
3 Antigenotoxic and Cancer Preventive Mechanisms 
of N-Acetyl-l-Cysteine 

Silvio De Flora, MD, Alberto Izzotti, Adriana Albini, PhD, 

Francesco D'Agostini, Maria Bagnasco, and Roumen Balansky 

CONTENTS 

INTRODUCTION 

BIOCHEMICAL AND PHARMACOLOGICAL ISSUES 

EFFICACY OF NAC AS A MODULATOR OF MUTAGENESIS AND CARCINOGENESIS 

PROTECTIVE MECHANISMS OF NAC IN MUTAGENESIS AND CARCINOGENESIS 

CONCLUSIONS 

AcKNOWLEDGMENTS 

REFERENCES 

1. INTRODUCTION 

The aminothiol N-acetyl-l-cysteine (NAC) is an 
analog and precursor of reduced glutathione (GSH). 
During the last four decades, it has been extensively 
used as a mucolytic agent. In addition, because of its 
multiple protective mechanisms, NAC has been pro­
posed for a broad array of applications, both preventive 
and therapeutic. The scientific community has a con­
tinuously growing interest in this molecule, which is 
being used with increasing frequency in both clinical 
investigations and experimental studies. As of 
February 1, 2002, a total of 5153 scientific papers were 
available in MEDLINE under the query term "acetyl­
cysteine," with an impressive growth during the last 10 
years. In one month alone (January 2002), 134 new 
papers were added to this database. 

Several review articles that examine the cancer 
chemopreventive properties of NAC are available in 
the literature (1-9). The objective of this chapter is to 
update the state of the art on this subject. First, we 
delineate some biochemical and pharmacological fea­
tures of this drug, also including original data regarding 
the safety of NAC as evaluated by multigene expression 
technology (Subheading 2). We then review studies 
related to the efficacy of NAC as a modulator of muta­
genesis and carcinogenesis, as evaluated in in vitro test 

systems, in animal models that evaluate intermediate 
biomarkers and tumors at various sites, and in chemo­
prevention clinical trials (Subheading 3). Finally, we 
follow a mechanistic approach by discussing the multiple 
points at which NAC intervenes in the mutagenesis and 
carcinogenesis processes (Subheading 4). 

2. BIOCHEMICAL AND 
PHARMACOLOGICAL ISSUES 

2.1. NAC and the Glutathione System 
GSH (y-glutamyl-l-cysteinyl glycine) is known to 

play a central physiological role in maintaining body 
homeostasis and in protecting cells against oxidants, 
toxicants, DNA-damaging agents, and carcinogens of 
either exogenous or endogenous source (10,11). The 
intracellular ratio of GSH to oxidized glutathione 
(GSSG) is approx 100:1. This ratio is maintained by 
the GSH redox cycle, which involves the activities of 
GSH peroxidase and NADPH-dependant GSSG 
reductase. The main supply of NADPH is provided by 
glucose 6-phosphate dehydrogenase (G6PD) and 6-
phosphogluconate dehydrogenase (6PGD) in erythro­
cytes, and additionally by isocitric dehydrogenase and 
malic dehydrogenase in other tissues ( 12). Most of the 
biological functions of GSH depend on the reactivity of 
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the thiol group of its cysteinyl residue ( 13 ). The reac­
tion rate of GSH with electrophiles is greatly 
enhanced by GSH S-transferases (GST), which cat­
alyze conjugation processes resulting in detoxifica­
tion and excretion of water-soluble conjugates 
(13-15). Genetic polymorphisms have been detected 
within this broad family of phase 2 isoenzymes. Two 
of the GST-encoding genes, identified as GSTM1 (f.!) 
and GSTTJ (8), have a null genotype in humans 
caused by deletion of both paternal and maternal alle­
les, resulting in a lack of active proteins (16). The 
absence of these genes has been associated with can­
cer in various organs ( 17) as well as with disease 
occurrence and oxidative DNA damage in glaucoma 
(18), and with DNA adduct levels in atherosclerotic 
lesions (19). In addition, we hypothesised that 
GSTM1 and N-acetyltransferase (NAT2) polymor­
phisms may affect responsiveness to treatment with 
NAC, as a first tentative approach to the pharma­
cogenomics of chemopreventive agents (see 
Subheading 3.3.2.). 

Unfortunately, the large GSH molecule is not 
transported efficiently into cells, and /-cysteine, 
which is the rate-limiting amino acid in the intracel­
lular synthesis of this tripeptide, is toxic to humans 
( 11 ). The nontoxic molecule of NAC is readily deacety­
lated in cells to yield /-cysteine, thereby promoting 
intracellular synthesis of GSH, which is catalyzed by 
y-glutamylcysteine synthetase (8). Moreover, NAC can 
increase GSH intracellular stores by inducing GSSG 
reductase activity, as shown both in vitro (20) and in 
humans (21). In addition to acting as a GSH precursor, 
NAC is per se responsible for protective effects in the 
extracellular environment, mainly because of its 
nucleophilic and antioxidant properties (8,9). 

Administration of NAC can be particularly useful in 
the case of GSH depletion, which is known to occur 
under conditions of oxidative stress and exposure to 
toxic and carcinogenic agents ( 10, 11). Moreover, GSH 
stores appear to be depleted in chronic infections 
caused by at least three viruses (e.g., hepatitis B virus 
[HBV], hepatitis C virus [HCV;], and human immun­
odeficiency virus [HIV]) typically associated with 
cancer. In fact, both humans infected with HBV and 
woodchucks infected with woodchuck hepatitis virus 
display enhanced metabolic activation of chemical 
hepatocarcinogens, accompanied in woodchucks by 
GSH depletion related to the amounts of virus in 
hepatocytes (22-24). GSH levels decreased in both 
plasma and peripheral-blood lymphocytes of patients 
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chronically infected with HCV (25). In HIV-infected 
healthy carriers or AIDS patients, GSH levels were 
decreased in plasma (26,27), epithelial lining-fluid 
(27), and peripheral-blood monocellular cells (26). It is 
noteworthy that low thiol levels are associated with 
impaired survival (28,29 ). 

GSH depletion has also been shown to occur during 
physical exercise, which may induce oxidative stress. 
Blood GSH oxidation is a marker of exercise-induced 
oxidative stress in humans. Studies in GSH-deficient 
animals clearly indicate the central importance of having 
adequate tissue GSH to protect exercise-induced 
oxidative stress. Among the various thiol supple­
ments studied, NAC and a-lipoic acid hold the most 
promise (30). 

2.2. Pharmacokinetics and Safety of NAC 
The apparent uptake of GSH occurs largely, if not 

entirely, through pathways involving prior breakdown 
to dipeptides and amino acids, transport of these, and 
intracellular synthesis of the tripeptide ( 11 ). NAC 
easily penetrates cell membranes, and in humans, the 
intestinal absorption of NAC occurs rapidly. Although 
bioavailability is less than 10% ( 31), this is much 
higher than absorption of GSH, which is not taken up 
intact to a significant extent into the portal blood from 
the gastrointestinal tract (11). In the organism, NAC 
can be present in different forms, such as N,N'­
diacetylcysteine or N-acetylcysteine-cysteine, and 
metabolism gives rise to a number of products, such as 
cysteine, cystine, methionine, GSH, and mixed disul­
phides, which are the predominant form in the plasma 
( 32). Therefore, the pharmacokinetics of NAC are dif­
ficult to evaluate, and contradictory results are reported 
in the literature. For instance, in one study oral NAC 
increased the levels of plasma cysteine and GSH in 
both plasma and bronchoalveolar lavage (BAL) fluid 
( 33 ), and another study found an increase of free cys­
teine but no change in total cysteine or GSH (32). 
Still another one found no change of free or total cys­
teine or GSH in plasma (21). These patterns hamper 
the evaluation of compliance in clinical trials using 
NAC, but also show that NAC has little influence on 
normal homeostasis. 

NAC has very low toxicity in both experimental ani­
mals and treated humans. In fact, LD50 by the oral route 
is greater than 10 g/kg body wt in both mice and rats, and 
LD50 following intravenous administration is 4.6 g/kg in 
mice and 2.8 g/kg in rats (34). A daily dose of 1 g/kg 
body wt given per os to rats for 18 consecutive mo had 
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NAC-

NAC+ 

Fig. 1. Appearance of electronic autoradiographs of eDNA arrays (Atlas™ Mouse Stress Array) hybridized with 32P-labeled 
probes- obtained by reverse transcription of mRNA from the lung of A/J mice, either untreated (NAC) or receiving NAC in the drink­
ing water, at the dose of 1 g/kg body wt, for five consecutive days (NAC+). None of the 36 expressed genes,from a total of 149 
examined genes, varied more than twofold in the lungs of NAC-treated mice. The expressed genes could be classified into four main 
functional categories: (A) metabolism of xenobiotics, including a series of cytochrome P450 isoenzymes (CYP1Al, CYP2B29, 
CYP2El, CYP2F2, CYP4B1, and CYP21Al), dimethylaniline oxidase 1, soluble epoxide hydrolase, DT-diaphorase, and nucle­
ophosmin; (B) response to stress, including extracellular superoxide dismutase precursor, heme oxygenase 1, endoplasmic reticulum 
protein (ERP) 99, ER-60 precursor, ERP72, cyclophilin-40, vimentin, FK-506-binding protein and its precursor FKBP13; (C) protein 
removal and DNA repair, including T-complex protein 1 theta, eta and zeta sub-units, endonuclease III homolog 1, ATP-dependent 
DNA helicase II 70-kDa subunit rad52, DNA mismatch repair protein MSH3, mdm2 p53-associated protein, and BRCA2; (D) 
housekeeping genes, including ubiquitin, phospholipase A2, hypoxantine-guanine phosphoribosyl transferase, glyceraldehyde-
3-phosphate dehydrogenase, myosin I alpha, cytoplasmic beta-actin, 45kDa calcium-binding protein precursor, and 405 ribosomal 
protein. The list of 113 genes whose electronic signal was less than twofold higher than background levels can be inferred, by 
exclusion, from the Atlas™ Mouse Stress Array gene list (available on the website http://atlas/info.clontech.com) 
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no detrimental effects (34). In humans, doses of0.5 g/kg 
body wt per os (35) or 0.3 g/kg body wt intravenously 
( 36) were given when NAC was used as an antidote to 
acute intoxications. Other details regarding NAC safety 
in clinical trials are reported in Subheading 3.3. 

All modulating effects of NAC described in the 
following sections were detected in a variety of situa­
tions leading to toxicity, imbalances of the redox state, 
or changes in homeostasis. At the molecular level, the 
safety of a chemopreventive agent can be evaluated by 
evaluating the lack of influence on gene expression 
under physiological conditions, especially regarding 
those genes involved in damage to macromolecules 
and stress response. For this purpose, we used eDNA 
array technology to investigate expression of multiple 
genes in the lung of A/J mice, either untreated or 
receiving NAC in the drinking water, at a dose of lg/kg 
body wt, for five consecutive days. Regardless of treat­
ment with NAC, 36 of the 149 genes included in the 
Atlas™ Mouse Stress Array (Clontech Laboratories, 
Inc., Palo Alto, CA) exhibited an electronic signal 
more than twofold higher than background levels. As 
shown in Fig. 1 and confirmed by software analysis 
(Atlas™ Image and Atlas™ Navigator 1.5, Clontech), 
none of the genes expressed varied more than twofold 
between the NAC-treated mice and untreated mice. 
Thus, even at the very high doses used in animal models 
to modulate intermediate biomarkers, prevent preneo­
plastic lesions and tumors, exert anti-angiogenic effects, 
and attenuate invasion and metastasis of cancer cells (as 
described in this chapter), oral NAC did not alter the 
background expression of a number of genes in the 
mouse lung. We plan to undertake similar studies in tis­
sues of humans before and after treatment with NAC. 

2.3. Pharmacological Applications of NAC 
NAC was introduced as a mucolytic agent in the 

early 1960s. Its capacity to reduce mucus viscosity 
depends on breakage of disulphide bridges and depoly­
merization of mucin molecules. This drug has found 
extensive clinical application in the therapy and pro­
phylaxis of respiratory diseases. Aside from acute 
bronchitis, NAC was proposed for the treatment of 
chronic obstructive broncopulmonary disease ( 37) and 
its re-exacerbations, as documented by the meta-analysis 
of 15 clinical trials (38), acute respiratory distress syn­
drome (ARDS), influenza-like syndromes (39), and 
idiopathic pulmonary fibrosis (40). Moreover, NAC 
has been proposed to treat a variety of conditions that 
share alterations of the redox status and GSH depletion 
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as common pathogenetic determinants ( 41 ). For 
instance, clinical trials have shown the ability of NAC 
to improve the renal function in hepatorenal syndrome 
(42), prevent reduction in renal function induced by 
radiographic contrast agents ( 43 ), decrease the risk of 
graft-vs-host disease (GVHD) in transplanted patients 
( 44 ), lower plasma homocysteine levels ( 45 ), and limit 
the size of heart infarct (46). 

NAC has also been used as an antidote for acute 
intoxications. The prototype of this application is to 
treat overdosage of the analgesic drug acetaminophen 
(paracetamol) ( 36), whose cytotoxicity is mediated by 
the reactive metabolite N-acetyl-p-benzo­
quinoneimine, a strongly electrophilic and oxidizing 
agent formed in the liver via cytochrome P450 
monooxygenase, and in the kidney via prostaglandin 
synthetase system (32). Other possible applications of 
NAC in clinical toxicology include protection against 
hepatorenal damage induced by the potent GSH­
depleting toxins chloroform, carbon tetrachloride, 
1 ,2-dichloropropane, and a-amanitine (contained in 
Amanita phalloides), bone-marrow toxicity of chloram­
phenicol, cardiorespiratory arrest caused by acrylonitrile, 
liver necrosis induced by bromobenzene, multiple 
lesions produced by mustard gas (dichlorodiethyl sul­
fide), and methemoglobinemia, hemolysis, and 
cataract induced by naphthalene ( 3 2). Furthermore, 
NAC has been used to attenuate the side effects of 
cytostatic drugs-e.g., cardiomyopathy caused by 
doxorubicin (adriamycin) and the hemorrhagic cystitis 
caused by cyclophosphamide and iphosphamide (32). 

As described in this chapter, NAC has been exten­
sively investigated for possible applications in the 
prevention of genotoxic damage and oxidative stress 
in cancer and other chronic degenerative diseases. 

3. EFFICACY OF NAC AS A MODULATOR 
OF MUTAGENESIS AND CARCINOGENESIS 

3.1. In Vitro Test Systems 
3.1.1. ACELLULAR SYSTEMS 

NAC inhibited single-strand breakage in plasmid 
DNA exposed to aqueous extracts of cigarette smoke and 
a nitric oxide-releasing compound, which forms potent 
reactive species such as peroxynitrite (47). NAC pre­
vented oxidative damage to calf thymus DNA produced 
in Fenton-type reactions, which generate hydroxyl 
radicals (·OH). In particular, NAC inhibited DNA frag­
mentation and formation of 32P postlabeled nucleotide 
modifications and 8-hydroxy-2' -deoxyguanosine 
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(8-0H-dG) in DNA exposed to either H20 2 or a mixture 
of H20 2 and CuSO 4 ( 48) as well as formation of the 8-
0H-dG tautomer 8-oxo-2' -deoxyguanosine (8-oxo­
dG) in DNA exposed to a mixture of H20 2, CuS04, 

nitrilotriacetic acid, and ascorbic acid (49). NAC also 
inhibited formation of adducts to calf thymus DNA 
metabolically activated N-nitrosopyrrolidine (50). 
Conversely, NAC did not inhibit the formation of 32P 
postlabeled DNA adducts by metabolically activated 
benzo[a]pyrene (B[a]P) (51) and dibenzo(a,l)pyrene 
(52). As discussed in Subheading 3.1.2., these findings 
are consistent with results of bacterial mutagenicity test 
systems using liver preparations from rats treated with 
enzyme inducers. 

3.1.2. BACTERIA 

Several studies evaluated the ability of NAC to 
modulate genotoxicity of either direct-acting mutagens 
or promutagens in Salmonella typhimurium his- strains 
and, in some cases, in Escherichia coli strains with 
differential DNA repair capacities. Activity profiles for 
a variety of mutagens are available (53). 

Fifteen years ago we demonstrated that, like other 
thiols, NAC dose-dependently decreases "spontaneous" 
mutagenicity in strain TA104 (54-56). This effect was 
confirmed by another laboratory (57). Since inhibition 
of "spontaneous" revertants did not occur in TA102, 
which has different DNA repair capacities than TA 104, 
we hypothesized that inhibition of "spontaneous" 
mutations by thiols depends not only on their antioxi­
dant properties but also by possible effects on DNA 
repair mechanisms (56). 

NAC is known to act as a radioprotector (58). 
However, NAC did not affect the mutagenicity, in 
strain TA102 and TA104, of ultraviolet (UV) radiation 
emitted either by monochromatic sources at 254 nm 
( 1) or 365 nm (8) or by fluorescent (8) or halogen 
lamps (59). 

NAC attenuated the direct mutagenicity of peroxides, 
including cumene hydroperoxide (I) and hydrogen 
peroxide (20), in TA102 and TA104 as well as DNA­
damaging activity of hydrogen peroxide in E. coli (60). 
Crocidolite, chrysotile fibers, and man-made vitreous 
fibre-21 increased 8-0H-dG levels in calf-thymus 
DNA and were mutagenic to TAIOO, and more 
potently, to its GSH-deficient derivatives TAIOO/NG-
54 and TA100/NG-57. Pretreatment with NAC 
reduced the number of revertants to less than that of 
the parent strains ( 6I). Moreover, as reported in 
Subheading 4.2., NAC inhibited the bacterial genotox-
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icity of reactive oxygen species (ROS) generated in 
vitro by electron-transfer reactions (55,62) or pro­
duced by human phagocytic leukocytes (63). With the 
exception of nitrofurantoin (I) and of sodium azide 
( I,64), tested in strain TA100 and TAIOONR, NAC 
was found to inhibit mutagenicity to S. typhimurium 
his strains of many direct mutagens that belong to a 
variety of chemical families and functional categories. 
The list includes the pesticides captan and folpet in 
TA100 (8); the antitumor drugs 2-methoxy-6-chloro-
9- [3- (2-chloroethy l )aminopropy lamino] -acridine 
(ICR 191) in TA1537 (8), and doxorubicin (adri­
amycin) in TA98 (65); glutaraldehyde and formalde­
hyde, also in the form of vapors, in TA102 and TA104 
(54); (:3-propiolactone in TA100 (8); hydralazine in 
TA98 (8), quercetin in TA98 (8); 4-nitroquinoline 1-
oxide in TAIOO (20,66); N-methyl-N' -nitro-N­
nitrosoguanidine (MNNG) in TA1530 (64) and 
TAIOO (67), as well as in the differential DNA repair 
assay in E. coli (67); 2-nitrofluorene in TA1538 and 
TA98 ( 64 ); 1-nitropyrene, 1 ,8-dinitropyrene, and 
diesel extracts in TA98, TA100 and TA104 (57); vinyl 
carbamate epoxide in TA1535 (68); epichlorohydrin 
in TA1535 (20); and sodium dichromate in TA102 (20). 

The effect of NAC on promutagens and S9-requiring 
complex mixtures is more difficult to interpret. Some 
data suggest a protective role ofNAC-for instance, in 
the case of promutagens such as benzidine activated by 
hamster liver S9 (69), aflatoxin B1 activated by wood­
chuck liver regardless of infection with hepatitis virus 
(23 ), and doxorubicin, whose mutagenicity was 
inhibited by NAC in the absence of-and even more 
efficiently, in the presence of-rat liver S9 (65). In 
other cases, modulation by NAC was more uncertain, 
ranging from lack of inhibition to inhibition at high 
doses only to enhancement of mutagenicity. The test­
ed compound included the aromatic amines 2-
aminoanthracene, 2-acetylaminofluorene (2AAF) and 
2-aminofluorene in TA1538 and TA98 (20,64,70); 
aflatoxin B1 in TA98 and TA100 (20,70-72); 
cyclophosphamide in TA1535 (20,70); 3-amino-1-
methyl-5H-pyrido[4,3-b]indole (Trp-P-2) in TA98 
(20); B[a]P in TA1538, TA98 and TA100 (20,64); and 
complex mixtures, including cigarette smoke (66) and 
cigarette smoke condensate (CSC) (20). All uncertain 
or inconsistent results were observed when the pro­
mutagens were tested in the presence of rat liver S9, 
and the outcome depended on pretreatment of rats 
with enzyme inducers. As previously discussed in 
more detail (8), these patterns occur because NAC 
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does not inhibit and may even stimulate metabolic acti­
vation. The resulting reactive metabolites are detoxified 
by coordinated blocking because of the nucleophilicity 
of this molecule and, to some extent, by stimulation of 
phase 2 enzymes (see Subheading 4.4.). In fact, the 
same promutagens were efficiently counteracted by 
NAC in animal models (see Subheading 3.2.1.) while, 
both in mutagenicity test systems (this Subheading) 
and acellular systems (see Subheading 3 .1.1. ), S9 mix 
cannot fully mimic the complexity of the in vivo situ­
ation. For instance, S9 mix lacks co-factors for phase 
II enzymes (73). 

3.1.3. CULTURED MAMMALIAN CELLS 

NAC exerted protective effects in genotoxicity and 
cell-transformation assays in cultured mammalian cells. 
As evaluated by single-cell electrophoresis (COMET 
assay), NAC inhibited the genotoxicity of both acrolein 
and water-soluble cigarette smoke in human lymphoid 
cells containing Epstein-Barr episomes (74). Using the 
micronucleus test, NAC attenuated the genotoxicities 
of arsenite in cultured human fibroblasts (75) and of 
the oxidizing agent paraquat in human endothelial cells 
(76). Moreover, NAC inhibited induction of sister 
chromatid exchanges in Chinese hamster ovary cells 
co-cultivated with phagocytic leukocytes, which 
generate ROS (77). 

In particular cases, however, GSH contributes to 
metabolic activation of certain genotoxic agents. 
Accordingly, depending on the situation, NAC may exert 
adverse effects. This has been shown to be the case for 
MNNG, as assessed by evaluating either 6TG-resistant 
mutations in V79 Chinese hamster cells (78) or his+ 
reversions in strain TA100 of S. typhimurium (67). In 
both prokaryotic and eukaryotic cells, NAC enhanced 
mutagenicity when reacting intracellularly, although 
mutagenicity was enhanced when MNNG reacted intra­
cellularly with NAC derivatives. NAC also enhanced 
DNA-strand breakage induced by potassium bromate in 
cultured human lymphocytes (79). NAC did not affect 
formation of DNA adducts by dibenzo(a,l)pyrene in the 
human breast-cell line MCF-7 (80). Tumor-promoting 
activity of H20 2 in rat liver-epithelial oval cells was 
decreased by NAC, which inhibited phosphorylation 
of connexin 43 and disruption of gap-junctional 
intercellular communications (81). NAC attenuated the 
ability of B [a ]P to induce transformation of cultured rat 
tracheal-epithelial cells. This system appears to identify 
chemopreventive compounds that act at early stages of 
the carcinogenesis process (82). 
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In addition, a number of studies provided evidence 
that NAC displays anticytotoxic (Subheading 4.9.) 
and anti proliferative effects (Subheading 4.14. ), and 
modulates apoptosis (Subheading 4.10.) in cultured 
mammalian cells. 

3.2. Animal Models 
3.2.1. BIOMARKERS AND PRENEOPLASTIC LESIONS 

Many studies have provided evidence that, almost 
invariably, NAC exerts protective effects toward alter­
ations of biomarkers induced in rodents by individual 
carcinogens and carcinogenic complex mixtures. The 
biomarkers that have been studied include adducts to 
hemoglobin and mitochondrial DNA, and adducts to 
nuclear DNA in various tissues; oxidative alterations 
of nucleotides; DNA fragmentation; DNA-protein 
crosslinks (DPXL); apoptosis; alterations of nuclear 
enzymes; cytogenetic damage; and preneoplastic 
lesions, such as altered foci in the liver, aberrant 
crypt foci (ACF) in the colon, and morphological and 
functional alterations in the respiratory tract. 

3.2.1.1. The Respiratory Tract NAC was found to 
modulate a variety of biomarkers and/or preneoplastic 
lesions in isolated cells of the respiratory tract such as 
BAL cells, particularly pulmonary alveolar 
macrophages (PAM); and in tissues such as nasal, tra­
cheal, bronchial, and bronchiolar epithelia, as well as 
in the mixed-cell population of the lung. Changes in 
the respiratory tract were induced in rodents exposed 
whole-body to cigarette smoke, either mainstream, 
sidestream or environmental, or receiving intratra­
cheal instillations either of lung carcinogens, such as 
B[ a]P or chromium(VI), or of complex mixtures, such 
as air-particulate extracts. 

NAC decreased the levels of DNA adducts, detected 
by 32P postlabeling analysis in the dissected nasal 
epithelium of Sprague-Dawley rats exposed to main­
stream cigarette smoke for 40 d (Izzotti A, Balansky R, 
unpublished data). 

PAM, which are the predominant cells in BAL, are 
sentinel cells that phagocytize foreign particles and 
can both activate and detoxify carcinogens. Therefore, 
they are ideal for evaluating the modulation of bio­
markers in both humans and experimental animals 
(83). NAC given by gavage inhibited formation of 
DNA adducts detected by synchronous fluorescence 
spectrophotometry (SFS) in the lung of Sprague­
Dawley rats exposed whole-body to mainstream cigarette 
smoke (84). A similar effect detected by 32P postla­
beling was observed in BAL cells of Sprague-Dawley 
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rats that were exposed whole-body to environmental 
cigarette smoke and received NAC in drinking water 
(85). Formation of micronucleated and polynucleated 
PAM was significantly attenuated by oral NAC in 
BDF1 mice that were exposed whole-body to main­
stream cigarette smoke (86), and in Sprague-Dawley 
rats that received intra-tracheal instillations of B[ a]P 
(87) or air-particulate extracts (88) or exposed whole­
body to mainstream cigarette smoke (89) or to envi­
ronmental cigarette smoke (85). In the last study, the 
effect of NAC, given in drinking water was enhanced 
by co-administration of oltipraz in the diet (85). 
Moreover, NAC was capable of normalizing BAL 
cellularity, which in BDF 1 mice was still altered 11 
wk after discontinuation of exposure to mainstream 
cigarette smoke because of an almost 10-fold increase 
of polymorphonucleates and a parallel decrease of 
PAM (86). 

A variety of biomarkers were evaluated in the lung 
mixed-cell population of Sprague-Dawley rats. Oral 
NAC suppressed formation of adducts to mitochondrial 
DNA in the lungs of rats exposed whole-body to 
mainstream cigarette smoke (90), which may be a factor 
in the pathogenesis of several chronic degenerative 
diseases. NAC inhibited formation of SFS-positive 
adducts to nuclear DNA in the lungs of rats that 
received intra-tracheal instillations ofB[a]P(87,91) or 
exposed whole-body to mainstream cigarette smoke 
(84). NAC significantly decreased levels of 32P postla­
beled DNA adducts in the lungs of rats exposed to 
environmental cigarette smoke (85), yet in another 
study it had no effect on sidestream cigarette smoke 
(92 ;a. Interestingly, NAC interacted synergistically 
with oltipraz to decrease environmental cigarette 
smoke-induced DNAadducts in the lung (85). NAC also 
decreased oxidative DNA damage (8-0H-dG) in the rat 
lung following exposure to environmental cigarette 
smoke (85). 

acomparative experiments have provided evidence that 
the contrasting conclusions generated in these studies are 
methodological in nature, depending on the chromatographic 
conditions used to separate DNA adducts. In fact, the chro­
matographic system used in ref. 92, employing iso­
propanol/ammonium hydroxide as developing buffer, yields 
much lower amounts of DNA adducts and fails to detect the 
massive diagonal radioactive zone (DRZ). The DRZ, which 
can be detected by using urea-containing developing buffer, 
expresses a multitude of DNA-binding agents that are present 
in cigarette smoke (85,93). 
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In the lungs of rats that received intra-tracheal instil­
lations of air-particulate extracts, both SFS and 32P 
postlabeling analyses demonstrated the ability of NAC 
to decrease the levels of DNA adducts. Moreover, 
NAC counteracted the induction of micronuclei in 
PAM and epithelial cells of the respiratory tract, and 
the induction of polynucleated PAM. In the same ani­
mals' lungs, NAC attenuated stimulation of the nuclear 
enzyme poly(ADP ribose) polymerase (PARP), pro­
duced by the lung by exposure to air-particulate 
extracts (88). NAC also affected genotoxic effects 
produced in vivo by chromium(VI), which is a lung 
carcinogen when inhaled at high doses (94). In fact, 
NAC significantly decreased pre-genotoxic and gena­
toxic alterations produced by intra-tracheal instillations 
of sodium dichromate to rats, as shown by inhibition 
of 32P-postlabeled nucleotide modifications, DNA 
fragmentation, and DPXL (95). 

The histological structure of the rat trachea resembles 
that of the human bronchus, the major site of smoking­
related cancer in humans (96), and inhaled cigarette 
smoke induces preneoplastic changes in rat tracheal­
epithelial cells (97). In two separate experiments in 
Sprague-Dawley rats exposed to mainstream cigarette 
smoke, oral NAC inhibited formation of DNA adducts 
in the dissected tracheal epithelium (98). Similarly, 
NAC diminished DNA adduct levels in the dissected 
tracheal epithelium of the same rat strain following 
exposure to environmental cigarette smoke (85). 
However, in another laboratory, dietary NAC did not 
significantly influence the levels of most major and 
minor lipophilic DNA adducts formed in the whole tra­
chea of rats exposed to sidestream cigarette smoke 
(92)a. Exposure to cigarette smoke, either mainstream 
or environmental, is a strong inducer of apoptosis in 
the respiratory tract, as evaluated both by morphological 
analysis and the TdT-mediated nick-end labeling 
(TUNEL) method (99). Administration of NAC in 
drinking water significantly attenuated induction of 
apoptosis both in bronchial/bronchiolar epithelium 
of mainstream cigarette smoke-exposed rats and in 
PAM of environmental cigarette smoke-exposed rats. 
This effect was ascribed to the ability of NAC to inhibit 
the genotoxic effects and other events that trigger the 
apoptotic process (99). Recently we demonstrated that 
the oral administration ofNAC during pregency prevents 
birth-related genomic and transcriptional attentions in 
mouse lung (100). 

NAC was also shown to protect rat respiratory air­
ways from morphological and functional alterations 
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produced by cigarette smoke. For instance, administra­
tion of NAC in drinking water significantly prevented 
epithelial secretory-cell hyperplasia, especially in the 
smallest bronchioli, as well as hypersecretion of mucus 
in the larynx and trachea of Wistar rats exposed whole­
body to mainstream cigarette smoke ( 101). In addition, 
treatment of Sprague-Dawley rats with NAC by gav­
age inhibited mainstream cigarette smoke-induced 
severe histopathological changes in terminal airways, 
including an intense inflammation of bronchial and 
bronchiolar mucosae accompanied by multiple hyper­
plastic and metaplastic foci of micropapillomatous 
growth, and a severe emphysema accompanied by 
extensive disruption of alveolar walls (89). Oral NAC 
also prevented alterations in morphometry, consisting 
of airway-wall thickening of small, medium, and large 
bronchi, and alterations in ventilation distribution after 
exposure of rats to cigarette smoke for 10 wk (102). 

3.2.1.2. The Digestive System Oral NAC produced 
a significant shift from severe to mild preneoplastic 
lesions in the esophagus of BD6 rats treated with N,N­
diethylnitrosamine (DEN) and diethyldithiocarbamate 
(DEDTC) (see Subheading 3.2.2.2). 

NAC was evaluated for the ability to inhibit the 
formation of ACF, putative precancerous lesions, in 
the colon of rats receiving subcutaneous(SC) injec­
tions of azoxymethane (AOM). In F344 rats, NAC (2 
g/kg diet) significantly reduced the number of AOM­
induced lesions from 228 to 151 ACF/animal ( 103). 
However, this result was not confirmed in a further 
study carried out in the same laboratory under similar 
experimental conditions (104). In F344 rats, the con­
jugate of NAC with phenylethyl isothiocyanate 
(PEITC), given by gavage, reduced the formation of 
total foci and multicrypt foci when administered dur­
ing the post-initiation stage, but was ineffective as an 
anti-initiator (105). 

Administration of NAC in drinking water signifi­
cantly decreased levels of adducts to mtDNA in the 
liver of Sprague-Dawley rats treated with 2AAF by 
gavage (90). In Wistar rats that received the same car­
cinogen, co-administration of NAC in diet protected 
the nuclear enzyme PARP from the damage produced 
by 2AAF, either according to the Teebor and Becker 
protocol (106) or the Solt and Farber model (8). Oral 
NAC significantly decreased the levels both of SFS­
positive DNA adducts in the livers of Sprague­
Dawley rats receiving intra-tracheal instillations of 
B[a]P (87), and of 32P-postlabeled DNA adducts in 
the liver of Sprague-Dawley rats that received 7,12-
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dimethylbenz( a)anthracene (DMBA) by gavage 
(Izzotti A et al., unpublished data). NAC had a strong 
antagonistic effect on formation of hepatic lipid 
hydroperoxides in Sprague-Dawley rats treated with 
an intraperitoneal (ip) injection of the hepatocarcino­
gen safrole (107). In a study on the protective role of 
thiols on induction of DNA damage in the liver of 
Sprague-Dawley rats, as determined by the alkaline 
elution technique, an ip injection of NAC greatly 
reduced the genotoxicity of MNNG, yet it did not 
affect the genotoxicity of N-methyl-N-nitrosourea 
(MNU) ( 108). 

The transplacental exposure of Swiss albino mice 
to environmental cigarette smoke resulted in the 
enhancement of bulky DNA adduct and 8-0H-dG lev­
els, along with overexpression of a large number of 
genes in the fetus liver. Administration of NAC in 
drinking water to environmental cigarette smoke­
exposed pregnant mice significantly attenuated these 
alterations (1 09). 

In two separated studies, NAC inhibited and 
delayed the formation of y-glutamyltranspeptidase 
(GGT)-positive foci in the liver of Wistar rats fed a 
2AAF-supplemented diet for four consecutive cycles, 
according to the Teebor and Becker protocol ( 110). 

3.2.1.3. Hair Follicle Cells Oral NAC prevented the 
alopecia induced in C57BL/6 mice by doxorubicin, 
which typically causes oxidative DNA damage (111). 
In the same mouse strain, whole-body exposure to 
environmental cigarette smoke induced grey hair and 
alopecia, accompanied by apoptosis of hair follicle 
cells. Administration of NAC in drinking water totally 
prevented these effects ( 112 ). 

3.2.1.4. Mammary Glands In a study using blind 
coded samples, administration of dietary NAC (10 
g/kg diet) significantly decreased DNA adducts levels 
in mammary epithelial cells of Sprague-Dawley rats 
that received a single DMBA dose (12 mg/rat) by gav­
age (our unpublished data, in collaboration with the 
University of Alabama at Birmingham and the U.S. 
National Cancer Institute, Chemoprevention Branch). 

3.2.1.5. The Cardiovascular System Oral NAC 
inhibited the formation of SFS-positive DNA adducts 
in the hearts of Sprague-Dawley rats that received 
intra-tracheal instillations of B[a]P (87) or exposed 
whole-body to mainstream cigarette smoke (84). 
Similarly, NAC significantly decreased levels of DNA 
adducts in the heart of the same rat strain following 
exposure to environmental cigarette smoke, as 
assessed by 32P postlabeling (85), but had no effect in 
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another study using rats exposed to sidestream cigarette 
smoke (92). 

In the aorta of Sprague-Dawley rats, NAC signifi­
cantly reduced the level of DNA adducts, as detected 
by SFS in mainstream cigarette smoke-exposed rats 
(91) or by 32P-postlabeling in environmental cigarette 
smoke-exposed rats ( 113 ). 

3.2.1.6. The Urogenital Tract Administration of 
NAC by gavage significantly decreased the levels of 
DNA adducts in Sprague-Dawley rats exposed to main­
stream cigarette smoke, as detected by SFS in kidney or 
by 32P postlabeling in the testis (8). 

NAC significantly reduced dominant lethal muta­
tions in Sprague-Dawley rats treated with ethyl 
methanesulfonate ( 114 ). 

3.2.1.7. Bone Marrow and Peripheral Blood In 
Sprague-Dawley rats exposed whole-body to environ­
mental cigarette smoke, treatment with NAC in drinking 
water strongly reduced levels of adducts to hemoglobin 
of 4-aminobiphenyl and B(a)P-7,8-diol-9,10-epoxide, 
typical constituents of cigarette smoke. This effect was 
further potentiated by combining NAC with oltipraz in 
diet (85). 

Several studies have investigated the ability of 
NAC to modulate systemic genotoxic effects in 
rodents, either untreated or treated with cigarette 
smoke, polycyclic aromatic hydrocarbons (PAH), 
aromatic amines, or urethane. These effects were usu­
ally determined by evaluating the frequency of 
micronucleated (MN) polychromatic erythrocytes 
(PCE), either in fetal liver or adult bone marrow, and 
of MN normochromatic erythrocytes (NCE) in the 
peripheral blood. 

Lifetime administration of NAC in the drinking 
water, at 0.1 or 0.5 glkg body wt, did not affect "spon­
taneous" levels of MN PCE in the peripheral blood of 
both male and female BDF 1 mice (Balansky R et al., 
unpublished data). 

In BDF1 mice exposed whole-body to mainstream 
cigarette smoke, NAC often decreased smoke­
induced formation of MN PCE in bone marrow, but 
not to a significant extent, and significantly attenuat­
ed the formation of MN NCE in peripheral blood 
(86). Following exposure of Sprague-Dawley rats to 
mainstream cigarette smoke, NAC decreased toxicity 
in bone marrow, as shown by normalization of the 
PCE:NCE ratio, but failed to attenuate the frequency 
of MN PCE (89). Administration of NAC in drinking 
water and its combination with dietary oltipraz sig­
nificantly decreased the frequency of MN PCE in 
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bone marrow of Sprague-Dawley rats exposed to 
environmental cigarette smoke (85). NAC, given in 
drinking water during pregnancy, significantly 
decreased frequency of MN PCE in the liver of fetus­
es of Swiss albino mice whose mothers had been 
exposed to environmental cigarette smoke during 
pregnancy (109). 

NAC failed to inhibit the induction of MN PCE in 
the bone marrow of C57BL/6 mice treated with 
DMBA by gavage (115). Conversely, the frequency of 
MN PCE was significantly attenuated by NAC in 
BDF 1 mice that received a single ip injection either of 
the aromatic amine 2AAF or of the chromium(VI) salt 
sodium dichromate, and in Balb/c mice that received a 
single ip injection of urethane (Balansky R et al., 
unpublished data). Moreover, the frequency of MN 
PCE, periodically monitored in Balb/c mice treated 
with ip injections of urethane, was significantly 
decreased by NAC in a dose-related fashion, which 
predicted the subsequent inhibition of urethane-induced 
lung tumors ( 116). 

3.2.2. TUMORS 

3.2.2.1. The Respiratory Tract In Fischer rats that 
received sc injections of the tobacco-specific 
nitrosamine 4-(methylnitrosamino )-1-(3-pyridyl)-1-
butanone (NNK),l.5 mg/kg body wt 3x/wk for 21 wk, 
the incidence of nasal cavity tumors was decreased 
from 78% of controls to 61% and 47% when the diet 
was supplemented with NAC at 6.5 and 13.1 g/kg diet, 
respectively (117). 

Dietary NAC (6.8 g/kg diet) significantly inhibited 
the formation of squamous carcinomas in the tracheas of 
Syrian golden hamsters that received a local application 
of 5% MNU once per wk for 15 wk ( 118). 

The effect of oral NAC on lung adenomas induced 
by urethane was evaluated in three mouse strains. 
Administration of NAC (2 g/kg diet) in the diet signif­
icantly decreased both tumor incidence and multiplicity 
in Swiss albino mice treated with a single ip adminis­
tration of urethane at the dose of 1 g/kg body wt ( 119). 
A significant and dose-dependent decrease of lung­
tumor multiplicity was produced by NAC (0.1 or 0.5 
g/kg body wt) in the drinking water of Balb/c mice 
treated with 10 daily ip injections (0.4 g/kg body wt 
each) of urethane ( 116). A significant decrease of 
tumor multiplicity was observed when NAC was 
given (2 g/kg diet) to A/J mice treated with a single ip 
injection of urethane at 0.25 g/kg body wt, but no pro­
tective effect occurred when the carcinogen was dosed 
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at either 1 or 0.1 g/kg body wt ( 120 ). In a further study 
of Ali mice treated with a single ip injection of ure­
thane (1 g/kg body wt), administration of NAC in the 
drinking water (1 g/kg body wt) significantly 
decreased tumor multiplicity; this effect was further 
enhanced by combining NAC with ascorbic acid at the 
same dose ( 121). 

NAC failed to affect the lung tumor yield in Ali 
mice exposed whole-body to environmental cigarette 
smoke for 5 mo, followed by 4 mo of recovery in fil­
tered air (120). As confirmed by our laboratory (122), 
this treatment results in a weak but significant increase 
of lung tumors. Notably, with the exception of com­
bined treatment with myo-inositol and dexamethasone 
( 123,124 ), all tested chemopreventive agents, including 
PEITC ( 120) and its combination with benzyl isothio­
cyanate (BITC) ( 123 ), decaffeinated green tea (120 ), 
acetylsalicylic acid (123), D-Jimonene, and 1,4-
phenylenbis(methylene)selenoisocyanate ( 124), were 
unsuccessful in attenuating the increase in lung tumors 
produced by environmental cigarette smoke in this 
experimental model. 

Dietary administration of NAC, at either 6.5 or 13.1 
glkg diet, did not affect lung-tumor incidence in 
Fischer rats that received sc injections of NNK (1.5 
mg/kg body wt) 3x/wk for 21 wk. Determination of 
lung-tumor multiplicity was not possible in this study 
(117). Similarly, administration ofNAC at either 13.1 
or 26.2 g/kg diet did not affect the lung tumor yield 16 
wk after a single (10 ~-tmol) ip injection of NNK in Ali 
mice. However, incidence of NNK-induced lung adeno­
carcinomas significantly decreased by 26.2 g NAC/kg 
diet 52 wk after carcinogen administration, indicating 
that NAC retards malignant progression in the lungs of 
NNK-treated Ali mice (125). 

The fact that isothiocyanates are excreted as NAC 
conjugates via the mercapturic acid pathway has 
prompted studies intended to evaluate the ability of 
conjugates of NAC with either PEITC, 3-phenylhexyl 
isothiocyanate, or BITC to modulate the lung-tumor 
yield in NNK-treated A/J mice. Although the protec­
tive effects of isothiocyanate in this model were not 
potentiated following conjugation with NAC, it was 
concluded that use of NAC conjugates may be con­
venient because of their reduced toxicity compared to 
isothiocyanate alone and their higher lipophilicity, 
which facilitates absorption and gradual dissociation of 
NAC and isothiocyanates in the body (126). These 
conjugates also significantly inhibited lung tumors in 
Ali mice when given after an injection of NNK (127). 
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Moreover, administration of the NAC conjugates of 
BITC and PEITC with the diet, after a single dose of 
B[ a]P by gavage, significantly reduced the lung-tumor 
multiplicity ( 128). 

3.2.2.2. The Digestive System NAC given in 
drinking water (0.4 g/kg body wt) produced a signifi­
cant shift from severe to mild preneoplastic lesions 
(hyperplasia and keratosis/acanthosis) and an inhibition 
of tumor multiplicity (papillomas and squamocellular 
carcinomas) in the esophagus in BD6 rats treated with 8 
weekly ip injections of DEN (50 mg/kg body wt) fol­
lowed in 4 h with ip injections of DEDTC (50 mg/kg 
body wt) (129). 

The ability of NAC to attenuate chemically induced 
colon tumors was demonstrated in two rat models. The 
administration of NAC with drinking water (1 giL) in 
Wistar rats treated with 15 weekly sc injections of 1,2-
dimethylhydrazine (DMH) significantly decreased both 
the incidence and multiplicity of intestinal tumors ( 130 ). 
In F344 rats treated with two weekly sc injections of 
AOM, the administration of NAC with the diet, at either 
0.6 or 1.2 g/kg diet, significantly decreased the multi­
plicity of colon adenocarcinomas ( 131). In C57BL/6J 
mice treated for 12 weeks with dextran sulfate sodium in 
the drinking water and iron-enriched diet, followed by a 
10 day recovery period, administration ofNAC with the 
diet (2 g/kg in the diet) significantly decreased both inci­
dence and multiplicity of colorectal adenocarcinomas as 
well as chronic ulcerative colitis (132). 

Conversely, NAC failed to inhibit liver tumor for­
mation in rodents treated with DEN. This lack of 
protective effects was observed in C3H mice that 
received ip injections of NAC (30 mg/kg body wt) on 
d 13, 14, and 15, followed by administration of this 
agent in the diet (2 g/kg) starting at 21 d of age; DEN 
was administered ip, at 4 mg/kg body wt, on d 15 of 
age ( 13 3). Moreover, under the same conditions report­
ed for the esophagus, NAC did not affect the yield of 
benign and malignant liver tumors in BD6 rats treated 
with DEN and DEDTC ( 129). 

3.2.2.3. Skin NAC inhibited the formation of skin 
papillomas in mice treated with DMBA and 12-0-
tetradecanoyl-13-phorbol acetate (TPA) (134). Unlike 
GSH, topical application of NAC to skin papillomas 
did not significantly inhibit progression to squamous 
cell carcinomas ( 135). Benign and malignant skin 
tumors were produced by the topical application of 
B[a]P (64 ~-tg/mouse), twice /wk for 7 wk, inp53 hap­
loinsufficient Tg.AC (v-Ha-ras) mice, which contain 
activated, carcinogen-inducible ras oncogene and an 
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inactivated p53 tumor-suppressor gene. NAC, given at 
a dosage of 30 g/kg diet, significantly delayed the 
appearance of skin lesions, reduced tumor multiplicity 
by 43%, and improved survival by 5 wk. However, 
malignant spindle-cell tumors were only observed in 
25% of NAC-fed mice, and not in controls ( 136). 

3.2.2.4. Mammary Glands NAC, given with the 
diet (8 g/kg diet) inhibited the formation of mammary 
adenocarcinomas in rats treated with methylni­
trosourea (MNU) (118). NAC (1 f.tM) inhibited the 
formation of DMBA-induced hyperplastic alveolar 
nodules in mouse mammary-organ culture (6) and 
inhibited the formation of DNA adducts in both liver 
and mammary epithelial cells of DMBA-treated rats 
(A. Izzotti et al., unpublished data). However, given 
with the diet (4 or 8 g/kg diet), NAC failed to inhibit 
the formation of mammary adenocarcinomas in 
Sprague-Dawley rats treated with a single dose of 
DMBA (12 mg/rat) by gavage ( 137). 

3.2.2.5. The Bladder Dietary NAC (0.2 g/kg diet) 
significantly inhibited the formation of transitional-cell 
bladder carcinomas in mice treated with N-butyl-N­
(hydroxybutyl)nitrosamine (OH-BBN) ( 138). 

3.2.2.6. The Brain Intravenous injection of ethylni­
trosourea to pregnant rats on d 18 of gestation resulted 
in formation of gliomas in the offspring, which had a 
shortened life expectancy. Diet supplementation with 
NAC produced no effect on the formation of brain 
tumors, but life expectancy was significantly improved 
(139 ). Interestingly, a pharmacokinetic study had 
shown that radiolabeled NAC was taken up by most of 
the investigated mouse tissues, except the brain and 
spinal cord ( 140). 

3.2.2.7. Other Sites In Wistar rats that received 
2AAF with the diet (0.5 g/kg diet), according to the 
Teebor and Becker model, co-administration of NAC 
(1 g/kg diet) inhibited the formation of Zymbal gland 
squamous-cell carcinomas ( 110 ). 

In F344 rats receiving sc injections of NNK (1.5 
mg/kg body wt) 3x/wk a wk for 21 wk, administration 
of NAC with the diet, at 13.1 g/kg, reduced the inci­
dence of Leydig-cell tumors of the testis from 27/36 
(75%) to 11136 (30.5%) ( 117). 

In the same study, in the absence of NNK adminis­
tration, no tumor was detected in the pancreas of 
NAC-treated rats, vs a 25% incidence recorded in 
untreated controls ( 117). 

Administration of NAC with drinking water at 0.055 
g/kg body wt did not inhibit the formation of tumors 
(fibrosarcomas, osteosarcomas, and carcinomas) in the 
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hind legs ofWistar rats treated with local X-irradiation 
(16 Gy) and hyperthemia (60 min at 43°C), either indi­
vidually or in combination (141). 

3.3. Chemoprevention Studies in Humans 
3.3.1. PHASE I CLINICAL TRIALS 

In addition to extensive clinical experience demon­
strating the safety of NAC, even at very high doses 
(see Subheading 2.2.), a Phase I trial specifically eval­
uated the pharmacokinetics and pharmacodynamics of 
NAC as a potential cancer chemopreventive agent. 
This trial involved the escalation of both the NAC dose 
and the number of the treated subjects. The highest 
nontoxic dose was 800 mg/m2/d (0.12 mmol/kg body 
wt) in most of the subjects. Minimal side effects were 
seen at daily doses of 1600 mg/m2 for 4 wk; the maxi­
mum tolerated dose was 6400 mg/m2/d (1 mmol/kg 
body wt), which caused bad taste and gastrointestinal 
disturbance in 40% of subjects (21 ). The Euroscan trial 
randomized 2592 patients to NAC (600 mg/d), retinyl 
palmitate, a combination of both agents, or no treat­
ment (see Subheading 3.3.3.). NAC was the least toxic, 
and 17.9% of patients failed to complete 2 y of treat­
ment, vs 25.8% in the retinyl palmitate and 25.2% in 
the combined treatment arm (142). In a Phase II trial, 
21 smoking volunteers received 600 mg NAC in two 
daily doses for 6 mo (see Subheading 3.3.2.); all sub­
jects tolerated the treatment and completed the study, 
although one participant experienced minor side 
effects (143). Another Phase Ilpharmacodynamic study 
evaluated the association of NAC (six smokers, 1,200 
mg/d) with oltipraz at either 200 mg/d (four smokers) 
or 400 mg/d (nine smokers). The study was closed as a 
result of the side effects of treatments (144). 

3.3.2. PHASE II CLINICAL TRIALS 

The urinary excretion of cigarette smoke genotoxic 
metabolites was evaluated in the his- strain YG 1024 
of S. typhimurium and in E. coli strains with distinc­
tive DNA repair capacities. After treatment with oral 
NAC (600-800 mg/d), 7 out of 10 smokers signifi­
cantly decreased excretion of genotoxic metabolites. 
This effect was already evident after 1 d of NAC 
administration, and was reversible upon withdrawal of 
treatment (145). 

Oral NAC, given for up to 142 din three daily doses 
of 600 mg to 11 nonsmoking patients suffering from 
alveolar pulmonary fibrosis, significantly lowered levels 
of 4-aminobiphenyl-hemoglobin adducts (146). 
Mechanistically, it is noteworthy that NAC is a good pre-
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cursor of GSH in red blood cells (70 ), and that GSH and 
hemoglobin compete for reaction with nitrosobiphenyl, a 
reactive metabolite of 4-aminobiphenyl ( 147). 

Agents such as NAC, which have antimutagenic 
activity, may protect against the numerous mutagenic 
events that occur throughout colon carcinogenesis 
(148). Preliminary data suggested that NAC can 
decrease the recurrence rate of adenomatous polyps 
( 149). Moreover, a significant decrease in the prolif­
eration index of colonic crypts occurred in 34 
patients with previous adenomatous colonic polyps, 
after treatment with oral NAC (800 mg/d) for 12 mo. 
No variation of the same index was observed in 30 
subjects who received a placebo (150). 

A battery of biomarkers was evaluated in healthy 
smoking volunteers in a double-blind Phase II chemo­
prevention trial in which 21 subjects were given a 
placebo and 20 subjects were treated with NAC (600 
mg oral tablets/d), for a period of 6 mo. Although the 
placebo group had no significant variation in any of 
the investigated biomarkers, the NAC group showed a 
significant decrease in levels of both 8-0H-dG and 
lipophilic DNA adducts in BAL cells as well as in the 
frequency of micronuclei in the mouth floor and soft 
palate cells (143). 

Thus, several studies showed that oral NAC is capa­
ble of modulating certain biomarkers involved in car­
cinogenesis. Certainly, there is a broad interindividual 
variability in the response to treatment. As a first phar­
macogenomic approach in chemoprevention research, 
we stratified the subjects involved in the previously 
mentioned Phase II trial ( 143) according to their meta­
bolic genotypes. The decrease in micronucleus frequency 
in buccal cells of smokers after 6 mo of treatment with 
NAC became even more evident in subjects who were 
either NAT2 slow acetylators or had a null GSTM1 
genotype, although there was no significant decrease 
either in NAT2 fast acetylators or GSTM1-positive sub­
jects (our unpublished data, in collaboration with van 
Schooten FJ et al.). These preliminary data suggest that 
metabolic genetic polymorphisms can influence 
responsiveness to NAC treatment in terms of reducing 
a genotoxicity biomarker. In particular, subjects who 
are slow acetylators or lack the GSTM1 genotype thus 
have lower detoxifying capacities, and appear to derive 
greater benefit from NAC administration. 

The "mutagen sensitivity" assay, which measures 
chromosomal damage induced by bleomycin in cultures 
of peripheral blood lympocytes, has been proposed as a 
method to evaluate the efficacy of chemopreventive 
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agents ( 151,152). However, it has also been shown that 
sensitivity to bleomycin is constitutional (153 ). NAC, 
in doses ranging from 0.1-10 mmol/L, decreased by 
23-73% the number of bleomycin-induced chromoso­
mal breaks in freshly cultured lymphocytes from head 
and neck cancer patients (151,152). However, sensitiv­
ity to bleomycin was not changed in lymphocytes from 
head and neck cancer patients who received oral NAC 
(600 mg/d for 3-9 mo), as compared to lymphocytes 
from untreated patients (153 ). 

3.3.3. PHASE III CLINICAL TRIALS 

A multicentric clinical trial (Euroscan) evaluated 
2592 patients previously treated for head and neck can­
cer or lung cancer. The patients were mostly previous 
or current smokers, and were randomly assigned to 
four groups that received either no treatment, retinyl 
palmitate, NAC (600 mg/d), or both drugs for a period 
of 2 yr. After a median followup of 49 mo, 916 patients 
had experienced locaVregional recurrences, second 
primary tumors, distant metastasis, and/or death. There 
was no significant difference among the four interven­
tion arms ( 142). Clearly, the target ofthis Phase III trial 
was different from that of the previously reported 
Phase II trial in smokers ( 143 ), which evaluated the 
effects of NAC in healthy subjects, thereby reproducing 
a primary prevention setting. 

4. PROTECTIVE MECHANISMS OF NAC 
IN MUTAGENESIS AND CARCINOGENESIS 

In addition to evaluating the efficacy of putative 
chemopreventive agents, it is essential to understand 
their mechanisms of action. Inhibition of mutagenesis 
and carcinogenesis can be achieved by a variety of 
mechanisms, which are often interconnected and reiter­
ated in various stages of carcinogenesis. During the last 
15 years, we proposed several classifications of mecha­
nisms of inhibitors and carcinogenesis, and provided 
examples of protective agents within each category (for 
instance, see refs. 154-157). Some chemopreventive 
agents have pleiotropic properties and have multiple 
points of intervention, which renders them effective in 
different stages of the pathogenetic process and effica­
cious toward a broader spectrum of mutagens and car­
cinogens. As discussed here, NAC is a typical example 
of an agent that acts via many different mechanisms, 
ranging from inhibition of mutation and cancer initiation 
to prevention of angiogenesis, invasion, and metastasis 
of cancer cells. In reviewing the protective mechanisms 
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of NAC it should be considered that as for any other 
chemopreventive agent, it is often difficult to distinguish 
whether modulation of a given end point is a genuine 
mechanism or rather a secondary effect--e.g., the 
epiphenomenon of other mechanisms acting upstream in 
the chain of events that ultimately regulate the observed 
end point. Another preliminary consideration is that 
many mechanisms of NAC depend on its ability to act 
as a precursor of intracellular !-cysteine and GSH. 
However, other mechanisms, especially in the extra­
cellular environment, can be ascribed to NAC itself. 

4.1. Nucleophilicity 
As discussed in the following subsection, the SH 

group of NAC and other aminothiols renders them 
highly reactive toward electrophilic compounds and 
metabolites, thereby preventing their binding to nucle­
ophilic sites of DNA and other molecules that are crit­
ical targets in carcinogenesis. This property of NAC is 
broadly supported by results obtained in in vitro test 
systems with direct-acting mutagens (see Subheading 
3.1.). The blocking of proximal or ultimate metabolites 
of carcinogens by NAC has also been demonstrated by 
analytical methods, as with aflatoxin B 1, whose difu­
ran region is bound by NAC (71 ), and of formic acid 2-
[ 4-(5-nitro-furyl)-2-thiazolyl]-hydrazide (FNT), a 
renal carcinogen with a reactive intermediate produced 
by peroxidation via prostglandin H synthetase capable 
of forming 5-(S)-substituted thioether conjugates with 
GSH and NAC (158). 

4.2. Antioxidant Activity 
Together with nucleophilicity, antioxidant activity 

represents a crucial mechanism of NAC, to such an 
extent that this molecule is more and more extensively 
used as a prototype agent to evaluate the role of oxida­
tive mechanisms in a wide range of physiological and 
pathological processess. 

The main mechanism of NAC as an antioxidant is 
scavenging ROS. ROS are endogenously generated by 
all aerobic cells, and are known to participate in a wide 
variety of deleterious reactions ( 159) and to be closely 
associated with alterations in gene expression (160). 
NAC has been reported to react rapidly with hydroxyl 
radical (·OH) and hypochlorous ion (-OCl), and more 
slowly with superoxide anion radical (O-2) and hydro­
gen peroxide (H20 2) ( 161,162). The reaction of NAC 
with H20 2 involves a non-enzymic reduction of the 
peroxide with concomitant formation ofNAC disulfide 
( 163 ). NAC and other thiols react with singlet oxygen 
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('02), presumably by formation of corresponding 
disulfides ( 164 ). In bacterial test systems, NAC atten­
uated the genotoxicity of peroxides, such as H20 2 

(20,60) and cumene hydroperoxide (1). NAC also 
inhibited the mutagenicity of ·OH released by human 
phagocytic leukocytes (63). NAC exerted protective 
effects when ROS were generated by monoelectronic 
reduction of 0 2 in the reaction of xanthine oxidase 
with hypoxanthine, which forms H20 2. Mutagenicity 
at this stage was ascribed to o-2, since catalase had no 
significant effect. A further enhancement of muta­
genicity was observed by accelerating o-2 dismutation 
upon addition of superoxide dismutase (SOD), leading 
to the formation of H20 2. In any case, NAC efficient­
ly decreased the mutagenicity of ROS (55). Moreover, 
NAC attenuated the genotoxic effects produced by 
volatile ROS generated by illuminating the chro­
mophore rose bengal, which results both in electron 
transfer reactions (O-2 , H20 2, and ·OH) and energy 
transfer reactions ('02) (62). By using 32P postlabeling 
methods, NAC was found to inhibit the formation of 8-
0H-dG (48) and 8-oxo-dG (49) in DNA exposed to 
·OR-generating Fenton-type reactions. In addition, 
NAC protected DNA from reactive nitrogen species 
(RNS), such as peroxynitrite resulting from the reaction 
between cigarette smoke and a nitric oxide-releasing 
compound (47). 

Lipid peroxidation is an important mechanism 
involved in the pathogenesis of diverse diseases. NAC 
inhibited the lipid peroxidation induced by inflamma­
tory reactions of malondialdehyde in vivo ( 165 ), and 
counteracted the effects of 4-hydroxy-2-nonenal ( 166). 

Recently, NAC has also been shown to inhibit 
cyclooxygenases (COX). For instance, it inhibited the 
expression of COX-2 in colorectal cancer (CRC) cells 
(167) and in vascular muscle cells (168). NAC was 
found to be a strong inhibitor of NNK-induced 
prostaglandin E2 (PGE2) synthesis by decreasing 
COX-I expression in cultured human macrophages. It 
was suggested that ROS, generated during pulmonary 
metabolism of NNK, could act as signal-transduction 
messengers and activate NFKB, which induces COX 
activity and increases PGE2 synthesis (169). 

Although many studies have documented the 
antioxidant properties of NAC, a few studies show 
that, under certain conditions, this thiol may behave as 
a pro-oxidant. For instance, in the presence of Cu(II), 
NAC induced DNA damage by generating H20 2 

(170). A similar situation also occurs with other typi­
cal antioxidants, and has frequently been reported with 
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ascorbic acid (AsA) ( 121 ). In this respect, it is notewor­
thy that GSH has been shown, both in vitro and in vivo, 
to maintain a reducing intracellular milieu that can 
reduce dehydroascorbic acid ( 171,172 ). A similar effect 
was produced by combining AsA with NAC ( 121). 

4.3. Inhibition of the Nitrosation Reaction 
and Blocking of the Nitrosation Products 

The nitrosation reaction mainly occurs in the acidic 
stomach environment, and represents an important 
source of endogenously formed carcinogens. We com­
paratively evaluated the ability of NAC, GSH, and 
ascorbic acid to affect the nitrosation reaction and to 
block the nitrosation products of famotidine and raniti­
dine in a simulated acidic environment. Compared to 
ascorbic acid, a prototype inhibitor of nitrosation, the 
two thiols were much slower in reacting with sodium 
nitrite. However, they were much more efficient in 
blocking the mutagenicity of nitrosoderivatives of both 
famotidine and ranitidine (173). 

4.4. Modulation of Xenobiotic Metabolism 
NAC appears to behave as a weak bifunctional 

inducer of xenobiotic metabolism. In fact, it poorly 
influences phase 1 enzymes that are involved in the 
metabolic activation of procarcinogens, and stimulates 
phase 2 enzymes to some extent (8). 

In particular, NAC did not affect the levels of total 
cytochromes P450 when assayed either in vitro in 
chicken embryo hepatocytes ( 174) or in vivo in the rat 
liver and lung (70). Dietary NAC slightly-but signif­
icantly-induced aryl hydrocarbon hydroxylase 
(AHH) activity in the liver of Wistar rats (2), yet did 
not affect the increase of AHH in the lung and of 7-
ethoxyresorufin 0-deethylase (EROD) and epoxide 
hydrolase induced by the exposure of Sprague-Dawley 
rats to mainstream cigarette smoke (175). 

Several studies have provided evidence that NAC is 
capable of modulating cytosolic enzyme activities that 
are directly or indirectly related to the GSH cycle (see 
Subheading 2.1. ). In fact, dietary NAC stimulated 
G6PD, 6PGD, GSSG reductase, and NAD(P)H­
dependent diaphorases in the hepatic and pulmonary 
S105 fractions of Sprague-Dawley rats (70). It also 
stimulated G6PD, 6PGD, NAD(P)H-dependent 
diaphorases, chromium(VI) reduction, and GST in 
PAM S12 fractions from the same animals ( 176). 
Stimulation of GSSG reductase was also found to occur 
in peripheral-blood lymphocytes of human volunteers 
who took oral NAC (21). 
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GST, a crucial phase 2 enzyme, has been proposed 
as a marker for potential inhibitors of chemical car­
cinogenesis ( 177). GST was slightly but significantly 
induced in the liver of Swiss albino mice ( 119) and 
F344 rats (132) that received NAC with the diet. NAC 
is an inducer of GSTP1 gene, an effect largely mediat­
ed by the activator protein-1 (AP-1) site (178). 
Interestingly, from a total of 688 tested genes by eDNA 
array technology, GSTM2 and GSTP 1 were the only 
genes overexpressed in the liver of Swiss albino fetuses 
whose mothers had received NAC in drinking water 
(Izzotti A et al., manuscript in preparation). 

4.5. Effects in Mitochondria 
NAC has shown protective effects in mitochondria. 

As discussed in Subheading 3.2.1.1., its oral adminis­
tration inhibited the formation of adducts to mtDNA in 
the lungs of rats exposed to mainstream cigarette smoke 
(90). In mice, NAC protected against the age-related 
increase in oxidized proteins in synaptic mitochondria 
(179) and the decline of oxidative phosphorylation in 
liver mitochondria, whereas NAC significantly 
increased the specific activity of complex I, IV, and V 
(180). In vitro, NAC enhanced adenosine 5'triphosphate 
(ATP) levels in bovine retinal pigment epithelium cells 
subjected to oxidative stress (181) and prevented the 
tobacco-smoke-induced disruption of deltapsim (mito­
chondrial membrane potential) that resulted in apoptotic 
death of human monocytes ( 182 ). 

4.6. Decrease of Biologically 
Effective Carcinogen Dose 

Adducts to macromolecules are crucial steps in 
carcinogenesis. Accordingly, in principle, inhibition 
of their formation in treated animals or exposed 
humans would be expected to predict a decreased risk 
of developing the disease ( 183 ). As reported in 
greater detail in Subheading 3.2.1. and in the refer­
ences cited therein, oral NAC significantly decreased 
the levels of adducts to hemoglobin and adducts to 
nuclear DNA in isolated cells (BAL cells, mammary 
epithelial cells), tissues (tracheal epithelium), and 
organs (lung, liver, heart, kidney, testis) of rodents 
exposed to carcinogens, such as B[a]P and DMBA, 
an9 complex mixtures, such as air-particulate 
extracts, mainstream cigarette smoke, and environ­
mental cigarette smoke. In humans, oral NAC signif­
icantly decreased hemoglobin adduct levels in non­
smokers and DNA adduct levels in BAL cells of 
smokers (see Subheading 3.3.2.). 
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4. 7. Effects on DNA Repair 
The differential ability of NAC and other thiols to 

decrease the "spontaneous" mutagenicity in strain 
TA104 of S. typhimurium but not in TA102, which has 
a deletion of the uvrB gene encoding for an error-free 
DNA excision-repair system, suggests that NAC may 
influence DNA-repair processes (56). Using three dif­
ferent hepatocarcinogenesis models (Teebor and 
Becker, Solt and Faber, and Druckey) in Wistar rats, 
dietary NAC prevented the 2AAF-induced depletion of 
PARP, a nuclear enzyme that modulates changes in 
chromatin architecture during DNA replication or 
DNA excision repair (106). Depletion of GSH is 
known to lead to methionine deficiency thereby 
impairing the methylation process (184). 

4.8. Modulation of Gene Expression 
and Signal-Transduction Pathways 

As discussed in Subheading 2.2., even high doses of 
NAC have little effect on the expression of a number 
of genes in the mouse lung under physiological condi­
tions. However, in recent years, an impressive number 
of studies have documented that NAC is capable of mod­
ulating a variety of signal-transduction pathways altered 
by toxic agents, carcinogens, cytokines, and changes of 
the redox potential. For example, the following effects 
were produced by NAC: the post-transcriptional 
increase of p53 expression (185 ); decrease of 
retinoblastoma (RB) protein phosphorylation which 
leads to reversal of RB-mediated growth inhibition 
( 186); decrease of c-fos and c-jun induction ( 187); 
inhibition of activation (188) and binding activity 
( 189) of the transcription factor activator protein-1 
(AP-1); inhibition of activation (188,190); and nuclear 
translocation (191) of the transcription factor NFKB; 
inhibition of activity of the transcription factor-signal­
transducer and activator of transcription (STATl) 
(192); inhibition of overexpression of NFKB-inducing 
kinase (NIK) and IKB kinases (IKK-a and IKK~) 
(190); inactivation of proteine kinase C (PKC) (193); 
blocking the expression of GADDI53 gene (194); 
uncoupling signal transduction from ras to mitogen­
activated protein kinase (MAPK) (185); activation of 
phosphorylation of extracellular signal-regulated 
kinase (ERK)-MAPK ( 195); induction of pl6 (/NK4a) 
and p21 (WAF/CIP I) expression and prolongation of 
cell-cycle transition through the G1 phase (196); inhi­
bition of tumor necrosis factor-a (TNFa) release ( 191) 
and TNFa induced sphingomyelin hydrolysis and 
ceramide generation ( 197); decrease of the biological 
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activity of transforming growth factor-~ (TGF~) as a 
result of a direct effect on the TGF~ molecule ( 198); 
suppression of epidermal growth factor (EGF) dimer­
ization, activation of the EGF cellular receptor and 
EGF-induced activation of e-ras ( 199); inhibition of c­
Ha-ras expression (200). 

4.9. Anticytotoxic Activity 
In addition to the studies which specifically deal with 

modulation of apoptosis (see Subheading 4.10.), many 
reports have examined the anticytotoxic activity of 
NAC, to such an extent that this molecule has been 
defined as a pluripotent protector against cell death 
(201 ). To give a few examples, NAC prevented the 
GSH-depleting effects of cigarette smoke in the isolat­
ed perfused rat lung (202) and counteracted the toxicity 
of cigarette smoke in cultured rat hepatocytes and lung 
cells (203 ), human bronchial cells (203 ), alveolar 
macrophages (204 ), and monocytes (205 ). NAC was by 
far the most effective of the agents studied in protecting 
rat cardiomyocytes from the toxicities of theN-hydroxyl 
amino metabolites of the heterocyclic amines 
2-amino-3-methylimidazo[4,5-.f]quinoline (IQ) and 2-
amino-2-methyl-6-phenylimidazo[ 4,5-b ]pyridine 
(PHiP) (206). NAC inhibited the toxicity to endothelial 
cells of cigarette smoke extracts (205), hyperoxia 
(207), and ROS generated in the hypoxanthine-xan­
thine oxidase system (208). NAC resulted in a sig­
nificant inhibition of chromium(VI)-induced cell 
death in NFKB-inhibited cells, which suggested that 
NFKB is essential for inhibiting ROS-dependent 
cytotoxicity (209). 

4.10. Modulation of Apoptosis 
More than 100 data dealing with modulation of 

apoptosis by NAC were selected from MEDLINE in a 
survey carried out in November 2000. Test cells 
included both normal cells from different systems (res­
piratory, cardiovascular, haematopoietic, digestive, 
nervous, and endocrine) and tumor cells (carcinomas, 
sarcomas, and tumors of the hematopoietic system) 
from a variety of species, including humans, bovines, 
felines, and rodents. Many different inducers were 
used in order to elicit apoptosis via ROS-mediated 
mechanisms. They included peroxides, such as H20 2 

(210-215) and tert-butylhydroperoxide (216); ROS 
donors (215,217-221); NO (222,223) and NO donors 

X 

(220,222,224); GSH depletors (225-227); modulators 
of metabolism, such as reducing sugars (228-230 ), 
glutamate (231,232), methylglyoxal, and 3-deoxyglu-
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cosone (233,234); L-DOPA (235); dopamine 
(236-240); 7-ketocholesterol (241); neopterin, 
biopterin, and folate (242), complex I (NADH dehy­
drogenase) inhibitors (243 ), glucose deprivation (244 ), 
and trophic factor deprivation (209 ); signal-trasduction 
modulators, such as NGF deprivation (245,246), TNF­
a(247-250), TNFa plus HIV-1 Tat (251), TGF-a1 
(214), HGF (252), antagonist G (253), overexpression 
of c-myc (254), antibodies towardfas (221,255,256) or 
CD3 (246), and the lipid-signalling molecule ceramide 
(257-259); a variety of chemical agents such as 
bleomycin (260), actinomycin D (261), daunorubicin 
(262,263), doxorubicin (264), nitrogen mustard (265), 
pyrrolo-1 ,5-benzoxazepines (266), retinoids (267-269), 
etoposide (241,270,271), cycloheximide (241), butyl 
hydroxytoluene (272), and vanilloid compounds (273); 
caffeic acid derivatives (274 ); nordihydroguaiaretic 
acid (275), selenite (276), arsenite (277,278), copper 
(279), manganese (280), and cadmium (281); complex 
mixtures, such as cigarette smoke (99) and diesel 
exhaust particles (282,283); mitogenic stimuli (284); 
toxins, such as ricin (285 ), endotoxin (286), and 1-
methyl-4-(2' -ethylphenyl)-1 ,2,3,6-tetrahydropyridine 
(280); hormones and analogs or modulators, such as 
tamoxifen and derivatives (287), glucocorticoid hor­
mones (288), methylprednisolone (289), and dexam­
ethasone (271); viral infections caused by HIV 
(290,291), feline immunodeficiency virus (292), 
Sindbis virus (293 ), and bovine viral diarrhea virus 
(294); physical agents, such as asbestos (295); and sub­
optimal growth temperature (296). Actually, all cited 
agents work via a variety of mechanisms, which are 
often interconnected and share the common property 
of causing an imbalance of redox potential that leads to 
apoptosis. In several cases, the authors of the studies 
mentioned here have specified that certain effects of 
NAC were independent of its antioxidant properties 
and ability to replenish GSH stores. 

On the whole, 91 of the 104 data (89.5%) reported 
with in vitro studies showed that NAC inhibits apop­
tosis. Ten data (9.6%) were consistent with lack of 
effect of NAC on apoptosis, and three data only (2.9%) 
showed an enhancement of apoptosis by NAC. 
Interestingly, in one of these three studies, NAC 
induced apoptosis in several transformed cell lines and 
transformed primary cultures, but not in normal cells 
(297). It is important to consider that modulation of 
apoptosis has multiple meanings. Thus, stimulation 
of apoptosis is a mechanism shared by certain 
chemopreventive agents and a number of chemothera-
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peutical drugs (298). In the case of chemopreventive 
agents, however, one should discriminate between the 
induction of apoptosis as an anticarcinogenic mecha­
nism and inhibition of apoptosis as an epiphenomenon 
of protective mechanisms that modulate apoptosis sig­
nalling ( 156). In other degenerative diseases, especially 
those that affect post-mitotic tissues, the inhibition of 
apoptosis is clearly a protective mechanism (299). 

In the in vivo studies, oral NAC protected the respi­
ratory tract of Sprague-Dawley rats from cigarette 
smoke-induced apoptosis, as shown by inhibition of 
apoptosis in the bronchial and bronchiolar epithelia 
of mainstream cigarette smoke-exposed rats and in the 
PAM of environmental cigarette smoke-exposed rats 
(99). Moreover, oral NAC prevented hair follicle-cell 
apoptosis and alopecia in C57BL/6 mice exposed to 
environmental cigarette smoke ( 112 ). The protective 
effect of NAC toward smoke-induced apoptosis in the 
respiratory tract may be relevant in lung carcinogenesis 
as well as in other pulmonary diseases (300-302). 
Further studies demonstrated the ability of NAC to 
inhibit ROS-mediated apoptosis in situations which 
may play a role in other pathological conditions, such 
as experimental diabetes in pancreatic f3 cells of mice 
( 303 ), balloon-catheter injury in the rabbit carotid 
artery ( 304 ), and tectal-cell lesions in the eye retinal 
ganglion of chicken embryos (305). 

4.11. Antiinflammatory Activity 
It is well-known that NAC has antiinflammatory 

properties which act through mechanisms which are also 
involved in carcinogenesis. For instance, oral NAC nor­
malized BAL cellularity after cessation of exposure of 
mice to mainstream cigarette smoke (86). Its adminis­
tration to rats decreased lung NFKB activation, cytokine­
induced neutrophil chemoattractant mRNA expression in 
lung tissue, and endotoxin-induced neutrophilic alveoli­
tis ( 306). In another rat model of lung injury, NAC 
decreased all tested parameters of lung injury, such as 
lipid peroxidation, production of nitrite/nitrate, TNFa, 
and interleukin (IL) 1[3 (307). Interestingly, the infusion 
of NAC at high doses reduced respiratory burst, but aug­
mented neutrophil phagocytosis in intensive care unit 
patients (308). NAC was consistently found to inhibit 
either gene expression, production, or secretion of vari­
ously induced pro-inflammatory cytokines, such as 
TNFa (309) and IL-8 (310-312), and intracellular 
adhesion molecule-1 (ICAM-1) (309). Another antiin­
flammatory mechanism of NAC involves the previously 
discussed inhibition of COX-2 (167,168). 
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4.12. Protective Effects in Tumor-Associated 
Viral Diseases 

As discussed in Subheading 2.1., GSH depletion 
occurs in viral diseases associated with tumors in 
humans. NAC has been shown to exert protective 
effects in infections caused by HBV and HCV, which 
are associated with primary hepatocellular carcino­
ma; in HIV infection, which is associated with 
Kaposi's sarcoma (KS) and other tumors; and in 
Epstein-Barr virus (EBV) infection, which is associ­
ated with Burkitt's lymphoma, sinonasal angiocen­
tric T-cell lymphoma, immunosuppression-related 
lymphoma, Hodgkin's disease, and nasopharyngeal 
carcinoma. 

NAC was found to inhibit HBV replication by dis­
turbing the virus assembly (313). It counteracted the 
induction of the transcription factors STAT-3 and 
NFKB by the HBV X (HBx) protein, which plays vital 
roles in viral replication and in the generation of hepa­
tocellular carcinoma (314). NAC potently suppressed 
the induction of KB-controlled reporter genes by the 
HBV middle surface (MHBs) antigen (315). 
Moreover, NAC inhibited activation of aflatoxin BI 
to mutagenic metabolites in the presence of liver 
preparations from woodchucks, either uninfected or 
infected with woodchuck hepatisis virus or also bearing 
primary hepatocellular carcinoma (23). 

Oral NAC increased the levels of GSH in plasma 
and peripheral blood lymphocytes of patients. who 
were chronically infected with HCV (25). NAC elim­
inated the activation of STAT-3 and NFKB by the 
HCV nonstructural protein 5A (NS5A) (316). 
However, NAC did not enhance the benefit of con­
ventional therapy with interferon-a in chronic HCV 
patients ( 317). 

NAC displayed several beneficial effects in HIV 
infection, which correlates with the clinical finding 
that its oral administration combined with antiretrovi­
ral therapy significantly reduced mortality in AIDS 
patients (28,29). NAC replenished GSH levels in plas­
ma and T lymphocytes of HIV carriers (318), and 
inhibited HIV reverse transcriptase in chronically 
infected T lymphocytes ( 319 ), monocellular cells 
(320,321), and macrophages (322), which resulted in 
the suppression of HIV replication in the absence of 
cytotoxic or cytostatic effects. HIV production was 
also inhibited by NAC thrugh the inhibition of 
cytokines ( 323 ). It is noteworthy that, as reported in 
Subheading 4.18., oral NAC strongly inhibited the 
growth of KS in nude mice ( 3 24). 
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NAC has been proposed as a good candidate for 
controlling EBV infection, based on its ability to 
suppress CD21, a receptor for EBV (325). 

4.13. Protection of Gap-Intercellular 
Communications 

Gap-junctional intercellular communications 
(GJIC) play a role in carcinogenesis, especially in 
tumor promotion. NAC was found to inhibit disruption 
of GJIC and hyperphosphorylation of connexin 43 in 
cultures of rat-liver epithelial cells initiated with MNNG 
and further treated with H20 2 as a tumor promoter (81). 

4.14. Inhibition of Proliferation 
A number of studies have pointed out the possible 

antiproliferative effects of NAC in cultured mammalian 
cells via a variety of mechanisms. For instance, NAC 
inhibited the TPA-mediated induction of cyclin D1 and 
DNA synthesis (326), and inhibited the abnormal cell­
cycle progression mediated by the p38 MAPK cascade 
( 327). NAC reduced the elevation of cjos and decreased 
the proliferation of rat tracheal smooth-muscle cells 
(328). It induced p16 (INK4a) and p21 (WAF/CIPl) 
gene expression, and prolonged cell-cycle transition 
through G I phase in various types of mammalian cells. 
This finding suggested a potentially novel molecular 
basis for chemoprevention by NAC, as increased intra­
cellular GSH was not required for GI arrest, and other 
antioxidants whose action is limited to scavenging rad­
icals did not induce GI arrest (195). Both L-NAC 
(GSH precursor) and D-NAC (non-precursor of GSH) 
slowed cell-cycle progression by inhibiting topoiso­
merase-IIa activity (329). The remarkable decrease of 
cyclin DI expression and increase of pancreatic carci­
noma cells in G I phase suggest the possible utility of 
NAC as an antitumor agent (330). 

There are also indications that NAC can exert 
antiproliferative effects in humans. For instance, oral 
NAC attenuated the proliferative index in the colon in 
patients with previous adenomatous colonic polyps 
( 149 ), and its topical application was successfully used 
for the treatment for lamellar hycthyosis, based on the 
observed inhibition of proliferation in cultured human 
keratinocytes ( 331 ). 

4.15. Stimulation of Differentiation 
The prolonged culture of mesangial cells, derived 

from isolated rat glomeruli, produced multifocal 
nodule structures, known as "hillocks," which con­
sist of cells and the extracellular matrix. Exposure of 
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mesangial cells to NAC dramatically facilitated 
hillock formation. These results indicated that, through 
a redox-sensitive mechanism, NAC induces mesangial 
cells to create a three-dimensional cytoarchitecture that 
underlies cellular differentiation ( 332). 

4.I6. Modulation of Tumor Progression 
In addition to its effects on cell proliferation 

(Subheading 4.14.) and angiogenesis (Subheading 
4.18), as previously reported (Subheading 3.2.2.1.), 
NAC retarded malignant progression in the lungs of 
NNK-treated A/J mice ( 125). 

4.I7. Modulation of Immune Functions 
A number of studies have evaluated the immunolog­

ical effects of NAC. To give a few examples, NAC 
enhanced natural killer (NK) function in cells of aging 
mice, which is a favorable response because aging mice 
have decrease NK function and a higher incidence of 
neoplasia (333,334).Administration of NAC to mice 
enhanced the immunogenic potential of tumor cells 
( 335 ). The topical application of NAC prevented 
suppression of contact hypersensitivity in UVB­
exposed mice at a site distant from the site of application, 
which demonstrated the ability of NAC to prevent 
systemic immunosuppression (336). In randomized 
clinical trials, NAC was found to improve immune 
functions in asymptomatic HIV-infected subjects ( 337). 

4.I8. Inhibition of Angiogenesis 
The "angiogenic switch" refers to acquisition of 

an angiogenic phenotype by tumor cells, generally 
triggered by the release of angiogenic factors such as 
vascular endothelial growth factor (VEGF), interleukin 
8 (IL-8),TGF~),and basic-fibroblast-like growth factor 
(bFGF). Tumor angiogenesis is known to play a criti­
cal role in tumor progression, but is also an early event 
in tumorigenesis that favors the expansion of hyper­
plastic foci and subsequent tumor development (338). 
Diverse cancer chemopreventive agents appear to 
interfere with common pathways in the angiogenic 
cascade by blocking the angiogenic switch and main­
taining tumor dormancy. Several chemopreventive 
agents share this mechanism, suggesting that it may be 
a key factor; we thus propose the novel concept of 
"angioprevention" ( 338 ). 

Several in vitro and in vivo studies have provided 
evidence that NAC is a potent antiangiogenic agent 
( 338). NAC strongly inhibits expression or production 
of VEGF, either secreted under basal conditions by 
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human cancer cells, such as melanoma ( 339) and KS 
(324), or induced by a variety of agents such as H20 2 

(340), IL-l (341), arsenite (342), hypoxia-inducible 
factor la (HIF-1) (342), epithelial growth factor, and 
TPA (343). NAC also inhibited adverse effects of 
VEGF, such as the induction of expression of monocyte 
chemoattractant protein- I (MCP-1), a chemochine that 
has been proposed to recruit leukocytes to sites of 
inflammation, neovascularization, and vascular injury 
(344). NAC also inhibited invasion, chemotaxis, and 
gelatinolytic activity of human endothelial cell lines 
EAhy926 and HUVE cells ( 345) and highly vascular­
ized KS-Imm cells (324). At the same time, NAC 
inhibited TGF~-induced apoptosis and genotoxic dam­
age produced by the oxidizing agent paraquat in 
EAhy926 cells (76). 

Antiangiogenic activity of NAC was further sup­
ported by two in vivo studies in mice. In the first, 
sponges of Matrigel (a reconstituted basement mem­
brane matrix) containing heparin and highly angiogenic 

. KS-cell supernatants were implanted subcutaneously 
in C57BL/6 mice. After 72 h, these sponges became 
highly vascularized and hemorragic. Administration of 
NAC in drinking water (2 g/kg body wt) significantly 
reduced the formation of new blood vessels, by an 
average of 70%, and reduced hemoglobin content in 
the Matrigel implants (345). In another study, KS-Imm 
cells were injected subcutaneously in the flank region 
of (CD-l)BR nude mice. After established tumor mass­
es were detectable in all mice, NAC was given in the 
drinking water (2 g/kg body wt). Consistent with the 
higher KS frequency in males as compared to females, 
the tumor volume in control mice at the end of the 
experiment was significantly higher in males (3.2 ± 0.5 
cm3) than in females (1.0 ± 0.3 cm3). NAC-treated 
mice had significantly reduced growth in both genders, 
and the tumor volume was 1.1 ± 1.0 cm3 in males and 
0.3 ± 0.2 cm3 in females. Most NAC-treated females 
and one-half of the male animals showed an evident 
trend of tumor mass regression (324). In a survival 
experiment, NAC again significantly reduced tumor 
volume (9.8 ± 6.2 cm3 in control mice as opposed to 
1.3 ± 1.1 cm3 in NAC-treated mice when all mice were 
still alive) and increased median survival time (45 d 
in controls vs 108 din treated animals). Two-thirds of 
treated mice showed regression of the neoplastic 
mass after 15-55 d, which in one-half of the respon­
ders appeared to be complete. These mice showed a 
high and significant correlation between tumor vol­
ume and either VEGF or proliferation markers PCNA 
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and Ki-67, which accordingly were significantly 
lower in NAC-treated mice than in controls. This cor­
related with reduced VEGF production in NAC-treated 
cultures ( 324 ). 

4.19. Inhibition of Invasion 
and Metastasis of Cancer Cells 

Inhibition of angiogenesis by NAC, as discussed in 
Subheading 4.18., interferes with growth of the neo­
plastic mass and prevents possible contact between 
cancer cells and vessels, a prerequisite for invasion of 
blood and lymphatic streams by cancer cells and their 
subsequent colonization in distant tissues to form 
metastases. Several additional lines of evidence from 
both in vitro and in vivo experiments provide evi­
dence for NAC's ability to prevent invasion and 
metastasis. 

A crucial role in invasion is played by degradation of 
type IV collagen in vessel basement membranes. This 
process is accomplished by enzymes that are produced 
by cancer cells, particularly matrix metalloproteases 
(MMP) known as type IV collagenases, such as MMP-
2 (gelatinase A) and MMP-9 (gelatinase B) ( 346). These 
enzymes are thus key targets for inhibitors of invasion 
and metastasis. In agreement with preliminary data 
reported by another laboratory ( 347), we showed that 
NAC completely inhibits both MMP-2 and MMP-9 pro­
duced by murine melanoma cells (K1735 and B 16-BL6) 
and Lewis lung carcinoma cells (C87) (348). 
Furthermore, it has been shown that NAC inhibited the 
invasion of T24 human bladder cancer cells by decreas­
ing MMP-9 production (349). Inhibition of type IV col­
lagenases by NAC can be ascribed to the fact that 
sulfhydryl groups chelate a zinc ion that is essential for 
the activity of these enzymes ( 350). In addition, as 
reported in Subheading 4.8., NAC inhibits activation 
(188) and binding activity (189) ofAP-1, aheterodimer­
ic complex encoded by proto-oncogenes c-jun and c-fos 
that is involved in collagenase gene transcription (189 ). 

Additional protective effects of NAC may result 
from its ability to attenuate oxidative mechanisms 
(Subheading 4.2.) and inflammation (Subheading 
4.11.), which have been shown to play a role in inva­
sion and metastasis. For instance, H20 2 may contribute 
to retention or extravasion of circulating tumor cells, 
and 0 2- released by tumor cells may be involved in 
basement membrane degradation (351). Similar obser­
vations have also been made in studies on noncancerous 
cells. NAC inhibited intrinsic 0 2- generation as a 
byproduct of macrophages and neutrophils in human 
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fetal membranes, and dramatically suppressed MMP-9 
activity ( 352). During acute endotoxemia, NAC 
blocked MMP-2 and MMP-9 act~vation in rat lung 
(353). In normal human bronchial cells, NAC inhibited 
expression of MMP-9 induced by TNFa via the 
NFKB-mediated pathway (354). Moreover, NAC 
inhibited MMP production in macrophage-derived 
foam cells (355) and alveolar macrophages (356) via 
oxidant-sensitive pathways. 

Using the Boyden chamber assay, which evaluates 
in vitro the ability of cancer cells to invade a recon­
stituted basement membrane (Matrigel), provides 
information on three properties of malignant cells­
e.g., adhesion to basement membranes, degradation, 
and invasion. At nontoxic concentrations, NAC 
inhibited chemotactic and invasive activities of five 
cancer cell lines of either human or murine origin in 
a dose-dependent manner (348). 

A number of experiments have provided evidence for 
the in vivo modulation of tumor- and malignant-cell 
metastasis by NAC. Particularly in experimental 
metastasis assays, in which formation of a primary tumor 
is bypassed by intravenous (iv) injection of B16-F10 
melanoma cells in (CD-1)BR nude mice resulting in 
development of lung metastases, NAC reduced the 
metastatic burden. In spontaneous metastasis assays, 
B16-BL6 melanoma cells were injected subcutaneously 
into the footpad of C57BL/6 mice, resulting in local 
primary tumors and the subsequent spread of lung 
metastases. Oral administration of NAC (0.5, 1, and 
2 g/kg body wt) resulted in a sharp decrease of 
experimental metastases, in a dose-related decrease 
of the weight of locally formed primary tumors, and 
in the reduction of spontaneous metastases ( 348 ). 
Using the same murine models, six separate experi­
ments showed that NAC given with drinking water and 
doxorubicin given parenterally behaved synergistically 
in reducing the weight and frequency of primary 
tumors and local recurrences, and the number of both 
experimental and spontaneous metastases ( 357). This 
conclusion was further supported by an additional 
study in which administration of NAC alone and in 
combination with doxorubicin was found to signifi­
cantly improve survival rates of mice treated with 
cancer cells (ill). These experiments found that oral 
NAC prevents alopecia induced by doxorubicin in 
C57BL/6 mice (ill). Therefore, NAC appears to exert 
several protective effects toward important side effects 
of doxorubicin, including ROS-dependent congestive 
cardiomyopathy (358), genotoxicity in vitro (65), and 
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alopecia in mice ( 111). At the same time, NAC and dox­
orubicin appear to work synergistically to prevent 
metastases in mice ( 111,357). 

Several independent studies have confirmed the 
antitumoral and antimetastatic properties of NAC. For 
instance, oral NAC inhibited tumor appearance in 
more than one-third (18 of 50) of B6D2F1 mice 
injected with L1210 lymphoma cells. The same ani­
mals were resistant to a second inoculation of L1210 
cells with no further treatment with NAC (359). The iv 
administration of NAC, coupled with high hydrostatic 
pressure, provoked an anti-tumor response capable of 
eradicating metastatic nodules formed by Lewis lung 
carcinoma cells in C57BL/6 and Balb/c mice (335). In 
spontaneous hypertensive (SHR) rats, ER-1 cells treated 
for 1 mo with EGF produced tumor nodules in the peri­
toneum after intraperitoneal (ip) injection, and formed 
lung metastases after iv injection. Both peritoneal 
tumors and lung metastases were significantly reduced 
when ER-1 cells were co-treated with EGF and 5 or 10 
mMNAC (360). 

4.20. Inhibition of Multidrug Resistance Genes 
Overexpression of multi drug resistance (mdr) genes 

and their encoded P-glycoproteins mediates the adeno­
sine 5' triphosphate (ATP)-efflux of lipophilic xenobi­
otics and anticancer drugs, and is a major mechanism 
for the development of resistance of cancer cells to 
chemotherapy. The addition of H20 2 to the culture 
medium of primary rat hepatocytes resulted in mdrb-1 
mRNA and P-glycoprotein overexpression, which was 
markedly suppressed by NAC (361). Similarly, NAC 
was found to inhibit the NFKB-mediated activation of 
mdrb-1 by the hepatocarcinogen 2AAF (362). 

4.21. Extension of Lifespan 
in Experimental Test Systems 

Because of mechanisms such as antioxidant activity 
(Subheading 4.2.), effects in mitochondria 
(Subheading 4.5.), and stimulation of immune func­
tions during aging (Subheading 4.17 .), NAC would be 
expected to have anti-aging properties. In fact, under in 
vitro conditions, NAC markedly extended the lifespan 
of human diploid fibroblasts. Since the GSH depletor 
L-buthionine-(R,S)-sulfoximine (BSO) had an opposite 
effect, it was concluded that cellular GSH level is a 
determinant of the lifespan of these cells ( 363 ). A study 
in Drosophila melanogaster showed that dietary NAC 
resulted in a significant and dose-dependent increase 
of the lifespan. The largest effect was obtained at a 
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NAC concentration of 10 mg/mL food and corre­
sponded to a 27% extension of the lifespan. At this 
dose, NAC treatment did not influence the feeding 
behavior or the physical activity of the flies ( 364 ). 
These results corroborate the finding that aging in the 
mosquito is correlated with a GSH loss that may be 
caused by cysteine deficiency (365). 

4.22. Improvement of Quality of Life 
for Cancer Patients 

Studies in humans have led to the conclusion that 
NAC may improve the quality of life of cancer 
patients. In fact, NAC increased the body-cell mass 
both in healthy subjects with high plasma cysteine/thiol 
ratios and in cancer patients. The body-cell mass is the 
sum of the oxygen-consuming, potassium-rich, and 
glucose-oxidizing cells and-in practical terms-is the 
total body mass minus body fat and extracellular mass. 
In addition, NAC increased albumin level and func­
tional capacity in cancer patients, in the absence of 
detectable changes in the GSH status. These studies 
showed a substantial change in the plasma thiolldisul­
fide redox state in human senescence and wasting, and 
suggested that this change may be a causative factor 
and a potential target for clinical intervention. The 
effect of NAC treatment on the albumin level was con­
sidered particularly important because of earlier 
unsuccessful attempts to improve this parameter by 
nutritional therapy, and because the albumin level is a 
strong predictor of hospital survival and the cost of 
hospitalization ( 366). 

5. CONCLUSIONS 

Cancer chemopreventive agents should have certain 
essential requirements, including low cost, practicality 
of use, lack of side effects, and efficacy ( 183 ). There is 
no doubt that NAC meets the first three requirements. 
As to efficacy, NAC showed an impressive variety of 
protective effects and mechanisms in vitro, in animal 
models, and also in humans at the level of intermediate 
biomarkers. As for most drugs assayed in intervention 
trials, its efficacy as a cancer chemopreventive agent 
has not yet been established in humans. Studies 
designed to evaluate whether regular NAC intake in 
healthy individuals can actually lower the risk of 
developing cancer are particularly imortant. Moreover, 
the anti-angiogenic and anti-invasive properties of 
NAC, which have a solid mechanistic foundation, 
warrant studies aimed at evaluating whether this mole­
cule-possibly at high doses and in combination with 
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cytostatic drugs-could help to inhibit the progression 
of cancer in humans. 
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