D-glucoside in the MPTP-induced mouse model of
Parkinson’s disease: involvement of reactive oxygen species-mediated JNK, P38 and mitochondrial pathways. Eur J Pharmacol 767:175–182. https://doi.org/10.1016/j.ejphar.2015.10.023
Hoyt KR, Reynolds IJ, Hastings TG (1997) Mechanisms of dopamine-induced cell death in cultured rat forebrain neurons: interactions with and differences from glutamate-induced cell
death. Exp Neurol 143(2):269–281
Kang CD, Jang JH, Kim KW, Lee HJ, Jeong CS, Kim CM, Kim SH, Chung BS (1998) Activation
of c-jun N-terminal kinase/stress-activated protein kinase and the decreased ratio of Bcl-2 to
Bax are associated with the auto-oxidized dopamine-induced apoptosis in PC12 cells. Neurosci
Lett 256(1):37–40
Kelly MA, Rubinstein M, Asa SL, Zhang G, Saez C, Bunzow JR, Allen RG, Hnasko R, BenJonathan N, Grandy DK, Low MJ (1997) Pituitary lactotroph hyperplasia and chronic hyperprolactinemia in dopamine D2 receptor-deficient mice. Neuron 19(1):103–113
Khorchid A, Fragoso G, Shore G, Almazan G (2002) Catecholamine-induced oligodendrocyte cell
death in culture is developmentally regulated and involves free radical generation and differential activation of caspase-3. Glia 40(3):283–299
Kumar A, Singh BK, Ahmad I, Shukla S, Patel DK, Srivastava G, Kumar V, Pandey HP, Singh C
(2012) Involvement of NADPH oxidase and glutathione in zinc-induced dopaminergic neurodegeneration in rats: similarity with paraquat neurotoxicity. Brain Res 15:48–64
Lee CS, Song EH, Park SY, Han ES (2003) Combined effect of dopamine and MPP+ on membrane
permeability in mitochondria and cell viability in PC12 cells. Neurochem Int 43(2):147–154
Linsenbardt AJ, Wilken GH, Westfall TC, Macarthur H (2009) Cytotoxicity of dopaminochrome
in the mesencephalic cell line, MN9D, is dependent upon oxidative stress. Neurotoxicology
30(6):1030–1035
Luo Y, Umegaki H, Wang X, Abe R, Roth GS (1998) Dopamine induces apoptosis through an
oxidation-involved SAPK/JNK activation pathway. J Biol Chem 273(6):3756–3764

50

N. Kumar

Lyng GD, Seegal RF (2008) Polychlorinated biphenyl-induced oxidative stress in organotypic
co-cultures: experimental dopamine depletion prevents reductions in GABA. Neurotoxicology
29(2):301–308
Masserano JM, Gong L, Kulaga H, Baker I, Wyatt RJ (1996) Dopamine induces apoptotic cell
death of a catecholaminergic cell line derived from the central nervous system. Mol Pharmacol
50(5):1309–1315
MeSH (2016) Dopamine D004298. MeSH Database. National Center for Biotechnology
Information, US National Library of Medicine, Bethesda
Migheli R, Godani C, Sciola L, Delogu MR, Serra PA, Zangani D, De Natale G, Miele E, Desole
MS (1999) Enhancing effect of manganese on L-DOPA-induced apoptosis in PC12 cells: role
of oxidative stress. J Neurochem 73(3):1155–1163
Moller M, Du Preez JL, Viljoen FP, Berk M, Emsley R, Harvey BH (2013a) Social isolation rearing induces mitochondrial, immunological, neurochemical and behavioural deficits in rats, and
is reversed by clozapine or N-acetyl cysteine. Brain Behav Immun 30:156–167
Moller M, Du Preez JL, Viljoen FP, Berk M, Harvey BH (2013b) N-acetyl cysteine reverses social
isolation rearing induced changes in cortico-striatal monoamines in rats. Metab Brain Dis
28(4):687–696
NCIT (2016) Dopamine C62025. National Cancer Institute Thesaurus, US National Institutes of
Health, Bethesda. Version 16.07d
Noh JS, Kim EY, Kang JS, Kim HR, Oh YJ, Gwag BJ (1999) Neurotoxic and neuroprotective
actions of catecholamines in cortical neurons. Exp Neurol 159(1):217–224
Nunes C, Barbosa RM, Almeida L, Laranjinha J (2011) Nitric oxide and DOPAC-induced cell
death: from GSH depletion to mitochondrial energy crisis. Mol Cell Neurosci 48(1):94–103
Offen D, Ziv I, Sternin H, Melamed E, Hochman A (1996) Prevention of dopamine-induced cell
death by thiol antioxidants: possible implications for treatment of Parkinson’s disease. Exp
Neurol 141(1):32–39
Park ES, Kim SY, Na JI, Ryu HS, Youn SW, Kim DS, Yun HY, Park KC (2007) Glutathione
prevented dopamine-induced apoptosis of melanocytes and its signaling. J Dermatol Sci
47(2):141–149
Paszti-Gere E, Jakus J (2013) Protein phosphatases but not reactive oxygen species play functional
role in acute amphetamine-mediated dopamine release. Cell Biochem Biophys 66(3):831–841
Perry TL, Yong VW, Clavier RM, Jones K, Wright JM, Foulks JG, Wall RA (1985) Partial protection from the dopaminergic neurotoxin N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine by four
different antioxidants in the mouse. Neurosci Lett 60(2):109–114
Qi H, Zhao J, Han Y, Lau AS, Rong J (2012) Z-ligustilide potentiates the cytotoxicity of dopamine
in rat dopaminergic PC12 cells. Neurotox Res 22(4):345–354
Rahimmi A, Khosrobakhsh F, Izadpanah E, Moloudi MR, Hassanzadeh K (2015) N-acetylcysteine
prevents rotenone-induced Parkinson’s disease in rat: an investigation into the interaction of
parkin and Drp1 proteins. Brain Res Bull 113:34–40
Sachdeva S, Pant SC, Kushwaha P, Bhargava R, Flora SJ (2015) Sodium tungstate induced neurological alterations in rat brain regions and their response to antioxidants. Food Chem Toxicol
82:64–71
Serra PA, Esposito G, Enrico P, Mura MA, Migheli R, Delogu MR, Miele M, Desole MS, Grella
G, Miele E (2000) Manganese increases L-DOPA auto-oxidation in the striatum of the freely
moving rat: potential implications to L-DOPA long-term therapy of Parkinson’s disease. Br J
Pharmacol 130(4):937–945
Serra PA, Esposito G, Delogu MR, Migheli R, Rocchitta G, Miele E, Desole MS, Miele M (2001)
Analysis of S-nitroso-N-acetylpenicillamine effects on dopamine release in the striatum of
freely moving rats: role of endogenous ascorbic acid and oxidative stress. Br J Pharmacol
132(4):941–949
Sharma A, Kaur P, Kumar V, Gill KD (2007) Attenuation of 1-methyl-4-phenyl-1, 2,3,6-tetrahydropyridine induced nigrostriatal toxicity in mice by N-acetyl cysteine. Cell Mol Biol 53(1):48–55
Vindis C, Seguelas MH, Lanier S, Parini A, Cambon C (2001) Dopamine induces ERK activation in
renal epithelial cells through H2O2 produced by monoamine oxidase. Kidney Int 59(1):76–86

3

Neurotransmitter Systems: Dopamine

51

Wan FJ, Tung CS, Shiah IS, Lin HC (2006) Effects of alpha-phenyl-N-tert-butyl nitrone and
N-acetylcysteine on hydroxyl radical formation and dopamine depletion in the rat striatum
produced by d-amphetamine. European Neuropsychopharmacol 16(2):147–153
Weingarten P, Bermak J, Zhou QY (2001) Evidence for non-oxidative dopamine cytotoxicity: potent activation of NF-kappa B and lack of protection by anti-oxidants. J Neurochem
76(6):1794–1804
Zafar KS, Inayat-Hussain SH, Ross D (2007) A comparative study of proteasomal inhibition
and apoptosis induced in N27 mesencephalic cells by dopamine and MG132. J Neurochem
102(3):913–921
Zhou ZD, Kerk SY, Xiong GG, Lim TM (2009) Dopamine auto-oxidation aggravates non-apoptotic cell death induced by over-expression of human A53T mutant alpha-synuclein in dopaminergic PC12 cells. J Neurochem 108(3):601–610

4

Oxidative Stress in Psychiatric Disorders
Lawrence Fung and Antonio Hardan

4.1

Introduction

Oxidative stress has been postulated as one of the pathophysiologic mechanisms
implicated in various medical conditions, including neurologic and psychiatric disorders. In this chapter, we will start with the definition of oxidative stress, sources
of cellular oxidative stress, and key components of the anti-oxidation system in the
body. Then, we will summarize the evidence supporting the role of oxidative stress
in various psychiatric disorders. We will also describe the molecular pharmacology
of N-Acetylcysteine (NAC), a medication that has been shown to reduce oxidative
stress. Finally, we will conclude by explaining the role of NAC in decreasing oxidative stress in psychiatric disorders.

4.2

Oxidative Stress and the Anti-oxidation System

4.2.1

Oxidative Stress

Oxidative stress is defined as an imbalance between the levels of prooxidants and
antioxidants. This phenomenon is known to result in damage to macromolecules
(i.e., proteins and DNA) and activation of redox-sensitive signals. The reactions to
macromolecules are generally caused by prooxidant reactive chemicals containing
oxygen or nitrogen and are called reactive oxygen species (ROS) and reactive nitrogen species (RNS), respectively.
One main source of ROS is the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) complexes in cell membranes and other cell organelles
including mitochondria, peroxisomes, and endoplasmic reticulum. Mitochondria
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convert energy for the cell into a usable form, adenosine triphosphate (ATP), by
oxidative phosphorylation. This process involves reduction of oxygen to water.
However, this process does not occur perfectly all the time. A small percentage
of oxidative phosphorylation will reduce the oxygen prematurely and form
superoxide radical (O2−•). The superoxide radical can then initiate lipid peroxidation. The lipid hydroperoxide will then be transformed to lipid radicals, which
can further cause damage in cell membranes and even trigger a cascade of events
leading to apoptosis. Other examples of ROS include singlet oxygen (1O2),
hydroperoxyl radical (HO2•), hydrogen peroxide (H2O2), hydroxyl radical (HO•),
hydroxyl anion (OH−), peroxyl radical (ROO•), lipid peroxyl radical (LOO•),
hypochlorous acid (HOCl), hypobromous acid (HOBr), and hypothiocyanous
acid (HOSCN) (Moniczewski et al. 2015). In regard to RNS, the key source is
nitric oxide (NO•). Other examples of RNS include nitrogen dioxide (NO2•), peroxynitrite (ONOO−), nitrite (NO2−), nitrate (NO3−), and nitronium ion (NO2+).
Nitrite is often used as a marker of NO activity. In addition to endogenous
sources, ROS and RNS can also come from exogenous sources such as medications and environmental toxicants.

4.2.2

Antioxidant Systems in the Body

Under normal physiologic conditions, the body can neutralize ROS and RNS by
anti-oxidation systems before significant cellular damage occurs. These systems
can reverse oxidative damage by supplying electrons to ROS, RNS, proteins, and
electrophilic xenobiotics, thereby maintaining redox balance. Superoxide radicals are typically transformed to hydrogen peroxide by superoxide dismutase
(SOD). The resulting hydrogen peroxide is then converted to water by either
catalase (CAT) or glutathione peroxidase (GPX). The glutathione system is the
predominant antioxidant system in our body. Glutathione exists in two forms:
reduced glutathione (GSH) and oxidized glutathione (GSSG) (see Fig. 4.1). The
biotransformation between the two forms is central to the regulation of redox
balance in the brain. The oxidation of GSH to GSSG is catalyzed by GPX, the
same enzyme that converts hydrogen peroxide to water. This GSH→GSSG reaction is key in protecting proteins by coupling with the reduction of thiol groups
in proteins via glutaredoxins (GRXs). The reduction of GSSG back to GSH is
catalyzed by glutathione reductase (GR), which uses NADPH as a cofactor. In
addition to the above biochemical functions, GSH plays a key role in neutralizing
electrophilic xenobiotic compounds by conjugating to them via glutathioneS-transferases (GSTs). Other endogenous antioxidants include vitamin E and
vitamin C, which convert lipid peroxyl radicals to stable vitamin radicals.
Collectively, the anti-oxidation system plays a key role in cellular redox homeostasis and has special relevance to pathophysiology of several psychiatric disorders (e.g., schizophrenia and autism) and neurologic diseases (e.g., Alzheimer’s
disease and Parkinson’s disease).
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Biomarkers of Oxidative Stress

The level of oxidative stress can be assessed peripherally by measuring the concentrations of GSH and GSSG using high-performance liquid chromatography (HPLC)
and fluorimetric assays and in the central nervous system using proton magnetic
resonance spectroscopy (1H MRS). Other common biomarkers of oxidative stress
include the enzyme activities of CAT, GPX, and SOD. In addition to oxidative
stress, downstream processes such as lipid peroxidation, oxidative protein damage,
and oxidative DNA damage can also be monitored. Aconitase activity has been
employed as a biomarker of mitochondrial superoxide production. Thiobarbituric
acid reactive substances (TBARS) are common biomarkers for lipid peroxidation.
3-nitrotyrosine (3-NT) has been used to assess oxidative protein damage. 8-oxodeoxyguanosine (8-oxo-dG) is a biomarker of oxidative DNA damage. 3-chlorotyrosine (3-CT) is an established biomarker of a chronic inflammatory response.

4.2.4

Oxidative Stress in the Developing Brain

Neurons are highly susceptible to oxidative damage due to high levels of ROS and
RNS production, relatively low amounts of antioxidant enzymes, the high brain’s
lipid content and metabolic rate, and the non-regenerative nature of neurons. Of
particular interest is the developing brain that has a high metabolic rate. When low
levels of antioxidants and high levels of heavy metal ions are present, ROS levels
will become elevated. The developing brain at an early age is sensitive to even small
changes to redox balance, which can affect the signaling pathways and processes
involved in neurogenesis, neuronal differentiation, and myelination. Therefore, oxidative stress is associated with neuronal injury in the developing brain when subjected to hypoxia, ischemia, and traumatic brain injury. Consequently, these insults
may derail brain development and result in neurodevelopmental disorders such as
autism spectrum disorder (ASD) and schizophrenia.

4.3

Oxidative Stress and Psychiatric Disorders

Oxidative stress has been implicated in various psychiatric disorders including
ASD, schizophrenia, bipolar disorder, and major depressive disorder (MDD). Here
we will summarize the evidence of oxidative stress in these disorders (Table 4.1).

4.3.1

Oxidative Stress and Autism Spectrum Disorder

4.3.1.1 Peripheral Biomarkers of Redox Balance in ASD
ASD is characterized by deficits in socio-communicative abilities, stereotypic
behaviors, restricted interests, cognitive inflexibility, and sensory aberrations. Like
schizophrenia, many investigators in the field of autism have studied oxidative
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Table 4.1 Summary of oxidation status assessed in the systemic circulation and brain for representative psychiatric disorders
Disorder
Autism
spectrum
disorder

Schizophrenia

Systemic circulation
Individual studies
Decreased GSH (Han et al.
2015; Geier et al. 2009;
James et al. 2006)
Decreased GSH/GSSG (Han
et al. 2015)
Increased GSSG (Geier
et al. 2009; James et al.
2006)
Increased homocysteine
(Han et al. 2015)
Increased SOD (Al-Gadani
et al. 2009; Zoroglu et al.
2004), decreased SOD
(Meguid et al. 2011; Yorbik
et al. 2002), no difference in
SOD (Ghezzo et al. 2013)
Decreased CAT (Zoroglu
et al. 2004), no difference in
CAT (Al-Gadani et al. 2009;
Ghezzo et al. 2013)
Decreased GPX (Meguid
et al. 2011; El-Ansary and
Al-Ayadhi 2012; Laszlo
et al. 2013), increased GPX
(Al-Gadani et al. 2009)
Decreased GSH (Altuntas
et al. 2000; Mico et al.
2011; Raffa et al. 2009;
Raffa et al. 2011)
Increased GSSG (Raffa
et al. 2009; Raffa et al.
2011)

Meta-analysis
Decreased
GSH (Frustaci
et al. 2012)
Increased
GSSG
(Frustaci et al.
2012)
No difference
in
homocysteine
(Frustaci et al.
2012)
No difference
in SOD
(Frustaci et al.
2012)
Decreased
GPX (Frustaci
et al. 2012)

Brain
MRS
No difference in GSH in
basal ganglia and
dorsomedial PFC in adults
(Durieux et al. 2016)
Postmortem
Decreased GSH in
cerebellum and temporal
cortex (Rose et al. 2012)
Increased 3-NT and 3-CT in
cerebellum and temporal
cortex (Rose et al. 2012)
Decreased aconitase in
cerebellum and temporal
cortex (Rose et al. 2012)

Decreased
TAS in FEP
but increased
in chronic
patients
(Flatow et al.
2013)
Decreased
CAT in FEP
but increased
in chronic
patients
(Flatow et al.
2013)
Increased
nitrite in FEP
but decreased
in chronic
patients
(Flatow et al.
2013)

MRS
Decreased GSH in PFC (Do
et al. 2000; Matsuzawa and
Hashimoto 2011)
No difference in GSH in
ACC (Terpstra et al. 2005)
No difference in GSH in
posterior medial frontal
cortex (Matsuzawa et al.
2008)
Increased GSH in medial
temporal lobe (Wood et al.
2009)
Positive correlation between
GSH in medial PFC and FA
in patients with schizophrenia
(Monin et al. 2015)
No correlation between GSH
in medial PFC and rsFC in
patients with schizophrenia
(Monin et al. 2015)
Postmortem
Decreased GSH in PFC
(Gawryluk et al. 2011) and
striatum (Yao et al. 2006)
(continued)
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Table 4.1 (continued)
Disorder
Bipolar
disorder

Major
depressive
disorder

Systemic circulation
Individual studies
Decreased GSH (Rosa et al.
2014), no difference in GSH
(Tuncel et al. 2015)
Increased GSSG (Rosa et al.
2014), no difference in
GSSG (Tuncel et al. 2015)
No difference in SOD
(Tuncel et al. 2015; Tsai and
Huang 2015)
Decreased GPX (Tsai and
Huang 2015)
No difference in CAT (Tsai
and Huang 2015)
Increased TBARS only in
manic patients after
treatment (Tsai and Huang
2015)
No difference in 3-NT in
older bipolar patients
Decreased SOD (Wei et al.
2009; Selek et al. 2008),
increased SOD (Kodydkova
et al. 2009; Khanzode et al.
2003; Sarandol et al. 2007;
Bilici et al. 2001)
Decreased GPX (Ozcan
et al. 2004; Kodydkova et al.
2009), no difference in GPX
(Andreazza et al. 2009)
Decreased CAT (Ozcan
et al. 2004; Wei et al. 2009)
Increased GR (Kodydkova
et al. 2009; Andreazza et al.
2009)
Increased GST (Andreazza
et al. 2009; Galecki et al.
2009)

Meta-analysis
No difference
in SOD
(Brown et al.
2014)
No difference
in GPX
(Brown et al.
2014)
No difference
in CAT
(Brown et al.
2014)

Brain
MRS
No difference in GSH in PFC
(Godlewska et al. 2014),
ACC (Soeiro-de-Souza et al.
2016; Lagopoulos et al.
2013), and occipital cortex
(Godlewska et al. 2014)
Increased lactate in dorsal
ACC (Soeiro-de-Souza et al.
2016)
Correlation between GSH
and lactate in dorsal ACC
(Soeiro-de-Souza et al. 2016)
Postmortem
Increased 3-NT in PFC
(Andreazza et al. 2013)

MRS
Decreased GSH in occipital
cortex (Godlewska et al.
2015)
Negative correlation between
GSH and anhedonia in
patients with MDD (Lapidus
et al. 2014)
Escitalopram did not change
brain GSH levels (Godlewska
et al. 2015)
Increased GSH in ACC of
elderly at risk for MDD
(Godlewska et al. 2015)
In elderly at risk for MDD,
GSH correlates positively
with depression and
negatively with cognitive
function (Godlewska et al.
2015)
Postmortem
Increased SOD in PFC
(Michel et al. 2007)
No difference in SOD in the
hippocampus (Michel et al.
2007)

All findings are relative to controls
3-CT 3-chlorotyrosine, 3-NT 3-nitrotyrosine, ACC anterior cingulate cortex, CAT catalase, MDD
major depressive disorder, FA fractional anisotropy, FEP first-episode psychosis, GSH reduced
glutathione, GPX glutathione peroxidase, GR glutathione reductase, GSSG oxidized glutathione,
GST glutathione-S-transferase, PFC prefrontal cortex, rsFC resting-state functional connectivity,
SOD superoxide dismutase, TAS total antioxidant status, TBARS thiobarbituric acid reactive
substances
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stress. Han et al. reported that GSH levels as well as the GSH/GSSG ratio showed
significantly lower values in children with ASD compared to control subjects (Han
et al. 2015). Other investigators showed that children with ASD had lower levels of
plasma GSH but higher levels of GSSG than typically developing children (Geier
et al. 2009; James et al. 2006). Furthermore, homocysteine and GSSG levels were
significantly higher in children with ASD (Han et al. 2015). Finally, homocysteine
levels were found to correlate positively with Childhood Autism Rating Scale
(CARS) scores in children with ASD. The associations between other oxidative
stress parameters and ASD have not been consistent. The SOD activity was either
increased in erythrocytes (Al-Gadani et al. 2009; Zoroglu et al. 2004) or decreased
in plasma and erythrocytes (Meguid et al. 2011; Yorbik et al. 2002). The CAT activity was reduced in erythrocytes (Zoroglu et al. 2004) but unchanged in plasma
(Al-Gadani et al. 2009). The GPX activity was reduced in plasma (El-Ansary and
Al-Ayadhi 2012; Laszlo et al. 2013) and erythrocytes (Meguid et al. 2011) but
increased in plasma (Al-Gadani et al. 2009).
Ghezzo et al. evaluated oxidative stress parameters in children with ASD and
neurotypical controls. While some oxidative stress biomarkers including TBARS,
urinary isoprostane, and hexanoyl-lysine adduct levels in RBC were found to be
elevated in ASD, many others (RBC SOD and CAT activities, urinary 8-oxo-dG,
plasma radical absorbance capacity, and carbonyl groups) were not different
between the two groups (Ghezzo et al. 2013). Interestingly, Na+/K+-ATPase
activity and RBC membrane fluidity were found to be reduced in ASD compared
to TD (Ghezzo et al. 2013). Furthermore, fatty acid membrane profile was altered
in ASD; children with ASD demonstrated an increase in monounsaturated fatty
acids, decrease in eicosapentaenoic acid (EPA), decrease in docosahexaenoic
acid (DHA)-ω3, and increase in the ω6/ω3 ratio as compared to controls (Ghezzo
et al. 2013).
Existing evidence is not consistent and small sample sizes and effects limit many
studies. Frustaci and his colleagues, who completed a recent systematic review and
meta-analyses of oxidative stress-related biomarkers in autism, recognized this
problem. This meta-analysis showed the children with autism consistently demonstrated decreased blood levels of reduced GSH, GPX, methionine, and cysteine and
increased concentrations of GSSG relative to controls across multiple studies,
whereas SOD, homocysteine, and cystathionine were not consistently different
between ASD and controls across published studies (Frustaci et al. 2012).
Building on the above findings, Frye and his colleagues studied the connection
between oxidative stress and mitochondrial dysfunction in children with
ASD. Compared to typically developing controls, children with ASD [with or without comorbid mitochondrial disease (MD)] showed lower GSH and GSH/
GSSG. Compared to children with ASD only, children with ASD + MD were found
to have significantly higher GSH/GSSG and lower levels of GSSG. Furthermore,
the authors demonstrated that signs of chronic inflammation were present in both
groups of children with ASD, as evidenced by higher levels of 3-chlorotyrosine
(3-CT). Finally, children with ASD + MD were found to have lower scores on the
daily living skill and communication subscales of the Vineland Adaptive Behavior
Scale (VABS) despite having similar language and ASD symptoms. This study
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suggested that different subgroups of children with ASD have different abnormalities in their redox balance, which may arise from different etiologies.

4.3.1.2 Evaluation of Brain GSH Levels in Individuals
with ASD by 1H MRS
1
Using H MRS, no difference in brain GSH was found in either basal ganglia or
dorsomedial prefrontal cortex in adults with ASD (Durieux et al. 2016).
4.3.1.3 Assessing Redox Balance from Postmortem Brain Samples
of Individuals with ASD
Using postmortem brain samples of individuals with ASD, central nervous system
levels of oxidative stress biomarkers were measured (Rose et al. 2012). Consistent
with previous studies on plasma and immune cells, the oxidative stress biomarkers
GSH and GSH/GSSG, as measured by HPLC, were significantly decreased in both
ASD cerebellum and temporal cortex as compared to controls.
A significant increase in 3-NT, a biomarker of oxidative protein damage, in the
cerebellum and temporal cortex was found in ASD (Rose et al. 2012). Similarly,
8-oxo-dG, a biomarker of oxidative DNA damage, was elevated in cerebellar and
temporal cortices in individuals with ASD in comparison to controls and was
inversely correlated with GSH/GSSG in the cerebellum (Rose et al. 2012). An
increase in levels of 3-CT, a biomarker of chronic inflammatory response, in both
brain regions was also observed. Finally, the activity of aconitase, a biomarker of
mitochondrial superoxide production, was significantly decreased in cerebellar tissue of individuals with ASD cerebellum and was negatively correlated with GSH/
GSSG (Rose et al. 2012). Together, these results indicate that decreased GSH/GSSG
redox/antioxidant capacity and increased oxidative stress in the brain tissue from
individuals with ASD may have functional consequence in terms of a chronic
inflammatory response, increased mitochondrial superoxide production, and oxidative protein and DNA damage. Finally, in a similar study, cerebellar tissues from
individuals with ASD were examined, and the activities of GSH-related enzymes
GPX, GST, GR, and glutamate-cysteine ligase (GCL) were measured (Gu et al.
2013). Compared to that of the control group, the activities of GPX, GST, and GCL
were significantly decreased in ASD.
4.3.1.4 Oxidative Stress and Mitochondrial Dysfunction in ASD
The relationship of oxidative stress and mitochondrial dysfunction was also demonstrated in a subset of individuals with ASD (Rose et al. 2014, 2015). Using lymphoblastoid cell lines (LCLs) derived from children with ASD, Rose et al. reported that
this subset of ASD children had an abnormal mitochondrial reserve capacity before
and after exposure to ROS. LCLs from a subset of children with ASD displayed
high reserve capacity at baseline but a precipitous drop in reserve capacity when
challenged with ROS. In a recent study, this group demonstrated that this metabolic
phenotype was related to worse repetitive and stereotyped behaviors (Rose et al.
2017). Interestingly, in this ASD LCL subgroup, pretreatment with NAC prevented
this sharp decline of anti-oxidation reserve capacity and improved GSH
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metabolism, suggesting a role for altered GSH metabolism associated with this type
of mitochondrial dysfunction (Rose et al. 2015). Collectively, these results suggested that a subgroup of children with ASD might have alterations in mitochondrial function, which could cause increased vulnerability to prooxidants.

4.3.2

Oxidative Stress and Schizophrenia

4.3.2.1 Peripheral Biomarkers of Redox Balance in Schizophrenia
Schizophrenia is a psychiatric disorder characterized by hallucinations, delusions,
and cognitive dysfunction. This disorder has been viewed as a neurodevelopmental
disorder due to the known risk factors of early life insult and genetic loading. Redox
regulation has been hypothesized as one of the components of a “central hub” in the
pathophysiology of schizophrenia (Steullet et al. 2010). Redox dysregulation,
NMDA hypofunction, and neuroinflammation were hypothesized as the three components of this hub, which mediates the impairment of microcircuits and macrocircuits, thereby causing aberrations in circuit connectivity and psychopathologic
findings in schizophrenia (Steullet et al. 2010). Peripheral (blood and plasma) GSH
levels in patients with schizophrenia have been found to be lower than in healthy
volunteers (Altuntas et al. 2000; Mico et al. 2011; Raffa et al. 2009, 2011). Further,
blood GSSG concentrations were found to be higher in patients with schizophrenia
(Raffa et al. 2009, 2011). GSH levels correlated positively with the Scale for the
Assessment of Positive Symptoms (SAPS) (Raffa et al. 2011).
In addition to GSH and GSSG levels, the disorder was found to be associated
with aberrations in other oxidative stress parameters based on a recent meta-analysis of oxidative stress of 44 studies involving individuals with schizophrenia (Flatow
et al. 2013). Compared to control subjects, serum or plasma total antioxidant status
(TAS) levels were significantly lower in patients who underwent first episodes of
psychosis (FEP). However, TAS levels were found to be significantly higher in
patients who have been treated with antipsychotic medications after acute exacerbations of psychosis. Similarly, cross-sectional studies revealed that red blood cell
(RBC) CAT and plasma nitrite were significantly decreased in FEP and significantly
increased in stable outpatients. Based on these results, the authors concluded that
plasma or serum TAS, plasma nitrite, and RBC CAT were state-related biomarker of
oxidative stress in individuals with schizophrenia. In contrast, compared to control
subjects, RBC SOD was found to be lower in FEP, acutely relapsed inpatients, and
stable outpatients, and therefore, SOD appeared to be a trait-related biomarker for
schizophrenia. Collectively, these findings supported that abnormalities in oxidative
stress in FEP might be independent of antipsychotic medications.
One genetic factor that has been reported to influence GSH concentrations in the
systemic circulation is the GAG trinucleotide repeat (TNR) polymorphism in the
gene coding for the catalytic subunit of glutamate-cysteine ligase (GCL), the ratelimiting enzyme for GSH synthesis. Importantly, polymorphism of this catalytic
subunit of GCL (GCLC) was associated with schizophrenia in two case-control
studies. As compared with GCLC low-risk genotypes, GCLC high-risk genotypes
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were more frequent in patients with schizophrenia and were associated with lower
GCLC protein expression, GCL activity, and GSH levels in fibroblasts when challenged with oxidative stress conditions. In their recent studies in patients with early
psychosis, Xin et al. found that glutamate concentrations in the mPFC as measured
by MRS were lower in patients with low-risk GCLC genotypes, but this was not the
case for patients with high-risk genotypes (Xin et al. 2016). Furthermore, the
authors revealed that the GSH levels in the mPFC, as measured by 1H MRS, correlated negatively with GPX levels in RBC in patients with schizophrenia. In contrast
to individuals with early psychosis, GSH levels in the mPFC of healthy volunteers
correlated positively with GPX levels in RBC (Xin et al. 2016).

4.3.2.2 Evaluation of Brain GSH Levels in Individuals
with Schizophrenia by 1H MRS
Regarding GSH levels in the brain, Do and her colleagues found that the GSH concentrations in cerebrospinal fluid (CSF) of inpatients with schizophrenia or schizophreniform disorder were lower than those of age- and gender-matched healthy
controls (Do et al. 2000). They examined the prefrontal cortex (PFC) of these participants by proton magnetic resonance spectroscopy (1H MRS), which revealed the
GSH levels in the PFC to be lower in patients with schizophrenia than healthy volunteers (Do et al. 2000). This finding was replicated by 1H MRS of the frontal cortex
in patients with schizophrenia (Matsuzawa and Hashimoto 2011).
Despite the consistent findings of reduced GSH in the frontal cortex, decreased
GSH levels were not found in other areas of the brain. For example, a 1H MRS study
detected no changes in GSH levels in the anterior cingulate (Terpstra et al. 2005)
and posterior medial frontal cortex (Matsuzawa et al. 2008), whereas GSH concentrations in the medial temporal lobe were increased in patients with their first episode of schizophrenia (Wood et al. 2009). Collectively, these results suggested that
perturbation in the GSH levels may be regionally specific in schizophrenia.
4.3.2.3 Assessing Redox Balance from Postmortem Brain Samples
of Individuals with Schizophrenia
According to postmortem studies, the concentrations of GSH in the prefrontal cortex (Gawryluk et al. 2011) and striatum (Yao et al. 2006) of schizophrenic patients
were lower than controls. Such decreases were linked with lowered activity of
related enzymes, such as GPX, GSH-R, and GSH-S-transferase mu isoform
(Gawryluk et al. 2011; Yao et al. 2006). Furthermore, increased oxidation and nitration was also found in the postmortem PFC samples of patients with schizophrenia
(Kim et al. 2014).
Among brain cells, oligodendrocytes are known to be highly vulnerable to oxidative stress. Monin and his colleagues investigated the interplay between glutathione
and myelin (Monin et al. 2015). In control subjects, a positive association was found
between mPFC GSH levels as assessed by MRS and both fractional anisotropy (FA)
and resting-state functional connectivity along the cingulum bundle. In contrast, in
early psychosis patients, mPFC GSH levels were correlated only with FA measures.
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Therefore, redox regulation has a critical role in myelination processes and white
matter maturation in the mPFC of patients with schizophrenia.

4.3.2.4 Oxidative Stress and Other Pathophysiologic Mechanisms
of Schizophrenia
On one hand, oxidative stress can cause damage in the cellular machinery for neurotransmission. On the other hand, abnormalities in the neurotransmission system
can trigger changes in oxidative stress. For example, hypofunction of the NMDA
receptor (NMDAR) can trigger the downregulation of antioxidant genes, leading to
ROS generation through the activation of NADPH oxidase (NOX). NMDAR hypofunction can also result in circuit-level disinhibition of cortical networks. These
events cause GSH depletion, which in turn can further repress NMDAR activity.
Consequently, during brain development, oxidative stress and GSH deficits caused
by NMDAR hypofunction can cause cellular impairment of specific neurons including parvalbumin-expressing interneurons (PVIs), leading to excitation-inhibition
(E/I) imbalance (Do et al. 2015; Morishita et al. 2015). The E/I imbalance may lead
to the alterations in sensory processing, cognition, and behavior in individuals with
schizophrenia.

4.3.3

Oxidative Stress and Bipolar Disorder

4.3.3.1 Peripheral Biomarkers of Redox Balance in Bipolar Disorder
Bipolar disorder is a mood disorder characterized by discrete episodes of manic and
depressive symptoms. The findings on redox status are mixed and are mostly from
data obtained from studies of adult individuals with bipolar disorder. Rosa et al.
found that bipolar patients had significantly lower plasma levels of GSH and higher
levels of GSSG, compared to controls (Rosa et al. 2014). This investigation also
revealed a correlation between total GSH levels and age of illness onset, so that
lower plasma levels of GSH were associated with later onset of disease, not length
of illness. Interestingly, Tuncel et al. however could not replicate the difference in
plasma GSH levels between bipolar patients and control subjects (Tuncel et al.
2015). Additionally, the activity of SOD was found to be similar between bipolar
patients and healthy volunteers (Tuncel et al. 2015; Tsai and Huang 2015). Serum
GPX activity in bipolar patients was found to be significantly lower than that of
control subjects and correlated negatively with severity of manic symptoms as measured by the Young Mania Rating Scale (YMRS) (Tsai and Huang 2015). No difference in CAT activity was found between bipolar patients and control subjects.
However, serum CAT activity was associated positively with YMRS (Tsai and
Huang 2015).
Tuncel et al. also examined other oxidation markers of lipid peroxidation, protein
oxidation, and total oxidized guanine species, in adult bipolar patients during manic
and euthymic episodes (Tuncel et al. 2015). Significant increase in the level of lipid
peroxidation was found in the bipolar disorder manic episode group compared to
the control group. Furthermore, the level of total oxidized guanine species was
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statistically higher in bipolar groups compared to the control group. Tsai and colleagues replicated the increased lipid peroxidation (Tsai and Huang 2015). Serum
levels of TBARS in bipolar patients in a manic phase were significantly higher than
those of healthy volunteers. Furthermore, these authors found significantly decreased
changes in TBARS levels only in bipolar manic patients after treatment, suggesting
that TBARS levels might be a state biomarker of oxidative stress in bipolar patients
(Tsai and Huang 2015).
Brown et al. conducted a meta-analysis of studies that examined markers of oxidative stress in bipolar patients compared to healthy volunteers (Brown et al. 2014).
Bipolar disorder patients were found to have significantly higher markers of lipid
peroxidation and DNA/RNA damage, as compared to healthy controls. While the
effect size for lipid peroxidation was very high, GPX, SOD, and CAT in bipolar
patients were not different from that of healthy volunteers.
The evidence of oxidative stress appears to persist into later life in individuals
with bipolar disorder (Andreazza et al. 2015). Andreazza et al. compared the levels of oxidative damage to proteins and lipids in plasma from 110 euthymic older
patients with bipolar disorder (mean age, 62 years) and found that these patients
showed higher levels of lipid hydroperoxide (LPH) and 4-hydroxynonenal
(4-HNE) than age-matched healthy volunteers. However, no significant differences for PC, 3-NT, and 4-HNE were found between the two groups. These results
support the persistent effect of oxidative stress in patients with bipolar disorder
into later life.

4.3.3.2 Brain GSH Levels in Individuals with Bipolar Disorder
by 1H MRS
GSH levels were assessed in prefrontal (Godlewska et al. 2014), anterior cingulate
(Soeiro-de-Souza et al. 2016; Lagopoulos et al. 2013), and occipital (Godlewska
et al. 2014) cortices of patients with euthymic bipolar disorder. No difference in
GSH levels between bipolar participants and controls was found. Similarly, participants showed no difference from controls in other measured cortical metabolites
including GABA, glutamate, and NAA. Although no difference in GSH levels was
found in the brain regions studied, lactate levels in the dorsal anterior cingulate
cortex were found to be higher in bipolar disorder patients, as compared to healthy
controls. Interestingly, lactate and GSH levels in the dorsal anterior cingulate cortex
correlated positively in euthymic bipolar patients only (Soeiro-de-Souza et al.
2016). While no alterations of markers of the oxidative system were observed in
euthymic individuals with bipolar disorder, it remains to be determined whether
abnormalities in this system might be observed during active clinical activities,
either manic or depressive.
4.3.3.3 Assessing Redox Balance from Postmortem Brain Samples
of Individuals with Bipolar Disorder
Pathologic studies have also examined the antioxidant system in individuals with
bipolar disorder. Andreazza et al. examined the postmortem PFC samples from
patients with bipolar disorder and isolated mitochondria, synaptosomes, and myelin
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(Andreazza et al. 2013). They found decreased complex I subunit levels in bipolar
subjects compared with healthy volunteers, but no difference in complex III subunits. Additionally, carbonylation was increased in synaptosomes from the bipolar
group, while 3-NT was increased in mitochondria from the bipolar group. These
results suggest that mitochondrial proteins in the PFC of bipolar patients are more
susceptible to potentially reversible nitrosative damage, while more long-standing
oxidative damage occurs to synaptic proteins.
Kim et al. found increased oxidation of dopamine transporter (DAT)immunoreactive regions and decreased nitration of tyrosine hydroxylase (TH)immunoreactive regions in the PFC of patients with bipolar disorder (Kim et al.
2014). On the other hand, these authors found increased global levels of oxidation
in patients with bipolar disorder. (Kim et al. 2014) These findings suggest alterations in levels of protein oxidation and nitration in DA-rich regions of the prefrontal
cortex in patients with bipolar disorder.

4.3.4

Oxidative Stress and Major Depressive Disorder

4.3.4.1 Peripheral Biomarkers of Redox Balance in Major Depressive
Disorder (MDD)
Major depressive disorder is a psychiatric disorder characterized by discrete episodes of low mood, sadness, and hopelessness accompanied by vegetative symptoms of depression involving alterations of sleep and appetite. Several lines of
evidence support that the redox balance in patients with MDD is perturbed. However,
findings of oxidative stress parameters are mixed. While various studies revealed
that systemic levels of GPX (Ozcan et al. 2004; Kodydkova et al. 2009), CAT
(Ozcan et al. 2004; Wei et al. 2009), and SOD (Wei et al. 2009; Selek et al. 2008)
were lower in MDD patients than healthy volunteers, opposite results were also
published. Some reports indicated the rise of activities of GR (Kodydkova et al.
2009; Andreazza et al. 2009) and GST (Andreazza et al. 2009) in the late stage of
MDD, without alteration in GPX activity (Andreazza et al. 2009; Galecki et al.
2009). Higher levels of SOD activities were also found in serum and erythrocytes of
patients with MDD (Kodydkova et al. 2009; Khanzode et al. 2003; Sarandol et al.
2007; Bilici et al. 2001).
4.3.4.2 Evaluation of Brain GSH Levels in Individuals with Major
Depressive Disorder by 1H MRS
GSH concentration in the occipital cortex of patients with MDD was determined
by 1H MRS (Lapidus et al. 2014; Godlewska et al. 2015). Patients with MDD were
found to have lower GSH levels in the occipital cortex than control participants;
however, GABA and glutamate levels between MDD patients and controls were
similar (Godlewska et al. 2015). Furthermore, the severity of anhedonia was
found to correlate negatively with occipital GSH levels (Lapidus et al. 2014).
Effects of the selective serotonin reuptake inhibitor, escitalopram, on GSH levels
were also examined in one study. After a 6-week escitalopram treatment, brain

66

L. Fung and A. Hardan

levels of GSH, GABA, and glutamate in the occipital cortex remained unchanged
(Godlewska et al. 2015).
Oxidative stress and depressive symptoms were investigated in one study of
older adults at risk for depression (Duffy et al. 2015). Compared to age-matched
controls, the elderly “at-risk” individuals had increased GSH levels in the anterior
cingulate cortex (ACC). Additionally, the increased GSH levels were associated
with greater symptoms of depression and worse cognitive performance.

4.3.4.3 Assessing Redox Balance from Postmortem Brain Samples
of Individuals with MDD
A limited number of studies examined the redox balance in postmortem brain
tissue in individuals with MDD. In one study, the concentration of SOD was
found to be increased in the prefrontal cortex, but not in the hippocampus in
postmortem brain samples of individuals with depression in comparison to controls (Michel et al. 2007).

4.3.5

Summary

While several investigations have assessed the antioxidant defense system in neuropsychiatric disorders, findings have not been very consistent. Additional studies are
warranted to examine large sample sizes in a developmental approach and longitudinally to determine the stability of some of the observations over time and the
effect of age and treatment on the abnormalities observed. Using a multimodal
approach is also needed where markers of oxidative system are examined peripherally and centrally by innovative imaging methodologies.

4.4

Pharmacology of N-Acetylcysteine

N-Acetylcysteine (NAC) is a well-known antidote against acetaminophen overdose,
which works by increasing the concentrations of GSH through supplementation of
cysteine. Cysteine can also be oxidized to cystine, which is a substrate for the glutamate-cystine antiporter. In exchange of the cystine taken by the glial cells, the
antiporter transports glutamate into the extracellular space. The non-vesicular glutamate released into the extracellular space activates the type 2/3 metabotropic glutamate receptors, which inhibit the release of vesicular glutamate, thereby decreasing
glutamatergic neurotransmission.
NAC has been shown to prevent oxidative damage in animal models, such as the
Gclm knockout mice which have impaired synthesis of GSH (Cabungcal et al.
2013). Without supplementation of NAC, the redox dysregulation in the Gclm
knockout mice was found to cause oxidative stress in the brain. In particular, parvalbumin (PV)-containing GABAergic interneurons, but not GABAergic interneurons containing calbindin or calretinin, were found to be especially vulnerable to
oxidative damage. This effect was revealed to persist into adulthood of the Gclm
knockout mice and could be prevented with NAC.
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Role of NAC in Relieving Oxidative Stress in Patient
Population

NAC has been tested as adjunctive treatments for patients with ASD (Hardan et al.
2012; Dean et al. 2016), schizophrenia (Berk et al. 2008a; Farokhnia et al. 2013;
Lavoie et al. 2008), bipolar disorder (Berk et al. 2008b, 2012), depression (Berk
et al. 2014), and other psychiatric disorders. While many of these studies found that
NAC resulted in behavioral improvements, only one study had confirmed the mechanism of action of NAC in patient populations (Lavoie et al. 2008). Here we will
summarize the evidence for the modulation of the redox system in the brain as
demonstrated by clinical trials of NAC.
As discussed above, redox dysregulation and NMDA hypofunction have been demonstrated in patients with schizophrenia. Based on these pathophysiologic mechanisms
of schizophrenia, several investigators had conducted randomized, double-blind trials of
NAC. Lavoie et al. performed the only study to date that measured the GSH levels in the
systemic circulation (Lavoie et al. 2008). After a 6-week treatment of NAC, the mean
concentration of GSH in whole blood was 0.89 μmol/mL, which was significantly
higher than the mean GSH concentration after placebo treatment (0.81 μmol/mL).
One study has also been completed to examine the effect of NAC on the antioxidant system in mood disorders. Das and her colleagues conducted a multicenter,
randomized, double-blind, placebo-controlled study of MDD patients treated with
NAC (Das et al. 2013). Participants (n = 76) from one site completed 1H MRS of the
ACC at the end of treatment (12 weeks). MR spectra from the ACC yielded absolute
concentrations of glutamate (Glu), glutamate+glutamine (Glx), N-acetyl-aspartate
(NAA), and myoinositol (mI), but not GSH. Binary logistic regression analysis was
performed to determine whether metabolite profiles could predict NAC versus placebo group. While controlling for the severity of depression and gender, the regression model including concentrations of Glx, NAA, and mI resulted in 75% accuracy
in predicting group outcome (NAC or placebo). The finding of higher Glx and NAA
levels being predictive of the NAC group provides preliminary support for the putative anti-oxidative role of NAC in MDD. The authors stated that the links between
Glx and GSH synthesis (Dodd et al. 2008) and between NAA and GSH levels
(Heales et al. 1995) would support that GSH levels were likely elevated by NAC.
Despite the overwhelming evidence of GSH depletion in multiple psychiatric disorders, monitoring of brain levels of GSH before and after oral NAC treatment has
not been conducted to date. The closest attempt to this strategy was performed by
Holmay et al., who showed that a single-dose, intravenous administration of NAC
resulted in an increase in GSH in the occipital cortices of patients with Gaucher and
Parkinson diseases (Holmay et al. 2013). Clearly, the use of 1H MRS is at its infancy.

4.6

Future Directions

The evidence supporting the role of the antioxidant system in the pathophysiology in neuropsychiatric disorders is mounting. Treatment studies examining
the effect of NAC on behavioral improvement are of interest to many
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investigators, and attempts are being made to replicate existing findings in
larger trials. More importantly, there is a dire need to examine the direct effect
of NAC on the antioxidant system either peripherally or centrally. Therefore,
measuring GSH concentrations in the brain before and after NAC treatment is
essential not only important to confirm the mechanism of action of NAC but
also provide a potential avenue to develop biomarkers that can track disease
progression and predict response to treatment. This strategy will be facilitated
by the development of advanced MRS methodologies to allow the reliable measurement of GSH in the brain using acquisition sequences that are of short
duration to facilitate the participation of individuals with severe neuropsychiatric disorders.
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5.1

Introduction

Mitochondria are unique organelles containing a double membrane as well as their
own genome. The distinctive structural components of mitochondria include the outer
membrane, matrix, inner membrane, and intermembrane space. The inner mitochondrial membrane is folded into cristae and densely packed with the five multi-subunit
enzyme complexes of the electron transport chain (ETC), as well as two electron carriers, cytochrome c and ubiquinone, also known as coenzyme Q10 (Fig. 5.1). The
mitochondrial DNA (mtDNA) contains 37 genes that code for its own transcription
and translation machinery as well as 13 subunits of the energy-generating ETC.
Mitochondria are best known for their role in generating adenosine triphosphate
(ATP) from adenosine diphosphate (ADP) through the oxidation of substrates
including glucose and fatty acids. The process used by the mitochondria to produce
ATP is known as oxidative phosphorylation. The oxidation of glucose and fatty
acids generates acetyl-CoA, which is metabolized by the citric acid cycle (also
known as the tricarboxylic acid (TCA) cycle) to generate the electron donors, nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2),
which transfer energy to the ETC. Electrons flow through the ETC from electron
donors to electron acceptors, with each step incrementally releasing energy that is
used to pump protons across the inner membrane from the matrix into the intermembrane space, creating an electrochemical gradient. The protons flow down the
gradient through ATP synthase, and the energy released is used to phosphorylate
ADP to generate ATP, and O2, the final electron acceptor, is reduced to H2O.
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Fig. 5.1 The electron transport chain. The electron transport chain (ETC) consists of five multisubunit enzyme complexes (denoted I, II, III, IV, and V), as well as two electron carriers, cytochrome c and ubiquinone, also known as coenzyme Q10. Electron carriers, nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH2), are generated by the citric acid
cycle and donate electrons to ETC complexes I and II, respectively. ETC complex II, also called
succinate dehydrogenase, is the only enzyme that is a component of both the ETC and the citric
acid cycle. Succinate (Succ) is oxidized to fumarate (Fum) to generate FADH2. Electrons from
NADH and FADH2 flow to ETC complex III through ubiquinone (CoQ) and then to ETC complex
IV through cytochrome c (Cyt c), which reduces O2 to H2O. Each of these electron transfers generates energy used to pump protons (H+) across the inner membrane from the matrix to the intermembrane space, generating an electrochemical gradient. The flow of protons down the gradient
through ETC complex V (ATP synthase) generates the energy to phosphorylate ADP to generate
ATP. Uncoupling proteins (UCP) act as a release valve, allowing protons to flow through the
membrane.

Because the process of oxidative phosphorylation is imperfect, leakage of electrons results in the formation of reactive oxygen species (ROS). Indeed, a continuous low-level generation of superoxide (~1%) accompanies inner membrane
electron transfer resulting in the mitochondria being both the predominant source
and the major target of ROS in most cells. Mitochondria possess several mechanisms to combat and protect themselves from oxidative damage including the tripeptide glutathione (GSH) and antioxidant enzymes such as manganese superoxide
dismutase (MnSOD), glutathione peroxidase (GPx), peroxiredoxins (Prx), and thioredoxins (TRx).
Mitochondria lack the enzymes for GSH synthesis; thus, the mitochondrial redox
state is dependent upon cytosolic GSH production and the transport of reduced and
oxidized glutathione across the mitochondrial membrane. Depletion of mitochondrial GSH increases vulnerability to oxidative damage from ETC-derived
ROS. Additionally, exogenous agents that damage mitochondrial proteins can lead
to ETC dysfunction and increased mitochondrial ROS production, which can
deplete mitochondrial GSH.
Several key bioenergetic enzymes including aconitase, oxoglutarate dehydrogenase, and ETC complexes I, II, and III are particularly susceptible to oxidative damage and inactivation as they contain labile iron-sulfur (Fe-S) clusters, which are
targets of superoxide (Welter et al. 1996). Through Fenton chemistry, displaced Fe+2
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from oxidized Fe-S clusters reacts with H2O2, forming the damaging hydroxyl radical. Thus, mitochondrial ROS production coupled with a fragile redox state can lead
to decreased ETC function, initiating a vicious cycle leading to ATP depletion and
activation of the apoptosis cascade.
Mitochondrial-mediated apoptosis, also known as the intrinsic apoptosis pathway, is initiated by the release of cytochrome c, a component of the ETC that is
loosely associated with the mitochondrial inner membrane. Cytochrome c release
from the mitochondria results in activation of caspase 9, initiating the caspase activation cascade that results in cleavage of multiple substrates and ultimately death of
the cell. Pro-apoptotic proteins of the Bcl (B cell leukemia) family and depolarization of the mitochondrial membrane potential (ΔΨM) promote cytochrome c release.
Mitochondrial-mediated apoptosis can also be induced by the p38 mitogen-activated
protein kinase (MAPK) signaling pathway that includes c-Jun NH2-terminal kinase
(JNK) and extracellular signal-regulated kinase (ERK). Phosphorylation of prosurvival proteins of the Bcl family by MAPKs leads to loss of ΔΨM and cytochrome
c release (Farley et al. 2006; Kim and Choi 2010).
Mitochondria are dynamic organelles, responding to changing cellular physiology, nutrient availability, and energy demands. The shape, size, distribution, and
number of mitochondria vary among different types of cells according to their function and energy demands. For example, skin cells, which have a relatively low
energy demand, have fewer mitochondria than cells with higher energy demands,
such as muscle, liver, and brain cells. Individual mitochondria are connected through
an interconnected tubular network, the morphology of which is responsive to
changes in nutrient availability and metabolic stress and demands. The mitochondrial network is shaped by balanced coordination of fusion and fission events. The
machinery primarily responsible for fusion includes mitofusin (Mfn) 1 and Mfn2
and optic atrophy (OPA) 1 and OPA3, while fission machinery includes dynaminrelated protein 1 (DRP1), mitochondrial fission factor (MFF), and mitochondrial
fission 1 protein (FIS1). For a detailed review, see Wai and Langer (2016) and
Lackner (2014).
Mitoplasticity refers to the adaptive changes in mitochondrial structure and function in response to cellular stress and changes in energy demand and nutrient availability. Mitoplasticity is regulated and carried out by multiple energy sensing and
cell signaling mechanisms. Major regulators of mitoplasticity include AMPactivated protein kinase (AMPK), peroxisome proliferator-activated receptor-c
coactivator 1-α (PGC1α), mammalian target of rapamycin complex 1 (mTORC1),
and uncoupling protein 2 (UCP2) (Jose et al. 2013). AMPK is considered a master
regulator of energy metabolism that is activated by an increase in the adenosine
monophosphate (AMP)/ATP ratio, and it downregulates energy consumption and
upregulates energy production. PGC1α is a transcriptional coactivator that induces
mitochondrial biogenesis. Uncoupling proteins such as UCP2 are activated by
superoxide, and they decrease the mitochondrial membrane potential to decrease
ROS production by the ETC. Mitophagy is a process whereby damaged mitochondria are removed from the cell. Mitophagy is regulated by multiple signaling mechanisms, with two well-described regulators being PTEN-induced kinase 1 (PINK1)
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and Parkin (McWilliams and Muqit 2017). Interestingly, mTORC1, a serine/theonine kinase, enhances oxidative phosphorylation but inhibits mitophagy.
In addition to their major roles in producing energy for the cell and initiating
apoptosis, mitochondria also contribute to redox signaling, steroid synthesis, lipid
metabolism, and intracellular calcium homeostasis by rapid uptake and storage of
cytosolic calcium. Given the many important roles of the mitochondria for normal
cellular function, it stands to reason that mitochondrial dysfunction is involved in a
wide variety of diseases and medical disorders.
Mitochondrial dysfunction has been implicated in multiple psychiatric disorders
(Anglin et al. 2012; Jou et al. 2009; Manji et al. 2012; Rezin et al. 2009; Scaglia
2010; Clay et al. 2011), neurodevelopmental disorders including autism spectrum
disorder (Rossignol and Frye 2012, 2014; Goh et al. 2014; Valenti et al. 2014;
Giulivi et al. 2010; Palmieri and Persico 2010; Oliveira et al. 2005), neurodegenerative disorders (Mattson and Liu 2002; Federico et al. 2012), cardiovascular disease
(Dai et al. 2012; Lopez-Crisosto et al. 2017; Vasquez-Trincado et al. 2016; Ballinger
2005; Dominic et al. 2014), obesity and diabetes (Civitarese and Ravussin 2008;
Patti and Corvera 2010; Simoneau and Kelley 1997; Ritov et al. 2005; Naudi et al.
2012), cancer (Weinberg and Chandel 2009; Samudio et al. 2009; Vyas et al. 2016;
Boland et al. 2013; Wallace 2012), and aging (Balaban et al. 2005; Sun et al. 2016;
Shigenaga et al. 1994).
Given that mitochondria are the primary producers and targets of ROS and their
importance in health and disease, the effects of the antioxidant and glutathione precursor, NAC, on mitochondrial function have been examined in many studies of a
wide variety of medical conditions. NAC has also been used as a tool to investigate
the role of ROS in normal biological processes as well as pathological conditions.
The purpose of this review is to conduct a systematic review of the literature on the
effects of NAC on mitochondrial metabolism.

5.2

Methods

A PubMed search conducted in April 2016 using the terms “acetylcysteine” and
“mitochondria” or “mitochondrial” returned 1122 results. The authors screened the
titles and abstracts for relevance. Reviews, articles not available in English, and
studies using nonmammalian models were excluded. Full-text manuscripts were
obtained for 1035 results and were further reviewed for inclusion. Manuscripts were
included if the effect of NAC on a mitochondrial endpoint was directly measured
and reported, and studies in which apoptosis was the only mitochondrial-related
endpoint were included if apoptosis was clearly mitochondrial mediated.

5.3

Results

After screening, 623 articles were determined to be relevant to this review and were
subcategorized into specific research areas and are discussed below.
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Aging

Mitochondrial function declines with age and likely contributes to age-related medical conditions (Balaban et al. 2005; Sun et al. 2016; Shigenaga et al. 1994). Several
groups have examined the effects of long-term dietary supplementation with NAC
on mitochondrial function in animal models with limited success. After
12–16 months of dietary NAC supplementation (0.3% w/w), isolated brain and
heart mitochondria from 28-month-old rats exhibited increased activities of ETC
complexes I, II, III, and IV and decreased protein carbonyls, and ETC complex I
gene and protein expression was increased in the cortex and hippocampus (Cocco
et al. 2005; Nicoletti et al. 2005). Another study demonstrated that liver mitochondria from aged rats supplemented with NAC exhibited increased oxygen consumption, decreased oxidative and nitrosative damage, and increased mitochondrial GSH
and GPx (Grattagliano et al. 2004). It is important to note that in these studies, while
there was a noted increase in mitochondrial activity in the NAC-supplemented animals, the activities were still significantly lower as compared to young mice. In a
study of 71-week-old mice supplemented with dietary NAC for 23 weeks, there was
decreased oxidative damage to lipids and proteins in synaptic mitochondria, but no
significant improvement of synaptic mitochondrial activity was noted (Martinez
et al. 2000). NAC has also been shown to improve mitochondrial function of aged
mitochondria when applied in vitro. Synaptic mitochondria from aged mice treated
in vitro with NAC (1–20 mM) demonstrated increased ETC complex IV activity at
concentrations of NAC <20 mM, whereas 20 mM NAC actually decreased ETC
complex IV activity (Martinez Banaclocha and Martinez 1999). In a study of cultured oocytes from aged mice, 1 mM NAC supplementation (along with alpha lipoic
acid, tocopherol, hypotaurine, and sirtuin) increased ΔΨM (Silva et al. 2015).

5.3.2

Cardiovascular

Cardiovascular diseases including cardiomyopathies, myocardial infarction, and
heart failure all involve cardiac mitochondrial dysfunction. Five out of six studies
that examined the ability of NAC to protect mitochondria in cardiovascular disease
animal models were positive. In the streptozotocin (STZ)-induced diabetes rat
model of diabetic cardiomyopathy, NAC (150 mg/kg/day intragastrically for
4 weeks post diabetes onset) preserved myocardium mitochondrial size and morphology and decreased cardiac apoptosis in two studies (Yildirim et al. 2013; Cicek
et al. 2014), and NAC increased cardiac MnSOD activity in a third study by a separate group (Wang et al. 2011). In a monocrotaline-induced cardiac heart failure
(CHF) rat model of CHF-induced cachexia, NAC (3 mmol/kg/day by gavage for
30 days post onset) increased ETC complex I activity in gastrocnemius muscle
(Barreiro et al. 2016). In a permanent left coronary artery ligation-induced myocardial infarction rat model, NAC (75 mg/day in drinking water from 8 to 12 weeks
post ligation) decreased mitochondrial superoxide production and increased ETC
complex I and IV activities in subendocardial cardiomyocytes (Andre et al. 2013).
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In an isoproterenol-induced myocardial infarction rat model, isolated heart mitochondria from rats pretreated for 14 days with NAC (10 mg/kg/day p.o.) exhibited
decreased lipid peroxidation, increased MnSOD and mitochondrial GPx activity,
increased mitochondrial GSH, and increased ETC complex I–V activities and had
normal mitochondrial morphology as compared to rats without NAC (Basha and
Priscilla 2013). On the other hand, in an angiotensin II-induced hypertensive cardiomyopathy mouse model, concurrent treatment with NAC (500 mg/kg/day in drinking
water) did not decrease cardiac mitochondrial protein oxidative damage nor did it
decrease cardiac PGC-1α and NRF upregulation or cardiac apoptosis (Dai et al. 2011).
NAC has been shown to be effective in numerous in vitro models of cardiomyopathies, cardiac ischemia-reperfusion, hearth failure, and various other heart
pathologies (see Online Table 5.1). NAC improves mitochondrial calcium handling,
decreases mitochondrial superoxide production, protects against loss of ΔΨM, and
prevents mitochondrial permeability transition and apoptosis induction. Interestingly,
in two studies NAC also improved mitochondrial fusion and fission abnormalities
(Loor et al. 2011; Redpath et al. 2013). NAC was not effective at decreasing mitochondrial superoxide production, oxidative damage to mitochondrial proteins, or
apoptosis induction in angiotensin II-stimulated neonatal cardiomyocytes when
applied at a concentration of 0.5 mM, while a mitochondrial-targeted antioxidant,
Szeto-Schiller (SS)-31 peptide, was effective (Dai et al. 2011). It is possible that a
higher concentration of NAC may have been effective, but this was not tested.
In an interesting study, Korge and Weiss (2006) demonstrated that isolated cardiac mitochondria could run on their own fatty acids when substrates are limited,
providing the mitochondrial redox microenvironment was maintained in a reduced
state. Specifically, they determined that the oxidation of endogenous fatty acids
requires both NAC and catalase (Korge and Weiss 2006) as catalase allowed the
efflux of H2O2 from the mitochondrial matrix and, along with NAC, maintained a
reduced redox environment in the matrix.

5.3.3

Obesity and Diabetes

Obesity and the development of type 2 diabetes are associated with oxidative stress
and mitochondrial dysfunction (Ritov et al. 2005). Wang et al. (2010) demonstrated
that rat adipocytes have no mitochondrial respiratory reserve capacity and that the
addition of NAC increases mitochondrial oxygen consumption of adipocytes
in vitro. Interestingly NAC was also found to stimulate respiration in vivo in an
animal model of obesity. Rats fed a high-fat diet (HFD) and treated with NAC for
15 days (3 mg/mL in drinking water) exhibited increased O2 consumption and CO2
production and decreased body fat as compared to HFD-fed rats not given NAC
(Wang et al. 2010). NAC increases cellular and whole-body respiration in HFD-fed
rats by either directly scavenging excess free radicals or by supplying cysteine, the
rate-limiting amino acid for GSH synthesis.
In the rat model of STZ-induced diabetes, NAC treatment after onset of diabetes
has been shown by several groups to protect mitochondria. NAC treatment after
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diabetes onset preserved cardiac mitochondrial morphology in three studies (Cicek
et al. 2014; Yildirim et al. 2013; Wang et al. 2011). Kamboj and Sandhir (2011)
demonstrated that NAC is also effective at protecting brain mitochondria in this
model. Specifically they found that isolated cerebral cortex mitochondria from mice
treated with NAC (1.4 g/kg/day in drinking water for 7 weeks beginning 1 week
after diabetes onset) exhibited decreased lipid peroxidation and oxidant production;
increased MnSOD activity; increased mitochondrial thiols; increased activities of
ETC complex I, II, and IV; and decreased mitochondrial swelling as compared to
diabetic rats not treated with NAC (Kamboj and Sandhir 2011).
Many groups have also tested the ability of NAC to protect mitochondria in cell
culture models of diabetes (see Online Table 5.2). NAC, especially when used as a
pretreatment, has been shown to protect mitochondria primarily by preventing loss
of ΔΨM and decreasing apoptosis in numerous cell types cultured under diabeteslike conditions including high glucose (Hung et al. 2009; Kumar and Sitasawad
2009; Liu et al. 2013; Park et al. 2015; Recchioni et al. 2002), serum from diabetic
subjects (Feng et al. 2013), the reducing sugar 2-deoxy-d-ribose (Kletsas et al.
1998; Suh et al. 2012), and methylglyoxal-induced carbonyl stress (Okouchi et al.
2009), as well as in pancreatic β cells stressed with antimycin A (Wu et al. 2011).
Co-treatment with NAC prevented apoptosis but failed to normalize (decrease)
mitochondrial respiration and metabolic flux in 4IIEC3 rat hepatocytes cultured
with excess palmitate, indicating that palmitate-induced activation of mitochondrial
metabolism is independent of ROS accumulation and apoptosis initiation (Egnatchik
et al. 2014). In rat pancreatic islets cultured with high glucose, NAC failed to prevent mitochondrial-mediated apoptosis, oxidation of the mitochondrial redox
potential, and increased cytosolic calcium (Roma et al. 2012).

5.3.4

Central Nervous System Conditions and Disorders

The metabolic rate of the central nervous system (CNS) is incredibly high due to the
large amounts of ATP required by neurons for neurotransmission and the maintenance of ion gradients (Sokoloff 1960). Thus, the CNS is critically dependent on
mitochondrial function, and many neurological conditions have been associated with
mitochondrial dysfunction. NAC protects mitochondria in animal and in vitro models of CNS conditions including nerve injury, cerebral ischemia, stroke, spinal muscular atrophy, and autism (see Online Table 5.3). NAC was not mito-protective in an
animal model of status epilepticus as it failed to improve the activities of several
bioenergetic enzymes (Sleven et al. 2006). NAC has been shown to be protective of
neuronal mitochondrial function in in vitro models of neurogenesis. In primary rat
hippocampal neurons, NAC prevented loss of ΔΨM induced by sigma-1 receptor
knockdown (Tsai et al. 2009), and it prevented mitochondrial-mediated apoptosis in
nerve growth factor-deprived embryonic rat neurons (Kirkland and Franklin 2001).
Neurodegenerative disorders including Alzheimer’s disease, Parkinson’s disease,
and Huntington’s disease have all been linked to oxidative stress and mitochondrial
dysfunction (Mattson and Liu 2002; Federico et al. 2012); thus, it is not surprising
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that antioxidants including NAC have been examined for their potential to improve
mitochondrial function in animal and in vitro models of neurodegenerative disorders
(see Online Table 5.4). In 95% (21/22) of studies, NAC was mito-protective, improving mitochondrial respiration and increasing activities of individual ETC complexes,
as well as decreasing apoptosis and mitochondrial fragmentation, and preserving
ΔΨM and ATP. Contrarily, a study of glutamate excitotoxicity found that glutamateinduced mitophagy was enhanced by NAC in rat cortical neurons (Van Laar et al.
2015). The authors suggest that NAC conserves critical cysteines on the mitophagy
protein, Parkin, and increases the availability of functional Parkin.

5.3.5

Genetic Disorders

NAC has been used in several in vitro models of genetic diseases. In skin fibroblast
cybrids established from a patient with chronic progressive external ophthalmoplegia (CPEO), a mitochondrial encephalomyopathy associated with the 4977 base
pair deletion of mitochondrial DNA, 1 mM NAC for 18 h decreased mitochondrial
sensitivity to UV-induced apoptosis (Liu et al. 2009). In fibroblasts from patients
with combined mitochondrial respiratory chain deficiency caused by defects in
nuclear-encoded mitochondrial genes, treatment with 4 mM NAC for 72 h preserved ATP, prevented loss of ΔΨM, and increased ETC complex IV activity
(Soiferman et al. 2014). In primary lymphocytes and fibroblasts from patients with
Fanconi anemia, treatment with 500 μM NAC for 3–5 days increased mitochondrial respiration, ETC complex I activity, and ATP and decreased cytosolic calcium, but failed to normalize mitochondrial morphology (Columbaro et al. 2014;
Ravera et al. 2013; Usai et al. 2015). Trisomy 21, or Down syndrome, is a complex
genetic and metabolic disease associated with oxidative stress and impaired glutathione (Pogribna et al. 2001). Human embryonic kidney 293 cells transfected with
Down syndrome candidate region 1 (DSCR1) exhibited increased mitochondrial
superoxide production, which was dampened by 2 mM NAC (Ko et al. 2014).
Malignant hyperthermia susceptibility, an autosomal dominant inherited pharmacogenetic disorder, can arise from mutations in ryanodine receptor type-1 (RYR1),
the gene that encodes the Ca+2 release channel of the skeletal muscle sarcoplasmic
reticulum (Denborough 1998). In a rodent model of this disorder, mice lacking
calsequestrin-1 (CASQ1), a calcium-binding protein that interacts RYR1, develop
malignant hyperthermia crisis upon exposure to the anesthetic halothane. However,
Michelucci et al. (2015) reported that NAC supplementation (1% w/v in drinking
water) protected these mice from death following halothane, and examination of
hind limb muscle revealed that NAC decreased mitochondrial superoxide production and decreased cytosolic calcium.

5.3.6

Inflammatory Conditions

Polycystic ovary syndrome (PCOS) is a common inflammatory disease with
unknown etiology associated with oxidative stress and apoptosis and linked to
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obesity (Zuo et al. 2016). In an open-label trial, 600 mg NAC was administered
daily for 6 weeks to 17 women with PCOS, and neutrophil mitochondrial function
was examined (Kose and Naziroglu 2015). Neutrophils from PCOS patients treated
with NAC exhibited decreased apoptosis and increased ΔΨM as compared to
untreated PCOS patients.
Atherosclerosis is a chronic inflammatory condition involving endothelial
dysfunction, thickening of artery walls, and accumulation of macrophages
which become foam cells upon the uptake of lipids. In a study of mouse macrophages treated with triacylglycerol (TG), co-treatment with 0.5 mM NAC
prevented TG-induced downregulation of PGC1α and ETC complexes I and III,
and it prevented the accumulation of a complex IV precursor protein (Aronis
et al. 2009). The mito-protective effects of NAC in this model were attributed
to the fact that NAC attenuated lipid accumulation in the TG-treated macrophages. In atherosclerosis, the endothelium is exposed to nitric oxide and reactive oxygen species. In a bovine aortic endothelial cell (BAEC) model, NAC
co-treatment prevented the depletion of ATP and NAD+ upon exposure to the
redox-cycling agent and superoxide generator, DMNQ; however, NAC was not
protective when BAECs were exposed to a combination of DMNQ and the
S-nitrosothiol, S-nitrosocysteine (CysNO) (Diers et al. 2013). Inducing macrophage apoptosis has been investigated as a potential treatment for atherosclerosis. Several groups have employed NAC in in vitro studies to demonstrate that
sonodynamic therapy (SDT)-induced macrophage cell death is mediated by the
mitochondrial apoptosis pathway (Li et al. 2015b; Zheng et al. 2014; Zheng
et al. 2016; Wang et al. 2014a). In each of these studies, pretreatment of human
THP-1 macrophages with NAC prevented SDT-induced ΔΨM depolarization
and apoptosis.
Psoriasis is a chronic inflammatory condition of the skin characterized by keratinocyte hyperproliferation, and defects in epidermal apoptosis have been found
(Zhang et al. 2015; Laporte et al. 2000). Thus, inducing epidermal apoptosis has
been examined as a potential therapeutic avenue. Shen et al. (2012) demonstrated
that a combination of the flavonoid quercetin and inorganic arsenic induced depolarization of ΔΨM and mitochondrial-mediated apoptosis of normal human HaCat
keratinocytes which was prevented by NAC pretreatment.
The chronic inflammatory autoimmune disease, systemic lupus erythematosus
(SLE), is associated with oxidative stress, mitochondrial hyperpolarization and
resistance to apoptosis in T cells, and a deficiency of regulatory T cells (Perl 2013;
Moulton and Tsokos 2015). A double-blind placebo-controlled trial of NAC (1.2–
2.4 g daily for 3 months) was carried out in 36 SLE patients, and NAC was found to
be safe and improved disease activity and fatigue (Lai et al. 2012). NAC had some
very interesting effects on T cell metabolism. NAC increased mitochondrial hyperpolarization, mitochondrial mass, H2O2 production, and spontaneous apoptosis of T
cells. Interestingly, the effect of NAC considered most important was its ability to
decrease T cell mTOR activity, disconnecting mTOR activation from mitochondrial
hyperpolarization, which resulted in increased numbers of regulatory T cells. A
follow-up in vitro study demonstrated that an overnight incubation with 3 mM NAC
also increased mitochondrial hyperpolarization in peripheral blood lymphocytes
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(PBLs) from patients with SLE and controls (Doherty et al. 2014). SLE T cells
exhibited increased respiration driven primarily through complex I, and this was
decreased by NAC. Nitric oxide treatment increased mitochondrial mass and mitochondrial Ca+2 levels, but co-treatment with NAC prevented these effects. NAC was
unable to prevent nitric oxide-induced complex I inhibition, and additional studies
revealed that NAC alone inhibits respiration driven by complex I substrates. Thus,
the mechanism of action of NAC in SLE may be decreasing ETC activity at complex I and decreasing mTOR activation.

5.3.7

Immune

NAC has been applied in studies of immune disorders, viral and bacterial infections,
as well as immune cell development and death. Several groups have reported mitoprotective effects of NAC in in vitro studies of viral and bacterial infection.
Cossarizza et al. (1997) found that NAC prevented the loss of ΔΨM and spontaneous
apoptosis in PBLs from individuals with symptomatic, acute HIV-1 primary infection. In human U937 cells infected with HIV, NAC prevented TNFα-induced mitochondrial damage including mitochondrial swelling and distortion of cristae
(Malorni et al. 1994). In human neuronal SH-Sy5Y cells treated with the HIVderived peptide, lentivirus lytic peptide 1, NAC co-treatment prevented the loss of
ΔΨM (Sung et al. 2001). Furthermore, NAC pretreatment prevented cytochrome c
release in two human intestinal cell lines treated with HIV-1 transactivator factor
(Buccigrossi et al. 2011).
Similarly, NAC has been shown to prevent loss of ΔΨM and to prevent
mitochondrial-mediated apoptosis in both human hepatoma Huh-7.5 cells and
Raji cells infected with hepatitis c virus (HCV) (Deng et al. 2015; Machida et al.
2006), as well as in epithelial PK-15 cells infected with transmissible gastroenteritis virus (Ding et al. 2013), and in neuroblastoma Neuro2a cells infected
with Japanese encephalitis virus (Mishra et al. 2009). In primary mouse bone
marrow macrophages infected with the pathogenic bacteria, Pseudomonas aeruginosa, NAC pretreatment decreased mitochondrial superoxide production (Jabir
et al. 2015). Likewise, in aspirin-sensitized mouse macrophages and in human
hepatoma HepG2 cells, NAC protected mitochondria during lipopolysaccharide
(LPS)-induced toxicity (Raza et al. 2014, 2016). Specifically, NAC pretreatment
increased mitochondrial glutathione, increased activities of ETC complexes I
and IV, increased ATP, and prevented LPS-induced mitochondrial-mediated
apoptosis.
In a study examining thymocyte development, pretreatment of dexamethasonetreated mice with NAC (400 mg/kg i.p. at 1 and 6 h prior) prevented thymocyte
apoptosis and loss of ΔΨM (Tonomura et al. 2003). Similarly in in vitro studies,
NAC prevented dexamethasone-induced loss of ΔΨM and apoptosis in cultured
mouse thymocytes (Tonomura et al. 2003), CD95-induced loss of ΔΨM and apoptosis in Jurkat cells (Ziegler et al. 2016), as well as spontaneous apoptosis of human
tonsillar B lymphocytes (Rosati et al. 2004).
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Sepsis

Sepsis results from an exaggerated inflammatory response to infection that can lead
to multi-organ failure and has been associated with mitochondrial dysfunction
(Singer 2014). In a rat model of sepsis-induced muscle contractile dysfunction,
NAC pretreatment (3 mmol/kg p.o. for 7 days) induced increased MnSOD activity
and content in the diaphragm, likely by scavenging peroxynitrite and thus preventing MnSOD inactivation (Barreiro et al. 2005). In a cecal ligation and perforation
(CLP) rat sepsis model, a single injection of NAC with deferoxamine (20 mg/kg
NAC+ 20 mg/kg deferoxamine, s.c.) immediately after CLP improved activities of
ETC complexes I and II in several brain regions (Cassol et al. 2010). Finally, NAC
pretreatment for 1 h at 1 mM protected human alveolar epithelial A549 cells from
mitochondrial-mediated apoptosis following LPS exposure (Chuang et al. 2011).
On the other hand, in a co-exposure animal model of chronic ethanol consumption
and sepsis, a NAC-supplemented diet did not preserve mitochondrial glutathione
and failed to decrease mitochondrial superoxide production and apoptosis in alveolar type II cells isolated from these animals (Brown et al. 2001).

5.3.9

Pulmonary

NAC has long been used in pulmonary medicine for decreasing mucous viscosity.
The use of NAC in pulmonary medicine is reviewed in detail elsewhere in this book.
NAC has also been tested for its potential to protect mitochondria during hyperoxia/
mechanical ventilation-induced lung injury. In two animal models of hyperoxic
lung injury, NAC pretreatment was found to be mito-protective in lung tissue by
preventing apoptosis (Makena et al. 2011) and increasing MnSOD expression
(Nagata et al. 2007). NAC has also been shown to protect lung mitochondria during
various exposures. In an animal model of meconium aspiration, NAC (10 mg/kg
i.v.) given 30 min after aspiration decreased mitochondrial oxidative damage as
evidenced by decreased mitochondrial thiobarbituric acid reactive substances
(TBARS), dityrosine and thiol groups, and improved the activity of ETC complex
IV (Mokra et al. 2015). In cultured lung cells, NAC pretreatment prevented inflammatory cytokine-induced upregulation of MnSOD gene expression (Das et al. 1995)
and H2O2-induced apoptosis and loss of ΔΨM (Park 2013a, b).

5.3.10 Reproductive
NAC has been used in a few studies of infertility and reproductive health. In a congenital toxoplasmosis mouse model, NAC pretreatment (100 mg/kg i.p.) protected
placental trophoblast mitochondria by preserving ΔΨM and mitochondrial ultrastructure and preventing apoptosis (Xu et al. 2015). In an infertility study of human
endometrial epithelial RL95-2 cells, NAC pretreatment (1 h, 5 mm) prevented
X-irradiation-induced apoptosis and loss of ΔΨM (Gao et al. 2015). Mixed effects of
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NAC have been reported in studies of freeze/thaw-induced damage to semen, with
NAC preventing loss of ΔΨM in semen from rams (Mata-Campuzano et al. 2012a),
but not in red deer spermatozoa (Mata-Campuzano et al. 2012b) when present during freeze/thaw at concentrations ranging between 0.1 and 1 mM. In human spermatozoa treated with a STAT inhibitor to decrease mobility, NAC co-treatment
effectively prevented the loss of ΔΨM and decreased mitochondrial superoxide production (Lachance et al. 2016). Interestingly, NAC has been shown to decrease ΔΨM
and impair survival of steroidogenic luteal cells isolated from bovine ovaries
(Lohrke et al. 2010), likely by disrupting the fragile redox balance that supports
mitochondrial steroidogenesis.

5.3.11 Liver
GSH is synthesized in all cells; however, the liver is essential to maintaining
appropriate circulating GSH levels (Lu 1999). In a study examining the kinetics
of a single 5 mM/kg i.p. injection of NAC on rat liver GSH content, it was
observed that liver mitochondrial cysteine content increased 1.6-fold at 60 min
and returned to baseline at 2 h after NAC while GSH content was unaffected (Yao
et al. 1994). However, these were healthy rats with assumedly normal liver mitochondrial GSH. In gamma-glutamyl-transpeptidase-deficient mice which exhibit
liver GSH deficiency, supplementation of 1 mg/mL NAC in drinking water from
3 to 10 weeks of age increased liver mitochondrial GSH as well as improved liver
mitochondrial respiration, structure, and morphology (Will et al. 2000). NAC
was found to be mito-protective in animal models of liver conditions including
hepatic encephalopathy, liver disease, obstructive jaundice, and cirrhosis and in
cell culture models of liver disease and fibrosis (see Online Table 5.5). On the
other hand, in a mouse model of steatohepatitis, NAC administration along with
a methionine- and choline-deficient diet was not effective at preserving liver
mitochondrial GSH; however, the details of NAC administration were not
reported (von Montfort et al. 2012).

5.3.12 Kidney
Hyperoxaluria is a disease of the kidney where there is excessive urination of oxalate and can be caused by mis-targeting of serine-pyruvate aminotransferase
(AGXT), a protein that is involved in the breakdown of oxalate, to the mitochondria
instead of peroxisomes (Purdue et al. 1991). In a rat model of ethylene glycol and
ammonium chloride-induced hyperoxaluria, isolated renal mitochondria exhibited
abnormal mitochondrial structure and morphology characterized by swelling and
diffuse cristae, as well as decreased ΔΨM, and proteomics analysis revealed differential expression of multiple mitochondrial proteins (Sharma et al. 2016). These
mitochondrial abnormalities were improved with concurrent treatment with NAC
(50 mg/kg/day i.p.) and ameliorated with a combination of NAC and apocynin.
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Renal failure may arise from damage due to trauma or infection or as a result of
chronic diseases such as diabetes and cardiovascular diseases. Uremic encephalopathy is an organic brain disorder caused by elevated toxins in the blood due to renal
failure. In a rat model of uremic encephalopathy, NAC pretreatment (20 mg/kg i.p.)
failed to prevent complex I and IV inhibition in several affected brain regions, but
NAC plus deferoxamine pretreatment effectively prevented complex I and IV inhibition (Barbosa et al. 2010). Dialysis and transplant remain the primary treatments
for kidney disease. In two in vitro models of peritoneal dialysis treatment of endstage renal failure, human peritoneal mesothelial cells were protected by NAC from
loss of ΔΨM by conventional 1.5% dextrose bio-incompatible peritoneal dialysate
fluids (Kuo et al. 2009) and from increased mitochondrial superoxide production,
mitochondrial fragmentation, loss of ΔΨM, and induction of apoptosis by high dialysate glucose (Hung et al. 2014).

5.3.13 Pancreas
The induction of acute pancreatitis, inflammation of the pancreas, has been associated with oxidative stress (Fu et al. 1997; Leung and Chan 2009). In a rat model of
caerulein-induced pancreatitis, co-administration of NAC (181 mg/kg i.p.) and
ascorbate (14.3 mg/kg) prevented pancreatic mitochondrial structural damage
including swelling, loss of cristae, and vacuolation (Esrefoglu et al. 2006). The
effects of NAC alone were not examined. In an in vitro study of pancreatitis, ethanolinduced loss of ΔΨM in dog pancreatic ductal epithelial cells was prevented by NAC
pretreatment (Seo et al. 2013b).
Pancreatic β cells are insulin-secreting cells, and death of pancreatic β cells contributes to diabetes development. NAC pretreatment of insulin-secreting HIT-T15
pancreatic β cells has been shown to prevent 2-deoxy-d-ribose-induced loss of ΔΨM
and induction of apoptosis (Suh et al. 2012). In rat insulinoma pancreatic β RINm5F cells, NAC pretreatment prevented copper-induced apoptosis and loss of ΔΨM
(Wu et al. 2012).

5.3.14 Gastrointestinal
NAC has been applied to the study of inflammatory digestive diseases colitis and
gastritis. In a rat model of dextran sulfate sodium-induced colitis, concurrent treatment with NAC (20 mg/kg s.c. twice daily) resulted in increased activity of ETC
complex IV in the colon as compared to animals not treated with NAC (Damiani
et al. 2007), while the same dose of NAC used for 7 days prior to indomethacininduced gastritis increased the activity of ETC complex II–III (Rezin et al. 2011)
and decreased mitochondrial superoxide production (Petronilho et al. 2009) in
stomach tissue as compared to animals not treated with NAC. Finally, NAC (500 mg/
kg) provided in the diet to weaning piglets preserved intestinal mitochondrial structure and morphology but did not decrease weaning-induced apoptosis (Zhu et al.
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2013). The role of β-hydroxybutyrate (β-HB) in stomach diseases was investigated
in bovine abomasum smooth muscle cells, and it was found that β-HB-induced
apoptosis could be inhibited by pretreatment with 1 mM NAC, but not the β-HBinduced elevation in cytosolic Ca+2, indicating that toxic effects of β-HB are both ER
and mitochondrial mediated (Tian et al. 2014).

5.3.15 Cartilage and Bone
Disorders of bones, joints, and cartilage are often associated with oxidative stress
(Henrotin et al. 2003). In disease states such as osteoarthritis, the already relatively
hypoxic environment in cartilage becomes more hypoxic and acidic (Wilkins et al.
2000; Collins et al. 2013). In a study examining normal equine articular chondrocytes cultured under very low O2, low pH, and the inflammatory cytokine (IL1β),
the addition of NAC (2 mM) to the cultures protected ΔΨM and induction of apoptosis by dramatically enhancing cellular GSH (Collins et al. 2015). Chondrocytes
cultured under 20% O2 exhibited increased mitochondrial mass and respiration
linked to ATP production, and the addition of 2 mM NAC prevented these adaptive
changes, thereby maintaining the metabolic phenotype and increasing the proliferative rate (Heywood and Lee 2016). Furthermore, pretreatment of rabbit chondrocytes with 5 mM NAC prevented advanced glycation end product-induced loss of
ΔΨM and induction of apoptosis (Yang et al. 2015), as well as thymoquinoneinduced mitochondrial-mediated apoptosis (Yu and Kim 2013). Monosodium iodoacetate (MIA)-induced loss of ΔΨM and induction of apoptosis in primary rat
chondrocytes were also prevented by 5 mM NAC (Jiang et al. 2013). In a cell model
of osteoarthropathy, thioredoxin reductase 2 (TrxR2) knockdown in cultured chondrocytes resulted in increased mitochondrial superoxide production and apoptosis,
which was prevented with 2.5 mM NAC (Yan et al. 2016). NAC (10 mM) has also
been shown to protect mouse osteoblasts from H2O2 and 2-deoxy-D-ribose-induced
loss of ΔΨM and induction of apoptosis (Jung 2014; Kim et al. 2013). Despite these
positive findings of NAC in cell models, there are no reports of the use of NAC in
animal models of these bone and joint disorders.

5.3.16 Eye
Three in vitro models of eye disorders have reported positive effects of NAC on
mitochondrial function. In a model of Fuchs endothelial corneal dystrophy, pretreatment of human corneal endothelial cells with 5 mM NAC prevented menadioneinduced mitochondrial DNA damage, mitochondrial superoxide production, as well
as loss of ΔΨM and ATP (Halilovic et al. 2016). In primary trabecular meshwork
cells from primary open-angle glaucoma patients, pretreatment with 10 mM NAC
prevented rotenone-induced apoptosis (He et al. 2008). In human retinal pigment
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epithelial cells (ARPE-19) treated with carotenoid-derived aldehydes, NAC pretreatment (1 mM) protected against apoptosis induction as well as loss of ΔΨM
(Kalariya et al. 2008).

5.3.17 Dental
Periodontal disease is an inflammatory condition linked to other serious health conditions such as coronary heart disease (Hujoel et al. 2000) and characterized by
neutrophil-mediated oxidative stress-induced damage to surrounding tissues.
Several studies have examined the ability of NAC to protect mitochondria in in vitro
models of periodontal disease. Pretreatment of Jurkat T cells with 1–5 mM NAC
prevented butyric acid-induced apoptosis and loss of ΔΨM (Kurita-Ochiai and
Ochiai 2010). Lipopolysaccharide-treated primary human gingival fibroblasts
exhibited increased mitochondrial superoxide production, decreased mitochondrial
respiration, and increased apoptosis, all of which were alleviated by co-treatment
with 10 mM NAC (Bullon et al. 2015). On the other hand, pretreatment of human
gingival fibroblast HGF-1 cells with 1.5 mM NAC did not prevent H2O2-induced
loss of mitochondrial respiratory reserve capacity (Orihuela-Campos et al. 2015). In
a study of dental pulp inflammation, pretreatment of human dental pulp cells with
5 mM NAC prevented nitric oxide-induced mitochondrial-mediated apoptosis
induction (Park et al. 2014). In a model of dental fluorosis, fluoride-induced apoptosis in mouse ameloblast-derived LS8 cells was prevented by pretreatment with
5–10 mM NAC (Suzuki et al. 2015). Agents used during dental procedures including several dental monomers and resins have been shown to be toxic to human
dental pulp cells; however, co-treatment with NAC protected mitochondria by preserving mitochondrial morphology and preventing the loss of ΔΨM and ATP and the
induction of apoptosis (Jiao et al. 2015, 2016; Paranjpe et al. 2008).

5.3.18 Stem Cells
Prevention of in vitro stress is important in stem cell culture due to the length of
time in culture during differentiation protocols, and the addition of NAC to stem cell
cultures has been shown to protect mitochondria from various in vitro stressors
(Berniakovich et al. 2012; Cai et al. 2013; Li et al. 2015a; Seo et al. 2013a). Human
induced pluripotent stem cells (iPSCs) differentiated toward hematopoietic cells in
the presence of NAC had decreased loss of ΔΨM and decreased apoptosis over time
as compared to iPSCs differentiated without NAC (Berniakovich et al. 2012). NAC
also protected bone marrow mesenchymal stem cells from homocysteine-induced
loss of ΔΨM and induction of apoptosis (Cai et al. 2013); human adipose tissuederived mesenchymal stem cells from H2O2-induced loss of ΔΨM, induction of
apoptosis, mitochondrial superoxide production, and fusion and fission
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abnormalities (Li et al. 2015a); and mouse embryonic stem cells from hypoxiainduced apoptosis (Seo et al. 2013a).

5.3.19 Hypoxia
Hypoxia has been shown to induce oxidative stress and cellular damage (Cobb et al.
1996; Davies 1995), and the mitochondria as the major producers of ROS in the cell
are an obvious target to decrease hypoxia-induced ROS. Eleven studies have utilized
NAC to protect mitochondria during hypoxic conditions (see Online Table 5.6). In all
the in vitro models of hypoxia, NAC at concentrations ranging from as low as 10 μM
to as high as 5 mM protected mitochondria from hypoxic injury, usually by preserving ΔΨM and preventing apoptosis. In animal models, however, NAC was not universally effective as it improved ETC complex IV activity in the liver, heart, and lung,
but not the brain in a guinea pig model of fetal hypoxia (Al-Hasan et al. 2013), and
it failed to prevent mitochondrial structural damage in ovarian epithelium in a rat
model of laparoscopic surgery-induced ovarian hypoxia (Kiray et al. 2011).

5.3.20 Exercise and Fasting
In addition to pathological conditions, NAC has been investigated for its ability to
protect mitochondria under conditions including exercise and fasting. In a doubleblind placebo-controlled trial, healthy men were treated prophylactically with
1800 mg NAC daily for 14 days prior to a single bout of eccentric exercise (Kerksick
et al. 2010). Those treated with NAC reported decreased perceived soreness; however, intramuscular markers of mitochondrial apoptosis were not significantly different between the placebo and NAC group.
Several animal studies have examined the effects of NAC supplementation on
muscle mitochondria. Mice supplemented with NAC for 6 weeks exhibited
decreased ΔΨM in muscle fibers which was attenuated by a bout of eccentric exercise (Lo Verso et al. 2014). Interestingly, in muscle-specific autophagy-deficient
mice, the mitochondrial depolarizing effect of NAC was not improved by exercise,
indicating that exercise induces mitophagy to clear damaged mitochondria and that
some oxidant production is necessary for basal mitophagy and mitochondrial quality control (Lo Verso et al. 2014). Mitochondrial quality control also requires biogenesis to replace damaged mitochondria eliminated through mitophagy, and
aerobic exercise-induced mitochondrial biogenesis is also thought to be initiated by
oxidative stress (Steinbacher and Eckl 2015). Indeed, NAC treatment
(0.1 mg/g/2 days i.p.) for 3 weeks in mice undergoing a treadmill exercise training
protocol reversed exercise-induced increased mitochondrial biogenesis as well as
ATP, ETC complex IV activity, and mitochondrial DNA in subsarcolemmal and
intermyofibrillar mitochondria from gastrocnemius muscle (Sun et al. 2015). NAC
decreased exercise-induced mitochondrial oxidative stress in this model as

5

Mitochondrial Metabolism

89

evidenced by decreased mitochondrial malondialdehyde (MDA) levels, increased
mitochondrial GSH, and increased MnSOD activity (Sun et al. 2015).
To determine whether ROS is essential for fasting-induced muscle mitophagy, Qi
et al. (2014) subjected mice treated with NAC (100 mg/kg/2 days i.p. for 3 weeks)
to a 24 h fast. Examination of gastrocnemius muscle mitochondria revealed that
NAC alone decreased the expression of several autophagy genes but that NAC failed
to prevent fasting-induced upregulation of these genes. NAC improved mitochondrial GSH and decreased ROS in both fed and fasted animals, but NAC also
decreased the activity and content of MnSOD and failed to protect mitochondria
against fasting-induced lipid peroxidation (Qi et al. 2014). Thus, while ROS is
required for basal constitutive muscle mitophagy and exercise-induced mitophagy,
muscle mitophagy during starvation is ROS-independent. In an in vitro study of
HeLa cervical cancer cells, starvation-induced autophagy was inhibited by NAC,
which was found to be due to decreased AMPK phosphorylation and increased
mTOR signaling (Li et al. 2013). In addition to mitochondrial quality control
through mitophagy and biogenesis, normal muscle mitochondrial function is also
maintained through mitochondrial fusion (Westermann 2012). Wang et al. (2014a)
demonstrated that the fusion protein OPA1 is activated in differentiated C2C12
myotubes by mitochondrial-generated ROS and that NAC can inhibit this activation
(Wang et al. 2014b). Thus, NAC may improve mitochondrial function in pathological conditions driven by excess oxidative stress, but it may impair normal mitochondrial quality control.
Intense exercise is associated with post-exercise immunosuppression and is
thought to be due to exercise-induced lymphocyte apoptosis (Mooren et al. 2002;
Phaneuf and Leeuwenburgh 2001). In mice subjected to exhaustive exercise, it has
been shown that pretreatment with NAC (1 g/kg i.p. 30 min prior) decreases apoptosis and loss of ΔΨM in intestinal lymphocytes as well as in thymocytes (Quadrilatero
and Hoffman-Goetz 2005a, b, c, 2004). Prolonged strenuous exercise may also
induce male reproductive dysfunction, which may be mediated by oxidative stress
(Hackney 2001). Indeed an intense swimming exercise protocol was shown to
decrease ATP and ΔΨM and induce apoptosis in epididymal sperm of rats (Jana et al.
2014). Supplementation with NAC and α-lipoic acid orally by gavage (3 and
50 mg/100 g/day, respectively) during the swimming exercise protocol prevented
these effects.

5.3.21 Cancer
Hundreds of in vitro cancer studies have utilized NAC as a tool to demonstrate that
particular cancer treatments induce death of cancer cells through the induction of
ROS. In general, the addition of NAC reverses the cancer-killing effects (usually
induction of mitochondrial membrane depolarization and apoptosis), if the particular anticancer agent’s effects are mediated through ROS production (see Online
Table 5.7).
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5.3.22 Toxicity
The approach of using NAC as a tool to investigate the role of ROS in the cytotoxicity of particular agents has been used in many studies (see Online Table 5.8), and a
few were selected to be discussed. Doxorubicin, a chemotherapy agent, is well
known to be cardiotoxic. In a randomized trial, 10 healthy men were given a 140 mg
oral capsule of NAC 1 h prior and 70 mg/kg NAC at 4 h after a single dose of doxorubicin, and cardiac biopsies taken at 4 and 24 h after revealed no protective effects
of NAC on mitochondrial swelling (Unverferth et al. 1983) suggesting that
doxorubicin-induced cardiac mitochondrial damage is not ROS mediated. However,
in an in vitro study, NAC protected bone marrow mesenchymal stem cells, which
may be involved in cardiac repair, from doxorubicin-induced loss of ΔΨM and apoptosis (Yang et al. 2013).
Rosiglitazone is an antidiabetic drug that targets PPARγ and increases the risk of
heart failure. In a mouse model, NAC was shown to decrease rosiglitazone cardiotoxicity by protecting mitochondria. Specifically, perfused hearts from animals treated
concurrently with rosiglitazone and NAC exhibited improved respiratory function,
ETC complex I and IV activity, increased ATP, and decreased mitochondrial superoxide production compared to animals not treated with NAC (He et al. 2014).
In a mouse model of methamphetamine-induced hyperthermia, NAC (1000 mg/
kg i.p.) provided 30 min prior or 1, 2, or 4 h after a single dose of methamphetamine
was found to prevent hyperthermia (Sanchez-Alavez et al. 2014). Examination of
brown adipose tissue from these animals revealed that NAC pretreatment prevented
hyperpolarization of ΔΨM and preserved mitochondrial number despite not decreasing mitochondrial superoxide production (Sanchez-Alavez et al. 2014). NAC’s effectiveness even when administered after methamphetamine supports further investigation
of the use of NAC in treating methamphetamine-induced hyperthermia.

5.3.23 NAC as a Prooxidant
In some cases NAC has been shown to induce ROS production, depolarization of
the mitochondrial membrane potential, and cell death. A study by Lohrke et al.
(2010) demonstrated a strong dose dependency of the effect of NAC (0.5–5 mM) on
mitochondrial membrane potential and mitochondrial ROS production in bovine
luteal cells from midphase corpus luteum. In this case, NAC disrupted the highly
sensitive equilibrium between prooxidants and antioxidants in the luteal cells.
Similarly, Zhang et al. (2012) demonstrated that NAC-induced reductive stress
resulted in a permanently more oxidized mitochondrial redox state in rat myoblast
H9c2 cells after treatment for 1 h with 4 mM NAC and increased cell death after
12 h. NAC has also been shown to enhance cadmium-induced loss of ΔΨM in several studies (Chatterjee et al. 2009; Liu et al. 2011; Wang et al. 2015), and Wang
et al. (2015) demonstrated that NAC inhibited autophagy during cadmium toxicity,
thereby allowing further mitochondrial damage.
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5.4

Summary

Despite possessing several mechanisms to combat the leakage of electrons that
accompanies electron transfer during the process of oxidative phosphorylation,
mitochondria remain the primary ROS producers in most cell types. Given the
importance of mitochondria in health and disease, NAC has been applied in many
studies to determine its ability to protect mitochondria in a wide variety of conditions and models of disease. It can be concluded that NAC protects mitochondria in
several ways, which are graphically illustrated in Fig. 5.2. First, NAC is a thiol and
can directly scavenge free radicals. Mitochondria are both the primary producers
and targets of ROS. Thus, the free radical-scavenging properties of NAC can prevent mitochondrial oxidative damage. Second, NAC supports GSH synthesis by
supplying the cell with cysteine, the rate-limiting amino acid for GSH synthesis.
GSH is the main intracellular redox buffer, and because mitochondria lack the
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Fig. 5.2 The mito-protective mechanisms of NAC. Upon entering a cell, NAC can directly scavenge reactive oxygen species (ROS). Inside the cell, deacetylation of NAC generates cysteine, the
rate-limiting amino acid for glutathione (GSH) synthesis. GSH synthesized in the cytosol is
imported into mitochondria where it maintains reduced glutathione peroxidase (GPx) and thereby
supports the reduction of H2O2 into H2O. Highly reactive superoxide (O•) generated by the ETC is
converted to the less reactive H2O2 by manganese superoxide dismutase (MnSOD). By mechanisms that are not well elucidated, NAC can upregulate MnSOD.
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enzymes to synthesize GSH, they are reliant upon adequate cytosolic
GSH. Furthermore, the mitochondrial permeability transition has been shown to be
initiated by GSH depletion and prevented by NAC (Lu and Armstrong 2007). Third,
NAC has been shown to directly induce the expression of MnSOD (Warner et al.
1996), a vital mitochondrial antioxidant mechanism. In pathological conditions
where oxidants are produced in excess, NAC can also help maintain homeostasis of
the mitochondrial network by balancing fusion and fission events as well as mitophagy and biogenesis. However, this homeostasis is tightly linked to the redox state,
and thus, as demonstrated by Lohrke et al. (2010), NAC can also disrupt the equilibrium in certain cell types.
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6.1

Introduction

N-Acetylcysteine (NAC) is a molecule with great therapeutic potential, positively
affecting multiple pathways that protect cellular systems. One of the molecular
pathways that NAC appears to have a therapeutic effect is through modulation of
programed cell death, a process known as apoptosis.

6.2

Apoptosis

Apoptosis refers to the process of programed cell death in which a cascade of
molecular events lead to the destruction and dissolution of the cell. Apoptosis is a
highly regulated and controlled process that confers advantages during an organism’s life cycle. For example, the separation of fingers and toes in a developing
human embryo occurs because cells between the digits undergo apoptosis. Another
example is the involvement of apoptosis in preventing autoimmune responses by the
destruction of immune cells that might cause an autoimmune response in the thymus. Another important function of apoptosis is the destruction of cancer cells.
Apoptosis can be initiated through one of two pathways. In the intrinsic pathway
the cell kills itself because it senses cell stress, while in the extrinsic pathway the
cell kills itself because of signals from other cells. Both pathways induce cell death
by activating caspases, which are proteases, enzymes that degrade proteins. The two
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pathways both activate initiator caspases, which then activate executioner caspases,
which then kill the cell by degrading proteins indiscriminately.
Of course apoptosis can become dysfunctional and contribute to the destructive
effects of disease. Excessive apoptosis causes atrophy, whereas an insufficient
amount results in uncontrolled cell proliferation, such as cancer.
In contrast to apoptosis, in necrosis, cell death results from acute cellular injury.
Unlike necrosis, apoptosis produces cell fragments called apoptotic bodies that
phagocytic cells are able to engulf and quickly remove before the contents of the
cell can spill out onto surrounding cells and cause damage.
Figure 6.1 provides an overview of the major apoptosis pathways. Oxidative
stress, the main target of NAC, is a major signal for apoptosis and can affect several
pathways. Oxidative stress can affect the mitochondria directly, resulting in initiation of apoptosis through mitochondrial mechanisms that include release of cytochrome c through the mitochondrial permeability transition (MPT) pore. Cytochrome
c initiates a cascade including activation of caspase-9 and then caspase-3 that results
in the initiation of apoptosis. Mitochondrial-initiated apoptosis also releases apoptosis-inducing factor that causes DNA fragmentation and chromatin condensation
resulting in apoptosis that is caspase independent. Endonuclease G is another
enzyme released from the mitochondria during apoptosis that also initiates caspaseindependent apoptosis through DNA degradation.
TRAIL
DR4,DR5
DNA
Damage

FADD

Oxidative Stress
JNK

p53

BAX

Caspase 8

BID

Bcl-2
BAD

ΙκΒα

Bcl-xL

Mitochondria
Activate MPT
NF-κΒ
Cytochrome c
Caspase 9
AIF

Caspase 3
Apoptosis

EndoG

Fig. 6.1 Major pathways involved in cellular apoptosis. Both intrinsic pathways for apoptosis that
are activated by internal cellular signals and extrinsic pathways that are activated by signals outside
of the cell are depicted

6

Apoptosis

107

Oxidative stress also damages DNA directly, resulting in activation of p53 that,
in turn, promotes Bax to dimerize, causing mitochondrial-mediated apoptosis.
Oxidative stress can activate other pathways in the cell associated with apoptosis
including c-Jun N-terminal kinase (JNK) which also actives Bax to dimerize and
initiate mitochondrial-dependent apoptosis.
Tumor necrosis factor-related apoptosis-inducing ligands (TRAILs) bind to
death receptors that initiate apoptosis. These receptors are mitigated by Fasassociated protein with death domain (FADD) which helps produce the deathinducing signaling complex (DISC) to form caspase-8 which, in turn, activates
caspase-3 that directly induces apoptosis and also Bid which induces mitochondrial-mediated apoptosis through dimerizing Bad.
TRAILs can also induce the activation of nuclear factor kappa-light-chainenhancer of activated B cells (NF-κB) that is an important pathway involved in cell
survival and response to physiologic and immune stressors. NF-κB is involved in a
wide variety of diseases including cancer, autoimmune disease, infection, development of the immune system, as well as optimal function of the nervous system
particularly related to synaptic plasticity and memory.

6.3

The Influence of NAC on Apoptosis

NAC has been used to demonstrate that particular molecular manipulations create
apoptosis through the induction of reactive oxygen species (ROS). Specifically
NAC is commonly used to reverse the apoptotic effect of specific treatments and
cellular molecular changes by presumably reducing ROS. A comprehensive literature search of all studies that have investigated NAC and apoptosis in the same study
demonstrates that since 1993, there have been 2815 studies (see Fig. 6.2). In this
chapter we will review some of the more significant studies that highlight the role
of NAC in apoptosis in experimental models of select diseases as well as highlight
some of the major molecular pathways influenced by NAC.

6.4

The Role of NAC in Apoptosis in Specific Disorders

6.4.1

Cancer

6.4.1.1 Chemotherapy
NAC has been used to reverse the apoptotic effect of chemotherapy in animal and
cell line laboratory studies in order to show that the mechanism of action of these
treatments is through increasing ROS. These studies include the chemotherapeutic
effect of 5-fluorouracil on HCT-15 tumor xenografts in nude mice (Bach et al. 2001);
dexamethasone on myeloma cells (Bera et al. 2010); perifosine, an alkylphospholipid, on head and neck squamous carcinoma cells (Fu et al. 2010a); zoledronic acid,
a third-generation bisphosphonate, on salivary adenoid cystic carcinoma cell line
SACC-83 xenograft tumors in nude mice (Ge et al. 2014); pure fullerene suspension
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Fig. 6.2 The number of publications studying N-Acetylcysteine and apoptosis by year

(nano-C60) on mouse L929 fibrosarcoma, rat C6 glioma, and U251 human glioma
cell lines (Isakovic et al. 2006); niclosamide on acute myelogenous leukemia cells
(Jin et al. 2010); LAQ824, a histone deacetylase inhibitor, in combination with
13-cis-retinoic acid on HMV-I cells (Kato et al. 2007); anti-Fas receptor monoclonal
antibody on a human myeloid HL-60 leukemia cell line (Laouar et al. 1999); AY4, an
anti-DR4 agonistic monoclonal antibody, on head and neck cancer cells (Lee et al.
2012); intracellular iodide on NIS/TPO-modified lung cancer cells (Zhang et al.
2003); the combination of dichloroacetate and Adriamycin in HCC-LM3 and
SMMC-7721 hepatoma cells (Dai et al. 2014); doxorubicin on cardiomyocytes from
metallothionein-I/II null mice (Fu et al. 2010c); synthetic gold(III) dithiocarbamate
on intact highly metastatic MDA-MB-231 breast cancer cells (Milacic et al. 2006);
piperlongumine on head and neck cancer tumor xenograft mouse models (Roh et al.
2014); and cisplatin on LLC-PK1 cells (Xiao et al. 2003).
In these studies, NAC alters several subcellular pathways, including the NF-κB
pathway (Jin et al. 2010), caspase-3/7 (Laouar et al. 1999), and anti-apoptotic molecules of Bcl-xL and X-linked inhibitor of apoptosis without affecting the expression levels of DR4 and Mcl-1 (Lee et al. 2012). Interestingly, in one study NAC
reversed elevation of p-c-Jun, DR4, and DR5 even though these effects are believed
to be independent of ROS (Fu et al. 2010a).

6.4.1.2 Chemopreventive Therapies
NAC has been used in animal and cell line studies to show that the apoptotic effect
of chemopreventive agents on cancer cells involve ROS. These studies include the
chemopreventive effect of OSU-A9, a novel derivative of indole-3-carbinol, on
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acute myeloid leukemia cell lines (Bai et al. 2013); N-(4-hydroxyphenyl) retinamide-induced apoptosis in NB4 neuroblastoma cell lines (Cao et al. 2009); baicalein (5,6,7-trihydroxyflavone) on ZR-75-1 human breast cancer cells (Chang et al.
2015) and SW620 colorectal cancer cells (Chen et al. 2012); the protoapigenone
analogue WYC02-9, a novel synthetic flavonoid, on DU145 prostate cancer cells
(Chen et al. 2011); caffeic acid phenethyl ester on Wt3A CREF cells (Chiao et al.
1995); Aplidin, a novel antitumor agent of marine origin, on human MDA-MB-231
breast cancer cells (Cuadrado et al. 2003); saporin, a plant ribosome-inactivating
toxin, on malignant B cells (Daniels-Wells et al. 2013); carmustine on rat bone
marrow cells (El-Sayed el et al. 2010); honokiol, an agent derived from the oriental
medicinal plant Magnolia officinalis, on PC-3 prostate cancer tumor xenografts
from mice (Hahm et al. 2014); brucein D on PANC-1 human pancreatic adenocarcinoma cells (Lau et al. 2010); parthenolide, a component of feverfew (Tanacetum
parthenium), on melanoma cells (Lesiak et al. 2010); Eriocalyxin B, a diterpenoid
isolated from Isodon eriocalyx, on CAPAN-2 pancreatic tumor cells (Li et al.
2014); Longikaurin A, an ent-kaurane diterpenoid isolated from the plant Isodon
ternifolius, on human hepatocellular carcinoma cell lines (Liao et al. 2014); T63, a
4-arylidene curcumin analogue, on A549 lung cancer xenograft tumors (Liu et al.
2012); soybean lectin on HeLa cells (Panda et al. 2014); the snake venom toxin
from Vipera lebetina turanica combined with tumor necrosis factor-related apoptosis-inducing ligand on human colorectal HCT116 carcinoma and HT-29 adenocarcinoma cell lines (Park et al. 2012); QD232, a novel quinazolinediones, on a
xenograft mouse model of pancreatic cancer (Pathania et al. 2015); Triphala, a
Ayurvedic medicine treatment, on Capan-2 pancreatic cancer cells (Shi et al.
2008); Alternol on prostate cancer cell lines (Tang et al. 2014); macrostemonoside
A, an active steroidal saponin from Allium macrostemon Bung, on human colorectal SW480 cancer cell lines (Wang et al. 2013c); anthracenymethyl homospermidine on B16 melanoma cells (Xie et al. 2009); and AD-1, a dammarane-type
sapogenins derived from the hydrolysates of the saponins extracted from the P.
ginseng berry, on subcutaneously implanted A549 and H292 lung cancer cells in
nude mice (Zhang et al. 2013).
In these studies, NAC normalize several apoptosis-related subcellular pathways,
including those involving polyadenosine diphosphate-ribose polymerase (PARP)
cleavage (Bai et al. 2013; Chen et al. 2011; Tang et al. 2014); caspase-3, caspase-8,
and caspase-9 (Chen et al. 2011, 2012; Daniels-Wells et al. 2013; Lesiak et al. 2010;
Liu et al. 2012; Park et al. 2012; Tang et al. 2014; Wang et al. 2013c; Xie et al.
2009); epidermal growth factor receptor (Cuadrado et al. 2003); non-receptor protein-tyrosine kinase Src (Cuadrado et al. 2003); p38 mitogen-activated protein
kinase (MAPK) (Cuadrado et al. 2003; Lau et al. 2010; Liu et al. 2012; Li et al.
2014; Zhang et al. 2013); LC3BII (Hahm et al. 2014); mitochondrial membrane
depolarization (Lesiak et al. 2010; Xie et al. 2009); NF-κB pathways (Li et al.
2014); FOXO3a cascade (Liu et al. 2012); cyclin D1 (Liu et al. 2012); DR4 and
DR5 (Park et al. 2012); Bax protein (Tang et al. 2014; Xie et al. 2009); and Bcl-2
family proteins (Wang et al. 2013c; Xie et al. 2009) as well as phosphorylation of
JNK (Cuadrado et al. 2003; Liao et al. 2014), Src/FAK and STAT3 (Pathania et al.
2015), p53 and extracellular signal-regulated kinase (ERK) (Shi et al. 2008), and
AKT (Bai et al. 2013; Liu et al. 2012; Cao et al. 2009).
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6.4.1.3 NAC Protects Against the Adverse Effects of Cancer Drugs
NAC has been shown to be protective against the apoptotic effect of chemotherapy
for non-cancer tissues. NAC inhibited apoptosis caused by carboplatin in murine
renal tubular cell (Lin et al. 2010); prevented rat H9c2 cardiomyoblast from apoptosis induced by adriamycin (Arunachalam et al. 2012) and daunorubicin (Guo et al.
2013); protected the outer stripe of the rat outer renal medulla (Luo et al. 2008),
mouse dorsal root ganglion neuron-neuroblastoma N18D3 hybrid cell line (Park
et al. 2000), and male ICR mice (Wu et al. 2011) from the apoptosis included by
cisplatin; and reduced doxorubicin-induced apoptosis in cardiac myocytes in WistarImamichi rats (Nitobe et al. 2003) and Japanese white rabbits (Wu et al. 2014).

6.4.2

Cardiac Disorders

NAC reduced ischemia-reperfusion-associated myocardium apoptosis in male
Sprague-Dawley rats with an accompanied reduction in interleukin (IL)-6 (Kin et al.
2006), superoxide, malondialdehyde, and caspase-3 (Kin et al. 2008) and tumor
necrosis factor-alpha (TNFα) and NF-κB (Kin et al. 2006, 2008); prevented hydrogen
peroxide-induced apoptosis in ischemic-reperfused myocardium in adult Wistar rats
(Inserte et al. 2000); attenuated neonatal myocyte apoptosis induced by cytokines
IL-1β, TNFα, and interferon-gamma (IFNγ) (Ing et al. 1999) and hydrogen peroxide
(Xie et al. 2014); and decreased hypoxia-reoxygenation-induced apoptosis in embryonic rat H9c2 cardiomyocytes (Peng et al. 2011). In one study NAC with or without
allopurinol attenuated postischemic myocardial infarction in diabetic-induced
Sprague-Dawley rats and normalized cardiac levels of hypoxia-inducible factor 1α
(HIF-1α) and heme oxygenase 1 (HO-1) protein expression (Mao et al. 2013).

6.4.3

Gastrointestinal Disorders

6.4.3.1 Colitis
NAC improved apoptosis in animal models of colitis. Epithelial cell apoptosis was
reduced in a dextran sulfate sodium male albino NMRI mice chronic colitis model
(Amrouche-Mekkioui and Djerdjouri 2012), and apoptosis was attenuated in an
acetic acid-induced piglet colitis model (Wang et al. 2013b). NAC significantly
reduced immunohistochemical apoptosis as well as severity in a necrotizing enterocolitis in a newborn Sprague-Dawley rat model (Tayman et al. 2012).
However, in a female C57BL/6J mouse model of ulcerative colitis associated
colorectal cancer, NAC significantly reduced tumor incidence and multiplicity
through significantly inducing apoptosis in both non-cancerous epithelia and
colorectal adenocarcinoma (Seril et al. 2002).
6.4.3.2 Liver
Several studies have demonstrated the protective effect of NAC on liver ischemia.
NAC prevented liver apoptosis in a liver ischemia-reperfusion injury in a
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Wistar-EPM rat model (Galhardo et al. 2007) and reduced apoptosis markers after
liver ischemia-reperfusion injury in male C57BL mice along with protein expression of Bcl-2 and Bcl-xL (Sun et al. 2014). NAC reduced apoptosis in a mouse
model of segmental hepatic warm ischemia along with decreasing Beclin 1 and LC3
expression and JNK, p-JNK, Bax, TNFα, NF-κB, IL-2, and IL-6 (Wang et al. 2014).
Interestingly, NAC has been used to demonstrate that the protective effect of ischemic preconditioning is dependent on increased ROS as NAC reversed the protective effect of ischemic preconditioning in several partial and total hepatic ischemia
mouse models (Rudiger et al. 2003).
NAC has also been found to be effective in immune-induced liver injury. NAC
was found to abolish Fas mAb-induced acute fulminant liver failure in mice by
reducing apoptosis as well as suppressing Valpha14i NK T-cell activation, IFN-γ
signaling, and nitrotyrosine formation (Downs et al. 2012). NAC reduced d-galactosamine (GalN)/lipopolysaccharide (LPS)-induced apoptotic liver injury in mice
but did not decrease serum TNFα (Wang et al. 2007a).
Other studies have examined the effect of NAC on other models of liver injury.
NAC protected male Wistar rat hepatic parenchyma from apoptosis during liver
hypothermic preservation as determined by optical microscopy (Risso et al. 2014).
NAC had a dual effect on magnesium deficiency-induced apoptosis of human and
rat hepatocytes, improving apoptosis and ROS markers in the context of magnesium
deficiency but increasing apoptosis and ROS markers when hepatocytes were cultured in physiological concentrations of magnesium (Martin et al. 2006).

6.4.3.3 Pancreas
NAC reversed the effects of aldosterone triggered beta-cell dysfunction, which
includes apoptosis, in 12-week-old female diabetic db/db mice, presumably though
reducing oxidative stress, as confirmed on the mouse MIN6 pancreatic beta-cell line
(Jin et al. 2013). NAC partially reversed apoptosis and inhibited the expression and
activity of matrix metalloproteinase 2 in the rat pancreatic beta-cell line INS-1
induced by advanced glycation end products (Liu et al. 2014).

6.4.4

Renal Disorders

6.4.4.1 Contrast-Induced Nephropathy Models
NAC attenuated outer medulla apoptosis in a streptozotocin-induced diabetic male
Wistar rat model exposed to iomeprol contrast medium (Ahmad et al. 2012). NAC
demonstrated a dose-dependent protective effect on HEK 293 human embryonic
kidney cells, LLC-PK1 porcine proximal renal tubular cells, and canine MadinDarby distal tubular renal cells exposed to either low-osmolality or iso-osmolality
contrast medium (Romano et al. 2008). In another study, NAC attenuated iopromide-induced NRK-52E cell apoptosis by inhibiting the overproduction of intracellular ROS, as determined by confocal microscopy with fluorescent CM-H2DCFDA
probe, and prevented the increase of glucose-regulated protein 78 (GRP78) and
CAAT/enhancer-binding protein homologous protein (CHOP) caused by iopromide
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exposure (Yang et al. 2014). NAC failed to reduce apoptosis in Madin-Darby canine
kidney exposed to the hyperosmolar, ionic radiocontrast agent diatrizoate or hyperosmolar NaCl, suggesting that NAC was not protective against the osmolar effect of
contrast agents (Hizoh and Haller 2002).

6.4.4.2 Other Renal Studies
NAC was found to completely block 2,3-dimethoxy-1,4-naphthoquinone (DMNQ)induced ceramide formation and prevent superoxide-induced apoptosis of microcapillary glomerular endothelial cells (Huwiler et al. 2001). NAC decreased
apoptosis pathway activation as evidenced by a decrease in ERK, JNK, Bax, and
Bad and an increase in Bcl-2 and Bcl-xL in a male Sprague-Dawley rat model of
glycerol-induced rhabdomyolysis (Kim et al. 2010). NAC inhibited high glucoseinduced autophagy in podocytes in a Sprague-Dawley model of diabetic nephropathy (Ma et al. 2013). NAC was found to significantly increase Nrf2 and downstream
HO-1 expression and decreased cleaved caspase-3, p53, and apoptosis in renal epithelial tubular cells in a renal ischemic injury model in Sprague-Dawley rats (Zhang
et al. 2014).

6.4.5

Pulmonary Studies

Studies have demonstrated that NAC prevents apoptotic injury to lung tissue resulting from a wide variety of noxious insults. NAC protects against hypoxic injury as
demonstrated in at least two studies. NAC significantly prevented caspase-3 activation in pneumocytes following cardioplegic arrest in a pig model (Klass et al. 2007)
and attenuated cardiopulmonary bypass-induced lung injury, including reducing
apoptosis, malondialdehyde, and TNF-β1 and upregulated superoxide dismutase
activity in mongrel dogs (Qu et al. 2013). NAC protected alveolar type II cells from
apoptosis caused by oxidative injury resulting from hydrogen peroxide in SpragueDawley rats (Fu et al. 2010b) and cigarette smoke in both C57BL mice and Nrf2
knockout mice (Messier et al. 2013).
NAC also protected lung tissue from inflammatory injury. NAC enhanced the
clearance of apoptotic cells and the production of TNF-β1 as well as reduced
RhoA activity in alveolar macrophages, proinflammatory mediators, and the
accumulation of inflammatory cells in BALB C male mice treated intratracheally
with LPS (Moon et al. 2010). NAC reduced the number of apoptotic cells in lung
tissue in a Wistar rat model of septic lung injury as a result of cecal ligation and
puncture (Ozdulger et al. 2003). NAC significantly improved zymosan-induced
lung damage and function and suppressed dendritic cell apoptosis and immune
activity in a Balb/c mouse model of early stage of severe sepsis (Wang et al.
2013a).
NAC also protected against the effect of mechanical lung injury. NAC prevented
the decrease in lung glutathione and significantly lowered serum isoprostane levels
and airway neutrophil infiltration, cytokines, and apoptosis in a Sprague-Dawley rat
model of ventilator-induced lung injury (Syrkina et al. 2008).
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Neurological Studies

NAC has been used in a wide variety of studies focusing on neural cell injury. A
number of studies have examined models of ischemia, so this is addressed in a separate section.

6.4.6.1 Ischemia Models
In a male Wistar rat model of cerebral ischemic injury, NAC reduced infarct size
(Wang et al. 2012). Post-resuscitation NAC attenuated cortical apoptosis, as measured by caspase-3, as well as lipid hydroperoxide and improved cerebral oxygen
delivery in a subacute swine model of neonatal hypoxia-reoxygenation (Liu et al.
2010). NAC protected neurons from arachidonic acid toxicity and/or ischemia in
cultured fetal rat cortical neurons (Pawlas and Malecki 2009). NAC inhibited markers of apoptosis, including caspase-3, calpain, and caspase-1, in a LPS rat model of
hypoxia-ischemia-induced perinatal brain injury (Wang et al. 2007b). NAC reduced
cerebral apoptosis, infarct area and volume, cytokines TNFα and IL-1β, macrophages and microglia activity, and inducible nitric oxide synthase and improved
neurologic scores and glutathione levels in an ischemia-reperfusion injury model of
stroke using male Sprague-Dawley rats (Khan et al. 2004). In a 4-vessel occlusion
global brain ischemia model using adult male Sprague-Dawley rats, NAC reduced
pyramidal layer of CA1 apoptosis (Shen et al. 2003). Finally, NAC was used to
demonstrate that the protective effect of remote ischemic post-conditioning on cerebral infarction is dependent on ROS generation using male Sprague-Dawley rats
(Wang et al. 2011).
6.4.6.2 Excitotoxicity
NAC has been shown to protect neurons from apoptosis in several models of excitotoxicity. NAC protected rat oligodendrocyte progenitor cultures from alphaamino-3-hydroxy-5-methylisoxazole-4-propionate receptor-mediated excitotoxicity
(Liu et al. 2002). NAC protected glial C6 and MN9D cell lines and a rat model of
Parkinson’s disease against apoptosis through modulation of group I metabotropic
glutamate receptors and modulation of the extracellular signal-regulated kinase
(ERK) pathway (Sun et al. 2012), a pathway that is a key integrator of dopamine and
glutamate metabolism. In a pilocarpine model of chronic temporal lobe epilepsy,
NAC prevented apoptosis as well as thiol oxidation and NR2B subunit overexpression in rat primary hippocampal cultures depending on the timing of application (Di
Maio et al. 2013).
6.4.6.3 Cerebral Apoptosis Models
NAC has been shown to protect against apoptosis in neuronal tissue exposed to
many other types of stress. In a male Sprague-Dawley rat traumatic brain injury
model, NAC decreased apoptosis, cytosolic-free Ca2+, ROS, and caspase-3 and caspase-9 activities in hippocampal neurons (Naziroglu et al. 2014). In rat primary
oligodendrocytes, NAC blocked cytokine-mediated ceramide production by TNFα
or IL-1β that resulted in glutathione depletion and DNA fragmentation (Singh et al.
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1998). NAC prevented apoptosis and maintained long-term survival in serumdeprived PC12 cells, neuronally differentiated PC12 cells and neonatal sympathetic
neurons deprived of trophic factors (Ferrari et al. 1995). NAC protected cultured rat
hippocampal neurons from staurosporine-induced apoptotic degeneration (Prehn
et al. 1997). Finally, NAC promoted neuroprotection of cutaneous sensory neurons
through modulation of apoptosis pathways, including upregulation of Bcl-2 and
downregulation of both Bax and caspase-3 (Reid et al. 2009).

6.5

Summary

In both cellular and animal model studies, NAC has been shown to protect cells and
tissue against apoptotic changes and/or activation of apoptotic molecular pathways.
Although there are many studies in which NAC has been investigated with apoptotic
markers, this chapter has selected a subset of such studies to provide an example of
the tissues and pathways investigated with NAC. This chapter has reviewed studies
on cancer, cardiac, gastrointestinal, renal, pulmonary, and neurological tissues.
NAC is used in several studies to demonstrate that the mechanism of action of
therapeutic treatments involves modulation of oxidative stress. This includes many
of the studies examining the mechanism of action of chemotherapeutic and chemoprotective agents in cancer. This also extends to demonstrating that the effects on
ischemic preconditioning and post-conditioning are dependent on ROS.
Several common themes arise in which NAC appears to be therapeutic. NAC has
been shown to be protective against apoptosis in hypoxic-ischemic models of the
liver, kidney, lung, and brain. Another theme is the protective effect of NAC from
inflammation as investigated in models of colitis and inflammatory liver, lung, and
neuronal injury. NAC has also been shown to be protective from stressors, both
intrinsic stressors such as glycation end products in pancreatic tissue, glucose in
renal tissue, and excitotoxicity in neuronal tissue and extrinsic stressors such as
hypothermia and magnesium deficiency in liver tissue, contrast agents in kidney
tissue, cigarette smoke and mechanical injury in lung tissue, and traumatic injury
and depletion of trophic factors in neuronal tissue.
Although the goal of many studies is to use NAC to modulate oxidative stressmediated apoptosis, the effect of NAC in these studies appears to be related to many
other pathways, not typically involved in oxidative stress such as receptor-mediated
apoptosis signaling, cellular growth and differentiation pathways, and pathways
involved in epigenetic regulation. In addition, NAC appears in many studies to have
a role in reducing inflammatory mediators. Overall, there is significant evidence that
NAC can provide protection against apoptosis in many cellular and animal models
of disease in both pathways directly involved in apoptosis as well as pathways that
indirectly modulate molecular apoptosis factors. Of course, the basic research studies outlined here require follow-up with clinical studies to better understand their
practical implications.
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7.1

Inflammation: Working Definition and Organizing
Principles

The term “inflammation” can have various meanings. For patients and clinicians,
inflammation designates organ-level or systemic responses associated with acute or
chronic symptoms in diseases as varied as asthma, rheumatoid arthritis, inflammatory bowel disease, or autism. For basic researchers, inflammation relates to the
induction of specific genes in structural components of tissues, and the recruitment
and activation of immune cells mediating a reaction to self-injury or infection, leading to the symptoms noted above. Seminal work redefined the signals that induce
inflammation in living organisms, introducing the concept of danger signaling
(Gallucci and Matzinger 2001). Danger signaling is mediated by pathogen-associated molecular patterns (PAMPs) and/or damage-associated molecular patterns
(DAMPs), for which tissue and immune cells have evolved pattern recognition
receptors (PRRs) that trigger relevant responses upon PAMP/DAMP ligation
(Vajjhala et al. 2017).
Downstream of PRR activation, multiple pathways are induced that regulate cellular and organismal defense and reparative responses to the perceived danger. Proinflammatory pathways mediate feed-forward and amplifying signals in activated
cells and organs involved in an inflammatory reaction. Resilience pathways counterbalance the effect of the former, enabling the use of resources for adaptive and
reparative mechanisms. Both pro-inflammatory and resilience pathways are enabled
by changes in metabolic pathways, which modulate use of energy resources to
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enable proper amplification of signaling and downstream effector functions.
Regulation of pro-inflammatory, resilience, and metabolic pathways in inflammation depends on posttranslational modification (PTM) of proteins, of which phosphorylation of tyrosine, serine, and threonine residues has been the most studied
(Liu et al. 2016). Besides phosphorylation, oxidation/reduction of cysteine, selenocysteine, and methionine residues is also an essential regulatory mechanism
(Rahman et al. 2005). Consequently, basic and clinical researchers for more than
three decades have attempted to modulate inflammation through redox agents,
including, but not limited to, N-Acetylcysteine (NAC).

7.2

NAC: Cysteine/Glutathione Prodrug and “Suicide
Antioxidant”

NAC is an intermediate of cysteine metabolism and a popular prodrug used to rapidly ramp up cysteine levels in the body and thereby increase the antioxidant shield
(Atkuri et al. 2007; Rushworth and Megson 2014). Cysteine bears a reactive SH
group that can participate in redox reactions. Oxidation of cysteine gives rise to its
disulfide bond-bearing counterpart, cystine. The cysteine/cystine redox couple is
the most abundant in human plasma. In cells, however, the most abundant redox
couple is formed by glutathione (GSH) and glutathione disulfide (GSSG). GSH is a
tripeptide formed by glutamate, cysteine, and glycine, in which the central cysteine
is relatively protected from spontaneous oxidation. Cells have evolved a whole
array of enzymes to synthesize, oxidize, and conjugate GSH to provide reparative
and detoxifying power to cells and reduce GSSG back into GSH (Couto et al. 2016).
GSSG reduction into GSH uses NADPH as an electron donor (Kojer and Riemer
2014). Interestingly, NADPH is also used as an electron donor by the major inflammatory enzyme NADPH oxidase, which uses NAPDH to reduce molecular oxygen
into superoxide, the first step in the production of reactive oxygen species (ROS) such
as hydrogen peroxide, hydroxyl radical, and hypohalous acids (Winterbourn et al.
2016). Thus, NADPH can be used either to reduce oxidation by maintaining GSH
levels or reduce oxygen to produce ROS, thereby shifting the redox balance toward
oxidation and the oxygen balance toward hypoxia, causing cells to effectively pivot
from a homeostatic/reparative state to an oxidative/destructive state and vice versa.
GSH synthesis occurs in all cells, but the liver in humans is essential to maintaining appropriate circulating GSH levels (Lu 1999). Since cysteine is relatively rare in
the diet, it is the rate-limiting amino acid for GSH synthesis (Yin et al. 2016).
Dietary cysteine is taken up in the intestine and shuttled via the portal route from the
intestine to the liver. While dietary cysteine needs to be actively taken up by ATPdependent processes through the intestinal epithelium, oral NAC passively diffuses
through the plasma membrane of intestinal epithelial cells thanks to its N-acetyl
moiety, making it an efficient cysteine and GSH prodrug (Fig. 7.1). Once in the
cytosol of intestinal epithelial cells, NAC loses its N-acetyl group under cytosolic
esterase activity, and the resulting cysteine is then transported to the liver and integrated into GSH or circulates in blood. The surface area in the human intestine is
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Fig. 7.1 Mechanism of action of oral NAC. Oral NAC is passively absorbed through the intestinal epithelium and deacetylated intracellularly, yielding cysteine. Cysteine is then transported to
the liver via first-pass metabolism (portal route) and used to synthesize GSH. The liver serves as a
source for systemic GSH, which is made available for other tissues in the body for redox
metabolism

very high, such that high doses of NAC (hundreds of mg per day) can be administered orally with little risk (Greene et al. 2016). Consequently, plasma NAC remains
low to undetectable after oral NAC administration (Pendyala and Creaven 1995).
NAC can also be delivered intravenously, notably for acetaminophen overdose and
contrast agent-induced nephrotoxicity, or as a mucolytic through oral or inhalation
routes for acute and chronic obstructive airway diseases (Rushworth and Megson
2014). NAC skin creams are also available over the counter and have been tested in
some animal models (Tsai et al. 2014). As an intravenous drug, NAC serves partially as a cysteine/GSH prodrug during its passage in the liver and partially as an
electron donor to directly reduce oxidized molecules (e.g., antagonizing toxic acetaminophen adducts). The resulting oxidation of NAC leads to the formation of its
disulfide form, N,N′-diacetyl-cystine (DiNAC). As a topical drug, NAC functions
almost exclusively as an electron donor to reduce oxidized and/or cross-linked proteins, such as airway mucins. Unlike GSSG, DiNAC is not easily reduced, essentially making a large fraction of NAC delivered through topical routes a “suicide
antioxidant,” available for only one redox reaction. DiNAC itself has chemical
properties that make it a potent mediator in its own right (Pettersson et al. 2008).
Theoretically, a portion of NAC delivered through the oral route may directly
react with intestinal mucins, bacteria, and the apical surface of intestinal epithelial
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cells, although this process and the resulting presence of luminal DiNAC have not
been documented. The ability of NAC to function as a suicide antioxidant, and lead
to the formation of DiNAC, depends in part on Cys and GSH pools in areas targeted
for NAC administration. Indeed, Cys and GSH are likely to react first, unless NAC
is added in molar excess. For these reasons, it is risky to extrapolate results from in
vitro studies (in which NAC is often added in wide excess) to in vivo treatment, as
the mechanisms of action of NAC can widely differ among them. This point is discussed in more details below.

7.3

PRR-Medicated Induction of Inflammation and Its
Modulation by NAC

Inflammation is controlled by the ligation of PRRs by PAMPs and/or DAMPs
(Vajjhala et al. 2017). PAMPs are generated by both commensal and newly acquired
(and potentially harmful) bacteria, fungi, and sometimes more complex life-forms
(e.g., protozoans or nematodes) and inform hosts on their density and activity (Rana
et al. 2015). Prototypical PAMPs are lipopolysaccharide (LPS) and flagellin (both
expressed by gram-negative bacteria) and lipoteichoic acid (expressed by fungi).
PAMP signaling often requires dual or multiple, rather than single, stimuli (Odendall
and Kagan 2017). Interestingly, PAMPs do not only signal the presence of pathogenic microorganisms but also that of commensals, thereby promoting the maintenance of adequate passive or active shielding mechanisms against invasion (Sharma
et al. 2010). Therefore, modulating PAMP signaling can affect both homeostatic
and inflammatory responses.
DAMPs, also designated as “alarmins,” include various molecules derived from
host cells that, when released into the extracellular milieu, signal the abnormal
breakdown of cells, and thus significant stress, thereby calling for an organized,
reparative response (Rider et al. 2017). Interestingly, some DAMPs can also tune
down shielding mechanisms during a short period of postnatal colonization to
enable establishment of commensalism without triggering septic reactions (Ulas
et al. 2017). Examples of DAMPs include interleukin (IL)-1, IL-33, cytosolic calcium-binding proteins of the S100A family, and the nuclear factor high-mobility
group box protein 1 (HMGB1) (Bertheloot and Latz 2017). Often, DAMPs are modified through redox chemistry by ROS produced during cell activation and can accumulate both inside and outside stressed cells (Li et al. 2013). HMGB1 exemplifies
the importance of redox chemistry in DAMP signaling, since its roles as a chemoattractant for inflammatory cells and an activator of the receptor for advanced glycation end product (RAGE) pathway shift depending on it being present in its reduced
form, partially oxidized and disulfide bond-bearing form, or fully oxidized, denatured form (Janko et al. 2014). Extracellular release of HMGB1 depends on the cell’s
redox balance, which can potentially be impacted by NAC (Gabryel et al. 2011).
Toll-like receptor 4 (TLR4) is a member of the TLR family of surface and endosomal PRRs and a prototypical example of how PRRs function. TLR4 is the main
PRR for LPS, aided by the co-receptor CD14 and the adaptor molecules
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lipid-binding protein and MD2 (Ryu et al. 2017). However, TLR4 has also emerged
recently as a promiscuous receptor for multiple DAMPs, following either direct
ligation or indirect activation by a co-receptor. For example, TLR4 can be ligated by
S100A8/S100A9 (Pruenster et al. 2016), as well as HMGB1 (Sims et al. 2010). Of
relevance here, TLRs bear critical cysteine residues that regulate their activation,
and NAC treatment has been described, depending on models and specific TLRs, to
either preserve TLR activity in the face of denaturation by specific oxidants (Kim
et al. 2009) or conversely prevent TLR hyperactivity in response to ROS signaling
(Yoshino and Kashiwakura 2017). Extracellular ATP, a DAMP linked to host cell
demise, is a strong inducer of another PRR family, that of the inflammasome, which
also responds to PAMPs (de Torre-Minguela et al. 2017). Inflammasomes are
formed upon ligand-induced aggregation of intracellular protein complexes leading
to activation of cysteine aspartate proteases (caspases) and subsequent processing of
the inflammatory mediators pro-IL-1 and pro-IL-18 into their mature forms.
Signaling through the NLRP3 inflammasome, for example, can be promoted by
intracellular ROS (Han et al. 2015) and antagonized by NAC (Liu et al. 2015). As
another example of PRRs, recent literature has highlighted the role of scavenger
receptors, of which several families are recognized (PrabhuDas et al. 2017). A key
functional role is fulfilled by redox-sensitive C-terminal cysteine-rich domains in
these scavenger receptors (Novakowski et al. 2016). Among these, CD36 has been
studied in detail for its modulation by NAC. At the mRNA and protein levels,
increased intracellular ROS levels increase CD36 expression, an effect antagonized
by NAC treatment (Mimche et al. 2012). However, the exofacial domain of CD36 is
regulated very precisely by the extracellular redox balance (itself modulated by
NAC), with significant changes in conformation and binding mediated by oxidoreduction of critical cysteine residues (Gruarin et al. 2001). Interestingly, HMGB1
itself can also be recognized and taken up via scavenger receptors (in addition to
RAGE and TLRs), triggering downstream signaling in macrophages (Komai et al.
2017). As illustrated by the above examples of TLR4, NLRP3 inflammasome, and
CD36, it appears that PRRs are sensitive to redox signaling both intracellularly and
extracellularly and therefore can be modulated by NAC treatment in vitro and in
animal models.

7.4

Molecular Pathways of Inflammation and Their
Modulation by NAC

Downstream of TLR4 ligation, a cascade of phosphorylation ensues involving multiple kinases and adaptor proteins, leading to the translocation of the nuclear factor
kappa B (NFkB) family of transcription factors to the nucleus and subsequent transcription of response genes. These include, but are not limited to, pro-inflammatory
cytokines and oxidative enzymes such as the proteins assembling into the NOX
complex (Anrather et al. 2006). Intracellular ROS, generated by NOX activity [or
alternatively by dual oxidase (Duox) activity or mitochondrial leak (O’Neill et al.
2015)], also converge onto mitogen-activated protein kinase (MAPK) pathways,
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which lead to the activation of the transcription factor activator protein-1 (AP-1)
(Youn et al. 2016) and production of downstream mediators and effector proteins.
In turn, newly formed mediators such as cytokines can trigger signaling through the
Janus kinase (JAK)/signal transducer and activator of transcription (STAT) family
of proteins (Majoros et al. 2017). NFkB, MAPK/AP-1, and JAK/STAT pathways
collectively form a core of generally pro-inflammatory, feed-forward cascades that
further increase inflammatory cell recruitment to a damaged tissue (Fig. 7.2). They
also promote ROS production while depending on ROS to induce specific PTMs to
some of their signaling components. Consistent with the central role of ROS and
redox PTMs in the regulation and function of NFkB, MAPK/AP-1, and JAK/STAT
pathways, NAC treatment has been used in numerous studies as a ROS-scavenging
and down-modulating strategy to tune down signaling through these pathways
(Amore et al. 2013; Park et al. 2012; Zafarullah et al. 2003).
As a set of coordinated measures to counteract potential damaging effects of proinflammatory pathways, cells and tissues undergoing inflammatory reactions also
activate resilience pathways (Fig. 7.2). These include the heme oxygenase-1 (HO1), hypoxia-inducible factor (HIF), aryl hydrocarbon receptor (AhR), and reverse
strand of Erb (REV-ERB) signaling cascades (Kojetin and Burris 2014; Soares et al.
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Local
hypoxia

ROS
signaling

INFLAMMATION
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Fig. 7.2 Pro-inflammatory, resilience, and metabolism pathways involved in inflammation.
Inflammation is triggered in response to insults involving host cells alone or in interaction with
pathogens. Resulting changes in the presence of PAMPs and DAMPs as well as changes in oxygen
levels (local hypoxia) and ROS signaling engage three sets of signaling pathways. Pro-inflammatory
pathways (green, right) include the NFkB, JAK/STAT, and MAPK signaling cascades. Proinflammatory pathways promote leukocyte recruitment to tissues, increased ROS production, and
deployment of effector functions such as phagocytosis and killing. Resilience pathways (purple,
left) include the AhR, HIF, HO, Nrf2, and REV-ERB signaling cascades. Resilience pathways
promote adaptive and reparative responses that guard against tissue damage and counteract potential negative effects of pro-inflammatory pathways. Finally, metabolic pathways (blue, center)
include the AMPK and mTOR signaling cascades. Metabolic pathways license cells and tissues to
use energy resources for mRNA translation, protein production, and various cellular activities (cell
movement, uptake and secretion, mitosis) required during inflammatory reactions
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2017). Typically, these pathways promote anti-inflammatory, tolerance, and repair
responses when triggered by danger signals. For example, ROS directly trigger the
translocation of the master regulator of antioxidant responses in cells, the transcription factor nuclear factor-erythroid 2-related factor 2 (Nrf2). Nrf2 controls numerous genes with antioxidant function, by binding on a consensus sequence in their
promoter dubbed the antioxidant response element (ARE). Nrf2-/ARE-regulated
genes include GSH synthase subunits, and GSH reductases, which regulate GSH
turnover, as well as superoxide dismutase, and catalase, which controls the degradation of superoxide and hydrogen peroxide, respectively (Sies et al. 2017). As another
example, extracellular heme released by damaged red blood cells in the context of
hemorrhage or malaria infection can trigger HO-1 signaling, which in turn leads to
the production of heme and iron-chelating factors to limit damage exerted by heme
(Soares et al. 2017). Extracellular heme can also trigger REV-ERB signaling, with
profound effects on circadian regulation, behavior, and metabolism (Kojetin and
Burris 2014).
Low oxygen levels resulting from anemia or abnormal lung function, or from
rapid oxygen depletion in tissues following NOX activation, can trigger HIF signaling, which in turn increases angiogenesis, and erythropoiesis, leading to increased
oxygenation (Devraj et al. 2017). Environmental toxicants such as benzopyrenes,
bacterial metabolites such as indoles, as well as kynurenine produced by host
immune regulatory cells endowed with the tryptophan-metabolizing enzyme indoleamine dioxygenase (IDO) can lead to AhR pathway activation (Jaronen and
Quintana 2014). In turn, AhR pathway activation leads to an increase in levels of
IDO itself, as well as of enzymes of the cytochrome p450 (CYP) family (Go et al.
2015). After xenobiotics are modified by CYP enzymes, they are conjugated to
GSH by GSH-S-transferases (GST) and made to exit cells as GS-X conjugates
(Gundert-Remy et al. 2014). As a direct antioxidant and GSH prodrug, NAC can
counter the effects of heme and iron, themselves potent activators of ROS signaling
(Dutra and Bozza 2014). NAC can also provide the necessary fuel to support detoxifying activities via the CYP/GST families of enzymes (Lash 2007). Finally, NAC
treatment was shown to stabilize Hsp90, a HIF cofactor, thereby promoting HIF
signaling (Zhang et al. 2014). On the flipside, activation of resilience pathways by
ROS can be stunted, or even inhibited by NAC treatment, if timed improperly. This
is particularly true of the Nrf2 (Romanque et al. 2011) and HO-1 (Zhao et al. 2016)
pathways. Thus, NAC can act both as a potentiator and inhibitor of resilience
pathways.
The activation of pro-inflammatory and resilience responses requires the mobilization of energy resources for cell signaling, de novo mRNA transcription, protein
translation, mediator release, cell movement, etc. These responses are under the
control of core metabolic pathways, which license cells and tissues to use extracellular nutrient and intracellular reserves to fuel the increase in cellular activity, itself
predicated on the maintenance of adequate ATP levels (Gleeson and Sheedy 2016).
The major route for tryptophan catabolism, the kynurenine pathway evoked earlier,
is also the main source for de novo synthesis of NAD (Gonzalez Esquivel et al.
2017). Carbohydrate, protein, and fatty acid degradation lead, from NAD, to the
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formation of the redox intermediate NADH. NADH is in turn consumed to generate
the mitochondrial proton gradient required to produce ATP and sustain cellular
activities in homeostasis and in inflammation. Another important catabolic pathway
in inflammation is that of glucose degradation via glucose-6-phosphate dehydrogenase, a rate-limiting enzyme in the pentose phosphate pathway (Park et al. 2017).
This leads to the generation of NADPH, which is the electron donor for ROS production by NOX and for GSSG reduction into GSH by GSH reductase.
The two key switches controlling cell metabolism in homeostasis and during
inflammation are the AMP kinase (AMPK) and Akt/mechanistic target of rapamycin (mTOR) pathways (Zhao et al. 2017). Most often, AMPK and Akt/mTOR pathways are mutualistically inhibitory and together regulate the balance between
catabolism (resource breakdown to fuel activity) and anabolism (buildup of new
proteins, organelles, and cells for adaptive and reparative responses). In recent
years, modulation of the AMPK and mTOR pathways as a way to regulate the timing and amplitude of inflammatory reactions has been the focus of much research
(Antonioli et al. 2016; Weichhart et al. 2015). Considering that redox reactions are
central to metabolism, with NADH and NAPDH as the main holders and distributors of reducing power in cells, with GSH being directly linked to both of these critical redox intermediates, it is clear that NAC, as a potent GSH prodrug, can affect
metabolism in significant ways. Independent of its role as a GSH prodrug, NAC can
inhibit AMPK and autophagy (Rahman et al. 2014), and activate mTOR and anabolic
activities (Yi et al. 2016), directly affecting the balance between these two pathways
and between catabolism and anabolism. Thus, NAC can potentially regulate proinflammatory, resilience, and metabolic pathways involved in inflammation.

7.5

Guiding Principles for Interpreting Studies of NAC
in Inflammation

The difference in biological activities and fate of the cysteine group borne by NAC
depending upon its mode of administration is a critical factor to take into account in
basic and translational studies of inflammation. For example, substantial NAC
administration to cells in vitro may simultaneously (1) change the redox status of
surface receptors, (2) leave DiNAC in the extracellular fluid to carry out other
effects, (3) penetrate in cells and crowd out normal esterase substrates, (4) acutely
increase cysteine levels in the cytosol and cause cysteinylation of proteins, and (5)
boost GSH synthetic pathway and thereby impact protein glutathionylation, GSHdependent detoxification, redox potential in the cytosol and organelles, and NADPH
use as an electron donor to reduce GSSG into GSH. By contrast, NAC administration in animals and patients will impact specific cell types differentially: oral or
intravenous delivery may affect leukocytes, depending on the dosing and underlying level of oxidation in the gut or liver, which may require NAC to react as a direct
antioxidant, rather than a GSH prodrug, while airway or skin topical delivery is
unlikely to affect leukocytes systemically. Because of these issues, in vitro and in
vivo studies on the effects of NAC are often discrepant.
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In addition, there can be significant discrepancies between animal models and
humans, which diverge significantly with regard to physiological properties governing NAC pharmacokinetics and pharmacodynamics. For example, high-dose oral
NAC may face differential saturation of gut absorption and subsequent NAC leakage into the plasma, which is rarely, if ever, a concern in humans (Pendyala and
Creaven 1995). In a mouse model, excess plasma NAC was shown to react with
nitric oxide to form the S-nitroso-NAC adduct, with damaging side effects (Palmer
et al. 2007). It is also worth noting that despite their primary role in mediating oxidative stress and feed-forward pro-inflammatory signaling, ROS also play a homeostatic role and are required to mediate local changes in redox potential and PTMs of
critical proteins during normal development and function (Cortese-Krott et al.
2017). Therefore, excessive intake of reducing equivalents may cause reductive
stress, leading to inability of cells and organs to mount proper adaptive responses
(Handy and Loscalzo 2016).
Among human subjects, there may be differences in NAC absorption and GSH
metabolism, notably related to genetic mutations and underlying inflammatory or
metabolic conditions, which can in turn impact the clinical efficacy and outcomes of
NAC treatment. It is beyond our scope here to provide an exhaustive digest of all
clinical trials of NAC, in various modes of administration, doses, and formulations,
for conditions associated with inflammation. The clinical role of NAC as an antiinflammatory agent in cystic fibrosis (Tam et al. 2013), liver damage linked to acetaminophen overdose (Brok et al. 2006), sepsis and other systemic inflammatory
disorders (Szakmany et al. 2012), drug-induced kidney damage (Jun et al. 2012), and
neurological disorders (Deepmala et al. 2015) is reviewed elsewhere and is outlined
in the specific clinical chapters in the next section of the book. Taken together, the
current body of basic and clinical knowledge on NAC suggests that, although much
is known about its activity in vitro, one has to use caution when extrapolating it to
specific cohorts of patients to treat redox imbalance and/or inflammation, as many
factors can influence outcomes. Stringent design and randomization are critical to
ensure appropriate clinical assessment of this multifunctional compound.
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Clinical Trials on N-Acetylcysteine
Richard Eugene Frye

8.1

Introduction

Clinical trials using N-Acetylcysteine (NAC) started in the late 1960s and have
grown ever since with a rapid growth started in the 1990s. The number of studies
hits a relative peak within the last decade at about 125 clinical trials per year (see
Fig. 8.1).

8.2

History of Clinical Trials Investigating N-Acetylcysteine
(NAC)

NAC has been studied in clinical trials in many different medical disorders, most
likely due to multiple pathways it modulates and its favorable safety profile.
Figure 8.2 outlines the number of studies broken down by medical specialty. NAC
has been studied in several renal and pulmonary diseases as well as in cardiology,
particularly cardiac surgery. While well-known for its use for acetaminophen toxicity, the number of clinical studies is not extensive. Other emerging areas of study of
NAC include exercise physiology, psychiatry, and neurology. Below we discuss the
details of some of the more well-studied areas of medicine.
Clinical trials studying the use of NAC in protecting the kidney from radiological
contrast agents started relatively recently, in the year 2000, and have grown considerably. Many such studies have focused on high-risk patients with either preexisting
kidney disease or those undergoing cardiac procedures (Fig. 8.3). Additionally, a
small number of studies have investigated the use of NAC in chronic kidney disease
and acute kidney injury.
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Pulmonary clinical trials studying the use of NAC are the second most numerous and some of the earliest clinical trials studying NAC (Fig. 8.4). The great
majority of the clinical trials have focused on chronic obstructive conditions
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including chronic bronchitis and chronic obstructive pulmonary disease (COPD).
The second most numerous pulmonary studies are on chronic restrictive lung diseases such as cystic fibrosis and pulmonary fibrosis. Given the large number of
studies on these chronic lung diseases, other studies on acute pulmonary conditions that have emerged.
Clinical trials to prevent surgical complications using NAC date back to the
1960–1970 where the prevention of pulmonary complications was investigated
(Fig. 8.5). In the late 1980s and early 1990s, there was interest in the use of NAC
during abdominal surgery, and in the 1990s there was a growth in the investigation
of its use in liver transplantation. In the 2000s, interest grew in its use for cardiac
surgery.
The clinical use of NAC in psychiatry (Fig. 8.6) is a relatively recent development with most studies being conducted within the last 5–7 years. Over half of the
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studies in psychiatry have explored the use of NAC in various addictions.
Investigation of NAC in other areas of psychiatry is growing.
The investigation of NAC in cardiology is one of the largest areas when trials that
have examined cardiac surgery and coronary angioplasty and angiography are
included (Fig. 8.7). Excluding these latter areas, a large number of studies have
examined the effect of NAC as an adjunct to common nitrate drugs such as nitroglycerin. Other areas include its use in reducing the size of myocardial infarction,
reducing hypertension, and its use in coronary catheterization not related to angioplasty and angiography specifically.
Aside from liver surgery, NAC has been studied for many indications, including
both chronic and acute conditions, in gastroenterology (Fig. 8.8).

8.3

Organization of the Clinical Section of the Book

The clinical section of the book aims to provide the most comprehensive analysis of
the use of NAC in medicine. Since NAC has been used in a wide variety of medical
condition, this section is divided into the major medical applications with separate
chapters dedicated to the areas where there are the most trials or the more interesting emerging fields where its use appears promising.
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Each chapter systematically reviews the clinical trials in the specific area of medicine and rates the level of evidence for each study reviewed and then generates a
grade of recommendation based on this level of evidence using an objective criteria
system that is outlined below. In addition to these grades, a recommendation is
made for the use of NAC for specific disorders or conditions.
The section starts with clinical trials in the area where NAC is most well-known,
toxicology, which is reviewed in two chapters, one on poisoning, including acetaminophen poisoning, and another on metal toxicity, an emerging field in which
NAC may be helpful. Next the use of NAC in the fields of neurology and psychiatry
is reviewed with psychiatry divided into two chapters, with one chapter dedicated to
addiction. Additional chapters review the use of NAC in other fields where it is commonly used. A chapter is also dedicated to those areas with only a handful of clinical
trials, to ensure the book is comprehensive. A chapter is also dedicated to clinical
studies that have examined the physiological effects of NAC in humans. Further, a
chapter that proposes that NAC may be a treatment for disease characterized by
glutathione deficiency is provided. Finally, a chapter reviews the adverse effects
associated with NAC as well as the formulations and pharmacology of NAC.

8.4

Methods for Selecting Clinical Trials

Each chapter reviews the evidence for the use of NAC for specific medical conditions using a systematic approach. Systematic reviews use the PICO (ProblemIntervention-Comparison-Outcomes) framework (Richardson and Detsky 1995).
The problem specifically addressed treatment or prevention of the conditions within
the medical areas being reviewed, and the intervention was NAC as compared to
placebo or other standard treatments (although this was uncommon). The goal was
to consider all outcomes reported as well as determine the common adverse effects.

8.4.1

Search Strategy

A systematic review uses the common medical literature databases such as PubMed,
Ovid MEDLINE, Google Scholar, CINAHL, Embase, Scopus, Cochrane, and ERIC
databases, usually from inception through the date of writing the review. To identify
studies using NAC, terms such as “N-Acetylcysteine,” “acetylcysteine,” or “NAC” are
used. These terms are combined with specific diseases that are part of the specific
medical areas being investigated. Other filter terms such as “human” or “clinical trials”
are not uncommonly used. Also it is customary to review the references in publications
identified by the search to determine if any relevant publications may have been missed.

8.4.2

Study Selection

Commonly, one or more of the authors of the chapter review the titles and abstracts
of all potentially relevant publications. Studies are usually included if they meet
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specific criteria such as (a) human randomized controlled trials, nonrandomized trials, case studies, and/or case series and (b) report of a direct clinical effect of NAC
as an outcome. Studies are commonly excluded if they (a) do not involve humans,
(b) do not provide new or unique data (review articles, letter to the editor, duplicate
article), and (c) do not measure a clinical outcome or do not report a clinical measure (this is an exception in the physiological studies reviewed in one chapter in this
section).

8.5

Methods for Developing Recommendations

8.5.1

Level of Evidence Ratings

A grade of recommendation (GOR) is given for each medical condition studied
based on the level of evidence (LOE) for each study. Using a well-established scale
(Howick et al. 2011), each clinical trial is individually assessed to determine the
LOE, ranging from level 1 to 5 (see Table 8.1). After assessing all identified studies
for each disorder, a GOR ranging from A (solid evidence) to D (limited, inconsistent, or inconclusive evidence) is assigned (see Table 8.2). Since a condition can be
given a GOR of D for several reasons, a modifier is used if the evidence represents
a single case report or series (SC), demonstrated a neutral effect (NE), or was found
to be possibly detrimental (DE).

8.5.2

Data Analysis and Synthesis

The information about each medical condition is summarized and synthesized in
several ways. A GOR for each medical condition is summarized based on the LOE
for each study identified. Since the GOR is based on the quality of the clinical study

Table 8.1 Levels of evidence
Level Description
1a
SR or meta-analysis of RCTs with homogeneity or Cochrane review with favorable
findings
1b
Prospective high-quality RCT (medium sized with N between 50 and 100 or large sized
with N over 100 and/or higher validity trials based on adequate follow-up, intent to treat
analysis, randomization, baseline similarity, equal treatment, and dropout rate)
2a
SR of cohort (prospective, nonrandomized) studies with homogeneity
2b
Individual cohort (prospective, nonrandomized) study or low-quality RCT (small sized
with N less than 50 and/or lower validity trials based on adequate follow-up, intent to
treat analysis, randomization, baseline similarity, equal treatment, and dropout rate)
3a
SR of case-control (retrospective) studies with homogeneity
3b
Individual case-control (retrospective) study
4
Open-label trials, case series, or reports
5
Expert opinion without critical appraisal or based on physiology or bench research
RCT randomized controlled trial, SR systematic review
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Table 8.2 Grade of recommendation
Grade
A
B
C
D
N

Description
At least one level 1a study or two level 1b studies
At least one level 1b, 2a, or 3a study or two level 2b or 3b studies
At least one level 2b or 3b study or two level 4 studies
Level 5 evidence or troublingly inconsistent or inconclusive studies of any level or
studies reporting no improvements
No studies identified

and not necessarily the outcome, the recommendation on whether NAC should be
utilized for the specific medical condition is based on both the strength of the evidence and the outcome of the studies. A study is given 1 point for positive on primary outcome measures and 0 for negative outcomes on all measures. Studies are
given 0.5 point if the study is positive for few but not all outcomes or positive in
subgroup analysis only. Based on points, the percentage positive of total studies is
calculated. If 100% of the studies are positive and GOR was either A or B, then the
recommendation for treatment is “Yes” to use NAC for that specific disorder. For
percentage positive between 50 and 100%, the recommendation for treatment was
“Mixed.” If there was only one study or a few small studies on a disorder, the recommendation for clinical treatment is “None” as it is not advisable to base treatment
recommendations on one study, and treatment must be based on the specific characteristics of the patient as well as the expert judgment of the treating physician. If the
GOR was either C or D, the recommendation could be “Mixed” or “None” depending on the quality and the individual studies. If the overall percentage was less than
50%, independent of the GOR, usually a recommendation for treatment of “No”
was highly considered based on the quality of the individual studies. The number of
studies is based on actual trial conducted and not on the number of articles to avoid
duplication. For each medical condition, a table provides the details of each study
along with the LOE grading and point based on outcomes for most chapters. In
addition, the text discusses the summary of all the studies for each disorder. Finally,
the discussion in each chapter synthesizes this information to summarize the potential clinical use of NAC and comments on the mechanisms of action.
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9.1

Introduction

N-Acetylcysteine (NAC) has been used as an antidote for a variety of different poisonings (Table 9.1). Most commonly it is used in paracetamol poisoning where it is
the mainstay of treatment. Its use has led to a substantial reduction in mortality following paracetamol overdose. NAC is effective in paracetamol overdose because it
replenishes glutathione, which is required to breakdown the toxic metabolite of
paracetamol (Olsson et al. 1988).
NAC has been proposed for poisonings other than paracetamol, such as paraquat,
amanita, essential oils and hydrocarbons. However, there is very limited evidence
for its use in these poisonings with only case reports or series or animal studies to
support its effectiveness.
NAC has been well established as the treatment for paracetamol poisoning for
over 30 years. In this chapter, we review the use of NAC in paracetamol poisoning,
the randomised controlled trials (RCT) supporting its effectiveness, NAC regimens
and studies of its adverse effects. We systematically analyse the RCT’s for NAC in
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Table 9.1 Summary of the proposed uses in toxicology for NAC, toxic effect of the ingestion and
mechanism of action of NAC for that toxin
Toxin
Paracetamol

Toxic effect
Acute liver injury,
hepatotoxicity,
fulminant liver failure
and renal injury

Paraquat
(herbicide)

Multisystem organ
failure, in particular
pulmonary and renal
toxicity

Amatoxin
(predominately
Amanita
phalloides
mushroom)
Orellanine toxin
(Cortinarius
species
mushroom)

Gastrointestinal
symptoms, hepatorenal
toxicity, fulminant
hepatic failure

Clove oil
(essential oil)

Gastrointestinal
symptoms, acute
kidney injury can result
in chronic renal
disease, acute liver
injury
Respiratory symptoms,
seizures, coma and
hepatic injury

Pennyroyal
(hydrocarbon)

Gastrointestinal
symptoms, coma,
hepatic injury,
hepatotoxicity

Chloroform
(hydrocarbon)

CNS depression,
respiratory depression
and delayed
hepatotoxicity

Carbon
tetrachloride
(hydrocarbon)

Coma, hypotension,
respiratory depression
and hepatorenal
toxicity

NAPQI N-acetyl-p-benzoquinone imine

Mechanism of NAC
Replenishes glutathione which is essential in
the metabolism of NAPQI (Olsson et al.
1988, Jones 1998). Supplies thiol groups,
which can directly bind with NAPQI in
hepatocytes (Jones 1998) and enhances
non-toxic sulphate conjugation (Buckpitt
et al. 1979)
Beneficial effects may be through scavenging
of reactive oxygen species, increasing
glutathione and reducing inflammation, lipid
peroxidation and apoptosis (Hoffer et al. 1997;
Cappelletti et al. 1998; Yeh et al. 2006). NAC
reduces paraquat-induced apoptosis
(Cappelletti et al. 1998) and inflammatory
response (Yeh et al. 2006) in human lung
cultures
NAC replenishes glutathione and scavenges
free radicals (Smith and Davis 2016)

Antioxidant effect

Animal data suggest that eugenol is
metabolised by hepatic cytochrome P450
enzymes to a quinone intermediate that causes
hepatotoxicity (Mizutani et al. 1991). NAC
replenishes glutathione
Pulegone is converted by the cytochrome P450
system (CYP 1A2 and 2E1) to other
hepatotoxins (Gordon et al. 1987; Thomassen
et al. 1988). Similar to clove oil, pulegone and
its metabolites deplete glutathione levels;
hence, NAC is used to replenish glutathione
Chloroform is metabolised by cytochrome
P450 to phosgene and free radicals, which
cause mitochondrial damage and hepatocellular
death (Pohl et al. 1977; Pandit et al. 2012).
NAC replenishes glutathione and antioxidant
effect
The mechanism of toxicity is due to its toxic
metabolite trichloromethyl that may covalently
bind to macromolecules or react further
(Recknagel et al. 1989). NAC has an
antioxidant effect
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paracetamol poisoning and systematically analyse clinical case reports and studies
of NAC used in the management of other poisons.

9.2

Methods

We aimed to identify research studies that reported NAC as a treatment to improve
all toxic ingestions/poisonings. A systematic online literature search was conducted
using broad search terms like “overdose”, “poisoning”, “toxin” or “antidote”. We
also looked at specific toxins—“paracetamol”, “acetaminophen”, “paraquat”, “amanita”, “essential oils” and “hydrocarbons”. We also searched the references cited in
the identified publications for additional studies. We only looked at NAC as a treatment for poisoning or overdose, not as a treatment of adverse effects of drugs given
in therapeutic doses. For paracetamol (i.e. acetaminophen), we only looked at RCTs
as it is an accepted treatment.
Much of the evidence for the use of NAC in non-paracetamol toxic ingestion is
from case reports and small case series. Furthermore, NAC was often used in combination with other treatments, hence making any recommendations difficult.
Instead we have summarised the findings of these in a table of results, and we provided a grade of recommendation (GOR) for each toxin based on the level of evidence for each study.

9.3

Paracetamol (Acetaminophen)

Paracetamol is one of the most common medications taken in both deliberate selfpoisoning and unintentional overdose worldwide. Furthermore, it is the most common cause of acute liver failure in North America, Europe and Australia (Larson
et al. 2005; Lancaster et al. 2015). The main toxicity following paracetamol poisoning is acute liver injury that results from the formation of a toxic metabolite of
paracetamol, N-acetyl-p-benzoquinone imine (NAPQI). NAPQI is responsible for
the hepatocellular injury that occurs with paracetamol toxicity.
In adults taking therapeutic doses, paracetamol is metabolised into two major
non-toxic metabolites—sulphate and glucuronide conjugates—which account for
30 and 55% of paracetamol metabolism (Mitchell et al. 1974). NAPQI is formed in
small amounts following a therapeutic dose of paracetamol. It is a highly reactive
toxic metabolite formed by cytochrome P450 2E1 and is responsible for the hepatocellular injury that occurs with paracetamol toxicity. The small amounts of NAPQI
produced after therapeutic doses are detoxified by irreversible glutathione-dependent
conjugation reactions to two non-toxic metabolites, mercapturic acid and cysteine
conjugates (Mitchell et al. 1974). In therapeutic paracetamol doses, these two
metabolites are excreted at 4% (as a fraction of the parent dose) each, with over 80%
excreted in the urine in the first 12 h following ingestion (Mitchell et al. 1974;
Prescott 1980). In overdose, the increased formation of NAPQI depletes glutathione, and once glutathione is depleted by more than two-thirds, it covalently binds to
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critical cellular proteins (Mitchell et al. 1973). It is hypothesised that this results in
loss of activity of critical proteins and eventually hepatic cell death.
Before there was an effective antidote for paracetamol poisoning, the morbidity
was high. Prescott et al. reported 89% of patients developing severe liver damage if
they had an initial concentration above 300 mg/L at 4 h or a concentration above a
line decreasing from this point with a half-life of 4 h and 28% if the concentration
was between 200 and 300 mg/L at 4 h (Prescott et al. 1977).

9.3.1

How N-Acetylcysteine Works in Paracetamol Poisoning

Glutathione consists of three amino acids, glycine, cysteine and glutamic acid. It
has many important physiological roles such as forming conjugates with various
molecules and acting as a potent free radical and reactive oxygen species scavenger
(Forman et al. 2009). It is also an essential cofactor for many enzymes and is
involved in several metabolic and signalling pathways. Glutathione is essential in
the metabolism of NAPQI and covalently binds to the toxic paracetamol metabolite
NAPQI in a 1:1 ratio (Jones 1998). The amino acid cysteine is the main factor limiting the synthesis of glutathione. NAC is a cysteine precursor; it is hydrolysed intracellularly to cysteine, which replenishes glutathione (Olsson et al. 1988). Its efficacy
as a specific antidote for paracetamol poisoning relies mainly on its ability to stimulate glutathione synthesis (Prescott et al. 1989). NAC also supplies thiol groups,
which can directly bind with NAPQI in hepatocytes (Jones 1998) and enhance nontoxic sulphate conjugation (Buckpitt et al. 1979; Table 9.1).

9.3.2

Evidence of Effectiveness of N-Acetylcysteine
in the Treatment of Paracetamol Poisoning and Review
of Randomised Controlled Trials

In the late 1960s, it was recognised that paracetamol overdose could result in acute
liver injury and death (Davidson and Eastham 1966). It was not until the 1970s that
several antidotes that replenish glutathione and detoxify NAPQI were developed;
these included methionine, cysteine, cysteamine and dimercaprol (Prescott et al.
1976). Before NAC was available as a treatment for paracetamol poisoning, the morbidity following paracetamol overdose was significant, with a mortality rate reported
by Prescott et al. of 5% in untreated patients with an initial paracetamol concentration above the probable risk nomogram line (Prescott et al. 1979). After the introduction of NAC in the 1980s, the mortality rate fell to 0.4% (Gunnell et al. 1997).
Cysteamine and methionine were shown to decrease the risk of developing hepatotoxicity in three small randomised controlled trials (RCTs; Douglas et al. 1976;
Hamlyn et al. 1981; Hughes et al. 1977). However, their use was limited as cysteamine was associated with severe headache, nausea and vomiting in nearly all
patients, while methionine only came in an oral preparation (Hamlyn et al. 1981;
Douglas et al. 1976; Hughes et al. 1977).
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Prescott et al. (1979), in an observational study of 200 participants, showed that
first-line intravenous (IV) NAC was more effective than cysteamine and methionine
and had noticeably less adverse effects (Prescott et al. 1979). This study compared
IV NAC versus supportive treatment or comparison antidotes (cysteamine and
methionine). All participants had a paracetamol concentration above the 200 mg/L
at 4 h nomogram treatment line. IV NAC was given as three infusions, with an initial dose of 150 mg/kg over 15 m followed by 50 mg/kg over 4 h and 100 mg/kg
over the next 16 h (total dose 300 mg/kg in 20.25 h). The comparison antidote and
supportive groups were historical control groups, treated 3 and 10 years earlier,
respectively. In this study, 1 out of 62 patients treated within 10 h with IV NAC
developed severe liver damage compared with 33 out of 57 (58%) control patients.
However, the rate of severe liver injury in the historical control methionine group in
this study was 20%, compared to 4–10% in other studies (Prescott et al. 1979;
Meredith et al. 1978; Crome et al. 1976).
Since this time, NAC has been accepted as an antidote for paracetamol overdose,
in the IV dosing regimen proposed by Prescott et al. or a longer 72 h oral regimen,
used mainly in the United States (Williamson et al. 2013; Woo et al. 2000).
Smilkstein et al. reported the results of a large multicentre observational study in the
United States of 2540 patients receiving oral NAC for the treatment of paracetamol
poisoning. In this study, there were only 11 deaths with a mortality rate of 0.43%.
Rates of hepatotoxicity increased with increasing treatment delay from time of
ingestion beyond 8 h. They showed that the 72 h oral regimen is at least as effective
as the IV 20 h protocol and possibly superior in those treated beyond 10 h (Smilkstein
et al. 1988).
The current recommendations for the treatment of paracetamol poisoning vary
between countries. Treatment with NAC is usually based on the patients’ paracetamol
concentration. Nomograms define risk lines for hepatotoxicity by graphs plotting
concentration versus time. Risk lines define high risk (300 mg/L at 4 h line), probable risk (200 mg/L at 4 h line) and possible risk (150 mg/L at 4 h line; Rumack and
Matthew 1975; Prescott et al. 1979; Smilkstein et al. 1991). In the United Kingdom,
a lower risk line is defined at 100 mg/L at 4 h (MHRA 2012).
There are few RCTs investigating interventions in patients who are poisoned by
paracetamol (Park et al. 2015), but we identified five RCTs (Online Table 9.1). Only
one had survival as their primary outcome, and this was conducted in patients with
paracetamol-induced fulminant hepatic failure (Keays et al. 1991). In this trial of 50
participants, Keays et al. (1991) found that IV NAC compared with placebo for
paracetamol-induced fulminant hepatic failure appeared to reduce mortality, with a
significant difference in survival rates between the two groups of 28% (95% CI for
the difference: 3 to 53%, P = 0.04). The survival rates was 48% (12/25 patients) in
the NAC group compared with 20% (5/25) in the control group (Keays et al. 1991).
More recent RCTs of IV NAC have investigated the optimal way to administer
NAC, in order to minimise adverse events (AEs). However, none of these were
powered to look at efficacy. There are four RCTs looking at alternative IV NAC
regimens compared with the standard three-bag regimen (150 mg/kg of NAC over
15 m followed by 50 mg/kg over 4 h and 100 mg/kg over the next 16 h, total dose
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300 mg/kg in 20.25 h; Bateman et al. 2014; Kerr et al. 2005; Eizadi-Mood et al.
2013; Arefi et al. 2013). Kerr et al. looked at the effect of slowing the loading dose
from 15 m to 1 h. In this trial of 180 participants, an infusion time of 15 m did not
significantly increase the risk of specific AEs (e.g. anaphylactoid reactions, gastrointestinal disorders, etc.) or drug-related AEs within 2 h, compared to administration over 60 m. The frequency of drug-related AEs was 45% in the 15 m group and
38% in the 60 m group (absolute difference, 7%; 95% CI for the difference, −8 to
22%; P = 0.36 (Kerr et al. 2005)).
Bateman et al. compared two different IV NAC regimens, a modified 12 h regimen that has an initial lower loading dose given over 2 h (100 mg/kg) followed by
200 mg/kg over 10 h versus the standard 20.25 h schedule (Bateman et al. 2014).
They showed that the modified 12 h regimen resulted in a significant reduction in
the incidence of vomiting, retching or need for anti-emetics at 2 h (39/108 versus
79/109; adjusted odds ratio 0.26; 97.5% CI, 0.13–0.52; p < 0.0001). A reduced rate
of severe anaphylactoid reactions was seen in the shorter modified regimen (n = 5)
versus the standard regimen (n = 31) (adjusted common odds ratio 0.23, 97.5% CI,
0.12–0.43; p < 0.0001). There was no significant difference in efficacy detected
between the two regimens, with an adjusted odds ratio of 0.60 (95% CI: 0.2–1.83),
for an ALT increase of 50%. However, the trial was under-powered for this outcome
(Bateman et al. 2014).
Arefi et al. (2013) investigated oral NAC versus the standard 20.25 h IV NAC
(Arefi et al. 2013). This was a small study of 66 patients published originally in
Farsi (Persian). It reported no statistically significant difference in AST, ALT, bilirubin and prothrombin time in the oral versus the IV group at 24, 48 and 72 h. However,
the numbers were small in both groups (n = 33), and the trial was not powered to
show a difference in efficacy. Nausea and hypotension were significantly more prevalent in the oral compared with the IV NAC treatment group. Nausea occurred in
19/33 (57.6%) in the oral group versus 11/33 (33.3%) in the IV group (p = 0.04).
This trial had a high risk of bias and did not report the method of randomisation,
outcome measures, power calculations or numbers excluded. Patients were
“excluded” from the IV arm if anaphylactoid reactions were unresponsive to
decreasing the administration rate and given oral NAC, and it was unclear if these
participants were included in the intention to treat analysis (Arefi et al. 2013).
Eizadi-Mood et al. (2013) looked at a combination of IV and oral NAC versus a
standard 20.25 h IV NAC regimen in 50 participants (Eizadi-Mood et al. 2013).
Again, this study was not powered for efficacy, and the main outcome was the rate
of anaphylactoid reactions defined as nausea and vomiting, dyspnoea and flushing.
This study was at high risk of bias and had a methodological flaw in that the investigators post hoc excluded those who vomited twice after oral NAC and did not
analyse them as intention to treat. The authors found that 13.3% of those who had a
combination of oral and IV NAC vomited versus 28.5% in the IV NAC group.
Adding the excluded 10 patients with vomiting increases this rate to 48% and
reverses the conclusions of the study (Eizadi-Mood et al. 2013).
Hence the management of paracetamol poisoning is based on observational studies, case series and animal data (Park et al. 2015). A controlled trial comparing NAC
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to no treatment would be unethical, because the use of IV and oral NAC for
paracetamol poisoning has coincided with a marked decrease in morbidity. Future
trials are therefore likely to focus on the optimum NAC regimen and NAC route or
compare NAC to other antidotes such as methionine.

9.3.3

Dosage Regimens

Two different NAC regimens were initially developed, a 20.25 h IV regimen in the
United Kingdom and a 3-day oral regimen in the United States (US) due to a lack of
licensing for IV NAC in the USA (Rumack and Bateman 2012; Smilkstein et al.
1988). The dosing regimen for IV NAC was developed in Edinburgh and chosen to
give a large loading dose as patients were thought to be glutathione depleted on
presentation (Prescott et al. 1977). The IV regimen was 20.25 h based on five times
a theoretical 4-hour half-life of paracetamol (Prescott et al. 1977; Rumack and
Bateman 2012). The traditional IV three-bag infusion delivers 300 mg/kg of NAC
over 20.25 h with an initial 150 mg/kg of NAC over 15 m followed by 50 mg/kg
over 4 h and 100 mg/kg over the next 16 h. The 16 h infusion was based on providing 6.25 mg/kg/h of NAC, theorised to be sufficient based on liver glutathione turnover to maintain glutathione concentrations (Rumack and Bateman 2012; Rumack
2002). In the USA and Australia, this loading dose is given over 1 h.
In the USA there were concerns about the prolonged paracetamol half-life seen
in overdose in some patients. Based on a 12 h paracetamol half-life that can occur
in overdose, a 72 h oral regimen was developed (Rumack and Bateman 2012). The
oral NAC regimen is given as a loading dose of 140 mg/kg, with maintenance doses
of 70 mg/kg that is repeated every 4 h for a total of 17 doses (Smilkstein et al. 1991).
Figure 9.1 shows the infusion rate and accumulated NAC dose of the oral versus the
IV regimen.
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Fig. 9.1 N-Acetylcysteine infusion (mg/kg) and cumulative N-Acetylcysteine dose (g) in a 70 kg
patient versus time. Blue line (left y-axis) shows the infusion rate in mg/kg. Red line (right y-axis)
shows the cumulative dose of acetylcysteine (g) for a 70 kg person. Note different scale right y-axis
between the two graphs as larger cumulative dose of acetylcysteine administered with the oral
regimen
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There are various observational studies that have looked at differing NAC regimens to decrease the rate of AEs or decrease drug administration errors. To decrease
rates of AEs, these regimens lengthen the loading dose to 4 h, most commonly 200 mg/
kg of NAC over 4 h (Isbister et al. 2016; Wong and Graudins 2016). Observational
studies of these two regimens reported fewer systemic hypersensitivity (4–8%) and
severe non-IgE anaphylactic (0–0.5%) reactions, but rates of gastrointestinal reactions
remained high (27–39%; Isbister et al. 2016; Wong and Graudins 2016).
While Oakley et al. (2011) and Johnson et al. (2011) have looked at regimens to
simplify NAC administration and reduce administration errors by either using a
two-bag regimen (Oakley) or a single-bag method and altering the rate of the infusion (Johnson), Johnson et al. reviewed their protocol retrospectively and still
found 13.5 errors per 100 administration interventions (Johnson et al. 2011; Oakley
et al. 2011).
Questions have also been raised as to whether the dose of NAC is adequate in
those who take large paracetamol overdoses. The current IV NAC regimen is adequate to detoxify an ingested paracetamol dose of 15.9 g (Rumack and Bateman
2012). With debate over whether the third infusion 100 mg/kg over 16 h (6.25 mg/
kg/h) is adequate for larger overdoses and whether higher doses are required, NAC
regimens have been proposed that increase the 16 h infusion in those who ingest
large paracetamol overdoses or who have high paracetamol concentrations. Rumack
and Bateman theoretically proposed that a patient who ingested 47.7 g of paracetamol
would require this third infusion to be increased to 17.5 mg/kg/h (Rumack and
Bateman 2012). However, there are few studies investigating increased NAC doses
and whether this reduces risk of hepatotoxicity. The most commonly proposed modification to the standard IV NAC regimen is doubling the dose of NAC in the 16 h
infusion (from 100 to 200 mg/kg), in those with high paracetamol concentrations. A
recent survey of international clinical toxicologists and poison centres found that
61% of the 164 respondents would increase the dose of NAC in the 100 mg/kg over
16 h infusion in patients with a high paracetamol concentration. However, the
paracetamol concentration at which the dose should be increased varied widely
between respondents (Juma et al. 2015).
Indeed, further research is required to determine what the optimum dose of NAC
is and what regimen results in the least AEs. The current IV NAC regimen of
300 mg/kg over 20 h is adequate in most overdoses. Administering this as a two-bag
regimen, 200 mg/kg over 4 h and then 100 mg/kg over 16 h appears to be more
practical, associated with less AEs and with similar effectiveness. However its efficacy compared to the standard regimen still requires further studies. Table 9.2
Table 9.2 Common indications for NAC following paracetamol ingestion
Acute paracetamol ingestion with a paracetamol concentration above the paracetamol
nomogram line
Toxic paracetamol ingestion presenting >8 h post ingestion
Acute liver injury as a result of paracetamol ingestion acute or supratherapeutic
Ingestion of a toxic dose of modified release paracetamol
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Table 9.3 Recommended intravenous regimens for NAC administration
Standard three-bag IV NAC regimen
First infusion: 150 mg/kg in 200 mL of 5%
glucose dextrose over 60 min
Second infusion: followed by 50 mg/kg in
500 mL of 5% glucose dextrose over 4 h
Third infusion: followed by 100 mg/kg in 1 L
of 5% glucose dextrose over 16 h

Two-bag IV NAC regimen
First infusion: followed by 200 mg/kg in
500 mL of 5% glucose dextrose over 4 h
Second infusion: followed by 100 mg/kg in
1 L of 5% glucose dextrose over 16 h

Note: NAC is also compatible in normal saline and ½ normal saline

outlines some of the common indications for NAC following paracetamol poisoning, but note these indications vary depending on local guidelines. Table 9.3 outlines the most commonly administered NAC regimens, the traditional three-bag and
the newly proposed two-bag regimen.

9.3.4

Potential Adverse Effects

Both oral and IV NAC are associated with AEs. Since NAC was introduced, there
have been reports of AEs, ranging from mild to severe. These include rash, nausea
and vomiting, angioedema, flushing, tachycardia, bronchospasm, hypotension and
death (Schmidt 2013; Sandilands and Bateman 2009; Mant et al. 1984), with the
most common AEs from IV NAC being nausea and vomiting and cutaneous systemic hypersensitivity reactions (Sandilands and Bateman 2009). The rates of AEs
vary greatly between observational studies. The difference in reported rates depends
on whether they were studied prospectively or retrospectively and which AEs were
recorded, total versus gastrointestinal versus systemic hypersensitivity reactions. A
review of the larger IV observational NAC studies revealed reported rates of AEs
from NAC varied from 8.5 to 77% (Chiew et al. 2015). Oral NAC administration
often results in rashes, nausea, vomiting, and abdominal pain and can be unpalatable to some patients.
The main mechanism for AEs is a non-IgE-mediated systemic hypersensitivity
(anaphylactic) reaction. In patients having moderate to severe AEs, a 2.5-fold
increase in histamine concentrations has been reported, without elevated tryptase
concentrations (Pakravan et al. 2008).
AEs most commonly occur within the first hour of treatment and appear to be
associated with peak NAC concentrations and so a rate-dependent effect (Sandilands
and Bateman 2009). Various risk factors have been identified for developing AEs,
with higher rates in females, those with a family history of allergy or past history of
asthma (Pakravan et al. 2008; Schmidt and Dalhoff 2001; Waring et al. 2008;
Sandilands and Bateman 2009). A lower paracetamol concentration has been associated with both an increased and a decreased risk of AEs in various studies (Schmidt
2013; Carroll et al. 2015).
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Various new regimens have been trialled to decrease the rate of AEs. As outlined
above in the one RCT and various observational studies, they have shown by
decreasing or slowing the initial loading dose there is a decrease in AEs. This is
presumably due to a decrease in the peak NAC concentration.

9.4

N-Acetylcysteine in Non-paracetamol Poisonings

NAC has been used as a treatment in a variety of overdoses for its antioxidant
effects, particularly in those poisons with a high morbidity where few other treatment options are available. NAC has been proposed to be effective in the treatment
of many drugs, chemicals and toxins including paraquat, amanita, clove oil, pennyroyal oil, carbon tetrachloride and chloroform toxicity. The proposed mechanisms for the effectiveness of NAC in these toxins are outlined in Table 9.1. The
evidence for use of NAC in these is limited due to the uncommon and sporadic
occurrence of these poisonings and is usually limited to case reports, occasional
case series and animal studies.

9.4.1

Paraquat

Paraquat is a herbicide that is highly toxic in overdose with an overall mortality rate
of greater than 50%. As little as one mouthful (15–30 mL) of 20% concentrate may
produce multisystem organ failure, pulmonary toxicity and death (Gawarammana
and Buckley 2011). In Asia it is a significant cause of morbidity and in many countries, such as Sri Lanka, is the leading single agent causing death from poisoning
(Dawson et al. 2010). Paraquat generates highly reactive oxygen and nitrite species
that result in toxicity in most organs. Paraquat toxicity is most severe in the lungs
and results in acute alveolitis, pneumonitis and lung fibrosis (Gawarammana and
Buckley 2011). Furthermore, paraquat poisoning can also cause severe renal and
liver injury.
There are no widely accepted treatment guidelines for paraquat poisoning,
with management varying from supportive care alone to various combinations
of immune modulation, antioxidant therapy, haemoperfusion and haemodialysis
(Gawarammana and Buckley 2011). Initial management typically consists of
decreasing absorption with gastric lavage and activated charcoal (Vale and
Kulig 2004). Following decontamination other treatments trialled include
immunosuppressive agents (such as cyclophosphamide, MESNA, methylprednisolone and dexamethasone), haemodialysis and antioxidants (such as NAC,
vitamin C, vitamin E, deferoxamine and salicylic acid; Gawarammana and
Buckley 2011).
NAC is a potential treatment for paraquat toxicity and works via multiple
mechanisms including scavenging of reactive oxygen species, increasing
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glutathione and reducing inflammation, lipid peroxidation and apoptosis. NAC
has been shown to reduce paraquat-induced apoptosis and inflammatory
response in human lung cultures and improves survival in rats (Yeh et al. 2006;
Cappelletti et al. 1998). Despite its potential benefits, there are limited studies
in human paraquat poisoning. There are case reports and few case series that
treat patients with IV NAC in combination with various other therapies
(Davarpanah et al. 2015; Drault et al. 1999; Lheureux et al. 1995; Gil et al.
2008; Raghu et al. 2013; Dinis-Oliveira et al. 2006; Cherukuri et al. 2014).
Doses of NAC vary between cases. From this limited data and based on the relative safety of NAC and high toxicity of paraquat, NAC should be commenced in
most paraquat poisonings (see Online Table 9.2).

9.4.2

Mushroom Toxins

9.4.2.1 Amatoxin
Amatoxin is the most potent hepatotoxin in cyclopeptide mushrooms and irreversibly binds to RNA polymerase II, causing hepatic necrosis (Berger and Guss
2005). Amanita phalloides is a cyclopeptide variety of mushroom containing
amatoxin that is responsible for more than 90% of mushroom-related fatalities
(Berger and Guss 2005). Ingestions of as little as one mushroom cap can cause
fulminant hepatic failure and death (Berger and Guss 2005). The clinical features
of amanita poisoning involve three major stages, an asymptomatic latency period,
a gastrointestinal phase include vomiting, abdominal pain and watery diarrhoea
that can result in severe dehydration and lastly a hepatic-kidney toxicity stage.
The final hepatic-kidney stage starts 48–72 h post-ingestion and lasts for 6–16 days
and can result in acute hepatic failure, renal failure and death (Poucheret et al.
2010).
Treatment firstly involves gastrointestinal decontamination including multipledose activated charcoal, supportive care, various antidotes and as a last resort liver
transplant (Enjalbert et al. 2002; Poucheret et al. 2010; Broussard et al. 2001;
Roberts et al. 2013). Multiple antidotes have been used to treat patients with Amanita
phalloides poisoning with limited evidence for all. These include silymarin complex (silibinin); antioxidants such as NAC and vitamins E and C; benzylpenicillin
(penicillin G), rifampicin, cimetidine or other beta-lactam antibiotics; thioctic acid;
hormones; and steroids. These antidotes have been administered alone or, more
commonly, in combination (Roberts et al. 2013; Enjalbert et al. 2002; Poucheret
et al. 2010).
NAC is thought to be beneficial as amatoxin results in a decrease in glutathione
synthesis and in production of reactive oxygen species that ultimately lead to
damage to all components within the cell, resulting in cell death and glutathione
depletion. NAC replenishes glutathione and scavenges free radicals (Smith and
Davis 2016). NAC has been shown to increase non-transplant survival and is
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beneficial in grade I–II encephalopathy (Craig et al. 2010). Pourchet et al. retrospectively analysed 2110 cases of amatoxin poisoning from a database built up
from Enjalbert et al. over a 20-year period. They found silibinin to be the most
effective antidote, administered in 624 cases, alone or in combination with other
treatments; it decreased the mortality from 10.7 to 5.6%. NAC was given in 192
treated patients and reduced the mortality rate to 6.8% (Poucheret et al. 2010;
Enjalbert et al. 2002). NAC has also been used as an antidote in multiple case
series and case reports, often in combination with other treatments such as silibinin (Garcia et al. 2015; Roberts et al. 2013; Karvellas et al. 2016; Montanini et al.
1999; Vanooteghem et al. 2014; Grabhorn et al. 2013; Zevin et al. 1997; Boyer
et al. 2001; French et al. 2011; Ahishali et al. 2012; Chen et al. 2012; Ward et al.
2013). From these case reports and series, NAC appears beneficial in the management of amanita toxicity especially when used in combination with other treatments (Online Table 9.3).

9.4.2.2 Orellanine Toxin (Cortinarius Species)
Cortinarius mushrooms including Cortinarius speciosissimus, C. orellanus, and C.
orellanoides contain the tubulotoxin orellanine that is typically found in Europe and
North America. Ingestion of Cortinarius species may result in mild early gastrointestinal symptoms and transient liver damage followed by a delayed onset of acute
kidney injury, developing over several days to up to 2 weeks (Dinis-Oliveira et al.
2016; Esposito et al. 2015). Renal impairment is due to severe interstitial nephritis,
acute focal tubular damage and interstitial fibrosis (Dinis-Oliveira et al. 2016). It is
estimated that 30–45% of individuals who ingest nephrotoxic Cortinarius mushrooms develop acute renal failure. Of these, half usually recover and half progress
to chronic renal failure and require ongoing haemodialysis or kidney transplant
(Dinis-Oliveira et al. 2016).
Treatment strategies include symptomatic treatment, haemodialysis, plasmapheresis, steroids and NAC (Kerschbaum et al. 2012) and, in severe cases, renal
replacement therapy and renal transplant (Nagaraja et al. 2015). NAC has been
reported to be effective in a few case reports (Kerschbaum et al. 2012; Kilner
et al. 1999; Wornle et al. 2004; Online Table 9.3) with some authors recommending that early treatment with high-dose antioxidant therapy and steroids
may be effective in reducing the risk of chronic renal failure (Kerschbaum et al.
2012). However others have reported no benefit of NAC following C. orellanus
ingestion (Grebe et al. 2013; Esposito et al. 2015). Grebe et al. (2013) reviewed
eight patients who accidentally ingested C. orellanus, and NAC and corticosteroids were administered to six patients. However, all patients developed acute
renal injury, and after 12 months, seven patients had chronic renal disease of
which three required ongoing renal replacement therapy. The author’s concluded that NAC and corticosteroid treatment did not seem to have a beneficial
effect on either acute or chronic kidney disease in these cases. However, they
did note the ineffectiveness of NAC and corticosteroids in this case series may
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have been due to the long delay between consumption and treatment initiation
(Grebe et al. 2013).

9.4.3

Essential Oils

9.4.3.1 Clove Oil
Clove oil is an essential oil that is used as a “remedy” for toothache. It is obtained
from the distillation of dried flower buds of the Eugenia caryophyllata tree and
contains 70–90% eugenol. Eugenol causes hepatotoxicity in a similar way to
paracetamol poisoning with eugenol being metabolised by cytochrome P450 to
quinone intermediates. In animal studies glutathione-depleted mice develop hepatotoxicity from clove oil (Mizutani et al. 1991). These rat studies have also shown
that hepatotoxicity can be prevented by administration of NAC (El Rahi et al.
2015).
Toxic effects from clove oil ingestion include central nervous system (CNS)
depression, seizures, aspiration pneumonitis, respiratory depression, renal failure, hypoglycaemia lactic acidosis and liver injury (Eisen et al. 2004; Hartnoll
and Douek 1993). Children have developed severe hepatotoxicity after drinking
as little as 5–10 mL (Hartnoll and Douek 1993). Treatment includes good supportive care with the use of NAC having a strong theoretical basis (Eisen et al.
2004). There are few case reports of NAC being used successfully in patients
with hepatotoxicity secondary to clove oil ingestion in a similar regimen to that
used in paracetamol poisoning (see Online Table 9.4; Eisen et al. 2004; Hartnoll
and Douek 1993; Janes et al. 2005). In both of these case reports, NAC was
commenced only after LFTs became abnormal. Given the biologically plausible
effect of NAC in clove oil poisoning, it is indicated in these circumstances.
However, the question remains whether if given earlier it could prevent an acute
liver injury.
9.4.3.2 Pennyroyal Oil
Pennyroyal is an herbal extract or oil derived from leaves of the plant in the mint
genus (Mentha pulegium) or Hedeoma pulegioides; it was used in the past as an
insect repellent and an abortifacient. Gastrointestinal symptoms are noted at doses
of pennyroyal oil as low as 10 mL, with cases of centrilobular hepatitis following
ingestion of 30 mL or more (Sullivan Jr et al. 1979; Woolf 1999; Bakerink et al.
1996). Pennyroyal extract contains many components; the main toxic competent is
pulegone which accounts for 85% of its composition. Pulegone can cause acute
multi-organ injury, including acute hepatic necrosis.
There are very few case reports in the literature; Anderson et al. report a case of
a child who ingested a life-threatening amount of pennyroyal oil, was administered
NAC and did not subsequently develop hepatitis (Anderson et al. 1996; Buechel
et al. 1983).
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Hydrocarbons

9.4.4.1 Chloroform
Chloroform is a halogenated hydrocarbon and is used as a general anaesthetic agent
and general industrial solvent. Chloroform is metabolised by cytochrome P450 to
phosgene and free radicals, which cause mitochondrial damage and hepatocellular
death (Pandit et al. 2012; Pohl et al. 1977). Most cases of chloroform toxicity are the
result of inhalational exposures, with few cases of oral ingestion. Hepatotoxicity has
been reported after inhalation and skin exposure (Kang et al. 2014). Cases of oral
ingestion of chloroform are rare but have been associated with severe toxicity such
as CNS depression, respiratory depression and delayed hepatotoxicity. From these
case reports of oral chloroform ingestion, the onset of hepatotoxicity was at approximately 36 h post ingestion, even more delayed than following paracetamol ingestion (Jayaweera et al. 2016).
NAC has been successfully administered in several cases, in the same regimen as
used for paracetamol poisoning (Online Table 9.5; Dell’Aglio et al. 2010; Jayaweera
et al. 2016). These cases have commenced NAC early aiming to prevent liver injury
and late following the onset of liver injury (Dell’Aglio et al. 2010; Boyer and de
Roos 1998). There have also been cases in the literature that have survived without
NAC (Kim 2008). There is very limited evidence to guide treatment, but given the
severity of the toxicity that can result, early NAC treatment may be beneficial with
little harm.
9.4.4.2 Carbon Tetrachloride
Carbon tetrachloride is a clear, colourless, volatile and stable chlorinated hydrocarbon that was formerly widely used in fire extinguishers, as a precursor to refrigerants and as a cleaning agent. Due to its ozone-depleting properties, its use is
restricted but is still used in laboratories and industry. Carbon tetrachloride is highly
toxic with as little as 5–10 mL by ingestion or inhalation causing toxicity (Flanagan
and Meredith 1991). The early features of acute carbon tetrachloride poisoning
include nausea, vomiting, ataxia and confusion. Severe cases can develop coma,
hypotension, respiratory depression and hepatorenal toxicity that can be fatal
(Ruprah et al. 1985). The mechanism of toxicity is due to its toxic metabolite trichloromethyl that may covalently bind to macromolecules or react further
(Recknagel et al. 1989).
Patients have been managed with antioxidants/free radical scavengers,
including vitamin E, sulphhydryl compounds and hyperbaric oxygen (Mathieson
et al. 1985). The use of NAC was reported in a case series of 19 patients poisoned with carbon tetrachloride (Online Table 9.5; Ruprah et al. 1985). Thirteen
were treated with intravenous NAC of which seven developed mild hepatic
injury, one moderate hepatic injury and one (history of chronic alcohol abuse)
severe hepatorenal injury requiring haemodialysis. This is in comparison to the
six patients (one lost to follow-up) who were not given NAC of which three
developed hepatorenal failure requiring dialysis and one died. The authors
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suggest prompt treatment with NAC may minimise hepatorenal damage following carbon tetrachloride poisoning.

9.4.5

Other

There are numerous case reports where NAC has been trialled for a varying group
of toxins either to treat liver injury or for its antioxidant effect (Online Table 9.6;
Bhat and Kenchetty 2015; Sheikh-Hamad et al. 1997; El Rahi et al. 2015; Howard
et al. 1987). Human volunteer, animal studies case reports and case series have trialled NAC as a potential treatment for a wide variety of adverse drug reactions such
as haematological complications of gold therapy and hypersensitivity from cotrimoxazole and phenytoin (Chyka et al. 2000).
NAC has also been used in cases of idiosyncratic drug-induced liver injury
(DILI) from a number of causes (Elliott et al. 2016; Mudalel et al. 2015). The
mechanism underlying hepatotoxicity in idiosyncratic DILI is not clearly understood; however, it does not involve glutathione depletion. With the proposed benefits of NAC via its antioxidant effects (Chughlay et al. 2015), a systematic review
of NAC for the treatment of DILI identified just one RCT of NAC vs. placebo
(Chughlay et al. 2016). This RCT was a part of a larger study; there were 45 participants with DILI, of which 19 received NAC and 26 placebo (Lee et al. 2009).
The primary outcome was mortality with four deaths in the NAC arm compared
with nine deaths in the placebo arm, odds ratio of 0.50 (95% CI = 0.13–1.98,
P = 0.33). Furthermore, transplant-free survival was higher in the NAC group
58% (n = 11) vs. 27% (n = 7), odds ratio of 0.27 (95% CI 0.076, 0.942, P = 0.04;
Lee et al. 2009; Chughlay et al. 2016). This study was not powered for either outcome; hence, the authors of the systematic review concluded that the numbers
were too small to draw any firm conclusions (Chughlay et al. 2016).

9.5

Summary

NAC is the mainstay of treatment for paracetamol poisoning, and its use has led to
a significant reduction in both the mortality and morbidity following paracetamol
overdose, with more recent trials of NAC focusing on optimising the NAC regimen
to decrease rates of side effects or shorten treatment time.
NAC use is not just confined to paracetamol and has been utilised for a wide
variety of toxins and ingestions, with a proposed mechanism of action in these cases
either due to NAC’s antioxidant and/or glutathione-replenishing effects. The evidence for its use in many of these toxins is often limited to animal studies, case
reports or small case series, due to the uncommon occurrence of these cases.
Recommendations for use of NAC for these various toxins are shown in Table 9.4.
Due to the relative safety of NAC and the high morbidity associated with many of
these ingestions, NAC is often recommended.
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Table 9.4 Overall ratings of NAC based on clinical studies presented by toxin
Randomised
control trials
number (number
Grade of
positive)
recommendation Recommendation for treatment
Toxin
B
There are few RCTs investigating
Paracetamol
5 (4 RCTs
NAC in patients who are poisoned
primary outcome
by paracetamol, the majority are
rate of adverse
testing differing NAC regimens.
events. 1 trial
However, multiple large
primary outcome
observational studies show the
was effectiveness
efficacy of NAC. Hence NAC is the
which was a
mainstay of treatment for
positive trial)
paracetamol poisoning
Uncontrolled
studies number
Grade of
(number positive) recommendation Recommendation for treatment
Toxin
C
From limited data and based on the
Paraquat
6 (4)
relative safety of NAC and high
(herbicide)
Note 1 case series
toxicity of paraquat, NAC should be
no
commenced in most paraquat
recommendation
poisonings
C
From these case reports and series,
11 (10)
Amatoxin
NAC appears beneficial and is
(predominately Note 1 case series
recommended in the management of
no
Amanita
amanita toxicity especially when
recommendation
phalloides
used in combination with other
mushroom)
treatments
5 (3)
D
Mixed results, in those studies that
Orellanine
showed no benefit patient treatment
toxin
was delayed due to late presentation.
(Cortinarius
Early treatment with high-dose
species
antioxidant therapy together with
mushroom)
steroids may be effective in reducing
the risk of chronic renal failure
Clove oil
2 (2)
C
From limited data and based on the
(essential Oil)
relative safety of NAC and high
toxicity of clove oil, NAC is
recommended
Pennyroyal
2 (2)
C
From limited data and based on the
(hydrocarbon)
relative safety of NAC and high
toxicity of clove oil, NAC is
recommended
Chloroform
4 (4)
C
There is very limited evidence to
(hydrocarbon)
guide treatment, but given the
severity of the toxicity that can
result, early NAC treatment may be
beneficial with little harm
2 (2)
C
From very limited data NAC is
Carbon
recommended
tetrachloride
(hydrocarbon)
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10.1

Introduction

N-Acetylcysteine (NAC) is a derivative of cysteine, an amino acid. NAC can function as a chelator to remove metals, including mercury, cadmium, chromium, arsenic, and gold (Blanusa et al. 2005). It also has antioxidant properties and functions
as a free radical scavenger and has been shown to increase glutathione levels (Kelly
1998). NAC may function to protect against toxicant exposures by limiting damage
from the toxicant (by reducing oxidative stress) and also by removing (chelating)
toxicants (Kelly 1998). Even though NAC has been shown to remove heavy metals
from tissue, NAC does not appear to cause an increase in excretion of essential metals such as iron, zinc, copper, calcium, or magnesium, resulting in advantages and a
potential better safety profile than other chelating agents (Hjortso et al. 1990). This
chapter is a systematic review that identifies studies using NAC to chelate heavy
metals or act as a protectant against heavy metals. Studies were categorized for
humans and animals and then sorted by heavy metal.

10.2

Methods

For this chapter the terms, “mercury,” “lead,” “arsenic,” “nickel,” “aluminum,”
“heavy metal,” “toxicant,” “chelate,” and “remove” were used. These search terms
were used in combination with “NAC” and “N-Acetylcysteine” to identify papers.
Figure 10.1 depicts the publications identified during the search process. For all
identified records, the titles and abstracts were screened to identify potentially
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Records identified through
database searching
(n = 724)

Additional records identified through
other sources
(n = 16)

Records after 26 duplicates removed
(n = 714)

Records excluded
(n = 652)
Records screened
(n = 714)

Full-text articles assessed
for eligibility
(n = 62)

Reason:
515 Study did not discuss NAC
137 Studies on NAC but not chelation

Full-text articles excluded
(n = 14)
Reason:
5 Review articles/letters, no new data
9 NAC studies, but not chelation

Studies included in qualitative synthesis (n = 48):
Human studies: 15 studies
Animal studies: 33 studies

Fig. 10.1 Flow diagram of study selection for review

relevant studies. After screening all records, 62 studies were identified and each
paper was then reviewed. After review, 48 studies met inclusion criteria (15 human
studies and 33 animal studies; Fig. 10.1).

10.3

Animal Studies

A total of 33 studies (Fig. 10.1) were identified using NAC as a chelator of heavy
metals in animals or animal cell lines.

10.3.1 Mercury
Eleven studies examined the use of NAC as a potential chelator of mercury (both
organic and inorganic mercury) with eight (73%) studies reporting improvements.

10 The Use of N-Acetylcysteine as a Chelator for Metal Toxicity

171

In one study, NAC was given to rats treated with mercuric chloride, and the addition of NAC led to a reduction in the mercury content in the kidney and liver
(Girardi and Elias 1991). Rats exposed to mercury vapor were treated with NAC
which led to an increase in survival time and a decrease in mercury levels in both
blood and lung tissue (Livardjani et al. 1991). Mice exposed to methylmercury
had a significant increase in the rate of mercury excretion and a lower tissue
mercury level after oral NAC administration (10 mg/ml); excretion of inorganic
mercury was not affected by NAC (Ballatori et al. 1998a). NAC injection into
rodents led to a dose-dependent increase in methylmercury (MeHg) excretion
and a reduction of mercury burden in the fetus, brain, and placenta in pregnant
rats (Aremu et al. 2008). Cysteine administration to young rats exposed to inorganic mercury increased the rate of biliary mercury secretion (Ballatori and
Clarkson 1984). In another study, NAC in drinking water (10 mg/ml) led to an
increase in the urinary excretion of methylmercury in mice exposed to methylmercury (Ballatori et al. 1998b). NAC significantly increased the excretion of
methylmercury in the urine of rats exposed to mercury (Madejczyk et al. 2007).
Rats exposed to mercury that were treated with zinc and NAC showed that this
combination of treatments prevented blood and liver mercury retention (Oliveira
et al. 2015).
Three studies reported no improvement using NAC in mercury exposure. Mice
injected with mercuric chloride were treated with 2,3-dimercapto-1-propanesulfonic
acid (DMPS) or NAC, and then kidney, liver, and blood samples were examined. In
combination with mercuric chloride, both DMPS and NAC showed evidence of
renal tissue damage due to the formation of complexes that were toxic; further study
was recommended (Brandao et al. 2006). In another study, NAC was fed to mice
that were exposed to mercury, chromium, or cadmium, and an increase in congenital malformation was found with these metals when NAC was given (Endo and
Watanabe 1988). Finally, one study on rats showed no significant chelator effect
with NAC (Khandelwal et al. 1988).

10.3.2 Lead
Eight studies examine the effect of NAC on lead exposure in animals with seven
(88%) studies reporting some type of improvement. In one study, cells taken from
rats which were exposed to lead were treated with NAC, and this led to increased
cell survival and improved the GSH/GSSG ratio; this also led to a protection of lead
poisoning through antioxidant mechanisms (Aykin-Burns et al. 2005). In rats treated
with lead acetate, NAC lowered the blood lead level by 35–38% (not statistically
significant) and led to a decrease in oxidative stress markers (malondialdehyde,
MDA) in the cerebellum (p < 0.0001; Calderon-Cabrera et al. 2008). DMSA and
NAC led to a larger reduction in body lead burden compared to DMSA without
NAC (Flora et al. 2004). Rats exposed to lead acetate showed a small reduction in
blood lead levels with NAC treatment (28.5% reduction) and DMSA treatment
(92.9% reduction) (Gurer et al. 1998). In rats exposed to lead, NAC added to DMSA
was more effective at reducing lead levels in the blood and liver compared to DMSA
alone (Pande et al. 2001). Rats exposed to lead acetate that were then given NAC

172

D. A. Rossignol

had a reduction in oxidative stress markers compared to those not given NAC; the
improvement with NAC was greater than with GSH (Sharma et al. 2013). In a study
of rats exposed to lead, the administration of NAC led to a reduction of oxidative
stress (Tandon et al. 2002). Finally, one study of lead exposure in mice reported no
significant changes with NAC (Llobet et al. 1990).

10.3.3 Cadmium
Four studies examined the use of NAC in animals with three (75%) reporting an
improvement; one additional study examined NAC in porcine cells exposed to cadmium. In one study of rats treated with cadmium, mercury, and lead, the addition of
NAC did not lead to an increased excretion of mercury but caused a fourfold increase
in the urinary excretion of cadmium and a gradual increase in the excretion of lead
(Ottenwalder and Simon 1987). In another study, NAC improved oxidative stress
markers in rats exposed to cadmium (Tandon et al. 2003). In mouse cells exposed to
cadmium, NAC was shown to lessen oxidative stress (Figueiredo-Pereira et al.
2002). NAC was fed to mice that were exposed to mercury, chromium, or cadmium,
and an increase in congenital malformation was found with these metals when NAC
was given (Endo and Watanabe 1988).
One study used porcine cell lines (LLC-PK1 cells) that were exposed to cadmium and then treated with NAC. NAC suppressed cadmium toxicity by reducing
the uptake of cadmium into cells; NAC also led to an increase in glutathione levels
(Wispriyono et al. 1998).

10.3.4 Chromium and Boron
In one study, rats exposed to lead, boric acid, and chromium were treated with NAC,
calcium EDTA, and/or dimercaptosuccinic acid (DMSA); the largest excretion of
boron and chromium occurred with NAC; DMSA caused the largest increase in
excretion of lead, whereas NAC did not affect lead excretion (Banner Jr et al. 1986).

10.3.5 Arsenic
Six studies examined the use of NAC as a chelator in arsenic exposure with all
reporting some type of improvement. In mice exposed to arsenic, survival time was
longer after NAC exposure; NAC was ineffective in mice exposed to thallium and
cadmium (Henderson et al. 1985). NAC combined with atorvastatin help prevent rat
erythrocyte apoptosis after chronic exposure to arsenic (Biswas et al. 2011). The
administration of NAC after arsenic trioxide exposure in mice reduced the toxic
effect of arsenic on the male genital system (da Silva et al. 2016). Rats exposed to
sodium arsenite in drinking water were also treated with NAC or DMSA; NAC
improved GSH and oxidative stress markers, including oxidative stress markers in
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the brain; DMSA lowered blood and liver arsenic concentrations (Flora 1999). In
guinea pigs exposed to 50 ppm arsenic in drinking water for 8 months, NAC combined with DMSA depleted arsenic from blood and tissue better than DMSA alone
(Kannan and Flora 2006). Finally, in an animal study, NAC showed protective
effects against arsenic (Shum et al. 1981).

10.3.6 Aluminum
Three studies examined the use of NAC in animals exposed to aluminum with two
studies (67%) reporting improvements. After the injection of aluminum phosphide
into the stomach of rats, NAC infusion led to increased survival time and decreased
myocardial oxidative injury (Azad et al. 2001). In another study of rats exposed to
aluminum, survival time was the longest in the rats treated with NAC and vitamin
C (Gheshlaghi et al. 2015). Finally, in a study of mice, after intraperitoneal injection of aluminum, NAC was not as effective as other agents (Domingo et al. 1986).

10.3.7 Gold
In one study of rats treated with gold, NAC administration led to an increased excretion of gold after gold exposure (Ottenwalder and Simon 1987).

10.4

Human Studies

A total of 15 studies (Fig. 10.1) were identified using NAC as a chelator of heavy
metals in humans or human cells. Five of the human studies were controlled
(Kasperczyk et al. 2013, 2014a, b, 2015; Lorber et al. 1973), but four of the studies
used the same population (Kasperczyk et al. 2013, 2014a, b, 2015). Two studies
used NAC in human cells exposed to lead (Ustundag and Duydu 2007) or arsenic
(Ghani et al. 2014).

10.4.1 Effects on Essential Metals
In the human studies, NAC did not appear to cause an increase in excretion of essential metals such as iron, zinc, copper, calcium, or magnesium. For example, in one
study NAC (200 mg three times a day) was given to ten healthy volunteers for
2 weeks, and plasma levels of calcium, magnesium, iron, zinc, and copper were
measured; no significant changes were found (Hjortso et al. 1990). However,
another study of two soldiers injured from inhalation of zinc chloride smoke who
then developed adult respiratory distress syndrome (ARDS) reported increased urinary excretion of zinc and a decreased plasma level of zinc in one of the patients
(Hjortso et al. 1988).
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10.4.2 Mercury
Two uncontrolled case studies reported improvements with the use of NAC in people
exposed to mercury (Online Table 10.1). A 20-year-old man who had methylmercury
ingestion from a fungicide was treated with hemodialysis with NAC infusion (36 h
after ingestion of fungicide), and the urinary organic mercury rate of elimination was
about 40 times higher during hemodialysis and 84-fold after hemodialysis—this was a
dramatic increase; there was also a 50% reduction in mercury blood levels (Lund et al.
1984). A 36-year-old woman exposed to metallic mercury by oral ingestion 1 week
earlier presented to the emergency room with diarrhea, fever, and abdominal pain and
showed improvements in symptoms with NAC treatment (Sarikaya et al. 2010).

10.4.3 Lead
Five studies examined the use of NAC in people exposed to lead in the workplace or
in human lymphocytes; four of these studies contained a control group, but these
four studies evaluated the same 200 individuals; each of the four publications
reported on different outcomes (Online Table 10.2). In these four publications, 200
healthy male workers exposed to lead from Poland were divided into four groups:
one group was a control group (not treated); one group received NAC 200 mg PO
qd (200 mg group); one group received NAC 200 mg PO bid (400 mg group); and
the final group received NAC 400 mg PO bid (800 mg group). In the first published
study, the groups receiving oral NAC (all three groups, total of 200–800 mg daily
dose) had a significant reduction in blood lead levels compared to workers who did
not receive NAC; glutathione (GSH) significantly increased in the NAC 400 and
800 mg groups; glucose-6-phosphate dehydrogenase (G6PD) significantly increased
in all NAC groups; and lipofuscin (LPS) significantly decreased in all NAC groups
(Kasperczyk et al. 2013). In the second publication, workers taking NAC had a
normalization of antioxidant enzyme concentrations in blood cells compared to
those not treated with NAC; MDA significantly decreased in all NAC groups; superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT) levels
normalized in the NAC groups (Kasperczyk et al. 2014a). In the third publication,
the groups receiving NAC at 400 and 800 mg/day for 12 weeks had a significant
reduction in lipid hydroperoxides (a marker of lipid peroxidation) and an increase
in alpha-tocopherol levels; the reduction of lipid peroxidation was dose-dependent;
lipid hydroperoxides (LHP) significantly decreased in the 400 and 800 mg groups;
alpha-tocopherol significantly increased in the 400 and 800 mg groups; and the lipid
peroxidation improved in a dose-dependent fashion (Kasperczyk et al. 2014b).
Finally, in the fourth publication, the groups receiving NAC had significant reductions in homocysteine levels and protein carbonyl groups; iron and transferrin were
unchanged (Kasperczyk et al. 2015). One study examined human lymphocytes
taken from a 45-year-old healthy female who was exposed to lead, and the addition
of NAC led to less induced genotoxicity as shown by a significant reduction in sister
chromatid exchange frequencies (Ustundag and Duydu 2007).
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10.4.4 Gold
Four studies examined the use of NAC for gold exposure (Online Table 10.3). In 23
patients with rheumatoid arthritis (RA) receiving gold injections, the use of NAC
led to a significant increase in gold excretion compared to 17 patients in a control
group (Lorber et al. 1973). Another case report found intravenous (IV) NAC infusion led to increased daily excretion of gold in a 47-year-old female with rheumatoid arthritis who had been treated with gold over a 5-year period; she also had
aplastic anemia that resolved (Hansen et al. 1985). One study gave oral NAC
(2000 mg orally three times a day for 1 week) to 13 patients with rheumatoid arthritis and reported an increase in the urinary excretion of gold (Vreugdenhil and Swaak
1990). Finally, in another study, 12 patients who were treated with gold salts were
given IV NAC, and the urinary excretion of gold was increased (Godfrey et al.
1982).

10.4.5 Arsenic
Two studies examined the use of NAC in humans or human cells exposed to arsenic
(Online Table 10.4). A 32-year-old male who was exposed to arsenic from ant poison was given NAC intravenously every 4 h for 18 doses, and the patient “showed
remarkable clinical improvement during the following 24 h” (Martin et al. 1990). In
another study using a human U937 monocytic leukemia cell line exposed to arsenite, NAC treatment led to a significant reduction in apoptosis through a chelation
mechanism (Ghani et al. 2014).

10.5

Discussion

A number of studies examined the use of NAC in conjunction with, or after exposure to, heavy metals in animals. Most of the animal studies investigated NAC in
conjunction with exposure to mercury or lead. The majority of the mercury studies (8 out of 11, 73%) reported improvements although two studies reported
potential side effects including evidence of renal toxicity (Brandao et al. 2006)
and congenital malformation (Endo and Watanabe 1988), and one study reported
no significant chelator effect with NAC (Khandelwal et al. 1988). The majority of
animal studies investigating lead exposure reported an improvement in metal toxicity with the use of NAC (7 out of 8, 88%) although one study reported no chelator effect (Llobet et al. 1990). Three out of the four (75%) cadmium studies
reported an improvement with NAC except for the previously mentioned study
reporting evidence of congenital malformation when NAC was given with cadmium (Endo and Watanabe 1988); one study using cadmium in porcine cells also
reported an improvement. Improvements were also reported in studies on chromium, boron (1 study), arsenic (6 out of 6 studies, 100%), aluminum (2 out of 3
studies, 67%), and gold (1 study).
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Table 10.1 Overall ratings of NAC based on clinical studies presented by metal

Metal
Mercury
Lead
Gold
Arsenic

Controlled studies
positive% (positive/
total)
100%(1/1)
100%(1/1)

Uncontrolled
studies positive%
(positive/total)
100% (2/2)
100% (1/1)
100% (3/3)
100% (2/2)

Grade of
recommendation
C
C
C
C

Recommendation
for treatment
None
None
None
None

Fifteen studies examined the use of NAC in humans or human cells. One study
reported that NAC did not deplete essential metals (i.e., iron, zinc, copper, calcium,
or magnesium) from the body (Hjortso et al. 1990). Lead was the most commonly
examined toxicant (5 out of 15 studies, 33%). Four of the lead studies contained
data on the same population of patients but reported multiple improvements in a
variety of parameters; these studies were controlled which strengthens the study
results. The lead studies reported improvements in oxidative stress markers, inflammatory markers, and glutathione levels, suggesting that NAC has a broad effect on
metabolism markers. Two case studies reported improvements with NAC in people
poisoned with mercury (Lund et al. 1984; Sarikaya et al. 2010). The remaining studies on gold (4 studies) and arsenic (2 studies) reported improvements or increased
excretion of heavy metals.
Table 10.1 provides recommendations as a result of reviewing these studies.
Although universally positive, most of the studies were uncontrolled, and four of the
controlled studies for lead need to be considered one study for evaluation purposes.
Because of the preliminary nature of these studies, the overall rating was C that
limits our ability to make a positive recommendation because of the limited evidence. Nevertheless, it should be pointed out that none of these studies reported any
significant side effects. We believe this is a promising area of medical research and
look forward to further clinical studies to verify these preliminary findings.
The reviewed studies contained some potential limitations. Most of the published
studies reported improvements that could be evidence of publication bias (i.e., studies reporting improvements might be more likely to be published), especially for the
case reports in humans. Although many of the animal studies had a control group,
the only controlled studies of NAC in humans were based off one population of
patients. These lead publications were strengthened by the controlled nature.
However, the number of human studies is low compared to the number of animal
studies. Further human studies would be helpful in examining the use of NAC in
humans but overall the use of NAC appears safe.
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11.1

Introduction

Oxidative stress plays a critical role in neuronal dysfunction and death in various
neurodegenerative disorders (Arakawa and Ito 2007). Previous studies support the
notion that the intrinsic antioxidant glutathione (GSH) and GSH-dependent enzymes
have significant role in the protection against neurodegeneration. Additionally, GSH
has important role in S-glutathionylation which is important in signal transduction
and enzyme regulation (Johnson et al. 2012). Any dysregulation in the GSH-based
antioxidant network may promote the initiation and progression of the neurodegenerative diseases (Table 11.1).
The major event in the pathogenesis of Huntington’s disease (HD), sporadic
Parkinson’s disease (PD), focal cerebral ischemia, and traumatic brain injury (TBI)
is mitochondrial dysfunction which results in elevated oxidative stress and leads to
a decline in GSH level (Arakawa and Ito 2007; Sian et al. 1994). In other neurological disorders such as multiple sclerosis (MS) and amyotrophic lateral sclerosis
(ALS), tumor necrosis factor alpha (TNFα) markedly increases followed by
increased free radical production (Sharief and Hentges 1991). Specific mutations in
the gene encoding superoxide dismutase, decreased activity of glutathione peroxidase (GSHpx), and GSH reductase were reported in the pathogenesis of familial
(Bavarsad Shahripour et al. 2014) and sporadic ALS (Wilder et al. 1995). Earlier
studies revealed that the pathological production of free radicals and consequent
lipid peroxidation have a principal role in the development of vasospasm after subarachnoid hemorrhage (SAH; Sen et al. 2006).
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Table 11.1 Summary of NAC mechanisms of action across different neurological disorders
Neurological disorder
Neurodegenerative disorders:
Spinocerebellar degeneration,
myoclonus epilepsy of
Unverricht–Lundborg type
Multiple sclerosis
Amyotrophic lateral sclerosis
Parkinson’s disease
Huntington’s disease
Traumatic brain injury

Focal cerebral ischemia

Alzheimer’s disease

Subarachnoid hemorrhage

Neuropathy

Myopathies

Mechanism of N-Acetylcysteine (NAC)
Antioxidant effect by free radical scavenging and increased
levels of glutathione (Arakawa and Ito 2007)

Free radical scavenging and inhibition of TNF-alpha
toxicity (Lehmann et al. 1994)
Increasing the level of glutathione peroxidase and free
radical scavenging (Louwerse et al. 1995)
Increasing the level of glutathione and free radical
scavenging (Martínez et al. 1999; Schapira a et al. 1990)
Free radical trapping and preventing mitochondrial
dysfunction (La Fontaine et al. 2000)
Repair of TBI-induced mitochondrial dysfunction,
increasing the reduced antioxidant enzyme and glutathione
levels, inhibition of the activation of NF-kB and TNF-alpha
(Chen et al. 2008; Hoffer et al. 2002; Hsu et al. 2006)
Nitric oxide synthase (NOS) inhibition, regeneration of
endothelium-derived relaxing factor, increasing GSH
levels, improving microcirculatory blood flow, and tissue
oxygenation (Caplan 2013; Cuzzocrea et al. 2000)
Blocking the induced oxidative injury, increasing GSH
level in cortical and hippocampus areas (Adams Jr et al.
1991)
Free radical scavenging, endothelial apoptosis inhibition,
lipid peroxidation reduction, increasing glutathione levels,
superoxide dismutase (SOD) enzymatic activities,
endothelial integrity protection (Sen et al. 2006)
Increasing the viability of cells through inhibitory reactive
oxygen species, attenuation of oxidative stress and
apoptosis, inhibition of matrix metallo-proteinase (MMP),
blocking the maturation of interleukin-1β (Cameron et al.
2001; Cui et al. 2008; Stevens et al. 2000)
Reducing oxidative stress, improving survival of cultured
myotubes, scavenging oxygen free radicals, and repleting
low glutathione stores (Ortolani et al. 2000)

N-Acetylcysteine (NAC) is widely known as an antidote for acetaminophen
overdose. In the past few decades, it has also been used in several other fields of
medicine as well. These diverse clinical applications of NAC are linked to its ability
to support the body’s antioxidant and nitric oxide (NO) systems against stress,
infection, toxic assaults, and inflammatory conditions (Dekhuijzen 2004). Generally
any situation that results in a sudden or chronic overconsumption of oxygen in the
body can lead to production of the reactive oxygen species (ROS). Several studies
report that ROS is detected in (a) mitochondria, (b) inside the capillary system, and
(c) as an oxidative burst induced by inflammatory cells (Dekhuijzen 2004; Kerksick
and Willoughby 2005).
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NAC is an acetylated cysteine residue that is able to magnify protection against
oxidative stresses in cell. NAC also performs as an effective free radical scavenger
and greatly contributes in maintaining the GSH level in cells. Studies report that
NAC can minimize the oxidative effects of ROS through inhibition of GSH depletion (Johnson et al. 2012). By doing so NAC may decrease the inflammatory
responses in some diseases such as in chronic obstructive pulmonary disease
(COPD), influenza, and idiopathic pulmonary fibrosis. NAC not only can operate as
an antioxidant but also can facilitate NO production and vasodilation of the blood
vessels. Various applications of NAC in many illnesses such as cancer, cardiovascular diseases, human immunodeficiency virus (HIV) infection, acetaminopheninduced liver toxicity, and metal toxicity have been reviewed in other chapters of
this book (Bavarsad Shahripour et al. 2014; Dekhuijzen 2004; Kerksick and
Willoughby 2005).
In this chapter we provide a systematic analysis of the recent clinical studies
about NAC efficacy in various neurological disorders. Also we mentioned its role in
brain function and the pathophysiology of neurological disease as it has been discussed in clinical trials, case series, case reports, and review articles.

11.2

Methods

A systematic online literature search used broad search terms such as “neurologic,”
“neurology,” “neurological disorder,” or “specific neurological disorder”—
“amyotrophic lateral sclerosis,” “ALS,” “epilepsy,” “seizures,” “traumatic brain
injury,” “TBI,” “stroke,” “ischemia,” “focal cerebral ischemia,” “Parkinson’s disease,” “Huntington’s disease,” “subarachnoid hemorrhage,” “SAH,” “multiple sclerosis,” ”myopathy,” “neuropathy,” “spinocerebellar ataxia,” “hereditary
spinocerebellar ataxia,” “Freidrich’s ataxia,” “ataxia–telangiectasia,” “olivopontocerebellar atrophy,” “progressive myoclonic epilepsy of the Unverricht–Lundborg
type (PME–ULD),” and “Alzheimer’s disease (AD).” References cited in the identified publications were also reviewed. One reviewer screened titles and abstracts of
all potentially relevant publications (Fig. 11.1).

11.3

Evidence of Effectiveness of NAC in the Treatment of
Neurological Disorders

11.3.1 Alzheimer’s Disease (AD)
Alzheimer’s disease (AD) is a progressive degenerative disorder. Previous studies
have shown evidence of direct and indirect influence of free radicals in AD. In 1991,
Adams Jr et al. (1991) reported an increase in the lipid peroxides level in the temporal and cerebral cortex and a reduction in the GSH level in the cortical and hippocampus areas in patients with AD (Jenner 1994).
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Fig. 11.1 Flow chart for
clinical studies selected for
review in this chapter

206 potentially relevant articles
identified in the literature search

2 duplicates
removed
203 selected in the initial review
of researches
2 articles found in
reference sections in
included articles

205 unique articles

185 articles excluded
after article review

20 relevant articles:
7 case report articles
13 research articles (6 controlled studies, 7 uncontrolled studies)

Some clinical trials have evaluated the synergistic effect of combined antioxidants with different chemical compounds such as tocopherol (a compound with
vitamin E activity) or selegiline (a selective MAO-B inhibitor) in the treatment of
the AD. In 2005, two groups revealed a supportive and protective effect of NAC
in some murine models of AD. They documented that NAC administration could
block induced oxidative injury in AD models (Tchantchou et al. 2005; Tucker et
al. 2005).
Adair et al. (2001) evaluated NAC in a double-blind placebo-controlled
(DBPC) trial in patients with AD (Online Table 11.1). All subjects tolerated the
drug well and experienced only minor and transient adverse effects (AEs).
Although NAC treatment failed to alter the primary outcome measures, it had
positive effects on some secondary outcome measures. Their results support
future testing of NAC in AD.
McCaddon and Davies (2005) evaluated the co-administration of vitamin B supplements with NAC (600 mg daily) in three patients with dementia and hyperhomocysteinemia. In the first case, a 65-year-old man, with a 3-year history of
memory loss and severe cognition impairment (17/30 on the Mini-Mental Status
Examination (MMSE)), demonstrated reduced agitation, improved word-finding
ability, and increased compliance, although his cognitive score remained unchanged,
with NAC treatment. In the second case, a 70-year-old woman with history of shortterm memory loss for 3 years (21/30 on the MMSE) demonstrated no change in
cognitive function (21/30 on MMSE) with 6-month treatment of monthly injections
of hydroxocobalamin and daily oral 5 mg of folic acid. One month after NAC was
initiated, her cognitive function improved, her MMSE score markedly improved
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(25/30), and she was livelier and happier. The third case was an 81-year-old man
with a 5-year history of slowly deteriorating short-term memory loss, verbal aggression, agitation, and unsteady gait who required assistance with most daily activities
(68 on the AD Assessment Scale-Cognition Assessment Subscale). Although no
changes in cognitive function were observed with monthly hydroxocobalamin
injections and oral folate, 1 month after adding 600 mg NAC, he improved 6 points
on the AD Assessment Scale-Cognition Assessment Subscale, and he became less
agitated and became more content and alert.
Chan et al. (2008) performed a pilot study on a nutriceutical formulation (NF)
(folate 400 μg, vitamin B12 6 mg, alpha-tocopherol 30IU, S-adenosylmethionine
400 mg, N-Acetylcysteine 600 mg, and acetyl-L-carnitine 500 mg) on mild-to-moderate AD. They followed 14 cases for about 9 months and demonstrated a clinically
markedly delay in the decline in the Dementia Rating Scale (DRS) and clock-drawing test (CDT), about 30% improvement in the Neuropsychiatric Inventory (NPI),
and maintenance of performance in the AD Cooperative Study-Activities of Daily
Living as reported by their caregivers.
Remington et al. (2009) performed a small 9-month DBPC on 12 institutionalized patients with moderate-to-late-stage probable AD. Unfortunately, all participants in the placebo group dropped out by 6 months, making the study a
small-uncontrolled case series. NF delayed the decline in the Dementia Rating
Scale-2 (DRS-2) and clock-drawing test (CLOX-1) tests and resulted in improvements in the Neuropsychiatric Inventory and AD Cooperative Study-Activities of
Daily Living.
In a phase 2 DBPC multisite clinical trial, 106 AD cases were randomized into
the NF or placebo groups for 3 or 6 months (Remington et al. 2015). NF treatment
resulted in improvement in the Neuropsychiatric Inventory for the 3-month cohort.
According to these findings, this NF formulation may be effective in delaying cognition, mood, and daily function decline in progressive AD cases and may be particularly valuable as a supplement for pharmacological approaches during later
stages of this progressive degenerative disease. However, larger trials are warranted
(Remington et al. 2015).
Based on two controlled studies with high positive responses and the evidence
available, NAC appears to have therapeutic effect in the treatment of Alzheimer’s
disease (Table 11.2).

11.3.2 Ataxia–Telangiectasia
Ataxia–telangiectasia (AT) is another complex multisystem disorder characterized
by ataxia, ocular telangiectasia, and T-cell and B-cell dysfunction with increased
susceptibility to cancer and high sensitivity to ionizing radiation (Woods and Taylor
1992). Three siblings aged 7, 11, and 13 years with confirmed AT were treated with
NAC in an open-label fashion. After 3 months of treatment, one showed questionable improvements, and the other two patients showed rapid deterioration 2 weeks
after NAC cessation (Bavarsad Shahripour et al. 2014; Wilder et al., 1995; Online

Neurological condition
Alzheimer’s disease
Ataxia–telangiectasia
Freidrich’s ataxia
Hereditary spinocerebellar ataxia
Huntington’s disease
Motor neuron disease
Multiple sclerosis
Neuropathy
Olivopontocerebellar atrophy
Progressive myoclonus epilepsy of
Unverricht–Lundborg disease
Subarachnoid hemorrhage
Traumatic brain injury
100 (1/1)

100 (1/1)
100 (1/1)
87.5 (3.5/4)

Uncontrolled studies
positive % (positive/total)
100 (4/4)
50 (0.5/1)
100 (1/1)
100 (2/2)
0 (0/1)
33 (1/3)

100 (1/1)

50 (1/2)
50 (1/2)
100 (1/1)

Controlled studies
positive % (positive/total)
75 (1.5/2)

Table 11.2 Overall ratings of NAC based on clinical studies presented by condition

C
B

Grade of
recommendation
B
C
C
C
C
B
C
C
C
C

None
None

Recommendation for
treatment
Yes
None
None
Mixed
None
None
None
Mixed
None
Mixed
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Table 11.2). Since there are only a few case presentations and a few anecdotal
reports on NAC treatment in AT, no recommendations can be made at this point, and
more controlled trials are required (Table 11.2).

11.3.3 Focal Cerebral Ischemia
Following cerebral ischemia, the level of ROS increases due to several changes
including mitochondria dysfunction. Ischemia also changes different neural and
humoral mediator pathways including opioids, NO, adenosine, bradykinin, catecholamines, heat-shock proteins, heme oxygenase, TNFα, angiotensin, and prostaglandins (Caplan 2013). Cuzzocrea et al. (2000) stated that release of excitatory
neurotransmitters such as glutamate, which acts on the N-methyl-d-aspartate
(NMDA) receptors, has a main role in neural injury after ischemia. The theory of
NAC involvement in the microcirculatory blood flow and tissue oxygenation has
been supported by animal studies, but studies have also demonstrated that glutamate
receptor antagonists reduce neuronal damages following ischemic stroke.
Past studies have shown that NO synthase (NOS) inhibitors and neuronal gene
disruption can protect ischemic brain from NMDA neurotoxicity (Bavarsad
Shahripour et al. 2014; Cuzzocrea et al. 2000). Harrison et al. (1991) have documented a markedly decrease in the neuronal loss of the pyramidal layer of the cortex
in the ischemic animals that received NAC. However, although there are several
animal studies demonstrating the protective effect of the NAC treatment after ischemic cascade, no clinical data is available on the use of NAC in acute ischemic
stroke patients.

11.3.4 Friedrich’s Ataxia
Helveston et al. (1996) presented a 21-year-old female with Friedreich’s ataxia.
After 13 months of treatment with NAC and other antioxidants, she experienced a
significant improvement in her proprioception and, to some extent, her ataxia
(Bavarsad Shahripour et al. 2014; Online Table 11.3). Based on a single case presentation on NAC treatment in Friedrich’s ataxia, no recommendations can be
drawn at this point, and more controlled clinical trials are required (Table 11.2).

11.3.5 Hereditary Spinocerebellar Ataxia (HSCA)
Based on the oxidative role of free radical species in the pathogenesis of cerebellar
degeneration disease, NAC may be therapeutically effective. Although there are no
published basic research studies or clinical trials about the potential therapeutic role
of NAC on HSCA, Wilder et al. presented 18 patients with HSCA who received
NAC (Wilder et al. 1995; Online Table 11.4). However, the presentation was never
published in a peer-reviewed journal. He reported five siblings with variable
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Table 11.3 Ongoing clinical trials on N-Acetylcysteine for neurological disorders
Trial title
N-Acetylcysteine for neuroprotection in Parkinson’s
disease (NAC for PD)
The role of N-acetyl-l-cysteine (NAC) as an adjuvant to
opioid treatment in patients with chronic neuropathic pain
Overcoming membrane transporters to improve CNS drug
delivery—improving brain antioxidants after traumatic
brain injury (Pro-NAC)
Physiological effects of nutritional support in patients with
Parkinson’s disease
Repeated-dose oral N-Acetylcysteine for the treatment of
Parkinson’s disease
Antioxidant therapy in RYR1-related congenital myopathy
N-Acetylcysteine vs placebo to prevent neurotoxicity
induced by platinum-containing chemotherapy
(NAC-PNP)
Effect on migraine frequency of combined antioxidant
therapy: The MIGRANT study
Nutrition, neuromuscular electrical stimulation (NMES),
and secondary progressive multiple sclerosis (SPMS)
Acetaminophen in aSAH to inhibit lipid peroxidation and
cerebral vasospasm
Pharmacological treatment of a rare genetic disease:
N-Acetylcysteine in myopathy associated selenoprotein
N-related myopathy (SEPN1-RM) (SelNac)

NCT no.
NCT01470027

Trial status
Recruiting

NCT01840345

Recruiting

NCT01322009

Recruiting

NCT02445651

Recruiting

NCT02212678

Completed. No
results
Recruiting
Recruiting

NCT02362425
NCT00637624

NCT02629536

NCT00585559

Not recruiting
yet
Ongoing but not
recruiting
Recruiting

NCT02505087

Recruiting

NCT01381354

severity of ataxia, dysarthria, and oculomotor disturbances. All of these patients
claimed subjective improvement after NAC treatment. The most severely affected
sibling (male, age 43) was treated with NAC for 26 months. After NAC treatment,
he achieved significantly improved control on his eye movement, and his reading
speed increased from 50 to 300 words per minute.
Another reported case was a 67-year-old patient with a 25-year history of progressive HSCA primarily with difficulties in balance and his speech. His deceased
father and brother had the same disorder. After a 7-month treatment with NAC, his
wife reported no falling, and his speech became comprehensible over the phone
(Wilder et al. 1995).
Although all the case reports demonstrate a dramatic response of NAC, a lack of
any controlled studies led us to make a mixed recommendation regarding the use of
NAC in HSCA (Table 11.2).

11.3.6 Huntington’s Disease
Mitochondrial dysfunction has been stated as a major event in the pathogenesis of
HD. La Fontaine et al. (2000) successfully created an animal model of HD by intraperitoneally injecting 3-nitropropionic acid (3-NP) to rats. 3-NP worked as an
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irreversible inhibitor of complex II in the mitochondria (La Fontaine et al. 2000).
They found an increase in oxidative stress in both the striatum and cortical synaptosomes in all rats (La Fontaine et al. 2000). Interestingly, pretreatment with NAC
(100 mg/kg, daily) 2 h before 3-NP injection protected rats from the oxidative damage and significantly reduced striatal lesion volume (La Fontaine et al. 2000).
Sandhir et al. (2012) reported the same protective effect of NAC in the 3-NP-induced
HD models and reported an increased generation of ROS and lipid peroxidation in
the mitochondria of 3-NP-treated rats (Sandhir et al. 2012). The main histopathologic findings in these rats were increased neural space, neurodegeneration, and
gliosis. These findings were accompanied by cognitive and motor deficits (Sandhir
et al. 2012). Although several animal studies have shown this beneficial and protective effect of NAC in HD, only two cases have been reported in a conference presentation (Wilder et al., 1995). In their report, treatment with NAC for 3 and 4 months
resulted in no obvious improvement in the patient’s condition (Online Table 11.5).
There is a recent clinical report of a case of Huntington’s treated with NAC (Berk
2015).
Based on the evidence available, there is inconsistent evidence of benefit but
NAC also appeared to be well tolerated and safe. Thus, until more studies are
available, it is difficult to make a recommendation for the use of NAC in HD
(Table 11.2).

11.3.7 Motor Neuron Diseases
Rosen et al. (1993) have reported a specific mutation in the gene encoding superoxide dismutase 1 (SOD1) in the familial amyotrophic lateral sclerosis (FALS). This
finding supports the role of free radicals in the progression of ALS. Previous studies
revealed that the level of SOD1 is reduced in patients with FALS but is often normal in sporadic ALS (Bavarsad Shahripour et al. 2014). However, Wilder et al.
(1995) reported normal SOD1 activity in two patients with sporadic ALS but
found markedly reduced glutathione peroxidase (GSHpx) and GSH reductase
activities. After 12 months of treatment with NAC in one of these patients, not
only did his disease stop progressing, but he achieved an increase in grip strength.
After 17 months of treatment, the second patient had only mild disease progression. This change in disease progression may have been due to NAC treatment
(Online Table 11.6).
de Jong et al. (1987) reported an open-label study of NAC in 40 cases of ALS.
After 6 months of treatment with 100 cc of NAC injected subcutaneously, 62% of
cases stayed stable, and after 24 months of treatment, 52% had no progression. In
another open-label study in 11 patients with ALS reported by Küther and Struppler
(1987), all of the patients received 50 cm3 of 5% NAC injected subcutaneously daily
plus vitamin C, as antioxidant, for 1–12 months. According to this report, there was
no significant difference in patient survival. Louwerse et al. (1995) reported a DBPC
trial of NAC therapy in 111 ALS patients. Their trial did not show any significant
increase in 12-month survival (65% vs 54%) or any marked reduction in the disease
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progression. However, in the subgroup of 81 ALS cases with limb onset of the disease,
there was greater survival in the NAC treatment group (28 patients, 74%) as compared
to the placebo group (22 patients, 51%) at 12 months (Louwerse et al. 1995).
In a retrospective case–control study by Vyth et al. (1996), the effect of different
antioxidants in 36 ALS cases was evaluated. After any new exacerbation of the disease, patients were given a different antioxidant such as vitamins C and E,
N-acetylmethionine (NAM), NAC, and dithiothreitol (DTT) or its isomer dithioerythritol (DTE). Antioxidants (such as NAC) did not seem to harm ALS patients,
but also they did not seem to prolong their survival either (3.4-month survival before
antioxidant use vs 2.8-month survival after use of antioxidants).
At this time there are few controlled clinical trials and no large controlled trial on
the therapeutic effect of NAC on motor neuron disease. Based on the evidence available, there is inconsistent evidence of benefit, but NAC also appears to be well tolerated and safe. Thus, until more studies are available, it is difficult to make a
recommendation for the use of NAC in motor neuron disease (Table 11.2).

11.3.8 Multiple Sclerosis (MS)
MS disease is associated with a marked increase TNFα, especially in the active
phase of the illness. A correlation between TNFα concentration in the cerebrospinal fluid and the severity and progression of the disease has been reported (Sharief
and Hentges 1991). An increase in free radical production with cytokine activation
has been demonstrated in MS (Glabiński et al. 1993). In animal models NAC
inhibited the toxicity of TNFα and the development of MS-like pathology
(Lehmann et al. 1994).
For the first time, Wilder et al. (1995) presented ten patients with relapsingremitting MS (RRMS) treated with NAC for up to 16 months. Two MS patients with
long-standing incoherent speech demonstrated a rather dramatic improvement in
their speech shortly after starting NAC treatment. However, due to the waxing and
waning course of this disease in many patients, it is difficult to determine the efficacy of NAC in a small sample without a control group (Online Table 11.7).
Recently, Schipper et al. (2015) performed an open-label pilot study on seven
RRMS cases to evaluate the tolerability and safety of glatiramer acetate (GA) and
2.5 g NAC orally combined. Although none of the MRI changes were statistically
significant, there was a significant improvement in the erythrocyte GSSG/GSH
ratios after 36 weeks of treatment. Overall, the sustained exposure to high doses of
NAC in patients with RRMS was safe and well tolerated and did not show any significant clinical deterioration or neuroimaging abnormality.
At this time there are no controlled clinical trials on the therapeutic effect of
NAC in MS. Controlled studies are particularly important in MS as the disease has
a waxing and waning course. Based on the evidence available, there is inconsistent
evidence of benefit, but NAC appears to be well tolerated and safe. Thus, until more
studies are available, it is difficult to make a recommendation for the use of NAC in
MS (Table 11.2).
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11.3.9 Myopathy
Ryanodine receptor (RYR) has an important role in the skeletal muscle, especially
as an essential component of the excitation–contraction coupling process. RYR1related myopathies refer to a group of congenital myopathies that are the most common non-dystrophic muscle diseases. Currently, for these kinds of congenital
myopathies, there is not any curative treatment except for symptomatic therapies
and rehabilitation (Dowling et al. 2012). In an effort to discover novel pathogenic
mechanisms, Dowling et al. (2012) uncovered a significant abnormality in pathways
associated with cellular stress. Their study was based on analyzing two models of
RYR1-related myopathies: (a) the relatively relaxed zebra fish and (b) cultured
myotubes from patients with RYR1-related myopathies. Expression array analysis
in the zebra fish revealed significant abnormalities in pathways associated with cellular stress, including increased oxidant activity, the presence of oxidative stress
markers, excessive production of oxidants by mitochondria, and diminished survival under oxidant conditions. Exposure to NAC reduced oxidative stress and
improved survival of cultured myotubes from the patient with the RYR1-related
myopathy. NAC also led to significant restoration of muscle’s function in the relatively relaxed zebra fish. Based on their findings, it appears that oxidative stress is
an important pathophysiological mechanism in RYR1-related myopathy, and NAC
could be a successful treatment modality for this common myopathy in children
(Dowling et al. 2012).
Earlier investigations on muscle biopsy in critically ill patients have focused on
the GSH levels in parallel with low glutamine levels (Wernerman et al. 1999; Yu et
al. 2002). Ortolani et al. (2000) assessed the effects of either intravenous NAC or
GSH in critically ill patients with early septic shock syndrome who were receiving
standard therapy. Interestingly, oxidative stress indicators were markedly decreased
at day 5 of treatment in the NAC group, especially in the combined GSH and NAC
therapy. They hypothesized that potentially glutathione precursors, such as NAC,
may improve outcomes in critically ill patients through scavenge oxygen free radicals and replete low glutathione stores. Although NAC therapy in this type of myopathy can be beneficial either in the treatment or prevention, so far there has not been
any randomized clinical trial evaluating the efficacy of NAC (Burnham et al. 2005).
However, a clinical trial to evaluate the efficacy of antioxidant therapy in RYR1related congenital myopathy has been registered and is currently recruiting participants (NCT02362425; Table 11.3).

11.3.10 Neuropathy
According to the published preclinical and animal studies, diabetic polyneuropathy
(DPN) results from a complex network of interrelated vascular, metabolic, and neurotrophic cascades (Cameron et al. 2001; Calcutt et al. 2004; Stevens et al. 2000;
Sima et al. 2000). Studies have shown that metabolic changes are involved in the
pathogenesis of DPN, including increased oxidative stress, altered eicosanoid
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metabolism, activation of nuclear enzyme polymerase (ADP-ribose), and decreased
antioxidant defenses (Edwards et al. 2008). Several potential sources of ROS have
been suggested such as endothelial NAD(P)H oxidase, xanthine oxidase, nitric
oxide synthase, and mitochondrial respiratory chain inefficiency (Cameron et al.
2001). Reduced activity of Cu–Zn superoxide dismutase and glutathione peroxidase
as well as decreased levels of glutathione, vitamin E, and L-carnitine has been
reported in DPN (Arora et al. 2008; Cui et al. 2008; Ido et al. 1994; Junxian et al.
2006; Nagamatsu et al. 1995). Animal studies have revealed that insulin and antioxidants have significant improvement in nerve function in DPN (Kamboj et al. 2010).
Although oxidative stress has been associated with the development of diabetic
complications in the preclinical and animal studies, no clinical trial has shown an
advantage in using classic antioxidants in diabetes (Ceriello 2006; Shelton et al.
2005).
Rothstein et al. (1994) showed that NAC increased the viability of cells in culture, including spinal motor neurons, through inhibitory reactive oxygen species.
The same protective effect has been shown in oligodendrocytes, cortical neurons,
and superior cervical ganglion neurons (Ferrari et al. 1995; Mayer and Noble 1994;
Ratan et al. 1994; Yan and Greene 1998). Kamboj et al. (2010) documented that the
protective effect for NAC was mediated through attenuation of oxidative stress and
apoptosis. Based on these findings, he suggested a therapeutic potential of NAC in
the attenuation of DPN in rats (Kamboj et al. 2010; Kamboj and Chopra 2008).
Although there are no published clinical trials or case series about the efficacy of
NAC in DPN, NAC has been studied in other neuropathies. Lin et al. (2006) reported
a pilot study examining the effect of NAC (1200 mg) in 14 patients receiving oxaliplatin as a colorectal cancer treatment. After 12 chemotherapy cycles, 3/5 patients
who received NAC developed chemotherapy-induced peripheral neuropathy
(CIPN), but only 1/5 had grade 2–4 of toxicity. In the control group, 9/9 patients
developed CIPN with 8/9 developing grade 2–4 of toxicity (Online Table 11.8).
Another case report showed positive results using a combination of neuro-protectants—NAC, levocarnitine, and pyridoxine—in a 46-day-old male with acute lymphoblastic leukemia who developed severe vincristine- induced peripheral
neuropathy (Baker and Lipson 2010).
The mechanisms of neuropathic pain are not clear. Matrix metallo-proteinase
(MMP)-9 and MMP-2 have been documented as the key components in neuropathic
pain through their facilitation of inflammatory cytokine maturation and induction of
neural inflammation (Li and Xu 2016). The inhibitory characteristic of MMPs may
represent a new therapeutic approach to neuropathic pain. Based on this theory, Li
and Xu (2016) recently stated a markedly reduction in neuropathic pain via a unique
inhibitory mechanism of MMP (Li and Xu 2016). This rat study showed that orally
administered NAC not only postponed the occurrence of neuropathic pain but also
inhibited neuropathic pain induced by maintenance of chronic constrictive injury
(CCI). The administration of NAC blocked the maturation of interleukin-1β, which
is a critical substrate of MMPs, and also markedly suppressed the neuronal
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activation induced by CCI, including inhibition of the phosphorylation of protein
kinase Cγ, NMDAR1, and mitogen-activated protein kinases. Their results documented an effective treatment for neuropathic pain which is achieved by the MMP
activation prevention (Li and Xu 2016). In 2015, a new ongoing clinical trial about
NAC impact as an adjuvant therapy in chronic pain has been initiated (NCT01840345;
Table 11.3).
Based on the evidence available, there is mixed evidence of benefit, but NAC also
appears to be well tolerated and safe. Thus, until more studies are available, it is difficult to make a recommendation for the use of NAC in neuropathy (Table 11.2).

11.3.11 Olivopontocerebellar Atrophy
There is one case report of NAC administration in a known case of olivopontocerebellar atrophy (OPCA) presented by Wilder et al. (1995). The patient had difficulties in balancing and progressive speech disruption with decreased proprioception
and pain sensitivity. After 1 month of NAC treatment, marked improvement especially in his speech and balance was seen. After 3 months of treatment with NAC,
the patient could discriminate between hot and cold and regained some touch and
position sense (Online Table 11.9).
Based on the evidence available, there is inconsistent evidence of benefit, but
NAC also appears to be well tolerated and safe. Thus, until more studies are available, it is difficult to make a recommendation for the use of NAC in olivopontocerebellar atrophy (Table 11.2).

11.3.12 Parkinson’s Disease (PD)
Multiple neuronal systems are involved in the sporadic PD. The cardinal histopathologies in PD are alpha-synuclein (SCNA) immunopositive, Lewy neurites, and
Lewy bodies (Braak et al. 2003). Initially, different areas of the brain including the
dorsal part of glossopharyngeal motor nucleus, vagal nerve, anterior part of the
olfactory nucleus, and anteromedial part of the temporal mesocortex become
affected. Also, increased lipid peroxidation and dramatic decline in GSH level have
been reported (Arakawa and Ito 2007). However some published case–control animal studies revealed that GSH concentrations in the substantia nigra (SN) were
reduced by 40% in PD animals as compared to controls. On the other hand, since
neural degeneration in SN is a common finding in sporadic PD, some investigators
believe that the findings from the animal study could be a coincidental finding rather
than a casual finding (Dexter et al. 1992; Johnson et al. 2012; Sian et al. 1994). This
remarkable decline in GSH level may be related to mitochondrial dysfunction and
oxidative stress. Eventually, oxidative stress will increase the accumulation of toxic
forms of SNCA (Sian et al. 1994).
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Clark et al. (2010) hypothesized a protective role for NAC therapy against SNCA
toxicity. They supported this notion based on evidences of temporary increase (less
than 1 year) in GSH level in SN in transgenic mice with NAC treatment. After 1
year of treatment with NAC, they reported a reduction in dopaminergic terminal
attenuation that was associated with diminished overexpression SNCA. Based on
previous animal studies, oxidative stress and GSH depletion eventually result in
dopaminergic neuronal loss. This finding has been affirmed in an age-dependent
manner in mice specially in pars compacta of the SN (Jiang et al. 2005). Generation
of hydrogen peroxide by monoamine oxidase (MAO) and ROS production by catecholamine in the SN are other precipitating factors in PD (Martínez et al. 1999).
Furthermore, SN in PD patients is rich in iron and neuromelanin, two other sources
that may facilitate the formation of ROS.
According to the animal model studies, Martínez et al. (1999) assumed that new
neuroprotective treatments with a sulfur-containing antioxidant such as NAC may
be another strategy to approach PD (MAO), and ROS production by catecholamine
in the SN is another precipitating factor in PD (Schapira a et al. 1990). Although
some clinical trials evaluated the effect of other antioxidants such as vitamins E and
C, on PD cases, none of them showed significant effects. This might be because of
the poor ability of antioxidants to penetrate the blood–brain barrier (BBB; Pappert
et al. 1996; Reilly et al. 1983; Schapira a et al. 1990). On the other hand, other studies demonstrated NAC penetration through BBB which exerted a preventive effect
in mice models of PD induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydro-pyridine
(MPTP) (Farr et al. 2003; Martínez et al. 1999; Pan et al. 2009).
Holmay et al. (2014) measured brain GSH concentration using 7 tesla magnetic
resonance spectroscopy as well as blood redox ratios before and after 150 mg per kg
of NAC intravenous infusion in PD patients. NAC was found to increase blood GSH
redox ratios in those with PD, which was followed by an increase in brain GSH
concentrations. Clinical status of the patients was measured using the disability rating scale during the first month after treatment (6000 mg/day of NAC divided into
two equal daily doses for approximately 28 days), but these clinical results have not
been published (Holmay et al. 2014). In two ongoing randomized clinical trials, PD
patients are being recruited to evaluate the neuroprotective role of NAC
(NCT01470027, NCT02445651; Henchcliffe and Shungu 2016; Tuite and Coles
2016; Table 11.3).
NAC appears to be a promising treatment in PD. We believe that additional controlled trials involving administration of NAC or GSH precursors with or without
other combined antioxidants are needed (Table 11.2).

11.3.13 Progressive Myoclonic Epilepsy of the Unverricht–
Lundborg Type (PME–ULD)
PME–ULD is an autosomal recessive disorder that typically develops between the
ages of 6 and 15 years with stimulus-sensitive myoclonus and generalized tonic–
clonic (GTC) seizures followed by progressive cerebellar syndrome (Arakawa and
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Ito 2007). Based on our search, there is no clinical trial about the efficacy of NAC
in PME–ULD, but there are four published case reports.
Selwa (1999) reported a 40-year-old male with a long past medical history of
ULD disease. Since the age of 13 years, he had history of unprovoked GTC seizures
and morning myoclonus that was unresponsive to phenytoin and phenobarbital.
Morning myoclonus became prominent after he left school at the age of 16 years.
When phenytoin was tapered, he reported significant improvement in his seizures,
but not any slowness or deterioration in cognition or any changes in his ataxia.
Seven days after NAC 3 g was prescribed twice daily, the patient’s speech improved,
his tremor decreased significantly, and he became capable of walking for a whole
day. Selwa (1999) reported that the patient had a dramatic response to NAC therapy
due to the significant improvements that were observed in his motor function and
cognition status (Online Table 11.10).
In 1999, four patients with EPM 1 (Unverricht–Lundborg disease) and one
patient with EPM2 (Lafora body disease) were treated with 6 g/day of NAC. Before
treatment, GSH peroxidase activity, catalase activity, extracellular superoxide dismutase (SOD), and CuZn–SOD were measured in these patients and compared with
controls. Erythrocyte CuZn–SOD was significantly lower in the patients compared
to controls. NAC markedly improved and stabilized the neurological symptoms in
patients with EPM 1 but not the EPM 2 patient (Ben-Menachem et al. 2000).
Four siblings in Florida with PME–ULD received anticonvulsant treatment for
about 20 years without any benefit. All affected siblings had history of GTC seizure
with the age onset of 9–11 years old with preceding occurrence of stimulus-sensitive
myoclonus between 1 and 3 years of age. Three of four cases had marked mental
illness and cognitive deterioration. Treatment with NAC 4–6 g daily resulted in an
initial improvement, particularly in mental alertness. The first patient showed a dramatic increase in verbalization and motor function (daily activity) during the 30
months of treatment. The second patient also reported a better motor function during
the 30 months of treatment. Before the 26 months of treatment with NAC, the third
and fourth patients were in a semicomatose state and weren’t able to talk but were
only able to respond to gestures. After the treatment, both patients became active
enough to change their own position instead of needing to be turned over every 2 h.
The third patient started to tell jokes in a primitive manner. In the least affected
patient, myoclonus improved to such an extent that she has been able to walk independently for several days at a time after NAC was started (Hurd et al. 1996).
Edwards et al. (2002) reported a variable response in three known cases of
ULD with different chronicities of the illness (ages 12, 3, and 9 years). In the
first case with a 12-year history of symptoms, dramatic improvement in myoclonus, ataxia, and alertness was reported with this beneficial effect maintained
for 2 years. This was associated with an increase in GSH concentrations (from
2.2 to 5.4 μM) in the blood. In the second case with a 3-year history of symptoms, the patient’s myoclonus improved after 2 weeks of treatment (3 g/d NAC),
but because of developing sensory neuronal deafness after 5 weeks, the patient
did not continue treatment. In the third case with 9-year history of symptoms,
NAC therapy (3 g/d) showed a good response during the first 2 months, but this
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response was not maintained after the second month, and the patient withdrew
the treatment.
Based on the evidence available, there is mixed evidence of benefit, but NAC also
appears to be well tolerated and safe. Thus, until more studies are available, it is difficult to make a recommendation for the use of NAC in PME–ULD (Table 11.2).

11.3.14 Subarachnoid Hemorrhage (SAH)
Vasospasm is one of the major complications after SAH. Earlier studies reveal that
the pathological production of free radicals and consequent lipid peroxidation have
a principal role in the development of vasospasm after SAH (Sen et al. 2006).
Halliwell and Gutteridge (1986) documented that endothelial damage and apoptosis
of endothelial cells contribute to cerebral vasospasm after SAH, while Sen et al.
(2006) hypothesized that protecting the endothelium from apoptosis might attenuate vasospasm (Guney et al. 2010; Halliwell and Gutteridge 1986; Sen et al. 2006).
Later, Guney et al. (2010) demonstrated a significant reduction in the apoptotic
index after NAC treatment in animal models with SAH. Their study depicted the
protective effect of the intraperitoneal administration of NAC in the rabbits with
SAH against cerebral vasospasm development. Also, they discovered that NAC
treatment increased the luminal area and reduced the wall thickness of the basilar
artery.
Bavarsad Shahripour et al. (2014) reported an experience with a 43-year-old
woman with vasospasm after Grade 3 SAH resulting from a ruptured aneurysm. The
patient had a dramatic clinical response (improved level of consciousness and headache) to treatment of oral NAC 600 mg twice a day, with vasospasm resolution after
24 h confirmed by computed tomography angiography and transcranial Doppler
sonography (Online Table 11.11). They believe that NAC can be part of the preventive therapy of vasospasm after SAH through its antioxidant mechanism. However,
there are some human studies that have evaluated the protective function of antioxidants and free radical scavengers in SAH patient, but there is no published study on
NAC treatment after SAH. It seems this subject deserves further investigation
(Munakata et al. 2009; Saito et al. 1998), and no recommendation is applicable at
this point (Table 11.2).

11.3.15 Traumatic Brain Injury
Earlier animal studies have documented the neuroprotective role of NAC treatment
after traumatic brain injuries (TBIs). It is believed that NAC repairs the mitochondria and specifically increases reduced antioxidant enzymes (Hicdonmez et al.
2006; Xiong et al. 1999). Previous animal studies have suggested that TBI results in
an increase in immune mediators such as interleukin-1b (IL-1b), TNFα, interleukin-6 (IL-6), and intercellular adhesion molecule-1 (ICAM-1). There is evidence
regarding the role of inflammation in brain damage after TBI, and the influence of
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NAC on this inflammation has been reported (Merrill and Benveniste 1996;
Morganti-Kossmann et al. 2001). NAC inhibited NF-kB and TNFα activation
through augmenting GSH concentrations (Hoffer et al. 2002; Hsu et al. 2006).
Based on the animal experiments, NAC treatment may decrease inflammatory
responses in injured brain following TBI (Chen et al. 2008).
Hoffer et al. (2013) did the first DBPC study to evaluate the clinical efficacy of
NAC treatment in amelioration of acute sequel of mild TBI induced by an improvised explosive blast (n:81). The primary results indicated that NAC treatment was
significantly better than placebo (OR = 3.6, p = 0.006). Subjects who received NAC
(n:29/41) within 24 hours of the blast had 86% chance of symptom’s resolution with
no reported side effects versus 42% who received placebo (31/40). This trial demonstrated that NAC has beneficial effects on the severity and resolution of sequel
after mild TBI induced by a blast (online Table 11.12).
Based on the evidence available, there is inconsistent evidence of benefit, but NAC
also appears to be well tolerated and safe. Thus, until more studies are available, it is
difficult to make a recommendation for the use of NAC in TBI (Table 11.2).

11.4

Summary

In our systematic review, we found few clinical trials that tested NAC effects in
neurological diseases such as AD, motor neuron diseases, MS, neuropathy, and TBI.
There are also ongoing clinical trials (Table 11.3) on the effect of NAC in a variety
of neurological disorders.
Of note, two clinical trials in AD reported up to 75% positive response overall,
while two open-label studies and one case report showed a 100% positive response.
Based on the positive responses and the grade of recommendation, we think NAC
can be beneficial in the AD treatment. Unfortunately, NAC applications in ataxia–
telangiectasia, Freidrich’s ataxia, hereditary spinocerebellar ataxia, and Huntington’s
disease remain uncertain, and the quality of reports precludes making any recommendation. Considering the nature of the ALS disease and difficulties in its treatment and since there are just few small controlled studies and case reports on NAC
treatment, no recommendations could be made at this point. As many as 75% of MS
case reports treated with NAC showed either improvement in their disabilities or no
new changes in their clinical and imaging status, and it is not possible to make any
recommendation at this point since controlled trials are lacking. Based on the grade
of recommendation and 100% positive response in patients with neuropathy, we
conclude that NAC can be considered as a treatment for neuropathy. Although
87.5% of patients with PME–ULD responded to NAC treatment, the grade of recommendation is C due to the quality of reports. There has been just one case report
of NAC application in SAH with vasospasm and clinical symptom resolution.
Unfortunately, at this point, no comments can be made and further studies are warranted. Although 100% positive response was observed in patients with mild traumatic brain injury in a DBPC study, it is difficult to give a specific recommendation
based on a single study.
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As a drug, NAC represents perhaps the ideal xenobiotic, capable of directly
entering endogenous biochemical processes as a result of its own metabolism. In
addition, NAC may cross the blood–brain barrier (BBB). The use of NAC has been
studied in several neurological disorders and seems to be a a novel treatment
approach. In our literature reviews, no recommendations could be made for most of
the neurological disorders including ataxia–telangiectasia, Freidrich’s ataxia, HD,
olivopontocerebellar, SAH, and TBI. Studies on hereditary spinocerebellar ataxia,
MS, and progressive myoclonus epilepsy of Unverricht–Lundborg diseases demonstrate mixed results, and the evidence for the effectiveness of NAC was negative in
motor neuron diseases. NAC showed positive response in anticancer medicineinduced neuropathy in a small controlled trial and a case study potentially making
it a favorable treatment option for such neuropathies, but since the sample size of
the controlled study was very small, it is hard to give any specific recommendation
based on the limited current evidence (Table 11.2).
Thus, the recommendations for use of NAC in the majority of neurological disorders are still limited based on the number and the quality of studies that have been
conducted and available for review at this time. While larger controlled trials are
needed to establish effectiveness of NAC, available evidence so far and safety profile of NAC support its potential as a novel treatment option for several neurological
disorders.
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12.1

Introduction

The usage of N-Acetylcysteine (NAC) in psychiatry has gained increased attention
over the past decade due to the potential roles of NAC in targeting various physiological systems believe to be disrupted in psychiatric disorders such as glutathione,
redox, mitochondrial, glutamate, dopamine, apoptosis, inflammation, and neural
plasticity as well as the enteric microbiome (Deepmala et al. 2015; Dean et al. 2011;
Samuni et al. 2013; Erny et al. 2015; Dinan and Cryan 2017). Given the safety,
tolerability, and broad mechanisms of action targeting putative and associated
pathophysiological systems that have been implicated across various psychiatric
diseases (see Table 12.1), NAC has been suggested to be a therapy that could potentially ameliorate many psychiatric disease symptoms (Bonvicini et al. 2017;
Dimatelis et al. 2015; Verma et al. 2016; Carlsson 2001; Frye et al. 2016a; Rose
et al. 2012, 2014; James et al. 2008; Canitano and Pallagrosi 2017; Hardan et al.
2012; Rossignol and Frye 2012a; Mocelin et al. 2015; Kunz et al. 2008; Tuncel
et al. 2015; Cikankova et al. 2016; Kim and Andreazza 2012; Dean et al. 2011;
Dinan 2009; Brewer and Potenza 2008; Fontenelle et al. 2011; Paydary et al. 2016;
Bergman and Ben-Shachar 2016; Morris and Berk 2015). In fact, accumulating
evidence suggests that NAC may be effective in treating various psychiatric conditions. In this chapter we will provide a level of evidence for the following conditions: anxiety disorder (AX); attention deficit hyperactivity disorder (ADHD);
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Table 12.1 Summary of NAC mechanisms of action across different psychiatric disorders
Psychiatric
disorder
Anxiety (AX)
Attention deficit
hyperactivity
disorder (ADHD)

Autism spectrum
disorder (ASD)

Bipolar disorder
(BD)

Depression (DP)

Impulse-control
disorders (ICD)
Obsessivecompulsive
disorder (OCD)
Schizophrenia
(SZ)

Mechanism of N-Acetylcysteine (NAC)
Blocks stress response by putatively altering glutamate neurotransmission
in zebra fish (Mocelin et al. 2015).
Related to effect on dopamine projections to the prefrontal cortex and
regulation of glutamate neurotransmission. Other mechanisms may be
related to regulation of mitochondrial function and/or oxidative stress or a
combination of all of the above factors as suggested by various researchers
(Bonvicini et al. 2017; Dimatelis et al. 2015; Verma et al. 2016; Carlsson
2001)
NAC effect in ASD has been attributed to improving glutathione
metabolism and modulating glutamate neurotransmission through the
glutamate-cystine antiporter system. Since many children with ASD suffer
from mitochondrial dysfunction, NAC may also act through supporting
mitochondrial metabolism as has been shown in preclinical models (Frye
et al. 2016a, b, c; Rose et al. 2012, 2014; James et al. 2008; Canitano and
Pallagrosi 2017; Hardan et al. 2012; Rossignol and Frye 2012a, b)
NAC may promote multiphasic mechanisms of action depending on
whether a manic phase (i.e., antioxidant) or depressive state (i.e., antiinflammatory) is present (Kunz et al. 2008; Tuncel et al. 2015). Markers of
mitochondrial dysfunction have also been found in BD, suggesting support
for mitochondrial function may be an additional mechanism of NAC
(Cikankova et al. 2016). The positive effect of NAC on dopamine
neurotransmission and oxidative pathology may be another mechanism of
action (Kim and Andreazza 2012)
NAC may alter inflammatory mediators IL-6, IL-1β, and TNF that
contribute to depressive symptomatology (Dean et al. 2011; Dinan 2009).
NAC has also been suggested to alter serotonergic neurotransmission
which has long been thought to be disrupted in depression and is a
common target for pharmaceutical interventions
NAC may positively modulate glutamate and dopamine systems which are
believed to be involved in impulse-control disorders (Brewer and Potenza
2008; Fontenelle et al. 2011)
NAC may modulate glutamate activity and alter dopamine release and
reward-seeking behavior by altering nucleus accumbens dopamine release
and glutamate activity, potentially blocking craving and compulsive
behavior (Paydary et al. 2016)
Abnormalities in mitochondrial oxidative phosphorylation have been found
in schizophrenia, as well as high levels of oxidative insults and
neuroinflammatory along with depressed glutathione. NAC may exert its
effects on any and all of these pathological findings (Bergman and
Ben-Shachar 2016; Morris and Berk 2015)

IL interleukin, TNF tumor necrosis factor

autism spectrum disorder (ASD); bipolar disorder (BD); depression (DP); impulsecontrol disorders (ICD) including onychophagia, trichotillomania, and excoriation
disorder; obsessive-compulsive disorder (OCD); and schizophrenia (SZ). We also
discuss the putative mechanisms of action associated with NAC usage that may be
involved in response to NAC therapy. This chapter can be considered an update to
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the systematic review we have recently conducted, where the pathophysiological
mechanisms of NAC are considered in-depth (Deepmala et al. 2015).

12.2

Method

All trial designs (both controlled and uncontrolled trials) were considered. A systematic search of PubMed, Ovid MEDLINE, PsycINFO, Google Scholar, CINAHL,
Embase, Scopus, Cochrane, and ERIC databases from the inception through April
2017 uses the search terms “N-Acetylcysteine,” “acetylcysteine,” or “NAC” and
“autism,” “autistic disorder,” “ASD,” “Asperger’s,” “pervasive developmental disorder,” “depressive disorder,” “major depression,” “bipolar disorder,” “mania,” “hypomania,” “psychosis,” “schizophrenia,” “anxiety,” “attention deficit hyperactivity
disorder,” “ADHD,” “obsessive-compulsive disorder,” “OCD,” “trichotillomania,”
“nail biting,” “skin picking,” “impulse control disorder,” “onychophagia,” “skin
picking,” and “excoriation disorder.” The references cited within the identified publications were also searched for additional studies. One reviewer (JS) screened titles
and abstracts of all potentially relevant publications.

12.3

Evidence of Effectiveness of NAC in the Treatment
of Psychiatric Disorders

12.3.1 Anxiety
Anxiety is a trait that is associated with many mental disorders such as depression
and bipolar and eating disorders, and is also involved in many medical disorders as
well. Anxiety disorders occur when excessive fear and anxiety disrupt the ability to
function and are persistent lasting for over 6 months or more. Anxiety is believed to
involve disruptions in the hypothalamic-pituitary-adrenal (HPA) axis signaling
pathway and affects the stress response. Prolonged stress may alter epigenetic regulation (Bartlett et al. 2017) and may be associated with oxidative stress (Boldrini
et al. 2017). As such, NAC has been suggested as a possible therapeutic option in
anxiety-related disorders. Only a case study (Supplementary Table 12.1) has
reported the use of NAC in anxiety (Strawn and Saldana 2012). Thus, the GOR is D
and there are insufficient studies to make a recommendation for the use of NAC in
anxiety.

12.3.2 Attention Deficit Hyperactivity Disorder (ADHD)
ADHD is one of the most prevalent neurodevelopmental disorders characterized by
impulsivity, overactivity, and inattentiveness with an estimated prevalence of 5–7%
in childhood (Willcutt 2012). Research suggests that ADHD arises through genetic
susceptibility interacting with environmental triggers resulting in disruption of
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dopamine, norepinephrine, and glutamate systems in the brain (Warton et al. 2009;
Perlov et al. 2007; Moore et al. 2006; Sagvolden et al. 2005; Viggiano et al. 2003).
More recent studies suggest that oxidative stress and mitochondrial dysfunction
may play a role in the etiology and/or pathophysiology of ADHD (Bonvicini et al.
2017; Avcil et al. 2017; Verma et al. 2016). There is only one controlled trial of NAC
treatment in ADHD (Supplementary Table 12.2) in a patient population with systemic lupus erythematosus (Garcia et al. 2013). Thus, the GOR is C with no recommendations for treatment because of the lack of research and the fact that the only
study published involves an atypical subset of individuals with ADHD.

12.3.3 Autism Spectrum Disorder (ASD)
ASD is a behaviorally defined disorders characterized by deficits in communication
and socialization, along with the presence of restricted interests and/or repetitive
behaviors (APA 2013). It is currently estimated to affect 1 in 65 children in the
United States (CDC 2012). While the etiology of ASD is largely unknown, a growing body of evidence suggests that mitochondrial dysfunction (Rossignol and Frye
2012a, b, 2014; Rose et al. 2017), oxidative stress and abnormalities in redox regulation (Rossignol and Frye 2012b, 2014; Frye and James 2014), immune dysfunction and inflammation (Rossignol and Frye 2012b, 2014), environmental toxicants
(Rossignol and Frye 2012b; Rossignol et al. 2014), and disruption in other metabolic processes (Frye and Rossignol 2016; Frye and Rossignol 2014) including
folate (Frye et al. 2013b, 2016b, c) and cobalamin (Frye et al. 2013a) may be
involved in the pathophysiology of ASD. Attention has focused on interventional
strategies that can target these pathophysiological abnormalities, and some of the
mechanisms of action of NAC involve the aforementioned pathways.
An overall GOR for NAC in ASD is B (Supplementary Table 12.3). This rating
is based on five controlled trials with a total of 3.5 points leading to a 70% positive
rating on controlled trials (Hardan et al. 2012; Ghanizadeh and Moghimi-Sarani
2013; Nikoo et al. 2015; Wink et al. 2016; Dean et al. 2017) and four positive
uncontrolled trials (Ghanizadeh and Derakhshan 2012; Marler et al. 2014; Stutzman
and Dopheide 2015; Celebi 2017) leading to a 100% positive rating on uncontrolled
trials. This resulted in a recommendation of “mixed,” although the large number of
positive trials suggests this is a promising treatment.
Although the most recent controlled trials failed to show improvements on clinical endpoints, the one that measured glutathione metabolism demonstrated NAC
improvement in oxidative stress (Wink et al. 2016). While Hardan et al. (2012) found
NAC to be safe and effective at addressing irritability in children with ASD, other
researchers have looked at NAC to try and improve social abilities in children with
ASD (Dean et al. 2017; Wink et al. 2016). Irritability and aggression appear to be
symptoms that have repeatedly been shown to improve in many of the controlled
(Ghanizadeh and Moghimi-Sarani 2013; Hardan et al. 2012; Nikoo et al. 2015) and
open-labeled (Stutzman and Dopheide 2015; Ghanizadeh and Derakhshan 2012;
Marler et al. 2014) trials, suggesting that these may be key symptoms to
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concentration on future high-quality clinical studies. Interestingly, Two controlled
study specifically looked at the ability of NAC to complement risperidone, a medication primary used to treat irritability and aggression (Nikoo et al. 2015; Ghanizadeh and
Moghimi-Sarani, 2013). One of the negative controlled trials used an unusually low
dose of NAC, raising the question of a significant limitation of the study (Dean et al.
2017). Overall, NAC was very well tolerated in most of the studies. The exception is
the one case report with mild abdominal pain (Ghanizadeh and Derakhshan 2012)
and one controlled study with severe constipation (Hardan et al. 2012). Given that
children with ASD commonly have gastrointestinal symptoms (Buie et al. 2010a;
Buie et al. 2010b), this may have been unrelated to the treatment.

12.3.4 Bipolar Disorder (BD)
BD, sometimes referred to as manic depression, has a lifetime prevalence of 3% in
the general population (Schmitt et al. 2014; Merikangas et al. 2007). Like other
psychiatric disorders, oxidative stress, mitochondrial dysfunction, and immune dysregulation have been implicated in BD (Sigitova et al. 2017; Kantrowitz and Javitt
2010; Anderson et al. 2016; de Sousa et al. 2015; Morris and Berk 2015; Callaly
et al. 2015; de Sousa et al. 2014). NAC has been investigated as a possible adjunct
to standard of care in BD in three high-quality DBPC studies (Berk et al. 2008b;
Berk et al. 2012; Dean et al. 2012; Magalhaes et al. 2011a, b, 2012, 2013; RapadoCastro et al. 2017; Waterdrinker et al. 2015) and one open-label study (Berk et al.
2011a) with the majority of the studies demonstrating that NAC can improve a wide
range of symptoms in DB (Supplementary Table 12.4).

12.3.5 Depressive Disorder
Unfortunately few studies have examined the effect of NAC on major depression
(Supplementary Table 12.5). One high-quality DBPC study demonstrated positive
results on some, but not all, measures (Berk et al. 2014), and NAC has been documented to be beneficial for major depression in an open-label study (Carvalho et al.
2013). This results in a GOR of B with a mixed recommendation for treatment.
Clearly more studies are needed with these promising results.

12.3.6 Impulse-Control Disorders
Several controlled and uncontrolled trials have investigated the usage of NAC in
impulse-control disorders. These will be outlined below (Supplementary Table 12.6).

12.3.6.1 Nail Biting
There has been one low-quality DBPC study on the effect of NAC treatment on nail
biting with positive but inconsistent results (Ghanizadeh et al. 2013) and one case
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series (Berk et al. 2009) and case report (Odlaug and Grant 2007) documenting
positive response to NAC for nail biting. The GOR is a C with mixed recommendations for treatment. Clearly larger controlled trials are needed to see if NAC is helpful in nail biting.

12.3.6.2 Skin Picking
One high-quality DPBC trial demonstrated significant reductions in skin picking
symptoms using NAC at a starting dose of 1200 mg/d and ramping up to 3000 mg/d
in a 12-week trial (Grant et al. 2016). In addition, there is a case report (Grant et al.
2012), case series (Silva-Netto et al. 2014), and open-label trial (Miller and Angulo
2014) documenting the effectiveness of NAC in skin picking. Given this evidence
the GOR for skin picking is B with a yes recommendation for use given the consistently positive results. Still we believe that replication in larger controlled trials is
necessary.
12.3.6.3 Trichotillomania
There is one positive high-quality DBPC study (Grant et al. 2009) as well as one
low-quality negative DBPC study (Bloch et al. 2013) on the use of NAC in trichotillomania (Supplementary Table 12.6). There have also been two case reports (Taylor
and Bhagwandas 2014; Pinto et al. 2017) and two case series (Rodrigues-Barata
et al. 2012; Ozcan and Seckin 2016) documenting the positive effect of NAC treatment on trichotillomania. Thus, the GOR for NAC treatment in trichotillomania is a
B with mixed recommendation for use of NAC to treat trichotillomania in the clinic.
Larger controlled trials are needed to replicate and extend these promising
findings.

12.3.7 Obsessive-Compulsive Disorder (OCD)
OCD is a debilitating disorder characterized by excessive and obtrusive thoughts
and/or ritualistic behaviors (Markarian et al. 2010). Patients with OCD often have
tics, anxiety, depression, and thoughts of suicidal ideation with an increased risk of
suicide (APA 2013). Excessive glutamatergic activity along with altered dopamine
reward system signaling is thought to play a role in the pathophysiology of OCD
and may result in significant oxidative stress (Wu et al. 2012; Ting and Feng 2008;
Chakrabarty et al. 2005; Paydary et al. 2016). Given the significant morbidity that
OCD can cause, along with the limited treatment options, finding safe and effective
treatments is vital. Due to NAC’s roles in oxidative stress, glutamate and dopamine,
the therapeutic benefits of NAC have been investigated in OCD. Three low-quality
DPBC studies have examined the role of NAC treatment in OCD with two of the
studies demonstrating positive outcomes (Afshar et al. 2012; Paydary et al. 2016)
and the third DBPC trial showing positive outcomes initially with the effect diminishing later in the trial (Sarris et al. 2015; Supplementary Table 12.7). There has also
been a case report (Lafleur et al. 2006) and case series (Yazici and Percinel 2015)
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documenting the effectiveness of NAC in OCD. The overall GOR for NAC in OCD
is B due to multiple positive controlled studies with mixed recommendations for
treatment.

12.3.8 Schizophrenia (SZ)
SZ, or schizophrenia spectrum disorders, refers to a group of thought disorders characterized by delusional beliefs, unclear or confused thinking, and auditory and/or
visual hallucinations and generally is classified into positive and/or negative symptoms (APA 2013). Generally speaking, the positive symptoms refer to hallucinations,
while negative symptoms refer to deficits in social motivation and emotional
response/reactivity, anhedonia, cognitive deficits, and deficits in activities of daily
living and impaired quality of life. Prevalence rates seem to affect approximately
1.1% of the US adult population (Messias et al. 2007; NIMH 2016). Emerging
research is showing that oxidative stress, mitochondrial dysfunction, and immune
abnormalities, along with genetic/epigenetic and environmental factors, seem to contribute to the etiopathology of SZ (Monpays et al. 2016; Morris et al. 2016; Nagano
et al. 2015; Li et al. 2015; Morris and Berk 2015; Rajasekaran et al. 2015; Faizi et al.
2014; Assies et al. 2014). There has been one high-quality DBPC (Berk et al. 2008a, b)
and two low-quality DBPC (Farokhnia et al. 2013; Rapado-Castro et al. 2017) studies on the use of NAC for SZ (Supplementary Table 12.8), all of them demonstrating
positive results. However the most recent study examined a wide range of cognitive
function but only found a significant improvement in working memory so this is
considered a mixed positive result (Rapado-Castro et al. 2017). In addition, there is
one case report documenting the beneficial effects of NAC on SZ (Bulut et al. 2009).
The GOR for NAC in SZ is a B with mixed recommendation for treatment. Indeed,
further high-quality clinical trials need to be conducted.

12.4

Summary

NAC appears to be a safe and potentially effective treatment add-on in many psychiatric disorders. The evidence for the effectiveness of NAC in psychiatric disorders is
growing with many clinical trials underway (Table 12.2). Although the recommendation for the clinical use of NAC is stated as mixed for many psychiatric disorders
(Table 12.3), most of the psychiatric disorders with high-quality studies did suggest
effectiveness of NAC for at least some of the symptoms. Future clinical trials may
better focus on the specific symptoms which NAC may address as primarily outcomes
and select subpopulations which may optimally respond to NAC as well as optimizing
dosing of NAC. Future trials will need to carefully consider these factors when designing and executing trials. However, for now, given the excellent safety profile for NAC
in many psychiatric disorders, it may be a prime candidate for a treatment trial for
individuals with psychiatric disorders where primary treatments are suboptimal.
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Table 12.2 Ongoing clinical trials on N-Acetylcysteine for psychiatric disorders
Trial title
N-Acetylcysteine (NAC) for pediatric
obsessive-compulsive disorder
The effect of N-Acetylcysteine on cortical
erosion in early stage schizophrenia
(Breier-Stanley)
Treatment of cognitive and negative symptoms
in schizophrenia with N-Acetylcysteine
(NAC2)
N-Acetylcysteine (NAC) for pediatric
obsessive-compulsive disorder
A new treatment approach for major depressive
disorder based upon targeting monoamine
oxidase A (MAO-A)
“Multimodal prevention of psychosis—a
randomized trial investigating the efficacy of
N-Acetylcysteine (NAC) and integrated
preventive psychological intervention (IPPI) in
subjects clinically at high risk for psychosis”
(ESPRIT-B1)
A feasibility study of N-Acetylcysteine (NAC)
for self-injurious behavior in children with
autism spectrum disorder
The effect of N-Acetylcysteine (NAC) on
inflammatory and oxidative stress biomarkers
A pilot study investigating the efficacy of
minocycline and N-Acetylcysteine for bipolar
depression
Open-label study of N-Acetylcysteine in
children and adolescents 5–17 with bipolar
spectrum disorders
N-Acetylcysteine supplementation in therapy
refractory major depressive disorders
N-Acetylcysteine in the treatment of depressive
symptoms in bipolar offspring
N-Acetylcysteine and aspirin as an adjunctive
treatment for bipolar disorder (SMRI-bipolar)

NCT no.
NCT01172275
NCT01339858

Trial status
The study is ongoing, but
not recruiting participants
This study is ongoing, but
not recruiting participants

NCT02505477

This study is currently
recruiting participants

NCT01172275

This study is ongoing, but
not recruiting participants
This study is currently
recruiting participants

NCT02269540

NCT03149107

This study is not yet open
for participant recruitment

NCT03008889

This study is not yet open
for participant recruitment

NCT02420418

This study is not yet open
for participant recruitment
This study is currently
recruiting participants

NCT02719392

NCT02357290

This study is currently
recruiting participants

NCT02972398

This study is currently
recruiting participants
This study is currently
recruiting participants
Completed. No results

NCT02865629
NCT01797575

Table 12.3 Overall ratings of NAC based on clinical studies presented by condition

Psychiatric
conditions
Anxiety
Attention deficit
hyperactivity
disorder
Autism

Uncontrolled
studies positive
% (positive/
total)
100% (1/1)

100% (4/4)

Controlled
studies
positive %
(positive/
total)
100% (1/1)

Grade of
recommendation
D—SC
C

Recommendation
for treatment
None
None

70% (3.5/5)

B

Mixed
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Table 12.3 (Continued)

Psychiatric
conditions
Bipolar disorder
Depressive
disorder
Impulse-control
disorder—overall
Impulse
control—nail
biting
Impulse
control—skin
picking
Impulse
control—
trichotillomania
Obsessivecompulsive
disorder
Schizophrenia

Uncontrolled
studies positive
% (positive/
total)
100% (1/1)
100% (1/1)

Controlled
studies
positive %
(positive/
total)
66% (2/3)
50% (0.5/1)

Grade of
recommendation
A
B

Recommendation
for treatment
Mixed
Mixed

100% (12/12)

63% (2.5/4)

B

Mixed

100% (2/2)

50% (0.5/1)

C

Mixed

100% (4/4)

100% (1/1)

B

Yes

100% (6/6)

50% (1/2)

B

Mixed

66% (2/3)

B

Mixed

83% (2.5/3)

B

Mixed

75% (1.5/2)

100% (1/1)

SC single case report
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13.1

Introduction

Substance use disorders (SUDs) and addictive behaviors constitute a global health
concern, with significant societal costs in health care, crime, and productivity.
Recent estimates totaled by the United States (US) National Institute on Drug Abuse
(NIDA) for the total costs of SUDs in the USA alone surpassed $700 billion (Centers
for Disease Control and Prevention 2016; National Institute on Drug Abuse 2017;
National Drug Intelligence Center 2011; US Department of Health and Human
Services 2014). It is therefore overwhelmingly beneficial to examine the ability of
pharmacotherapies to reduce the use of drugs of abuse and addictive behaviors.

13.2

N-Acetylcysteine as a Potential Treatment for Addiction

There are several advantages for the potential use of NAC to treat SUDs and addictive behaviors. NAC is cost-effective and readily available and has a favorable safety
profile. NAC received approval from the Food and Drug Administration (FDA) in
1963 as a mucolytic and still is used clinically as a mucolytic agent for bronchopulmonary disorders (Grandjean et al. 2000) and in the treatment of chronic obstructive
pulmonary disease (COPD) (Repine et al. 1997). It is also used as an oral or
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intravenous antidote to treat acetaminophen poisoning (Smilkstein et al. 1988).
NAC has a long history of safe use in both adults and children and is commonly
available at retail nutritional supplement stores. However, while supplies are readily
available, bioavailability is low, ranging from 4% to 10% with oral dosing
(Borgström et al. 1986; Olsson et al. 1988; McClure et al. 2014), and thus large
doses must be taken when delivered orally.

13.3

Modulation of Glutamate Neurotransmission by
N-Acetylcysteine

Preclinical and clinical works have become increasingly focused in recent years on
a glutamatergic cystine prodrug, NAC, and its potential therapeutic use against
addiction has been extensively reviewed (Gass and Olive 2008; Olive et al. 2012;
Asevedo et al. 2014; McClure et al. 2014; Deepmala et al. 2015; Roberts-Wolfe and
Kalivas 2015; Minarini et al. 2016; Sherman and McRae-Clark 2016). This chapter
will provide a brief background on NAC’s potential as a pharmacotherapeutic treatment and examine the clinical literature on NAC in the treatment of addiction.
NAC’s hypothesized mechanism of action as an addiction pharmacotherapy is
tied to the glutamate homeostasis hypothesis of addiction (Kalivas 2009), where
glutamate signaling within the mesocorticolimbic reward system has been disrupted. For a detailed discussion of the glutamate neurotransmitter system and the
effect of NAC on glutamate neurotransmission, see Chap. 2 “Neurotransmitter
Systems: Glutamate”. However, the involvement of the glutamate system in addiction will be reviewed here.
In a drug naïve state, glutamate is released by corticostriatal fibers onto medium
spiny neurons of the nucleus accumbens where it binds to postsynaptic receptors
(reviewed by Scofield and Kalivas (2014)). Nearby glia are responsible for absorption of glutamate surrounding the synapse, clearing excess excitatory neurotransmitter, primarily through the glutamate transporter GLT-1 (Williams et al. 2005).
Glutamate is also released from glia via the cystine-glutamate exchanger system
Xc- (containing the catalytic subunit xCT, a potential pharmacotherapeutic target),
which transports cystine into glial cells in exchange for outward transport of glutamate (Malarkey and Parpura 2008). After outward transport, glutamate can bind to
presynaptic metabotropic glutamate receptors (mGluRs) (Moussawi and Kalivas
2010). These 2/3 subunit mGluRs provide inhibitory feedback on the presynaptic
terminal, limiting synaptic glutamate release.
In the dysregulated synaptic environment of the nucleus accumbens in the
addicted brain, there are multitudes of drug-induced alterations that potentially
influence glutamate transmission. Most notable among them are reductions in levels
of GLT-1 (Knackstedt et al. 2009, 2010; Rao and Sari 2012; Gipson et al. 2013) and
the catalytic subunit of Xc- (Pierce et al. 1996; Baker et al. 2003a; Berglind et al.
2009). These reductions in glial-mediated glutamate uptake lead to an increase of
extrasynaptic glutamate, which activates N-methyl-d-aspartate (NMDA) receptors
on postsynaptic dendritic spines resulting in an increase in relapse vulnerability
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(Gipson et al. 2013, 2014; Shen et al. 2014) and decreases presynaptic inhibitory
mGluR2/3 tone. Without normal inhibitory feedback, excess glutamate is released
from the presynaptic terminal, further derailing normal glutamate homeostasis
(Knackstedt et al. 2010).
NAC has seen significant preclinical investigation as a potential addiction pharmacotherapy based on its interaction with the Xc- system. NAC is de-acetylated to
form the amino acid cysteine and then oxidized to cystine, whereupon it is transported into glia in exchange for glutamate. It is this glia-released glutamate that
provides inhibitory feedback on mGluR2/3 presynaptic receptors (Kalivas et al.
2005), thereby limiting the synaptic release of glutamate into the synapse. In slice
electrophysiology studies, it has been shown that introducing NAC at low concentrations reduces postsynaptic glutamatergic currents through the presynaptic
mGluR2/3 mechanism. However, at higher concentrations of NAC, these same currents are potentiated through the mGluR5 pathway (Kupchik et al. 2012). In addition to increased activation of xCT and GLT-1, NAC has been shown to increase
expression of both transporters (Baker et al. 2003b), helping to restore glutamatergic homeostasis.

13.4

Methods

Exhaustive online literature searches of broad search terms include “clinical,” “addiction,” or specific substance use disorder—“cocaine,” “cannabis,” “marijuana,”
“methamphetamine,” “nicotine,” “tobacco,” and “gambling.” Where possible, filters
were set on the search to limit to studies in humans and only clinical trials. We also
searched the references cited in the identified publications for additional studies. One
reviewer screened titles and abstracts of all potentially relevant publications.

13.5

Treatment Studies of Addiction with N-Acetylcysteine

This section will review the clinical treatment studies of addiction to cannabis,
cocaine, methamphetamine, nicotine, and gambling disorder using NAC (Table 13.1)
(See Online Tables 13.1, 13.2, 13.3, 13.4, and 13.5 for summary of studies).

13.5.1 NAC and Cocaine Use Disorder
Preclinical research using rodent self-administration of cocaine has yielded promising results for the ability of NAC to reduce cocaine-seeking behavior, cocaine
intake, and cocaine-induced behavioral sensitization (Baker et al. 2003b; Madayag
et al. 2007; Moussawi et al. 2009; Amen et al. 2011; Moussawi et al. 2011; Reichel
et al. 2011; Murray et al. 2012; Reissner et al. 2015). Importantly, these preclinical
works have supported the underlying hypothesis of imbalances in glutamatergic
signaling within the nucleus accumbens as a driver of addictive behaviors.
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The majority of clinical research thus far examining NAC’s therapeutic effects
on addictive behaviors has been conducted with cocaine (Online Table 13.1). Initial
clinical work on the treatment of cocaine use disorder with NAC was published in
2006 and utilized a double-blind, placebo-controlled, within-subject, inpatient
study design to assess the safety and tolerability of NAC in adults with cocaine
dependence confirmed by the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV; First et al. 1994). Thirteen subjects reported
significant decreases in cocaine-related withdrawal symptoms, reduced cravings,
and less cocaine use for 1 week following the inpatient phase and NAC dosing
(LaRowe et al. 2006). A follow-up study containing a portion of LaRowe et al.
(2006) subjects investigated NAC’s effectiveness on cue-induced craving and demonstrated a reduced desire in adults to use cocaine when in the presence of cocainerelated cues, a reduced interest evoked by viewing cues, and a decrease in time the
cues were viewed (LaRowe et al. 2007). NAC also significantly decreased reported
craving following cocaine injection in a single-blind study but had no effects on the
euphoric components (sensations of the “rush” and “high”) of cocaine use (Amen
et al. 2011). An open-label trial of NAC among cocaine users showed a reduction in
biochemically confirmed cocaine use (Mardikian et al. 2007). Lastly, a large double-blind, placebo-controlled, randomized clinical trial study of NAC intervention
failed to show a reduction in active cocaine use (LaRowe et al. 2013). Interestingly
in this study, when examining only subjects abstinent from cocaine at the start of the
trial, NAC seemed to increase the time to relapse and reduced craving, consistent
with previous studies, though this study was not powered to find that effect. This
finding suggests that NAC may be more effective at preventing psychostimulant
relapse than promoting initial cessation, but that has yet to be directly tested.
There has been one clinical study to image glutamate concentration in the dorsal
anterior cingulate cortex (dACC) of 22 human subjects (8 cocaine-dependent, 14
healthy) using proton magnetic resonance spectroscopy after a single dose of NAC
(Schmaal et al. 2012). This open-label, randomized, crossover study demonstrated significantly higher baseline levels of glutamate in the dACC of the cocaine-dependent
subjects. Administration of NAC reduced glutamate levels of the cocaine-dependent
subjects, while no effect was seen in healthy controls. Impulsivity was recorded using
the Barratt Impulsiveness Scale and compared to glutamate levels: higher baseline levels of glutamate were associated with exhibited higher impulsivity. Furthermore, both
higher impulsivity and higher glutamate levels were predictive of a reduction in glutamate levels in response to NAC treatment. This study is therefore illustrative of NAC’s
capabilities to address imbalance in glutamate homeostasis and clinical potential.

13.5.2 NAC and Cannabis Use Disorder
Similar to cocaine, there are no FDA-approved pharmacotherapies for cannabis use
disorder, though clinical work has also explored NAC as a candidate pharmacotherapeutic agent (Online Table 13.2). There is a notable dearth of preclinical work
specifically investigating the effects of NAC on cannabis administration. However,
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due to NAC’s hypothesized mechanism of action and considerable preclinical success for other drugs of abuse, NAC has been investigated clinically for cannabis use
disorders.
An open-label study by Gray and colleagues tested NAC’s efficacy among adolescents and young adults, reporting a decrease in self-reported cannabis use
throughout the duration of the study and a significant reduction in certain constructs
of cannabis craving, but no difference was seen in urine cannabinoid tests (Gray
et al. 2010). Gray and colleagues (Gray et al. 2012) conducted a double-blind, randomized, placebo-controlled trial of NAC, in addition to a behavioral platform to
promote abstinence, in cannabis-dependent adolescents, and found that participants
receiving NAC had more than twice the odds of a negative urine cannabinoid test
compared to those who received placebo. In a secondary analysis from that clinical
trial, Roten and colleagues (Roten et al. 2013) examined cannabis craving changes
among participants treated with NAC and found no treatment effect compared to
placebo using the Marijuana Craving Questionnaire (MCQ; Heishman et al. 2001),
though a decrease in craving was seen over time for both groups. This is potentially
indicative of NAC’s cessation effects being due to another mechanism and not
through craving as initially hypothesized.

13.5.3 NAC and Methamphetamine Use Disorder
As with cannabis, there has been no published preclinical research on the effectiveness of NAC in reducing methamphetamine administration or reinstatement.
Regardless, NAC has been explored in clinical research for methamphetamine use
(Online Table 13.3), which also currently lacks any FDA-approved pharmacotherapies. Grant and colleagues (Grant et al. 2010) examined a combination of NAC and
naltrexone on methamphetamine cravings. Adult men and women were tested in a
double-blind, placebo-controlled study where NAC treatment also included a minimum of 50 mg/day of naltrexone. Cravings were measured using a modified Penn
Craving Scale (PCS) (Flannery et al. 1999), with additional measurement of selfreported methamphetamine use, urine tests, and tests for illness severity, depression, anxiety, disability, and quality of life at various study time points. Participants
on treatment showed no significant difference in cravings or drug use frequency nor
any differences in other measured clinical characteristics as compared to placebo. A
second study on methamphetamine use disorder utilized a double-blind, crossover
design to examine craving (through a cocaine craving scale) (Mousavi et al. 2015).
NAC treatment significantly reduced methamphetamine craving, counter to the
study discussed previously.

13.5.4 NAC and Tobacco Use Disorder
NAC as a treatment for tobacco use disorder has seen considerable increase over the
last decade for both preclinical and clinical research (Online Table 13.4). Preclinical
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research using rodent models of nicotine self-administration has shown that chronic
NAC administration inhibits nicotine-seeking and transient increases in synaptic
plasticity within the nucleus accumbens (Gipson et al. 2015). Additionally, acute
NAC administration has proven effective at reducing nicotine self-administration
without altering motivation for food responding (Ramirez-Niño et al. 2013). NAC
therefore has a high potential of effectiveness at treating nicotine addiction in a
clinical setting.
A study of 33 healthy individuals attempting to quit smoking measured cigarette
craving, withdrawal, and biochemical verification of smoking (through breath carbon monoxide [CO]). Daily oral treatment with 2400 mg NAC yielded no differences in any measurements, though a trend toward fewer cigarettes smoked per day
did occur (Knackstedt et al. 2009). In a study of 23 young adults asked to refrain
from smoking during a 4-day double-blind, placebo-controlled study, 3600 mg/day
NAC produced no difference in nicotine craving but did reduce withdrawal scores
and measures of the rewarding properties of the first cigarette posttreatment
(Schmaal et al. 2011). Another study tested open-label NAC in combination with
the α4β2 nicotinic receptor antagonist varenicline (Chantix®) in daily cigarette
smokers and found a reduction in cigarettes smoked per day and decreases in craving and smoking reward, as well as safety and tolerability of this combination pharmacotherapy (McClure et al. 2015). A study from Prado and colleagues (Prado et al.
2015) investigated smoking cessation in 34 tobacco-dependent patients, analyzing
the number of cigarettes smoked, exhaled CO, depression severity, and occupational, social, and familial disability according to the Sheehan Disability Scale
(Leon et al. 1997). All ratings were made at baseline and 4, 8, and 12 weeks postbaseline. All treatment administration was double-blinded and placebo-controlled
and simultaneous with monthly group behavioral therapy. NAC patients received
3000 mg/day in two daily doses. NAC treatment resulted in a significant reduction
in cigarette consumption at 12 weeks. Furthermore, at 12 weeks NAC significantly
decreased exhaled CO, depression severity, and all disability scores on the Sheehan
Disability Scale. Finally, a study investigating the effects of NAC on cannabis
smoking also examined NAC’s effects on the subset of the study population who
smoked cigarettes (McClure et al. 2014). NAC did not alter the number of cigarettes
smoked per day in this subpopulation, and co-consumption of nicotine had no
apparent effects on cannabis abstinence, though there was a reported trend toward
poorer cannabis outcomes for cigarette smokers vs. non-smokers.
There has been one clinical imaging study using functional magnetic resonance
imaging (fMRI) to investigate NAC’s effects on the frontostriatal resting-state functional connectivity (rsFC) on nicotine withdrawal symptoms (Froeliger et al. 2015).
As chronic drug use is thought to produce alterations in synaptic plasticity, the
investigation of systems-level functional connectivity between the prefrontal cortex
and the striatum could provide significant evidence for NAC’s ability to treat disruptions in glutamate homeostasis. In a double-blind, randomized, placebo-controlled
study of 16 adult nicotine-dependent subjects, 2400 mg/day NAC increased rates of
abstinence, reduced reported craving, and demonstrated increased rsFC compared
to placebo. These results are similar to the previous imaging study reported for
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NAC’s treatment effects on cocaine dependence (Schmaal et al. 2012), suggesting
NAC does indeed help to restore regular glutamate homeostasis and signaling.
Studies of NAC for tobacco use disorder have also been conducted with patient
populations with co-occurring psychiatric disorders. In one study assessing tobacco
use and gambling, NAC augmented behavioral therapy after 6 weeks of treatment in
a double-blind, placebo-controlled study of 28 adults. Nicotine dependence scores
reduced during the treatment period but returned to baseline at the 3-month followup (Grant et al. 2014). Another study on the efficacy of NAC on tobacco, alcohol,
and caffeine use in patients with bipolar disorder demonstrated significant decreases
in caffeine consumption at one time point, but no effect on tobacco use (Bernardo
et al. 2009).

13.5.5 NAC and Gambling Disorder
In addition to SUDs, the DSM-5 lists gambling disorder as similar to drugs of
abuse in regard to the activation of the brain reward system and symptom overlap
(American Psychiatric Association 2013). NAC, which has been shown to influence intake of other drugs of abuse, therefore has potential as a treatment option for
gambling disorder (Online Table 13.5). Grant and colleagues (Grant et al. 2007)
utilized NAC in an 8–12-week open-label trial, after which subjects transitioned to
a 6-week double-blind, placebo-controlled study. The Yale-Brown Obsessive
Compulsive Scale Modified for Pathological Gambling (PG-YBOCS; Grant et al.
2004), Gambling Symptom Assessment Scale (G-SAS; Kim et al. 2001), Clinical
Global Impression—Improvement and Severity scales (Guy 1976), Sheehan
Disability Scores (Sheehan 1983), and Hamilton Depression and Anxiety Rating
Scales (Hamilton 1959, 1960) were utilized as reporters. At the end of the openlabel phase of the trials, NAC treatment reduced PG-YBOCS scores, greater than
half of subjects listed CGI-improvement scores of “much” to “very much
improved,” and level of functioning, quality of life, depressive symptoms, and
anxiety symptoms all improved, though not to significant levels. The doubleblinded portion of the trials showed a statistical trend toward a prolonged response
to NAC, indicative of NAC’s effectiveness compared to placebo. In a study reported
previously for nicotine treatment, double-blind, placebo-controlled administration
of 1200–3000 mg/day NAC concurrent with psychosocial intervention showed significant benefits on measures of problem gambling severity after 3 months posttreatment (Grant et al. 2014).

13.6

Tolerability and Safety of NAC

Across multiple studies for several different addictive pathologies, little to no serious adverse events have been reported for NAC. A total of 8 of the 20 studies discussed here report no adverse events. Of the remaining 12, the most commonly
reported adverse events include pruritus, headache, gastrointestinal issues including
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flatulence, diarrhea, and abdominal cramps, dizziness, and elevated blood pressure.
One study reported vivid dreams, while another reported insomnia. Dosing for the
studies discussed here ranged from 1000 to 3600 mg NAC per day, with consistent
use for up to 24 weeks for one study (Bernardo et al. 2009). Most studies were 4 and
12 weeks in duration. This prolonged duration of use also speaks to tolerability
profile of NAC. Additionally, NAC does not require a dose induction period to reach
the goal dose of medication, which can be started immediately with little issue. In
sum, NAC profiles as safe and tolerable for the treatment of addiction and general
use, consistent with its availability at many health-focused retail stores.

13.7

Limitations and Future Directions of NAC in the Clinic

In summary, NAC has seen considerable use as a clinical treatment for substance
use disorders across several different substances and addiction behaviors with some
important successes. NAC has had mixed efficacy in terms of cessation outcomes.
Based on preclinical work, NAC may be successful as a relapse prevention pharmacotherapeutic, as it is able to restore balance to the glutamatergic system that is
targeted by drugs of abuse. Limited success as a cessation treatment may indicate
that its effectiveness is potentially limited to those who have already achieved some
initial measure of success to stop drug use.
In addition to NAC’s use to treat addiction and addictive-like behaviors, NAC
has also seen use for a variety of other psychiatric disorders, as reviewed by
Deepmala and colleagues and Berk and colleagues (Berk et al. 2013; Deepmala
et al. 2015). These include Alzheimer’s disease, amyotrophic lateral sclerosis
(ALS), autism spectrum disorders, epilepsy, neuropathy, and schizophrenia, among
others. Results from these psychiatric and neurological disorder studies have been
mixed, though it is speculated that NAC’s effects on multiple metabolic pathways
could explain why some clinical results are positive and some negative (Deepmala
et al. 2015). Additional investigation is necessary to acquire a better understanding
of NAC’s viability as a treatment option for a broad spectrum of disease and disorder. Further preclinical investigation of NAC is necessary and ongoing as well, with
emphasis on translating NAC’s preclinical effectiveness for both alcohol and opioid
addiction to the clinic. Efforts should be made to better understand the mixed results
from the clinical literature to determine the populations for which NAC will serve
as an efficacious pharmacotherapy. NAC has been shown to produce positive outcomes in rodents for both alcohol (Ozaras et al. 2003; Seiva et al. 2009, 2009) and
opioids (Zhou and Kalivas 2008), but neither has been tested in clinical populations.
The promise of NAC seen with other drugs of abuse highlights the need to expand
testing in these instances and has been promoted as such in a review by Holmes
et al. (Holmes et al. 2013). Recently, a study investigating NAC’s effects on shortand long-term access to cocaine in rodents indicated no effect on either escalation
of cocaine self-administration or the overall motivation for cocaine (Ducret et al.
2015). However, treatment with NAC promoted cessation of intake in long-access
animals when self-administration was paired with contingent foot shocks, indicative
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of a reduction in compulsivity, and NAC also reduced consumption and increased
latency upon returning to a non-punished schedule. Furthermore, Ducret and colleagues utilized a lower, more human-relevant dose of NAC [60 mg/kg] than most
preclinical studies employ. This study therefore underscores the importance of treatment regimen with NAC as seen with previous clinical studies, as animals receiving
chronic NAC did not fail to elevate cocaine intake upon starting longer access regimens, but did still alter the neurobiology thought to underlie one potential addiction
mechanism. Therefore, NAC treatment during non-abstinent periods may be ineffective at promoting long-term abstinence (Gipson 2016).
Further research into other glial modulators has demonstrated promising results
similar to NAC (see reviews by Cooper et al. (2012) and Scofield and Kalivas (2014)).
For example, propentofylline (PPF), an atypical methylxanthine derivative, is known
as a neuroprotective compound (Sweitzer and De Leo 2011) shown to increase expression of GLT-1 following spinal cord injury in mice (Tawfik et al. 2008). In preclinical
tests of PPF in cocaine-administering rats, daily treatment reduced reinstatement
through a GLT-1-dependent mechanism (Reissner et al. 2014). Furthermore, acute
intraperitoneal injection of PPF suppressed conditioned place preference for methamphetamine and morphine in mice, indicative of a potential role for glial cells in the
rewarding properties of both drugs (Narita et al. 2006). Another glial modulator, ibudilast [AV411], has been investigated as it shares similar phosphodiesterase inhibitor
properties to PPF (see review by Rolan et al. (2009). Ibudilast has also demonstrated
significant effects on methamphetamine consumption, locomotion, sensitization, and
reinstatement (Beardsley et al. 2010; Snider et al. 2012), ethanol consumption (Bell
et al. 2015), and morphine-induced neurobiological alterations and conditioned place
preference (Rolan et al. 2009; Schwarz and Bilbo 2013). In sum, glial modulation
represents an exciting research avenue to explore for the reduction of substance use
disorders in both the preclinical and clinical fields.
In sum, clinical investigation of NAC’s potential as a pharmacotherapeutic treatment of SUDs has shown variable success across drugs, and clinical studies are
ongoing (Table 13.2). Controlled studies of NAC in cocaine use disorder and cannabis use disorder have had 50% or greater positive outcomes (Table 13.3).
Table 13.1 Summary of NAC mechanisms of action across different substance use and addictive
disorders
Substance use or
addictive disorder
Cocaine use
disorder
Cannabis use
disorder
Methamphetamine
use disorder
Tobacco use
disorder
Gambling disorder

Mechanism of N-Acetylcysteine (NAC)
NAC is thought to restore the balance of glutamate within the
mesocorticolimbic reward system typically disrupted by drugs of abuse.
Notably, expression levels of the astroglial glutamate transporter GLT-1
are reduced (Knackstedt et al. 2009, 2010; Rao and Sari 2012; Gipson
et al. 2013) along with reductions in the catalytic subunit of Xc- (Pierce
et al. 1996; Baker et al. 2003a; Berglind et al. 2009). It is thought that
NAC, de-acetylated and oxidized into cystine, will activate Xc- and
cause glial glutamate release onto inhibitory mGluRs located on
presynaptic terminals (Kalivas et al. 2005), reducing further glutamate
release onto postsynaptic receptors
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Table 13.2 Ongoing clinical trials on N-Acetylcysteine for addiction
Trial title
Effects of N-Acetylcysteine on brain chemistry and
behavior in cocaine abusers (NAC)
Glutamate-glutamine cycling (VCYC) during cocaine
abstinence using 13C-MRS
Neurobiological adaptations and pharmacological
interventions in cocaine addiction
N-Acetylcysteine for tobacco use disorder
Clinical trial for alcohol use disorder and posttraumatic stress disorder (PTSD)
Efficacy of N-Acetylcysteine in bipolar disorder and
tobacco use disorder (NACBD)
Achieving cannabis cessation-evaluating
N-Acetylcysteine treatment (ACCENT)

NCT #
NCT01392092

Trial status
Recruiting

NCT02124941

Recruiting

NCT02626494

Recruiting

NCT02737358
NCT02966873

Recruiting
Recruiting

NCT02252341

Recruiting

NCT01675661

Completed. No
results posted

Table 13.3 Overall ratings of NAC based on clinical studies presented by condition

Substance use or
addictive disorder
Cocaine use
disorder
Cannabis use
disorder
Methamphetamine
use disorder
Tobacco use
disorder
Gambling disorder

Grade of
recommendation
B

Recommendation
for treatment
Mixed

50% (0.5/1)

Controlled
studies
positive%
(positive/
total)
62.5%
(2.5/4)
50% (0.5/1)

B

None

–

25% (0.5/2)

B

None

50% (0.5/1)

50% (3/6)

B

Mixed

100% (1/1)

25% (0.5/2)

B

None

Uncontrolled
studies
positive%
(positive/total)
100% (1/1)

Controlled studies of methamphetamine use disorder, tobacco use disorder, and
gambling disorder have had less than 50% positive outcomes (but no less than 25%),
though the literature remains sparse for some drugs. All uncontrolled studies yielded
greater than or equal to 50% positive outcomes. It is therefore necessary to continue
investigation of NAC’s efficacy as a SUD treatment option. Of particular interest is
examination of NAC’s apparent differential effects in cessation vs. relapse and how
administration timing alters NAC’s impact.
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14.1

Introduction

Kidney disease is a prevalent and growing medical problem, affecting more than 20
million people in the United States. Early kidney disease can be silent with symptoms arising only many years after disease has started. Many chronic diseases,
including diabetes, high blood pressure, autoimmune disease and vascular diseases,
just to name a few, can cause secondary injury to the kidney. Alternatively, the kidneys can be acutely damaged from infection, trauma, or iatrogenic causes. The
treatments for kidney disease, which include chronic dialysis and kidney transplant,
are less than optimal, making the prevention of kidney disease extremely
important.
One of the first studies using N-Acetylcysteine (NAC) in kidney disease was
using it as an adjunct to dialysis for removing homocysteine (Bostom et al. 1996).
This study demonstrated that NAC did lower homocysteine in general but did not
augment clinical outcomes of dialysis. It was not until the 2000s that NAC was
again seriously investigated in its use in kidney disease. NAC has been extensively
investigated as a preventive treatment for iatrogenic kidney injury, particularly when
using radiological contrast agents. Other clinical studies have included its utility in
both chronic and acute kidney diseases. This chapter will review the evidence for
the use of NAC for these indications.
The proposed pathophysiological mechanisms of NAC are discussed in detail
in separate chapters. There are several pathophysiological mechanisms that
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have undergone investigation in renal disease. Improvement in oxidative stress
has been studied in the context of radiological contrast exposure (Saitoh et al.
2011; Thiele et al. 2010; Buyukhatipoglu et al. 2010; Sandhu et al. 2006; Drager
et al. 2004; Efrati et al. 2003), hemodialysis (HD) (Swarnalatha et al. 2010;
Trimarchi et al. 2003; Thaha et al. 2008; Hsu et al. 2010; Shahbazian et al.
2016), and peritoneal dialysis (PD) (Nascimento et al. 2010). The ability of
NAC to prevent tubular injury has been studied in radiological contrast exposure
(Drager et al. 2004; Levin et al. 2007) and to improve tubular function has been
studied in patient with end-stage renal disease (ESRD) (Moist et al. 2010). The
ability of NAC to improve endothelial function has been studied in ESRD
(Scholze et al. 2004; Wittstock et al. 2009; Renke et al. 2010), HD patients
(Sahin et al. 2007; Swarnalatha et al. 2010), and patients exposed to radiological
contrast (Efrati et al. 2003). Lastly, modulation of immune system function has
been studied in PD (Purwanto and Prasetyo 2012; Nascimento et al. 2010) and
HD (Swarnalatha et al. 2010; Saddadi et al. 2014). Table 14.1 outlined the conditions in which NAC has been investigated and the proposed mechanism of
action for each condition.

Table 14.1 Summary of proposed NAC mechanisms of action across different renal disorders
Renal disorder
Protection against kidney injury
from radiological contrast

Protection against kidney injury
from amphotericin B
Kidney transplant
Aortic aneurysm repair
Prolonged hypotension
Hematopoietic stem cell
transplantation
Cardiorenal syndrome
Acute pyelonephritis
Dialysis

Homocysteine reduction
End stage renal disease

Proposed mechanism of N-Acetylcysteine (NAC)
Antioxidant effect by free-radical scavenging and
increased levels of glutathione (Saitoh et al. 2011)
Preventing tubular injury (Drager et al. 2004)
Increase nitric oxide (Efrati et al. 2003)
Prevention of renal tubular damage (Adderson et al. 1991)
Prevention of ischemia-reperfusion injury (Orban et al.
2015)
Prevention of ischemia-reperfusion injury (Orban et al.
2015)
Antioxidant and anti-inflammatory effects counteract
pathophysiology of shock states (Komisarof et al. 2007)
Antioxidant and anti-inflammatory effect (Ataei et al.
2015)
Preventing oxidative stress and endothelial dysfunction
(Camuglia et al. 2013)
Decreased inflammation (Allameh et al. 2015)
Reduction in oxidative stress (Trimarchi et al. 2003)
Inflammation (Saddadi et al. 2014)
Improving endothelial function (Scholze et al. 2004)
Increase the acid-soluble homocysteine fraction (Bostom
et al. 1996)
Improving endothelial function (Sahin et al. 2007)
Improving tubular function (Moist et al. 2010)
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Methods

A systematic online literature search to identify all clinical trials using NAC using
the filters “human” and “clinical trials.” From these the author screened titles and
abstracts of all potentially relevant publications.

14.3

NAC in the Prevention of Iatrogenic Induced Renal
Disorders

14.3.1 Protection Against Kidney Injury from Radiological
Contrast Agents
Contrast-induced nephropathy (CIN), defined as an acute decline in renal function
after the administration of intravenous contrast in the absence of other causes, is the
third leading cause of acute renal failure in hospitalized patients behind hypotension
and surgery complications. Radiological contrast is used in many settings and NAC
is provided through several routes (oral, intravenous, combined) and at various
doses. This chapter is divided into several parts, including the use of NAC with
Computed Tomography (CT) imaging and during angiography. Most of the studies
concentrate on patient at risk for developing CIN while a few studies have included
patient without risk factors in order to systematically examine risk factors on CIN.

14.3.1.1 Contrast Agents Using Computed Tomography
Seven studies have looked at NAC for the prevention of CIN in older adults at risk
for CIN because of medical conditions undergoing CT (Online Table 14.1). Four of
the studies were done in the emergency department (ED) setting while the other
three studies were in non-emergent settings.
The earliest first two studies in the ED were promising. In one of the first studies
Poletti et al. (2007) measured serum creatinine (Cr) and cystatin C (CyC) before and
2 and 4 days after iodine contrast media- enhanced CT imaging in 87 patients with
renal insufficiency (RI) (Poletti et al. 2007). CIN was defined as a 25% or greater
increase in Cr or CyC. 900 mg of intravenous (IV) NAC given 1 h before and immediately following contrast injection as compared to only IV fluids (IVF) reduced the
percentage of patients with Cr defined CIN (hydration 21% vs NAC 5%) but not
CyC defined CIN. In the next study, Hsu et al. (2012) prospectively studied ED
patients undergoing abdominal or chest contrast-enhanced CT (Hsu et al. 2012).
Many patients had risk factors including hypertension, diabetes mellitus (DM), or
RI. Patients who agreed to participate in the study received NAC and those who did
not agree to be in the study received treatment as usual (TAU) and were considered
a control group. Those who received NAC were matched to randomly selected controls based on age and their pre-contrast Cr. 600 mg IV NAC before CT imaging
was found to decrease the odds of CIN but not all-cause mortality or the need for
temporary hemodialysis.
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Following these first two promising studies, two additional studies were conducted with much higher doses of NAC and with populations that had relatively
more women. Poletti et al. (2013) studied patient with RI undergoing a contrastenhanced CT (Poletti et al. 2013). 6 g IV NAC 1 h prior to CT in addition to IVF did
not decrease the incidence of CIN as indexes by change in CyC and/or Cr. Traub
et al. (2013) enrolled adults with risk factors undergoing contrast-enhanced chest,
abdominal, or pelvic CT in the ED. NAC was given as 3 g IV 30 min before the CT
and 200 mg/h IV for a minimum of 2 h but up to 15 h (Traub et al. 2013). Placebo
patients received analogous treatment of normal saline. The data safety and monitoring board terminated the study early because of futility. NAC treatment did not
decrease the incidence of CIN but there were no adverse effects (AEs) of NAC
either. This study found that a greater volume of IVF significantly decreased the risk
of CIN. Thus, overall it is not clear whether these later studies were negative because
of the much higher dose of NAC used, the relatively greater number of women, or
the non-standard fluid regime used. Clearly, further research is needed.
Three studies examined the ability of NAC to protect against renal injury in nonemergent CT setting. Kitzler et al. (2012) conducted a three-arm relatively small
double-blind placebo-controlled (DBPC) study that found no difference between
the NAC, vitamin E, and placebo treatments with respect to the incidence of CIN or
the change in Cr or Creatinine Clearance (CCl) (Kitzler et al. 2012). However, in a
larger study, Tepel et al. (2000) found that NAC significantly reduced the incidence
of CIN (NAC 2% vs 21%) in 83 patients with RI (Tepel et al. 2000), while Sar et al.
(2010) demonstrated that NAC resulted in a more favorable change in Cr in 45 type
2 DM patients without RI (Sar et al. 2010). Since the one study that was negative
was rather small, given the positive evidence of the other two studies the recommendations for NAC are positive for non-emergent CT imaging with contrast.
Thus, overall, there is clearly some high-quality studies that have examined
whether NAC is protective for CIN but the findings remain mixed when considering
the results of the various clinical trials. Clearly more research is needed to help
clarify the optimal protocol for using NAC during CT imaging with contrast. Thus,
the recommendations remain overall mixed for CT imaging with contrast as it
appears the efficacy of NAC may depend on the protocol used.

14.3.1.2 Contrast Agents in Angiography
Studies investigating the renal protective effect of NAC during angiography
have used various protocols, including oral (Online Table 14.2) and IV (Online
Table 14.3) administration routes. In addition, NAC protocols have been compared
(Online Table 14.4) and NAC treatment has been compared to other treatments for
the prevention of CIN (Online Table 14.5). Each of these various approaches to
studying NAC will be discussed separately.
Oral NAC
Based on the physiological data and successful clinical trial of NAC in contrast CT
(Tepel et al. 2000), a small clinical trial was conducted to determine if NAC may be
helpful during angiography in patient with RI (Diaz-Sandoval et al. 2002). Owing
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to the success of this pilot study, many other clinical trials were conducted particular
on patients believed to at high risk of CIN due to RI. Early follow-up studies were
encouraging. Several studies demonstrated that oral NAC reduced the incidence of
CIN in patients with RI undergoing coronary angiography (CAG) with or without
percutaneous intervention (PCI) (Shyu et al. 2002; Kay et al. 2003; Ochoa et al.
2004; Miner et al. 2004; Briguori et al. 2004; Marenzi et al. 2006). Briguori et al.
(2002) found that NAC decreased the overall incidence of CIN in patients with RI
in which a low volume of contrast was used but not those in which a high contrast
volume was used (Briguori et al. 2002).
Several of these studies that examined the change in renal function indices,
including Cr and/or CCl, demonstrated that NAC improved renal function while
renal function worsened in the control group, with this difference significant
between groups. Two other studies that examined indices of renal function rather
than CIN also demonstrated this positive effect of NAC (Efrati et al. 2003; Drager
et al. 2004). One study demonstrated the positive effect of NAC on renal indices but
did not show a significant change in the incidence of CIN (Balderramo et al. 2004).
However, at least 15 other studies during this early phase of investigation did not
show any benefit of NAC (Durham et al. 2002; Vallero et al. 2002; El Mahmoud
et al. 2003; Oldemeyer et al. 2003; Boccalandro et al. 2003; Fung et al. 2004;
Goldenberg et al. 2004; Gulel et al. 2005; Azmus et al. 2005; Gomes et al. 2005;
Sandhu et al. 2006; Seyon et al. 2007; Heng et al. 2008; Amini et al. 2009; Ferrario
et al. 2009).
In 2011 a large trial of 2308 patients with at least one risk factor for CIN using
adequate NAC doses (ACT Trial Investigators 2009) failed to find a significant
effect in the overall (ACT Trial Investigators 2011) study or in the DM subgroup
(Berwanger et al. 2013). Other contemporary trials have also failed to find an effect
(Tanaka et al. 2011; Saitoh et al. 2011; Aslanger et al. 2012), whereas other small
(Sadat et al. 2011; Kinbara et al. 2010) and larger (Kim et al. 2010; Awal et al. 2011;
Chong et al. 2015; Habib et al. 2016) more contemporary trials have documented
the efficacy of NAC in high-risk (Awal et al. 2011; Chong et al. 2015; Habib et al.
2016) and low-risk (Kim et al. 2010; Sadat et al. 2011; Kinbara et al. 2010) patients.
Given that there is many high-quality studies the GOR is A, but given the incredibly mixed findings of the studies it is difficult to make a recommendation for the
exact protocol for providing NAC. One great advantage of NAC is the low incidence
of AEs especially serious AEs. Given the great potential to prevent a very serious
medical complication, the potential for NAC to prevent CIN is still great and further
research is indeed needed.
IV NAC
There are eight clinical trials which compare a single dose of IV NAC to placebo
with two clinical trials having two publications, one outlining different outcome
measures and one concentrating on a high risk subgroup of individuals with RI. Two
studies demonstrated positive outcomes. A small pilot study demonstrated that IV
NAC at a dose of 100 mg/kg prevented the usual contrast-induced increase in Cr in
individuals with RI undergoing CAG and decreased Cr in individuals with RI not
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receiving contrast at 3 and 24 h after treatment (Sochman and Krizova 2006). The
second positive study was a subpopulation of a larger clinical trial which did not
demonstrate a protective effect of NAC overall (Carbonell et al. 2007). Carbonell
et al. (2010) demonstrated that the subpopulation of individuals with RI undergoing
CAG benefited from 600 mg of IV NAC given every 12 h starting at least 6 h before
the procedure (Carbonell et al. 2010). Six clinical trials, all of them high quality
with very reasonable sample sizes, using both high (Rashid et al. 2004; Kefer et al.
2003; Droppa et al. 2011; Thiele et al. 2010; Jaffery et al. 2012) and low (Webb
et al. 2004; Baranska-Kosakowska et al. 2007) dose regimes did not demonstrate a
significant benefit of NAC on protecting kidney impairment during angiography. On
the other hand, no study reported any AEs of NAC and several specifically stated
that no AEs were observed, highlighting the safety of NAC.
Two of three other studies described below compared multiple NAC regimes
(Recio-Mayoral et al. 2007; Marenzi et al. 2006; Aslanger et al. 2012) and demonstrated significant effects of IV NAC, particularly at high doses, while another study
described below which compared IV NAC to ascorbic acid did not find an effect
(Brueck et al. 2013). The potential benefit for NAC is great and the safety is excellent, suggesting that continued research into this treatment may be very beneficial to
patients. Caveats to these clinical trials, particularly with regard to primary outcome
measures, are discussed below, but clearly IV NAC needs to be compared carefully
with oral NAC regimes and the optimal treatment populations considered in future
clinical trials.
Comparison of NAC Protocols
Five clinical trials have compared NAC protocols head-to-head. Four of these studies compared low and high NAC doses with all four studies using non-ionic, lowosmolality contrast and demonstrating evidence that high dose NAC was superior to
either placebo and/or low dose NAC (Briguori et al. 2004; Recio-Mayoral et al.
2007; Marenzi et al. 2006; Habib et al. 2016). Briguori et al. (2004) demonstrated
that a double dose of oral NAC improved outcomes in 224 individuals with RI
undergoing coronary and/or peripheral angiography and/or PCI with this effect
being driven by individuals who received high doses (≥140 ml) of contrast (Briguori
et al. 2004). Recio-Mayoral et al. (2007) demonstrated an improvement in CIN
incidence and acute anuric renal failure when NAC was given before as well as after
emergency PCI in 111 patients (Recio-Mayoral et al. 2007). Marenzi et al. (2006)
found that NAC decreased the CIN incidence with a higher dose NAC decreasing
incidence to a greater extent than low dose NAC and both low and high dose NAC
resulted in significantly better rates of death and composite end-points in 354
patients undergoing PCI (Marenzi et al. 2006). Habib et al. (2016) found that high
dose NAC reduced the incidence of CIN to a greater extent than low dose NAC with
ascorbic acid or IVF only in 105 high-risk patients with ischemic heart or peripheral
vascular disease undergoing CAG (Habib et al. 2016). The only study that did not
have positive findings was Aslanger et al. (2012) who compared IV and intrarenal
NAC to placebo in patients with acute myocardial infarction undergoing PCI
(Aslanger et al. 2012). This latter study is one of the only studies to use an ionic
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rather than a non-ionic contrast agent, so the results of this study are not completely
comparable to other studies and given that most centers now use non-ionic contrast
agents, the applicability of this latter study is questionable. However, overall the
above studies suggest that high doses of NAC may afford better protection than
lower doses during CAG and PCI.
Comparison of NAC vs Other Treatments During Angiography
Four clinical trials compared NAC to other treatments for preventing kidney injury
from contrast agents during CAG with or without PCI. In a multicenter DBPC trial
in Korea, patients with RI taking statins undergoing CAG with or without PCI were
randomized to receive either NAC or ascorbic acid orally (Jo et al. 2009). Maximum
increase of Cr level was significantly lower in the NAC group than in the ascorbic
acid group, with this effect significant in the DM and high-dose contrast media subgroups but not the severe RI, low ejection fraction or older (>70 years) subgroups.
The incidence of CIN favored NAC but was not significant overall except in the DM
subgroup. However, in a larger DBPC study of adults with RI undergoing CAG with
or without PCI randomized to receive a lower dose of NAC or ascorbic acid IV,
there was no difference in CIN incidence, although, as the authors note, the incidence of CIN was higher than expected in this study (Brueck et al. 2013). One small
study (N = 45) on patients undergoing CAG with or without PCI examined the difference between oral NAC and IV aminophylline as compared to placebo (Kinbara
et al. 2010). NAC treatment resulted in a lower incidence of CIN and significantly
improved the Cr, CCl, and blood beta-2 microglobulin as compared to placebo;
aminophylline also demonstrated favorable effects as compared to placebo. Lastly,
a small (N = 21) clinical trial of patients with RI undergoing CAG compared NAC
and glutathione to IVF only treatment (Saitoh et al. 2011). CIN occurred in one
patient in the NAC and control group but the small sample size for this three-arm
study makes interpretation of CIN difficult. However, this study did measure biomarkers of oxidative stress.
Critique of Angiograph Studies
Studies examining the protective effect of NAC in angiography with or without
percutaneous procedures are very variable with some studies showing clearly promising findings and others failing to find any effect. There is a pattern to studies that
are positive. In such studies CIN in the control group is somewhere near 20% and
the NAC treatment groups clearly shows a lower incidence of CIN. However, in
some studies the background CIN rate may be several times lower (Gomes et al.
2005; Heng et al. 2008) or higher (Droppa et al. 2011; Brueck et al. 2013; DiazSandoval et al. 2002) than usual. Also the standard TAU used in the placebo group
can be variable. The most obvious variation in TAU is the type and amount of IVF
as some studies have demonstrated that larger amounts of IVF are protective against
CIN (Poletti et al. 2013). However, the amount of IVF is often limited on a case-bycase basis if the patient has RI or heart failure. Other factors that significantly predict CIN but may not be well controlled in many studies include contrast volume
(Briguori et al. 2002; Azmus et al. 2005; El Mahmoud et al. 2003; Oldemeyer et al.
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2003; Chong et al. 2015), baseline RI (Azmus et al. 2005; Oldemeyer et al. 2003;
Gulel et al. 2005; Chong et al. 2015; Rashid et al. 2004; Aslanger et al. 2012), gender (Chong et al. 2015), ejection fraction (Azmus et al. 2005; Aslanger et al. 2012),
and NAC dose (Habib et al. 2016).
One of the most obvious limitations of the clinical studies is the outcome measure used. The CIN is a predefined measure that might not be sensitive to the protective effect of NAC on the kidney. Indeed, CIN is defined by a significant deterioration
in kidney function. However, several studies demonstrate that NAC improves kidney function despite contrast injections (Sar et al. 2010; Shyu et al. 2002; Efrati
et al. 2003; Kay et al. 2003; Drager et al. 2004; Awal et al. 2011; Ochoa et al. 2004).
Many studies show that this difference was statistically significantly different than
controls in which kidney function either didn’t improve or, more commonly, worsened (Sar et al. 2010; Shyu et al. 2002; Efrati et al. 2003; Kay et al. 2003; Drager
et al. 2004; Awal et al. 2011; Ochoa et al. 2004; Diaz-Sandoval et al. 2002) with
some of these studies demonstrating no significant decrease in CIN incidence
(Balderramo et al. 2004; Jo et al. 2009). Thus, the CIN based outcome measure may
not be sensitive enough to detect the effect of NAC on the kidney.
Further to considering outcome measures, it must be appreciated that medically
serious outcome measures such as the need for dialysis and mortality have been
found not to be affected despite decreasing the incidence of CIN (Miner et al. 2004),
although in other studies such serious outcomes were improved by NAC along with
decreasing the incidence of CIN (Poletti et al. 2007; Carbonell et al. 2010; Marenzi
et al. 2006). Thus, both the sensitivity of outcome measures and the clinical significance of outcome measures need to be considered in future studies. Indeed, although
it may be possible that current studies thus far may have been insensitive to the
effect of NAC on kidney function by concentrating on CIN incidence, it is of course
important to consider the clinical long-term significance and reversibility of CIN,
especially in vulnerable populations.
Perhaps the most interesting findings were in the studies that examined NAC
dosing head to head. Several of these trials, all high quality, clearly demonstrated
that higher doses of NAC were associated with more favorable outcomes in the
context of CAG and/or PCI (Briguori et al. 2004; Marenzi et al. 2006; Habib et al.
2016; Recio-Mayoral et al. 2007). However, this was not true for the studies examining the protective effect of higher doses of NAC during contrast-enhanced CT and
some studies examining high dose NAC as compared to placebo (Balderramo et al.
2004; ACT Trial Investigators 2011; Durham et al. 2002; Oldemeyer et al. 2003;
Heng et al. 2008). This data suggests that higher doses may be helpful but it may be
dependent on the procedure and other factors yet to be elucidated. Given the low
percentages of positive trials it is not possible to make recommendations for the use
of NAC for renal protection during angiography. Clearly more studies are needed to
determine the optimal dose and the optimal patient population. Until consistent data
is available, expert medical opinion must be used to guide the use of NAC during
angiography.
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14.3.2 Protection Against Kidney Injury from Amphotericin B
One study has examined the ability of NAC to prevent amphotericin B-induced
nephrotoxicity (Adderson et al. 1991). In a medium-sized DBPC study (level 2b),
40 patients were given either oral NAC 600 mg or placebo twice daily during
amphotericin B treatment. NAC was found to significantly decrease Cr/CCl defined
nephrotoxicity (OR = 0.29, 95% CI: 0.082–0.993; p = 0.05), although an increase in
AEs, particularly unpleasant taste, nausea and/or vomiting, was noted in the NAC
group. Since there is only one study we cannot make a recommendation at this time
but this is a promising area of clinical research.

14.3.3 Kidney Transplant
In a single-blind controlled study, 160 donors (level 2b) received 600 mg IV NAC
1 h before and 2 h after cerebral angiography performed to confirm brain death or
TAU (Orban et al. 2015). In the recipients, neither delayed graft function, need for
dialysis, Cr, GFR nor daily urine output was affected by NAC treatment. As there is
only one study that examined this question, there can be no recommendation made
at this time.

14.3.4 Aortic Aneurysm Repair
In a DBPC study (level 2b), 42 patients undergoing elective aortic aneurysm repair
received oral NAC 1200 mg twice a day the day before the procedure and IV NAC
600 mg every 12 h for 48 h after the procedure (Macedo et al. 2006). The incidence
of acute renal failure, mortality, length of ICU stay did not differ between groups.
As there is only one study that examined this question, there can be no recommendation made at this time.

14.3.5 Prolonged Hypotension
A prospective, randomized, DBPC study (level 1b) determined whether NAC
could prevent acute renal failure in 142 ICU patients with at least 30 min of
hypotension (Komisarof et al. 2007). NAC or placebo was started within 12 h of
hypotensive event and was continued for 7 days. NAC did not decrease the incidence of acute renal failure nor did it significantly change the indices of renal
function, mortality, or hospital care, although there were trend toward a
decreased incidence of acute renal failure in some subgroups. As there is only
one study that examined this question, there can be no recommendation made at
this time.
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14.3.6 Hematopoietic Stem Cell Transplantation
One DBPC study (level 1b) examined the effect of NAC on acute renal injury in 80
patients undergoing hematopoietic stem cell transplantation (Ataei et al. 2015).
Patients received placebo or IV NAC 100 mg/kg/day from 6 days prior to 15 days
after transplantation. NAC did not decrease the incidence of acute kidney injury, nor
did it affect the urine neutrophil gelatinase-associated lipocalin or transplant-related
outcomes. Although the frequency of AEs were not different between groups, three
patients had to be dropped from the NAC treatment group because of AEs, including abdominal pain, shortness of breath, and rash with pruritus. As there is only one
study that examined this question, there can be no recommendation made at this
time.

14.4

Treatment of Renal Disease

14.4.1 Cardiorenal Syndrome
In a small DBPC crossover study (level 2b) with 7-day washout, 9 patients with
both heart and renal failure were randomized to receive orally either placebo or
500 mg NAC (Camuglia et al. 2013). NAC improved forearm blood flow but not
B-type natriuretic peptide nor renal or heart function. The authors suggested that
this effect was due to improvement in systemic oxidative stress and endothelial
dysfunction. Given that there is only one study we cannot make a recommendation
at this time but the positive pilot study suggests that this is a promising area of clinical research.

14.4.2 Acute Pyelonephritis
In a medium-sized DBPC trial (level 2b) the effect of a 5-day weight-based NAC
treatment was tested on 70 children with acute pyelonephritis with respect to inflammatory biomarkers (Allameh et al. 2015). NAC did not significantly affect any of
the inflammatory or clinical outcome measures, including procalcitonin or
C-reactive protein levels, leukocyte or neutrophil counts. Given that there is only
one study we cannot make a recommendation at this time.

14.4.3 Dialysis
Several studies have examined the effect of NAC on patients undergoing hemodialysis (HD; 3 studies) and peritoneal dialysis (PD; 1 study).
A prospective randomized placebo-controlled study of 134 patients (level 1b)
with end-stage renal disease (ESRD) undergoing HD found that oral NAC 600 mg
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twice a day significantly reduced the incidence of cardiovascular events, from 47%
to 28%, within 2 years of treatment as compared to placebo (Tepel et al. 2003). In
another study of 60 patients (level 2b) with ESRD, IV NAC during HD decreased
pulse pressure as compared to placebo (Thaha et al. 2006). In a third study (level
2b), 38 HD patients treated with oral NAC 200 mg three times a day were found to
have a higher hematocrit as compared to 276 HD patients not receiving NAC (Hsu
et al. 2010). Given that there is one level 1b and two level 2b studies, the grade of
recommendation is B. With 100% positive outcomes, the recommendation is yes for
use of NAC in HD.
Only one study has examined the effect of NAC in PD. In a prospective study of
20 patients treated with chronic PD (level 2b), oral NAC 1200 mg twice daily for
2 weeks was found to improve residual renal function (Feldman et al. 2012).
Because of the limited number of studies the grade of recommendation is C. We
cannot make a recommendation for use of NAC in PD because of the few studies but
with 100% positive outcomes for both HD and PD studies, this is a promising area
of clinical research.

14.4.4 Homocysteine
Homocysteine (HC) is particularly important in kidney disease as abnormally high
levels commonly persist in dialysis patients, increasing their risk for vascular events.
Thus, several studies have examined the effect of NAC on HC levels (Online
Table 14.6). In 11 patients undergoing HD (level 2b), NAC given before dialysis
lowered HC levels but did not augment the effect of HD on removal of HC (Bostom
et al. 1996). In a small DBPC cross-over (level 2b) trial (Scholze et al. 2004) and a
larger randomized parallel (level 2b) trial (Thaha et al. 2006), IV NAC during HD
was found to significantly lower HC levels. However, two studies did not confirm a
HC lower effect of NAC. 1.2 g of oral NAC twice a day did not lower HC levels
when given for 4 weeks in a small (level 2b) placebo controlled study (Friedman
et al. 2003) or when given with a renin-angiotensin system blocker (level 2b) for
8 weeks (Renke et al. 2010). Thus, the overall grade of recommendation for using
NAC for HD patients in order to lower HC levels is B, with a mixed recommendation for treatment. From the studies it seems like providing oral or IV NAC with
diagnosis is a yes recommendation as all of the studies are positive, whereas prolonged daily administration of oral NAC is a no recommendation as none of the
studies have demonstrated an effect.

14.4.5 End Stage Renal Disease
In an open-label study (level 2b) oral NAC 1200 mg twice a day for four doses did
not alter Cr or CyC in 29 ESRD patients (Rehman et al. 2008). Given that there is
only one study we cannot make a recommendation at this time.
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14.4.6 Proteinuria
In a placebo-controlled, randomized, open-label cross-over study, adding oral NAC
1200 mg/day to a renin-angiotensin-aldosterone system blocker did not improve
measures of renal function (Renke et al. 2008) or ambulatory blood pressure (Renke
et al. 2010) in 20 non-diabetic patients with proteinuria. Given that there is only one
study we cannot make a recommendation at this time.

14.5

Summary

In our systematic review we found many clinical trials that examined the effect of
NAC in protecting the kidney from iatrogenic injury, specifically from exposure to
radiological contrast, Amphotericin B, kidney transplant, aortic aneurysm repair,
prolonged hypotension and hematopoietic stem cell transplantation, and somewhat
fewer studies on the treatment of kidney disease, specifically cardiorenal syndrome,
acute pyelonephritis, dialysis, chronic renal disease and proteinuria.
Overall there are very variable outcomes with regard to the effects of NAC on
renal function. While there are many studies that showed positive effects of NAC on
renal function, there are many studies that did not demonstrate significant effects.
Importantly, no study found NAC to be detrimental on renal function and very few
studies reported any AEs as a result of NAC. Thus, there is little downside to the use
of NAC in areas where it appears it might be helpful and there are several biomarker
studies that demonstrate improvement in oxidative stress, immune system, and
endothelial function. Importantly, because NAC is readily oxidized to di-NAC,
which can have oxidative rather than reductive effects, the source and form of NAC
administered in these clinical trials is a significant source of variation. For example,
in a very large recent clinical trial the importance of protecting the NAC from oxidation was not addressed (Weisbord et al. 2018). Clearly more studies are needed
using formulations of NAC that are not oxidized. However, there currently are no
active registered clinical trials examining the effect of NAC on renal function.
Thus, the recommendations for use of NAC in the majority of renal disorders
are still limited based on the number and the quality of studies (Table 14.2). For
prophylactic use of NAC, it use only with radiological contrast in the emergency
department at low-dose and non-emergently can be recommended. There are many
studies with regard to its use in angiography, but the results are very mixed. Its use
as a prophylactic agent has been investigated in other areas but there are very few
studies to make any conclusion. For the treatment of kidney disease, NAC seems to
be useful in conjunction with hemodialysis, particularly for the purpose of lowering homocysteine. Its use in conjunction with peritoneal dialysis is promising but
there are very few studies to make any recommendation. While larger controlled
trials are needed to establish effectiveness of NAC, available evidence so far and
safety profile of NAC support its potential as a novel treatment option for renal
disorders.
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Table 14.2 Summary of clinical trials and recommendations
Studies positive %
(positive/total)
Renal condition
Prophylactic treatment
Contrast for CT in ED:
75% (1.5/2)
low dose
Contrast for CT in ED:
0% (0/2)
high dose
Contrast for CT:
67% (2/3)
non-emergent
Contrast for CT: overall
50% (3.5/7)
Angiography: oral route
39% (14/36)
Angiography: IV route
29% (3.5/12)
Amphotericin B
100% (1/1)
Kidney transplant
0% (0/1)
Aortic aneurysm repair
0% (0/1)
Prolonged hypotension
0% (0/1)
Hematopoietic stem cell
0% (0/1)
transplantation
Treatment for renal disease
Cardiorenal syndrome
50% (0.5/1)
Acute pyelonephritis
0% (0/1)
Hemodialysis
100% (3/3)
Homocysteine lowering
100% (3/3)
with hemodialysis
Homocysteine lowering
0% (0/2)
given daily
Homocysteine overall
60% (3/5)
Peritoneal dialysis
100% (1/1)
End-stage renal disease
0% (0/1)
Proteinurea
0% (0/1)

Grade of
recommendation

Recommendation for
treatment

A

Yes

A

No

B

Yes

A
A
A
C
C
C
B
B

Mixed
None
None
None
None
None
None
None

C
C
B
B

None
None
Yes
Yes

B

No

B
C
C
C

Mixed
None
None
None
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15.1

Introduction

In this chapter the role of N-Acetylcysteine (NAC) in the treatment of patients with
chronic obstructive pulmonary disease (COPD), cystic fibrosis (CF), and idiopathic
pulmonary fibrosis (IPF) is discussed and provides the available and most credible
evidence that oral NAC treatment may be effective in preventing exacerbations of
the inflammatory pulmonary disorders caused by CF and COPD, but not effective
and potentially harmful for patients with IPF.
Orally administered NAC is readily absorbed via the intestinal epithelium where
it is immediately modified to liberate cysteine, which is transported to the liver, the
main site for GSH synthesis. NAC, when taken orally, can reduce oxidative stress in
cells. Free NAC in plasma is thought to act as a free radical scavenger, but, as well,
it can provide the cysteine molecule that can be metabolized intracellularly to
replenish low GSH levels at times of oxidative stress (Atkuri et al. 2007). While
NAC can directly scavenge free radicals, the rate constant for its reaction with reactive oxygen species (ROS) such as hydrogen peroxide is several orders of magnitude lower than those of antioxidant enzymes such as superoxide dismutase (SOD),
catalase, and glutathione peroxidase (Bonanomi and Gazzaniga 1980).
The airway lumen and the alveolar space of the lung are a unique redox environment
unlike other extracellular compartments in other organs. The airway is exposed to higher
levels of oxygen than any other mucosal surface in the body. In healthy human airways,
the extracellular lung fluid GSH concentration is far higher than that of plasma. Generally,
total GSH concentrations in the airway surface liquid (ASL) have been estimated to
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measure 275–500 μM in healthy patients (Roum et al. 1993; Moss et al. 2000; Cantin
et al. 1987). GSH is needed to detoxify inhaled pollutants, and in inflammatory diseases,
such as CF and COPD, inflammation from the innate and acquired immune defenses
leads to significant increase in production of reactive oxygen species. GSH regulates
intra- and extracellular oxidative metabolism and inflammatory processes and influences
many cellular regulatory functions. It is present at low levels in plasma but can be secreted
into certain extracellular compartments, when needed. Thus, GSH levels in the epithelial
lining fluid of the lung (ELF) normally are 400 times greater than in plasma. GSH is
crucial for balance and control of the inflammatory response in the airway lumen. A
deficiency of GSH in the ASL results in injury to airway epithelium, and chronic inflammation compromises the integrity of the airway, causing bronchiectasis, cystic changes in
the alveolar space, and eventual respiratory failure and early death.
In CF patients, GSH levels in whole blood, blood neutrophils (Tirouvanziam
et al. 2006), and lymphocytes (Lands et al. 1999), and ELF (Tirouvanziam et al.
2002) are markedly decreased. This profound GSH depletion is believed to affect
neutrophil recruitment to the lungs of CF patients and may contribute to the exuberant inflammatory response described in these patients.
COPD is a chronic lung disease that is similarly characterized by neutrophilic
airway inflammation, leading to the development of chronic bronchitis, fibrosis in
the small airways, and/or emphysema. The major risk factor for the development of
COPD is chronic exposure to noxious gases and particles, including cigarette smoke
(CS; Brusselle et al. 2011). The mechanisms underlying CS-induced airway inflammation in COPD patients are still largely unknown. Airway epithelial cells (AECs)
are the first line of defense against inhaled toxicants, and it has been shown that
these cells show cellular damage and cell death upon cigarette smoke exposure (Van
der Toorn et al. 2013). Thus, to potentially ameliorate the lung dysfunction notable
in COPD, NAC has been studied in clinical trials (Table 15.1).
Table 15.1 Summary of NAC mechanisms of action across different pulmonary disorders
Pulmonary
disorder
Cystic
fibrosis

COPD

Proposed mechanism of action of NAC after oral administration
Antioxidant effect by increased levels of glutathione intracellular (Bonanomi
and Gazzaniga 1980)
Anti-inflammatory effect by increased levels of glutathione in airway surface
liquid (Stafanger and Koch 1989; Dauletbaev et al. 2009)
Increase GSH content in neutrophils and lymphocytes (Tirouvanziam et al.
2006)
Augment total intracellular GSH in deficit states and regulation of whole cell
homeostasis (Rushworth and Megson 2014)
Increase antioxidant capacity of plasma (Skov et al. 2015)
Reduce airway inflammation by regulating redox signaling (Rahman et al.
2006)
Resolution of oxidative stress and inflammation (Barnes 2013; Wada and
Takizawa 2013)
Prevent exacerbations (Zheng et al. 2014; Tse et al. 2013)
Decrease H2O2 content in airway surface liquid (De Benedetto et al. 2005)
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In IPF, there is evidence that oxidant/antioxidant imbalance and oxidative stress
play a role in alveolar epithelial cell injury and fibrogenesis. GSH, which inhibits
fibroblast and lymphocyte proliferation and differentiation, is deficient in the epithelial lining fluid as well as intracellularly in bronchoalveolar lavage fluid (BAL)
cells of IPF patients (Cantin et al. 1989). Given this evidence, clinicians have considered that an oxidant–antioxidant imbalance may contribute to the disease process
in idiopathic pulmonary fibrosis as well.
The ability of NAC to protect isolated cells and animal lung in vivo against oxidant damage could be explained both by its ability to maintain intracellular GSH
concentrations and by oxidant scavenging. NAC at low concentrations is a powerful
scavenger of the myeloperoxidase-derived oxidant hypochlorous acid (HCIO) and is
able to protect α1-antiprotease against damage by this oxidant (Arouma et al. 1989).
This HCIO-scavenging action may be of particular importance in the lung, which is
susceptible to proteolytic damage if α1-antiprotease is inactivated. It is most likely
that the majority of the antioxidant effects attributed to NAC are actually mediated
by increased intracellular GSH. This is important because for NAC to confer antioxidant activity, the condition for the therapeutic effect of NAC may require that GSH
might have to be depleted intracellularly for NAC to have any beneficial effect.

15.2

Methods

A systematic online literature search using broad search terms was used:
N-Acetylcysteine, NAC, COPD, IPF, idiopathic pulmonary fibrosis, cystic fibrosis,
clinical trial, efficacy, oxidant, antioxidant, oxidation, oxidative stress, redox, and
inflammation.
References cited in the publications were also reviewed. The studies reviewed in
this chapter utilized standard methodologies used by Cochrane meta-analysis.
Selection criteria for studies reviewed here were randomized, controlled trials comparing oral NAC to placebo in people with CF, COPD, and IPF. The author independently assessed trials for inclusion and analyzed methodological quality. For
meta-analysis study reviews, the author independently assessed the studies reviewed
for quality of data per the Oxford 2011 Level of Evidence classification (Howick
et al. 2011) as outlined in the first chapter of this portion of the book. The level of
evidence for efficacy of all studies reviewed is summarized in Online Tables 15.1,
15.2, and 15.3.

Table 15.2 Ongoing clinical trials on N-Acetylcysteine for pulmonary disease
Trial title
N-Acetylcysteine in early acute respiratory distress
syndrome (NARDS)
Investigating significant health trends in idiopathic
pulmonary fibrosis (INSIGHTS-IPF)
Clinical trial of NAC in asthma (CONA)

NCT #
NCT03346681
NCT01695408

Trial status
Active but not
recruiting
Recruiting

NCT02605824

Recruiting
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Table 15.3 Summary of clinical trials and recommendations
Pulmonary
conditions
Cystic fibrosis
Chronic obstructive
pulmonary disease
Idiopathic
pulmonary fibrosis

Controlled studies %
(positive/total)
56% (4.5/8)
70% (3.5/5)

Grade of
recommendation
B
A

Recommendation for
treatment
Mixed
Yes

33% (1/3)

A

No

Nine individual clinical studies of oral NAC were reviewed for CF, two metaanalyses and five clinical studies for COPD, and two meta-analyses and five individual clinical studies for IPF.

15.3

The Effectiveness of NAC in the Treatment
of Inflammatory Pulmonary Diseases

15.3.1 Cystic Fibrosis (CF)
CF is a lethal autosomal recessive condition caused by mutations in the gene that
encodes the transmembrane conductance regulator (CFTR). CFTR plays a key role
in cell homeostasis. The primary cause of morbidity and mortality in patients with
cystic fibrosis (CF) is lung disease. The pulmonary pathology of CF is characterized
by oxidative stress. Symptoms of CF are generally manifest within the first decade
of life, and the lungs of CF patients contain excessive amounts of thick, viscous
mucus that is difficult to clear. Dysfunctional CFTR impairs the efflux of cell anions
such as chloride and bicarbonate as well as reduced glutathione into the airways
(Cantin et al. 2006). Due to these and other factors, the patients are susceptible to
chronic infection by organisms such as Staphylococcus aureus and Pseudomonas
aeruginosa. Total GSH concentration in CF airway surface liquid (ASL) is greatly
decreased, measuring only 92 μM; thus levels are just 20–30% of GSH in healthy
pulmonary ASL (Roum et al. 1993). In addition, extensive neutrophilic inflammation in the CF lung is present very early in the course of the disease, due, in part, to
elevated levels of interleukin-8 (IL-8) and low levels of IL-10. Neutrophils release
oxidants and proteases, particularly elastase. Persistent high-intensity inflammation
leads to permanent structural damage of the CF airways. The presence of neutrophil
elastase in the CF airway secretions precedes the appearance of bronchiectasis and
correlates with lung function deterioration and respiratory exacerbations (MayerHamblett et al. 2007). Both anti-inflammatory and antioxidant therapies are therefore of interest for CF lung disease.
NAC is a drug that was first reported to have clinical benefit in the early 1960s,
when it was shown to be an effective mucolytic agent in patients with cystic fibrosis.
In 1964, Reas concluded that inhalation of NAC is safe and effective as an inhaled
mucolytic agent that increases the clearing of mucus from the lungs of patients with
CF (Reas 1964; Hurst et al. 1967). Since those early publications, there have been a
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few clinical trials completed that assess the efficacy of orally administered NAC to
improve lung function, as measured by the forced expiratory volume exhaled in 1 s
(FEV1, a measure of obstruction of the airways). Oral antioxidant therapy has been
proposed for use in CF since the early 1960s. Until recently, however, substantive
evidence that NAC leads to an improvement in airway mechanics or lung function
has not been published, though some evidence indicates the potential of NAC to
allay deterioration by improving oxidative stress. Figure 15.1 depicts the proposed
mechanisms for oxidative imbalance in the airways of CF patients. Mitchell and
Elliott (1982) were the first investigators to perform a placebo-controlled study with
oral NAC in children with CF. The study was a single-center, randomized, doubleblind, placebo-controlled (DBPC), crossover study design in 20 children with CF;
mean age was 10.8 years. In the initial 2-week period, all participants took placebo,
and then study drug was initiated. The total duration was 6 months (3 months in
each limb and a 2-week washout period between the crossover period, when all
participants took placebo). Outcomes included clinical assessment, body weight,
chest x-ray (CXR) score, daily peak expiratory flow rate (PEF), antibiotic usage,
cough frequency (scale of 0–3), and self-assessed sputum viscosity (scale of 0–3).
Four subjects withdrew, and final analysis included only 16 participants. No difference was found between the groups, though peak flow as a measure of lung function
is not very sensitive, as it measures the function of the larger airways, rather than the
small airways, which is the main site of pathology in early CF.
Following that study, Ratjen et al. (1985) performed a placebo-controlled study
comparing oral NAC with oral ambroxol (a mucolytic agent with antioxidant and
NOX/MPO
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Fig. 15.1 Oxidative imbalance in conductive airways of patients affected by cystic fibrosis. The
airway surface liquid (ASL) in CF bronchi is characterized by (1) increased concentration of reactive oxygen species (ROS), (2) lowered levels of glutathione (GSH), and (3) reduced nitric oxide
(NO). The net increase of pro-oxidative species in ASL, as a result of derangements of both neutrophils and bronchial epithelial cells, contributes to the progressive lung tissue damage and to the
amplification of the inflammatory response in CF airways. This is characterized by the release of
chemokines and cytokines (e.g., IL-8 and IL-6, respectively). NOX, NADPH oxidase; MPO,
myeloperoxidase; DUOX, dual oxidase; LPO, lactoperoxidase; IL, interleukin (Galli et al. 2012).
Used by permission
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anti-inflammatory properties). NAC was given orally in a DBPC 12-week trial with
36 CF patients (20 females, 16 males, age range 6–21, mean 13.9 years). The 36
patients were randomly assigned to 3 therapy groups (NAC, ambroxol, and placebo)
with the use of a computer program; subjects were matched based on ChrispinNorman scores and age. After a washout period where patients discontinued routine
use of NAC, group 1 received ambroxol (30 mg, three times daily), group 2 received
NAC (200 mg, three times daily), and group 3 received placebo. The drugs were
indistinguishable with regard to taste, color, or odor. After 12 weeks, the investigators found a significant worsening of FEV1 for the placebo group, while no changes
for either the better or the worse were detected in the NAC and ambroxol groups.
Subsequently, in 1988, a Danish DBPC crossover study of the effects of oral
NAC treatment was performed with either 200 mg × 3 daily (patients weighing
<30 kg) or 400 mg × 2 daily (>30 kg) for 3 months in 41 CF patients. It was ensured
that the subjects’ airways were not colonized with Pseudomonas aeruginosa by
being hospitalized for 14 days for an intravenous (IV) antibiotic “cleanout”
(Stafanger et al. 1988). Placebo tablets contained bicarbonate only. The patients
were randomized to receive either NAC or placebo for 3 months and were again
hospitalized for a 14-day IV antibiotic “cleanout” before the next 3-month period
after crossover. The outcome measures included a subjective clinical score, weight,
sputum bacteriology, blood leukocyte count, sedimentation rate, titers of specific
antimicrobial antibodies, and lung function parameters. The subjects who received
NAC were noted to have a mild but statistically significant effect on lung function
(ΔFEV1% pred <0.05).
In a follow-up study, the investigators examined the effect of the same dosing
regimens in a crossover study alternating treatment with oral placebo or NAC for
two 3-month periods (Stafanger and Koch 1989). They studied 52 CF patients with
chronic Pseudomonas aeruginosa infection and examined clinical measures that
included sputum bacteriology and titers of antimicrobial antibodies, as well as
changes in lung function. Patients were enrolled immediately after hospitalization
for 14-day IV antibiotic treatment directed toward the Pseudomonas infection. This
IV antibiotic “cleanout” protocol was a routine practice in this CF center at the time.
Thirty-one patients completed the study (40% dropout rate), and statistical analysis
was performed only on these subjects, thus not on the “intent-to-treat” basis. No
significant differences in clinical responses were observed for the entire cohort, but
subgroup analysis of CF patients with FEV1 <70% of predicted who received the
NAC in the autumn months rather than summer showed that NAC treatment resulted
in a significantly improved FEV1 versus same subject placebo pretreatment
(p < 0.02). With this, the authors suggest that NAC benefit might be due to its antioxidant/anti-inflammatory properties rather than its mucolytic properties.
The next interventional clinical trials with oral or inhaled NAC were published
in 2006. In a phase I dose-ranging/safety study of 18 CF patients and 9 non-CF
controls, investigators tested high-dose oral NAC (600–1000 mg three times daily)
for 4 weeks to assess for safety and tolerability at the higher doses (Tirouvanziam
et al. 2006). Significant increases in blood cell GSH concentrations and decreased
sputum neutrophil counts were observed following treatment for all dose levels. No
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effects were detected on lung function in this short trial. Following the phase I
study, the investigators then performed a proof of concept, a DBPC multicenter
study in 70 CF subjects. Prior to opening the study to all sites, an early single-center
safety study was performed to assure that high doses of NAC were not associated
with complications of pulmonary hypertension in humans (Palmer et al. 2007). The
subjects were randomly assigned to either 900 mg effervescent tablets of NAC three
times daily or matched placebo for 6 months (Conrad et al. 2015). The research
participants were randomized by a central pharmacy: 36 to NAC and 34 to placebo.
Six participants in the NAC group and two in the placebo group were withdrawn or
lost to follow-up. All but one participant in the placebo group were included in the
intent-to-treat efficacy analysis. The baseline characteristics and randomization
strata were similar between treatment groups. FEV1% predicted was <60 in 40% of
subjects, 27% of subjects were under 18 years of age, 67% used azithromycin
chronically, and none used ibuprofen regularly. The primary outcome measure for
the trial was the difference in human neutrophil elastase (HNE) activity levels in
sputum measured at the beginning and end of the study. There was no significant
change in HNE activity from baseline to week 24 (p = 0.14). However, a potentially
substantial clinical benefit in the secondary outcome, the FEV1, was detected. The
NAC cohort maintained their baseline FEV1 and FEF25–75% throughout the 24-week
period, while 4–6% declines in these measures occurred in the placebo cohort
(p = 0.02; Fig. 15.2). This finding was unexpected, as the study was powered for the
primary outcome –change in sputum neutrophil elastase activity. Slightly fewer
subjects in the NAC group were treated for pulmonary exacerbations, though the
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Fig. 15.2 Mean change from baseline in FEV1 (L) over time by treatment group. The 95% confidence intervals are calculated using one-sample t-tests
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difference was not significant (p = 0.48). However, the Kaplan–Meier plot of time
to pulmonary exacerbation did imply a trend toward improvement in this parameter
toward the end of the study (Fig. 15.3). Whole blood GSH rather than intracellular
levels measured by fluorescence-activated cell sorting (FACS) in neutrophils (as
had been measured in the first single-center study) was the measure utilized, primarily due to the lability of neutrophils and the impracticality of transport of sample
across centers. The fact that GSH in whole blood tends to be protein-bound or in the
intracellular space could explain the lack of significant change in GSH.
Dauletbaev et al. (2009) performed a study to assess the safety and efficacy of
high-dose oral NAC in CF patients. The study was a single-center, randomized,
DBPC phase II 12-week study comparing low-dose (700 mg/daily) to high-dose
(2800 mg/daily) NAC. Twenty-one CF patients with mild-to-moderate lung disease
were enrolled. The subjects all underwent a 3-week washout period, followed by a
3-week placebo run-in phase, and then the two groups were randomly assigned to
high- or low-dose NAC. The subjects enrolled were comparable in clinical parameters, though the low-dose group FEV1% measured 15% higher compared to the
higher-dose group at enrolment, though this was not statistically significant in this
study (p = 0.43). Eleven subjects were randomized to the low-dose NAC and ten to
the high-dose NAC. Outcomes included safety and clinical parameters, inflammatory measures (total leukocyte numbers, cell differentials, TNF-α, IL-8) in induced
sputum, and concentrations of extracellular GSH in induced sputum and blood.
Both doses of NAC were well-tolerated and safe. High-dose NAC did not alter clinical or inflammatory parameters. FEV1 did not change significantly during medication with either dose of NAC (p > 0.3 for both groups). The concentrations of total
GSH in induced sputum and blood plasma tended to increase in the high-dose
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group, but did not reach statistical significance. Inflammatory markers with TNF-α
and IL-8 in induced sputum did not decrease. The investigators concluded that highdose NAC is a well-tolerated and safe medication for a prolonged therapy of patients
with CF with a potential to increase extracellular GSH in CF airways.
Pseudomonas aeruginosa lung infection adds an increase to the oxidative burden in CF airways due to increased production of reactive oxygen species as a
result of the inflammatory response and impaired inactivation of the antioxidant
systems. Skov et al. (2015) conducted an open-label, controlled, randomized trial
with high-dose NAC over 4 weeks on 21 patients (11 NAC group and 10 control).
Study treatment was 1200 mg of NAC twice daily. The control group maintained
usual pulmonary toilet practices, but did not receive a matching placebo. It was
hypothesized that high-dose oral NAC, as a source of GSH, would increase the
antioxidant capacity of the plasma and subsequently decrease the levels of oxidative burden markers. Biochemical parameters of oxidative burden and plasma levels of antioxidants were measured at the beginning and end of the study. The
biomarkers chosen included plasma malondialdehyde (MDA) and 8-isoprostane
(8-isoP) and urinary excretion of 8-oxo-7,8-dihydro-2-deoxyguanosine (8-oxodG)
and 8-oxo-7,8-dihydroguanosine (8-oxoGuo), as well as total plasma antioxidant
levels of vitamin C and oxidized vitamin C (dehydroascorbic acid (DHA)). The
secondary efficacy endpoints included lung function (FEV1) and the oxidative
burst in the peripheral blood mononuclear cells (PMNs) as an inflammatory
parameter. The investigators detected a significant increase in the total plasma
levels of the antioxidant ascorbic acid (p = 0.037) and a significant decrease in the
levels of the oxidized form of vitamin C (dehydroascorbate; p = 0.004) compared
to baseline in the NAC group. No significant differences were observed in the
control group. The other parameters measuring oxidative burden did not change
significantly compared to baseline in either of the groups. Improved lung function
(FEV1% predicted) was observed in the NAC-treated group, though the changes
were not statistically significant.
The sum of these studies implies that long-term, high-dosage use of orally
administered NAC can reduce pulmonary oxidative stress and inflammation after
an extended time of treatment and can attenuate airway and parenchymal destruction. Growing evidence has suggested that cellular oxidative processes have a
fundamental role in inflammation through the activation of stress kinases (c-Jun
N-terminal kinases (JNK), mitogen-activated protein kinase (MAPK and p38))
and redox-sensitive transcription factors such as nuclear factor kappa B (NF-kB)
and AP-1 (activating protein-1), which differentially regulate the genes for proinflammatory mediators and protective antioxidant genes such as gamma-glutamylcysteine synthetase (γ-GCS), manganese-dependent superoxide dismutase
(Mn-SOD), and heme oxygenase-1 (HO-1). Oral thiol derivatives may have a
mechanism of action in reducing airway inflammation by regulating redox signaling (Fig. 15.4; Rahman et al. 2006). The study by Conrad et al. (2015) is the
most definitive study to demonstrate these subtle effects on preserving lung function, which, in CF, predictably deteriorates over a period of 6 months. In the
lung, the effects of antioxidant therapy with NAC most likely are related to its
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Fig. 15.4 Regulation of inflammatory state in the airway epithelial cell by redox mechanisms.
(Modified from Rahman et al. 2006). Inflammatory response is mediated either directly by ROS or
by reduced levels of glutathione, which in turn activates NF-kB and p38 MAP kinase. The activation of NF-kB leads to the expression of proinflammatory genes by acetylation of master transcriptional regulator and subunit of NF-kB resulting in inflammation. GSH inhibits oxidative
stress-mediated inflammation by suppressing the activity of NF-kB either through Nrf2 (nuclear
factor erythroid 2-related factor)-induced phase-2 antioxidant enzymes (GSH), IkB pathway, or
decreasing activity of ROS and nuclear activation factors

effect in augmenting total intracellular GSH in deficit states and its contribution
to whole cell homeostasis. (Fig. 15.5, Rushworth and Megson 2014).
The summary table at the beginning of the chapter provides information on the
studies performed and level of evidence to date of the utility of NAC in treatment of
lung disease of CF (Online Table 15.1). This author calculates a level “A” evidence
that NAC, taken at high doses, and for at least 6 months can ameliorate deterioration
of lung function in CF patients.

15.3.2 Chronic Obstructive Pulmonary Disease (COPD)
COPD is a lung disease associated primarily with cigarette smoking, but inhalation
of other noxious agents such as smoke fumes and other injurious particles can also
cause sustained lung inflammation in patients who eventually develop COPD. The
Global Initiative for Chronic Obstructive Lung Disease (GOLD) is a project initiated
by the National Heart, Lung, and Blood Institute (NHLBI) and the World Health
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Fig. 15.5 Mechanisms of action of N-Acetylcysteine (NAC). NAC acts as a mucolytic, antioxidant, and anti-inflammatory agent. The free sulfhydryl group confers NAC with the ability to
reduce disulfide bonds, thus decreasing mucus viscosity and facilitating mucociliary clearance.
The antioxidant activity of NAC may be both direct (the free sulfhydryl group may serve as a ready
source of reducing equivalents) and indirect (through replenishment of intracellular GSH levels)
antioxidant effects (Modified from Rushworth and Megson 2014)

Organization (WHO). GOLD defines COPD as: “…a common, preventable, and
treatable disease that is characterized by persistent respiratory symptoms and airflow
limitation that is due to airway and/or alveolar abnormalities usually caused by significant exposure to noxious particles or gases. Chronic airflow limitation characterizes COPD. It is caused by both small airway disease (e.g., obstructive bronchiolitis)
and parenchymal destruction (emphysema). Chronic inflammation causes structural
changes, small airways narrowing, and destruction of lung parenchyma. A loss of
small airways may contribute to airflow imitation and mucociliary dysfunction, a
characteristic feature of the disease” (GOLD 2017; www.goldcopd.org).
Oxidative stress plays a key role in driving COPD-related inflammation, even in
ex-smokers, and might result in activation of the proinflammatory transcription factor nuclear factor kB (NF-kB), impaired antiprotease defenses, DNA damage,
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cellular senescence, autoantibody generation, and corticosteroid resistance through
inactivation of histone deacetylase 2 (Barnes 2016). Biomarkers such as hydrogen
peroxide and 8-isoprostane are increased in sputum and the systemic circulation of
COPD patients, and oxidative stress is further increased during exacerbations.
Oxidants are released from activated inflammatory cells such as macrophages and
neutrophils, and a deficit of endogenous antioxidants may exist in COPD patients.
For these reasons, the potential benefit of antioxidant therapy with NAC has been
examined in several clinical research trials to assess its efficacy in ameliorating the
symptoms of COPD and potential to improve lung function.
Antioxidant therapy has been proposed for use in COPD since the early 1980s, as
for CF. There is a large body of evidence that oxidative stress plays an important role
in the pathogenesis of COPD (MacNee 2005). Markers of oxidative stress have been
demonstrated in the airways, breath condensate, sputum, blood, and urine of smokers
and patients with COPD (MacNee 2000; GOLD 2017). There is also evidence that
endogenous antioxidants such as reduced GSH and lung GSH biosynthesizing
enzymes are significantly decreased in patients with COPD (Malhotra et al. 2008).
Furthermore, oxidative stress has been reported to increase concomitantly as GSH
levels are depleted during severe COPD exacerbations (Drost et al. 2005). Inhaled
bronchodilators and inhaled corticosteroids are the mainstay of treatment for COPD
(GOLD 2017; Qaseem et al. 2011). Given their key role in the pathogenesis of
COPD, oxidative stress and inflammation could represent promising therapeutic targets for the treatment of this disease (Barnes 2013; Wada and Takizawa 2013).
Cazzola et al. (2015) published the results of a meta-analysis testing the available
evidence that NAC treatment may be effective in preventing exacerbations of chronic
bronchitis or COPD and evaluating whether there is a substantial difference between
the responses induced by low (<600 mg per day) and high (≥600 mg per day) doses
of NAC. Thirteen studies were identified for evaluation, and each study was scored
utilizing the Jadad scoring system to describe the quality of evidence provided by the
design methodology of the trials (Jadad et al. 1996). The Jadad scoring system provides a scale of 0 (worst) to 5 (superior). The major points for scoring include a yes
or no answer given to three questions: (1) Was the study described as randomized?
(2) Was the study described as double blind? (3) Was there a description of withdrawals and dropouts? Additional points were given if the method of randomization was
described in the paper, and was appropriate, or the method of blinding was described
and it was appropriate. Points were deducted if the method of randomization was
described, but was inappropriate, or the method of blinding was described, but was
inappropriate. The point total for the score each study received was not provided. The
range of Jadad scores for these 13 studies was 1–4.
From the 13 included studies, performed between the dates of 1976 and 2014, a
total of 4155 COPD patients (NAC n = 1933; placebo or controls n = 2222) were
selected. Three studies used high-dose NAC (≥ 600 mg/day), nine used low-dose
NAC (≤ 600 mg/day), and one investigated both low- and high-dose NAC. A subgroup analysis was performed on seven studies that were randomized controlled
trials (RCTs) in COPD patients (per the American Thoracic Society/European
Respiratory Society (ATS/ERS) (Celli and MacNee 2004) or (GOLD 2014)
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definition) to provide recommendations. The meta-analysis results demonstrate that
patients treated with NAC had significantly and consistently fewer exacerbations of
chronic bronchitis or COPD (relative risk 0.75, 95% CI 0.66–0.84; p < 0.01),
although the protective effect was more apparent in chronic bronchitis patients
without evidence of airway obstruction. High doses of NAC were also effective in
patients suffering from COPD (per GOLD criteria; relative risk 0.75, 95% CI 0.68–
0.82; p = 0.04).
Fowdar et al. (2017) subsequently performed an updated meta-analysis that
included randomized, placebo-controlled trials with oral NAC in COPD. They
included 12 studies, ten of which were also included in the Cazzola meta-analysis.
Using stricter inclusion criteria, they identified 12 trials that enrolled a total of 2691
patients and occurred between the years 1976 and 2014. The reviewers include studies with the following characteristics: (1) subjects enrolled with stable (per definition) COPD disease status; (2) pulmonary function tests with obstructive
characteristics of COPD per GOLD criteria (ten of the studies); (3) the therapeutic
intervention with oral NAC for more than 4 weeks, in addition to standard therapy;
(4) placebo-controlled; (5) randomized or crossover controlled trial design; (6) and
the number of patients with at least one exacerbation as the primary outcome and
other effect indexes as the secondary outcomes. Sample sizes ranged from 24 to
1006 participants. Participants were randomly assigned to study drug, NAC
(n = 1339), or placebo control (n = 1352) groups. The baseline characteristics of the
two groups did not differ. All studies were randomized. A matching placebo was
used to blind both the participants and the investigators in all but one study.
Withdrawals and dropouts were described in all but two studies. Overall, the quality
of the 12 studies was high per Jadad scoring criteria, which ranged from 2 to 5 (summary of clinical studies in COPD, Online Table 15.2). NAC doses ranged from 257
to 1800 mg/day, and study drug treatment duration ranged from 3 to 36 months. The
meta-analysis determined that both high-dose and low-dose NAC treatment with
duration of at least 6 months reduced the prevalence of COPD exacerbations. NAC
treatment did not affect exacerbation rate, the FEV1, forced vital capacity (FVC), or
inspiratory capacity (IC). The conclusion of the meta-analysis by Fowder et al. was
that use of long-term NAC therapy might reduce risk of COPD exacerbation. There
was no detectable effect on lung function, and the authors suppose that the reason
for that is likely due to previous constriction due to airway remodeling and the
development of irreversible airflow constriction.
For both meta-analyses, Zheng et al. (2014) received the highest Jadad score (4
by Cazzola and 5 by Fowder). Zheng et al. performed a DBPC, parallel, multicenter
(34 centers) study over 1 year comparing NAC 600 mg or matched placebo taken
orally in addition to their usual regimen on the exacerbation rate in 1 year
(PANTHEON study). The groups were well-matched in all baseline characteristics,
including FEV1% of predicted, age, and level of severity of COPD per GOLD criteria. There were no differences noted in baseline therapies prescribed between the
two groups. Follow-up visits occurred at 1, 2, 6, 9, and 12 months. Analysis conducted on intent-to-treat (ITT) basis. They did not outline the statistical methods for
handling missing data. Four hundred and eighty-two subjects were enrolled into
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each group (total 964). Seven hundred and sixty-three subjects completed the 1 year
study. The primary outcome measure was time to first exacerbation, time to recurrent exacerbation, number of participants requiring systemic corticosteroids or antibiotics or use of short-acting beta-agonist (SABA) rescue medication, St. George’s
Respiratory Questionnaire (SGRQ – Chinese version), spirometry, and adverse
events (including hospitalization or death). After 1 year, 497 acute exacerbations in
482 patients in the NAC group who received at least one dose and had at least one
assessment visit (1·16 exacerbations per patient-year) and 641 acute exacerbations
in 482 patients in the placebo group (1·49 exacerbations per patient-year; risk ratio
0·78, p = 0·0011). The authors thus concluded that their findings show that in
Chinese patients with moderate-to-severe COPD, long-term use of NAC 600 mg
twice daily can prevent exacerbations, especially in disease of moderate severity.
The report does not supply data regarding assessment of adherence to the medication regimen over the year, though it reports the mean treatment duration of completers was 319·0 days (SD 102·3) in the NAC group and 319·1 days (105·2). Neither
do the investigators report the use of concomitant medications such as other antioxidants or alternate therapies, some of which may have efficacy in treatment of lung
disease associated with oxidant excess and many of which are likely to be used
“off-label” in China where many herbal and homeopathic remedies are utilized in
the treatment of disease. Nonetheless, we find the evidence for the use of NAC in
COPD to be at a level 1a evidence of efficacy.
Tse et al. (2013) designed a DBPC study to investigate the efficacy of highdose NAC plus usual therapy in Chinese patients with air trapping and airway
resistance of stable COPD, titled the HIACE study. The duration was 1 year in
length conducted in Kwong Wah Hospital, Hong Kong. Eligible patients aged
50–80 years of age were randomized to receive NAC 600 mg bid or identical placebo after 4-week run-in. The treating physician and patients were blinded, though
a third party was not blinded. The primary outcome was small airways function as
assessed via GOLD standard definition of lung function parameters. Other outcome measures included exacerbation and admission rates, and subjects were
assessed every 16 weeks for 1 year. One hundred and twenty of 133 patients were
eligible for the study. Aside from a predominance of men in each group, baseline
characteristics were similar in the two groups. At 1 year, there was a significant
improvement in forced expiratory flow (FEF25–75%; p = 0.03) though this measure
is not accepted by ATS/ERS as significant. As well, a significant reduction in
exacerbation frequency (0.96 times/year vs. 1.71 times/year, p = 0.019) was noted
for the NAC group vs. placebo. No major adverse effects were reported. The
authors conclude that 1-year treatment with high-dose NAC resulted in significantly improved small airways function and decreased exacerbation frequency in
patients with stable COPD, though the sample size in the study was too small to
detect an improvement in other lung function parameters such as FEV1. Therefore,
studies with larger sample sizes are warranted to assess the effects of maintenance
treatment with high-dose NAC in COPD.
To investigate whether treatment with the inhaled corticosteroid fluticasone propionate (FP) or NAC is effective in primary care patients, Schermer et al. (2009)
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performed a 3-year phase IV, randomized, DBPC, double-dummy study comparing
the efficacy of inhaled FP 500 mg twice daily, oral NAC 600 mg once daily, or placebo preceded by a 3-month washout and 2-week prednisolone pretreatment. The
Cazzola and Fowder meta-analyses awarded this study with a Jadad score of 4 and
5, respectively. Patients were ex-smokers with chronic bronchitis or
COPD. Exacerbation rate and quality of life measured with the Chronic Respiratory
Questionnaire (CRQ) were the primary outcomes; FEV1 decline and respiratory
symptoms were secondary outcomes. Two hundred and eighty-six patients recruited
from 44 general practices were randomized for the study. Results indicate that the
exacerbation rate was 1.35 times higher for NAC (p = 0.054) and 1.30 times higher
for FP (p = 0.095) compared with placebo. CRQ total scores did not differ between
NAC (p = 0.306) or FP (p = 0.581) treatment compared to placebo. The authors
concluded that in this study comparing low-dose NAC with high-dose fluticasone
propionate, no beneficial treatment effects were noted for either study drug compared to placebo.
Decramer et al. (2005) (BRONCUS trial) performed a 3-year, phase III, twoarm, DBPC, parallel-group study of 523 patients from 50 centers with COPD which
were randomly assigned to 600 mg daily NAC or placebo. Primary outcomes were
yearly reduction in forced expiratory volume in 1 s (FEV1) and the number of exacerbations per year. Analysis was by intention to treat. The groups were well-matched,
blinding was adequate, and those lost to follow up were equal for both groups and
accounted for. Both studies received Jadad score of 4 from the meta-analysis
reviewers. Overall, yearly exacerbation rates did not differ between patients
allocated N-Acetylcysteine and those allocated placebo (p = 0·85). In patients who
were not taking inhaled corticosteroids (n = 155), risk of exacerbation was lower for
those assigned NAC than for those assigned placebo (p = 0.040). Similarly, patients
who were not taking inhaled corticosteroids and were assigned NAC had fewer
moderate or severe exacerbations than did those who were assigned placebo
(p = 0.032). No effect on exacerbation rate was recorded in smokers or non-smokers
or in patients in GOLD stage II or III.
A 1-year DBPC study was performed in 2001 to determine the effect of NAC,
600 mg effervescent tablets once a day for 12 months on the concentration of H2O2
and thiobarbituric acid reactive substances (TBARs) in expired breath condensate
and serum levels of two lipid peroxidation products (TBARs, lipid peroxides) in
patients with COPD. Forty-four outpatients with stable COPD (22 in the NAC
group and 22 in the placebo group) completed the study. Specimens of expired
breath condensate and serum were collected at the randomization visit and then
every 3 months over 1 year. The concentration of TBARs and H2O2 in expired breath
condensate was measured spectrofluorimetrically by the thiobarbituric acid and
homovanillic acid methods, respectively. Serum levels of lipid peroxides were
determined spectrophotometrically after extraction with butanol and pyridine.
Initially, H2O2 exhalation did not differ between the placebo and NAC groups up to
6 months of treatment. After this the significant differences were observed. After 9
and 12 months of treatment, NAC group exhaled 2.3-fold (p < 0.04) and 2.6-fold
(p < 0.05) less H2O2 than placebo receivers, respectively. No significant effect of
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NAC administration on TBARs exhalation and serum levels of TBARs and lipid
peroxides was noted over the whole treatment period. Also no significant associations between exhaled H2O2 and concentrations of lipid peroxidation products were
noted in both treatment groups at any time point. These authors note that their
results indicate that long-term oral administration of NAC attenuates H2O2 formation in the airways of COPD subjects and prove antioxidant action of drug. However,
further studies are necessary to estimate the clinical significance of this finding
(Kasielski and Nowak 2001).
Other, less rigorously designed trials have been published. De Benedetto et al.
(2005) performed a single blind (to the chemist performing measurements), placebo-controlled study aimed to study the effect of 2 months’ treatment with oral
NAC compared to placebo on the H2O2 content in exhaled air condensate (EAC) of
clinically stable COPD patients, mean age 65.93 ± 9.3 years. After clinical examination, pulmonary function tests, and collection of EAC for the basal (T0) assay of
H2O2, 55 patients were randomly allocated to group A (usual therapy plus oral NAC
600 mg BID for 2 months) or group B (usual therapy plus placebo BID for 2 months).
H2O2 assay in EAC was repeated at day 15, day 30, and day 60 after the start of
therapy in each group. All patients were non-smokers or ex-smokers for at least
5 years, and the two groups were comparable in terms of demographic, respiratory
function, and EAC data at baseline. The H2O2 level in EAC of group A was significantly decreased at T15 (1.00 ± 0.38 SD mM; p = 0.003), T30 (0.91 ± 0.44 mM;
p = 0.007), and T60 (0.83 ± 0.41 mM; p = 0.000) compared to T0 (1.28 ± 0.61 mM).
No significant decrease in H2O2 of group B was measured at any time point. The
investigators conclude that oral NAC 600 mg BID for 2 months rapidly reduces the
oxidant burden in airways of stable COPD patients.
Overall, the sum of these studies indicate that NAC may reduce the number of
exacerbations in people with COPD by a small amount, but do not appear to cause
any harm (Online Table 15.2). The reduction is at most one fewer exacerbation
every 3 years. One person in eight may avoid having an exacerbation, provided all
take treatment every day for an average of 10 months. Mucolytics have not been
shown to slow the decline in lung function in COPD patients, and it is uncertain
whether they improve quality of life or hospitalizations (Poole et al. 2015).
In summary, the level of evidence of the benefits of NAC is of an A level recommendation, though overall, the beneficial effects of oral administration of NAC is
seen only after treatment periods of at least 6 months for reducing exacerbations and
improving symptoms of chronic bronchitis (Stey et al. 2000). A subsequent systematic review of mucolytics in chronic bronchitis or COPD began to stratify where
mucolytics might be found to be most cost-effective, advocating their use in patients
with severe COPD who are susceptible to repeated exacerbations.

15.3.3 Idiopathic Pulmonary Fibrosis
Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive lung disease of
unknown cause that is characterized by the histopathological or radiologic patterns
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of usual interstitial pneumonia in a typical clinical setting (Raghu et al. 2011;
Thannickal et al. 2004). IPF is thought to occur as a consequence of an interaction
between multiple risk factors (genetic and environmental) that predispose to an
aberrant repair response, particularly by repeated micro-injuries to an aging alveolar epithelium. Abnormalities in multiple pathways involved in wound healing and
inflammation lead to the development of IPF. The injury to the lung parenchyma is
thought to stimulate epithelial repair mechanisms that, in turn, theoretically initiate
aberrant epithelial–fibroblast communication. Rather than leading to resolution, the
injury activates myofibroblasts to build a thick collagen matrix in the interstitial
compartment of the lung, resulting in extensive remodeling (Richeldi et al. 2017).
There is evidence that oxidant/antioxidant imbalance and oxidative stress play a
role in alveolar epithelial cell injury and fibrogenesis. The major pulmonary antioxidant, GSH, which inhibits fibroblast and lymphocyte proliferation and differentiation, is lacking in the epithelial lining fluid as well as intracellularly in bronchoalveolar
lavage (BAL) fluid cells of IPF patients (Cantin et al. 1989).
The pathology of IPF involves many associated factors, and studies of familial
interstitial pneumonia have identified rare genetic variants, including genes associated with surfactant dysfunction (SFTPC, SFTPA2) and telomere biology and maintenance (TERT, TERC, PARN, RTEL, OBFC1; Nogee et al. 2001; Tsakiri et al.
2007; Wang et al. 2009; Stuart et al. 2015; Cogan et al. 2015). Genome-wide association studies (GWAS) have identified common genetic variants that account for
about a third of the risk to develop disease. In addition, recent studies indicate the
potential importance of alterations in host defense (MUC5B, ATP11A, TOLLIP)
and epithelial barrier function (DSP, DPP9; Fingerlin et al. 2013; Noth et al. 2013).
Moreover, a common gain-of-function variant in the gene MUC5B promoter region
is associated with the greatest relative risk to develop idiopathic pulmonary fibrosis,
both familial and sporadic cases. The site of altered MUC5B production has been
localized to bronchiolar epithelium, where it might either impede normal lung
repair, or, alternatively, enhance injury (Evans et al. 2016).
A number of clinical studies performed to evaluate NAC for the treatment of IPF
in combination with “standard therapies” have produced conflicting results. The
landmark early trial testing the efficacy of NAC in IPF was performed by Demedts
et al. (2005), in the IFIGENIA trial. The results showed that high-dose NAC, added
to standard therapy (prednisone and azathioprine), demonstrated a slowing of physiological decline as measured in the FVC and the diffusing capacity for carbon monoxide (DLCO), as well as an improved lung function in IPF patients compared with
standard therapy alone. However, there have been some concerns over the design of
the trial due to the relatively small numbers of patients it recruited (Fioret et al.
2011). By contrast, in a DBPC trial, Martinez et al. (2014) studied IPF patients
with mild-to-moderate impairment in pulmonary function with a three-drug regimen of prednisone, azathioprine, and NAC; NAC alone; or placebo. The study was
interrupted owing to safety concerns associated with the three-drug regimen. The
trial continued as a two-group study (acetylcysteine vs. placebo) without other
changes; 133 and 131 patients were enrolled in the acetylcysteine and placebo
groups, respectively. The primary outcome was the change in forced vital capacity
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(FVC) over a 60-week period. At 60 weeks, there was no significant difference in
the change in FVC between the NAC group and the placebo group (p = 0.77). In
addition, there were no significant differences between the NAC group and the placebo group in the rates of death (p = 0.30) or acute exacerbation (p > 0.99; Raghu et
al. 2012). In a 2016 clinical trial, the addition of NAC to pirfenidone unexpectedly
increased the rate of decline in FVC (Behr et al. 2016). Based on these conflicting
findings, Sun et al. (2016), with a meta-analysis to evaluate the efficacy of NAC for
the treatment of IPF, found no beneficial effect of NAC on changes in FVC, carbon
monoxide diffusing capacity, rates of adverse events, or death rates.
It has been suggested the perceived benefits of NAC in the initial IFIGENIA trial
of 2005 may have been as a result of the protective benefits of NAC with regard to
azathioprine toxicity. Interestingly, when the effect of intravenous NAC administration at a range of doses was compared between patients with known IPF and healthy
volunteers, there was no difference in the GSH levels noted in the healthy volunteer
group (Meyer et al. 1995), reinforcing the concept that NAC only elicits an effect to
replenish GSH levels in tissue that is deficient in GSH. Thus, in the final analysis,
NAC is not recommended for treatment of IPF.
There are few effective therapies to treat IPF, and the mortality rate is high; thus
effective treatments for IPF are urgently needed. Anti-inflammatory therapy with
corticosteroids or immunosuppressants does not improve the survival of patients
with IPF (Raghu et al. 1991; Pinheiro et al. 2008; Taskar and Coultas 2006). Other
pharmacological interventions have included nintedanib, etanercept, warfarin,
gleevec, and bosentan, which remain controversial (Canestaro et al. 2016).
Pirfenidone was approved by the European Medicines Agency in 2011 for the treatment of IPF (Taniguchi et al. 2011; Behr and Richeldi 2013). Until pirfenidone was
approved for the treatment of IPF in 2011, there were not therapeutic trials of any
treatment that demonstrated efficacy on the survival of patients with IPF.

15.4

Summary

There have been several investigations into the use of NAC in pulmonary disease,
and other studies are ongoing. This chapter reviews some of the major chronic pulmonary diseases, although infectious pulmonary conditions (i.e., bronchiolitis,
chronic bronchitis, pneumonia) are reviewed in the chapter on miscellaneous studies. Several clinical trials on the use of NAC in pulmonary disorders are ongoing as
outlined in Table 15.2 including two treatment trials on the use of NAC in acute
respiratory disease syndrome and asthma and one observation trial on idiopathic
pulmonary fibrosis.
There have been very few quality studies investigating the effects of oral NAC in
CF. The eight studies included for review in this chapter assessed different doses of
NAC through time, and initial studies were 3 months in duration or shorter. The
beneficial effects of NAC in CF and COPD appear to be best appreciated after at
least 6 months and with higher daily dosing strategies.
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Recommendations for the use of NAC in the pulmonary disorders reviewed in
this chapter are given in Table 15.3. There is a good grade of recommendation given
the quality of the studies performed; however, the outcomes are rather variable. For
CF and COPD, the study outcomes are most likely because of different dosing,
length of treatment, and subpopulation, with the evidence pointing in a favorable
direction for recommendation for the use of oral NAC in people with CF and
COPD. However, there is a least one study on IPF in which NAC may have been
detrimental, suggesting that, at this time, NAC should not be routinely used in the
treatment of IPF until this data is better understood or more studies are available to
show benefit (Online Table 15.3). There are few good quality trials investigating the
effect of long-term high-dose NAC in patients with CF, and further research is
required to investigate the mechanism of its action in CF and in COPD and its role
in improving outcomes for these diseases.
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16.1

Introduction

Cardiovascular disease is a leading cause of morbidity and mortality for both men
and women in the United States. The last 50 years has seen great advancements in
our understanding of cardiovascular disease states and has resulted in numerous
effective medications and interventional therapies. Treatments are continuing to
evolve, and given the number of people affected by cardiac disease, novel and
adjunctive treatments continue to be needed to improve outcomes, reduce post-procedural complications, and improve quality of life.
N-Acetylcysteine (NAC) has been shown to be a potent antioxidant and free radical scavenger in part due to its effect on stimulating glutathione (GSH) synthesis
and increasing intracellular GSH levels which are decreased in states of increased
inflammation and oxidative stress. It has vasodilatory actions that are mediated by
its enhancement of nitric oxide and reduction in the development of nitrate tolerance. Some of the first studies using NAC in cardiac disease were in the 1980s with
the treatment of angina as an adjunctive treatment to nitrates. It was not until the
1990s that the investigation of NAC into a wider range of cardiac disease states,
treatments, and procedures was considered. However, despite a growing number of
studies, its clinical utility in treating cardiac disease remains limited. This chapter
will review the evidence for the use of NAC for cardiac disorders and procedures
and as an adjunct to standard treatments. Table 16.1 outlines the proposed mechanisms of action of NAC for cardiac disorders.
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Table 16.1 Summary of NAC mechanisms of action across different cardiac disorders
Cardiac disorder
Hypertension

Adjunctive to nitrate drug
treatments

Myocardial infarction

Percutaneous coronary
intervention
Cardiac surgery outcomes

Peripheral vascular disease

16.2

Mechanism of N-Acetylcysteine (NAC)
Enhancing nitric oxide metabolism by supplying free
sulfhydryl groups needed for the activation of guanylate
cyclase
Inhibition of angiotensin-converting enzyme
Enhancing nitric oxide metabolism by supplying free
sulfhydryl groups needed for the activation of guanylate
cyclase
Preventing the oxidation of nitrate compounds
Reducing reactive oxygen species and free radical
Antiplatelet effect
Reducing activation of inflammatory cascade
Inhibition of angiotensin-converting enzyme
Reducing reactive oxygen species and free radical
Antiplatelet effect
Reducing activation of inflammatory cascade
Reducing reactive oxygen species and free radical
Antiplatelet effect
Reducing activation of inflammatory cascade
Antiplatelet effect

Methods

A systematic online literature search was performed to identify all clinical trials
involving cardiovascular disease using NAC using the filters “human” and “clinical
trials.” From these the author screened titles and abstracts of all potentially relevant
publications.

16.3

Evidence of Effectiveness of NAC
in the Treatment of Cardiac Disorders

16.3.1 Hypertension
NAC may treat hypertension through enhancing nitric oxide (NO) metabolism and
improving endothelial function. In a small open-label randomized crossover study
(level 2b), hypertensive smokers already treated with angiotensin-converting
enzyme inhibitor therapy received either 600 mg NAC three times a day for 21 days
or continued treatment as usual (Barrios et al. 2002). The combination therapy significantly lowered ambulatory systolic and diastolic blood pressure (BP) on 24 h
and daytime measurements. In a small double-blind placebo-controlled (DBPC)
(level 2b) study, patients with type 2 diabetes and hypertension received placebo or
a combination of 600 mg NAC twice a day and 1.2 g l-arginine daily for 6 months
(Martina et al. 2008). The combination treatment lowered both systolic and diastolic
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BP. Thus, the Grade of Recommendation (GOR) for treatment of hypertension is B
with both studies being level 2b. However, given that there are only two small studies, with one being open-label, more studies are needed before a strong recommendation can be made for the use of NAC for hypertension.

16.3.2 NAC for Adjunctive Nitrate Treatments
16.3.2.1 Potentiating the Clinical Effect of Nitrate Drugs
Nitrate drugs like nitroglycerin (NTG) have been a mainstay of therapy for coronary
ischemia and for treatment of acute congestive heart failure decompensation for
several decades. NAC is believed to augment the hemodynamic and antiplatelet
effect of nitrate compounds and limit nitrate tolerance through several mechanisms,
including supplying free sulfhydryl groups needed for the activation of guanylate
cyclase and preventing the oxidation of nitrate compounds thereby inactivating
them and preventing the creation of toxic peroxynitrite.
Several studies have investigated the adjunctive effect of NAC on nitrate treatment for patients with angina. Three studies have examined the effect of NAC on
potentiating the clinical effects of nitrates. In patients with severe drug-resistant
unstable angina pectoris, 5 g intravenous (IV) NAC reduced the incidence of acute
myocardial infarction (AMI) but increased the incidence of symptomatic hypotension when added to IV NTG in a small DBPC study (level 2b) (Horowitz et al.
1988). In a large randomized DBPC (level 1b), the combination of NTG and NAC
improved the composite outcome of death, myocardial infarction, or refractory
angina requiring revascularization over a 4-month period in 200 patients with unstable angina (Ardissino et al. 1997). Lastly, in a DBPC crossover study (level 2b),
2.4 g oral NAC given twice, combined with 60 mg of the sublingual long-acting
nitrate, isosorbide-5-mononitrate, prolonged total exercise time in 10 patients with
angina pectoris on beta blockers without nitrate tolerance (Svendsen et al. 1989).
Thus, there is a GOR of B for NAC improving clinical endpoints when added to
nitrate drugs. There is good potential for using NAC to improve angina treatment,
but until the effect of increasing symptomatic hypotension can be studied further, it
is difficult to make certain recommendations.
Three studies have examined the effect of NAC potentiating the hemodynamic
effect of nitrates. In a small DBPC crossover study (level 2b), 23-h infusion of NTG
(0.1 μ/kg/min) combined with NAC (5 mg/kg/h) potentiated the acute venodilatory
effect of NTG as estimated by changes in the venous volume and microcirculatory
subcutaneous blood flow effects of NTG (Boesgaard et al. 1994). In a small randomized crossover study design (level 2b), IV 100 mg/kg NAC was found to potentiate the effect of isosorbide dinitrate on mean right atrial pressure, mean pulmonary
artery wedge pressure, mean pulmonary artery pressure, and cardiac output (Mehra
et al. 1994). In a non-blinded study (level 2b) of patients with and without coronary
artery disease (CAD), 100 mg/kg of NAC potentiated nitrate-induced large epicardial coronary artery vasodilation in the patients with CAD but not those without
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(Nishikawa et al. 1998). NAC also potentiated the increase in coronary blood flow
in response to NTG in both those with and without CAD. Thus, this provides a GOR
of B for NAC augmenting the hemodynamic effect of nitrates. However, with only
a few studies investigating this effect, more research is needed before a definite
recommendation regarding its clinical role can be made.

16.3.2.2 Prevention of Nitrate Tolerance
Several studies, most of them small DBPC crossover RCTs with washout periods,
have examined the ability of NAC to prevent tolerance to nitrates. Two studies examined transdermal glyceryl trinitrate. NAC 200 mg three times daily failed to prevent
tolerance of transdermal glyceryl trinitrate 20 mg on hemodynamic changes following exercise in healthy controls (Hogan et al. 1989) (level 2b), while NAC 400 mg
three times daily failed to prevent tolerance of transdermal glyceryl trinitrate 10 mg
on hemodynamic changes following exercise in patients with stable angina (Hogan
et al. 1990) (level 2b). Thus, these studies do not support an effect of NAC on preventing hemodynamic tolerance of transdermal glyceryl trinitrate (GOR B).
Three studies examined the effect of NAC on isosorbide dinitrate. Controlled
released NAC 600 mg four times a day provided a continuing positive effect of
isosorbide dinitrate on electrophysiological measurements, including time to 1-mm
ST depression and total ST segment depression, during a bicycle exercise test in
treated stable angina pectoris patients (level 2b) (Boesgaard et al. 1991). Likewise
continuous NAC infusion (5 mg/kg/h) provided a continuing positive effect of IV
isosorbide dinitrate, on the aforementioned electrophysiological measurements and
time to angina onset in patients with stable angina pectoris during a bicycle exercise
tests (level 2b) (Boesgaard et al. 1992). However, a single dose of 100 mg/kg NAC
IV did not reverse tolerance to the hemodynamic and antianginal effects of four
times a day of 30 mg isosorbide dinitrate during exercise in patients with chronic
stable angina (level 2b) (Parker et al. 1987). Although limited in number, these studies suggest that prolonged treatment with NAC may prevent tolerance to the hemodynamic effects of isosorbide dinitrate (GOR B). However, given the small overall
sample size of these studies, recommendations for the use of NAC for this indication cannot be made at this time.
Two studies examined the tolerance to NTG following combined infusion of
NTG and IV NAC (5 mg/kg/h). In the only non-blinded study (level 2b) in this section, NAC resulted in decreased tolerance to sublingual NTG after 48-h NTG infusion (1.5 μg/kg/min), despite no effect of NAC on counter-regulatory neurohormones
(i.e., renin, aldosterone, and norepinephrine) and intravascular volume expansion
(Pizzulli et al. 1997). In another small DBPC crossover study (level 2b), NAC added
to NTG (0.1 μg/kg/min) prevented NTG tolerance at 23 h (Boesgaard et al. 1994).
These studies provide additional support (GOR B) for NAC in the prevention of
nitrate tolerance. However, given the small overall sample size of these studies and
the fact that there are only two studies, recommendations for the use of NAC for this
indication cannot be made at this time.
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16.3.2.3 Prevention of Nitrate Adverse Effects
One study investigated whether NAC could prevent nitrite-induced methemoglobinemia. In a randomized placebo-controlled crossover study (level 2b), IV NAC
(160 mg/kg) did not change nitrite-induced methemoglobinemia (Tanen et al. 2000).

16.3.3 Acute Myocardial Infarction
NAC is believed to be beneficial during AMI because of several physiological
mechanisms that have been studied in animals (Sochman 2002). These potential
mechanisms include the amelioration of ischemia-reperfusion injury and adverse
remodeling via its antioxidant effects, antiplatelet effects, and enhancement of
NO. In a small controlled study (level 2b), 15 g of IV NAC infused over 24 h in
combination with NTG and streptokinase resulted in better preservation of left
ventricular function and possibly more rapid reperfusion in patients with AMI
(Arstall et al. 1995). The infarct size limitation: acute N-Acetylcysteine defense
(ISLAND) trial, a controlled randomized three-arm study (level 2b), demonstrated
that adding IV NAC (100 mg/kg) to streptokinase-induced recanalization in patients
with a first anterior wall myocardial infarction improved global and regional left
ventricular ejection fraction and myocardial salvage (Sochman et al. 1995, 1997). In
a prospective DBPC study (level 1b), 600 mg NAC twice a day for 3 days lowered
serum concentrations of matrix metalloproteinases at 72 h suggesting reduced early
remodeling as well as decreased length of hospitalization, major adverse cardiac
events at 1-year follow-up, and a decreased incidence of reinfarction (Talasaz et al.
2014). In a small randomized controlled study (level 2b), 15 g of NAC IV over 24 h
resulted in higher left ventricular ejection fraction and lower end-systolic and enddiastolic diameters and wall motion score index but no difference in the MB fraction
of creatine kinase (Yesilbursa et al. 2006) in AMI patients. Thus, four controlled
studies, most of them small, have reported positive effects of NAC during AMI
(GOR B), suggesting that this is a very promising area of the therapeutic use of
NAC. One limitation of these trials is the paucity of data in patients undergoing
early revascularization with percutaneous coronary intervention and stenting as
opposed to the use of thrombolytics. Indeed, larger well-designed studies of current
era treatment of myocardial infarction are needed to confirm these findings. Several
clinical trials are ongoing (Table 16.2).

Table 16.2 Ongoing clinical trials on N-Acetylcysteine for cardiac disease
Trial title
Effects of N-Acetylcysteine during primary percutaneous
coronary intervention (EASE-PRM-PCI)
Effect of N-Acetylcysteine in myocardial infarction
Effects of N-Acetylcysteine during percutaneous
coronary intervention (EASE-PCI)

NCT #
NCT01878344
NCT01741207
NCT01878669

Trial status
Ongoing but not
recruiting
Unknown
Ongoing but not
recruiting
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One study has examined the effect of NAC of the development of non-thyroidal
illness syndrome in patients with AMI. In a multicenter randomized controlled
study (level 2b), 1.2 g NAC IV given every 12 h for five doses prevented a decreased
in T3 and a normalization of rT3 but did not affect T4 or thyroid-stimulating hormone (Vidart et al. 2014). This study supports the notion that NAC may be useful
for patients with AMI but with only one study provides limited evidence for routine
use of NAC in patients with AMI for preventing thyroid dysfunction.

16.3.4 Cardiac Surgery
Reactive oxygen species have been shown to be important mediators of myocardial
stress associated with ischemia and reperfusion injury in patients undergoing cardioplegia arrest (Mehlhorn et al. 2003). Several studies have investigated whether
NAC is helpful during cardiac bypass surgery in general. In a large DBPC (level 1b)
of patients undergoing coronary artery bypass surgery with cardiopulmonary
bypass, 600 mg NAC oral the day prior to surgery followed by IV NAC (150 mg/kg)
just before surgery followed by IV NAC (12.5 mg/kg/h) for 24 h did not change
clinical outcomes. In a medium-sized DBPC study (level 2b), IV NAC (300 mg/kg
over 24 h) did not improve clinical outcomes in patients at higher risk of postoperative renal failure (Haase et al. 2007). There is one small controlled study of patients
undergoing coronary artery bypass surgery (level 2b) NAC (50 mg/kg) infused with
cold-blood cardioplegia resulted in lower cardiac troponin I levels following surgery (Koramaz et al. 2006). This later study suggests that delivery and timing of the
application of NAC may be important. Lastly, in a large DBPC study (level 1b), IV
NAC (100 mg/kg bolus followed by 20 mg/kg/h during bypass until 4 h after bypass
surgery) resulted in increased chest tube blood loss and a greater transfusion volume
(Wijeysundera et al. 2009). Thus for general use in cardiac surgery, NAC has not
been consistently reported to have beneficial effects, and despite its very favorable
safety profile, one study seems to suggest that there is increased blood loss with
NAC, presumably due to its proposed antiplatelet effects. Thus, until further positive studies are performed, NAC cannot be recommended as an adjunct for cardiac
bypass surgery outcomes.

16.3.5 Postoperative Atrial Fibrillation
Postoperative atrial fibrillation (POAF) is the most common arrhythmia occurring
after cardiac surgery, being found in 25–40% of such patients (Ommen et al. 1997).
While it is generally felt to be benign, it is associated with increased length of stay
(LOS), increased cost, and, in some cases, hypotension and mortality. There is evidence that the postoperative state is marked by increased inflammation and oxidative stress as well as alterations in the renin-angiotensin system (Huang et al. 2009;
Dilaveris et al. 2005). Based on this evidence, several antioxidant strategies including NAC have been studied for reduction of POAF rates and LOS. Most of the early
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studies demonstrated a reduction in the rate of POAF with NAC. Ozaydin et al.
(Ozaydin et al. 2008) performed a prospective, randomized, placebo-controlled
study of 115 patients (level 1b) undergoing cardiac bypass and valve surgery. They
received IV NAC 1 h prior to surgery and for 48 h postsurgery. NAC treatment significantly lowered the incidence of POAF lasting longer than 5 min. A subsequent
meta-analysis including 8 randomized trials and 578 patients supported the efficacy
of NAC in reducing the incidence of POAF (odds ratio = 0.62, 95% CI 0.41–0.93,
P = 0.021) and showed that NAC was associated with a reduction in all-cause mortality (Liu et al. 2014). Most early trials were small and had variable dosing schedules. In a large DBPC study (level 1b), prophylactic high-dose 1.2 g oral NAC two
times a day, begun 2 days before open heart surgery and continued for 5 days after
surgery, had no significant effect on the incidence of POAF, in-hospital stay, and
postoperative morbidity or mortality (Kazemi et al. 2013). This prompted a second
meta-analysis including this new data that still demonstrated that NAC reduced the
incidence of POAF (odds ratio = 0.62, 95% CI 0.41–0.93, P = 0.021) compared
with controls but had no effect on LOS (Gu et al. 2012). Thus, there is good evidence (three level 1b studies; GOR A) that NAC may reduce the incidence of POAF,
but the effect on clinical outcomes is inconsistent. Given the fact that one study
demonstrated increased blood loss after cardiac surgery with NAC treatment and the
lack of a clear clinical outcome, the use of NAC for POAF is probably best decided
on a case-by-case basis.

16.3.6 Peripheral Vascular Disease
Two studies have been conducted to determine the utility of inpatients with peripheral vascular disease. In patients undergoing surgical intervention for acute femoral
artery occlusion, 300mg NAC before reperfusion, and 8 and 16 h after reperfusion
reduced the A-aO2 gradient increase with reperfusion in a controlled study (level
2b) and suggested less severe organ injury in the NAC group (Ege et al. 2006). In a
small DBPC crossover study (level 2b), 1.8 g NAC for 4 days plus 2.7 g NAC before
the experimental session did not improve walking tolerance or post-occlusive reactive hyperemia in patients with intermittent claudication (da Silva et al. 2015).
Given that these two studies examined different populations, it is difficult to combine them to conclude anything certain about the effect of NAC in patients with
peripheral vascular disease. Further studies will be needed to examine this population in greater detail.

16.3.7 Cardiac Catheterizations
One study examined the antiplatelet and clinical effect of NAC on outcomes after
percutaneous coronary intervention. In a large (level 1b) DBPC intracoronary IV,
NAC (100 mg/kg bolus plus 10 mg/kg/h) for 12 h did not reduce the level of platelet
activation biomarkers within a 24-h period nor did it reduce a combination endpoint
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of all-cause death, reinfarction, and target vessel revascularization assessed at
30 days and 2 years following percutaneous coronary intervention (Eshraghi et al.
2016). Major adverse cardiac events at 30 days and 2 years were infrequent in the
study, however. This GOR B does not support the use of NAC during percutaneous
coronary intervention, but there is only one study at this time to provide any
guidance.

16.4

Summary

In our systematic review, we found numerous clinical trials that examined the effect
of NAC in treating various cardiac disease states. Although the data for NAC use in
several of these conditions such as in the treatment of hypertension and peripheral
vascular disease remains limited, clinical trials examining the effect of NAC as an
adjunct to nitrate therapy and as a therapy for AMI and during cardiac surgery are
more substantial.
We have summarized the evidence and recommendations for the use of NAC for
these various conditions in Table 16.3. There is good evidence that NAC may be
helpful as an adjunct for nitrate therapy, particularly in the treatment of angina,
potentiating the hemodynamic effects of nitrates and preventing nitrate tolerance for
certain nitrate formulations. However, one study pointed out that the augmentation
of hemodynamic effect of nitrates may also cause symptomatic hypotension, so
further studies are needed to determine the optimal combination of nitrate and NAC
dosing and to establish its potential benefit in the modern era of early revascularization. There are several positive studies suggesting that NAC may improve outcomes
and reduce infarct size after AMI, but more studies are needed to follow up these
positive results before NAC can be recommended for routine use in the treatment of
AMI. Indeed, several trials are ongoing and should provide greater insight into its
potential clinical role (Table 16.2).
Unlike these promising studies, studies examining the use of NAC for cardiac
surgery have not demonstrated consistent clinical benefit and must be weighed
against limited data suggesting the potential for greater blood loss, presumably due
to its antiplatelet effects. However, all of these aforementioned studies provided
NAC systematically, whereas the one study that only included it in the cardioplegia
demonstrated improvement in biomarkers for myocardial damage. Clearly more
research will be needed before NAC can be routinely used in the context of cardiac
surgery.
Thus, the recommendations for the use of NAC in the majority of cardiac disorders are still limited based on the number and the quality of studies that have been
conducted and available for review at this time. While larger controlled trials are
needed to establish efficacy of NAC, available evidence so far and safety profile of
NAC support its potential as a novel treatment option for several cardiac disorders.
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Table 16.3 Overall ratings of NAC based on clinical studies presented by condition
Uncontrolled
Controlled
studies
studies
positive%
positive%
Grade of
(positive/
Recommendation
(positive/total) recommendation for treatment
total)
Reason for treatment
Hypertension
100% (2/2)
B
None
Adjunctive to nitrate
None
drug treatments
Angina treatment
100% (3/3)
B
None
Potentiating
100% (3/3)
B
None
hemodynamic effect
Preventing nitrate
None
tolerance
Transdermal
0% (0/2)
B
No
glyceryl trinitrate
Isosorbide
67% (2/3)
B
None
dinitrate
Nitroglycerin
100% (2/2)
B
None
Preventing
100% (1/1)
C
None
methemoglobinemia
Myocardial infarction
100% (4/4)
B
None
100% (1/1)
C
None
Preventing
non-thyroidal illness
syndrome
Percutaneous coronary
0% (0/1)
C
None
intervention
Improving cardiac
0% (0/4)
A
No
surgery outcomes
Post-operative atrial
89% (8/9)
A
None
fibrillation
Peripheral vascular
0% (0/1)
B
None
disease
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17.1

Introduction

The gastrointestinal (GI) system includes the GI tract, from the mouth to the anus,
as well as the accessory glands such as the liver, pancreas, and gallbladder. GI disorders include both common ailments that affect a wide range of people, such as
constipation and diarrhea, and more uncommon but serious disorders such as liver
disease.
Some of the first studies using N-Acetylcysteine (NAC) in GI disorders were in
the 1960s with the investigation of cystic fibrosis for abdominal pain and ileus
(Snyder et al. 1964; Lillibridge et al. 1967; Gracey et al. 1969). Since it is used as a
pulmonary mucolytic in this disorder, it was hypothesized that it might improve
malabsorption through a similar mechanism in cystic fibrosis (Mitchell and Elliott
1981). It was not until the 1990s that the investigation of NAC into a wider number
of GI diseases, particularly liver disease, lead to its successful use in preventing
liver failure in acetaminophen overdose. So far, studies still remain limited for many
GI conditions. This chapter will review the evidence for the use of NAC for GI disorders and surgery. Proposed biological mechanisms of action are provided in
Table 17.1.
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Table 17.1 Summary of NAC mechanisms of action across different gastrointestinal disorders
Gastrointestinal
disorder
Cystic fibrosis
Liver disease

Pancreatitis
Liver surgery
Endoscopy

17.2

Mechanism of N-Acetylcysteine (NAC)
Reduce thickened mucous in gastrointestinal tract
Improve hemodynamics, tissue oxygen delivery, and hepatic blood flow
Restore glutathione and reduce oxidative stress
Restore mitochondrial function
Reduce inflammatory mediators, particularly toll-like receptors 2 and 4,
TNF-alpha, IL-1β, IL-17, and IL-6
Restore glutathione and reduce oxidative stress
Protective effects on ischemia-reperfusion liver injury
Improve hemodynamics
Reduce thickened mucous in gastrointestinal tract

Methods

A systematic online literature search was done to identify all clinical trials on GI
disorders using NAC using the filters “human” and “clinical trials.” From these the
author reviewer screened titles and abstracts of all potentially relevant publications.

17.3

Evidence of Effectiveness of NAC in the Treatment
of Gastrointestinal Disorders

17.3.1 Cystic Fibrosis
17.3.1.1 Abdominal Pain/Ileus
NAC was first reported to treat ileus in cystic fibrosis in a case series of children
with fecal retention (Snyder et al. 1964). In an uncontrolled study of six pediatric
patients (one who refused to ingest the NAC), all of the patients who ingested the
NAC demonstrated hastened recovery from their abdominal pain without any
adverse effects (Gracey et al. 1969). Other case reports (Perman et al. 1975;
Lillibridge et al. 1967) and case series that include adult patients that previously
required operative treatment (Hanly and Fitzgerald 1983) documented the usefulness of NAC in ileus and abdominal discomfort. Unfortunately, these positive
uncontrolled studies have not been followed up with any controlled studies, thereby
limiting the grade of recommendation (GOR) possible. Clearly, controlled studies
are needed to determine the efficacy of NAC in this important population.
17.3.1.2 Malabsorption
A small double-blind placebo-controlled (DBPC) crossover study (level 2b) determined that 200 mg NAC three times a day for 4 weeks did not significantly affect
steatorrhea caused by pancreatic insufficiency associated with cystic fibrosis
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(Mitchell and Elliott 1981). As this is the only study in this category (GOR C), no
recommendations can be made.

17.3.2 NAC for Liver Disease
Given the effectiveness of NAC for supporting the liver function in the context of
acetaminophen toxicity, others have investigated the use of NAC for other types of
liver disease, including acute and chronic liver failure from idiopathic, infectious,
iatrogenic, and alcohol-related causes.

17.3.2.1 Acute Liver Failure
Two studies, one specifically in children, examined the ability of NAC to improve
outcomes in acute liver failure not due to acetaminophen toxicity. In a large prospective DBPC (level 1b) study, IV NAC (loading dose of 150 mg/kg over 1 h, followed by 12.5 mg/kg/h × 4 h, followed by infusion of 6.25 mg/kg/h for 67 h)
significantly improved transplant-free survival, particularly in those with grade 1 or
2 hepatic encephalopathy but did not improve survival at 3 weeks (Lee et al. 2009).
Although NAC was well-tolerated, nausea and vomiting did occur more frequently
in the NAC group. As a follow-up to this large study, others have performed followup studies, examining predictors of liver transplant (Singh et al. 2013) and inflammatory markers in patients with grade 1 or 2 hepatic encephalopathy (Stravitz et al.
2013). In a large DBPC study (level 1b) of children, IV NAC (150 mg/kg/day) given
up to 7 days improved the 1-year liver transplant-free survival but not the overall
1-year survival, hospital or intensive care stay length, or organ failure (Squires et al.
2013). Thus, two level 1b studies study demonstrated positive outcomes (GOR A)
suggesting that NAC is useful for acute liver failure not due to acetaminophen toxicity but in both studies secondary outcome measures but not primary outcome measures per positive. It should be noted that NAC showed limited benefit for patients
with high-grade (grade 3 and 4) hepatic encephalopathy, so further research is
needed to guide treatment indications.
17.3.2.2 Chronic Liver Failure
In a small controlled (no treatment) study (level 2b) of patients with nonalcoholic
steatohepatitis, oral NAC 600 mg daily for 4 weeks improved a subset of transaminases but not a wide number of metabolic measures, resulting in the authors raising
doubt that NAC provided a significant therapeutic effect (Pamuk and Sonsuz 2003).
This study could be viewed as providing safety information regarding NAC in this
population, but these data are not strong enough to provide therapeutic recommendations (GOR C).
17.3.2.3 Iatrogenic Hepatitis
In an open-label controlled (no treatment) trial (level 2b), oral NAC (600 mg twice
daily) protected elderly patients receiving first-line antituberculosis drugs, including daily doses of isoniazid, rifampicin, pyrazinamide, and ethambutol, from
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elevation in transaminases or hepatotoxicity (Baniasadi et al. 2010). Although the
results of this small study were promising, further studies will be needed before
treatment recommendations (GOR C) can be made.

17.3.2.4 Infectious Hepatitis
Three studies have investigated the role of NAC in infectious hepatitis. One small
multicenter DBPC trial (level 2b) on patients infected with hepatitis C found that
600 mg oral NAC three times per day for 6 months did not improve transaminase
concentrations or hepatitis C clearance, nor were thiol levels positively affected
(Bernhard et al. 1998). Given that only one study was conducted on hepatitis C
(GOR C), no recommendations can be made.
Two studies, both conducted in China, examined the effect of NAC on chronic
hepatitis B patients. In a large DPBC (level 1b) trial, 8 mcg NAC injected with standard therapy for 45 days reduced total bilirubin, hospitalization length, and the
elevation in activated prothrombin time (Shi et al. 2005). In a RCT, 8 g NAC was
compared to 1.2 g glutathione injected with standard therapy for chronic hepatitis B
patients for 28 days in an open-label non-placebo-controlled study. Both therapies
reduced total bilirubin and increased activated prothrombin time (Wang et al. 2008).
Although the data for treatment of hepatitis B is promising, the few studies conducted (only one placebo controlled) make conclusion (GOR B) of the data premature at this time.
17.3.2.5 Alcohol-Induced Liver Failure
Two studies have examined the treatment effect of NAC in alcohol-related hepatitis.
In a small multicenter, single-blinded, placebo-controlled study (level 2b) in patients
with biopsy-proven acute alcoholic hepatitis, 300 mg/kg IV NAC for 14 days did
not improve 1- and 6-month survival rates, infection rate at 1 month, or the incidence of hepatorenal syndrome (Moreno et al. 2010). In a large open-label placebocontrolled study (level 2b) of severe acute alcoholic hepatitis, IV NAC (300 mg/
kg day 1 and 100 mg/kg days 2–5), added to glucocorticoids, significantly improved
mortality at 1 month and the incidence of infections and death due to hepatorenal
syndrome. Mortality at 6 months and 1 year was only borderline significant improvement (Nguyen-Khac et al. 2011). With two level 2b studies, the GOR is B. However,
given the limited number of studies, it is difficult to make any recommendations.
Clearly there is some positive data when adding NAC to glucocorticoids; so further
research is needed.

17.3.3 Pancreatitis
Two studies have examined whether NAC can prevent post-endoscopic retrograde
cholangiopancreatography (ERCP) pancreatitis. In a large DBPC study (level 1b),
IV NAC (70 mg/kg 2 h before ERCP and 35 mg/kg every 4 h × 6 doses post-ERCP)
did not improve the incidence of post-ERCP pancreatitis or duration of hospitalization (Katsinelos et al. 2005). In another large RCT placebo-controlled study (level
1b), NAC (oral 600 mg 24 and 12 h before ECRP and IV 600 mg every 12 h × 4
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doses) did not prevent post-ERCP pancreatitis or change in serum or urine amylase
concentrations (Milewski et al. 2006). Thus, with two large controlled level 1b clinical trials (GOR A) demonstrating no effect, a recommendation of no NAC for postERCP pancreatitis is made.
Two studies have examined the effect of combination antioxidant therapy on
acute pancreatitis. In an observational study (level 2b), a combination antioxidant
therapy including selenium, NAC, ascorbic acid, beta-carotene, and alpha-tocopherol given by nasogastric tube did not improve morbidity and mortality (Virlos et al.
2003). In a multicenter DBPC study (level 2b), IV combination of antioxidants,
including NAC, selenium, and vitamin C for 7 days, did not improve the incidence
of organ dysfunction or patient outcomes (Siriwardena et al. 2007). Thus, with two
studies (GOR B) demonstrating no effect of NAC, in combination with other antioxidants, there can be no recommendations made for acute pancreatitis.

17.3.4 The Use of NAC in Liver Surgery
17.3.4.1 Liver Resection
In a large open-label RCT (level 2b) for patients undergoing liver resection, IV NAC
(150 mg/kg over 45 min post-op followed by 50 mg/kg over 4 h followed by 100 mg/
kg over 16 h followed by 100 mg/kg/day for 3 days) did not change the incidence of
adverse effects or liver failure but was associated with a higher incidence of delirium
(2.7% and 9.8%), resulting in early trial termination. A multivariate analysis suggested an association between NAC and postoperative complications, specifically
florid perceptual and cognitive symptoms together with hyperactive behaviors that
reversed after discontinuing NAC (Grendar et al. 2016). The severe cognitive adverse
effects are unusually for studies using NAC. The authors did not find any differences
in blood work to explain the effect. Thus, NAC cannot be recommended (GOR C) for
liver resection, and careful consideration for the mechanisms and adverse effects of
NAC needs to be considered before its use during liver resection.
17.3.4.2 Liver Transplant
Eight studies have been conducted on the use of NAC in orthotopic liver transplantation, with six studies conducted on treating the recipient and two studies treating
the donor.
In a DBPC study (level 2b), IV NAC given during orthotopic liver transplantation
(150 mg/kg over 15 min followed by 12.5 mg/kg/h for 4 h followed by 6.25 mg/kg/h
for the remainder of the surgery) to patients with chronic liver disease induced mild
vasodilatation, improved oxygen delivery and consumption, and reduced base deficit,
but did not improve mortality, morbidity, or postoperative graft function (Bromley
et al. 1995). In another placebo-controlled RCT (level 2b), patients undergoing liver
transplant who received NAC (just before reperfusion, 150 mg/kg over 15 min followed by 50 mg/kg NAC over 4 h followed by 100 mg/kg over 16 h) demonstrated a
reduction in ischemia-reperfusion injury, improved liver function and macrocirculation (Thies et al. 1998). In a small open-label RCT (level 2b), the combination of IV
NAC (following reperfusion, 70 mg/kg over 1 h repeated every 12 h for 6 days) along
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with prostaglandin E1 (0.4 mg/kg/h continuous infusion for 6 days) resulted in a nonsignificant lower peak transaminase rise and shorter length of hospital stay as well as
less severe graft rejection (Bucuvalas et al. 2001). In a placebo-controlled RCT (level
2b), in patients with chronic end-stage liver disease, IV NAC during the anhepatic
phase of liver transplant surgery (150 mg/kg over 30 min followed by 50 mg/kg over
4 h followed by 100 mg/kg over 16 h) did not improve oxygen extraction ratio during
hepatic artery revascularization nor postoperative graft function (Steib et al. 1998). In
a small placebo-controlled (level 2b) study, NAC (just before reperfusion 150 mg/kg
over 15 min followed by 50 mg/kg over 4 h followed by 100 mg/kg over 16 h) did not
change peak transaminase concentration (Weigand et al. 2001). In a large DPBC study
(level 1b), IV NAC (140 mg/kg over 1 h followed by 70 mg/kg every 4 h × 12 doses)
did not affect survival or graft function (Hilmi et al. 2010). Thus, of the six studies,
one study was positive, another showed positivity in secondary outcomes, and another
demonstrated some nonsignificant positive outcomes, but three other studies did not
confirm these positive findings. However, NAC was well-tolerated without significant
adverse effects. Given that the studies demonstrate significant heterogeneity in the
etiology of the liver disease requiring transplantation, it is very possible that specific
underlying diseases may respond better than others to NAC supplementation. Thus,
further studies are needed to determine if NAC can be helpful in improving outcomes
in orthotopic liver transplantation when given to a liver recipient.
The two studies treating the donor with NAC demonstrated more consistent
results. In a large single-blind (level 1b) study, IV NAC (30 mg/kg 1 h before liver
procurement and 300 mg through the portal vein just before cross-clamping) significantly improved graft survival at 3 and 12 months and lowered postoperative complications (D’Amico et al. 2013). In another controlled study (level 2b), IV NAC
(6 g given to a donor about 1 hr before extraction) improved transaminases, prothrombin time, and bile production in the recipient and lowered graft dysfunction
and improved graft rejection (Regueira et al. 1997). Thus, the two studies that examined giving NAC to the donor before procurement both suggested that NAC had
several positive effects. Given that both studies were adequate in size and well done
(GOR B), it is reasonable to suggest that NAC may be used in this context to improve
outcomes in orthotopic liver transplantation.

17.3.5 Endoscopy
Five studies have examined whether pretreatment with oral NAC improved visibility during upper endoscopy. Four studies, some rather large, found positive effects
of NAC. In a large blinded placebo-controlled study (level 1b), 400 mg NAC
20 min before upper endoscopy improved the mucosal visibility of the stomach
and significantly improved total mucosal visibility (Chang et al. 2007). In a large
DBPC (level 1b), oral 300 mg NAC combined with 100 mg dimethicone decreased
the water flush used during narrowband imaging upper gastrointestinal endoscopy
(Chen et al. 2013). In a DBPC study (level 2b), NAC solution 20 min before gastroscopy was associated with a lower volume of flush required to obtain clear mucosa
and a faster overall procedure time (Neale et al. 2013). In a very large controlled
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blinded study (level 1b), 200 mg NAC added to 100 mg simethicone improved total
mucosal visibility scores and reduced the need for flushing during upper endoscopy
(Chang et al. 2014). Only one study did not find a positive association with NAC
treatment and improved visibility during endoscopy. In a large DBPC study, 600 mg
NAC did not improve total mucosal visibility score during upper endoscopy (Asl
and Sivandzadeh 2011). Thus, these studies provide a GOR A for the use of NAC
prior to endoscopy for improving mucosa visibility.

17.4

Summary

In our systematic review, we found several clinical trials that examined the
effect of NAC in treating several GI conditions. We have summarized the evidence and recommendations for the use of NAC for these various conditions in
Table 17.2. For some conditions, such as acute liver failure, liver failure in
general, post-endoscopic retrograde cholangiopancreatography, orthotopic liver
Table 17.2 Overall ratings of NAC based on clinical studies presented by condition
Uncontrolled Controlled
studies
studies
positive%
positive%
(positive/ Grade of
(positive/
Recommendation
total)
recommendation for treatment
total)
Reason for treatment
Cystic fibrosis
100% (5/5)
0% (0/1)
C
None
Abdominal pain/ileus
100% (5/5)
C
None
Fat malabsorption
0% (0/1)
C
None
Liver failure (overall)
50% (4/8) A
Mixed
Acute liver failure
50% (1/2) A
Mixed
Chronic liver failure
50%
C
None
(0.5/1)
Iatrogenic liver
100%
C
None
dysfunction
(1/1)
Hepatitis C
0% (0/1)
C
None
Hepatitis B
100% (1/1)
100%
B
None
(1/1)
Alcohol induced liver
25%
B
None
failure
(0.5/2)
Pancreatitis (overall)
0% (0/1)
0% (3/3)
A
No
0% (2/2)
A
No
Post endoscopic
retrograde
cholangiopancreatography
Acute pancreatitis
0% (0/1)
0% (0/1)
B
None
Liver surgery (overall)
0% (0/1)
67% (4/6) A
Mixed
Liver resection
0% (0/1)
C
None
Orthotopic liver
33% (2/6) A
Mixed
transplantation (recipient)
Orthotopic liver
100%
B
Yes
transplantation (donor)
(2/2)
Endoscopy
80% (4/5) A
Yes
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Table 17.3 Ongoing clinical trials on N-Acetylcysteine for gastrointestinal disorders
Trial title
Effectiveness of N-Acetylcysteine on preservation solution
during liver transplantation
A trial of intravenous N-Acetylcysteine In The management
of antituberculous drug-induced hepatitis (NAC in TB DIH)
The protective effect for liver organ in patients with anti-TB
drugs using of acetylcysteine (NAC)
Prospective cohort study on drug-induced liver injury in
China (DILI-P)
N-Acetylcysteine to reduce infection and mortality for
alcoholic hepatitis (NACAH)
G-CSF plus NAC in severe alcoholic hepatitis
Fatty liver disease in obese children

NCT no.
NCT01866644

Trial status
Unknown

NCT02182167

Recruiting

NCT02889757
NCT02961413

Not yet
recruiting
Recruiting

NCT03069300

Recruiting

NCT02971306
NCT02117700

Recruiting
Not yet
recruiting

transplantation, and endoscopy, there are an adequate number of good quality
clinical trials to make some recommendations. From these studies, NAC appears
to be effective for orthotopic liver transplantation when given to the donor and
for endoscopy to improve visualization. Mixed, but promising, results are found
for using NAC for orthotopic liver transplantation when given to the recipient,
treating acute liver failure and liver failure overall, although the data may suggest that the efficacy of NAC may vary depending on etiology of liver failure—
an area that deserves further research. Studies on pancreatitis, including acute
pancreatitis and post-endoscopic retrograde cholangiopancreatography, were
not positive, suggesting that NAC may not have a therapeutic role in pancreatitis. Studies on patient with cystic fibrosis, for at least abdominal pain and ileus,
are promising, but the lack of controlled studies limits the ability to make
recommendations.
There are also ongoing clinical trials (Table 17.3) on the effect of NAC in GI disorders. There is one study examining the effect of NAC as a preservation solution for the
donor liver, which is a variation on the other liver transplantation studies. This is a very
promising area of NAC research that could significantly decrease mortality and morbidity in a high-risk patient group. As an extension to the positive study on the positive
effect of NAC for preventing iatrogenic liver injury from antituberculosis drugs, three
clinical trials are expanding on this initial study, two specifically on antituberculosis
drugs. As an extension of the several clinical trials on the use of NAC for chronic liver
failure, two studies are examining the role of NAC in alcoholic hepatitis and one study
in obese children with fatty liver disease.
From this review, NAC has therapeutic potential in many GI disorders although
the number and quality of the studies are limited in many disorders. Clearly, GI disorders are a promising area for the use of NAC as a therapeutic agent. Thus, more
studies are needed in this area to better define the dosing regime and the more precise
subpopulation that is optimally responsive to NAC therapy.
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18.1

Introduction

This chapter will review the clinical trial evidence for the use of NAC for disorders not
otherwise reviewed in other chapters in this book, including autoimmune disorders,
critical illness, cancer, neonatology, surgery, hearing, infectious disease, diabetes,
hematology, ophthalmology, and burns as well as skin, reproductive, bone, and metabolic disorders. Proposed biological mechanisms of action are provided in Table 18.1.

18.2

Methods

A systematic online literature search was conducted to identify all clinical trials using
NAC using the filters “human” and “clinical trials.” From these the author reviewer
screened titles and abstracts of all potentially relevant publications, and high-quality
studies were selected for medical disorders that are not discussed in other chapters.

18.3

The Effectiveness of NAC in the Treatment of Other
Miscellaneous Medical Disorders

18.3.1 Autoimmune Disorders
18.3.1.1 Lupus
In a medium-sized double-blind placebo-controlled (DBPC) study (level 2b), 2.4 g
and 4.8 g, but not 1.2 g, doses of NAC daily for 3 months reduced British Isles
Lupus Assessment Group index, the Systemic Lupus Erythematosus (SLE) Disease
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Table 18.1 Summary of NAC mechanisms of action across miscellaneous disorder
Disorder
Autoimmune
disorder
Critical illness

Cancer
Neonatology

Surgery

Burns

Skin disorders

Auditory disorders
Infectious disease

Diabetes
Hematology
Ophthalmology

Infertility

Bone health
Metabolic
disorders

Mechanism of N-Acetylcysteine (NAC)
Restores glutathione and normalizes mitochondrial membrane potential
Restores T-cell regulation
Improves oxygen extraction and tissue oxygenation
Decreases neutrophil activation
Decreases platelet aggregation
Enhances nitric oxide release by the endothelium and enhances
endothelium function
Inhibition of tumor necrosis factor and pro-inflammatory cytokine
production
Inhibits cellular apoptosis
Restores glutathione and reduces oxidative stress
Reduces the viscosity of meconium
Decreases neutrophil activation
Inhibition of tumor necrosis factor and pro-inflammatory cytokine
production
Restores glutathione and reduces oxidative stress
Inhibition of tumor necrosis factor and pro-inflammatory cytokine
production
Restores glutathione and reduces oxidative stress
Decreases activation of granulocytes, lymphocyte, and monocyte
Inhibition of tumor necrosis factor and pro-inflammatory cytokine
production
Restores glutathione and reduced oxidative stress
Antiproliferative effect
Restores glutathione and reduced oxidative stress
Decreases inflammation
Restores glutathione and reduced oxidative stress
Reduces the viscosity of sputum
Inhibition of tumor necrosis factor and pro-inflammatory cytokine
production
Restores glutathione and reduced oxidative stress
Restores red cell glutathione and protects red cell protein and DNA from
oxidative stress
Mucolytic
Restores glutathione and reduces oxidative stress
Decreases inflammation
Restores glutathione and reduces oxidative stress
Improves insulin sensitivity and testosterone levels
Improves homocysteine levels
Inhibitor of osteoclast differentiation and function
Reduction of oxidative stress

Activity Index, and the Fatigue Assessment Scale in patients with SLE. Although
one-third of patients receiving 4.8 g NAC developed nausea, it resolved with discontinuation of NAC (Lai et al. 2012). This provides some very compelling evidence for the role of NAC in the treatment of SLE, but with only one study, more
research is needed to further confirm and expand on these findings.
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18.3.1.2 Systemic Sclerosis
Two clinical trials have examined the effect of NAC on systemic sclerosis. In a
small DPBC study (level 2b), NAC up to 10 g daily for 1 year did not demonstrate
any significant changes in a wide variety of clinical measures in patients with progressive systemic sclerosis, leading the authors to suggest that larger studies were
needed (Furst et al. 1979). In a medium-sized open-label study (level 2b), intravenous (IV) NAC (15 mg/kg/h for 5 h) significantly reduced the resistance index in the
renal artery in patients with low disease severity but increased it in patients with
more severe disease (Rosato et al. 2009a). Additionally, NAC also improved mean
hepatic flow volume in patients with low disease severity as compared to those with
more severe disease (Rosato et al. 2009b). Thus, with two level 2b studies, the GOR
is B, but the results are mixed with one study being blinded and the other being
open-label, but the positive study also used IV NAC as compared to oral NAC in the
negative study. Given the inability to clearly interpret the results, there are no recommendations until further studies provide more evidence.
18.3.1.3 Raynaud’s Phenomenon Secondary to Systemic Sclerosis
Three clinical studies, one blinded and two open-label, have examined the therapeutic effect of NAC on Raynaud’s phenomenon secondary to systemic sclerosis. In a
medium-sized DBPC study (level 2b), oral NAC 600 mg three times a day for
4 weeks did not change microcirculation blood flow before and after cold stimulation (Correa et al. 2014). In an open-label study (level 2b), IV NAC (15 mg/kg/h for
5 h) every 2 weeks for 2 years increased global hands perfusion as measured by
laser Doppler perfusion imaging and reduced plasma adrenomedullin levels
(Salsano et al. 2005). In a small multicenter open-label study (level 2b), IV NAC
(150 mg/kg loading followed by 15 mg/kg/h for 120 h) significantly decreased the
severity and frequency of attacks, reduced the number of ulcers, and reduced the
recovery time in the cold challenge test (Sambo et al. 2001). Thus, with three level
2b studies, the GOR is B but the results are mixed. The blinded study was negative,
but it also used oral NAC, while the open-level studies were positive but used IV
NAC. Clearly this is a promising area where NAC therapy could be useful, but further clinical studies are needed.
18.3.1.4 Sjögren’s Syndrome
In a small DBPC crossover study (level 2b), oral NAC 200 mg three times a day for
4 weeks improved ocular soreness and irritability, halitosis, daytime thirst, and the
van Bijsterveld score but not the Schirmer test in patients with Sjögren’s syndrome
(Walters et al. 1986).
18.3.1.5 Summary
Thus, several studies of various qualities, none with large samples, have used both
oral and IV forms of NAC for autoimmune diseases. Overall there is some promising evidence for the use of NAC for various autoimmune diseases, including lupus
(one study), systemic sclerosis (two studies), Raynaud’s phenomenon (three studies), and Sjögren’s syndrome (one study), with all three of the studies that used IV
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NAC, and half of the four studies that used oral NAC demonstrating positive findings. Thus, further studies may be helpful for gaining additional evidence of the
therapeutic effectiveness of NAC in autoimmune diseases.

18.3.2 Critical Illness
Several, mostly small- to medium-sized studies have examined the utility of NAC in
the intensive care unit (ICU) and critical care setting. These will be reviewed in this
section.

18.3.2.1 General Use in the Intensive Care Unit
In a medium-sized DBPC study (level 2b) of patients who stayed in the ICU more
than 48 h, IV NAC (150 mg/kg bolus followed by infusion of 12 mg/kg/h) for up to
5 days did not affect the length of inotropic support, mechanical ventilation, or ICU
stay (Molnar et al. 1998). In a larger DBPC study (level 2b), the same NAC dose
was associated with worse mortality in patients admitted to the ICU after being in
the hospital for more than 24 h (Molnar et al. 1999). With two level 2b studies, the
GOR is B, but with one study demonstrating worse outcomes, the recommendation
needs to be no until more studies are available to demonstrate some benefit. It is
likely particularly important that future studies consider the specific etiologies for
ICU admission as well as the severity of the illness.
18.3.2.2 Multiple Organ Failure
Two DBPC studies have examined the effect of NAC on multiple organ failure. In a
small DBPC crossover study (level 2b) in patients with multiple organ failure and
evidence of splanchnic hypoxia, IV NAC (150 mg/kg) increased the cardiac index
and systemic vasodilation but decreased arterial oxygen and gastric mucosa pH,
providing mixed evidence for a beneficial effect of NAC in patients with multiple
organ failure (Agusti et al. 1997). In a small DBPC study (level 2b), IV NAC
(40 mg/kg/day) did not affect indices of organ dysfunction, length of ICU stay, days
of mechanical ventilation, or mortality (Akinci et al. 2005). Thus, with two level 2b
studies, there is GOR B with no clear evidence for the use of NAC in patients in the
ICU with multiple organ failure, resulting in a recommendation of no for NAC in
this context.
18.3.2.3 Respiratory Insufficiency
Four studies have examined the effect of NAC in patients with respiratory insufficiency in the ICU, with two studies specifically examining whether NAC can prevent the change in whole-body oxygen consumption associated with hyperoxic
ventilation.
Two medium-sized placebo-controlled studies (level 2b) examined whether pretreatment with IV NAC (150 mg/kg) could prevent the reduction in whole-body oxygen consumption associated with hyperoxic ventilation. In the first study on ICU
patient with cardiac risk factors, NAC improved whole-body oxygen consumption,
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cardiac index, left ventricular stroke work index, and ST segment depression during
hyperoxic ventilation, suggesting improved tissue oxygenation and preservation of
myocardial performance during hyperoxia (Spies et al. 1996). In a second study,
NAC improved whole-body oxygen consumption and oxygen extraction and gastric
intramucosal pH during hyperoxia as well as increased cardiac output and decreased
systemic vascular resistance, suggesting that NAC improved tissue oxygenation during hyperoxia (Reinhart et al. 1995). Thus, this evidence provides GOR B for NAC
pretreatment prior to hyperoxic ventilation with both studies showing benefit leading
to a recommendation of yes for this indication.
Two additional studies have examined the effect of NAC on patients with respiratory insufficiency in the ICU. In a medium-sized DBPC study (level 2b) of longterm ventilated patients in a surgical ICU, 3 g NAC daily for 5 days did not affect
measures of lung, liver, or kidney function or coagulation or tracheobronchial
mucus (Konrad et al. 1995). In an uncontrolled study (level 2b) of cefuroxime plus
acetylcysteine, none of the ICU patient with respiratory insufficiency had any
adverse effect or worsened in their clinical status (Testasecca and Mengoni 1985).
Thus, with two level 2b studies (GOR B) showing no benefit, there is no recommendation made for NAC use in general respiratory insufficiency in the ICU.

18.3.2.4 Hypotension
In a medium-sized DBPC study (level 2b) of ICU patients with hypotension, IV
NAC (50 mg/kg over 4 h followed by 100 mg/kg/d for 48 h) with deferoxamine
decreased markers of oxidative damage as well as serum creatinine at hospital discharge (Fraga et al. 2012), suggesting that NAC may have some benefit in ICU
patients with hypotension. Since there is only one study, it is not possible to make
any recommendations for this indication.
18.3.2.5 Sepsis
Five studies have examined the utility of NAC for treating sepsis in the ICU, with
four studies demonstrating a benefit and one study showing worse patient outcomes.
In a placebo-controlled study, patients with septic shock receiving IV glutathione
(GSH) 70 mg/kg/d and NAC 75 mg/kg/d for 5 days demonstrated significant
improvements in clinical scores as compared to patients receiving only IV GSH or
no antioxidant treatment (Ortolani et al. 2000). In a small DBPC study, IV NAC
(150 mg/kg over 15 min followed by 50 mg/kg over 4 h followed by 2.1 mg/kg/h for
72 h) decreased inflammatory mediators, specifically nuclear factor-kappa B and
interleukin-8 in patients with sepsis (Paterson et al. 2003). In a medium-sized DBPC
study in patients with septic shock, IV NAC (150 mg/kg over 15 min followed by
12.5 mg/kg/h over 90 min) increased absolute liver blood flow and cardiac index
and monoethylglycinexylidide and decreased the difference between arterial and
gastric mucosal CO2 tension (Rank et al. 2000). In a medium-sized DPBC study of
patients requiring hemodynamic support due to septic shock, significantly more
patients receiving IV NAC (150 mg/kg bolus followed by 12.5 mg/kg over 90 min)
demonstrated at least a 10% increase in VO2 (45% NAC vs 0% placebo). Such
patients also demonstrated an increase in gastric intramucosal pH, O2 delivery, and
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cardiac, stroke, and left ventricular stroke work indexes and a decrease in systemic
vascular resistance and venoarterial pCO2 and had a higher survival rate. However,
the authors suggested that the physiological observations may be simply diagnostic
of a response to NAC rather than therapeutic since they were not long lasting after
NAC was discontinued (Spies et al. 1994). In a medium-sized placebo-controlled
study of patients with severe sepsis, IV NAC (50 mg/kg over 4 h followed by 4.2 mg/
kg/h for 40 h) resulted in worsening of the sequential organ failure assessment
score, particularly for the cardiovascular failure score (Spapen et al. 2005). The
authors question whether this effect of NAC may be potentially detrimental on the
immune system. Thus, with at least two level 2b studies, the GOR is B, but the data
is not consistently positive. Four studies suggest benefit; one study demonstrates
that patients have worse outcomes although that particular study enrolled very sick
individuals. Lastly, one study demonstrated some physiological inhibition of the
immune system but did not demonstrate that such changes were detrimental to the
physiological sepsis state. Thus, recommendations cannot be made because of the
one study showing detrimental outcomes. Clearly more research is needed to determine whether NAC is beneficial in patients with sepsis and whether any beneficial
effect might be limited to less severe patients.

18.3.2.6 Summary for ICU and Critical Care NAC Use
NAC has been investigated in the general ICU setting (two studies) and for patients
with multiple organ failure (two studies), respiratory insufficiency (four studies),
hypotension (one study), and sepsis (five studies). Of these 14 studies, 7 of these
studies (50%) demonstrated positive effects of NAC, but 2 studies suggested that
NAC was detrimental to patients with 1 such study examining patients with severe
disease. This data suggested that a subset of critical care patients may benefit from
NAC while others may not. Thus, further studies are needed to identify specific
subsets that will benefit, and larger studies are needed to confirm such benefit on
such subpopulations of critical care patients. Because of the heterogeneity of the
uses investigated in the ICU, there is no recommendation for the use of NAC in the
ICU in general.

18.3.3 Cancer
18.3.3.1 Treatment
Given its importance as an antidote to acetaminophen, a small open-label study
demonstrated the utility of NAC in conjunction with high-dose acetaminophen for
advanced cancer treatment (Kobrinsky et al. 1996).
18.3.3.2 Prevention of Chemotherapy Adverse Effects
The protective effect of NAC in combination with chemotherapy has been demonstrated in animal studies, leading the way for clinical studies in patients. There is
some evidence that NAC can prevent oxaliplatin-induced neuropathy and ifosfamide-induced hematuria. In a small placebo-controlled study of stage III colon
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cancer patients, oral NAC 1200 mg given before biweekly oxaliplatin therapy significantly improved the incidence of neuropathy (Lin et al. 2006), while in another
small open-label study, patients with advanced non-small cell lung cancer were
found to be protected from ifosfamide-induced hematuria with NAC at various
doses with 6 g daily appearing to be the optimal dose (Slavik and Saiers 1983).
Thus, NAC is a promising treatment to prevention of serious adverse effects (AEs)
in these chemotherapies, but further controlled trials would be helpful to support
this preliminary evidence.
However, the evidence for NAC preventing doxorubicin cardiomyopathy is
unclear. In a small placebo-controlled study (level 2b), oral NAC (140 mg/kg) 1 h
before doxorubicin did not change measures of acute myocardial damage (Unverferth
et al. 1983). In another medium-sized placebo-controlled study (level 2b), oral NAC
(5.5 g/m2) 1 h before doxorubicin demonstrated some cardioprotective effect early
in the treatment course that disappeared as the cumulative doxorubicin dose
increased (Myers et al. 1983). Thus, there is mixed but weak evidence for NAC in
the protection of doxorubicin cardiomyopathy, so recommendations cannot be made
unless there are further supportive research studies for this indication.
In a small open-label controlled case series (level 2b), IV and inhaled NAC were
added to radiotherapy treatments but did not appear to change tissue reactions and
tumor responses (Maasilta et al. 1992). Thus, the preliminary evidence provides no
support for NAC in this context.

18.3.3.3 Cancer Prevention
In a very large (over 2500 patients) study (level 1b) of patients with head, neck, or
lung cancer, most of whom had a history of smoking, retinyl palmitate, and/or NAC
600 mg daily did not alter survival, event-free survival, or the development of second primary tumors over a 2-year period (van Zandwijk et al. 2000). In an addition
analysis of this aforementioned population, it was found that NAC treatment for
3–9 months did not decrease mutagen sensitivity (Cloos et al. 1996).
In a medium-sized DBPC study (level 2b), oral NAC 800 mg daily for 12 weeks
significantly improved the proliferative index of colonic crypts in patients with a
history of adenomatous colonic polyps, indicating that NAC may decrease the risk
of colon cancer in these high-risk patients (Estensen et al. 1999).
In a medium-sized DBPC trial (level 2b) of healthy smokers, oral NAC 1.2 g
over 6 months improved certain cancer-associated biomarkers, including lipophilic
DNA and 7,8-dihydro-8-oxo-2’-deoxyguanosine adducts in bronchoalveolar lavage
cells, the frequency of micronuclei in mouth floor and in soft palate cells, and
plasma antioxidant scavenging capacity, suggesting that NAC could positively
impact the carcinogenicity effects of tobacco smoke (Van Schooten et al. 2002).
18.3.3.4 Role of NAC in Cancer Treatment and Prevention
NAC has been investigated in the treatment and prevention of cancer as well as the
reduction of AEs of chemotherapy for cancer. There is little evidence for NAC in the
direct treatment for cancer. Although there are two studies that suggest that NAC
may improve markers of cancer recurrence in patients with color cancer and
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neoplastic markers of cancer in healthy smokers, NAC did not improve or worsen
outcomes in individuals with history of head, neck, or lung cancer, suggesting that
there is potential for the role of NAC in the prevention of cancer, but it probably
depends on the type, severity, and stage of the cancer. There is some evidence that
NAC can be helpful in oxaliplatin-induced neuropathy and ifosfamide-induced
hematuria, but the evidence remains preliminary. In contrast, studies of doxorubicin
cardiomyopathy have provided limited evidence of its effectiveness, and a small
study did not support its use as an adjunct to radiotherapy. Because of the heterogeneity of the uses investigated in cancer, there is no recommendation for the use of
NAC in cancer in general.

18.3.4 Neonatology
Few studies have examined the use of NAC as a therapeutic agent in neonatal
disorders, even though research in the use of NAC in animal models of neonatal
disorders appears to be supportive (Kopincova et al. 2014; Mokra et al. 2015a, b;
Mikolka et al. 2016; McAdams and Juul 2016). One study examined the pharmacokinetics of NAC in preterm infants, demonstrating that elimination of NAC is
much slower in preterm neonates and is highly dependent on weight and gestational age of the patient (Ahola et al. 1999). In a small DBPC, the pharmacokinetics and placental transfer of IV NAC were studied in the context of
chorioamnionitis. Clearance was increased in pregnant mothers as compared to
nonpregnant adults, and placental transfer was found to be rapid with a slower
rate of clearance in the fetus and was affected by gestational age (Wiest et al.
2014). Thus, this demonstrates some of the complications in the research and
treatment of neonates with NAC.

18.3.4.1 Chronic Lung Disease
In a small placebo-controlled, crossover study (level 2b), intratracheal NAC every
4 h for 1 week increased total airway pressure by an average to 59% by the third day
of treatment but did not have any beneficial effect in premature infants with chronic
lung disease (Bibi et al. 1992). In a very large (level 1b) DBPC study, IV NAC
(16–32 mg/kg/d) for 6 days starting before 36 h of life did not affect the incidence
of death, bronchopulmonary dysplasia, or oxygen requirement at the age of 28 days
in extremely low birth weight neonates (Ahola et al. 2003). Also, NAC did not affect
lung mechanics, including compliance and resistance, functional residual capacity,
and gas mixing efficiency, in a subset of participants in the aforementioned study
(Sandberg et al. 2004). Thus, three studies have examined NAC in relation to chronic
lung disease in neonates with none showing benefit. NAC not only did not appear to
improve respiration in chronic lung disease but may have worsened respiratory
parameters. In addition, NAC does not seem to prevent the development of chronic
lung disease in premature infants when given early in life, although no AEs were
noted in this context. Thus, NAC does not seem to have a role in the treatment or
preventions of chronic lung disease, resulting in a recommendation of no for its use
for this indication.
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Fetal Protection

Preeclampsia
One study examined the therapeutic effect of NAC on preeclampsia. In a mediumsized DBPC study of women with severe preeclampsia and/or HELLP syndrome,
oral NAC 600 mg every 8 h until delivery did not change levels of GSH or other
thiols, except for plasma homocysteine concentrations which was significantly
lowed, nor did it change maternal complications, rate of cesarean section, stay at
intensive care unit, postpartum hospital stay, or neonatal morbidity and mortality
(Roes et al. 2006). Thus, there is no evidence of improvement in outcomes with
NAC treatment in this context, but with only one study, no recommendations can be
made.
Chorioamnionitis
In a small DBPC study, IV NAC (100 mg/kg/dose) starting within 4 h of the diagnosis of clinical chorioamnionitis every 6 h until delivery improved cerebrovascular
coupling and cytokine profiles in infants (Jenkins et al. 2016). Although this study
is promising, it is only a small study, resulting in no recommendation for the use of
NAC for chorioamnionitis.

18.3.4.3 Summary of the Use of NAC in Neonates
Only a few clinical studies have been conducted in neonates despite animal models
demonstrating the potential effectiveness of NAC in neonatal disorders. However,
the studies that have been conducted, in general, are not supportive of the use of
NAC in neonatal disorders. For example, there appears to be no support for its benefit for chronic lung disease, and one study has suggested it may adversely affect the
airway when given by intratracheal means. Its promise is seen in a small study in
chorioamnionitis, but it did not seem to be of benefit for severe preeclampsia and/or
HELLP syndrome (although it did not cause AEs). Further research is needed, but
no clear recommendations can be made for its use in neonatology due to the preliminary and conflicting results of the current clinical studies.

18.3.5 Surgery
Two studies examined the role of NAC in outcome after abdominal aortic surgery.
In a medium-sized DBPC study (level 2b), IV NAC (150 mg/kg bolus over 20 min
followed by 150 mg/kg over 24 h) started after the induction of anesthesia did not
improve biomarkers of renal injury in patients undergoing abdominal aortic surgery
(Hynninen et al. 2006). In another medium-sized DBPC study (level 2b), oral NAC
1200 mg twice a day before surgery and oral NAC 600 mg twice a day after aortic
aneurysm surgical repair did not improve the incidence of acute renal failure or
other clinical outcomes (Macedo et al. 2006). Thus, with GOR B there appears to be
no role for NAC in abdominal aortic surgery.
Two studies have examined the role of NAC in extensive abdominal surgery. In a
medium-sized DBPC study (level 2b), IV NAC (150 mg/kg bolus followed by
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12 mg/kg/h) during extensive abdominal surgery did not decrease the incidence of
organ failure, mortality, length of intensive care stay, or days of mechanical ventilation (Szakmany et al. 2003). In another large DBPC study (level 1b), IV NAC
(150 mg/kg bolus followed by 12 mg/kg/h) during extensive abdominal surgery did
not improve clinical outcomes (Molnar et al. 2003). Thus, with GOR A there appears
to be no role for NAC in extensive abdominal surgery.
Three studies have looked at the effect of NAC on the prevention of atelectasis
due to surgery. In a large DBPC study (level 1b), oral NAC 200 mg three times a day
did not improve postoperative pulmonary function or the frequency of atelectasis in
patients undergoing elective upper laparotomy (Jepsen et al. 1989a). In a large
open-label controlled study (level 2b), inhaled 20% NAC did not decrease the incidence of massive atelectasis in thoracotomy patients (Silvola et al. 1967). In a
medium-sized DBPC study (level 2b), oral NAC 200 mg three times per day did not
change the alveolo-arterial oxygen difference or the incidence of atelectasis or
pneumonic infiltration in patients undergoing pulmonary surgery (Jepsen et al.
1989b). Thus, with a GOR A, there is no evidence for the use of NAC for the prevention of atelectasis due to surgery.
In a medium-sized DBPC study (level 2b), preoperative IV NAC (240 mg/kg
over 12 h) did not change clinical outcomes in patients undergoing lung resection
(Bastin et al. 2016). Thus, NAC does not seem to be helpful with lung resection
surgery although studies are limited for this indication (GOR C).
In a small single-blinded crossover study (level 2b), nebulized 20% NAC
decreased sputum viscosity and improved expectoration and oxygen saturation and
increased sputum weight in thoracotomy patients (Gallon 1996). Thus, improving
sputum in this small study (GOR C) is the only area where NAC seems to be helpful
in thoracic surgery.

18.3.6 Burns
Two studies have examined the effectiveness of NAC for burn injury. In a small
controlled open-label randomized trial (level 2b), IV NAC (150 mg/kg bolus followed by 12 mg/kg/h) reduced the vasopressor and inotropic drugs required for
patients with burn injury affecting more than 20% of body surface area (Csontos
et al. 2011). In another small controlled open-label randomized trial (level 2b), IV
NAC (150 mg/kg bolus followed by 12 mg/kg/h) reduced catecholamine requirements but did not decrease multiple organ dysfunction score in burn patients
(Csontos et al. 2012). Thus, there is a GOR of B for the use of IV NAC for burns.

18.3.7 Skin
NAC has been investigated for use in the treatment of acne, lamellar ichthyosis, and
photodermatosis.
In a large DBPC study (level 1b), topical 5% NAC gel significantly reduced
comedo counts in patients with grade I acne (Montes et al. 2012). Thus, there is
promising evidence (GOR B) that topical NAC may be useful for acne treatment.
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In a small case series, topical 10% NAC along with 5% urea significantly improved
lamellar ichthyosis in children (Bassotti et al. 2011). Similar findings were reported
in two case studies (Redondo and Bauza 1999; Davila-Seijo et al. 2014).
Two small DBPC crossover studies have failed to show the benefit of oral NAC
1800 mg daily on decreasing photodermatosis in erythropoietic protoporphyria
(Bijlmer-Iest et al. 1992; Norris et al. 1995). Additionally NAC did not decrease
skin photosensitivity to photodynamic therapy in a small randomized open-label
study (Baas et al. 1995).

18.3.8 Auditory Disorder
As reviewed above, NAC has been investigated of iatrogenic-induced hearing loss,
particularly prevention of cisplatin-induced hearing loss and hearing loss caused by
antibiotics. Other uses include noise-induced hearing loss.

18.3.8.1 Prevention of Cisplatin-Induced Ototoxicity
Three clinical studies have examined the effectiveness of NAC for preventing cisplatin-induced ototoxicity. In a small controlled study (level 2b), transtympanic 10%
NAC infusion into one ear, using the opposite ear as a control, during IV effusion of
cisplatin, protected the ear against cisplatin induced changes in auditory thresholds
at the 8000 Hz frequency band, although the injection was associated with some
acute pain (Riga et al. 2013). In similar smaller study, only 2 of 11 (18%) patients
demonstrated protection with a transtympanic 2% NAC infusion, resulting in no
statistical significance for the overall group (Yoo et al. 2014). In a medium-sized
three-arm study (level 2b), oral NAC 600 mg, but not salicylate, given with cisplatin
protected patients from ototoxic damage at 10–12 kHz as determined by audiogram
but not as measured by brainstem auditory response (Yildirim et al. 2010). Thus, in
three, mostly small, studies, there is some evidence for the effectiveness of NAC for
preventing cisplatin-induced ototoxicity. The limited nature of this evidence suggests much more research needs to be performed to determine the optimal route and
dose of NAC for this indication. Thus, the recommendation (GOR B) is none and
should be based on the expert opinion of the treating physician(s) regarding its use
for this indication.
18.3.8.2 Prevention of Antibiotic-Induced Hearing Loss
Three studies have examined the effect of NAC on preventing ototoxicity of antibiotics, particularly in the context of treating dialysis-related infections. In a mediumsized open-label controlled randomized study (level 2b) of hemodialysis patients
scheduled to receive gentamicin for dialysis catheter-related bacteremia, oral NAC
600 mg twice daily during and 1 week following gentamicin therapy prevented
ototoxicity, especially at high frequencies (Feldman et al. 2007). In a medium-sized
placebo-controlled randomized study (level 2b), patients receiving amikacin during
their first peritoneal dialysis-related peritonitis were protected from ototoxicity,
especially at high frequencies, by oral NAC 600 mg twice daily given with amikacin
treatment (Kocyigit et al. 2015). In a medium-sized open-label randomized
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controlled study (level 2b), patients treated with cephalozine or vancomycin and/or
amikacin for their first peritoneal dialysis-related peritonitis were protected from
low- and high-frequency hearing loss by oral NAC 600 mg during the antibiotic
therapy (Tokgoz et al. 2011). Thus, in three medium-sized open-label randomized
controlled studies, oral NAC was protective from antibiotic-related ototoxicity.
Thus, with GOR B, the recommendation is yes for the use of NAC for antibioticrelated ototoxicity, particularly for dialysis-related infections.

18.3.8.3 Prevention of Noise-Induced Hearing Loss
Additional studies have examined the use of NAC for noise-induced hearing loss. In
a medium-sized DBPC study (level 2b), oral NAC 900 mg did not protect normalhearing participants from detrimental effects of 2 h of live music in a nightclub
(Kramer et al. 2006). In a very large DBPC study (level 1b), oral NAC 900 mg three
times per day given to a military population during weapons training did significantly decrease the incidence of a significant threshold shift in the trigger-hand ear
from 35% to 27% (Kopke et al. 2015), although this was considered a secondary
outcome. Thus, there is limited evidence for a benefit for NAC for preventing noiseinduced hearing loss. With GOR A, there is no recommendation for this indication,
and more research is needed to define the population and dosing of NAC that could
be protective from noise-induced hearing loss.
18.3.8.4 Treatment for Otosclerosis
In a large DBPC multisite study (level 1b), IV NAC (150 mg/kg) just prior to stapedotomy for otosclerosis did not improve outcomes (Bagger-Sjoback et al. 2015).
Thus, with a GOR B, there is no evidence for NAC for this indication.
18.3.8.5 Summary for the Use of NAC in Auditory Disorders
There are promising studies suggesting that NAC may be helpful in auditory disorders. There is preliminary evidence that NAC could be helpful in preventing cisplatin-induced ototoxicity and good evidence that it is helpful in preventing
antibiotic-induced ototoxicity. There is evidence that NAC may be helpful in noiseinduced hearing loss in military individuals exposed to loud gunshots but not a
general population exposed to loud music, so there may be specific populations and
noise levels that NAC may be most useful for. Clearly, more research is needed.
Thus, this is a promising area for NAC treatment.

18.3.9 Infectious Disease
18.3.9.1 HIV
There have been several studies on the use of NAC in patients with human immunodeficiency virus (HIV) infection. Three studies have examined the effect of NAC in
improving clinical immune parameters specific to the disease, and two studies have
examined its effect for preventing AEs of sulfamethoxazole for Pneumocystis carinii pneumonia.
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In a medium-sized DBPC study (level 2b) of HIV-positive patients with a CD4+
>200, oral NAC 400 mg twice daily slowed the decline in the CD4 count over the
4 months study period (Akerlund et al. 1996). In a medium-sized randomized crossover trial (level 2b), NAC 500 mg three times a day along with sodium selenite
500 mcg daily for 6 weeks resulted in an increase in the CD4/CD8 ratio and a decrease
in the absolute CD8/CD38 count and percentage of lymphocytes and a trend toward
an increase in the percentage of CD4+ lymphocytes but no change in the viral load in
asymptomatic HIV-infected patients (Look et al. 1998). Although this beneficial effect
was found, this benefit was not considered to be comparable with standard antiretroviral drug therapy. In a small DBPC study (level 2b), oral NAC 600 mg daily in HIVinfected patients resulted in a faster increase in the CD4 count during the initiation of
antiretroviral therapy (Spada et al. 2002). Thus, there is evidence that NAC may be
helpful for improving immunological function in HIV-infected patients, resulting in a
recommendation of yes for it use for this indication (GOR B). However, as noted, the
effect may not be comparable with modern HIV treatments, so it should not be used
as a substitute for standard treatment, and the question remains whether it would have
any additional benefit to standard modern HIV antiretroviral treatments.
Two studies have examined whether NAC can be used to reduce the AEs of trimethoprim-sulfamethoxazole therapy for Pneumocystis carinii pneumonia prophylaxis. NAC did not reduce the incidence of AEs in a medium-sized DBPC study
(level 2b) of HIV-infected patients with CD4 <200 taking oral NAC 800 mg daily
(Akerlund et al. 1997) or in a large multisite placebo-controlled single-blinded controlled study (level 2b) of HIV-infected patient with CD4+ <200 treated with oral
NAC 3000 mg daily (Walmsley et al. 1998). Thus, there is no evidence to support
the notion that NAC can prevent AEs from the antibiotic combination trimethoprimsulfamethoxazole in HIV-infected patients.

18.3.9.2 Malaria
Three studies have examined the effectiveness of adding NAC to standard malaria
therapy. In a large DBPC study (level 1b), IV NAC (150 mg/kg bolus followed by
50 mg/kg over 4 h followed by 100 mg/kg over 16 h) as an adjunctive to IV artesunate did not improve outcomes in patients with severe falciparum malaria
(Charunwatthana et al. 2009). In a medium-sized DBPC study (level 2b), IV NAC
(300 mg/kg over 20 h) improved serum lactate more quickly but did not improve
cytokines or clinical measures in patients with severe malaria (Watt et al. 2002). In a
large open-label placebo-controlled study (level 2b), IV NAC (140 mg/kg) followed
by either IV or oral NAC (70 mg/kg every 4 h up to 18 dose) as an adjunctive to IV
artesunate did not improve clinical outcomes in patients with severe falciparum
malaria (Treeprasertsuk et al. 2003). Thus, there does not appear to be any clear evidence for the use of NAC as an adjunct in the treatment of severe malaria (GOR A).
18.3.9.3 Otitis Media
In a medium-sized DBPC study (level 2b), patients undergoing their first bilateral
insertion of ventilation tubes due to otitis media with effusion who also underwent
infusion of NAC into one ear were found to have a significant reduction in the
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recurrence of otitis media with effusion and reinsertion of ventilation tubes and a
significant increase in the time until ventilation tube extrusion, number of episodes
of ear problems, and visits at the clinic (Ovesen et al. 2000). Thus, this appears to
be a promising area of NAC therapy, but more studies are needed.

18.3.9.4 Influenza
In a large DBPC study (level 1b), oral NAC 600 mg twice a day for 6 months significantly decreased the frequency of influenza-like episodes and the severity and
length of time confined to bed (De Flora et al. 1997). Interesting, although there was
similar seroconversion of A/H1N1 Singapore 6/86 influenza virus, significantly
fewer patients in the NAC group were symptomatic. Thus, this appears to be a
promising area of NAC therapy, but more studies are needed, and it will be important to understand whether NAC improves the ability to prevent infections or rather
prevent symptoms of infections.
18.3.9.5

Pulmonary Infections

Bronchiolitis
In a large prospective randomized, controlled study of very young children (level
2b) with acute viral bronchiolitis, nebulized NAC appeared to be superior to nebulized salbutamol, but formal statistics of this study was inadequate to support this
qualitative observation (Naz et al. 2014). Thus, although this seems to be a promising application for NAC, more clinical studies are needed before any recommendation can be made (GOR C).
Chronic Bronchitis
Eight good-quality controlled studies have examined the use of oral NAC in patients
with chronic bronchitis with seven (88%) reporting positive effects of NAC. Three
large DBPC studies (level 1b) used oral NAC 200 mg three times per day (Brocard
et al. 1980; Jackson et al. 1984; Boman et al. 1983) while the other positive studies
used different dosing, including 200 mg twice a day (Multicenter Study Group
1980), controlled-release 300 mg twice a day (Rasmussen and Glennow 1988),
600 mg twice a day (Hansen et al. 1994), and 600 mg three times per week (Grassi
and Morandini 1976). Overall these studies report improvements on sputum characteristics (Brocard et al. 1980; Multicenter Study Group 1980), expectoration
(Jackson et al. 1984; Multicenter Study Group 1980), cough (Brocard et al. 1980;
Jackson et al. 1984; Multicenter Study Group 1980), rate of exacerbation and/or
sick leave (Boman et al. 1983; Multicenter Study Group 1980; Grassi and Morandini
1976; Rasmussen and Glennow 1988), and scores on the General Health
Questionnaire, a measure of well-being (Hansen et al. 1994). These studies are supported by a large open-label uncontrolled study (level 2b) of patients with chronic
bronchitis, which showed that oral NAC 200 mg three times per day improved the
viscosity and character of sputum, cough severity, pulmonary physical examination,
and dyspnea at rest (Tattersall et al. 1984). However, one large DBPC study showed
that oral NAC 600 mg and/or vitamin C 500 mg did not improve spirometry or
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symptoms in patients with chronic bronchitis (Lukas et al. 2005). Additionally, a
medium-sized multicenter DBPC study found that inhaled NAC over a 16-week
study did not improve subjective symptoms (Dueholm et al. 1992). Thus, this data
does support the use of oral NAC (GOR A), but not inhaled NAC, for improving
symptoms, sputum, exacerbations, and sick days for patients with chronic
bronchitis.
Pneumonia
In a large randomized controlled study (level 2b), different doses of aerosolized
NAC were given to mechanically ventilated patients. NAC decreased the biofilm
thickness and the rate of culture positive biofilm and ventilator-associated pneumonia (Qu et al. 2016). Although this is a promising study, more research is needed to
replicate and extend these findings, so no recommendations can be made at this time
(GOR C).

18.3.9.6 Biofilms
Bacteria can grow as independent cells in a planktonic form or organized into aggregates known as biofilms. Biofilms increase resistance to antibiotics and allows bacteria to evade host defense and are implicated in chronic infections (Bjarnsholt
2013). NAC has been shown to inhibit the maintenance of biofilm in many laboratory and a few clinical studies.
Several in vitro studies have demonstrated that NAC many be useful in eradicating endodontic biofilms. Choi et al. (2018) demonstrated that NAC better attenuated
Actinomyces naeslundii, Lactobacillus salivarius, Streptococcus mutans, and
Enterococcus faecalis from sterile human dentin blocks as compared to other root
canal medicaments with 100 mg/mL NAC disrupting the mature multispecies endodontic biofilms completely. Moon et al. (2016) found that NAC significantly inhibited biofilm formation of monospecies and multispecies bacteria broth of
Actinomyces naeslundii, Lactobacillus salivarius, Streptococcus mutans, and
Enterococcus faecalis at minimum concentrations of 0.78–3.13 mg/mL and performed significantly better than other root canal medicaments. Other in vitro studies
have confirmed these findings (e.g., Moon et al. 2015; Palaniswamy et al. 2016;
Quah et al. 2012; Rasmussen et al. 2016; Silveira et al. 2013; Ulusoy et al. 2016).
There is evidence that NAC can inhibit biofilms of bacteria involved in urinary
tract infection. NAC has been shown to inhibit Proteus mirabilis (Abdel-Baky et al.
2017; Marchese et al. 2003) and Escherichia coli strain (Naves et al. 2010) biofilms
in vitro. In another study NAC was found to increase the therapeutic efficacy of
ciprofloxacin in inhibiting biofilm formation of Staphylococcus aureus,
Staphylococcus epidermidis, Escherichia coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Proteus vulgaris from ureteral stent surfaces by degrading the
extracellular polysaccharide biofilm matrix (El-Feky et al. 2009). In a randomized
comparison study of 80 patients undergoing urodynamic examination, the combination of D-mannose, NAC, and Morinda citrifolia extract was found to have a similar
effect in preventing urinary tract infections as compared to prulifloxacin antibiotic
therapy (Palleschi et al. 2017).
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For orthopedic applications, NAC has been shown to enhance the effect of ciprofloxacin on Pseudomonas aeruginosa (Onger et al. 2016) and teicoplanin on
Staphylococcus aureus (Göçer et al. 2017) biofilm formation in bone cement.
In a clinical study, inhaled NAC was found to reduce endotracheal biofilm thickness as well as the rate of ventilator-associated pneumonia in tracheal intubated
patients undergoing mechanical ventilation for 48 h or more in the ICU as compared to placebo (Qu et al. 2016). In an in vitro study, NAC was shown to have a
synergistic effect with several antibiotics at reducing nonpigmented rapidly growing mycobacteria biofilms (Muñoz-Egea et al. 2016). In another in vitro study,
NAC, alone and in combination with ciprofloxacin, was found to reduce
Pseudomonas aeruginosa biofilms (Zhao and Liu 2010).
When considering applications of eradication of biofilms on vascular catheter in
order to reduce nosocomial infections (Aslam et al. 2007), several studies have
examined the effect of NAC on bacteria common for these infections. For
Staphylococcus epidermidis biofilm, NAC potentiated the effect of linezolid (Leite
et al. 2013a), farnesol (Gomes et al. 2012), and rifampicin (Leite et al. 2013b),
although it was also effective alone in these studies as well as in other studies
(Perez-Giraldo et al. 1997). Other studies have shown the inhibitory effect of NAC
alone on disrupting biofilms of Gram-positive human skin and mucous membrane
pathogens (Eroshenko et al. 2017). Additionally, NAC also improved the activity of
amphotericin-B and anidulafungin against Candida tropicalis biofilm formation
(Fernández-Rivero et al. 2017).

18.3.9.7 Infectious Disease Summary
Clinical studies have examined the role of NAC in several infectious diseases, such
as HIV, malaria, otitis media, influenza, as well as pulmonary infections including
bronchiolitis, chronic bronchitis, and pneumonia. In most of these areas, there are
limited studies except for HIV and chronic bronchitis. For HIV, there is good evidence to suggest that NAC can help immune parameters, although the practical
implication of its use is uncertain given the current advances in HIV treatment. For
chronic bronchitis there appears to be good evidence for oral NAC reducing symptoms and improving health and well-being. Other areas that are promising but
underdeveloped include prevention of influenza symptoms and recurrent otitis
media and treatment of acute viral bronchiolitis and pneumonia. Studies on treatment of malaria and prevention of AEs from trimethoprim-sulfamethoxazole in
HIV-infected patients do not support its use for these indications.

18.3.10 Diabetes
In a small open-labeled study (level 2b), oral NAC 600–1200 mg twice daily did not
improve glycemic control, glucose tolerance, or insulin release in patients with type
2 diabetes nor did it improve oxidative stress (Szkudlinska et al. 2016). Thus, there
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is no evidence for the use of NAC for blood glucose control in patients with diabetes, but this small study provides limited evidence. Thus, GOR is C, and there is no
recommendation for this indication.

18.3.11 Hematology
18.3.11.1 Anemia
Two studies have examined the effect of NAC on genetic anemia. In laboratory studies, NAC inhibits dense cell and irreversible sickle cell formation in sickle erythrocytes. Thus one clinical study has examined the effectiveness of NAC in patients
with sickle cell disease on clinical outcome measures. In a small DBPC study of
patient with sickle cell disease or S–β0 thalassemia, oral NAC 2400 mg daily was
found to significantly decrease the percent dense cells and the number of vasoocclusive episodes (Pace et al. 2003). Another clinical study examined the effect of
NAC on children with transfusion-dependent β-thalassemia major. In a mediumsized randomized non-blinded controlled study, oral NAC (10 mg/kg; Max 600 mg)
daily increased pre-transfusion hemoglobin after 3 months of treatment (Ozdemir
et al. 2014). Thus, there is preliminary evidence that oral NAC can be helpful for
genetic anemia. Despite the fact that both studies have some positive outcomes, the
outcome measures are different in either study as is the population. Thus, given the
preliminary nature of these studies, no recommendation (GOR B) can be made at
this time.
18.3.11.2 Epistaxis
In a medium-sized open-label baseline controlled study (level 2b) for the treatment
of epistaxis in hereditary hemorrhagic telangiectasia, oral NAC 600 mg three times
per day decreased the severity and frequency of epistaxis, particularly in those with
an ENDOGLIN mutation (de Gussem et al. 2009). This preliminary study provides
some promising data, but this isolated study does not allow recommendations to be
made.
18.3.11.3 Platelet-Monocyte Conjugation
In a small randomized placebo-controlled crossover study (level 2b), oral NAC
1200 mg daily decreased platelet-monocyte conjugation in patients with well-controlled type 2 diabetes (Treweeke et al. 2012). This preliminary study provides some
promising data, but this isolated study does not allow recommendations to be made.
18.3.11.4 Hematology Summary
Although NAC has been used for several hematological disorders, the studies are
limited but promising. More research is needed to further identify the therapeutic
role of NAC in hematological disorders.
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18.3.12 Ophthalmology
Three clinical studies have examined the effect of topical and oral NAC on different ophthalmological indications. In a small controlled study, topical 5% NAC
four times per day significantly improved the fluorescein break-up time and
Schirmer scores as compared to preservative-free artificial tears in patients with
meibomian gland dysfunction (Akyol-Salman et al. 2010). In a small prospective
baseline-controlled open-label study, topical 20% NAC four times daily resulted
in a decrease in protein deposition on contact lens and improvement in object
visual acuity and subjective improvement in vision in patients with Boston keratoprosthesis type I or trichiasis from Stevens-Johnson syndrome, necessitating
full-time contact lens wear (Kruh et al. 2015). In a medium-sized prospective
randomized, controlled study, oral NAC 100 mg three times daily significantly
improved fluorescein break-up time and the mucous fern pattern in patients with
chronic posterior blepharitis (Yalcin et al. 2002). Thus, there are promising but
preliminary studies suggesting that NAC could be helpful for several ophthalmological indications.

18.3.13 Fertility
Three studies have examined the role of NAC in improving fertility in patients with
polycystic ovary syndrome (PCOS), and one study has examined the role of NAC in
male infertility. In a medium-sized randomized placebo-controlled study (level 2b),
oral 1800 mg NAC daily significantly decreased the number of immature and abnormal oocytes, leptin, luteinizing hormone, and insulin levels in young women with
PCOS (Cheraghi et al. 2016). In a large DBPC study (level 1b), oral NAC 1200 mg
daily added to clomiphene citrate increased the number of follicles >18 mm, mean
endometrial thickness, and ovulation and pregnancy rates as compared to treatment
with clomiphene citrate alone in infertile PCOS women (Salehpour et al. 2012). In
a large controlled study (level 1b), oral NAC 600 mg twice daily added to clomiphene citrate increased the average number of ovulatory follicles >18 mm, pregnancy rates and peak endometrial thickness as compared to clomiphene citrate alone
and clomiphene citrate plus metformin in women with PCOS (Maged et al. 2015).
Thus, with three positive studies, with two of them large, NAC appears to have a
therapeutic effect for fertility for women with PCOS. Thus, the recommendation
(GOR A) is yes for this indication. Infertility in men has also been examined. In a
large randomized placebo-controlled study (level 1b) of men with idiopathic infertility, oral NAC 600 mg daily significantly improved the volume, motility, and viscosity of semen (Ciftci et al. 2009). Thus, NAC appears to be a promising treatment
for both male and female infertility.
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18.3.14 Bone Health
Studies suggest that NAC prevents bone loss in ovariectomized animals. In a small
DBPC study (level 2b), oral NAC 2000 mg daily nonsignificantly reduced the bone
resorption marker serum C-telopeptide in early postmenopausal women (Sanders
et al. 2007). This is promising but very preliminary findings, resulting in no
recommendations.

18.3.15 Mitochondrial and Other Metabolic Diseases
Several expert reviewers have suggested NAC as a treatment for mitochondrial disorders (Niyazov et al. 2016; Frye and Rossignol 2012), and in vitro studies have
shown that NAC can protect the mitochondria against oxidative stress (Rose et al.
2014). Interesting a case report has suggested that NAC normalized liver dysfunction
and coagulation abnormalities in two patients with mitochondrial disease (Enns and
Cohen 2017). In a case series of five subjects, the combination of NAC and metronidazole was found in significantly improve clinical and biochemical indices of disease
in patients with ethylmalonic encephalopathy (Viscomi et al. 2010). Thus, small
studies and expert opinion suggest that NAC may be helpful for several metabolic
disorders, but clearly more studies are needed to investigate this in more detail.

18.4

Summary

In this review we found several clinical trials that examined the effect of NAC in
disorders not reviewed in other chapters. These disorders include autoimmune,
skin, auditory, hematological, ophthalmological, fertility, metabolic and bone disorders, diabetes, cancer and infectious diseases, as well as care in the ICU, including
neonatal ICU, and during surgery. There are ongoing clinical trials (Table 18.2) in
some of these areas for the use of NAC, including its use in cancer, preventing hearing loss, treatment of human immunodeficiency virus infection, diabetes, and hematological disorders. The evidence and recommendations for the use of NAC for
these various conditions are given in Table 18.3.
There are limited studies for most of the disorders reviewed in this chapter.
However, there are some areas where the results of clinical studies are consistently strong to justify a recommendation for use of NAC. These areas include
pretreatment in the ICU before hyperoxic ventilation, stabilizing burn patients
and preventing antibiotic-induced hearing loss, adjunctive treatment for human
immunodeficiency virus infection, and improving outcomes in chronic bronchitis
and polycystic ovary syndrome. Other areas have shown promising findings in
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Table 18.2 Ongoing clinical trials on N-Acetylcysteine for miscellaneous disorders
Trial title
Effect of acetylcysteine with topotecan hydrochloride on the
tumor microenvironment in patients with persistent or
recurrent high grade ovarian, primary peritoneal, or fallopian
tube cancer
Acetylcysteine rinse in reducing saliva thickness and mucositis
in patients with head and neck cancer undergoing radiation
therapy
NAC to prevent cisplatin-induced hearing loss
RIPE vs RIPE plus N-Acetylcysteine in patients with HIV/TB
coinfection (RIPENACTB)
N-Acetylcysteine (NAC) for healing of amputation stumps in
the setting of diabetes
Antioxidant use in diabetes to reduce oxidative stress
A randomized double-blind study to examine the use of
N-Acetylcysteine for the prevention and treatment of HAAF in
patients with type 1 diabetes (NAC for HAAF)
A pilot study of N-Acetylcysteine in patients with sickle cell
disease (NACinSCD)
A safety and efficacy study of N-Acetylcysteine in patients
with hematopoietic stem cell transplantation associated
thrombotic microangiopathy
Effect of NAC on the hematopoietic reconstitution after
haploidentical hematopoietic stem cell transplantation

NCT (#)
NCT02569957

Trial status
Ongoing

NCT02123511

Ongoing

NCT02094625
NCT03281226

Recruiting
Recruiting

NCT03253328

Recruiting

NCT03056014
NCT02206152

Not yet
recruiting
Recruiting

NCT01800526

Recruiting

NCT03252925

Recruiting

NCT03236220

Recruiting

clinical trials, but there is not enough evidence to make a recommendation at this
time, requiring further studies in these areas. These areas include autoimmune
and metabolic disease, prevention and treatment of cancer and cancer therapies,
chorioamnionitis, skin disorders such as acne and lamellar ichthyosis, treatment
and prevention of otitis media, influenza and bronchiolitis, hematological disorders, and male infertility. In some areas there has been a number of clinical trials
performed without any benefit seen, resulting in a recommendation not to use
NAC. These areas include general use in the ICU, multiple organ failure, extensive abdominal surgery including aortic aneurysm surgery, photodermatosis or
malaria, and preventing atelectasis during surgery, chronic lung disease in neonates, or adverse reaction to sulfamethoxazole.
From this review, we can see that NAC has the potential to be therapeutic in
many disorders although the number and quality of the studies are limited in many
disorders. Clearly, there are promising areas for the use of NAC as a therapeutic
agent. Thus, more studies are needed in these areas to better define the dosing
regime and the more precise subpopulation that are optimally responsive to NAC
therapy.
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Table 18.3 Overall ratings of NAC based on clinical studies presented by condition

Reason for treatment
Autoimmune
disorders (overall)
Lupus
Systemic sclerosis
Raynaud’s
phenomenon
Sjögren’s syndrome
Critical illness
General intensive
care unit
Multiple organ
failure
Pretreatment with
hyperoxic ventilation
Respiratory
insufficiency
Hypotension
Sepsis
Cancer
Treatment
Oxaliplatin-induced
neuropathy
Ifosfamide-induced
hematuria
Doxorubicin
cardiomyopathy
Radiotherapy
Prevention
Neonatology
Chronic lung
disease
Preeclampsia
Chorioamnionitis
Surgery
Aortic aneurysm
surgery
Extensive
abdominal surgery
Prevention of
atelectasis
Lung resection
Thoracotomy

Uncontrolled
studies
positive%
(positive/total)
100% (2/2)

Controlled
studies
positive%
(positive/
total)
50% (2.5/5)

Grade of
recommendation
B

Recommendation
for treatment
Mixed

100% (2/2)

100% (1/1)
25% (0.5/2)
0% (0/1)

C
B
B

None
None
Mixed

100% (1/1)

C

None

0% (0/2)

B

No

25% (0.5/2)

B

No

100% (2/2)

B

Yes

0%(0/2)

B

None

100%(1/1)
80% (4/5)

C
B

None
None

100%(1/1)

C
C

None
None

100%(1/1)

C

None

25% (0.5/2)

B

None

0% (0/1)
67% (2/3)

C
A

None
Mixed

0% (0/3)

A

No

0% (0/1)
100% (1/1)

C
C

None
None

0% (0/2)

B

No

0% (0/2)

A

No

0% (0/3)

A

No

0% (0/1)
100% (1/1)

C
C

None
None

100% (1/1)

(continued)
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Table 18.3 (continued)

Reason for treatment
Burns
Skin disorders
Acne
Lamellar ichthyosis
Photodermatosis
Auditory disorder
Prevention of
cisplatin-induced
ototoxicity
Prevention of
antibiotic-induced
hearing loss
Prevention of
noise-induced
hearing loss
Otosclerosis
Infectious disease
Human
immunodeficiency
virus treatment
Prevention of
sulphamethoxazole
adverse effects
Malaria
Otitis media
Influenza
Bronchiolitis
Chronic bronchitis
(oral NAC)
Pneumonia
Diabetes
Hematology
Genetic anemia
Epistaxis
Platelet-monocyte
conjugation
Ophthalmology
Infertility
Polycystic ovary
syndrome
Male idiopathic
infertility
Bone health
Mitochondrial
disease

Uncontrolled
studies
positive%
(positive/total)

Controlled
studies
positive%
(positive/
total)
100% (2/2)

Grade of
recommendation
B

Recommendation
for treatment
Yes

0% (3/3)

B
C
B

None
None
No

67% (2/3)

B

None

100% (3/3)

B

Yes

25% (0.5/2)

A

None

0% (0/1)

B

None

100% (3/3)

B

Yes

0% (0/2)

B

No

0% (0/3)
100% (1/1)
100% (1/1)
100% (1/1)
88% (7/8)

A
C
B
C
A

No
None
None
None
Yes

100%
0% (0/0)

C
C

None
None

100% (2/2)
100% (1/1)
100% (1/1)

B
C
C

None
None
None

100% (3/3)

B

None

100% (3/3)

A

Yes

100% (1/1)

B

None

0% (0/1)

C
C

None
None

100% (1/1)
100% (3/3)

100% (2/2)
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19.1

Introduction

NAC affects many fundamental physiological processes that are common to many
diseases, particularly redox metabolism, oxidative stress, and inflammation. This
chapter highlights clinical in vivo studies on humans that have examined these
effects, mostly in clinical populations. These studies highlight the validity of the
evidence based on basic science studies by providing empirical evidence for the
beneficial effects of NAC in humans.

19.2

Methods

A systematic online literature search was conducted to identify all clinical trials
using NAC using the filters “human” and “clinical trials.” From these the author
reviewer screened titles and abstracts of all potentially relevant publications and
high-quality studies were selected that investigated the physiological effect of NAC
in humans.

19.3

The Effect of NAC on Human Physiology

19.3.1 Redox Metabolism
One major rationale for treatment with NAC is to reduce oxidative stress by increasing the production of glutathione (GSH), the body’s major intrinsic antioxidant, as
well as improving other measures of oxidative stress by acting as an antioxidant.
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This assumption has been tested in clinical studies, some of which will be reviewed
here.

19.3.1.1 Glutathione and Its Precursors
One major supposition when using NAC therapeutically is that NAC increases GSH
levels since NAC can donate the rate-limiting amino acid, cysteine, to the reaction
that produces GSH. Several clinical studies have examined whether the GSH and its
direct precursors are improved by NAC treatment.
Gastrointestinal Disorders
Studies using NAC in gastrointestinal (GI) disorders have shown variable results
with two out of three studies demonstrating increases in GSH with NAC treatment.
In a small placebo-controlled study in liver transplant patients, NAC reduced the
rise in alpha-glutathione S-transferase after reperfusion of the donor liver, suggesting that it stabilized GSH metabolism (Weigand et al. 2001). In a large double-blind
placebo-controlled (DPBC) study of patients undergoing orthotopic liver transplant
intravenous (IV), NAC increased GSH in only about 50% of the patients, although
the increase was associated with a decreased risk of developing post-op kidney
injury (Hilmi et al. 2010). However, in a medium-sized DPBC study, oral NAC did
not significantly change cysteine or GSH in chronic hepatitis C patients treated with
interferon (Bernhard et al. 1998).
Pulmonary Disorders
Pulmonary studies have also examined change in GSH in clinical populations with
some positive, but variable, results with five of eight studies demonstrating some
positive changes in GSH with NAC treatment. In a crossover study of patients with
chronic obstructive pulmonary disease, 3 months of NAC significantly improved
GSH, but most importantly, changes in airway resistance as measured by functional
respiratory imaging correlated with changes in GSH (De Backer et al. 2013). Twelve
weeks of oral NAC increased intracellular GSH in bronchoalveolar lavage cells
from patients with fibrosing alveolitis (Behr et al. 2002). IV NAC for 4 days
improved intracellular GSH and outcomes of patients with acute respiratory distress
syndrome in the intensive care unit (Soltan-Sharifi et al. 2007). In patients with
cystic fibrosis, oral NAC significantly increased neutrophil GSH (Tirouvanziam
et al. 2006). Oral NAC for 5 days did not increase the depressed levels of GSH in
epithelial lining fluid but did increased GSH levels in bronchoalveolar lavage fluid
in patients with idiopathic pulmonary fibrosis (Meyer et al. 1994). However, three
studies failed to show a positive effect of NAC on GSH. IV NAC increased postoperative plasma thiol concentration, but not red blood cell (RBC) GSH, in patients
undergoing lung resection (Bastin et al. 2016). In patients with chronic bronchitis,
oral NAC with or without vitamin C did not change the release of reactive oxygen
species or GSH concentration from isolated neutrophilic granulocytes and mononuclear cells (Lukas et al. 2005). Four months of oral NAC did not alter plasma
cysteine, cysteinylglycine, or GSH in asymptomatic asbestos-exposed individuals
in a DBPC trial (Alfonso et al. 2015).
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Cardiovascular Disorders
NAC has been shown to increase GSH in patients with cardiovascular disorders,
including those with acute myocardial infarction (AMI). Fifteen grams of IV NAC
combined with IV nitroglycerin and streptokinase significantly increased the GSH
redox ratio in patients with AMI (Arstall et al. 1995). Oral NAC improved the GSH
redox ratio in patients with intermittent claudication during treadmill exercise test
(da Silva et al. 2015). NAC added to crystalloid cardioplegia increased myocardial
GSH content and reduced myeloperoxidase activity in coronary artery bypass graft
(CABG) patients (Vento et al. 2003).
Human Immunodeficiency Virus
Evidence for the ability of NAC to increase GSH in patients infected with human
immunodeficiency virus (HIV) is inconsistent. De Rosa et al. (2000) found that
GSH levels normalized and T cell GSH improved in patients with HIV infection and
low GSH at baseline in a large DBPC trial. In contrast, Look et al. (1998) found that
combined NAC and selenite (Se) treatment did not alter RBC GSH peroxidase
(GSH-Px) activity, GSH, or oxidized GSH (GSSG) concentrations or the GSH
redox ratio in HIV-infected patients.
Healthy Individuals
Lastly, studies on healthy individuals suggest that NAC improves GSH metabolism.
Oral NAC for 4 weeks significantly increased cysteine in middle-aged men regardless of lipid or smoking status (Hildebrandt et al. 2015), while oral NAC for 8 days
significantly increased GSH in healthy men (Zembron-Lacny et al. 2009).
Effect of NAC on Glutathione and Its Precursors
Thus, there is good evidence that NAC can increase GSH and improve the GSH
redox ratio in many diseases with some studies demonstrating a correspondence
between positive changes in GSH and outcomes. Thus, NAC is a viable treatment
option when GSH production or GSH redox ratio is compromised as part of the
disease process. Of course, clinical trials supporting the use of NAC in order to
improve outcomes are important for supporting its use in specific disorders.

19.3.1.2 Markers of Oxidative Stress
The effect of NAC on markers of oxidative stress has been studied in several organ
systems, which will be considered separately below.
Renal Disease
There are several studies on renal disorders that have examined whether NAC influences oxidative stress. Lipid peroxidation markers have been widely used in NAC
treatment studies. Three studies examined these biomarkers in hemodialysis (HD)
patients with all studies demonstrating positive results. In a small trial, oral NAC
significantly reduced elevated malondialdehyde (MDA) levels associated with endstage renal disease (ESRD) in HD patients (Trimarchi et al. 2003). In another small
DBPC study, NAC pretreatment reduced MDA prior to receiving iron therapy in HD
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patients (Swarnalatha et al. 2010). Finally, in HD patients being treated with erythropoietin, NAC improved plasma 8-isoprostane and oxidized low-density lipoprotein (Hsu et al. 2010). Thus, NAC seems to be effective in reducing lipid peroxidation
markers of oxidative stress in HD patients.
Two studies examined asymmetric dimethylarginine, a metabolite that is
increased in uremic patients because of oxidative inhibition of the enzyme that
breaks it down, known as dimethylarginine dimethylaminohydrolase. In one study,
IV NAC during HD significantly reduced plasma asymmetric dimethylarginine concentration (Thaha et al. 2008), while another study demonstrated that oral NAC did
not decrease asymmetric dimethylarginine in patients undergoing peritoneal dialysis (Nascimento et al. 2010).
NAC has also been shown to significantly increase total antioxidant capacity in
patients undergoing HD in a small DBPC study (Shahbazian et al. 2016). However,
oral NAC did not significantly decrease advanced oxidation protein products in
patients undergoing peritoneal dialysis (Nascimento et al. 2010).
Thus, it appears that in patients with renal disease, improvement in oxidative
stress may be a viable mechanism of action in which the therapeutic effect of NAC
may occur with most studies demonstrating positive findings.
Radiological Contrast
Studies examining the prophylactic use of NAC for angiography have mixed results
with less than half of the studies (three of seven) showing improvement in markers of
oxidative stress. In a DBPC study, oral NAC prevented the increase in 15-isoprostane
F2(t) associated with radiological contrast (Drager et al. 2004). In another placebocontrolled study, oral NAC decreased oxidized low-density lipoprotein (Thiele et al.
2010). Oral NAC given prophylactically in patients undergoing primary angioplasty
significantly reduced activated oxygen protein products (Thiele et al. 2010). However,
in a controlled clinical trial, oral NAC did not influence urine MDA concentrations
in patients undergoing non-coronary angiography (Sandhu et al. 2006). In a small
DBPC study, oral NAC did not change F2-isoprostane excretion despite improving
kidney function (Efrati et al. 2003). Lastly, in another study oral NAC did not prevent
the increase in urinary lipid hydroperoxides associated with radiological contrast
(Saitoh et al. 2011). Oral NAC did not affect total antioxidant capacity in patients
with coronary artery disease undergoing elective percutaneous coronary procedure
with angiography (Buyukhatipoglu et al. 2010). Thus, like the clinical outcome studies on the ability of NAC to prophylactically protect the kidney from radiological
contrast, the effect of NAC on oxidative stress in its prophylactic use for radiological
contrast shows variable outcome. The significant potential protection against kidney
injury with the low incidence of adverse effects has driven its continuing use for this
indication. Clearly more research on the mechanism of NAC for renal protection and
the optimal population for treatment is needed.
Cardiovascular Disorders
NAC has also been studied in several cardiovascular disorders with regard to its
antioxidant ability. Fifteen grams of IV NAC, combined with IV streptokinase with
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(Arstall et al. 1995) or without (Yesilbursa et al. 2006) nitroglycerin, significantly
reduced plasma MDA in patients with AMI. In patients undergoing CABG, NAC,
along with Mg, significantly reduced lipid peroxidation and improved antioxidant
enzyme levels, including catalase, GSH-Px, superoxide dismutase, and GSH reductase (Kurian and Paddikkala 2010). NAC infused into the cardiopulmonary bypass
prime followed by continuous infusion during bypass significantly improved 8-isoprostaglandin-F(2)alpha and nitrotyrosine staining of left ventricular cardiomyocytes (Tossios et al. 2003). Thus, all studies demonstrate that NAC improves
biomarkers of oxidative stress in cardiovascular indications.
Pulmonary Disorders
Three studies on pulmonary disorders suggest a role for NAC in reducing oxidative
stress, although the last study illustrates the complicated dynamics of redox metabolism. In a DBPC study, preoperative NAC IV improved postoperative plasma thiols, but not 8-isoprostane or RBC GSH in patients undergoing lung resection (Bastin
et al. 2016). IV NAC for 4 days improved extracellular total antioxidant power, total
thiols, and the outcome of patients with acute respiratory distress syndrome in the
intensive care unit (Soltan-Sharifi et al. 2007). Inhaled nebulized NAC reduced
exhaled hydrogen peroxide 30 min after treatment but increased hydrogen peroxide
and thiols 3 h following treatment, suggesting a complex influence on redox metabolism (Szkudlarek et al. 2004).
Endocrine Disorders
Two studies have examined endocrine disorders with mixed results. Oral NAC
decreased MDA levels in a medium-sized placebo-controlled study of women with
polycystic ovary syndrome (Cheraghi et al. 2016). In 13 patients with type 2 diabetes, oral NAC did not improve fasting RBC GSH or GSSG concentrations, plasma
thiobarbituric acid reactive substances (TBARS), or urine F2-alpha isoprostanes
(Szkudlinska et al. 2016).
Reperfusion Ischemia
NAC appears to have evidence for reducing oxidative stress in reperfusion ischemia.
NAC did not change catalase enzyme activity but prevented an increase in MDA
and decrease in thiols following reperfusion in patients with lower extremity ischemia (Ege et al. 2006). NAC was found to prevent detrimental changes in MDA,
superoxide dismutase (SOD), GSH-Px, total antioxidant capacity (TAC), and total
oxidant status (TOS) during reperfusion in patients undergoing tourniquet-induced
ischemia during arthroscopic knee surgery (Koca et al. 2011).
Other Disorders
NAC has also been found to improve oxidative stress in several other disorders in
isolated studies. Three months of oral NAC significantly improved total serum oxidant status and antioxidant capacity, oxidative stress index, and mononuclear DNA
damage in 75 children with transfusion-dependent beta-thalassemia (Ozdemir et al.
2014). In a large randomized placebo-controlled study of men with idiopathic
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infertility, oral daily NAC significantly improved the serum TAC, total peroxide,
and oxidative stress index (Ciftci et al. 2009). NAC was found to improve protein
sulfhydryl groups in patients hospitalized for severe burns with a 5-day treatment
course (Csontos et al. 2012). Oral NAC was found to reduce lipid peroxidation
induced by hyperbaric oxygen therapy (Pelaia et al. 1995).

19.3.1.3 NAC and Redox Metabolism
One of the major biological therapeutic mechanisms of NAC is believed to be an
increase in GSH and attenuation of oxidative stress. Interventional studies in gastrointestinal, pulmonary, cardiovascular disorders as well as studies on healthy individuals verify the ability of NAC to improve GSH in disease and non-disease state,
suggesting that improvement in GSH is indeed a major mechanism of therapeutic
action of NAC. Additionally, intervention studies on renal, cardiovascular, and pulmonary disorders as well as in reperfusion ischemia suggest NAC reduces oxidative
stress in disease states, again supporting an improvement in redox metabolism as a
viable therapeutic pathway for NAC.

19.3.2 Homocysteine Metabolism
Four studies found that NAC reduced homocysteine (HCY) in healthy subjects.
Oral NAC for 4 weeks significantly lowered plasma HCY in middle-aged men
regardless of lipid or smoking status (Hildebrandt et al. 2015). Oral NAC also
quickly lowered HCY in young females (Roes et al. 2002). In a crossover study, oral
NAC significantly decreased plasma HCY while increasing urinary HCY excretion
(Ventura et al. 2003). Interestingly, oral NAC decreased oxidized HCY and improved
the free to oxidized HCY ratio resulting from the auto-oxidation of HCY following
methionine loading (Raijmakers et al. 2003).
Two studies in clinical populations have shown promising results. In a DBPC
crossover trial of patient with high lipoprotein(a), oral NAC significantly decreased
plasma HCY but did not alter lipoprotein(a) levels (Wiklund et al. 1996). In a
placebo-controlled trial, 8 weeks of oral NAC improved HCY and endotheliumdependent dilation in patients with hyperhomocysteinemia (Yilmaz et al. 2007).
However, NAC did not appear to be effective at lowering HCY levels in several
studies on clinical populations. Ten weeks of oral NAC did not alter HCY in stable
cardiac transplant recipients in an open-label trial (Miner et al. 2002). A 4-month
DBPC trial of oral NAC did not alter plasma HCY in asymptomatic asbestosexposed individuals (Alfonso et al. 2015). In another study of chronic hepatitis C
patients being treated with interferon alpha, oral NAC did not change HCY
(Bernhard et al. 1998).
Hyperhomocysteinemia is refractory to standard treatment and persists in a
majority of HD patients, prompting the investigation of NAC as a therapeutic agent,
although all of these studies have not been positive. In two medium-sized placebocontrolled studies of patients with end-stage renal failure, IV NAC during HD
reduced HCY to a greater extent than placebo along with a reduction in blood
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pressure (Scholze et al. 2004; Thaha et al. 2006). However, three studies on HD
patients were negative. In a small controlled study of patients on maintenance HD,
oral NAC given as a pretreatment did not change plasma HCY levels (Bostom et al.
1996). In a medium-sized placebo-controlled study, 4 weeks of daily oral NAC did
not lower HCY levels in chronic HD patients (Friedman et al. 2003). In a mediumsized placebo-controlled crossover trial of nondiabetic patients with mild renal dysfunction, 8 weeks of oral NAC did not alter plasma HCY levels (Renke et al. 2010).
Thus, these studies suggest that NAC can reduce HCY, although its effectiveness
can vary with specific disease state. Clearly this is a fertile area in which research
can help define the indications in which NAC can be useful for lowering HCY.

19.3.3 Inflammatory Pathways
Basic science and clinical studies demonstrate that NAC has a positive effect on
inflammatory pathways and in inflammatory diseases. Several studies have examined the effect of NAC on biomarkers of inflammation. These studies will be
reviewed here.

19.3.3.1 Renal Disease
The effect of NAC on markers of inflammation has been examined in patients with
renal disease. Oral NAC twice daily for 8 weeks reduced high-sensitivity C-reactive
protein (hsCRP) in peritoneal dialysis (PD) patients with an 8-week treatment
course (Purwanto and Prasetyo 2012) and in HD patients with a 3-month treatment
course (Saddadi et al. 2014). However, hsCRP was not reduced by the same dose of
NAC in a small study on HD patient receiving IV iron therapy for 10 days
(Swarnalatha et al. 2010) or in PD patients treated for 8 weeks (Nascimento et al.
2010). One study found a decrease in the erythrocyte sedimentation rate with NAC
treatment (Saddadi et al. 2014). Multiple studies demonstrated the positive effect of
NAC on IL-6, two studies treating PD patients (Nascimento et al. 2010; Purwanto
and Prasetyo 2012) and one study treating HD patients (Saddadi et al. 2014). Two
studies using the same NAC treatment regime and similar populations found conflicting effects on tumor necrosis factor-α (TNF-α) (Nascimento et al. 2010;
Purwanto and Prasetyo 2012). Thus, in the few studies that have been conducted,
there is evidence that NAC can affect biomarkers of inflammation in patients with
renal disease, suggesting a potential mechanism of action in these patients although
more research is needed to understand the variations in outcomes in these studies.
19.3.3.2 Gastrointestinal Disorders
There is some evidence for NAC reducing markers of liver inflammation. In a small
placebo-controlled study, NAC significantly reduced the rise in circulating intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion protein-1 (VCAM1) after reperfusion of the donor liver in orthotopic liver transplant patients (Weigand
et al. 2001). IV NAC during the anhepatic phase of liver transplantation significantly increased recipient IL-4 and IL-10 plasma values, suggesting a protective
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effect against reperfusion injury (Santiago et al. 2008). NAC significantly decreased
IL-17 concentrations in patients admitted for non-acetaminophen acute liver failure
following liver transplant (Stravitz et al. 2013). Thus, this a promising area of the
anti-inflammatory effect of NAC, but with only a few studies, more research is
needed to further investigate this therapeutic aspect of NAC.

19.3.3.3 Cardiovascular
In patients undergoing cardiac surgery with extracorporeal circulation, treatment
with NAC before and after surgery prevented an increase in plasma neutrophil elastase activity along with improvement in the partial pressure of arterial oxygen, indicating a potential protection against neutrophil-mediated lung injury, although
myeloperoxidase, total antigenic human neutrophil elastase, and complex formation
were not altered (De Backer et al. 1996). NAC added to crystalloid cardioplegia
reduced the number of leukocytes sequestered in the coronary circulation during the
first minute after reperfusion in CABG patients (Vento et al. 2003). Oral NAC prevented an increased in TGF-β but did not affect TNF-α in patients with AMI (Talasaz
et al. 2013). Oral NAC did not improve markers of inflammation, including VCAM1, monocyte chemotactic protein-1, and endothelin-1 in patients with intermittent
claudication during a treadmill exercise test (da Silva et al. 2015). Thus, NAC was
effective in reducing markers of inflammation in patients with cardiac disorders but
not in the one study that examined vascular dysfunction. These studies are promising and support the notion that NAC may be useful for cardiac indications, but given
the limited number of studies, further research would be helpful to validate these
findings.
19.3.3.4 Pulmonary Disorders
Oral NAC was found to decrease neutrophil burden, the number of airway neutrophils actively releasing elastase-rich granules, and sputum IL-8 levels in patients
with cystic fibrosis (Tirouvanziam et al. 2006). Four months of oral NAC did not
alter markers of inflammation, including IL-8 and TNF-α in bronchoalveolar lavage
in asymptomatic asbestos-exposed individuals in a DBPC trial (Alfonso et al. 2015).
IV NAC failed to attenuate an increase in IL-6 in patients undergoing lung resection
(Bastin et al. 2016). Thus, with mixed results for pulmonary disorders, NAC does
seem to have evidence for improving inflammation in cystic fibrosis. Given that
there are limited studies on specific disorders, further studies are needed to verify
the results of these studies.
19.3.3.5 Human Immunodeficiency Virus
In asymptomatic HIV-infected patients, oral NAC, combined with sodium selenite,
improved CD4 counts and the CD4/CD8 and CD8/CD38 ratios (Look et al. 1998).
Oral NAC reduced TNF-α but did not affect free radical activity in neutrophils in
patients with HIV with low CD4 counts (Akerlund et al. 1996). Thus, in the few
studies conducted, NAC was useful in improving biomarkers of inflammation in
HIV patients.
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19.3.3.6 Systemic Inflammation
NAC has also been shown to improve inflammatory mediators in the face of systemic inflammation. Two studies have examined the effect of NAC in several burns
with one demonstrating that NAC reduced the surface expressions of CD11a, CD18,
and CD97 on granulocytes, CD49d on lymphocytes, and CD49d and CD97 on
monocytes (Csontos et al. 2011) and the other showing that NAC lowered IL-6,
IL-8, and IL-10 but not TNF-α (Csontos et al. 2012). In septic patients, IV NAC
significantly decreased IL-8 and nuclear factor-kappa β activation in mononuclear
leukocytes but not IL-6 or soluble intercellular adhesion molecule-1 (Paterson et al.
2003). In critically ill patients, IV NAC improved polymorphonuclear phagocytosis
but reduced oxidative burst activity (Heller et al. 2001). Lastly, in a DBPC study, IV
NAC decreased the production of TNF-α induced by IV administration of
Escherichia coli endotoxin in healthy participants (Schaller et al. 2007). Thus, in
these five studies on systemic inflammation, NAC has been shown to have positive
effects on reducing biomarkers of inflammation.
19.3.3.7 Other Disorders
There are a few other disorders in which NAC has also been shown to be helpful in
reducing inflammatory mediators. IV NAC resulted in higher anti-inflammatory
IL-1 receptor antagonist and lower proinflammatory vascular endothelial growth
factor in infants who were exposed to maternal chorioamnionitis (Jenkins et al.
2016). Oral NAC reversed expansion and stimulated FoxP3 expression in CD4-CD8T cells in patients with systemic lupus erythematosus (Lai et al. 2012).
19.3.3.8 NAC and Inflammatory Mediators
Although the studies are limited, the immunomodulatory and anti-inflammatory
effect of NAC has been demonstrated for multiple diseases involving multiple organ
systems. NAC has been shown to modulate general inflammatory mediators, cytokines, as well as immune cell activity and function. Thus, this is a viable biological
mechanism in which NAC may have its biological effect in therapeutically positively influencing disease. However, given the limited number of studies, clearly
more research will be needed in this area.

19.3.4 Vascular Physiology
NAC has been used to improve vascular function. Such studies will be reviewed
here. The effect of NAC on endothelial function, including its effect on nitric oxide,
has been investigated.

19.3.4.1 Endothelial Function
Four studies have demonstrated improvement in endothelial function with NAC
treatment in patients with renal disease using noninvasive measurements. In a prospective, randomized, placebo-controlled crossover study in 20 patients with ESRD,
IV NAC during HD improved the photoplethysmogram waveform suggesting
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improved endothelial function (Scholze et al. 2004). In another study a 6-week
treatment of oral NAC 600 mg twice a day improved flow-mediated dilatation, a
measure of endothelium-dependent vasodilatation, in 30 uremic patients on HD
(Sahin et al. 2007). In a randomized, prospective, placebo-controlled crossover
study of 24 patients with ESRD 5 g IV NAC was found to significantly decrease the
reflective index during reactive hyperemia indicating improved arterial vascular
reactivity (Wittstock et al. 2009). Lastly, in a prospective, double-blinded, randomized controlled, crossover trial of 14 adult HD patients, oral NAC 600 mg twice
daily for 10 days prior to IV iron therapy improved the digital plethysmography
reflection index suggesting an improvement in endothelial function (Swarnalatha
et al. 2010).
Two studies have examined the effect of NAC on endothelial function in patients
with cardiac disease. In a placebo-controlled study, 8 weeks of daily NAC increased
endothelium-dependent dilation of the brachial artery in patients with coronary
artery disease (Yilmaz et al. 2007). In stable cardiac transplant recipients, 10 weeks
of daily oral NAC did not change flow-mediated dilation of the brachial artery
(Miner et al. 2002).
In a small DBPC of patients with type 2 diabetes and hypertension, NAC combined with L-arginine for 6 months improved endothelial function, including
intima-media thickness during endothelial postischemic vasodilation (Martina et al.
2008).
Overall these studies suggest NAC may have a therapeutic effect on endothelial
function that is mediated through vascular reactivity, particularly in patients with
renal disease.

19.3.4.2 Nitric Oxide
NAC also has been shown to improve nitric oxide metabolism, a regulator of vascular tone. In a DBPC trial in patients with renal impairment, 1 g oral NAC twice a day
before coronary angiography prevented the reduction in urinary nitric oxide seen in
the placebo group (Efrati et al. 2003). Oral NAC enhanced endothelial nitric oxide
synthase in patients with intermittent claudication during a treadmill exercise test
(da Silva et al. 2015).
19.3.4.3 Vascular Flow
In an uncontrolled study, IV NAC improved the cardiac index, mean arterial pressure, and systemic vascular resistance in patients with acetaminophen-induced fulminant hepatic failure as well as acute liver failure from other causes (Harrison et al.
1991). In a study of women with chorioamnionitis, IV NAC improved cerebrovascular coupling of the infant (Jenkins et al. 2016).
19.3.4.4 NAC and Vascular Physiology
Limited studies have examined the effect of NAC on vascular function through examination of endothelial reactivity, nitric oxide metabolism, and vascular flow with
mostly positive results. Although limited in number, these studies support the notion
that therapeutic aspects of NAC may include positive changes in vascular function.
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19.3.5 Exercise Physiology
A limited number of studies have investigated the ability of NAC to enhance exercise physiology by preventing fatigue, increasing strength, and reducing exerciseinduced pathophysiological processes such as oxidative stress and inflammation.

19.3.5.1 Fatigue and Strength
Several studies have shown that that NAC improves fatigue and strength during
exercise. In three small placebo-controlled studies, oral NAC extended time to
fatigue in a cycling test (Corn and Barstow 2011; McKenna et al. 2006; Medved
et al. 2004b) with one study showing that this effect was related to improving potassium regulation and muscle sodium-potassium pump activity (McKenna et al.
2006). Oral NAC was also found to reduce respiratory muscle fatigue during heavy
exercise in a small placebo-controlled study (Kelly et al. 2009).
In other studies improvement in exercise was related to improvement in redox
status. In one study, oral NAC improved handgrip exercise performance in healthy
individuals by improving the cysteine to total cysteine ratio (Ferreira et al. 2011),
while another study with IV NAC showed that improvement in severe-intensity
exercise tolerance was related to improvement in total plasma sulfhydryl groups
(Bailey et al. 2011).
Two studies did not show clear improvements in fatigue during a cycling exercise test (Medved et al. 2003; Medved et al. 2004a). One study suggested that NAC
impaired potassium regulation (Medved et al. 2003), while the other demonstrated
that it improved potassium regulation (Medved et al. 2004a).
19.3.5.2 Oxidative Stress
Several studies have examined the effect of IV and oral NAC on oxidative stress
with exercise with most studies demonstrating positive results. In a DBPC crossover studies, IV NAC improved total and reduced GSH and cysteine in muscle
during prolonged, submaximal exercise in endurance athletes (Medved et al.
2004b), attenuated detrimental changes in GSH and GSSG in untrained men during cycling exercise (Medved et al. 2003), and induced gene expression of MnSOD
with a cycling test (Petersen et al. 2012). Similar results were found for oral NAC
with exercise. Oral NAC improved total antioxidant capacity in a controlled study
of sedentary men who performed a graded exercise treadmill test (Leelarungrayub
et al. 2011) and in trained athletes with high-intensity interval exercise (Slattery
et al. 2014). Also, oral NAC improved markers of oxidative damage in trained
athletes with high-intensity interval exercise (Slattery et al. 2014; Trewin et al.
2013) and in healthy men with incremental cycle exercise (Zembron-Lacny et al.
2010). However, in similarly designed studies, oral NAC did not alter measures of
oxidative damage after high-intensity eccentric exercise (Silva et al. 2008) or blood
GSH concentrations (Trewin et al. 2013). Thus, there is good evidence that NAC
can attenuate oxidative stress during exercise in both athletes and nonathletes
although there may be some unknown factors that limit its ability to do so in some
circumstances.
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19.3.5.3 Inflammation
Most studies (four of five) show that oral NAC has at least some positive influence
on inflammation during exercise. NAC has been shown to positively affect cytokines with exercise. In a controlled study, oral NAC maintained high levels of IL-10
after high-intensity eccentric exercise (Silva et al. 2008) and attenuated the increase
in IL-6 and monocyte chemotactic protein-1 in well-trained triathletes after cycle
ergometer race simulation (Slattery et al. 2014). One week of oral daily NAC
improved TNF-α in a controlled study of sedentary men who performed a graded
exercise treadmill test (Leelarungrayub et al. 2011) while it was not influenced in
another study of high-intensity eccentric exercise (Silva et al. 2008). In a small
DBPC study of oarsmen during an ergometer rowing test, oral NAC did not influence peripheral lymphocyte counts or subsets, phytohemagglutinin-stimulated lymphocyte proliferation, or natural killer cell activity (Nielsen et al. 1998), while in a
similar study performed by the same group, oral NAC suppressed exercise-induced
zymosan-stimulated luminol-enhanced chemiluminescence response of neutrophil
oxidative burst during a 6-min maximal ergometer row (Nielsen et al. 2001). Thus,
in a limited number of studies, mostly in athletes, NAC appears to have a positive
effect on inflammation during exercise.
19.3.5.4 Blood Flow
In a placebo-controlled study, oral NAC did not change brachial artery blood flow
in eight healthy non-endurance trained men during a constant power handgrip exercise tests (Smith et al. 2016).
19.3.5.5 Energy Metabolism
In a small DBPC crossover study of well-trained male cyclists, oral NAC reduced
insulin sensitivity but did not change phosphorylation of AKT, AS160, and mTOR
and blunted phosphorylation of p70S6K (Trewin et al. 2015) and elevated fatty acid
oxidation and glucose and reduced lactate (Trewin et al. 2013) with exercise. In
contrast, in a small DBPC crossover study of healthy men, IV NAC did not influence glucose metabolism or concentrations of lactate, non-esterified fatty acids
insulin or skeletal muscle AMPK or acetyl-CoA carboxylase-beta phosphorylation
during moderate-intensity exercise (Merry et al. 2010). Thus, two of three studies
suggest some influence of NAC on energy metabolism during exercise.
19.3.5.6 The Effect of NAC on Exercise
In a limited number of studies, there is evidence for NAC improving exercise performance in athletes and nonathletes and improving exercise-induced oxidative stress
and inflammations with some studies suggesting improvement in exercise performance may be related to the improvements in oxidative stress. There are several
studies that implicate improvements in energy metabolism as a result of NAC, but
these studies are limited with some inconsistent results. Clearly this is an interesting
application of NAC for improving physiology in a non-disease state that deserves
further research.
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19.3.6 Other Cellular Pathways
In a medium-sized DBPC study, oral NAC increased mitochondrial transmembrane
potential and profoundly reduced mTOR activity in patients with systemic lupus
erythematosus (Lai et al. 2012). Given the implications of NAC improving mitochondrial function in basic science studies, the application of NAC to diseases
which involve mitochondrial dysfunction may be a fruitful area of therapeutic application of NAC in the future.
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Introduction

Life-threatening hepatotoxicity in the setting of acetaminophen (APAP) overdose is
due to depletion of glutathione (GSH), a vital cysteine-containing tripeptide that
protects cells and organs against oxidant injury. GSH depletion can occur when
supplies of cysteine are inadequate to maintain GSH homeostasis in the face of the
increased GSH consumption. Thus, rapid administration of N-Acetylcysteine
(NAC), which is converted to cysteine by first-pass metabolism and provides the
cysteine necessary to replenish the depleted GSH, is the standard of care for
preventing injury in APAP overdose.
GSH deficiency has also been recognized in a variety of apparently unrelated
clinical conditions and diseases. NAC has been widely tested in randomized placebo-controlled trials (RPCTs) for efficacy in these diseases and conditions. In this
chapter, we systematically review reports from early trials of NAC, which collectively suggest that GSH deficiency may be a common occurrence and that NAC may
be a useful therapeutic adjunct for treating or preventing the development of this
deficiency.

20.2

Methods

Publications included in this systematic literature review describe results from RPCT
testing NAC for efficacy in a variety of disease settings. Publications were located by
searching with the keywords “placebo AND N-Acetylcysteine AND NOT animal” as
well as “placebo AND N-Acetylcysteine AND human, AND NOT animal.” We
searched PubMed, the NLM database, the FDA website, Cochrane Database, Google,
and subsequent material through 2006 and the references lists of all placebo- and
non-placebo-controlled trials that we review here. This search identified nearly 2000
relevant publications. Within these, we identified 102 RPCTs that met the strict criteria for inclusion that we set for this review, i.e., publications reporting results from
RPCT in which at least 10 subjects were used to test the efficacy of NAC administered without other drugs. Findings reported for these trials are summarized in tabular form (Online Tables 20.2 and 20.3) and discussed in the text. Trials excluded are
listed in Online Table 20.1. Clinical studies relevant to the findings here but not
conducted under strictly controlled conditions are found in Online Table 20.4.

20.3

Results

20.3.1 Glutathione (GSH)
Rapid administration of NAC is the standard of care for preventing hepatic injury in
APAP overdose. The administered NAC is converted by first-pass metabolism to
cysteine, which is needed to replenish the cysteine-containing intracellular tripeptide (l-γ-glutamyl-l-cysteinyl-glycine), commonly known as GSH. GSH is depleted
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during detoxification of excessive amounts of APAP. If it is not rapidly replenished,
severe hepatic injury ensues.
In addition to this well-known use of NAC, at least 102 RPCTs conducted over
25 years have examined the effects of NAC treatment in respiratory, cardiovascular, endocrine, and infectious and other disease settings. Of these, 72 reported beneficial effects (Keays et al. 1991; Jackson et al. 1984; Ardissino et al. 1997;
Andersen et al. 1995; Altomare et al. 1996; Aylward et al. 1980; Akerlund et al.
1996; Adair et al. 2001; Bromley et al. 1995; Badaloo et al. 2002; Boesgaard et al.
1992; Brocard et al. 1980; Bernard et al. 1997; Breitkreutz et al. 2000b; Bowles and
Goral 1985; Diaz-Sandoval et al. 2002; Drager et al. 2004; De Mattia et al. 1998a,
b; Dueholm et al. 1992; De Backer et al. 1996; De Flora et al. 1997; De Rosa et al.
2000; Estensen et al. 1999; Eren et al. 2003; Efrati et al. 2003; Evald et al. 1989;
Fischer et al. 2004; Fulghesu et al. 2002; Ferrari 1980; Boman et al. 1983; Grassi
1980; Grassi and Morandini 1976; Horowitz et al. 1988a, b; Hansen et al. 1994;
Heinig et al. 1985; Hauer et al. 2003; Herzenberg et al. 1997; Kay et al. 2003;
Kasielski and Nowak 2001; McGavin 1985; MacNeill et al. 2003; Olivieri et al.
1985; Ovesen et al. 2000; Pace et al. 2003; Parr and Huitson 1987; Reinhart et al.
1995; Ratjen et al. 1985; Rasmussen and Glennow 1988; Rank et al. 2000; Shyu
et al. 2002; Scholze et al. 2004; Spies et al. 1994, 1996; Spapen et al. 1998; Spada
et al. 2002; Suter et al. 1994; Svendsen et al. 1989; Stafanger et al. 1988; Stafanger
and Koch 1989; Tepel et al. 2000, 2003; Tepel and Zidek 2001; Tossios et al. 2003;
Todisco et al. 1985; Verstraeten 1979; Van Schooten et al. 2002; Walters et al.
1986; Watt et al. 2002; Wiklund et al. 1996; Yalcin et al. 2002). Collectively, these
findings suggest that cysteine/GSH deficiency contributes to the pathophysiology
of a wide range of diseases and that treatment of this deficiency may be important
in these diseases.
GSH is a central component of the oxidative-reductive (redox) apparatus of
every cell. One of its key functions is to combine with, and thereby inactivate
(detoxify), reactive oxygen species (ROS), other oxidative molecules, and certain
drugs, exogenous chemicals, and toxins. Because GSH is depleted in these reactions, it must continually be replenished to maintain cell and organ viability and to
support normal cellular functions. Drug intoxications resulting in severe GSH
depletion, notably APAP overdose, cause extensive hepatic injury if treatment to
replenish GSH is not initiated before GSH stores are depleted to below-critical protective levels.
Synthesis of GSH requires cysteine, a conditionally essential amino acid that
must be obtained from dietary sources or by conversion of dietary methionine via
the cystathionase pathway. If the supply of cysteine is adequate, normal GSH levels are maintained. In contrast, if supplies of cysteine are inadequate to maintain
GSH homeostasis in the face of increased GSH consumption, GSH depletion
occurs.
GSH depletion impacts a wide variety of cellular processes, ranging from DNA
synthesis and gene expression to sugar metabolism and lactate production. The
pleiotropic activity of this key intracellular molecule, which arose very early in
evolution, derives from its participation in the energy economy and the synthetic
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and catabolic activities of virtually all cells. In higher animals, it also participates in
regulating the expression or activity of extracellular molecules, including many of
the cytokines and adhesion molecules implicated in inflammatory reactions and
other disease processes.
Acute GSH depletion causes severe—often fatal—oxidative and/or alkylation
injury. This injury can be prevented (e.g., in APAP overdose) by rapid treatment
with NAC, an efficient nontoxic source of cysteine, which is able to replenish hepatocellular GSH. Chronic or slowly arising GSH deficiency due to administration of
GSH-depleting drugs, or to diseases and conditions that deplete GSH, can be similarly debilitating (Taniguchi et al. 1989).
In this chapter, we first review evidence for a cysteine/GSH deficiency in a variety of disease settings and consider the biochemical mechanisms through which this
deficiency, and its correction, can impact disease processes. We then consider findings from a large series of RPCT in which the effectiveness of NAC treatment has
been investigated and discuss this in terms of cysteine/GSH replenishment.

20.3.2 GSH Deficiency and Disease
A role for GSH deficiency in the clinical manifestations of a broad spectrum of
diseases and conditions is suggested either by the direct documentation of low GSH
levels in these conditions or by the demonstration of significant improvement in
patient condition following NAC administration. Over 70 RPCTs demonstrate beneficial effects of NAC treatment (Online Table 20.2) (Keays et al. 1991; Bromley
et al. 1995; Estensen et al. 1999; Reinhart et al. 1995; Ardissino et al. 1997; Badaloo
et al. 2002; Boesgaard et al. 1992; Horowitz et al. 1988a, b; Spies et al. 1996, 1994;
Svendsen et al. 1989; Andersen et al. 1995; Eren et al. 2003; Fischer et al. 2004;
Tossios et al. 2003; Altomare et al. 1996; Diaz-Sandoval et al. 2002; Drager et al.
2004; Efrati et al. 2003; Kay et al. 2003; MacNeill et al. 2003; Shyu et al. 2002;
Tepel et al. 2000, 2003; Tepel and Zidek 2001; De Mattia et al. 1998a, b; Fulghesu
et al. 2002; Pace et al. 2003; Ratjen et al. 1985; Stafanger et al. 1988; Stafanger and
Koch 1989; Scholze et al. 2004; Wiklund et al. 1996; Aylward et al. 1980; Boman
et al. 1983; Brocard et al. 1980; Dueholm et al. 1992; Evald et al. 1989; Ferrari
1980; Ferrari and Spinelli 1980; Grassi 1980; Grassi and Morandini 1976; Hansen
et al. 1994; Heinig et al. 1985; Jackson et al. 1984; McGavin 1985; Parr and Huitson
1987; Rasmussen and Glennow 1988; Kasielski and Nowak 2001; Verstraeten 1979;
Olivieri et al. 1985; Van Schooten et al. 2002; Todisco et al. 1985; Bernard et al.
1997; De Backer et al. 1996; Suter et al. 1994; Rank et al. 2000; Spapen et al. 1998;
De Flora et al. 1997; Akerlund et al. 1996; Breitkreutz et al. 2000b; De Rosa et al.
2000; Herzenberg et al. 1997; Spada et al. 2002; Watt et al. 2002; Adair et al. 2001;
Hauer et al. 2003; Ovesen et al. 2000; Walters et al. 1986; Yalcin et al. 2002; Bowles
and Goral 1985) in diseases and conditions that include systemic inflammatory
response syndrome (SIRS), acute respiratory distress syndrome (ARDS), chronic
lung disease (CLD), chronic obstructive pulmonary disease (COPD), neurodegenerative disease, cardiovascular disease, alcoholism, infectious disease (e.g., HIV-1
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infection and chronic hepatitis), hepatic and renal failure, diabetes, malnutrition,
and certain autoimmune diseases.
The mechanisms that underlie the development of GSH deficiency in disease are
reasonably well understood, at least in some instances. A wide variety of inflammatory and metabolic stimuli common during active disease increase the production of
intracellular oxidants. In addition, neutrophils and other cells present at sites of
inflammation release oxidants (reactive oxygen and nitrogen intermediates) that
enter other cells and add to the internal oxidant burden. GSH provides the main
defense against toxic oxidative intermediates by reducing and thereby inactivating
them. However, in so doing, GSH is oxidized to GSH disulfide (GSSG). GSSG is
then either rapidly reduced to GSH by GSSG reductase and NADPH or is excreted
from the cell and only in part recovered from the circulation.
Factors that may contribute to GSH deficiency include GSH losses that occur
when GSH is enzymatically conjugated to exogenous chemicals (drugs, dietary components, and toxins) and excreted from the cell as GSH or acetylcysteine mercapturates (conjugates). In addition, disease processes may decrease the cellular uptake or
synthesis of cysteine or cystine, increase GSH efflux (Abrams et al. 1995), or increase
the loss of cysteine/GSH sulfur due to accelerated oxidation to the final oxidized
forms (sulfate and taurine) (Hortin et al. 1994; Breitkreutz et al. 2000a). Because a
balance between cysteine supply and GSH utilization must be maintained, if oxidant
production or levels of substrate for GSH conjugation are high and cysteine supplies
for GSH replenishment become limiting, severe GSH deficiency may occur.
Importantly, there are significant potential iatrogenic contributions to GSH
depletion. Inadvertent treatment with higher doses of APAP than patients can tolerate is perhaps the most common. This can be particularly dangerous for patients
with conditions in which GSH depletion tends to occur as a consequence of the
disease process or following treatment with drugs that are detoxified by GSH. In
addition, long-term maintenance on parenteral nutrition may result in GSH depletion since parenteral nutrition formulations are not necessarily designed to provide
adequate cysteine equivalents to meet the metabolic needs of diseased patients. In
the absence of adequate attention to maintenance of adequate cysteine supplies,
physicians and other caregivers can inadvertently contribute to GSH deficiency.
Patient behavior may also result in the development of GSH deficiency. Chronic
over-consumption of alcohol is well known to deplete GSH in certain tissues, particularly the liver, and thus to render patients susceptible to APAP toxicity at doses
well below those that cause toxicity in healthy individuals. Indeed, the FDA has
issued a warning to this effect (www.fda.gov/ohrms/dockets/ac/02/briefing/3882b1.
htm). However, chronic consumption of APAP or other GSH-depleting drugs, even
well below toxic dose levels, can gradually deplete GSH to the point where these
drugs elicit toxicity. Such practices become more dangerous if patients are malnourished or are GSH deficient for other reasons.
In summary, GSH deficiency occurs more frequently than previously suspected.
GSH is readily replenished by de novo synthesis as long as sufficient supplies of
cysteine are available, either directly from dietary sources or indirectly by conversion of dietary methionine. However, failure to obtain sufficient dietary cysteine to
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replace that lost when GSH is oxidized or conjugated to drugs or exogenous chemicals results in a deficiency in cysteine and/or GSH that may necessitate pharmacological intervention.

20.3.3 Dietary Sources of Cysteine
Cysteine utilized in the body is derived from dietary cysteine and methionine, sulfur-containing amino acids (SAAs) that are largely obtained from digested protein.
Since mammals obtain cysteine both directly from the diet and by degradation of
dietary methionine, the normal cysteine requirement can be satisfied from dietary
sources. However, as indicated above, an additional source of cysteine may be
required when cysteine loss (e.g., via GSH loss) outstrips the usual dietary supply.
Requirements for SAAs in humans are based upon nitrogen and SAA balance
studies conducted with healthy individuals. The average American diet contains
about 100 g of protein daily, greater than half of which is animal protein with a relatively high content of SAAs. The recommended daily allowance (RDA) for SAAs
for an adult male is about 1 g (200 mg of methionine and an additional 810 mg of
methionine that can be replaced by an equivalent amount of cysteine). A healthy,
well-fed person will often consume greater than twice the SAA RDA. However,
poor appetite and/or a tendency to select fresh food with low SAA content or bioavailability (Hitchins et al. 1989) or processed food depleted of SAAs (Volkin and
Klibanov 1987; Schnackenberg et al. 2009; Briganti et al. 2008) can result in cysteine deficiency even in otherwise healthy people. Furthermore, as evidence here indicates, the need for SAAs can be substantially increased in many disease states.
The limited ability of the body to store amino acids is an additional problem. The
human liver does contain a reservoir of cysteine (about 1 g) that is largely present in
GSH. Since this amount approximates the daily SAA requirement, it provides only
a short-term source to maintain a stable cysteine supply despite intermittent methionine and cysteine consumption. Under conditions of excessive cysteine requirements or deficient cysteine/methionine consumption, GSH is released from skeletal
muscle and other tissues to supply cysteine. This results in decreased antioxidant
and detoxification functions throughout the body. Consequently, even short-term
inadequate intake of SAAs can pose a risk to individuals who may consume adequate amounts most of the time (Larsen and Fuller 1996; Shriner and Goetz 1992).

20.3.4 Mechanisms that May Mediate the Clinical Effects
of Cysteine/GSH Deficiency
GSH has multiple roles in cells, ranging from neutralization of ROS to acting as a
coenzyme in a variety of metabolic processes. The widespread participation of GSH
in biochemical reactions of importance to cell growth, differentiation, and function
offers mechanistic insights into how interfering with GSH homeostasis could influence the course of varied disease processes. A full discussion of the preclinical data
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bearing on these issues is beyond the scope of this review. However, to provide a
mechanistic context for the clinical findings we discuss, we have summarized some
of the key processes regulated by GSH in the following section.

20.3.4.1 Oxidative Reactions
In its best-known role, GSH participates in enzyme-mediated reactions to neutralize
ROS, preventing the accumulation of ROS damage to DNA, proteins, and lipids.
Glutathione peroxidases play a key role in this process by catalyzing the reaction of
GSH with peroxides, including hydrogen peroxide and lipid peroxides. Thus,
decreasing GSH can sharply augment oxidative damage and result in cell death or
loss of function.
20.3.4.2 DNA Synthesis
Low GSH availability can impair DNA synthesis since GSH acts (via thioredoxin)
as a coenzyme for ribonucleotide reductase, an enzyme required for the synthesis of
DNA (Holmgren 1985, 1989; Zhong et al. 2000a).
20.3.4.3 Gene Expression and Signal Transduction
GSH has been shown to regulate or influence the expression of several genes, notably inflammatory genes under the control of transcription factor nuclear factor
kappa B (NF-κB) and activator protein 1 (AP-1), even in settings where there is no
marked overproduction of ROS. In addition, GSH has been shown to regulate T-cell
signaling by controlling phosphorylation of phospholipase C γ 1 (PLCg1), which is
required to stimulate the calcium flux that occurs early in the T-cell receptor-signaling cascade (Kanner et al. 1992a, b, c; Kanner and Ledbetter 1992; Flescher et al.
1994). Importantly, GSH has also been shown to regulate the expression of vascular
cell adhesion molecule-1 (VCAM-1) on vascular endothelial cells, one of the early
features in the pathogenesis of atherosclerosis and other inflammatory diseases
(Ahmad et al. 2002; De Mattia et al. 1998a, b; Marui et al. 1993; Schmidt et al.
1995; Weigand et al. 2001).
20.3.4.4 Enzymes and Protein Functions
GSH regulates the activity of enzymes and other intracellular molecules by posttranslational modifications (glutathionylations) that control the oxidation state of
protein-SH groups. When intracellular GSH is at its normal level for a particular
cell type in a healthy individual, most of the free protein thiol groups are reduced,
i.e., are present as protein-SH. In contrast, when GSH levels are low and/or GSSG
levels are increased, GSH is reversibly coupled to many free thiols to create mixed
disulfides (protein-S-S-G) (Ghezzi et al. 2002). These S-glutathionylated proteins,
which may be functionally altered, then persist as such until GSH levels return to
normal.
By controlling the activities of a series of enzymes and other intracellular proteins, glutathionylation can rapidly and reversibly alter the metabolic status of cells
in response to changes in the redox environment. For example, glutathionylation
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has been shown to regulate actin polymerization (Wang et al. 2001), to inhibit the
activity of several key enzymes (including glyceraldehyde-3-phosphate dehydrogenase, carbonic anhydrase, and protein tyrosine phosphatase), and to activate or stabilize other enzymes (including HIV-1 protease and the NF-ĸB transcription factor
(Pineda-Molina et al. 2001)). Nitrosylation of protein thiols has similarly been
shown to increase under oxidative conditions (Galli et al. 2002; Choudhary and
Dudley 2002; Estevez and Jordan 2002; Yang et al. 2002) and to alter functions of
key enzymes (Arnelle and Stamler 1995) and other molecules (Gow et al. 2002;
Marshall et al. 2002). Thus, both glutathionylation and nitrosylation are of central
importance to mechanisms through which cysteine/GSH deficiency may impact
cell, and hence organ, function.
As indicated above, these types of posttranslational modifications are highly sensitive to shifts in the intracellular redox balance. They are rapidly initiated when
GSH is depleted and rapidly reversed when GSH is replenished. As such, they provide the kind of flexible response to oxidative stress necessary for organisms living
in an oxidative environment. However, at the extreme, they may underlie some of
the pathologic changes that occur when chronic cysteine/GSH deficiency occurs in
disease.

20.3.4.5 Glutaredoxin and Thioredoxin
Glutaredoxin (Grx) and thioredoxin (Trx) belong to the two major oxidoreductase
enzyme families, which take electrons from GSH and NADPH respectively (Zhong
et al. 2000a; Holmgren 1989; Cotgreave et al. 2002; Nakamura et al. 2001; VlamisGardikas and Holmgren 2002). Trx and Grx interact with proteins to regulate functional activity, both directly and via glutathionylation. Intracellular GSH and
GSSG levels play a major role in this regulation. The activity of Grx is directly
regulated by the amount of intracellular GSH and GSSG, which controls the status
of the Grx active site. The active sites in Trx (Cys-Gly-Pro-Cys) and Grx (Cys-ProTyr-Cys) contain a dithiol that can be oxidized when GSH levels are low (or GSSG
levels increase) to form an internal disulfide between the two cysteine residues or
a mixed disulfide in which GSH is bound to one or both cysteine residues in the
active site.
Formation of the Grx mixed disulfide (Casagrande et al. 2002; Cotgreave
et al. 2002; Ghezzi et al. 2002) represents a special case of protein glutathionylation since it arms the Grx for glutathionylation of other proteins. Although Trx
can also be glutathionylated (Casagrande et al. 2002), current data indicate that
glutathionylation is mainly mediated by the Grx mixed disulfide (Daily et al.
2001; Shenton et al. 2002; Song et al. 2002). Oxidation of Grx and Trx active
sites can also regulate Trx or Grx functions mediated by direct binding to key
intracellular proteins. For example, under reducing conditions, Trx and Grx protect cells from apoptosis by binding to and inactivating apoptosis signaling
kinase I (Song et al. 2002; Saitoh et al. 1998), whereas this binding is blocked,
and apoptosis induction proceeds at low GSH levels (and/or high GSSG levels;
Arner and Holmgren 2000).

358

P. Ghezzi et al.

20.3.4.6 Selenoenzymes
Decreasing GSH increases the intracellular redox potential of the GSH/GSSG redox
couple and puts an additional burden on the Trx-Trx reductase system. This may be
quite important in patients who have low selenium levels, since human Trx reductases are selenoenzymes with an essential selenocysteine residue in the active site
(Arner and Holmgren 2000; Gladyshev et al. 1996a, b; Sandalova et al. 2001; Zhong
et al. 2000a, b; Zhong and Holmgren 2000). Cysteine/GSH deficiency in these
patients, in whom Trx reductase activity is compromised, may make them particularly susceptible to cell damage under oxidative stress. Thus, cysteine/GSH deficiency can impact cell and organ function through multiple pathways operating at
the same or different sites, depending on the underlying mechanisms responsible for
depleting GSH. The fact that multiple different pathways are affected explains why
the effects of cysteine/GSH deficiency can affect many diseases and why cysteine/
GSH deficiency has not been readily recognizable as a single clinical entity in the
past.

20.3.5 N-Acetylcysteine (NAC) Treatment to Relieve Cysteine/GSH
Deficiency
Clinical experience in the treatment of APAP toxicity has established that rapid
administration of NAC, an essentially nontoxic cysteine source, restores normal
GSH levels in solid tissues and the systemic circulation and thus prevents the potentially lethal consequences of severe cysteine/GSH deficiency induced by APAP
overdose. In addition to this well-known role for NAC, NAC treatment has been
shown to be clinically beneficial in a wide variety of diseases and conditions. In
fact, over 70 RPCTs (Online Table 20.2) have reported beneficial effects of NAC
treatment. Collectively, these studies demonstrate that cysteine/GSH deficiency is
an important emerging clinical entity and that NAC administration offers an effective method for treating this deficiency.
Although various forms of cysteine and its precursors have been used as nutritional and therapeutic sources of cysteine, NAC is the most widely used and extensively studied. NAC is about ten times more stable than cysteine and much more
soluble than the stable cysteine disulfide, cystine. l-2-oxothiazolidine-4-carboxylate (procysteine/OTC) has also been used effectively in some studies (Aaseth and
Stoa-Birketvedt 2000) as have GSH and GSH monoethyl ester (Meister et al. 1986).
In addition, dietary methionine is an effective source of cysteine, as is
S-adenosylmethionine (referred to either as SAM or SAM-e) (Castagna et al. 1995).
We focus on NAC in this review because NAC is the cysteine source used for correcting cysteine/GSH deficiency in most studies and because NAC is already
approved for therapeutic use for treatment of APAP overdose and as a mucolytic
agent in cystic fibrosis.
Surprisingly, given the diverse roles that GSH plays in cellular physiology and
regulation of enzyme activity and protein function (see above), GSH deficiency has
mainly been discussed from a clinical perspective in terms of the loss of
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intracellular protection against oxidative stress. Similarly, NAC is principally considered to be an antioxidant rather than a source of cysteine for GSH replenishment.
However, while antioxidants such as vitamins E and C can spare GSH under conditions of oxidative stress, GSH loss due to oxidative or detoxifying reactions can
only be offset by GSH resynthesis, which requires a cysteine source.
In addition to providing the cysteine necessary to replenish GSH, NAC administration improves the cysteine supply for protein synthesis and metabolic purposes.
When administered intravenously, it also appears for a short period of time at high
levels in blood and can react directly with oxidants and nitric oxide derivatives.
However, when administered orally (as in most of the studies), it is rapidly converted by first-pass metabolism to cysteine, which is either incorporated into GSH
in the liver or released into the blood in a regulated manner. Thus, orally administered NAC appears in the circulation only transiently and at only minimal levels.
Hence, it is effective largely via its ability to increase cysteine supplies and thereby
facilitate the GSH replenishment.
In the sections that follow, we discuss examples of RPCTs (Online Table 20.2)
which have examined the outcomes of NAC therapy in various medical disorders.
We also discuss selected findings from observational studies (Online Table 20.3)
that further illuminate clinical aspects of cysteine/GSH deficiency.

20.3.5.1 Acetaminophen Toxicity
APAP overdose is a well-known cause of fulminant hepatic failure. In fact, APAP
overdose and idiosyncratic drug reactions have now replaced viral hepatitis as the
most frequent causes of acute liver failure in the United States (Ostapowicz and Lee
2000). The toxicity of APAP is due to depletion of GSH in hepatocytes (Mitchell et al.
1974, 1981; Peterson and Rumack 1978; Lauterburg et al. 1983; Smilkstein et al.
1988; Ostapowicz et al. 2002). NAC is extremely effective in preventing liver damage
due to APAP toxicity. NAC administered promptly and at a sufficient dose is the standard of care for treatment of APAP poisoning (Mitchell et al. 1974; Lyons et al. 1977;
Prescott et al. 1977; Peterson and Rumack 1977a, b, 1978; Marquardt 1977; Maurer
and Zeisler 1978; Macy 1979; Stewart et al. 1979; Bailey 1980; Black 1980; Sellers
and Freedman 1981; Rumack et al. 1981; Prescott and Critchley 1983; Miller and
Rumack 1983; Rumack 1984, 1986, 2002; Davis 1986; Larrauri et al. 1987; Slattery
et al. 1987, 1989; Smilkstein et al. 1988, 1991; Burgunder et al. 1989; Beckett et al.
1990, 1985; Harrison et al. 1990; Keays et al. 1991; Bray et al. 1991; Winkler and
Halkin 1992; Lee 1993, 1995, 1996; Larsen and Fuller 1996; De Roos and Hoffman
1996; Perry and Shannon 1998; Salgia and Kosnik 1999; Ammenti et al. 1999;
Buckley et al. 1999; Broughan and Soloway 2000; Kearns et al. 2000; Woo et al.
2000; Amirzadeh and McCotter 2002; Schmidt et al. 2002; Jones 2002; Kearns 2002;
Peterson et al. 1998) and can improve survival (Harrison et al. 1990) and cardiovascular function (Harrison et al. 1991) in those already with hepatic failure.
Interestingly, although the acute dose of APAP likely to cause severe liver toxicity is well established for healthy individuals (Peterson and Rumack 1978), under
conditions in which GSH levels are compromised, doses of APAP that are within
the usual prescribed range can cause hepatic injury (Peterson and Rumack 1978;
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Larsen and Fuller 1996). Thus, usage of APAP and other GSH-depleting drugs may
be quite important to overall pathology in diseases and conditions where GSH deficiency is known to occur.
This is especially important in patients with chronic alcohol consumption (Bray
et al. 1991; Salgia and Kosnik 1999) because they often have lower GSH levels. In
such patients, doses of APAP below those usually considered toxic could deplete
GSH below the critical threshold for hepatocellular necrosis (Lauterburg and Velez
1988). Thus, it has been suggested that patients with chronic alcoholism and suspected APAP poisoning should be treated with NAC regardless of risk estimation
(Johnston and Pelletier 1997; Ozaras et al. 2003; Moss et al. 2000). This has
prompted the FDA to a special warning for individuals with chronic alcohol use in
regard to APAP use.

20.3.5.2 Gastrointestinal Disease
Several studies have demonstrated GSH depletion in children with the edematous
syndromes of protein-energy malnutrition (PEM), kwashiorkor, and marasmic
kwashiorkor (Badaloo et al. 2002; Golden and Ramdath 1987; Jackson 1986; Reid
et al. 2000). Children with edematous PEM have biomarkers of oxidant damage
(Lenhartz et al. 1998; Fechner et al. 2001). The observation that biomarkers of oxidant damage normalize as soon as clinical signs and symptoms resolve (Lenhartz
et al. 1998) suggests that oxidant damage plays an important role in the pathogenesis of the disease.
In a study of children with edematous PEM, Jahoor and colleagues showed that
RBC GSH depletion is due to a slower rate of GSH synthesis secondary to inadequate cysteine availability (Reid et al. 2000). In another study of children with
edematous PEM, Jahoor and colleagues demonstrated that GSH synthesis rate and
concentration can be restored during the early phase of nutritional rehabilitation if
diets are supplemented with NAC (Badaloo et al. 2002). The observation that edema
is lost at a faster rate by the group whose GSH pools were restored early with NAC
suggests that early restoration of GSH homeostasis accelerates recovery. This possibility is supported by another study showing that increases in GSH levels in children with kwashiorkor are associated with recovery (Fechner et al. 2001).
These findings also raise the question of whether the modest malnutrition common in elderly people, who also frequently have low GSH levels (Anderson et al.
1993, 2001), puts the elderly at risk for developing clinically significant cysteine/
GSH deficiency and hence at increased risk of hepatic and other tissue injuries associated with consumption of GSH-depleting pharmaceuticals such as APAP.
20.3.5.3 Kidney Transplantation
Delayed graft function (DGF) after kidney transplantation is probably in large part
caused by production of ROS following reperfusion of the transplant organ after a
period of warm and cold ischemia. In general, these reactive molecules are detoxified by GSH-dependent mechanisms, including conjugation to GSH by a family of
GSH-S-transferase (GST) enzymes, some of which are expressed in large quantity
in the proximal tubule of the kidney (Davies et al. 1995). In an observational study
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of 229 kidney transplant recipients, donor (but not recipient) GST M1B polymorphism was associated with significantly lower rates of DGF after transplantation
(Akgul et al. 2012).

20.3.5.4 Diabetes Mellitus
Three RPCTs demonstrate beneficial effects of NAC treatment in insulin-related disease (Online Table 20.2d). One study demonstrates that oral administration of NAC
to patients with non-insulin-dependent diabetes mellitus reverses the elevation of
soluble vascular cell adhesion molecule-1 (De Mattia et al. 1998b), a substance that
promotes accumulation of macrophages and T lymphocytes at sites of inflammation
and increases progression of vascular damage (Marui et al. 1993; Schmidt et al.
1995). A second placebo-controlled study by the same group shows that intravenous
GSH infusion significantly increases both RBC GSH/GSSG redox ratio and total
glucose uptake in these patients and suggests that abnormal intracellular GSH redox
status plays an important role in reducing insulin sensitivity (De Mattia et al. 1998a).
Consistent with these findings, in an ongoing study in type 2 diabetics, Jahoor and
colleagues have demonstrated that 2 weeks of dietary supplementation with NAC
elicited significant increases in both RBC GSH concentration and synthesis, suggesting that positive clinical effects of NAC are mediated through improved GSH availability (McKay et al. 2000).
20.3.5.5 Metabolic and Genetic Disease
Genetic defects that impair GSH synthesis or homeostasis are well known (Ristoff
and Larsson 2002). The most common defect affects GSH synthetase (GS) and has
a wide range of disease manifestations, including hemolytic anemia, progressive
neurological symptoms, metabolic acidosis, and, in the most severe form, death during the neonatal period. Data from a small observational study suggests that early
supplementation with Vitamins C and E may improve long-term outcome in these
patients (Ristoff et al. 2001).
20.3.5.6 Systemic Inflammatory Response Syndrome
Five of seven RPCTs showed a beneficial effect of NAC as an adjunct therapy for
acute lung injury and end-organ failure. These studies indicate that oxidative stress
and cysteine/GSH depletion play a major role in inflammation leading to capillary
leak syndromes and end-organ failure (De Flora et al. 1997; Suter et al. 1994; Rank
et al. 2000). These study show that NAC: (a) decreases the cytotoxic effects of TNF-α
and other inflammatory cytokines (Zimmerman et al. 1989), (b) decreases neutrophil
elastase production in acute lung injury (Borregaard et al. 1987; De Backer et al.
1996; Laurent et al. 1996; Eklund et al. 1988; Moriuchi et al. 1998), and (c) increases
neutrophil protection and decreases mortality in septic shock (Villa et al. 2002).
20.3.5.7 HIV Disease
A broad series of studies clearly demonstrates GSH levels in RBCs, lymphocytes,
and other peripheral blood mononuclear cells progressively decrease as HIV disease
advances (De Rosa et al. 2000; Herzenberg et al. 1997; Akerlund et al. 1996; Droge
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and Breitkreutz 1999; Clotet et al. 1995; Spada et al. 2002; Verhagen et al. 2001). In
addition, careful pharmacokinetic studies demonstrate that the low GSH in HIVinfected individuals is due to limited availability of sufficient cysteine to maintain
cellular GSH homeostasis (Droge et al. 1991; Roederer et al. 1990). In fact, a massive peripheral tissue catabolism of sulfur-containing peptides and amino acids has
been observed in HIV patients (Hortin et al. 1994; Breitkreutz et al. 2000a).
Five of six RPCTs show beneficial effects of NAC treatment in HIV infection.
Several trials collectively demonstrated that NAC administration to HIV-infected
subjects with low GSH levels replenishes lymphocyte and erythrocyte GSH (Online
Table 20.2g) (De Rosa et al. 2000; Breitkreutz et al. 2000b). Importantly, one of
these studies demonstrates that NAC treatment significantly improves T-cell function (Breitkreutz et al. 2000b). This finding supports the idea that cysteine/GSH
deficiency contributes to the immunodeficiency in HIV-infected individuals and
plays an important and reversible role in the functional impairment of those T cells
that are still present at later stages of HIV disease.
Cysteine/GSH deficiency may also contribute to the failure of the innate immune
system and the development of opportunistic infections in the final stages of HIV
disease. Observational studies have shown that HIV-infected individuals with low
CD4 T-cell counts and low cellular and systemic GSH levels frequently have elevated blood levels of Trx, which is an effective chemokine (Bertini et al. 1999). In
mice, circulating Trx (like other chemokines) blocks neutrophil migration to infection sites and hence interferes with innate defense against invading pathogens (Villa
et al. 2002). Similar interference may occur in HIV infection, since the survival of
infected individuals with Trx levels above the normal range is significantly decreased
compared to survival of subjects with Trx levels in the normal range (Ghezzi et al.
2002). Since NAC treatment lowers Trx levels (Nakamura et al. 2001, 2002), this
may contribute to the observed association between NAC ingestion and prolonged
survival in HIV disease (Roederer et al. 1992; De Rosa et al. 2000; Akerlund et al.
1996; Spada et al. 2002).
The improvement in T-cell function observed in HIV-infected subjects treated
with NAC (Breitkreutz et al. 2000b) suggests that NAC treatment may be a useful
adjunct in HIV vaccination. In addition, this improvement provides a rationale for
the strong associations observed between low GSH levels and decreased survival in
HIV infection (Herzenberg et al. 1997) and between NAC administration and
improved survival in an open-label NAC study (Huengsberg et al. 1998).

20.3.5.8 Otic Disease
Preclinical studies point to the importance of oxidative stress and GSH depletion in
the genesis of noise and toxin-induced hearing loss (Kopke et al. 1999, 2001).
Medications with inner ear toxicity such as aminoglycoside antibiotics and the chemotherapy agent cisplatin damage the cochlea through the generation of oxygen
free radicals. Hearing loss and cochlear damage associated with administration of
these compounds have been shown, in animal models, to be greatly reduced by
administration of both NAC and methionine (Hoffer et al. 2001; Kopke et al. 2000;
Sha and Schacht 2000). Similarly, studies with animal models show that permanent
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cochlear damage due to acute acoustic overexposure, which induces ischemia reperfusion, glutamate excitotoxicity, free radical generation, and GSH depletion (Kopke
et al. 1999, 2000, 2001, 2002), can be almost completely prevented by systemic
administration of NAC or methionine (Kopke et al. 2000, 2002).

20.4

Summary

The evidence reviewed here reveals cysteine/GSH deficiency as an emerging clinical entity. The manifestations of this deficiency may vary in different disease settings, as may the biochemical mechanisms that mediate its effects. However, they
are united by a common positive response to NAC therapy in RPCTs (Online
Table 20.2). The studies we have reviewed collectively argue for consideration of
cysteine/GSH deficiency as a significant and treatable clinical entity.
Surprisingly, given the diverse roles that GSH plays in cellular physiology and
regulation of enzyme activity and protein function, the consequences of low GSH
levels have mainly been discussed from a clinical perspective in terms of the loss of
protection against intracellular oxidative stress. However, while antioxidants such
as vitamins E and C can spare GSH under conditions of oxidative stress, GSH loss
can only be offset by GSH resynthesis, indicating a central role for this molecule
over and above its ability to counteract the effects of intracellular oxidants.
Similarly, although NAC is a well-known source of cysteine for GSH replenishment in APAP toxicity, it is principally cast as an antioxidant in other settings. By
and large, physicians and the lay public tend to equate NAC with vitamins C and E
and other antioxidants. Like GSH, NAC can serve as an antioxidant. However,
while other antioxidants can replace NAC and GSH in this role, only NAC or
another cysteine source can provide the raw material necessary to replenish GSH
and enable GSH-dependent biochemical reactions.
We have pointed out that physicians may find NAC administration useful as
adjunct therapy for diseases and conditions in which cysteine/GSH deficiency is
likely to play a role. The positive findings in the RPCTs we have discussed support
this argument. However, the absence of large multicenter trials testing NAC in various settings leaves this as an open question. The recognition that cysteine/GSH
deficiency is an important clinical entity will encourage support for such trials.
In the meantime, the findings we have discussed suggests that patients with diseases or conditions in which cysteine/GSH deficiency has been demonstrated may
be well advised to avoid unnecessary exposures to medications that may exacerbate
GSH depletion. In fact, when advising such patients, it seems reasonable for physicians to emphasize that alcohol usage be kept at modest levels and that APAP usage
should be kept strictly within the recommended dosing.
The availability of OTC NAC, and the low toxicity of this cysteine prodrug in
situations where it has been tested, opens the possibility of patient- or physicianinitiated therapy. However, if such therapy is elected, we suggest that the NAC
preparation(s) used be prepared under Good Manufacturing Practice conditions and
packaged to prevent oxidation of the product.
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21.1

Introduction

Besides understanding the effectiveness of N-Acetylcysteine (NAC) for the treatment of disease and the positive effect on physiological systems, other considerations of NAC are important, including the pharmacology, formulations, and adverse
effects of NAC. This chapter will review these important aspects of NAC.

21.2

Methods

A systematic online literature search was performed to identify all clinical trials
using NAC using the filters “human” and “clinical trials.” From these the author
reviewer screened titles and abstracts of all potentially relevant publications and
high-quality studies were selected which discussed the pharmacology, formulations
and adverse effects of NAC.

21.3

Pharmacological Studies of NAC

Studies have shown that a single oral dose of 200 mg NAC increased endogenous
levels of NAC about 20-fold (Gabard and Mascher 1991). One study investigated
the pharmacokinetics of three oral doses of NAC, 200, 600, and 1200 mg, in healthy
individuals. Although the maximal plasma concentration increased with dose, the
200 mg dose was significantly lower than the 600 and 1200 mg dose, but the 600
and 1200 mg doses were not statistically significantly different from each other
(Borgstrom and Kagedal 1990). There was no difference in the pharmacokinetic
parameters if 600 mg NAC was given once or twice a day (Borgstrom and Kagedal
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1990). Sustained-release oral NAC was compared between 600 mg and 1200 mg.
Dose-related increases in plasma concentrations were observed; a doubling of the
dose resulted in a doubling of the area under the curve without a change in clearance
(Nolin et al. 2010). One study compared intravenous (IV) NAC 200 mg and oral
400 mg, finding that the half-life was 5.6 h with IV NAC and 6.3 h with oral
NAC. Oral bioavailability of total NAC was 9.1% (Olsson et al. 1988).
Changes in pharmacokinetics have been studied in some specific physiological
conditions. One study demonstrated that chronic liver disease altered the pharmacokinetics of IV NAC. The area under the curve was increased by 50%, and clearance
was decreased by about 30% in patients with biopsy-proven cirrhosis as compared
to healthy patients (Jones et al. 1997). NAC clearance was reduced by 90% in endstage renal disease (ESRD) patients (Nolin et al. 2010). Another study demonstrated
that dialysis increased clearance by over 400% (Soldini et al. 2005). In premature
neonates the plasma clearance and volume of distribution of IV NAC correlated
with weight and gestational age (Ahola et al. 1999). Vigorous cycling exercise
reduced the whole-body clearance of IV NAC by about 25% (Brown et al. 2004).
Lastly, clinical studies have demonstrated that NAC can be administered with
antibiotics amoxicillin, cefadroxil, cefpodoxime, doxycycline, erythromycin, loracarbef, and thiamphenicol without significant change in concentration (Barkworth
et al. 1991; Kees et al. 1996; Roller et al. 1992).

21.4

NAC formulations

The best known NAC formulation in the United States (US), Mucomyst™ (or the
generic version thereof), is available as a 10% or 20% solution of NAC sodium salt
that is typically administered orally for treatment of acetaminophen (APAP) overdose.
Since Mucomyst™ has a strong, disagreeable flavor, it is usually mixed with fruit
juice or a soft drink before consumption. Still, as many physicians can attest, patients
commonly find it very difficult to tolerate orally, thereby requiring administration via
nasogastric tube. Mucomyst™ is also administered IV in some settings, particularly
when patients are unconscious or unable to retain the orally administered drug.
To overcome problems with oral administration, European manufacturers produce
NAC in pill and capsule formulations. It is also produced and packaged in a variety of
effervescent formulations (“fizzy tabs”) that can be dissolved in water, juice, or carbonated drinks to create a pleasant tasting, readily tolerated beverage. Formulations
produced under European Good Manufacturing Practice (GMP) standards are
designed to minimize NAC oxidation to its dimeric form (“di-NAC”), which is pharmacologically active at very low concentrations with immunologic effects opposite to
those of NAC (Sandstrom et al. 1998). In general, di-NAC constitutes less than 0.1%
of the European GMP NAC formulations, which are intended for oral administration
and have qualified for health insurance reimbursement (Grandjean et al. 2000).
Several US nutraceutical dealers manufacture and sell unbuffered (acidic)
NAC. Since the Food and Drug Administration (FDA) does not tightly regulate the
production and packaging of nutraceutical products in the United States, neither the
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content nor the purity of the NAC formulations currently produced and marketed in
the US can be reliably judged. Manufacturing methods for these NAC preparations
may not prevent formation of NAC by-products (e.g., di-NAC) and may not have
been validated for stability during storage. The authors are concerned that some of
the variability in clinical trials is due to the formulation of NAC as many non-GMP
products have been used in various clinical trials (e.g., Weisbord et al., 2018).

21.5

Potential Adverse Effects of NAC

NAC is the clinically accepted cysteine source used to treat GSH deficiency due to
APAP overdose and can be administered by IV, enteral, and rectal routes. Oral NAC
dosages for APAP overdose start with a loading dose of 140 mg/kg body weight
followed by doses of 70 mg/kg body weight administered every 4 h over a period of
3 days (Miller and Rumack 1983). Smaller dosages (600 mg to 8 g daily) have been
administered for substantially longer periods in many clinical trials.
Although NAC has been administered orally at quite high dosages, little if any
toxicity has been associated with NAC ingestion. In one study with a particular high
long-term NAC dosage (an average of 6.9 g/day administered in three to four
divided doses) administered to 60 HIV-infected subjects for 8 weeks and to over 50
subjects for up to 6 months in an open-label continuation, no adverse events (AEs)
requiring physician intervention were observed (Herzenberg et al. 1997). Current
evidence suggests that 600–900 mg/day, the common daily dosage in Europe for
cough and cold relief, may be a reasonable maximum dose for healthy individuals
who wish to routinely take NAC.

21.5.1 Symptomatic Adverse Effects
21.5.1.1 Gastrointestinal Discomfort
In another study of patients being treated for APAP overdose, the incidence of
emesis from 33 to 51%, and diarrhea from 0 to 44% with treatment of 30 g of oral
NAC daily for 3 days with the incidence of these AEs proportional to the total dose
given (Miller and Rumack 1983). In one study that used high doses of oral NAC,
gastric distress was not infrequently reported similar to that reported elsewhere
(De Rosa et al. 2000; Herzenberg et al. 1997). However, half of these subjects were
in the placebo arm, suggesting that the distress was related to ingestion of the
excipient that may have contained significant amounts of lactose. Thus, gastrointestinal AEs are not uncommon with NAC treatment, particularly with high oral
doses of NAC, but could be related to the additives or vehicle in which the NAC is
formulated.
21.5.1.2 Headache
NAC has been shown to potentiate nitroglycerin-induced headache in two studies, one
in healthy volunteers (Iversen 1992) and one study in patients with unstable angina
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(Ardissino et al. 1997). In the former study, it was suggested that the headache was
caused by prolonged dilation of the temporal artery (Iversen 1992).

21.5.1.3 Allergic Reaction
There are several reports of anaphylactoid and allergic responses in response to IV
NAC (Schmidt and Dalhoff 1999; Walton et al. 1979; Vale and Wheeler 1982;
Flanagan and Meredith 1991; Bonfiglio et al. 1992; Stavem 1997; Bailey and
McGuigan 1998; Huitema et al. 1998; Bateman et al. 1984). These AEs may in part
be explained by findings from preclinical studies demonstrating inflammatory-type
responses in animals treated with the oxidized (di-NAC) form of NAC (Sandstrom
et al. 1998) which can contaminate NAC preparations that have not been protected
against oxidation. In any event, the anaphylactoid reactions to IV NAC are easily
treated (Bailey and McGuigan 1998).
21.5.1.4 Delirium
In a large open-label study of patients undergoing liver resection, NAC did not
change the incidence of AEs or liver failure but was associated with a higher incidence of delirium (2.7 and 9.8%), resulting in early trial termination. A multivariate
analysis suggested an association between NAC and postoperative complications
(Grendar et al. 2016).

21.5.2 Adverse Physiological Effects
21.5.2.1 Renal Function
Although dozens of studies demonstrate that NAC improves or at least does not worsen
indices of kidney function in populations with various disorders and studies performed
on healthy humans demonstrate that it improves kidney function (Hoffmann et al.
2004), there is one study that suggests that NAC worsened a measure of proximal tubular damage. In a small study of patients undergoing tourniquet-induced ischemia during knee arthroplasty, NAC was found to be associated with an increase in the urine
N-acetyl-beta-d-glucosaminidase to creatinine ratio at reperfusion suggesting an
increase in proximal tubular damage with NAC treatment (Laisalmi-Kokki et al. 2009).
21.5.2.2 Coagulation
In a triple-blind trial high-dose study, intracoronary NAC did not reduce the level of
platelet activation biomarkers in patients undergoing percutaneous coronary intervention (Eshraghi et al. 2016). However, NAC was associated with decreased prothrombin time and adenosine diphosphate-induced platelet aggregation in patients
undergoing abdominal aortic reconstruction (Niemi et al. 2006), and in a large cardiac surgery study, IV NAC resulted in increased chest tube blood loss and a greater
transfusion volume (Wijeysundera et al. 2009). However, several other studies in
which NAC was used in surgery have not reported increased bleeding, blood loss,
or need for transfusion.
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21.5.2.3 Hypotension
In patients with severe drug-resistant unstable angina pectoris, 5 g IV NAC reduced
the incidence of acute myocardial infarction but increased the incidence of symptomatic hypotension when added to IV nitroglycerin in a small study (Horowitz et al.
1988). In rodent studies, NAC significantly reduced the pressor effect of angiotensin
and reduced angiotensin converting enzyme activity (Boesgaard et al. 1993).
21.5.2.4 Hepatic Protein Catabolism
Caution may be indicated concerning the routine consumption of NAC and other
sulfur-containing amino acid (SAA) precursors in the absence of diseases or conditions leading to cysteine/GSH deficiency, particularly in the American populations
in which the intake of animal protein tends to be high and individuals may be ingesting two to three times the recommended daily allowance for SAAs on a daily basis.
However, recent observational studies showing that colonic hydrogen sulfide
production increases in proportion to consumption of animal protein raises questions (Magee et al. 2000). Since the long-term effects of SAAs are not known, it is
important to consider this in individuals with high animal protein intake.
In a small controlled study, NAC was found to reduce amino acid loss and
increased urea nitrogen release from the liver graft. These findings are believed to
signal increased net protein catabolism in the liver, possibly suggesting increase
of the energy and oxygen demand of the liver, potentially putting the liver under
increased metabolic stress because of increased amino acid metabolism (Taut
et al. 2001).
21.5.2.5 Endothelial Damage
Although several studies suggest that NAC improves endothelial function (Scholze
et al. 2004; Sahin et al. 2007; Wittstock et al. 2009; Swarnalatha et al. 2010), a
medium-sized randomized placebo-controlled trial in the intensive care unit of
patient with organ dysfunction in severe clinical sepsis found that NAC treatment
was associated with worsening of the cardiovascular sequential organ failure assessment score, leading the authors to conclude that NAC did not attenuate endothelial
damage in this specific patient population (Spapen et al. 2005).
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