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    Chapter 31   
  N -Acetylcysteine for Reduction of Oxidative Stress/
Damage and Prevention of Melanoma       

      Pamela   B.   Cassidy         ,    Sancy   A.   Leachman,    and    Douglas   Grossman              

     Key Points 

     • N -acetyl- l -cysteine is a potent antioxidant that is commercially available as an over-the-counter 
supplement that has demonstrated ef fi cacy for several medical applications.  
  The drug is FDA-approved for acetaminophen poisoning. Its metabolism and basis of its biological • 
activity are well understood.  
   • N -acetyl- l -cysteine has been used in several experimental systems, ranging from skin cancer 
 prevention to modi fi cation of psychological conditions.  
  Here we review its biological basis and potential clinical applications, with emphasis on our work • 
developing  N -acetylcysteine as an agent for melanoma chemoprevention.    
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  NAC     N -Acetylcysteine   
  NADPH    Nicotinamide adenine dinucleotide phosphate reduced form   
  NAPQI     N -Acetyl- p -quinonimine   
  Protein-SG    Protein-glutathione mixed disul fi de   
  ROS    Reactive oxygen species   
  UV    Ultraviolet radiation   
   g (gamma)-GCS    Gamma-glutamylcysteine synthase        

    N -Acetyl Cysteine Is a Prodrug That Supports the Biosynthesis of Glutathione 

  N -acetyl- l -cysteine (NAC) is a prodrug of  l -cysteine, which is the rate-limiting amino acid 
required for the biosynthesis of glutathione (GSH)  [  1  ] . The tripeptide thiol GSH ( g (gamma)-
glutamylcysteinylglycine) is the most abundant small-molecule antioxidant in the body with 
levels as high as 10 mM in some tissues  [  2  ] . NAC begins its transformation into GSH by rapid 
deacetylation in the liver, giving cysteine (Cys). Cys is imported into melanocytes (the cells from 
which melanomas arise) and other cells in either its reduced form by the transporter Slc1A4  [  3  ]  
or in its oxidized form (cystine) by Slc7A11  [  4  ] . GSH itself is present in the extracellular space, 
but cannot cross the cell membrane; Cys must  fi rst be salvaged by cleavage of the tripeptide by 
 g (gamma)-glutamyltranspeptidases (GGTases)  [  5  ] . Once inside the cell, the  fi rst peptide bond in 
GSH is formed between the  g (gamma)-carboxylate of glutamate and the amino group of Cys in a 
reaction catalyzed by  g (gamma)-glutamylcysteine synthase ( g (gamma)-GCS). Feedback inhibi-
tion of  g (gamma)-GCS results in the tight regulation of basal levels of GSH in most tissues. 
Glutathione synthase then catalyzes the formation of the peptide bond between the  a -carboxylate 
of Cys and the amino group of glycine to give GSH (Fig.  31.1 )  [  1  ] .  

 The biological activity of NAC is generally attributed to its ability to reduce oxidative stress in 
tissues by relieving the depletion of GSH, which in turn arises from a variety of insults including 
ultraviolet radiation (UV). The vital cellular functions of GSH are as follows: (1) scavenging and 
metabolizing reactive oxygen species (ROS) and reactive nitrogen species, (2) detoxifying electro-
philes arising from xenobiotics and/or their metabolites, as well as endogenous electrophilic species 
such as oxidized lipids, (3) providing a reservoir for Cys, and (4) modulating critical cellular pro-
cesses such as DNA synthesis, microtubular-related processes and immune function (reviewed in 
reference  6  ) . Here we focus on the  fi rst two processes which are important for the antioxidant activity 

  Fig. 31.1    The metabolism of NAC, the biosynthesis of GSH, and the antioxidant activities of GSH in the melanocyte 
are depicted schematically.  NAC metabolism— NAC is deacetylated in the liver yielding Cys, which is imported cells by 
the transporters Slc1A4 and Slc7A11 ( Cys import ). Cys can also be salvaged by cleavage of GSH by GGTases.  GSH 
biosynthesis —GSH is formed by the sequential actions of the  g (gamma)-GCS and GS.  Antioxidant reactions of GSH —
GSH is the reductant in the detoxi fi cation of hydrogen peroxide and peroxidized lipids in reactions catalyzed by GPxs, 
forming GSSG. Regeneration of GSH by reduction with NADPH is catalyzed by GR. Accumulated GSSG can oxidize 
protein thiols by formation of mixed protein-GSH disul fi des (Protein-SG), thereby altering protein function. GSH is 
also consumed when electrophiles are detoxi fi ed by GSTs. Refer to list of abbreviations and text for further details       
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of GSH in the skin (Fig.  31.1 ). UV irradiation induces the formation of ROS  [  7  ] , radicals, and 
oxidized lipids  [  8  ]  in skin cells and tissues including human nevi  [  9  ] . Many toxic species are removed 
from the tissue in enzymatic reactions that consume GSH. GSH is the reductant in the detoxi fi cation 
of hydrogen peroxide and certain peroxidized lipids in reactions catalyzed by the glutathione peroxi-
dases (GPxs)  [  10  ] . These reactions result in the formation the oxidized form of GSH, glutathione 
disul fi de (GSSG). Regeneration of GSH by reduction with NADPH is catalyzed by glutathione 
reductase (GR)  [  1  ] . However, severe oxidative stress can overwhelm the cells’ reductive capacity, and 
accumulated GSSG can oxidize critical protein thiols by formation of mixed protein-GSH disul fi des, 
thereby altering protein function. This effect can be ameliorated by active export of GSSG, but the 
result is depletion of cellular GSH  [  11  ] . GSH levels are also decreased as a consequence of 
detoxi fi cation of electrophiles by the glutathione  S -transferases (GSTs). These reactions involve the 
irreversible formation of covalent bonds between the thiol of GSH and the electrophile. While in 
almost all cases the resulting conjugate is much less toxic to the cell, it must be exported from the cell 
for processing and excretion; loss of GSH is the net result. The effects of the loss of this essential 
antioxidant on the cell can be catastrophic as illustrated below in our discussion of the molecular etiol-
ogy of acetaminophen toxicity.  

   NAC for Acetaminophen Overdose 

 Elimination of acetaminophen from the body is facilitated by sulfation and glucuronidation  [  12  ] . If 
acetaminophen levels rise so quickly as to overwhelm these pathways, the drug is metabolized by the 
mixed-function oxidase cytochrome p450 CYP2E1 to the toxic electrophilic species  N -acetyl- p -
quinonimine (NAPQI). NAPQI can be safely eliminated from cells after formation of a covalent 
adduct to GSH in a reaction catalyzed by GSTs. However, in cases of overdose or in patients where 
GSH levels are already compromised, GSH becomes severely depleted, leaving unconjugated NAPQI 
free to react with proteins in the liver. This can result in failure of the organ if left untreated  [  13  ] . NAC 
is approved by the FDA for treatment of acetaminophen toxicity. Administration of NAC protects the 
liver by resupplying the tissue with Cys, which supports the synthesis of GSH and ultimately allows 
the safe elimination of NAPQI. For treatment of acetaminophen toxicity a total of 300 mg/kg NAC is 
administered in a loading dose of 150 mg/kg in 200 mL diluent over 60 min, followed by 50 mg/kg 
over 4 h and 100 mg/kg over 16 h  [  14  ] .  

   NAC Sources 

 Acetadote® brand of NAC, available by prescription in the United States, is supplied by Cumberland 
Pharmaceuticals as a solution (10 and 20%) for i.v. administration (Table  31.1 ). We chose to use the 
aqueous solution (acetylcysteine) formulated for oral ingestion because it is packaged under nitrogen 

   Table 31.1    Sources and formulations of NAC   

 Prescription drug  Dose/formulation  Supplier  Cost 

 Acetylcysteine  10 and 20% for inhalation 
or oral ingestion 

 American Regent, Inc.; 
Mayne Pharma, Inc. 

 ------ 

 Acetadote ®   10 and 20% for i.v. injection  Cumberland Pharmaceuticals  ------ 
  Dietary Supplements  
  N -Acetylcysteine  1,000 mg tablet  Source Natural  120 for $20.79 
  N -Acetylcysteine  600 mg capsule  Now Foods  250 for $21.73 
  N -Acetylcysteine  600 mg capsule  Swanson Premium  100 for $6.49 
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which stabilizes the drug by eliminating contact with oxygen. Dietary supplements containing NAC 
are widely available in health food stores and on the Internet. FDA regulations concerning the manu-
facture of these products are different than those for prescription drugs, but all domestic and foreign 
companies that manufacture dietary supplements for distribution in the United States, must comply 
with the Dietary Supplement Current Good Manufacturing Practices (cGMPS) for quality control 
(  http://www.fda.gov/Food/DietarySupplements/default.htm    ). The greatest concern with these prod-
ucts is loss of potency via oxidation, which can be accelerated if the drug is not stored in a cool and 
dry location.   

   Toxicology and Adverse Events 

 Single i.v. doses of NAC at 1,000 mg/kg in mice, 2,445 mg/kg in rats, 1,500 mg/kg in guinea pigs, 
1,200 mg/kg in rabbits and 500 mg/kg in dogs were lethal. There are no well-controlled studies of 
NAC in pregnant women and the drug is classi fi ed as “Pregnancy Category B”  [  14  ] . 

 In a post-marketing study involving 4,709 adults who received i.v. injections for acetaminophen 
overdose, the following adverse reactions were reported: urticaria or facial  fl ushing (6.1%), pruritus 
(4.3%), respiratory symptoms (1.9%), edema (1.6%), hypotension (0.1%), and anaphylaxis (0.1%). In 
our clinical trial we have safely administered NAC orally to a total of 72 patients, although in our 
studies, the single oral dose of 1,200 mg  [  9  ] , was far lower than the i.v. doses given for acetaminophen 
poisoning (300 mg/kg or 21,000 mg for a 70 kg person). To our knowledge, no adverse events have 
been reported by others following oral ingestion of the drug.  

   Oxidative Stress and Melanoma 

 There is correlative evidence to suggest that one link between UV radiation and melanoma is genera-
tion of oxidative damage  [  15,   16  ] . In the  Xiphophorus   fi sh model, the UV action spectrum for mela-
nin-dependent oxidant production is identical to that for melanoma induction  [  17  ] , and oxidative 
dysregulation in human melanoma cell lines correlates with aggressive behavior  [  18  ] . Melanocytes 
isolated from melanoma patients display increased sensitivity to peroxidizing agents that correlates 
with endogenous antioxidant imbalance  [  19  ] , and elevated ROS have been found in melanocytes from 
dysplastic nevi relative to normal skin from the same individuals  [  20  ] . Interestingly, melanoma is quite 
rare in albino individuals who lack melanin  [  21  ] , and, while melanocytes may be protected by endog-
enous melanin which can directly absorb photons and quench UV-generated ROS  [  22  ] . At higher UV 
doses oxidized melanin actually participates in the generation of ROS  [  17  ] , and we recently found that 
melanocytes maintain higher levels of oxidative stress than keratinocytes or  fi broblasts isolated from 
the same individuals  [  23  ] , possibly due to ROS generated during melanin biosynthesis  [  24  ] . 

 Multiple oxidizing species capable of damaging cellular structures and DNA are induced in the skin 
by UV; these include hydrogen peroxide, hydroxyl radical, superoxide, nitric oxide and oxidized lipids 
 [  25  ] . If high levels of these species persist, mutations in DNA can result directly from reactions with 
DNA causing the formation of modi fi ed bases such as 8-hydroxyguanine (8-OHdG). These DNA 
modi fi cations can lead to mutations if not repaired prior to DNA replication  [  26  ] . Studies of early 
human melanoma lesions show loss of heterozygosity for DNA repair genes  [  27  ] , and next-generation 
sequencing of a melanoma genome revealed a signi fi cant rate of the G → T transversion, which is a 
signature mutation arising from unrepaired oxidative DNA damage  [  28  ] . We previously showed that 
oral delivery of the antioxidant NAC can protect mouse skin against UV-induced generation of ROS 
and 8-OHdG, and depletion of GSH  [  7  ] . In addition, we found that administration of NAC just prior 

http://www.fda.gov/Food/DietarySupplements/default.htm
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to, and immediately following, UV exposure signi fi cantly delayed the onset of UV-induced melanoma 
in our animal model (discussed in detail below)  [  7  ] . This is direct evidence for a role of oxidative stress 
in UV-induced melanoma, and provides the rationale for targeting oxidative stress for melanoma 
chemoprevention. In summary, the production of melanin itself may increase oxidative stress in mel-
anocytes, and oxidation of DNA has the potential to produce cancer-causing mutations in these cells.  

   Antioxidant Response and the Melanocyte 

 More that 90% of melanomas are thought to be sporadic, but of those that are familial, 20–40% arise 
in persons with germ-line mutations in the  Cdkn2a  locus  [  29  ] . The penetrance of mutations  Cdkn2a  
varies according to geographic location, with an incidence rate of melanoma in carriers of 58% in 
Europe, 76% in the United States, and 91% in Australia, by 80 years of age. A recent meta-analysis of 
genetic modi fi ers in 96 families with germ-line  Cdkn2a  mutations showed that risk for melanoma was 
increased 4.6-fold for carriers that had two mutations in another gene important to melanocyte biol-
ogy,  MC1R.  This increased risk is re fl ected in the median age of onset in  Cdkn2a  mutation carriers 
which is decreased from 47 years of age for  MC1R  wild-type individuals, to 37 years in  MC1R  
mutants ( P  < 0.0001)  [  30  ] . The melanocortin-1 receptor gene ( MC1R ) codes for a seven-pass trans-
membrane protein expressed on the cell surface of melanocytes  [  31  ] . Loss-of-function (LOF) muta-
tions in  MC1R  commonly result in the red-hair phenotype (red hair, light eye color and the inability 
to tan) in humans. Functional MC1R protects the skin from the mutagenic effects of UV by promoting 
pigment (melanin) synthesis, and by upregulating the expression of DNA repair and antioxidant genes 
in melanocytes  [  32,   33  ] . In fact, the expression of antioxidant genes that have antioxidant response 
elements (AREs) in their promoters (including those controlling GSH biosynthesis, Fig.  31.1 ) is 
downstream of MC1R  [  34,   35  ] . Binding of the MC1R ligand stimulates transcription of  Nrf2 , which 
in turn encodes a subunit of the transcription factor complex that binds to AREs and activates tran-
scription of antioxidant genes  [  32  ] . We therefore believe that impairment of both pigmentation  and  
antioxidant response contribute to the fourfold increased risk for melanoma observed in individuals 
(without  Cdkn2a  mutations) carrying two LOF  MC1R  alleles  [  36  ] . This is consistent with the syner-
gistic effect manifested by the increased melanoma risk observed in individuals harboring mutations 
in both  Cdkn2a  and  MC1R , and highlights the importance of oxidative stress as a target for therapeutic 
intervention in the process of melanomagenisis.  

   How the Use of NAC Overcomes Pitfalls in Traditional Chemoprevention? 

 There are many obstacles associated with conventional chemoprevention approaches for cancer, 
which usually involve chronic drug administration. Besides maintaining and monitoring patient adher-
ence over time, unintended toxicities may be associated with chronic ingestion of any agent, and it is 
generally not possible to assess clinical bene fi t until the end of the trial (i.e., did the intervention group 
develop less cancer?). Another consideration is that the chemopreventive agent may not be adminis-
tered in conjunction with the speci fi c oncogenic stimulus, which for many cancers is unknown. For 
melanoma, the long latency time and low (annual) risk of tumor development are such that large num-
bers of patients would need to be treated and monitored for many years to determine whether a given 
preventive agent is effective. Finally, a combination of these factors may yield unanticipated adverse 
(or paradoxical) results as observed in various prevention trials of antioxidants  [  37  ] . For example, 
patients who took  b -carotene and retinol for 2 years exhibited an increased risk of lung cancer  [  38  ] , 
and mixed antioxidant supplementation over 7 years was associated with increased risk of skin cancer 
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in French women  [  39  ] . Here we propose a novel chemoprevention strategy for melanoma that bypasses 
most of these obstacles associated with conventional cancer chemoprevention. Patients could take 
NAC as a prophylactic “sunburn pill” in anticipation of sun exposure to protect their skin against 
UV-induced oxidative stress/damage. In sharp contrast to conventional chemoprevention protocols, in 
which an agent is administered chronically and (usually) independent of mutagenic insult that may be 
unknown or poorly de fi ned (Fig.  31.2 , conventional chemoprevention), this scenario would involve 
episodic drug administration, in conjunction with exposure to a presumed mutagenic insult (UV radi-
ation), targeting a presumed mutation-initiating pathway (oxidative stress/damage) (Fig.  31.2 , novel 
chemoprevention paradigm). Additional advantages of this approach over conventional strategies 
include avoidance of potential toxicities that could be associated with chronic ingestion of any agent, 
and the  presumed bene fi t  that would be afforded by reduction in potentially carcinogenic oxidative 
damage in the skin over the course of many UV exposures.   

   NAC Prevents UV-Induced Skin Cancers in Mouse Models 

 D’Agostini et al.  [  40  ]  have shown that NAC is able to signi fi cantly modulate the formation of 
UV-induced skin tumors in the SKH-1 hairless mouse. In this study, mice were exposed daily to light 
from halogen quartz bulbs with emission covering a broad spectrum of visible light as well as UVA 
and UVB. NAC administration was initiated 3 days before the beginning of irradiation and throughout 
the remainder of the study in the drinking water at a dose calculated to deliver 1,000 mg/kg body-
weight daily. NAC affected both the tumor latency and multiplicity in this model. The earliest light-
related skin lesions were detectable in animals treated with UV alone after 300 days and this was 
delayed until 390 days in irradiated mice treated with NAC. After 480 days the UV-treated mice had 
signi fi cantly more tumors compared to those treated with UV plus NAC (5.76 ± 1.06 versus 2.14 ± 0.57, 
 P  < 0.001). The nature of the light-induced skin lesions ranged from pre-neoplastic lesions such as 
epidermal hyperplasia, to benign tumors such as papillomas, evolving towards keratoacanthoma-like 
tumors, appendage/basal tumors, carcinomas in situ and squamocellular carcinomas. Of the animals 
treated with UV alone, 21% had squamocellular carcinomas, but none of the animals treated with 
NAC as well as UV developed these advanced tumors. 

 Our examination of the effects of NAC on melanoma began with a study of melanocytes in culture 
 [  7  ] . We found that hydrogen peroxide produced in UV-irradiated (960 J/m  [  2  ] ) melan-a mouse mel-
anocytes was reduced to the levels of untreated controls with the addition of 5 mM NAC to the culture 

  Fig. 31.2    Chemoprevention paradigms. ( a ) Conventional chemoprevention is characterized by chronic administration of 
an agent ( arrows ), usually not in conjunction with speci fi c oncogenic stimulus (often unknown,  ? ). ( b ) Our proposed novel 
use of NAC involves episodic administration ( arrows ) in anticipation of known oncogenic stimulus (UV exposure,        ). 
From the authors’ previously published work  [  7  ]        
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medium. We also found that free nonprotein thiols (principally GSH) were reduced by approximately 
20% within 48 h after UV irradiation at the same dose. Addition of NAC (10 mM) to the medium of 
the irradiated cells boosted the level of free thiols to 130% of that in unirradiated controls. When we 
measured UV-induced DNA damage in melanocytes, we found that UV increased the number of cells 
staining positive for the oxidized base 8-OH-dG to  fi vefold more than that observed in control 
cells, and that 5 mM NAC reduced the number of positive cells to the same as that in unirradiated cells. 
However, immunochemical analysis of DNA isolated 48 h after treatment from UV-irradiated 
cells showed that NAC had little if any effect on UV-induced cyclobutane dimer formation. Thus, we 
concluded that the principle effect of NAC is on UV-induced oxidative stress (as measured by thiol 
depletion), and that oxidative damage to DNA was also relieved, but with no apparent effect on the 
formation/repair of direct photoproducts. 

 We next studied the effects of NAC in vivo using the HGF/survivin mouse model of melanoma 
 [  41  ] . The expression of the HGF transgene causes melanocytes in the skin of these mice to localize to 
the dermal/epidermal junction, in contrast to wild-type mice where the majority of melanocytes are 
found at the base of the hair follicle where they are protected from the mutagenic effects of UV  [  42  ] . 
HGF mice develop cutaneous melanomas when subjected to a single neonatal dose of UV radiation. 
Expression of the survivin transgene in the melanocytes of HGF mice decreases the latency of mela-
noma development and increases metastases both in the lymph nodes and in the lungs  [  41  ] . In our 
NAC study, the fact that tumor formation requires that the animals be irradiated shortly after birth, 
dictated that in order to deliver NAC orally, the drug must be supplied to the dams, then trans-placentally 
to their offspring and/or via the milk of nursing females. In order to show the ef fi cacy of this delivery 
method, we  fi rst examined GSH levels and 8-OH-dG in the skin of neonatal HGF mice born to 
females given water containing NAC (equivalent to approximately 1.9 g/kg/day 2–3 days before until 
2 weeks after delivery). Compared to the UV-irradiated skin of animals receiving no NAC from their 
mothers, the UV-irradiated skin of NAC treated animals contained signi fi cantly higher levels of free 
thiols and less positive staining for 8-OH-dG (Figure 3 in reference 7). Convinced that our delivery 
method was effective, we then compared the effects of NAC on UV-induced tumor formation. The 
time for 50% of animals to form tumors of at least 1 mm in diameter was increased from 13.8 weeks 
in control animals to 20.6 weeks in NAC-treated animals ( P  = 0.0003, Fig.  31.3 ). In addition, tumors 
were signi fi cantly smaller in treated animals at early time points, but this difference disappeared by 
the end of the study at 32 weeks. Tumors were collected for histological examination and metastases 
were determined by necropsy. There were no signi fi cant differences between cytologic atypia in 
tumors or in rates of metastasis to the lymph nodes and lungs. Thus, the predominant effect of orally 
delivered NAC before (and brie fl y following) UV irradiation was a delay in tumor formation.   

   Effects of NAC on UV-Irradiated Human Skin Tissues 

 Investigators at the University of Michigan studied the effects of topical NAC on the UV-induced 
signaling that leads to photoaging of human skin  [  43  ] . They found that in untreated skin, topical appli-
cation of a 20% aqueous solution of NAC under occlusion, virtually eliminated the oxidized form of 
GSH (GSSG), and increased reduced GSH levels by 50%. They also showed that UV stimulates ERK/
MAP kinases and promotes the accumulation of the protein factor cJun. The transcription of  cJun  is 
increased by oxidative stress  [  44  ] , whereupon the resulting protein forms a heterodimeric complex 
with the constitutively expressed cFos  [  45  ] . This complex is known as the transcription factor AP-1. 
The accumulation of cJun is related to photoaging by virtue of the fact that the transcription of the 
matrix metalloproteinase (MMP) collagenase, an AP-1 target gene, is induced by UV. In their working 
model for the pathophysiology of photoaging, the Michigan group hypothesizes that damage to the 
extracellular matrix by UV-induced MMPs is imperfectly repaired after UV exposure, resulting in an 
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invisible solar scar. With repeated intermittent UV exposures, the solar scars accumulate, eventually 
resulting in visible skin wrinkling or photoaging. When NAC was applied 24 h prior to irradiation of 
skin at two times the minimal erythemal dose (2 MED), the UV-induced accumulation of cJun and 
induction of collagenase transcription, was relieved. This is supportive of the prediction that by 
decreasing UV-induced MMP expression, NAC will prevent photoaging in human skin.  

   Oral NAC Protects Melanocytic Nevi Against UV-Induced Oxidative Stress 

 Melanocytes make up less than 10% of the cells in the human epidermis. Nevi (clonal neoplasms of 
melanocytes) have a signi fi cantly higher percentage of melanocytes and we therefore considered 
them an excellent model system for studying UV-induced oxidative stress in this cell type. In order to 
avoid any potential risks of exposing patients to UV radiation, we developed an ex vivo system for 
evaluating UV-induced oxidative stress in nevi. After removal from the patient, nevi were divided into 
roughly equal fragments and one was irradiated while the other was left as untreated control. The tis-
sue was placed in a cell culture incubator and we found it to be viable for up to 72 h. Following treat-
ment with UV at 400–4,000 J/m 2 , we measured ROS levels that were signi fi cantly elevated 48 h after 
treatment in nevi treated with the highest dose. GSH levels in nevi treated with 4,000 J/m 2  UV were 
depressed by 25–30% at both 24 and 48 h after irradiation. 

  Fig. 31.3    Oral NAC delays 
onset of UV-induced 
melanoma. ( a ) Percent of 
animals without tumors. 
Pregnant female mice were 
provided with either water 
containing NAC ( n  = 19) or 
water alone ( n  = 21). 
Neonates from these females 
were irradiated with UV 
(3,900 J/m 2 ) 2 days after 
birth. Animals were 
monitored for 40 weeks for 
tumor formation. NAC-
treated animals required 
signi fi cantly long to develop 
tumors ( P  = 0.0003) ( b ) 
Tumor size. Tumors in 
NAC-treated animals were 
smaller at early timepoints 
but were similar in size by 
30 weeks after irradiation. 
* P  < 0.001, ** P  = 0.14. From 
the authors’ previously 
published work  [  7  ]        
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 Next we examined the safety and tolerability of oral NAC. We found that 600 mg NAC, adminis-
tered in a single dose of a 20% solution diluted into tomato juice to mask the salty taste, was well 
tolerated by the  fi rst two patients. Therefore, the remaining patients (70) were given a 1,200 mg dose 
with the idea that the larger dose would have an increased chance to protect against oxidative stress. 
All patients were surveyed by telephone 24 h after drug ingestion in order to assess any side effects 
such as nausea or itching. In all cases the drug was well tolerated, con fi rming the safety of a single 
oral high dose of NAC. 

 We then conducted a pilot study of the delivery of NAC to nevi after oral administration. We felt 
that it was important, in determining parameters for suitable drug delivery to nevi, to use a “predrug” 
nevus as a reference to control for interpatient variability. However, we realized that this strategy 
would not work if there was signi fi cant variability in nevi from the same patient (Fig.  31.4a ). In order 
to assess inter-nevus variability, we determined Cys and GSH levels in eight sets of two nevi of simi-
lar appearance, each harvested from the same patient. We found that while levels of these thiols varied 

  Fig. 31.4    Internevus correlation of oxidative biomarkers, and NAC-mediated oxidative modulation in nevi. ( a ) Two 
similar-appearing nevi were removed from individual patients ( n  = 8), and Cys and GSH content was determined ( left ). 
For each patient, values for Cys ( left plot ,  open circles ) and GSH ( right plot ,  closed circles ) are expressed as a single 
data point re fl ecting each pair of nevi (nevus A, abscissa; nevus B, ordinate).  Dotted lines , theoretical correlation where 
data points should fall for pairs of nevi with identical values. For Cys measurements, correlation coef fi cient ( r ) is 0.77 
(95% con fi dence interval, 0.14–0.95;  P  = 0.03). For GSH measurements, correlation coef fi cient ( r ) is 0.69 (95% 
con fi dence interval, −0.03 to 0.94;  P  = 0.06). ( b ) Two similar-appearing nevi were removed from individual patients 
immediately before, and either 1.5, 3, 6, or 24 h ( n  = 5–6 at each time point) following ingestion of 1,200 mg NAC ( left ). 
Cys and GSH content (normalized to nevus weight) were determined for each nevus, and data expressed as percent 
increase in postdrug versus predrug nevus ( right ). * P  = 0.047; ** P  = 0.016 (Wilcoxon signed-rank tests). From the 
authors’ previously published work  [  9  ]        
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considerably between patients, there were good correlations between levels measured in nevi  harvested 
from the same patient. In order to characterize the pharmacokinetics of Cys delivery to nevi, we 
removed a nevus just before drug ingestion, then either 1.5, 3, 6, or 24 h later (Fig.  31.4b ). Using an 
HPLC-based assay to detect thiols in the nevus tissues, we found a signi fi cant elevation of both Cys 
and GSH at 3 h, which returned to baseline after 6 h.  

 Having determined the optimal timing for both drug delivery and UV-induced GSH depletion, we 
set about conducting a test of the effects of NAC administration on UV-induced oxidative stress in 
human nevi. The experimental design is shown in Fig.  31.5a . Patients with two suitable nevi were 
recruited from our high risk melanoma clinic. Before ingestion of the drug one nevus was removed, 
and 3 h after NAC administration, the second nevus was removed. Immediately after harvest, each 
nevus was divided in half and one portion was UV-irradiated. After 24–48 h, GSH levels were mea-
sured in each of the four nevus fragments from every patient. Our results showed that in 9 of the 19 
participants treated in this study, UV-induced GSH depletion was relieved (Fig.  31.5b ).  

 Our current research is aimed at determining why some of the patients’ nevi were not protected by 
NAC. In new analyses of the data, we noted that tissues from patients responsive to NAC-mediated 
chemoprotection exhibited signi fi cantly higher levels of UV-induced GSH depletion in control (pre-
drug) nevi than did nevi from patients that were not protected (Fig.  31.6a , Cassidy and Grossman, 
unpublished analysis). This may represent a threshold effect, whereby UV-induced production of 
oxidizing species in some patients may not have been suf fi cient to activate Nrf2-dependent antioxi-
dant responses, which include transcriptional activation of Cys transporters and the GSH biosynthetic 

  Fig. 31.5    NAC-mediated protection against UV-induced oxidative stress. ( a ) Two similar-appearing nevi were removed 
from 19 patients immediately before and 3 h following ingestion of 1,200 mg NAC. Fragments of each nevus were 
either untreated or UV irradiated (4,000 J/m2), then cultured for either 24 h (8 patients) or 48 h (11 patients). GSH 
content (normalized to nevus weight) was determined for each nevus fragment. ( b ) Data expressed as percent UV-induced 
GSH depletion (UV treated versus untreated) in fragments of predrug nevi ( open columns ) and postdrug nevi (  fi lled 
columns ) from each patient. For nevi cultured 24 h, there was protection (i.e., less GSH depletion) in three of eight 
patients ( left ); for nevi cultured 48 h, there was protection in 6 of 11 patients ( right ). From the authors’ previously pub-
lished work  [  9  ]        
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pathway  [  46  ] . This is a likely signi fi cant factor since our trial design included administration of an 
identical dose of UV to nevi from every participant, regardless of their skin type. Our future trial 
design will incorporate measurements of MED in normal skin and delivery of a “biologically equiva-
lent” dose of UV as determined by this objective measurement of UV sensitivity. Using this design, 
persons with high MED get a higher UV dose than those with low MED with the intent to elicit an 
equivalent amount of oxidative stress in the nevi of each patient. This new strategy should result in a 
higher percentage of patients with signi fi cant GSH depletion in pre-drug nevus, which should then 
facilitate increased biosynthesis of GSH in the post-drug nevus and protection of the tissue against 
oxidative stress.  

 We also considered genetic factors that might make the antioxidant response of some nevi less 
robust than others. To explore this concept, we retrospectively sequenced  MC1R  (which as discussed 
above is known to affect oxidative stress in melanocytes) in the patients from our completed study. 
Interestingly, we found that while  fi ve of eight patients with wild-type  MC1R  or non-LOF polymor-
phisms experienced protection from UV-induced depletion of GSH, 7 of 11 patients with one or more 
LOF  MC1R  mutations were  not  protected (Fig.  31.6b , Cassidy and Grossman, unpublished). Given the 
dependence of Nrf2-mediated antioxidant gene transcription in melanocytes on MC1R activation  [  34  ] , 
it is plausible that loss of MC1R function in these patients in the context of GSH depletion by UV, may 
compromise the downstream antioxidant response, leading to an inability to upregulate GSH synthesis. 
Thus,  MC1R  genotype and sensitivity of nevi to UV-induced oxidative stress may be important bio-
markers of chemoprevention ef fi cacy in our system, and incorporating these factors into our trial design 
are the focus of our continued efforts to develop personalized melanoma chemoprevention strategies.  

   Other Potential Applications 

 There are numerous potential therapeutic applications for NAC in humans, in addition to those relat-
ing to skin cancer detailed above. Most of these additional applications exploit the antioxidant activity 
of NAC, which may be bene fi cial in ameliorating the effects of acute or chronic in fl ammation and 

  Fig. 31.6    Preliminary analysis of NAC-mediated protection and effect of  MC1R  mutation. ( a ) Magnitude of UV-induced 
GSH depletion in untreated nevi is greater in patients with nevi protected by NAC than those not protected. * P  = 0.003 
(2-tailed  t  test). ( b ) GSH levels were determined and percent protection is shown. Results are grouped based on indi-
cated  MC1R  genotype ( left ,   fi lled circles , no predicted loss of function (LOF);  right ,  open circles , predicted LOF).  Solid 
line  represents mean percent protection       
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oxidative damage in various organs. In patients with pulmonary  fi brosis, NAC (600 mg three times 
daily) improved lung function in patients already taking immunosuppressive drugs  [  47  ] . In patients 
undergoing cardiac angioplasty, combined i.v. and oral dosing of NAC before and after the procedure 
prevented contrast dye-induced nephropathy  [  48  ] . Aberrant ROS production also may play a role in 
the autoimmune disease systemic lupus erythematosis (SLE), and NAC can decrease auto-antibody 
production in SLE-prone mice  [  49  ] . Oral NAC (600 mg three times daily for 2 weeks) improved 
endothelial dysfunction in SLE patients  [  50  ] , and a clinical trial to test whether oral NAC can decrease 
auto-antibody production in these patients is underway (ClinicalTrials.gov, NCT00775476). Finally, 
in cystic  fi brosis, NAC scavenges myeloperoxidase activity in patient sputum  [  51  ]  and stimulates 
chloride ef fl ux from airway epithelial cells  [  52  ] , and a recent phase II trial in patients receiving either 
700 mg or 2,800 mg orally showed that extracellular GSH increased in sputum although there was no 
alteration in clinical or in fl ammatory parameters  [  53  ] . In patients with history of preterm labor and 
bacterial vaginosis, oral NAC (600 mg daily) signi fi cantly increased gestational age at delivery com-
pared to placebo  [  54  ] . 

 NAC attenuates decline in muscle Na+/K+-pump activity  [  55  ] , and oral NAC (1,800 mg) reduces 
respiratory muscle fatigue during heavy exercise  [  56  ] . NAC reduces keratinocyte proliferation, and 
there is a case report of a patient with lamellar ichthyosis improving following 5 weeks of topical 
application of NAC  [  57  ] . NAC penetrates the blood–brain barrier, and given the known role of its 
metabolite Cys as a modulator of the glutamatergic system and potentiator of dopamine release, NAC 
may potentially in fl uence reward-reinforcement pathways in the brain  [  58  ] . Thus, NAC may be thera-
peutically useful in psychiatric disorders allegedly related to oxidative stress (e.g., schizophrenia, 
bipolar disorder) as well as psychiatric syndromes characterized by impulsive/compulsive symptoms 
(e.g., trichotillomania, pathological nail biting, gambling, drug addiction)  [  59  ] . In adult patients with 
trichotillomania (compulsive hair pulling), 1,200 mg oral NAC daily was found to reduce hair pulling 
in over half the patients  [  60  ] . One study in marijuana users found that 2,400 mg NAC per day decreased 
drug use  [  61  ] , and another in cocaine addicts found that 2,400 mg NAC reduced cravings for cocaine 
 [  62  ] . On the other hand, NAC at doses up to 2,400 mg per day does not appear to be useful for tobacco 
cessation  [  63  ] . A placebo-controlled trial found that 1,000 mg per day NAC plus existing medication 
over 6 months improved global function and akathisia in schizophrenia patients  [  64  ] . A 6-month trial 
of 2,000 mg NAC per day in patients with bipolar disorder showed reduction in depressive symptoms 
 [  65  ] . Finally, NAC has been tested against placebo in Alzheimer’s disease following 3 and 6 months 
of treatment, and comparison of interval change favored NAC treatment on nearly every outcome 
measure, although signi fi cant differences were obtained only for a subset of cognitive tasks  [  66  ] . 

 NAC has an excellent record of safety and ef fi cacy in treating a wide range of conditions in which 
oxidative stress plays a critical role, and many more clinical trials are currently in progress (ClinicalTrials.
gov). In this chapter, we have presented data from promising clinical and animal studies illustrating the 
potential utility of NAC in protecting against the consequences of UV-induced oxidative stress in the 
skin including photoaging as well as skin cancers. We believe that the insights that we and others have 
gained into molecular mechanisms of UV-induced oxidative stress and the protective effects of NAC, 
provide robust intermediate biomarkers of ef fi cacy, and that larger scale phase III trials using photo-
damage and cancer incidence as endpoints could be justi fi ed in the near future.      
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