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Abstract

The link between tobacco abuse and cancer is well-established. However, emerging data indicate
that toxins in tobacco smoke cause cellular injury due to enhanced toxic/metabolic effects of
metabolites, disruption of intracellular signaling mechanisms, and formation of DNA, protein, and
lipid adducts that impair function and promote oxidative stress and inflammation. These effects of
smoking, which are largely non-carcinogenic, can be produced by tobacco-specific nitrosamines
and their metabolites. These factors could account for the increased rates of neurodegeneration and
insulin resistance diseases among smokers. Herein, we review nicotine and tobacco-specific
nitrosamine metabolism, mechanisms of adduct formation, DNA damage, mutagenesis, and
potential mechanisms of disease.
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Overview of tobacco, tobacco-specific nitrosamines, and disease

The public health problem

Globally, tobacco and alcohol are the most widely abused legal drugs and their associated
public health costs are vast and burdensome to society. Tobacco abuse eventually kills 50 %
of its users, including nearly six million people per year worldwide, over five million of
which are direct consumers, while the remainder are largely victims of second-hand
exposures. In the USA, smoking kills over 430,000 people per year. Sadly, market forces
drive tobacco consumption in low- and middle-income countries, a phenomenon that could
catapult tobacco’s annual mortality to over eight million by 2030 [99]. Although lung and
other cancers tend to be the main focus of tobacco-associated health concerns, other
significant and often fatal consequences of tobacco abuse include emphysema,
cardiovascular and cerebrovascular disease, aging, asthma, chronic obstructive pulmonary
disease (COPD), diabetes, and fetal developmental abnormalities [91]. Another important
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fact that must be incorporated into the equation for societal and healthcare costs is that
among adolescents and young people, tobacco abuse is often a gateway to other drugs that
could be even more addictive and destructive to human life.

Tobacco’s use and abuse are linked to nicotine’s stimulating and addictive properties.
Nicotine is released by all manners of tobacco consumption including smoking, chewing,
sucking, snuff dipping (placing a pinch of snuff between the cheek and gum), and snusing
(placing moist snuff under upper lip). In addition, electronic (“e”) cigarettes are a rapidly
growing source of nicotine exposure. Smoking and consumption of smokeless tobacco pose
health risks due to concomitant exposures to toxic alkaloid metabolites of nicotine and
tobacco-specific nitrosamines. Tobacco-specific nitrosamines are highly carcinogenic and
form bulky adducts with DNA and hemoglobin [38]. Tobacco-specific nitrosamines are
detectable in saliva, and their metabolites are measurable in urine.

Carcinogenesis and genotoxicity

Tobacco’s role in cancer was confirmed by the Working Group of the International Agency
for Research on Cancer (IARC), whose report highlighted experimental data showing that
exposures to whole cigarette smoke induce malignant neoplasms of the respiratory tract in
hamsters and rats and that direct skin and pulmonary exposures to smoke cause skin and
lung cancers, respectively [37]. In humans, the main cause of lung cancer is tobacco
smoking, and lung cancer risk and mortality correlate with smoking duration and dose, i.e.,
pack-years. In addition, smoking and smokeless tobacco exposures increase carcinogenesis
of the upper respiratory and digestive tracts (oral, oropharyngeal, hypopharyngeal, laryngeal,
and oesophageal), bladder, pancreas, renal pelvis, liver, large bowel, and stomach [91].
However, with regard to many non-pulmonary malignancies, tobacco-specific nitrosamines
seem to function as carcinogenic co-factors along with heavy alcohol abuse.

Besides nicotine and tobacco-specific nitrosamine exposures, smoking causes tissue buildup
of tar, a harmful, highly toxic, partially combusted particulate, resinous substance. Tar
contains most of the carcinogenic and genotoxic substances in tobacco smoke [37]. Tar
damages and Kills ciliated respiratory epithelial cells, impairing their ability to trap airborne
toxic particulate matter. Consequently, tar descends into the lower respiratory tract and
alveoli where it exerts its carcinogenic effects. Moreover, tar is responsible for toxic lung
injury, tooth blackening and rotting, gum damage, and desensitization of taste buds. It is not
yet known whether health threats are lowered in individuals who consume cigarettes that
contain substantially lower levels of tar and nicotine [37].

Non-carcinogenic effects—Ilinks to insulin resistance diseases

Besides cancer, epidemiological studies suggest cigarette smoking is associated with
cardiovascular, metabolic, and reproductive diseases. Hypertension is a major contributor to
cardiovascular morbidity and mortality. Cigarette smoking greatly increases the risk of
hypertension, ultimately resulting in coronary heart disease, stroke, and cardiac failure [41].
Moreover, experimental and clinical studies suggest that smoking decreases insulin
sensitivity and results in glucose and lipid metabolism disorders such as hyperglycemia and
dyslipidemia [100]. Diabetic patients who smoke need larger insulin doses to achieve similar
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Nicotine

metabolic control to that of non-smoker diabetics [49]. Smoking exacerbates non-alcoholic
fatty liver disease in obese rats by increasing oxidative stress and apoptosis in the liver [4].
Tobacco use also has detrimental effects on female and male fertility. Smoking before and
during pregnancy is a major cause of reduced fertility as well as maternal, fetal, and infant
morbidity and mortality [91]. Although these epidemiological and experimental studies
show causal associations between smoking and a range of diseases, the mechanism of
nitrosamine action behind these effects remains to be elucidated.

The long-term adverse effects of smoking on brain structure and function are under
investigation. However, several studies provide evidence that heavy cigarette smoking
adversely affects neurocognitive function [17] and brain white matter structure
(neuroimaging) [94], suggesting that tobacco and its toxic metabolites may cause
neurodegeneration. Several neuroimaging studies have shown smoking-related brain
abnormalities in humans [13, 18, 19, 46], and meta-analysis revealed smoking-related gray
matter loss in the anterior cingulate, prefrontal cortex, and cerebellum [59]. Furthermore,
there is some evidence that chronic smoking causes frontal and temporal lobe atrophy with
volume loss in gray matter structures. The main limitation of these works is that most studies
have been under-powered due to heterogeneous levels and durations of tobacco smoke
exposure and inability to correlate long-term biomarkers of smoking with brain atrophy and
cognitive impairment. Future studies should determine the agents in tobacco smoke that
mediate neurodegeneration and cognitive impairment, as that information could be used to
develop assays that monitor exposure and early stage effects of neurodegeneration. The
present review focuses on mechanisms of tobacco exposure-mediated cellular injury and
disease.

Bio-distribution and addiction

Tobacco contains several alkaloids including nicotine, nornicotine, anabasine, anatabine, and
myosmine. Nicotine is the only tobacco component responsible for addiction and the main
alkaloid present in both unburned tobacco and tobacco smoke. Nicotine comprises between
1 % and 2 % of unburned tobacco. Nicotine inhaled with smoke or released during
smokeless tobacco or e-cigarette consumption rapidly enters the circulation and achieves
plasma concentrations of about 15 ng/mL [37]. Nicotine then quickly distributes to various
organs, including liver, kidney, spleen, lung, and brain [43]. Nicotine crosses all membranes,
including skin and placenta. It accumulates in fetal serum and amniotic fluid and is
detectable in breast milk of smoking mothers [10]. Moreover, during development,
inadequate detoxifying mechanisms render fetuses and infants more vulnerable to the
adverse effects of nicotine.

Within 10 or 20 s after tobacco smoke is inhaled, nicotine crosses the blood-brain-barrier.
Selectively high nicotine uptake in the brain [43] could account for nicotine’s prominent
neurobehavioral effects. Nicotine binds to nicotinic cholinergic receptors containing alpha7
subunits (hAChR-alpha?), which are ligand-gated ion channels, stabilizing their open state
and thereby allowing influx of cations, including calcium, potassium, and sodium ions.
Nicotine stimulation of nAChR releases neurotransmitters such as dopamine,
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norepinephrine, serotonin, and gamma-amino butyric acid (GABA), resulting in feelings of
well-being, relaxation, calmness, alertness, and euphoria, improved learning, memory, and
information processing, and suppression of appetite, pain, and anxiety [22].

Nicotine neuroprotection

Nicotine has demonstrated neuroprotective effects, functioning through nAChR to increase
dopamine release in nigral dopaminergic neurons [74, 75, 89] and counteract adverse effects
of reduced dopamine release in the neostriatum [40]. These actions account for nicotine’s
amelioration of motor symptoms in Parkinson’s disease [98] and epidemiologic data
showing lower rates of Parkinson’s and other neurodegenerative diseases among smokers
[69, 74, 75, 98]. The findings that prior nicotine exposures reduce glutamate-[1], NMDA.-
[50], kainate-[77], and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [76]-mediated
neurotoxicity and improve neuronal survival further support the concept that nicotine is
neuroprotective. Additional avenues of nicotine neuroprotection include, alteration of
dopamine receptor dynamics rather than prevention of neuronal loss [21], induction of
tyrosine hydroxylase plasticity via stimulation of dopamine synthetic pathways [92], and
enhancement of long-term potentiation in hippocampal neurons by increasing NMDA
receptor responses [104]. It is noteworthy that impairments in nNAChR expression or function
are linked to aging and aging-associated neurodegeneration [12, 69, 98].

Mechanistically, nicotine’s stimulatory effects on nAChR and synaptic transmission can
occur via calcium influx which induces vesicular neurotransmitter release [22].
Consequently, nicotine initiates synaptic potentiation by enhancing glutamatergic excitation
and decreasing GABA inhibition on dopaminergic neurons [70]. However, after chronic
exposure, the protective effects of nicotine can be independent of calcium flux or
accumulation, as occurs with respect to NMDA damage [72], indicating that long-term
neuroprotection utilizes different mechanisms. For example, nicotine stimulation can
promote cell growth and survival by activating nAChRs via PI3K-Akt [89] and reducing
oxidative stress-induced apoptosis in astrocytes [48].

Nicotine and neurodegeneration

Following short-term exposure, toxic levels of nicotine can cause ganglionic blockade
leading to bradycardia, hypotension, and depression [6]. Although many positive nicotine
effects occur with short-term stimulation, evidence suggests that chronic continuous
exposures can be harmful to degenerating nigro-striatal dopamine neurons and worsen
choline acetyltransferase dysfunction in limbic [20] and forebrain [7] circuitry. In addition,
while low-dose cigarette smoke exposures have been touted as protective against toxin-
induced Parkinson’s disease, high doses are not [60]. Another study showed that chronic
tobacco smoke exposure exacerbates amyloid pathology in an Alzheimer’s transgenic mouse
model [54]. Two important concepts must be considered with respect to potential negative
effects of nicotine exposure: metabolism and stage of development. With prolonged or
continuous exposures, accumulation of cotinine, a stable toxic metabolite of nicotine, can
cause tissue injury leading to glia activation [11]. Unlike nicotine, cotinine is not
neuroprotective [61]. Age-related sensitivity to nicotine is well-documented with respect to
its adverse effects on dopaminergic [71] and seratonergic [102] systems following
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adolescent or prenatal exposures. In contrast to the stimulatory effects in adults, nicotine
exposures during adolescence increase hippocampal apoptosis with loss of neurons and glia
[58] and damage 5HT projections [102]. It would be of interest to determine if development-
or age-related sensitivities to nicotine are mediated by enhanced metabolism to cotinine and
other stable toxic metabolites.

Nicotine metabolism

Experimental animal studies have shown that nicotine is rapidly metabolized by cytochrome
P450 (CYP) in liver, lung, kidney, nasal mucosa, and brain [93]. In liver, 70-80 % of
nicotine is 5’-hydroxylated to 5’-hydroxynicotine, mainly by CYP2A6, and lesser extents by
CYP2B6 and CYP2D6. The hydroxyl intermediate is then oxidized by aldehyde oxidase to
form cotinine, which is further metabolized by glucuronidation and excreted in the urine.
However, CYP2A6 can also hydroxylate nicotine, yielding 2’-hydroxynicotine, which
spontaneously forms an amino ketone (4-(methylamino)-1-(3-pyridyl)-1-butanone)
intermediate. Nitrosation of amino ketone produces the tobacco pro-carcinogen, nitrosamine
ketone (NNK) [29] (Fig. 1). Since the dominant CYP2A6-generated metabolite of nicotine
is cotinine, whose £, is ~16 h compared with ~2 h for nicotine, and whose plasma levels are
considerably higher than those of nicotine (275 versus 15 ng/mL) [37], cotinine is used as an
indicator of environmental exposure to tobacco smoke.

The less frequent CYP2A6-induced 2’-hydroxylation of nicotine is problematic because the
tertiary amine structure of amino ketone can react with nitrosating agents and produce stable
chemicals known as nitrosamines. For example, nitrites present in saliva can nitrosate
tobacco and tobacco smoke alkaloids to produce nitrosamines [30]. Nitrosation reactions
occur by replacement of N-H with N-N=0 in the case of secondary amines or via oxidative
cleavage of carbon-nitrogen bonds of tertiary amines [28]. Nitrosation of nicotine yields the
pro-carcinogenic nitrosamines, NNK, nitrosamino aldehyde (NNA), and N/-
nitrosonornicotine (NNN). These points raise concerns about the safety and health effects of
long-term, unregulated e-cigarette consumption.

Tobacco-specific nitrosamines

Tobacco-specific nitrosa mines, in clud ing 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
or nicotine-derived NNK, NNN, nitrosaminoaldehyde (NNAL), A-nitrosoanatabine (NAT),
N-nitrosoanabasine (NAB), iso-NNAL, and iso- A-nitrosamino acids (iso-NNAC), are non-
volatile, present in unburned tobacco leaves and tobacco smoke, and pro-carcinogenic.
Therefore, both smoked and smokeless tobacco products contain nitrosamines. NNK, NNN,
and NNAL have the most potent pro-carcinogenic activities. Nitrosamines exist in unburned
tobacco leaves because they are produced with processing, i.e., curing, fermentation, and
aging. For example, high levels of NNK (0.42 pg/g) are present in Nicotiana tabacum leaves
grown in the USA. In addition, high levels of NNK, NNN, and NAT are detectable in
tobacco smoke [26] and environments polluted by tobacco smoke [30] and therefore could
contribute to carcinogenesis via second-hand exposures. Although nitrosamines induce
tumors in various organs throughout the body, including esophagus, lung, liver, pancreas,
and bladder, chemical structure and animal species are important factors dictating their
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targets. For example, lung is the major organ for NNK-mediated carcinogenesis [73]. In
F344 rats, NNK is far more potent than A-nitrosodimethylamine (NDMA) in causing lung
and nasal cavity tumors [32]. NNK’s substantial potency as a pro-carcinogen is further
demonstrated by the development of respiratory tract and lung tumors in Syrian gold
hamsters or A/J mice following a single dose of NNK (~1 mg) [27]. In humans, NNAL and
NNAL-glucuronide levels are reliable indices of NNK exposure. Among current light or
non-smokers (<10 cigarettes/day), moderate smokers (10-<20/day), and heavy smokers
(20+/day) in a Shanghai Cohort Study from 1986 to 2008, total urinary NNAL
concentrations (geometric mean (95 % CI)) in femtomole per milligram creatinine were 210
(158-280), 372 (308-449), and 475 (404-559), respectively [105].

NNK metabolism

Mechanistically, tobacco-specific nitrosamines cause tissue injury and malignant
transformation by forming adducts with DNA. These processes require metabolic activation
of the nitrosamines. Six different pathways regulate NNK metabolism. In vitro experiments
showed that NNK metabolism can be activated via (1) reduction of the carbonyl group, (2)
oxidation of the pyridine nitrogen, (3) a-hydroxylation of the methylene carbon adjacent to
the N-nitroso nitrogen, (4) a-hydroxylation of methyl carbons adjacent to the N-nitroso
nitrogen, (5) dinitrosation, and (6) ADP adduct formation. In vivo studies confirmed NNK
metabolism via carbonyl reduction, pyridine oxidation, and a-hydroxylation but not
dinitrosation or ADP adduct formation [26].

Carbonyl reduction

Carbonyl reduction of NNK to yield NNAL is the dominant pathway for NNK metabolism
in several species and tissues. 11p-Hydroxysteroid dehydrogenase (EC 1.1.1.146) is one
such carbonyl reductase enzyme [52] (Fig. 2). Carbonyl reductase-mediated metabolism of
NNK is reflected by elevated tissue levels of NNAL following NNK or tobacco smoke
exposure. Tissue- and species-specific carbonyl reductase activation was demonstrated by
the findings of increased NNAL levels in rat intestine and pancreas, rodent (rat, mouse, and
hamster) and human livers, and human lung, erythrocytes, but not in rat nasal mucosa
following NNK or tobacco smoke exposures either in vivo [34, 83] or in vitro [2, 67]. NNAL
is further metabolized by glucuronidation, resulting in increased levels of NNAL-
glucuronide in urine [31]. NNAL and NNAL-glucuronide are reliable and robust indices of
NNK exposures in humans. The efficiency of NNK detoxification via carbonylation and
glucuronidation correlates with tissue expression levels and gene polymorphisms [51].
Another potentially important factor is the rate in which NNAL is oxidized back to NNK.
Therefore, although NNAL lacks carcinogenic activity, in some cell types and perhaps under
certain conditions such as inefficient NNK carbonylation/NNAL-glucuronidation, its partial
oxidation back to NNK could contribute to tumorigenesis.

Pyridine oxidation

CYP2B1 and CYP3A4 metabolize NNK to NNK-N-oxide via oxidation of the pyridine
nitrogen. This reaction occurs in microsomes of rat and mouse lungs [85], but not livers or
nasal mucosa [25, 66], and accounts for less than 10 % of NNK metabolism, based on the
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levels of NNK-oxide detected in urine [34]. A specific role for CYP2B1 in pyridine
oxidation of NNK was strongly suggested by its isolation and detection in rat liver, catalytic
activity, and metabolism of NNK in human kidney cells transfected with the corresponding
cDNA [23], induction in rat livers that were pretreated with phenobarbital [25], and
decreased oxidative metabolism of NNK in rat liver, lung, and nasal microsomes that were
treated with phenethyl isothiocyanate (PEITC), a chemical inhibitor of CYP2B1 [84]. In
human liver microsomes, CYP3A4 rather than CYP2B1 mediates pyridine oxidation of
NNK [88] (Fig. 2).

a-Methyl hydroxylation

NNK can be metabolized by hydroxylation at the methyl group adjacent to N-nitroso,
resulting in the formation of a-hydroxymethyl-NNK. a-Hydroxymethyl-NNK decomposes
to formaldehyde and 4-(3-pyridyl)-4-oxobutane-1-diazohydroxide. Reaction of 4-(3-pyri-
dyl)-4-oxobutane-1-diazohydroxide with water yields keto alcohol, which is detectable in
urine (Fig. 2) [26]. Alternatively, the 4-(3-pyridyl)-4-oxobutane-1-diazohydroxide NNK
metabolite can pyridyloxobutylate DNA and thereby promote carcinogenesis. Two
additional pathways for a-hydroxymethyl-NNK metabolism include glucuronidation with
formation of a-hydroxymethyl-glucuronide, which is detectable in rat hepatocytes and urine
[56], and denitrosation with formation of myosmine [9].

From the above discussion and Fig. 2, it is evident that a-methyl hydroxylation of NNK is
one of the main pathways for NNK-mediated DNA damage and carcinogenesis.
Correspondingly, the high levels of a-methyl hydroxylation activity in rodent lungs correlate
with their high levels of susceptibility to NNK-induced lung cancers [66, 84]. Several CYP
isoforms catalyze a-methyl hydroxylation of NNK, but in human liver, CYP1A2 is
dominant, while CYP2A6, CYP2D6, CYP2B7, CYP2EL, CYP2F1, CYP3A4, and CYP3A5
have varied roles [62, 83]. The contributions of individual CYP isoforms to a-methyl
hydroxylation of NNK have been demonstrated using in vivo and in vitro studies. For
example, CYP1A2, CYP2A1, and CYP3A antibody binding was shown to inhibit keto
alcohol formation, while enzyme inducers increased keto alcohol generation in NNK-
exposed rats [25].

a-Methylene hydroxylation

Hydroxylation of NNK can also occur at its methylene carbon, which yields a-
methylenehydroxy-NNK. a-Methylenehydroxy-NNK is an unstable intermediate that
rapidly decomposes to methane diazohydroxide and keto aldehyde (Fig. 2). Oxidation of
keto aldehyde results in keto acid formation which is detectable in urine and the principal
urinary metabolite of NNK in rodents and primates [66]. a-Methylene hydroxylation of
NNK significantly contributes to carcinogenesis because DNA methylation by methane
diazohydroxide leads to formation of 7-methyl guanine and O8-methy! guanine adducts [15].
CYP2B1, CYP1A2, and CYP3A mediate a-methyl hydroxylation of NNK in rat liver, lung,
and nasal mucosa [23, 25, 84], while CYP2A6 and CYP3A4 mediate a-methyl
hydroxylation of NNK in human liver [62]. Chemical inhibitors of P450 isoforms decrease
a-methylene hydroxylation of NNK, whereas chronic NNK exposures result in increased
keto aldehyde binding to P450 catalytic sites [87]. In essence, both a-methyl and a-
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methylene hydroxylations of NNK mediate carcinogenesis by causing pyridyloxobutylated
or methylated DNA adducts to be formed. In vitro studies demonstrated tissue- and species-
specific differences in dominance of either or neither pathway [66, 84, 88], which could
account for the nature of DNA damage and signatures of NNK-mediated carcinogenesis.

Denitrosation

Denitrosation of NNK results in the formation of an a-carbon radical, followed by
elimination of nitric oxide and formation of an imine. Imines are ketone- and aldehyde-
related functional groups or chemicals that contain a carbon-nitrogen double bond with the
nitrogen attached to an organic group or hydrogen atom. Although imines could potentially
be hydrolyzed to keto aldehyde and myosmine, these products have not been detected. On
the other hand, nitrite does form in NNK-treated rat liver microsomes, indicating that
denitrosation of NNK occurs, at least in vitro. P450s could mediate NNK denitrosation;
however, additional research is needed to identify the specific isoforms involved [9, 26].

ADP adduct formation

The ADP adducts, (NNK)ADPH and (NNK)ADP™, are products of NNK metabolism. They
are detectable in rat pancreatic and liver microsomes, and their formation is catalyzed by
microsomal NAD glycohydrolase. Missing elements in this equation are whether or not
ADP adducts are formed in vivo and what role they play in carcinogenesis [67].

DNA adducts from NNK metabolism

DNA pyridyloxobutyl adducts

NNK metabolism through a-methyl hydroxylation produces DNA pyridyloxobutyl adducts
(Fig. 3). Due to instability of a-hydroxymethyl-NNK, the first product of NNK a-methyl
hydroxylation, investigators used an alternative approach that involved solvolysis of 4-
(acetoxymethylnitrosamino)-1-(3-pyridyl)-1-butanone (NNKOAc; NNK precursor) to
examine DNA pyridyloxobutylation in detail. Those studies demonstrated that a-
hydroxymethyl-NNK decomposes to diazohydroxide, followed by diazonium ion, and then
cyclic oxonium ion, and that each of these metabolites can form DNA adducts. Since the
adducts cause keto alcohol to be released [90] (Fig. 3), they are referred to as “keto alcohol-
releasing adducts” [26]. Instability of these adducts has precluded their characterization by
HPLC. Instead, keto alcohol release is used as the marker or index of DNA
pyridyloxobutylation. Keto alcohol-releasing adducts have been detected in rat and mouse
lungs and livers, and in rat nasal mucosa, and have significant roles in NNK-mediated tumor
induction [55, 64, 86, 90]. The only structurally identified DNA adduct produced by methyl
hydroxylation of NNK is the OB-pyridyloxobutyl adduct, which is formed by reaction of
DNA with NNKOACc [95]. Moreover, pyridyloxobutylated adducts containing poly(dGdC)
have reported to inhibit O8-alkylguanine DNA alkyltransferase (AGT), which repairs O6-
methyl guanine [65]. In rat nasal mucosa, DNA methylation was observed in greater
amounts than pyridyloxobutylation, which could be explained by potential glucuronidation
of hydroxymethyl-NNK [26, 90].
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DNA methyl adducts

NNK metabolism via a-methylene hydroxylation sequentially produces a-
methylenehydroxy NNK, methane diazohydroxide, and methyldiazonium ion, each of which
can react with DNA and yield 7-methyl guanine, O8-methyl guanine, and O*-methyl
thymine adducts (Fig. 3). Methylated DNA adducts have been detected in rat, hamster,
mouse, and human tissues in association with tobacco smoking or NNK exposures. Target
organs/tissues include lung, nasal mucosa, and oral tissue [24]. In rat lung, liver, and nasal
mucosa and A/J mouse lung, the dominant adduct is 7-methyl guanine, followed by O6-
methyl guanine and then O*-methyl thymine [55, 64, 86]. In human lungs, 7-
methyldeoxyguanine levels were found to be higher than pyridyloxobutylated adducts [42],
and smoking was associated with significantly increased levels of 7-methyl guanine,
reflecting contributions of NNK in DNA adduct formation [68]. Methyl-DNA adducts are
also detectable in rat and hamster livers following NNK exposure and metabolism. O°-
methyl guanine was found to be important in NNK-induced lung carcinogenesis in mice [64]
but not hamsters [47], and O%-methyl guanine repair by AGT occurred at a faster rate in the
rats compared with hamsters. These findings highlight the species and tissue difference in
the nature, levels, and consequences of NNK-induced DNA adduct formation, emphasizing
the need to understand a broader range of molecular and cellular responses, to NNK and
other tobacco-specific nitrosamine exposures, as well as host and co-factor variables that
influence utilization of different NNK metabolic pathways.

Single-strand DNA breaks

Exposure to tobacco smoke increases production of reactive oxygen species (ROS) which
leads to oxidative DNA damage [44]. These effects are partly due to NNK-induced 8-
hydroxyguanine (8-OH-Gua) adducts which are pro-mutagenic. Correspondingly, peripheral
blood leukocyte levels of 8-OHdG are significantly higher among smokers compared to non-
smokers [3]. Experimentally, NNK induction of 8-0xo0-2’deoxyguanosine (8-0xo-dG)
adducts was demonstrated in fetal liver after transplacental NNK exposure in pregnant mice
[81]. NNK-induced DNA damage is mediated by radical attack leading to single-strand
breaks in DNA. Correspondingly, NNK-mediated DNA damage is attenuated by treatment
with oxygen radical scavengers (superoxide dismutase, catalase, mannitol) [96], and adduct
formation can be reduced by treatment with green tea or epigallocatechin gallate, its major
antioxidant [101]. In addition to adducts, hydroxyl radicals and other reactive oxygen
species produced during NNK metabolism may also cause DNA damage since genotoxicity
is reduced by superoxide dismutase and catalase treatments [96] (Fig. 4).

Hemoglobin binding of NNK

Most of the investigations have focused on DNA adducts and DNA damage-mediated by
NNK, its metabolites, and other tobacco-specific nitrosamines. However, there is convincing
evidence that NNK also forms adducts with hemoglobin following metabolic activation via
a-methylene or a-methyl hydroxylation. a-Methylene hydroxylation of NNK results in
globin methylation, while a-methyl hydroxylation results in globin pyridyloxobutylation [8].
Pyridyloxobutylated hemoglobin adducts are specific to NNK and NNN. In support of these
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observations, keto alcohol-releasing adducts were formed by treatment of hemoglobin with
NNK or NNKOACc [63]. In addition, reductions in keto alcohol-releasing product effectuated
by treatment with phenethyl isothiocyanate significantly reduced NNK-mediated lung
tumorigenesis [33]. Although hemoglobin keto alcohol-releasing adducts could potentially
serve as non-invasive biomarkers of cancer risk in people exposed to NNK/tobacco smoke,
their exceedingly low levels in smokers render this goal challenging for the near future.

Role of NNK in carcinogenesis via mutagenesis versus signal transduction

NNK activation and metabolism in lung and liver lead to formation of reactive metabolites
that can mutate oncogenes such as KRas and p53. For example, O8-methylguanine induces
KRas GGT—GAT mutations that are found in mouse lung tumors caused by NNK exposure
[16]. In humans, the scenario is far more complex because tobacco smoke contains many
toxins and carcinogens, including poly-aromatic hydrocarbons, aromatic amines, oxygen
radicals, and a,B-aldehydes that also cause DNA damage and mutations [57].

Besides mutagenesis, NNK exposures can modulate signal transduction networks, including
activation of the PI3K-Akt pathway which promotes cell growth, proliferation, survival,
migration, and metabolism. In this regard, NNK treatment of A/J mice and lung cancers
from smokers were found to be associated with increased Akt activity [97]. In addition,
nicotine stimulates lung cancer cell growth, suppresses apoptosis, and increases MAP kinase
signaling networks [35]. Extended cell survival due to increased Akt activation could enable
the accumulation of DNA adducts that promote mutagenesis and carcinogenesis. Like
nicotine, NNK exhibits high affinity binding for nAChR (alpha7) [39] and activates voltage-
gated calcium channels, leading to calcium influx and stimulation of growth-promoting
signal transduction pathways [80]. NNK binding to AChR(alpha7) increases Erk1, Erk2, and
DNA synthesis [79], enhancing growth of malignant neoplastic cells [103]. Finally, there is
evidence that NNK can activate upstream mediators of growth and metabolism by enhancing
expression and signaling through the insulin-like growth factor type 1 receptor (IGF-IR)
[82]. Conceivably, overexpression and activation of IGF-IR in various cancers, including
lung [78], are mediated by chronic NNK/tobacco nitrosamines, which confer cell
proliferation, survival, and metastatic growth advantages to the tumors [5].

NNK metabolism and disease-potential alcohol-tobacco interactive effects

Altered expression and function of enzymes that metabolize both tobacco nitrosamines and
alcohol could impact risk for smoking-related diseases among heavy drinkers. For example,
CYP2B6 and CYP2E1 were both found to be expressed at higher levels in the postmortem
brains from alcoholics and smokers versus non-alcoholics and non-smokers.
Mechanistically, elevated levels of CYP2B6 activity in brain could alter responses to
centrally acting drugs, increase susceptibility to neurotoxins and xenobiotics, and increase
nicotine tolerance [53]. Increased levels of brain CYP2E1 could increase drug metabolism
and risk for neurotoxicity due to metabolic activation of neurotoxins [36]. Furthermore,
since CYP2EL is involved in a-methyl hydroxylation of NNK, elevated levels of CYP2E1
could stimulate hydroxylation of NNK at the a-methyl group leading to the formation of
pyridyloxobutylated DNA adducts (Fig. 2). NDMA, another potent pro-carcinogen found in
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preserved and processed foods [14], also requires a-hydroxylation by CYP2E1 to form
methanediazonium ion, which interacts with DNA-forming O8-methylguanine DNA adducts
[45]. Therefore, tobacco and alcohol stimulation of CYP2E1 activity could further increase
risk for carcinogenesis via NDMA activation.

Conclusions

Tobacco nitrosamines play an important role in the pathogenesis of cancer. As a result of
metabolic activation, NNK forms DNA adducts and generates hydroxy! radicals or other
reactive oxygen species that can further damage DNA and lead to single-strand breaks. In
addition to DNA damage, reactive oxygen species increase oxidative stress, lipid
peroxidation, and formation of protein adducts. Recent studies suggest that interactions
between NNK and signaling growth pathways such as PI3K and MAPK could potentially
alter downstream responses to insulin and IGF-1 signaling. In this regard, we recently
showed that chronic low-level NNK exposures cause steatohepatitis with perturbations in
insulin/IGF-1 signaling through Akt as well as increased levels of lipid and DNA adducts
[106]. Impaired signaling together with DNA damage and oxidative stress could be
responsible for the persistent activation of pro-inflammatory cytokines, insulin resistance,
and hepatic fibrogenesis [106]. Therefore, the links between tobacco smoke exposure and
type 2 diabetes mellitus or Alzheimer’s disease, which are associated with impairments in
insulin and IGF-1 signaling through Akt, could be explained on the basis of NNK-mediated
disruption of intracellular signaling and buildup of adduct that damage protein and lipid
functions.
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Fig. 1.

Nig(]:otine hydroxylation pathways in human liver. CYP2A6 can hydroxylate nicotine at either
the 5’ or 2/ position. Hydroxylation at the 5" position generates the 5’-hydroxynicotine
intermediate, which is then oxidized to form cotinine. Cotinine is excreted in urine.
Hydroxylation at the 2’ position spontaneously forms an amino ketone intermediate whose
subsequent nitrosation produces the tobacco pro-carcinogen, nicotine-derived nitrosamine
ketone (NVNK)
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Fig. 2.

nglK metabolism. In humans, NNK is metabolized through four different pathways: (1)
carbonyl reduction, yielding 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL); (2)
pyridine ring oxidation, yielding NNK-N-oxide; (3) a-hydroxylation of methyl carbons
adjacent to the N-nitroso nitrogen, producing pyridyloxobutylated DNA adduct; and (4) a-
hydroxylation of the methylene carbon adjacent to the N-nitroso nitrogen, producing a
methylated DNA adduct [26]
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DNA adduct formation from NNK. NNK can be metabolized via a-methyl or a-methylene
hydroxylation. a-Methyl hydroxylation yields diazohydroxide, followed by diazonium ion,
and then cyclic oxonium ion. Each of these metabolites can form O8-pyridyloxobutyl DNA
adducts, releasing keto alcohol as a urinary metabolite and marker of DNA

pyridyloxobutylation. a-Methylene hydroxylation of NNK sequentially produces a-
methylenehydroxy NNK, methane diazohydroxide, and methyldiazonium ion. These

products can react with DNA and yield 7-methyl guanine, O8-methyl guanine, or O*methyl

thymine adducts
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Fig. 4.
Potential shared mechanisms of tobacco and alcohol-mediated diseases. Tobacco-specific

nitrosamines, such as NNK, lead to formation of DNA, hemoglobin, and lipid adducts,
impaired intracellular signaling through PI3K-Akt, Erk-MAP kinase, and IGF-1R,
mutagenesis, altered CYP 450 expression/activity, accumulation of reactive oxygen species
(ROS), and stress-induced single stranded DNA breaks. Alcohol exposures can have the
same effects, either directly or via acetaldehyde generation, leading to impaired signaling,
macromolecular adduct formation, increased oxidative stress, and altered CYP expression.
Consequences include malignant transformation or enhanced growth of malignant neoplastic
cells, cardiovascular disease, e.g., atherosclerosis, dysregulated metabolism, e.g., insulin
resistance and metabolic syndrome, reproductive diseases, and neurodegeneration
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