CRITICAL REVIEWS IN TOXICOLOGY Tavl &F .
2023, VOL. 53, NO. 10, 658-701 e aylor rancis

https://doi.org/10.1080/10408444.2023.2264327 Taylor & Francis Group

REVIEW ARTICLE 8 OPEN ACCESS ™ Check forupdates

From cultivation to cancer: formation of N-nitrosamines and other carcinogens
in smokeless tobacco and their mutagenic implications

Stephen B. Stanfill?, Stephen S. Hecht®, Andreas C. Joerger, Pablo J. Gonzalez®, Luisa B. Maia®,

Maria G. Rivas?, José J. G. Moura®, Alpana K. Guptaf, Nick E. Le Brun9, Jason C. Crack?, Pierre Hainaut",
Courtney Sparacino-Watkins™*, Robert E. Tyx?, Suresh D. Pillai, Ghazi S. Zaatari®, S. Jane Henley!,
Benjamin C. Blount?, Clifford H. Watson®, Bernd Kaina™ and Ravi Mehrotra"

“Tobacco and Volatiles Branch, National Center for Environmental Health, Centers for Disease Control and Prevention, Atlanta, GA, USA;
PMasonic Cancer Center, University of Minnesota, Minneapolis, MN, USA; “Structural Genomics Consortium (SGC), Institute of Pharmaceutical
Chemistry, Goethe University Frankfurt, Frankfurt am Main, Germany; “Department of Physics, Universidad Nacional Litoral, and CONICET,
Santa Fe, Argentina; *Department of Chemistry, LAQV, REQUIMTE, NOVA School of Science and Technology (FCT NOVA), Caparica, Portugal;
findependent Research Consultant (Cancer), Noida, India; 9School of Chemistry, Centre for Molecular and Structural Biochemistry, University
of East Anglia, Norwich, UK; "Institute for Advanced Biosciences, Grenoble Alpes University, Grenoble, France; 'University of Pittsburgh,
School of Medicine, Division of Pulmonary Allergy and Critical Care Medicine, Vascular Medicine Institute, PA, USA; ‘Department of Food
Science & Technology, National Center for Electron Beam Research, Texas A&M University, College Station, TX, USA; kDepartment of
Pathology and Laboratory Medicine, American University of Beirut, Beirut, Lebanon; 'Division of Cancer Prevention and Control, Centers for
Disease Control and Prevention, Atlanta, GA, USA; MInstitute of Toxicology, University Medical Center, Mainz, Germany; "Centre for Health,
Innovation and Policy Foundation, Noida, India

ABSTRACT ARTICLE HISTORY
Tobacco use is a major cause of preventable morbidity and mortality globally. Tobacco products, Received 21 April 2023
including smokeless tobacco (ST), generally contain tobacco-specific N-nitrosamines (TSNAs), such as Revised 20 September 2023
N’-nitrosonornicotine (NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-butanone (NNK), which are potent Accepted 20 September 2023
carcinogens that cause mutations in critical genes in human DNA. This review covers the series of bio-
chemical and chemical transformations, related to TSNAs, leading from tobacco cultivation to cancer
initiatiqn. A key aim'of this revigw is to providg a greater gnderstapding of TSNAS: their precursors, 'Fhe N-nitrosamines; smokeless
microbial and chemical mechanisms that contribute to their formation in ST, their mutagenicity leading tobacco; nitrate-reducing
to cancer due to ST use, and potential means of lowering TSNA levels in tobacco products. TSNAs are bacteria; dissimilatory

KEYWORDS
Tobacco-specific

not present in harvested tobacco but can form due to nitrosating agents reacting with tobacco alka- nitrate reductase; Ras; p53;
loids present in tobacco during certain types of curing. TSNAs can also form during or following ST oncogene; DNA repair;
production when certain microorganisms perform nitrate metabolism, with dissimilatory nitrate reduc- adduct; mutation;

tases converting nitrate to nitrite that is then released into tobacco and reacts chemically with tobacco mutagenicity; cancer; NNN;
alkaloids. When ST usage occurs, TSNAs are absorbed and metabolized to reactive compounds that NNK; TSNA

form DNA adducts leading to mutations in critical target genes, including the RAS oncogenes and the

p53 tumor suppressor gene. DNA repair mechanisms remove most adducts induced by carcinogens,

thus preventing many but not all mutations. Lastly, because TSNAs and other agents cause cancer, pre-

viously documented strategies for lowering their levels in ST products are discussed, including using

tobacco with lower nornicotine levels, pasteurization and other means of eliminating microorganisms,

omitting fermentation and fire-curing, refrigerating ST products, and including nitrite scavenging chem-

icals as ST ingredients.
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1. Smokeless tobacco and cancer

At the present mortality rate, the World Health Organization
(WHO) predicts that during the twenty-first century, the world-
wide deaths due to consumption of all types of tobacco prod-
ucts may reach one billion. Smokeless tobacco (ST) in its widely
diverse forms, used orally or sometimes nasally, is consumed by
nearly 356 million in 140 countries across all six WHO regions
(Drope and Schluger 2018; Sinha 2018). A recent data analysis
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of 127 countries estimated the overall global ST-related disease
burden, mainly cancer and ischemic heart disease, among
adults results in an estimated 350,000 deaths each year. Among
the regions of world, the highest ST disease burden prevalence
(82%) is in the WHO South-East Asian Region (SEAR), especially
in India and Bangladesh (Hatsukami et al. 2014). According to a
recent Indian government monograph, 90% of all oral and pha-
ryngeal cancers in India are caused by tobacco use, with 50%
being associated with ST use (Gupta et al. 2016).

On a worldwide basis, a wide spectrum of ST products and
ST preparations are made with various types of tobacco, cured
and processed differently, that are combined with various
chemicals and non-tobacco plant ingredients, and result in a
wide range of carcinogenic tobacco-specific N-nitrosamine
(TSNA) concentrations. The names and descriptions of com-
monly used ST products and ST preparations from different
WHO regions of the world, their plant and chemical ingredients,
mode of use (e.g. oral, nasal), and TSNA levels, if known, are
presented in an appendix and chapters 3, 4, and 9 through 14
in a global ST report (Hatsukami et al. 2014). Additional prod-
ucts from the SEAR region, which has the highest level of ST
use globally, and various fermented traditional snuffs, such as
those made and used in Africa, have not been as well studied.
When ST products are sucked, chewed, held in contact with
oral tissues, or sniffed nasally, human exposure can occur, with
nicotine, TSNAs, and other compounds being absorbed and
entering circulation. TSNAs, which cause various types of cancer,
are the main topic of this review (Hatsukami et al. 2014; Stanfill
2016; Bhisey and Stanfill 2016). A recent meta-analysis by
Siddigi et al. reported that in 2017 about 91,000 deaths occur-
ring due to oral, pharyngeal, and esophageal cancer across the
globe were caused by ST use (Siddiqi et al. 2020). In the United
States, a significantly high risk of oral cancer is associated with
chewing tobacco and snuff use (Wyss et al. 2016). Carcinogenic
TSNAs contribute to the higher proportion of oral cancers
attributable to ST product use in India and Sudan (50%) as
compared to about 4% for the male population in the United
States where the TSNA content is much lower (Idris et al. 1994,
1995; Boffetta et al. 2008; Bhisey 2012). In the SEAR and Eastern
Mediterranean Region (EMR), use of ST products that may be
manufactured or made in a cottage-industry setting, such as
gutkha, khaini, zarda, mishri, tuibur, shammah, or toombak, or a
hand-made ST preparation such as tombol or paan (betel quid
with tobacco) (Hatsukami et al. 2014) have been associated
with various other types of cancers of the oral cavity (especially
the mouth, tongue, cheek, and gum), esophagus, pharynx, lar-
ynx, lung, stomach, and pancreas (Gupta et al. 2018). In particu-
lar studies of fermented cigar tobacco (Di Giacomo et al. 2007;
Li et al. 2020) and certain ST products, especially Sudanese
toombak, snuff have helped broaden our understanding of fac-
tors that contribute most to increased TSNAs formation during
tobacco production (Idris et al. 1991, 1994, 1995, 1998; Wiernik
et al. 1995; Wahlberg et al. 1999; Tyx et al. 2016, 2022; Smyth
et al. 2017; Rivera et al. 2020; Rivera and Tyx 2021; Sami et al.
2021). Conversely, studies of snus, which is pasteurized and
processed differently from other ST products, have highlighted
effective means of minimizing the levels of TSNAs and other
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carcinogens (Idris et al. 1998; Rutqvist et al. 2011; Lawler et al.
2020; Swedish Match 2023).

Among the 4200 chemicals present in ST, more than 30 are
classified as known human carcinogens (group 1) by the
International Agency for Research on Cancer (Boffetta et al. 2008;
Hatsukami et al. 2014; IARC 2021). Group 1 carcinogens present
in ST products include inorganic agents, such as metals or metal-
loids (e.g. arsenic, beryllium, cadmium, and nickel), that may be
absorbed from the soil or deposited on tobacco leaves during
cultivation (Golia et al. 2007; Pappas et al. 2008; Verma et al.
2010; Pappas 2011; Halstead et al. 2015). The molecular carcino-
genicity of select metals has been reviewed recently; these
agents are only briefly discussed in this review (Chen et al. 2019;
Zhu and Costa 2020). Group 1 carcinogens also include organic
compounds that can form reactive metabolites, then DNA
adducts that can cause mutations. These carcinogens include
polycyclic aromatic hydrocarbons (PAHs), such as benzolalpyrene
(BaP), and volatile organic compounds (VOCs), such as formalde-
hyde and acetaldehyde, that may be introduced during fire-cur-
ing; and aflatoxin B; (AFB1) produced by certain fungi. Areca
nut, the fruit of the areca palm tree (Areca catechu Linn.), is a
carcinogenic ingredient combined with tobacco in some ST
products (e.g. gutkha, mawa, mainpuri; some zardas, or gul prod-
ucts) and in custom handmade ST preparations (e.g. paan, tom-
bol, and dohra) used in India, Bangladesh, Pakistan, South and
Southeast Asian nations, Southern China, some African, Middle
Eastern, and Pacific Island nations; and worldwide among immi-
grants residing in numerous countries, including the US., UK,
Canada, and Australia. Besides its carcinogenicity, use of areca
nut is also linked to a damaging oral malformation known as
oral submucosal fibrosis (IARC 2004; Hatsukami et al. 2014;
Gupta et al. 2018; Rao et al. 2020). Lastly, TSNAs, such as N'-nitro-
sonornicotine (NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) and their human metabolites formed by several
biochemical and chemical mechanisms, which can lead to
adducts and mutations, are a primary topic of this review
(Section 2). Although numerous harmful substances (e.g. PAHs,
VOCGs, N-nitrosodimethylamine (NDMA), and other nitroso com-
pounds, etc.) may be present in ST (Hatsukami et al. 2014), this
present review focuses on a few IARC Group 1 carcinogens,
including two TSNAs, namely NNN and NNK, but also, BaP, AFBT,
and areca nut, all of which cause DNA adducts.

During certain types of curing that occur after harvesting,
TSNAs can form chemically if nitrosating agents (e.g. reactive
NO, gases) react with tobacco alkaloids (Section 2.6) (Wahlberg
et al. 1999; Di Giacomo et al. 2007; Fisher et al. 2012; Wang
et al. 2017; Ma et al. 2019). Also, certain nitrate-reducing bacteria,
if present and metabolically active, can play a role in nitrite pro-
duction leading to TSNA formation, particularly during processing
steps, such as fermentation, aging, and long-term storage of
tobacco or products (Andersen et al. 1991; Wiernik et al. 1995;
Wahlberg et al. 1999; Di Giacomo et al. 2007; Fisher et al. 2012;
Ma et al. 2019). Nitrate-reducing bacteria can contain assimilatory
(nas) or dissimilatory (nar and nap) nitrate reductase genes. The
nar and nap genes encode respiratory nitrate reductase and
periplasmic nitrate reductase, respectively. For clarity sake, in
this review paper, our use of the term nitrate-reducing bacteria
refers specifically to nitrate-reducing bacteria with dissimilatory
nitrate reductases, including respiratory and periplasmic nitrate

reductases, that can generate and release nitrite into tobacco.
Indeed, bacterial dissimilatory nitrate reductases is a primary
topic in Section 2 of this review (Wiernik et al. 1995; Wahlberg
et al. 1999; Gonzalez et al. 2006; Sparacino-Watkins et al. 2014;
Gonzalez et al. 2017).

This review also focuses on formation, bioactivity, and DNA-
adduct mechanism of chemical carcinogenesis related to TSNAs
during ST processing and when ST is introduced into the
human body. It further provides an exploration of the molecular
biology and biochemistry of nitrate reduction facilitated by cer-
tain nitrate-reducing bacteria and the chemistry of nitrosation
occurring during processing of ST products but also human
metabolism, adduct and mutation formation following ST
usage. Biochemical and chemical aspects of DNA repair are also
covered. Although knowledge gaps exist about the role of
microorganisms in TSNA formation in ST products, more
research is underway to fill these information gaps. Sections 2
and 3 presents a multi-disciplinary overview of the formation of
TNSAs during ST production and their bioactivity once intro-
duced into the human body due to ST usage. We start by
exploring absorption of nitrate fertilizer and biosynthesis of
alkaloids by tobacco plants, followed by the actions of bacterial
nitrate reductases and/or chemical nitrosation occurring post-
harvest, and end with human absorption from ST products fol-
lowed by metabolism, adduct formation, DNA repair, and lastly
the formation of mutations that lead to the progression of can-
cer (Figure 1). Very importantly, we review in Section 4 select
technologies or approaches that have been successfully used to
limit or minimize the formation or introduction of TSNAs and
other carcinogens during ST cultivation or production.

2. Accumulation of N-nitrosamines and other
carcinogens in tobacco

2.1. Tobacco cultivation and production steps

In preparation for a tobacco crop, growers consider genetic
traits of different Nicotiana species, varieties, or cultivars, soil
composition, seasonal weather patterns, pests, pathogens,
fertilizer and agricultural chemical application rates, and also
planning, harvesting, and curing methods, as well as other
parameters. Similar to other tobacco products, ST production
from seed-to-product generally proceeds through a number
of stages that can include seed planting, field transplanting
of seedlings, cultivation, harvesting, curing, processing, and
packaging. Although cultivation practices vary globally, the
growth of tobacco and its chemical content is influenced by
plant genetics and metabolism, weather (e.g. temperature
and rainfall), length of growing season, but also by the levels
of plant nutrients and contaminants in the water, ambient
air, soil, and soil amendments (e.g. fertilizers, added nutrients,
and manure) present in the agricultural environment that can
be absorbed by tobacco roots or deposited on tobacco leaf
surfaces. During cultivation, viable organisms (e.g. insects,
nematodes, fungi, bacteria, etc.) and viruses can reside in or
on tobacco plants, and also soil and residues of agricultural
chemicals (e.g. pesticides, fungicides, herbicides, etc.) can
deposit and remain on leaf surfaces of harvested tobacco
(Davis and Nielsen 1999; Wahlberg et al. 1999; Golia et al.
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Nitrate-containing fertilizers are applied to tobacco during cultivation.

M

Nitrate and alkaloids accumulate in leaves; bacteria and fungi can
also accumulate and remain in or on harvested leaves.

M

As tobacco dries during curing, leaf cells rupture and release nitrate and Nitrate Application
alkaloids—precursors of tobacco-specific nitrosamines (TSNAs).

During some types of curing, reactive nitrogen oxide (NO,) gases, such
as NO and NO,, can react with tobacco alkaloids to form TSNAs.

\

During certain stages in curing and processing, nitrate can be converted to nitrite
via microbial nitrate reductases; nitrite may also be formed by other enzymes.

CULTIVATION / PROCESSING

Nitrite Generation

\
M

Nitrite released into tobacco by microorganisms can react with
tobacco alkaloids to form carcinogenic TSNAs via nitrosation.

During ST use, TSNAs are absorbed across oral membranes.

TSNAs are metabolized to glucuronides that are excreted or to

diazohydroxides that f tive di ium i d carbocations. .
iazohydroxides that form reactive diazonium ions and carbocations TSNA Formation
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These intermediates then react with DNA to form DNA adducts.

DNA repair mechanisms* (such as MGMT, BER, and NER) in the
body can revert errant nucleotides back to the correct base.
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Mutations can result in altered or non-functional
oncogenic proteins (e.g., Ras, p53).

v

The above events can lead to the multi-step cancer formation
(initiation, promotion, progression, and metastasis).

*MGMT= Of-alkylguanine-DNA alkyltransferase that repairs alkyl adducts at O%-position of guanine Cancer Formation
and the O*-position of thymine formed from NNN, NNK, and NNAL; BER= Base Excision Repair;
NER= Nucleotide Excision Repair (5322283

Figure 1. Cascade of physical, chemical, and biological events leading from cultivation to cancer formation. Green blocks are events that can occur in cultivation or
processing. Blue boxes are those that occur during human absorption and metabolism. Key events addressed in this review are highlighted on the right.
Additionally, the presence of certain fungi could produce and release nitrite and also mycotoxins, such as aflatoxin B;, whereas, the use of fire-curing can result in
the accumulation of polycyclic aromatic hydrocarbons, such as benzo[alpyrene, and volatile organic compounds in tobacco.

2007; Rutqvist et al. 2011; Fisher et al. 2012; Chen et al. 2013; At harvest, individual leaves or entire stalks are excised
CORESTA 2013; Halstead et al. 2015; Davila et al. 2020; from tobacco plants and are generally not washed; therefore,
Oldham et al. 2020; Rivera et al. 2020; Rivera and Tyx 2021; chemical residues and viable microorganisms on tobacco leaf
Sajid et al. 2021; Sami et al. 2021; Tobacco Guide 2023). surfaces may persist during production, and may be present
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at some level in finished ST products (Wiernik et al. 1995;
Davis and Nielsen 1999; Wahlberg et al. 1999; IFPA 2006;
Golia et al. 2007; Larsson et al. 2008; CORESTA 2013; Han
et al. 2016; Smyth et al. 2017; Rivera et al. 2020; Rivera and
Tyx 2021; Sami et al. 2021; Tobacco Guide 2023). When har-
vesting is complete, tobaccos are dried by a method of curing,
such as fire-, air-, flue-, or sun-curing, prior to further processing.
Fire-curing is performed by hanging tobacco to dry in the heat
and smoke produced by smoldering wood and sawdust fires
maintained in the floor of a barn or building; unfortunately, car-
cinogenic PAHs (e.g. BaP) and VOCs (e.g. formaldehyde, acetal-
dehyde) are among the smoke-related chemicals that can be
produced and accumulate on tobacco leaves during fire-curing.
Moreover, the longer that tobacco is fire-cured, the more BaP
and other PAHs can accumulate on the curing leaves. Air-curing
involves air drying tobacco in a ventilated barn, whereas flue-
curing involves blowing heated air across tobacco in an
enclosed space. Sun-cured tobacco, which is heaped in piles in
the field, laid on the ground, or laid or hung on racks, is dried
in the sun (Davis and Nielsen 1999; Stepanov et al. 2008; Hearn
et al. 2013; Hatsukami et al. 2014; Tobacco Guide 2023).
Regardless of the curing method used, desirable curing end-
points include maximum production of tobacco leaf mass with
minimal leaf damage caused by pests, pathogens, nutrient defi-
ciencies, adverse weather, or other causes, but also appropriate
characteristics, such as leaf color and thickness, aroma, and con-
centrations of nicotine and certain sugars. Although nicotine is
a precursor of NNK and NNN, some of the nicotine in tobacco
plants can also be converted via a plant enzyme to nornicotine,
which is also a precursor of NNN. Although tobaccos used to
make ST almost always contain nicotine, tobaccos with lower
nornicotine levels are generally preferred to tobaccos with
higher nornicotine levels (Davis and Nielsen 1999; Hatsukami
et al. 2014; Lewis 2019; Tobacco Guide 2023).

In terms of tobacco processing and ingredients, ST varies
globally from products that contain cured tobacco with little
or no additives to complex products that are highly proc-
essed and have numerous chemical and non-tobacco plant
ingredients (Hatsukami et al. 2014). TSNAs are often present
at the end of curing, but can increase further during other
steps. The tobacco used to make some products (e.g. khaini,
toombak, moist snuff, dry snuff, traditional snuffs, etc.) may
be subjected to one or more processing steps, including fer-
mentation, aging, and long-term storage. These processing
steps are often characterized by limited O, levels, increased
microbial activity, and rapid chemical transformations, includ-
ing the formation of nitrite and TSNAs. Processing of other
types of ST products may omit all of these steps (Andersen
et al. 1991; Brunnemann and Hoffmann 1991; Wiernik et al.
1995; Wahlberg et al. 1999; Di Giacomo et al. 2007; Rutqvist
et al. 2011; Fisher et al. 2012; Hatsukami et al. 2014; Wang
et al. 2017; Li et al. 2020). Tobacco processing may also
include cutting, grinding, pulverizing, compressing, boiling,
roasting, toasting, or pyrolyzing tobacco; increasing or decreas-
ing moisture content; and blending of different types of
tobacco (e.g. air- and fire-cured tobacco in snuff). Processing
can also include the addition of chemical agents (e.g. flavor-
ings, colorants, and salts), non-tobacco plant ingredients (e.g.
areca nut, catechu, and spices), and pH-boosting agents (e.g.

slaked lime, plant/fungal ashes, metallic carbonates, or other
alkaline agents) that generally enhance oral absorption of
nicotine and areca nut related compounds. At the end of pro-
duction, tobaccos and ingredients are mixed and packaged to
generate the final ST products (Stanfill et al. 2011, 2018;
Lawler et al. 2013; Hatsukami et al. 2014; Nasrin et al. 2020).

Unlike other ST products, some snus products are produced
using air-cured tobacco that is pasteurized to eliminate micro-
organisms. Production of some snus products can include the
addition of food-grade ingredients and omission of steps such
as fire-curing, fermentation, and aging. In addition to pasteur-
ization, certain snus products are refrigerated where these
products are sold. Refrigeration of ST products inhibits micro-
bial growth and activity, and slows reactions that form TSNAs.
Nitrite-scavenging chemicals, which are added to some snus
products, capture nitrite to prevent its reaction with tobacco
alkaloids to form TSNAs. These processing modifications in
snus production tend to minimize the levels of TSNAs that can
remain elevated in other ST product types that are processed
differently (Hoffmann et al. 1994; Idris et al. 1998; Rundlof
et al. 2000; Rutqvist et al. 2011; Hatsukami et al. 2014; Lawler
et al. 2020; Swedish Match 2023).

In terms of packaging, cottage industry or custom-made ST
products or ST preparations (e.g. paan), once made, are often
wrapped or enclosed in commonly available materials (e.g. cel-
lophane, newspaper, foil, paper bags, and zip-lock bags).
Manufactured ST products, on the other hand, usually contain
tobacco material sealed inside more substantial packaging
materials (e.g. metal, plastic, or cardboard containers, tearable
or resealable foil packs, shrink wrapping, sealed plastic bags)
with recognizable product names, brand names, colors, and
graphics. Some types of tightly packed or tightly sealed pack-
aging retain moisture but may limit O, levels in the product
contents. After production, some product packages may con-
tain microorganisms that produce nitrite in the time intervals
between ST packaging and product sale while in various envi-
ronments (e.g. in storage facilities, delivery vehicles, stores,
street stalls, vending carts, etc.) and in ST packages between
purchase and ST use. During these periods, the varying phys-
ical and chemical conditions (e.g. temperature, moisture, pH,
nitrate, and O, levels) inside of some ST packages, may be
amenable to nitrite generation and release by certain microor-
ganisms. Moreover, conditions inside some ST packages may
also allow nitrite, released from certain microorganisms into
tobacco, to initiate the abiotic nitrosation reactions with
tobacco alkaloids that generate TSNAs. In this review, the
enzymatic and chemical steps that can lead to TSNA formation
are discussed in detail (Andersen et al. 1991; Hoffmann et al.
1994; IARC 2004; Di Giacomo et al. 2007; Rutqvist et al. 2011;
Hatsukami et al. 2014; Han et al. 2016; Jain et al. 2017; Smyth
et al. 2017; Stanfill et al. 2018; Gunjal et al. 2020; Nasrin et al.
2020; Rao et al. 2020; Rivera and Tyx 2021).

During some types of curing, formation of TSNAs, including
NNN and NNK, can occur due to nitrosation reactions when
nitrosating agents react with tobacco alkaloids (Section 2.6).
Another pathway to TSNAs, which is a primary topic in Section
2, involves two types of chemical precursors: nitrate absorbed
into tobacco roots from nitrate-fertilized soils, and certain alka-
loids (e.g. nicotine, nornicotine) naturally synthesized in



tobacco; and also certain microorganisms that generate and
release nitrite (i.e. a reactive nitrosating agent) into tobacco
that actually initiates TSNA formation. These chemical agents
and microorganisms can naturally accumulate in or on
tobacco leaves by the end of cultivation of nitrate-fertilized
tobacco. Processing steps such as fermentation and aging are
amenable to active microbial proliferation and nitrite forma-
tion (Figure 2). In a two-step process, TSNAs can be formed-
first, certain microorganisms facilitate enzymatic conversion of
nitrate to nitrite, or nitrite generated by other nitrite-producing
enzymes, then the nitrite that is produced is released into
tobacco (Section 2.5), then second, nitrosation reactions occur
between nitrite and certain tobacco alkaloids to produce NNN
and NNK (Section 2.6). These steps start late in curing and pro-
ceed through processing while appropriate conditions persist
(Figure 2). When adequate precursors and particular microor-
ganisms are present, this same two-step process described
above can continue inside of ST products even after purchase,
especially in those with higher moisture content and elevated
temperatures (Andersen et al. 1991; Hoffmann et al. 1994;
Wiernik et al. 1995; Wahlberg et al. 1999; Staaf et al. 2005; Di
Giacomo et al. 2007; Rutqvist et al. 2011; Hatsukami et al.
2014; Tobacco Guide 2023). Next, we discuss the origins of the
chemical precursors of TSNAs in tobacco during cultivation.

2.2. Uptake and utilization of nitrogen ions and soil
constituents

Nitrogen uptake from the soil, including that provided by
nitrate fertilizers, is vitally important to tobacco plants. As a
tobacco plant grows, available nitrogen ions in the soil, such as
nitrate and ammonium, are absorbed by the roots and are sub-
sequently used to synthesize tobacco-specific molecules, such
as tobacco alkaloids nicotine and nornicotine, but also biomole-
cules, such as amino acids, proteins, nucleotides, DNA, RNA,
and chlorophyll, required for normal plant growth (Davis and
Nielsen 1999; Garrett and Grisham 2016; Taiz et al. 2022). At the
beginning of the growing season, tobacco leaves generally con-
tain low levels of nitrate, even lower levels of nitrite, and essen-
tially no TSNAs (Idris et al. 1991; Wiernik et al. 1995; Davis and
Nielsen 1999; Law et al. 2016; Xu et al. 2020; Tobacco Guide
2023). In order to increase soil nitrate levels during tobacco cul-
tivation, various nitrate-containing agents such as ammonium
nitrate, calcium nitrate, potassium nitrate, sodium nitrate, or cal-
cium ammonium nitrate can be applied as fertilizers.
Alternatively, urea or ammonia, which do not contain nitrate,
do not contribute to increased soil nitrate levels if used as fertil-
izers. Because nitrate anions naturally leach out of soils, reappli-
cation of nitrate-containing fertilizers is required throughout the
tobacco growing season to maintain appropriate soil nitrate lev-
els (Davis and Nielsen 1999; Soares et al. 2012; Kaiser et al.
2015; Li et al. 2017; Tobacco Guide 2023).

The nitrate-acquiring process in plants includes root uptake,
root-to-shoot transport, storage, and reduction of nitrate to
nitrite and then to ammonium that is readily incorporated into
numerous biomolecules (Tischner and Kaiser 2007). A number
of specific transporter proteins facilitate nitrate uptake from the
soil into root epidermal cells, which then moves layer by layer
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through the root cortex, endodermis, pericycle, and paren-
chyma, and finally into the vascular xylem that transports
nitrate anions upwards to the leaves where it is stored in leaf
cell vacuoles (Wang et al. 2012). Absorbed ammonium can be
directly incorporated into nitrogen-containing compounds,
whereas absorbed nitrate (NO3”) must first be metabolized to
nitrite (NO,"), then rapidly to ammonium (NH,™) prior to further
assimilation (Davenport et al. 2015). Complex and sophisticated
biochemical mechanisms maintain nitrite (NO,") at low levels in
tobacco leaves. Lastly, nitrate (NOs"), which is not assimilated
during the growing season, remains in harvested tobacco leaves
and is a precursor in TSNA formation. In unburned tobacco and
ST products, nitrate can reach as high as mg/g concentrations
(Davis and Nielsen 1999; Stepanov et al. 2005; Henry et al.
2019; Mocniak et al. 2023; Tobacco Guide 2023).

In addition to the uptake of nitrogen ions, certain macronu-
trients (e.g. Ca, Mg, and S) and micronutrients (e.g. Cu, Fe, and
Mo), required for plant growth and enzyme functioning, are
absorbed from the soil by roots and are present in harvested
leaves (Taiz et al. 2022). In some cases, it is necessary for sub-
stances containing S and Mo to be applied to promote normal
tobacco growth during cultivation (Tobacco Guide 2023). Some
metals or metalloids that are toxic (e.g. Al, Cr, and Hg) or car-
cinogenic (e.g. As, Be, Ni, Co, Cd, and Pb) can be present in
contaminated soil or the agricultural environment. These harm-
ful agents may be absorbed and translocated into tobacco
leaves or may be deposited onto tobacco leaf surfaces by
some means during cultivation or harvesting (Golia et al. 2007;
Pappas et al. 2008; Verma et al. 2010; Pappas 2011; Halstead
et al. 2015). During curing, tobacco dries and its leaf cells rup-
ture, releasing nutrients (Wahlberg et al. 1999), including S, Fe,
and Mo, that can be utilized by bacteria in assembling enzyme
cofactors (i.e. heme, Fe/S clusters, and Mo centers) necessary
for nitrate reduction activity (Section 2.4) and in assembling
Fe/S clusters present in transcriptional regulators (e.g. ArnR)
necessary in sensing NOs™ and O, levels to express bacterial
nar genes (Figure A1) (Chandrangsu et al. 2017).

2.3. Alkaloid biosynthesis in tobacco

Worldwide, at least 83 different Nicotiana species have been
identified, which possess various metabolic pathways producing
different concentrations of tobacco alkaloids that can form
TSNAs, including nicotine, nornicotine, anabasine, and anatabine;
however, we will focus only on the first two compounds that
are precursors to the most potent TSNA carcinogens, NNN and
NNK (Davis and Nielsen 1999; Hatsukami et al. 2014; Berbe¢ and
Doroszewska 2020; Tobacco Guide 2023). Among the Nicotiana
species, it is N. tabacum (i.e. cultivated tobacco), with its numer-
ous cultivars that have different characteristics and varying levels
of nicotine and nornicotine, that is the most common species
used to make ST products worldwide. Another species, N. rustica
(i.e. Aztec tobacco), used to make ST products in South America
(e.g. rapé), Sudan (e.g. toombak), India, Bangladesh, and other
Asian countries (e.g. zarda, khaini, gul, sada pata, chewing
tobacco, maras, etc) can contain even higher levels of nicotine
and nornicotine than found in N. tabacum. Lastly, the leaves of
N. glauca (i.e. tree tobacco), which are chewed or occasionally
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Figure 2. Key agricultural and processing steps contributing to the formation of TSNAs in nitrate-fertilized tobacco by nitrate reduction and nitrosation. If present, bacteria with
other nitrite-producing enzymes (e.g. nitronate monooxygenase) or certain fungi with nitrate reductases could produce and release nitrite at some point in tobacco processing.

used to make ST products, contain little or no nicotine but ele-
vated levels of anabasine that is toxic and sometimes lethal
(Idris et al. 1991; Sinha 2004; Stepanov et al. 2005; Furer et al.
2011; Stanfill et al. 2011, 2015, 2018; Lisko et al. 2013; Hatsukami
et al. 2014). The physiological role that tobacco alkaloids play in
tobacco and the metabolic pathways and biological processes

that lead to nicotine and nornicotine being present in tobacco
leaves at harvest are summarized below.

All tobacco species are members of the nightshade plant
family (i.e. Solanaceae family) and some synthesize pyrrolidine—
pyridine alkaloids that act as a chemical defense to ward off
herbivores and pathogens that can damage tobacco. The



tobacco alkaloid nicotine, which is produced in the roots then
translocated to tobacco leaves and is present in hair-like tri-
chomes on the leaf surfaces, exerts its insecticidal properties by
binding to acetylcholine receptors in insects exposed to it
(Baldwin 1989; Steppuhn et al. 2004; Benowitz et al. 2009; Cui
et al. 2011; Martinez-Jarquin et al. 2018; Zenkner et al. 2019;
Kanmani et al. 2021; Sahu et al. 2022). Tobacco biosynthesis of
nicotine and nornicotine begins when nitrate or ammonia are
absorbed via tobacco roots and then assimilated into one of
three amino acids (arginine, ornithine, and aspartic acid). In
one biosynthetic pathway, arginine or ornithine is converted to
putrescine, which is further transformed by several enzymatic
steps into a reactive intermediate, N-methylpyrrolinium cation,
which contains a pyrrolidine ring. In a separate pathway,
aspartic acid undergoes enzymatic steps resulting in 3,6-dihy-
dronicotinic acid, which contains a dihydropyridine ring. Finally,
nicotine, a pyrrolidine-pyridine alkaloid, is generated when a
N-methylpyrrolinium cation reacts with 3,6-dihydronicotinic
acid in root cortical cells (Shi et al. 2006; Shoji and Hashimoto
2013; Uriarte et al. 2017; Lewis 2019; Zenkner et al. 2019). Later
in tobacco cultivation, a jasmonate-inducible alkaloid trans-
porter facilitates translocation of nicotine from the tobacco
roots to the leaves. Once in the leaves, a certain percentage of
nicotine molecules can be converted to nornicotine in tobacco
plants that contain the nicotine N-demethylase enzyme, which
removes the methyl group from the pyrrolidine ring in nicotine
and substitutes it with a hydrogen to yield nornicotine. At har-
vest, tobacco alkaloids may be present in tobacco leaves or on
their surfaces (Morita et al. 2009; Cui et al. 2011; Lisko et al.
2013; Zenkner et al. 2019; Tobacco Guide 2023). Besides their
bioactivity, tobacco alkaloids, such as nicotine and nornicotine,
can chemically react with nitrite, generated and released by
certain microorganisms, to form the most carcinogenic TSNAs
in ST products, NNN and NNK (Wahlberg et al. 1999; Shi et al.
2006; Shoji and Hashimoto 2013; Li and Hecht 2022). The intro-
duction of microorganisms into tobacco and the activity of cer-
tain microbial enzymes, which can form nitrite leading to TSNA
formation in ST products, are covered next.

2.4. Presence of bacteria and fungi in tobacco

Microorganisms, present in soil and agricultural environ-
ments, can be transferred to tobacco during cultivation and
may remain in tobacco tissues or on tobacco leaf surfaces at
the end of cultivation (Wiernik et al. 1995; Wahlberg et al.
1999; Golia et al. 2007; Chang and Parsonnet 2010; Pauly and
Paszkiewicz 2011; Rivera et al. 2020; Rivera and Tyx 2021;
Sami et al. 2021). During harvesting, tobacco is sometimes
laid directly on the soil briefly. Tobacco used to make toom-
bak snuff is sun-cured in the tobacco field. In that type of
curing, tobacco is heaped in piles in the field and remains
for as long as 45 days in close proximity to soil. Hence,
microorganisms can be introduced into tobacco during culti-
vation, harvesting, or curing, but also due to contact with
bare hands occurring during harvesting and handling of
tobacco, or during hand-mixing of the final ST products (Idris
et al. 1991, 1998; Smyth et al. 2017). During later stages of
curing, tobacco dries out and cellular membranes rupture,
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thus releasing cell contents, such as nitrate, alkaloids, and
sugars, that can be subjected to microbial metabolism,
including nitrite production, and chemical reactions leading
to TSNAs (Figure 2). During fermentation and aging of
tobaccos for ST and cigars, bacterial communities are influ-
enced by pH, temperature, moisture, and oxygen availability
(Andersen et al. 1991; Wahlberg et al. 1999; Di Giacomo et al.
2007; Fisher et al. 2012). Other potential sources of microor-
ganisms in ST products may include processing environments
or equipment (e.g. fermentation vats, mixing, or storage con-
tainers), non-food grade ingredients (ldris et al. 1991;
Wahlberg et al. 1999; Rutqvist et al. 2011; Fisher et al. 2012;
Smyth et al. 2017), or those intentionally added to aid fer-
mentative processes (Fisher et al. 2012).

Even with the conditions encountered during ST produc-
tion, some bacteria survive and remain viable in ST products
(Han et al. 2016; Smyth et al. 2017). Indeed, the bacterial
microbiota in various tobacco products, such as cigarettes,
cigars, and various ST types, is highly diverse and has been
studied extensively in recent decades (Di Giacomo et al.
2007; Sapkota et al. 2010; Han et al. 2016; Law et al. 2016;
Tyx et al. 2016; Al-Hebshi et al. 2017; Chopyk et al. 2017;
Smyth et al. 2017; Rivera et al. 2020; Rivera and Tyx 2021;
Sajid et al. 2021; Sami et al. 2021; Tyx et al. 2022). Certain
bacteria found in ST products can contribute to TSNAs. Many
ST products can contain bacteria with assimilatory and/or dis-
similatory nitrate reductase genes (Law et al. 2016; Tyx et al.
2016, 2022; Rivera et al. 2020; Rivera and Tyx 2021).
Enteractinococcus, Corynebacterium, and Staphylococcus are
among the nitrate-reducing species found in some ST prod-
ucts that contain genes in the nar operon encoding respira-
tory (dissimilatory) nitrate reductase. Other ST products, such
as dry snuff, also contain members of the Enterobacteriaceae
family that contain genes in the nap operon that encode peri-
plasmic nitrate reductases; these bacteria may or may not con-
tain nar genes (Tyx et al. 2016, 2022; Smyth et al. 2017; Rivera
et al. 2020; Rivera and Tyx 2021; Sami et al. 2021). Nitronate
monooxygenase, which combines O, with various nitroalkanes
to form certain aldehydes (e.g. acetaldehyde) and nitrite, has
been found among the microorganisms in some ST products
(Gadda and Francis 2010; Rivera et al. 2020; Torres-Guzman
et al. 2021). However, further investigation is needed to
improve our understanding of the pathways critical in the for-
mation of TSNAs among various ST product types, which vary
in their chemical and microbiological content.

While some fungi also have dissimilatory nitrate reduc-
tases (Shoun et al. 2012) and were found to play a role early
in the fermentation of tobacco (Di Giacomo et al. 2007), fun-
gal populations have not been studied as extensively as the
bacterial populations and may only be present in low abun-
dances in ST products at the time of purchase (Rivera et al.
2020). A deeper study of fungi in this area of tobacco prod-
uct research will provide greater understanding of their role
in the formation of TSNAs and other carcinogens (e.g. afla-
toxins and other mycotoxins) in ST products. In Section 2.5,
discussion related to TSNA formation focuses primarily on
bacterial dissimilatory nitrate reductases (Wiernik et al. 1995;
Wahlberg et al. 1999; Law et al. 2016; Tyx et al. 2016; Rivera
et al. 2020; Rivera and Tyx 2021).
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2.5. Bacterial nitrate reduction proteins involved in
generation and release of nitrite

2.5.1. Bacterial nitrogen ion transport proteins

In order for nitrate present in tobacco to enter the cytoplasm
of bacterial cells and for nitrite that is formed to exit, a trans-
membrane ion transporter is required. Some nitrate-reducing
bacteria with nar operons, such as narKGHJI and narGHJIK,
produce NarK, a nitrate:nitrite antiporter. The NarK trans-
porter is thought to operate by a “rocker switch” mechanism
in which nitrate enters and is transferred to the cytoplasmic
side before nitrite is transferred outward to the periplasmic
side (Yan et al. 2013). Researchers have found another nitrate:
nitrite antiporter in Staphylococcus species annotated as NarT
(Fast et al. 1996). Some bacteria may contain other nitrogen
ion transporters (e.g. NrtABC) (Frias et al. 1997) and/or porins,
barrel-shaped proteins in the outer membrane, that facilitate
passive transport that allows nitrogen ions to enter the peri-
plasm or exit to the extracellular environment (Cowan et al.
1995). When nitrate enters bacterial cells through transport-
ers or porins, it can be metabolized to nitrite by dissimilatory
nitrate reductases localized in the cytoplasm or periplasm.
Once nitrite is formed, it can exit through transporters and/or
porins and cause extracellular nitrite to accumulate
(Richardson 2000; Gonzalez et al. 2006, 2017). Section 2.5.2
delves into the molecular biology of nar and nap genes and
the protein biochemistry related to the structure and func-
tioning of bacterial nitrate reductase proteins and their
molybdenum-containing active sites where nitrite-producing
reactions key to TSNA formation can occur.

2.5.2. Bacterial dissimilatory nitrate reductases
As mentioned already, TSNAs can be formed when tobacco
alkaloids react with nitrogen oxide (NO,) gases during curing
but also via nitrite-catalyzed nitrosation. Nitrite is commonly
produced by dissimilatory nitrate reductases, which are
molybdoenzymes. Because nitrate-reducing bacteria with
respiratory nitrate reductases or periplasmic nitrate reductases
are thought to play a role in TSNA formation, we present infor-
mation about the structure and function of these enzymes
(Wiernik et al. 1995; Wahlberg et al. 1999; Law et al. 2016; Tyx
et al. 2016, 2022; Smyth et al. 2017; Rivera and Tyx 2021).
Nitrate reductases contain a single molybdenum atom per
active site and are the only metalloenzymes currently known
to catalyze the nitrate reduction reaction, which converts
nitrate to nitrite (Gonzalez et al. 2006, 2017; Maia et al. 2017).
Nitrate-reducing bacteria can contain one or more of three
types of nitrate reductases that have distinct structure, sub-
cellular location, and physiological roles; however, all three
types of nitrate reductases catalyze the same oxotransferase
reaction and contain a molybdenum-dependent catalytic sub-
unit that contains two redox-active cofactors: the molybdop-
terin cofactor and one 4Fe—4S cluster (Gonzalez et al. 2006,
2017; Maia et al. 2017). Prokaryotic nitrate reductases are
classified as: (1) assimilatory nitrate reductases (encoded in
nas genes), which are cytoplasmic enzymes key in nitrogen
assimilation and subsequent biosynthetic metabolism, yet do
not produce nitrite that is exported; (2) respiratory nitrate

reductases (nar) that are membrane-bound and face the
cytoplasm; and (3) periplasmic nitrate reductases (nap) that
are located on the outside of the inner membrane in the
periplasmic space. Assimilatory nitrate reductase (nas)
reduces NOs;~ to NO, N,O, N, or NH, whereas dissimilatory
nitrate reductases encoded in nar and nap genes do not
incorporate NO3™ into biomass but convert it to NO,™ that is
released into tobacco (Gonzalez et al. 2006, 2017; Sparacino-
Watkins et al. 2014; Maia et al. 2017).

Respiratory nitrate reductases (nar), often expressed under
low O, conditions, are typically involved in energy gener-
ation, detoxification, and redox regulation (Maia et al. 2017).
Certain stages in tobacco processing (e.g. fermentation,
aging) may provide low O, conditions and available NOs~
(Andersen et al. 1991; Di Giacomo et al. 2007; Fisher et al.
2012) conducive to nar gene expression. Regulatory systems
in certain bacteria control nar genes so that nitrate respir-
ation occurs appropriately in response to O, and NOs™. For
example, transcriptional regulators such as ArnR and GIxR
control nar gene expression (Figure A1). Under aerobic condi-
tions, a FeS cluster bound form of ArnR (i.e. FeS-ArnR) is asso-
ciated with the promoter region and prevents nar operon
expression (Nishimura et al. 2007, 2008, 2011, 2014; Madeira
et al. 2019). In the presence of NO3~ and anaerobic condi-
tions, FeS-ArnR loses the FeS cluster, resulting in ArnR being
released from the promoter, thus allowing for nar operon
expression. The nar operon also requires an activator, GIxR,
that binds to the nar operator region and promotes nar gene
expression in response to cAMP due to low O, conditions
(Nishimura et al. 2008, 2011, 2014). The ArnR/GIxR regulatory
system and nitrogen regulatory elements (e.g. NreABC) are
discussed in more detail in Appendix A1.

Some bacterial nar operons (e.g. narKGHJI, narGHJIK) con-
tain the blueprint for nitrate/nitrite transporters, the respira-
tory nitrate reductase (NarGHI), and the NarJ chaperone
protein that aids in the assembly of the three reductase sub-
units and its active site in a finely orchestrated process,
shown in Figure A2 (Blasco et al. 1998; Lanciano et al. 2007;
Bay et al. 2015). Some Staphylococcus species contain a gene
for a NarT ion transporter (Fast et al. 1996) and a separate
narGHJI operon (Maia et al. 2017). Genes in the molybdenum
cofactor biosynthesis pathway are also expressed to synthe-
size components of the active site (Palmer et al. 1996;
Vergnes et al. 2004). The respiratory nitrate reductase com-
plex (NarGHI), which is cytoplasm facing, is a dimer of hetero-
trimers (aBy), consisting of two copies each of the a-, -, and
v-subunits, also denoted as NarG, NarH, and Narl, respectively
(Bertero et al. 2003; Gonzalez et al. 2006, 2017; Maia et al.
2017) (Figure 3(A)).

In terms of the individual protein subunits, NarG is the
catalytic subunit that is cytoplasm-facing and holds a [4Fe-
4S] cluster and the molybdenum-containing active site where
nitrate is reduced to nitrite (Figure 4). Moreover, the elec-
tron-conducting subunit NarH holds one [3Fe-4S] and three
[4Fe-4S] centers that convey electrons from Narl to NarG.
Lastly, Narl proteins anchor NarGHI to the cytoplasmic side of
the inner membrane of a bacterium. Narl also holds two
b-type hemes that catalyze quinol oxidation and releases pro-
tons to the periplasmic space, which boosts the proton



gradient. When assembled and functioning, NarGHI facilitates
electron flow from quinol to nitrate that subsequently gener-
ates a proton gradient necessary for ATP synthesis but pro-
duces nitrite as a by-product. Transporters (e.g. NarK, NarT,
and NrtABC) or porins (Section 2.5.1) allow nitrate to enter
and nitrite to exit the bacterial cell (Bertero et al. 2003;
Gonzélez et al. 2006, 2017; Maia et al. 2017).

Periplasmic nitrate reductases (Figure 3(B)) are function-
ally diverse and play a role in dissimilatory nitrate reduction
(Cruz-Garcia et al. 2007; Tamegai et al. 2007), but also the
maintenance of cellular redox potential (Richardson 2000)
and nitrate scavenging (Potter and Cole 1999); thus, peri-
plasmic nitrate reductases also present another potential
mechanism by which nitrite can be produced and released
into tobacco (Law et al. 2016; Tyx et al. 2016, 2022; Sami
et al. 2021). Similar to the structure of the NarG subunit, the
active site of the NapA subunit is buried ~15A below the
protein’s surface. To reach the active sites of these reduc-
tases, nitrate anions pass through a large funnel-shaped
cavity to reach the molybdenum center at the catalytic
core, where nitrate is reduced and nitrite is generated and
subsequently released (Sparacino-Watkins et al. 2014)
(Figures 3(A,B) and 4).

Although the content and order of genes differ, all nap
operons contain the napA gene for the catalytic subunit and
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many have napB that encodes the electron-conducting sub-
unit that makes up the NapAB heterodimer found in the peri-
plasm of some bacteria. Genes in nap operons that have
been identified are thought to function in the maturation of
catalytic subunits (napF, napL, and napD) or in electron trans-
fer (napB, napC, napG, and napH) with NapA, whereas the
function of napE is not well described (Sparacino-Watkins
et al. 2014). Among proteobacteria, electrons are provided
to cytoplasmic NapAB via periplasm-facing NapC and/or
NapGH associated with the inner membrane as shown
in Figure A3. The nap operon structure, organization, and
nap gene content among bacteria are highly variable,
with no consensus among phylogenetic classes. Diverse
nap operons are found among soil bacteria, such as betapro-
teobacteria (e.g. napEDABC), gammaproteobacteria, such as
the Enterobacteriaceae family (napFDABC, napDABC, and
napFDAGHBC) and the Pseudomonadaceae family (napEDABC
and napEFDABC), and epsilonproteobacteria (napAGHBFLD),
but each contain napC and/or napGH genes involved in elec-
tron transfer. Individual bacteria can have more than one nap
operon with different organization (Gonzalez et al. 2006; Simpson
et al. 2010; Hartsock and Shapleigh 2011; Sparacino-Watkins et al.
2014). Members of these taxonomic groups mentioned above
have been found among tobacco and tobacco-containing prod-
ucts (Wiernik et al. 1995; Wahlberg et al. 1999; Huang et al. 2010;

B Cytoplasm

Inner Membrane

Active site
molybdenum
center

Periplasm

Outer Membrane

Figure 3. Representative structures of bacterial dissimilatory nitrate reductases that are members of the dimethylsulfoxide (DMSO) reductase family. These reductases
include: (A) respiratory nitrate reductase. The structure of the membrane-bound respiratory NarGHI complex is shown in a cartoon representation (PDB entry 1Q16). For
clarity, only one (af3y) unit of the (atfy), dimer is shown. The o or G subunit (green) harbors the active site and one 4Fe/4S; the 3 or H subunit (blue) contains four 4Fe/
4S; lastly, the membrane-spanning y or | subunit (orange) contains two b-type hemes (grey). 4Fe/4S centers (orange/yellow) are shown in the protein structure, whereas
the molybdenum-cofactor active site (purple) converts nitrate to nitrite. NarGHI operates in concert with transporters, such as NarK or NarT, that eliminate nitrite from a
bacterium. (B) Periplasmic nitrate reductase. The structure of the NapAB complex localized in the periplasm is shown in a cartoon representation (PDB entry 10GY). The A
subunit (green) harbors the active site (purple) and one 4Fe/4S; the B subunit (tan) contains two c-type hemes (grey). Inner membrane associated NapC and/or NapGH
(not shown) usually provide electrons to NapB, which are then transferred to the molybdenum-containing active site in NapA that facilitates the nitrate to nitrite reaction.
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Figure 4. Nitrate reduction occurring at the molybdenum center in NarG and NapA subunits. Dissimilatory nitrate reductases, such as respiratory nitrate reductase
that contains NarG and periplasmic nitrate reductase that contains NapA, are members of the molybdenum-containing dimethylsulfoxide (DMSO) reductase family.
NarG usually contains an aspartate ligand attached to the molybdenum center, whereas NapA usually contains a cysteine. NarG and NapA are catalytic reductase
subunits that facilitate a four-step oxotransferase mechanism which includes: Step 1, nitrate binds to molybdenum; step 2, a N-O bond of nitrate is cleaved and lib-
erates a nitrite; step 3, two protons and two electrons are consumed and, lastly; step 4, a water molecule is released. The nitrite anion formed in step 2 can either
be assimilated or released from the bacterium. The consumption of two protons from the cytoplasm during step 3 contributes to the overall transmembrane proton
gradient utilized for bacterial ATP production. This enzymatic reaction is performed in the active site of respiratory nitrate reductases but also in periplasmic nitrate
reductases, although the latter does not result in the production of ATP. These enzymes, if present and active, can contribute to extracellular nitrite accumulation.

Sapkota et al. 2010; Law et al. 2016; Tyx et al. 2016; Smyth et al.
2017; Rivera et al. 2020; Rivera and Tyx 2021).

Transcriptional regulation of the nap operon is complex
and involves a number of regulatory proteins that sense
environmental conditions, such as O,, NO3~, carbon, iron, and
molybdenum (Peters et al. 1987; Korner et al. 2003; Durand
and Guillier 2021). Those last two elements are important for
the biosynthesis of [4Fe/4S] centers and molybdenum cofac-
tor biosynthesis (encoded in the moaA operon), respectively—
both cofactors are essential components for catalytically com-
petent NapA (Palmer et al. 1996; Vergnes et al. 2004).
Periplasmic nitrate reductases can generate NO,~ when NOs~
is present with adequate O, and excess carbon, whereas
some periplasmic nitrate reductases generate NO,  under
low O, conditions. Ralstonia are betaproteobacteria and
tobacco plant pathogens found in some ST products (Tyx
et al. 2016; Rivera et al. 2020) that express nap genes under
both normal and low O, levels, which may allow NO,™ to be
generated during various processing stages with varied O,
status. Ralstonia can also contain nar genes (Sparacino-
Watkins et al. 2014; Maia et al. 2017; Rivera et al. 2020).

Although molybdenum is rare in nature, it is found in a
number of nitrogen-cycle enzymes. Indeed, among bacteria, at
least 50 different molybdoenzymes have been reported

(Mendel and Bittner 2006). As mentioned, a single molybdenum
(Mo) atom is present in the active sites of enzymes that catalyze
redox reactions involving carbon, sulfur, and nitrogen. Both dis-
similatory nitrate reductases, respiratory nitrate reductases and
periplasmic nitrate reductases are members of the dimethylsulf-
oxide (DMSO) reductase family that contains a single Mo atom
held in place by four sulfur ligands in two pyranopterin units,
and an amino acid residue, such as aspartate or cysteine in
NarG and NapA, respectively. The multi-step nitrate reduction
cycle is shown in Figure 4. In the oxotransferase reaction, Mo
can form a single bond with one of the three oxygen atoms in
a NOs™ anion to yield a Mo-O-NO,™ intermediate (step 1) that
readily forms Mo=0 while releasing NO, (step 2) that can
either be assimilated or exported out of the bacterial cell. To
restore Mo=0 back to Mo in the active site, two protons and
two electrons are consumed (step 3), and a single water mol-
ecule is lost (step 4), which restores Mo so a subsequent nitrate
reduction can occur (Maia et al. 2017). The active site of peri-
plasmic nitrate reductase (NapA) catalyzes nitrate reduction in a
manner similar to respiratory nitrate reductase (Gonzalez et al.
2006, 2017; Sparacino-Watkins et al. 2014).

Certain bacterial species (e.g., Bacillus, Enterococcus) can gen-
erate and release nitrite under aerobic and anaerobic conditions
(Wong and Flint 2019). Moreover, when O, is not available and



aerobic respiration is not occurring, respiratory nitrate reduction
in certain species can provide an alternative means of produc-
ing ATP. As mentioned earlier, low O, conditions, such as pre-
sent during fermentation, can trigger the expression of NarGHI
proteins. When the NarGHI complex is assembled and oper-
ational, two protons are consumed in the cytoplasm during the
nitrate reduction reaction in the NarG subunit (not shown)
(Figure 4, step 3), and two protons are liberated into the peri-
plasmic space due to oxidation of each QH, within the Narl
subunit. This produces a net balance of 4H™ between the
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cytoplasm and periplasmic space for each nitrate reduced by
NarGHI. The resulting transmembrane proton gradient har-
nessed by ATP synthase drives the production of ATP (Figure 5)
(Gonzalez et al. 2017).

Not all nitrite that is produced in bacteria is released as
some bacteria contain NirBD or a similar nitrite reductase
that reduce nitrite to ammonium that is then assimilated into
nitrogen-containing biomolecules (Figure A1). Nitrite that is
exported moves to the periplasm via NarK, NarT, NrtABC, or
other ion transporters and then through porins (Gonzélez

Nitrate-reducing bacteria

(with nar and/or nap genes)
in tobacco
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Figure 5. Potential routes of TSNA formation include bacterial nitrite production and release, followed by abiotic nitrosation. A variety of bacteria, present in smoke-
less tobacco products, can perform aerobic respiration utilizing O, as a terminal electron acceptor but can also contain respiratory nitrate reductases (NarGHI).
Under low O, levels, bacteria expressing NarGHI use nitrate (NO3") as an alternate electron acceptor and generate a transmembrane proton motive force that drives
ATP production. Because nitrite can be toxic in certain bacteria, it is either assimilated or released into the extracellular environment. Assimilation of nitrite can
occur if NirBD (not shown) or another nitrite reductase is present in the cytoplasm. Some bacteria may contain NapAB in the periplasm that can generate and
release nitrite. NapC but also NapGH (not shown) can provide electrons required for NapAB to reduce nitrate to nitrite. When nitrite is released by bacterial porins
into tobacco, it can react with tobacco alkaloids, such as nicotine and nornicotine, to form carcinogenic TSNAs via chemical nitrosation. Other nitrite-producing
enzymes exist in other bacteria or fungi that may be present in tobacco. Nitrate-reducing bacteria can have different sizes and morphologies.
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et al. 2017) to reach the tobacco matrix where nitrite can
react with alkaloids to form TSNA (Figure 5). In bacteria that
contain nar and nir genes, and when nitrite levels are high
relative to nitrate, the nar operon that facilitates nitrite pro-
duction/export is down-regulated, and nir genes that encode
the nitrite reductase nirBD are up-regulated, thus favoring
assimilation where nitrite is reduced to ammonium (NH,")
and then incorporation into nitrogen-containing biomole-
cules (Rabin and Stewart 1993; Noriega et al. 2010). Section
2.6 deals with chemical nitrosation of tobacco alkaloids via
reactive NO, gases released during curing or via nitrite
released from certain microorganisms during processing.

2.6. Abiotic N-nitrosation in the formation of
N-nitrosamines

Nitrosation of tobacco alkaloids can occur during flue-cur-
ing when NO, gases, such as nitric oxide (NO) or nitrogen
dioxide (NO,) formed from nitrate or nitrite, react directly
with tobacco alkaloids to form TSNA (Wang et al. 2017).
NO, gases, formed in the smoke from wood combustion
that is present during fire-curing, can react with tobacco
alkaloids to produce TSNAs. Fire-curing, which can also
introduce carcinogenic PAHs, is used to make cigars and
some ST products such as moist snuff or dry snuff (Di
Giacomo et al. 2007; Ellington and Boyette 2013; Hearn
et al. 2013; Lawler et al. 2013; Tobacco Guide 2023).
Nitrosation can also occur when nitrite (NO,"), formed by
bacterial dissimilatory nitrate reductases, is converted to
nitrous anhydride (N,Os), which then reacts with tobacco
alkaloids to form TSNAs (Figure 5). The nitrosation reaction
of nitrite with tobacco alkaloids in forming TSNAs covered in
this section has been studied more in the past than the bacter-
ial formation of nitrite (Section 2.7). Research addressing nitro-
sation reactions of sodium nitrite (NaNO,) with various
secondary and tertiary alkaloids in aqueous solution provided
an early understanding of the influence that pH, temperature,
and substrate concentrations have on TSNA formation.
Nornicotine, a secondary amine, is readily nitrosated by NaNO,
to produce NNN, with maximum rates between pH 3.0 and 3.4
(Mirvish et al. 1977; Hecht et al. 1978).

The stability of nitrite that occurs as pH increases influen-
ces the reaction of nitrite with secondary and tertiary amines
(Mirvish 1975). The nitrosation of nicotine to NNN occurs
over a wide pH range (pH 2.0-7.0), while the nitrosation reac-
tion of nitrite with nicotine produces lower NNK levels (Hecht
et al. 1978). Under most conditions, the nitrosating agent of

alkaloids is nitrous anhydride formed from the reaction of
two molecules of nitrous acid (HONO) formed from nitrite.
This reaction occurs most readily at pH 3.4 but has been
observed over a wide range of pH values that may exist
throughout tobacco product processing steps (Mirvish 1975;
Mirvish et al. 1977). Besides forming TSNAs, nitrosation can
also form volatile nitrosamines, nitrosamino acids, and other
nitroso compounds (Spiegelhalder and Fischer 1991; Wiernik
et al. 1995; Wahlberg et al. 1999; Rodgman and Perfetti
2013). Nitrite-initiated formation of the carcinogen NNN via
the abiotic process of nitrosation is shown in the following
equation:

2.7. Final smokeless tobacco product chemistry

As already shown in Section 2, tobacco becomes more chem-
ically complex as it proceeds through production of the final ST
product. Tobacco processing methods vary widely worldwide in
terms of the different tobacco species/varieties used, types of
curing and processing used, nicotine content, pH, and non-
tobacco ingredients (both plant-based and chemicals). ST con-
sists of manufactured and cottage-made products and custom,
hand-made ST preparations (Hatsukami et al. 2014). Descriptions
and chemical information of representative ST products made
and used globally are published (Hatsukami et al. 2014).
Worldwide, ST products are available in a wide variety of for-
mats, including twisted tobacco leaves, loose tobacco, ground
tobacco, moist tobacco, dry tobacco, charred tobacco, tars,
pastes, dentifrice powders, chewing gums, pressed cake, pellets,
pulverized tobacco, dissolvable tobacco, and mixtures of tobacco
flakes with other materials (Hatsukami et al. 2014).

In the U.S., moist snuff is very popular, whereas snus prod-
ucts (some made in Sweden) are pasteurized snuff-type prod-
ucts, and are also popular (Rutqvist et al. 2011; Hatsukami
et al. 2014; Lawler et al. 2020). In India, where ST product use
is highest in the world, a wide array of products, including
khaini, zarda, gul, gutkha, mishri, mawa, bajjar, gudhaku,
tapkeer, and quiwam are common. Indeed, the variety of
product types and brands, with distinct processing regimes
and product ingredients, produced and used in India are very
numerous. Tuibur does not contain any tobacco leaf material
but it is made by bubbling tobacco smoke through water;
this product is gargled or held in the mouth. Another unique
product is creamy snuff, which is a tobacco-containing tooth-
paste (Stanfill et al. 2011; Hatsukami et al. 2014; Sinha et al.
2018). In addition, custom hand-made ST preparations, such
as betel quid with tobacco (paan) or tombol are made by



combining tobacco or tobacco products with areca nut,
spices, alkaline agents, and numerous other ingredients.
Many of the products from India and surrounding countries
are now marketed to migrant communities in Western coun-
tries, such as the UK. and U.S. (Hatsukami et al. 2014).

Indeed, all of the factors and processes mentioned so far
in Section 2 can contribute to the highly variable and com-
plex chemical nature of tobacco (Rodgman and Perfetti 2013)
observed among the spectrum of ST products, ranging from
pasteurized snus products with very low TSNAs to fermented
and aged products with very high TSNA levels (e.g. toombak
and other types of snuff) (Idris et al. 1991, 1998; Di Giacomo
et al. 2007; Richter et al. 2008; Stanfill et al. 2011; Lawler
et al. 2013, 2020; Hatsukami et al. 2014). Regardless of how
ST products are used orally, nasally or as a dental application,
carcinogenic NNN and NNK and also other TSNAs can be
absorbed (Tomar and Henningfield 1997; Hatsukami et al.
2014). Two other TSNAs, N'-nitrosoanabasine (NAB) and N'-
nitrosoanatabine (NAT), are present in ST products but have
weaker or no demonstrated carcinogenicity, respectively
(Kroes and Kozianowski 2002; IARC 2007). NNN and NNK
demonstrate remarkable carcinogenic activities typical of the
structural class of N-nitrosamines. The carcinogenicity of this
class of compounds is so potent that the N-nitrosamine
group is excluded from the widely used “threshold of toxico-
logical concern” approach to risk assessment as there is gen-
erally no entirely safe level of exposure to these compounds
(Kroes and Kozianowski 2002).

The concentrations of NNN and NNK in ST products are
far greater than those of any other potent carcinogen found
in other products designed for human consumption
(Hatsukami et al. 2014). The US. Food and Drug
Administration (FDA) has proposed regulations of NNN in fin-
ished tobacco products at a level not exceeding 1 ng/g dry
weight tobacco (Federal Register 2017). A recent survey of
nine ST products purchased between 2008 and 2017 in the
US. had levels ranging from 2 to 10 pg/g dry weight for
NNN and 0.8-3.7 pg/g dry wt. for NNK. Year-to-year variations
in NNN and NNK levels are due in part to diverse farming
practices and processing technologies and variable weather
patterns (Fisher et al. 2012; Oldham et al. 2020; Tobacco
Guide 2023). Human carcinogens can be present at high con-
centrations in products in South Asian countries. High levels
of NNN and NNK were observed in ST products sold in India.
In one study, khaini contained higher levels of NNN (39.4-
76.9 ng/g) and NNK (2.34-28.4 ng/g) than zarda products
with lower levels of NNN (4.81-19.9 ug/g) and NNK (3.09-
16.4 ng/g) (Stepanov et al. 2005). A study of ST products
from Bangladesh found wide ranges of NNN (1.1-59 pg/g)
and NNK (0.15-34 pg/g) (Nasrin et al. 2020). However, none
of the products surveyed approach the extreme levels in
toombak from Sudan (Idris et al. 1991).

In the U.S., moist snuff is very popular, whereas snus prod-
ucts (some made in Sweden) are pasteurized snuff-type prod-
ucts, and are also popular (Richter et al. 2008; Rutqvist et al.
2011; Hatsukami et al. 2014; Lawler et al. 2020). In India,
where ST product use is highest in the world, a wide array of
products, including khaini, zarda, gul, gutkha, mishri, mawa,
bajjar, gudhaku, tapkeer, and quiwam are common. Indeed,
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the variety of product types and brands, with distinct proc-
essing regimes and product ingredients, produced and used
in India are very numerous. One product called tuiber differs
from all other ST products as it does not contain any tobacco
material but it is made by bubbling tobacco smoke through
water; this product is gargled or held in the mouth (Stanfill
et al. 2011; Hatsukami et al. 2014). In addition, custom hand-
made ST preparations, such as betel quid with tobacco
(paan) or tombol are made by combining tobacco or tobacco
products with areca nut, spices, alkaline agents, and numer-
ous other ingredients. Many of the products from India and
surrounding countries are now marketed to migrant com-
munities in Western countries, such as the UK. and U.S. Due
to non-standardization and heterogeneity in ingredients, for-
mulations, and packaging, the same product brand pur-
chased at different times or locations may vary widely in
their chemical content (Hatsukami et al. 2014).

3. Exposure to N-nitrosamines and other
carcinogens due to smokeless tobacco use

3.1. Smokeless tobacco usage and the human body

Regardless of how TSNAs are formed in ST products, human
exposure occurs when TSNAs are absorbed when a portion
or “dip” of an ST product or preparation is inserted in the
oral cavity, then chewed, sucked, or held in contact with the
buccal membranes. Some products consist of small teabag-
like pouches that contain a pre-portioned amount of tobacco
(moist snuff, snus, and khaini) that is placed inside of the
mouth (inside of the cheek or under the upper or lower lip);
absorption of nicotine and other chemicals occurs during use
(Tomar and Henningfield 1997; Konstantinou et al. 2018).
Loose tobacco or pouches may be held in the mouth,
chewed, or sucked for a short (~30min) or an extended
period of time (multiple hours) to obtain nicotine (Mehrotra
et al. 2020). Products such as tobacco-containing tooth pow-
der or toothpaste may be used to brush the teeth or applied
as a dentifrice. Some ST products that are dry powders, such
as tapkeer, taaba, tawa, toombak, dry snuff, etc. are sniffed
nasally (Hatsukami et al. 2014).

Nicotine, well known for its addictiveness, also increases
the number of nicotinic acetylcholine receptors (nAChRs) that
are expressed in cells. Because NNK and NNN are structurally
similar to nicotine, those two TSNA molecules can also bind
to nAChRs and may promote cancer cell proliferation by cre-
ating a microenvironment for tumor growth (Xue et al. 2014;
Locker et al. 2016). Nicotine is also suspected to contribute
to cancer promotion and progression by activating nAChRs;
for example, in stomach cancer, both nicotine and NNK
enhance cell proliferation through nAChR and other receptors
(Dang et al. 2016).

3.2. Absorption, metabolism, and elimination

Because different tobacco products contain a wide range of
TSNA concentrations, human exposure also varies from low
to high levels (Hatsukami et al. 2014). Once absorbed,
TSNAs enter the bloodstream and are then transformed by
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human metabolic pathways such as generation of TSNA glu-
curonides that are excreted or metabolically activated to
diazohydroxides and intermediates that attack nucleophilic
centers in the cell, causing DNA adduct formation (Figure
6). If DNA adducts are not repaired or are incorrectly
repaired, this can result in mutations in certain oncogenes
(e.g. RAS) or tumor suppressor genes (e.g. p53) that result
in altered protein function, uncontrolled cell proliferation,
and, in many cases, cancer (Ma et al. 2019). Mortality rates
can be high, especially among people who use ST products
with high TSNA levels and/or lack adequate medical inter-
vention (Idris et al. 1998).

The amount of TSNAs and other ST-related compounds
absorbed by the body depends on the amount of products
used; product TSNA concentration; frequency of use (por-
tions/day); intensity of product chewing or sucking; time dur-
ation that ST product remains in the oral cavity and in
contact with oral tissue; moisture content of product; oral
pH; and salivary volume (Lemmonds et al. 2005; Hatsukami
et al. 2014; Xia et al. 2021). During ST product use, TSNAs are
absorbed across oral membranes and enter the human body
where they are metabolized, leading to the formation of
the carcinogenic NNK-metabolite 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol (NNAL) and also NNAL-glucuronide and
NNN-glucuronide. NNAL is generally excreted in urine with a
relatively long half-life of approximately 3 weeks; for that rea-
son, urinary NNAL is a sensitive and specific biomarker for
NNK exposure and useful as a surrogate biomarker of expos-
ure to all TSNAs in ST products (Xia et al. 2021).
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Reverse dosimetry has been used to estimate the internal
dose of carcinogenic NNK based on the NNK metabolite
NNAL in urine in people who used ST products made in the
US. (Wei et al. 2016). Similar dose calculations can be made
for NNN based on urinary NNN concentrations, although urin-
ary NNN measurement presents unique challenges
(Lagerwerf et al. 1998; Stepanov et al. 2005). In one study,
maximum salivary levels of NNN in people who chewed
toombak were eight times higher than in people who
chewed tobacco; salivary NNK in those who chewed toombak
was more than 30 times higher than in those who chewed
tobacco (Idris et al. 1992).

Important human metabolic pathways for NNK, NNN, and
NNAL are illustrated in Figure 6. When NNK enters cells in
human tissues, including the oral mucosa, it is metabolized
to NNAL by enzymes of the short chain dehydrogenases/
reductases (SDRs) superfamily and the aldo/keto reductases
(AKRs) superfamily (Stapelfeld et al. 2017). Even with that
structural change, NNAL still has carcinogenic activity similar
to NNK. TSNAs that are glucuronidated are more water sol-
uble, less toxic, and are readily excreted. Glucuronidation of
NNAL, catalyzed mainly by the UDP-glucuronosyltransferase
(UGT) isozymes 2B10 and 1A17, is a detoxification reaction.
Glucuronide conjugation of NNAL occurs at either the
hydroxyl group or the pyridine nitrogen, prior to excretion
(Hecht 1998; Balbo et al. 2014; Hecht et al. 2016; Kozlovich
et al. 2019). NNN can undergo glucuronidation by UGTs at
the pyridine nitrogen, resulting in NNN-glucuronide that is
excreted (Stepanov and Hecht 2005).
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Figure 6. Human absorption and metabolism of NNAL, NNK, and NNN to reactive diazohydroxides and DNA adducts. Nitrosamines (R,—~N-N=0) enter somatic cells
where they are metabolized to diazohydroxide, R-N=N-OH, and transient intermediates that can react with DNA to form adducts that can contribute to deleterious
nucleotide base changes, ultimately leading to various cancers. Intermediates are shown in brackets. The metabolism of NNAL, NNK, and NNN by the cytochrome
P450 isozymes 2A13 and other P450 enzymes lead to reactive intermediates including: (A) pyridylhydroxybutyl (PHB) diazohydroxides, (B) methyl diazohydroxides,
(C) pyridyloxobutyl (POB) diazohydroxides, and (D) aldehydic diazohydroxides that can form various DNA adducts, shown in red. Four representative DNA adducts

that are formed include: (E)

7-(pyridylhydroxybutyl)quanine, (F) 0°-methyldeoxyguanosine, (G) O*(pyridyloxobutyl)thymidine, and (H) 2-(2-(3-pyridyl)-N-

(pyrroli-

dinyl)-2’-deoxyinosine. Numerous other adducts can form from exposure to these diazohydroxides.



3.3. Adduct formation

TSNAs can be metabolized and excreted, or converted to
reactive intermediates that form DNA adducts (Figure 6).
In order to exert their carcinogenic effects, all nitrosamines
require hydroxylation of a carbon atom adjacent to the
N-nitroso group (-N-N=0) in a process called o-hydroxyl-
ation (Preussmann and Stewart 1984). Essential metabolic
transformations in ST users are catalyzed by cytochrome
P450 (CYP450) enzymes that function as monooxygenases
with a heme cofactor. For NNK, NNAL, and NNN, a-hydroxyl-
ation catalysis occurs most efficiently when facilitated by the
CYP450 isozymes 2A13 and 2A6 (Jalas et al. 2005; Wong
et al. 2005), which generate a-hydroxy compounds that are
unstable and spontaneously decompose to aldehydes and
diazohydroxides.

TSNAs (R,—-N-N=0) that are not glucuronidated and then
eliminated can be further metabolized to diazohydroxides
(R-N=NOH) and transient intermediates, including diazonium
ions (R-N=N") and carbocations (R-CH,™") (Figure 6). These
intermediates are electrophilic and readily react with nucleo-
philic sites in human DNA, RNA, protein, and also with water
to generate alcohol-containing metabolites. Reactions of
diazonium ions and carbocations with nucleophilic sites in
DNA are considered crucial to chemical carcinogenesis as
various types of DNA adducts can lead to mutations (Ma
et al. 2019). Examples of DNA adducts formed from NNAL,
NNK, and NNN include 7-PHB-Gua, O°-Me-dGuo, O*-POB-Thd,
and Py-Py-dl illustrated in Figure 6; other adducts are also
possible. Only one structural representative of the four
adduct types is illustrated, but each pathway shown can
result in formation of multiple DNA adducts. Arecoline from
areca nut likewise forms areca-specific nitrosamines and a
number of reactive aldehydes that in turn generate several
reactive diazohydroxide intermediates (Franke et al. 2015).

Biomarker studies have investigated the metabolism of
NNK and NNN in ST users (Hecht et al. 2016). Human meta-
bolic pathways either detoxify, primarily via glucuronidation,
or activate NNN, NNK, or NNAL to diazohydroxides and
related intermediates (Figure 6). Evidence consistent with the
2'-hydroxylation pathway of NNN and/or the methyl hydrox-
ylation of NNK has been obtained. Due to a chiral center at
the 2’ carbon position, (S)-NNN and (R)-NNN are essentially
molecular mirror images; however, of these two enantiomers,
(S)-NNN causes more total adduct formation than (R)-NNN
(Zhao et al. 2013). The 5'-hydroxylation of (S)-NNN predomi-
nates in human enzyme systems, forming the py-py-dl
adduct in greater amounts than POB adducts formed by 2'-
hydroxylation (Zarth et al. 2016). Hydroxylation of NNK can
occur at the a-methyl and o-methylene carbon positions,
forming keto alcohol, keto aldehyde, and two diazohydrox-
ides capable of producing pyridyloxobutylating or methylat-
ing agents that form POB-DNA or methyl-DNA adducts,
respectively (Figure 6) (Hecht et al. 2016).

If POB-DNA adducts and related adducts remain unre-
paired by either evading or overwhelming healthy cellular
repair systems, the result can be miscoding leading to DNA
mutations in somatic cells. Besides reacting with human
DNA, POB species react to form hemoglobin adducts that
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can be quantified using the mass spectrometric measurement
of 4-hydroxy-1-(3-pyridyl)-1-butanone (HPB) released by
hydrolysis. This analytical approach is a minimally-invasive
means (i.e., typical blood draw) of accessing POB exposure
(Hecht et al. 2016). If these mutations occur in crucial regions
of specific genes, such as the RAS oncogenes or the p53
tumor suppressor gene, the result can be the loss of healthy
cellular growth control, and, ultimately, the development of
cancer (Warnakulasuriya and Ralhan 2007). This process of
adducts leading to mutations is perhaps most clearly illus-
trated for 0%Me-dGuo, which is formed by methylene
hydroxylation of NNAL or NNK. The persistence of O°-Me-
dGuo in specific rat tissues, where tumors developed follow-
ing treatment with N-methyl-N-nitrosourea, supported
the hypothesis that the formation of O°-Me-dGuo caused
miscoding in DNA (Margison and Kleihues 1975). Elegant
experiments demonstrated unequivocally that 0°®-MeG causes
G-to-A mutations in DNA (Loechler et al. 1984).

Rats treated with a dose of 5ppm NNK in the drinking
water for 70 weeks had a high incidence of lung tumors; the
main rat target tissue of NNK is the lungs (Hecht 1998). The
major DNA adduct was O>-POB-dThd, followed by 7-POB-
Gua, with much lower amounts of O%-POB-dGuo and O°%-Me-
Gua; levels of all DNA adducts decreased over the 70 week
period (Balbo et al. 2013). Treatment of rats with (S)-NNN is
highly tumorigenic, especially in the esophagus and the oral
cavity. It is possible that inefficient repair of 7-POB-dGuo may
be one reason for carcinogenesis related to NNN exposure
(Zhao et al. 2013). For NNN in ST products, the predominant
enantiomer is (S)-NNN. A 14-ppm dose of (S)-NNN in drinking
water administered to 20 male F-344 rats for 17 months
resulted in 89 benign and malignant tumors in the oral cav-
ity. Of the rats treated with (S)-NNN, 100% developed tumors,
with a significant number of esophageal tumors; this treat-
ment also impacted tissues in the head and neck, such as
the buccal mucosa, gingival mucosa, tongue, soft palate, epi-
glottis, and pharynx. Treatment of rats with (R)-NNN alone
was not active in forming tumors, but a mixture of (S)-NNN
and (R)-NNN together produced more tumors than treatment
with (5)-NNN alone. This finding suggests that (R)-NNN may
act as a co-carcinogen enhancing the tumorigenic effects of
(S)-NNN (Balbo et al. (2013).

In a different study, a mixture of NNN and NNK swabbed
inside the oral cavity and on the lips of rats induced a signifi-
cant incidence of oral cavity tumors (Hecht et al. 1986), most
likely due to NNN; because when the NNK dose is high in
the drinking water, the main rat target tissue is the lungs
(Hecht 1998). A 5-ppm dose of NNK in the drinking water
administered for 70 weeks induced lung tumors in 100% of
the treated rats (Balbo et al. 2014). Nasal tumors are com-
monly observed in rats treated with NNK by injection (Hecht
1998). While one of the main carcinogenic effects of ST use
in humans is induction of oral cavity cancer, one recent epi-
demiologic study demonstrated a significant incidence of
lung cancer among people who used ST but not combustible
tobacco. This is consistent with NNK being a powerful lung
carcinogen, even when the absorption occurs orally
(Andreotti et al. 2017).
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Figure 7. Smokeless tobacco constituents cause adducts that result in DNA
damage at all four nucleotide bases that generally require repair to prevent
mutations. All of the red arrows show DNA alkylation attack sites due to expos-
ure to N-nitrosamine and another common nitrosamine, N-nitrosodimethyl-
amine (NDMA). Adducts can form at oxygens and nitrogens throughout the
nucleotide bases, except the ring nitrogen in the N-glycosidic bond (i.e. N9 in
purines; N1 in pyrimidines). Red arrows with labels show the site of adduct for-
mation and their mechanism of repair if known, including 0%-alkylguanine-DNA
alkyltransferase (MGMT), alkB homologous protein 2 (ABH), and base excision
repair (BER). Red arrows without labels represent adduct sites that are either
not repaired (e.g. phosphotriester) or the repair mechanism is not presently
known. TSNA (NNN, NNK, and NNAL) forms alkyl adducts that damage DNA at
adenine (N1, N3, and N positions), cytosine (0> and N*), guanine (0%, N?, N3,
and N7), and thymine (0? and O*: and also on the phosphodiester backbone
(Li et al. 2019; Ma et al. 2019). If areca nut is also present in a tobacco-contain-
ing product, arecoline can form adducts at the O° position on guanine and 0*
position on thymine (Lee et al. 2013). Some adducts, which are so damaging
that a stretch of as many as 25-30 nucleotides must be removed by nucleotide
excision repair, include those due to: metabolites of AFB; that form bulky
adducts that attack the N7 position of guanine and PAH metabolites that attack
the N? position on guanine (Szalat et al. 2018) (not shown).

In addition to TSNAs, BaP, which is a PAH compound and
an IARC Group 1 carcinogen (Hatsukami et al. 2014), accumu-
lates in fire-cured tobacco used to make moist snuff and
dry snuff (Davis and Nielsen 1999; Tobacco Guide 2023).
Human metabolism converts BaP to a reactive metabolite
that reacts to form an anti-benzol[alpyrene-7,8-diol-9,10-
oxide-DNA adduct, a guanine adduct occurring at CpG muta-
tion hotspots present at several codons in the p53 sequence
(Barta et al. 2020).

3.4. Repair of DNA adducts

DNA adducts can originate not only from endogenous react-
ive species generated by human metabolic processes, but
also from exogenous agents from environmental (air/water
pollution, pesticides), occupational, or residential sources
(diet, consumer products, medical drugs, azo dyes, and
tobacco smoke) (Jackson and Bartek 2009). An important
source of additional DNA adducts are carcinogens absorbed
during the usage of ST products or other tobacco products
(Hecht and Hatsukami 2022; Li and Hecht 2022). Complete

repair of DNA adducts is crucial to genomic stability, genetic
integrity of key genes, such as oncogenes and tumor sup-
pressors, and the prevention of cancer. Several repair systems
exist that detect adducts, remove them or revert the
nucleotide bases back to their correct identity to prevent
the formation of adduct-induced cancers (Hoeijmakers 2001;
Xu-Welliver and Pegg 2002).

TSNAs, such as NNN, NNK, and NNAL, are found at some
level in almost all ST products. These chemicals can form
alkyl adducts that damage DNA at various ring positions on
all four DNA nucleotide bases (Christmann and Kaina 2012; Li
et al. 2019; Ma et al. 2019). Indeed, adducts attack almost all
nitrogens and oxygens in the nucleotide ring structures, yet
some of those sites are either not repaired or a repair mech-
anism is not presently known (Figure 7). It should be noted
that NNAL and NNK form carbonium ions that are Sy1 alky-
lating agents, which directly react with biological molecules
with high potency for alkylating oxygen moieties on DNA
bases. Arecoline present in fermented tobacco can also form
0%-methylguanine and O*-methylthymine (Lee et al. 2013).
These two methylated bases are mispairing DNA lesions lead-
ing to point mutations. O%*-methylthymidine causes a very
minor lesion; however, O°-methylguanine represents about
6-8% of the total DNA methylation products (Beranek 1990).
Both lesions are repaired by MGMT (discussed in detail next),
which plays a key role in maintaining genome stability and
cancer prevention (Margison and Santibanez-Koref 2002;
Kaina et al. 2007; Pegg 2011). DNA repair mechanisms shown
in Figure 8 range from damage reversal by single enzymes
such as 0°-methylguanine-DNA methyltransferase (MGMT,
also designated as O°-alkylguanine-DNA alkyltransferase) or
alkB homologous protein 2 (ALKBH2)) to complex pathways,
such as base excision repair (BER), nucleotide excision repair
(NER), and DNA mismatch repair (MMR) that act to identify,
remove, and repair alkyl damage caused by ST product con-
stituents (Sharma et al. 2009). MGMT s a relatively small pro-
tein that transfers alkyl groups from the O°-position of
guanine or the O*-position of thymine to its own active site
(Figure 9). This action restores guanine or thymine in the
DNA, but irreversibly inactivates MGMT-hence its designation
as a suicide enzyme. MGMT preferentially removes methyl
groups from the O°-position of guanine, but can also remove
with lower efficiency ethyl, propyl, butyl, benzyl and even
larger pyridyloxobutyl (POB) groups, as shown in Figure 8(A)
(Pauly et al. 2002; Lamb et al. 2014). MGMT naturally contains
a zinc ion that is coordinated by four residues (C5, C24, H29,
and H85), although zinc binding is not required for activity.
Upon repair, MGMT carrying the alkyl group is tagged with
ubiquitin and degraded by the 26S proteasomal pathway.
When additional MGMT is needed, new protein is synthe-
sized, which requires some time to replace and replenish the
pool of functional MGMT (Sharma et al. 2009).

When confronting large numbers of unrepaired DNA
adducts (Idris et al. 1991, 1992), the pool of functional MGMT
enzymes may, in some cases, be inadequate to remove all of
the adducts at the O%-position of guanine or the O*-position
of thymine. If the number of adducts exceeds the number of
MGMT molecules available at a given time in a certain cell
that undergoes proliferation, this can lead to the formation
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Figure 8. Overview of different repair mechanisms for guanine adducts. (A) Repair mediated by Oﬁ-alkylguanine-DNA alkyltransferase (MGMT), (B) repair mediated
by alkB homologous protein 2 (ALKBH2), (C) base excision repair, and (D) nucleotide excision repair.

of mutations. Indeed, ST consumption represents a chronic
exposure of carcinogens to the proliferating mouth and
esophagus epithelium, which likely results in MGMT tissue
sequestration due to permanent adduct formation that may
drive the process of genomic changes in ST users (Rohatgi

et al. 2005; Sawhney et al. 2007, Lamb et al. 2014).
Furthermore, MGMT expended in the repair of adducts
caused by TSNAs and other ST-related compounds are not
available to remove adducts formed from other endogenous
and exogenous exposures (Sharma et al. 2009). The MGMT
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Figure 9. Action of human 0°alkylguanine-DNA alkyltransferase (MGMT), a
“suicide” enzyme, removes a single adduct caused by TSNAs and areca nut that
is attached to the O°-position of guanine or O*-position of thymine. In this
“suicide reaction”, MGMT, which reverts modified DNA back to its natural state,
is irreversibly inactivated so it must be eliminated and replaced. (A) Active site
of human MGMT in complex with methylated DNA (PDB entry 1T38; Daniels
et al. 2004). Certain TSNAs can form methyl adducts. The methylated guanine
base is highlighted in green. Red circles indicate glycine residues mutated in
cancer. MGMT functions by binding to a damaged section of DNA, rotating the
aberrant nucleotide base out of the helix, and transferring a single alkyl group
to the catalytic residue (C145) of MGMT, which becomes inactivated. The bind-
ing of an alkyl group to MGMT triggers a conformational change that signals
ubiquitin to bind to an available lysine residue on the surface of the inactivated
MGMT-adduct complex that tags it for proteolytic degradation. A histidine
(H146) assists in catalysis via a structural water molecule. The crystal structure
of this complex was determined with an inactive variant where the catalytic
cysteine had been mutated to a serine but it has been modeled with the wild-
type cysteine residue for the purpose of this figure. (B) The mechanism of
methyl transfer from O-alkylguanine-DNA to the electronegative sulfur atom of
the catalytic cysteine (C145) in the active site of MGMT.

activity in individuals is highly variable (Fagerberg et al.
2014). One possible outcome for people with low MGMT
expression would be predisposition to cancer development
following chronic consumption of ST products (Sharma et al.

2009). The tissue expression of MGMT is regulated through
various transcription factors and epigenetic mechanisms
(Christmann et al. 2011). Thus, if hypermethylation of CpG
islands (the addition of methyl groups at the C5 position of
cytosine in adjacent CG nucleotides) occurs in the promoter
region of the MGMT gene, the gene is not expressed any-
more and cells lack MGMT (epigenetic silencing).

Transcriptional silencing of MGMT by promoter hyperme-
thylation has been observed in many tumors, with a fre-
quency varying depending on tumor type: 56% in head and
neck carcinoma; 8-50% in non-small cell lung cancer;
34-45% in glioblastoma; 28% in carcinoma; 24% in lung
tumors; and 11% in pancreatic carcinoma (Sharma et al.
2009; Christmann and Kaina 2019). In workers exposed to N-
nitrosamines, their DNA has a greater prevalence of O%-meth-
ylguanine adducts. Reduction in MGMT activity or gene
silencing through promoter methylation of the MGMT gene is
associated with frequent mutations in K-Ras and TP53 genes
(Niture et al. 2007). MGMT expression in human tissues is
highly variable (Margison et al. 2003) and shows, in human
lymphocytes, remarkable inter-individual variability (Janssen
et al. 2001). The varying levels of expression may make some
tissues more susceptible to damage than other tissues due to
persistence of adducts (Fagerberg et al. 2014; Jackson et al.
2019). The above studies demonstrate the importance and
physiological relevance of DNA adducts and the vital impor-
tance of expression and proper functioning of the MGMT
protein in removing adducts. Decreased gene expression of
MGMT is associated with ST consumption in patients with
oral precancerous lesions (Sawhney et al. 2007). In patients
with oral squamous cell carcinomas, there was a significant
association between loss of MGMT expression and poor
health prognosis (Sawhney et al. 2007). An oral leukoplakia
cell line treated with extracts of khaini, a fermented ST prod-
uct used in India, exhibited a complete loss of MGMT expres-
sion (Rohatgi et al. 2005). Adducts at other ring positions on
nucleotides that are not repaired by MGMT can possibly by
repaired by ALKBH2, BER, or NER mechanisms (Sharma et al.
2009) (Figure 8).

Another direct DNA-damage reversal mechanism is medi-
ated by ALKBH2 (Figure 8(B)). This protein is an a-ketogluta-
rate-dependent dioxygenase that acts as a single enzyme in
repairing 1-methyladenine, 3-methylcytosine, 1-methylgua-
nine, and other adducts in a one-step reaction. Unlike MGMT
that is completely deactivated when repairing a single DNA
base, the ALKBH2 enzyme active site is recycled to catalyze
subsequent reactions. In order to function, ALKBH2 requires
iron, molecular oxygen, and 2-oxoglutarate. Molecular oxygen
and 2-oxoglutarate react with a methylated nucleobase to
yield a completely repaired nucleobase, but also produces
formaldehyde, a known human carcinogen produced in cellu-
lar metabolism. The amount of formaldehyde produced dur-
ing the repair reaction is very likely so low that it has no
adverse effects. However, if produced in high levels, it may
pose a significant threat to genome stability. Formaldehyde
(CH;=0) can react to form DNA-protein crosslinks (DPCs)-
essentially, a methylene bridge (-CH,-) between a nucleo-
philic side chain of a lysine or cysteine on the surface of pro-
teins with a DNA base, often at the C8 ring position on



guanine. If DPCs remain unrepaired, bulky DPCs are expected
to interfere with DNA replication and transcription (Madison
et al. 2012). Small DPCs can be removed by the NER mechan-
ism, whereas larger DPCs generally have to be repaired by
DPC proteases that digest the protein portion of a DPC until
only a peptide adduct remains (Madison et al. 2012; Stingele
and Jentsch 2015; Li et al. 2019; Ruggiano and Ramadan
2021). If ALKBH2 repairs an ethylated base, it forms acetalde-
hyde (CHsCHO), which is a toxicant, mutagen and carcinogen
(Seitz and Homann 2007). Formaldehyde and acetaldehyde
that result also from other metabolic processes (Reingruber
and Pontel 2018) can also be present in ST products that are
fire-cured (Stepanov et al. 2008).

The main methylation products induced by activated
NNAL and NNK are 7-methylguanine, 3-methyladenine, and
0%-methylguanine. 7-methylguanine and 3-methyladenine are
not mispairing but result in apurinic sites due to spontaneous
hydrolysis or repair intermediates, blocking DNA replication,
which may result in DNA double-strand breaks and chromo-
somal aberrations (Kaina 2004; Ensminger et al. 2014).
Chromosomal changes may lead to loss of tumor suppressor
genes and thus become drivers of carcinogenesis.
Experimentally, knockout mice that lack BER activity and are
unable to repair some N-alkylation events are predisposed to
cancer formation after treatment with azoxymethane, a meth-
ylating agent that induces DNA lesions similar to NNK (Wirtz
et al. 2010). This supports the notion that BER activity may
protect against cancer formation. Most of the N-methylpur-
ines (i.e. methylguanine and methyladenine) are repaired by
BER, which is a complex repair pathway involving a damage-
specific DNA glycosylase, apurinic/apyrimidinic (AP) endo-
nuclease, polymerase [, PARP-1, ligase Ill, and XRCC1
(Christmann et al. 2003) (see Abbreviations). For BER, the first
step is executed by N-methylpurine-DNA glycosylase (MPG),
which specifically recognizes the main adduct 7-methylgua-
nine and other methylpurines produced in minor amounts
(Figure 7(C)). Once the errant nucleotide is removed, AP
endonuclease creates a single strand nick in the DNA helix
on the AP site, and subsequent repair proceeds either by
short patch repair, i.e. the replacement of a single nucleotide,
or long patch repair, i.e. the replacement of up to 10 nucleoti-
des. The short patch repair pathway involves the activity of a
lyase and a polymerase, whereas the long patch repair path-
way requires the action of a polymerase, a flap endonuclease,
and a ligase (Christmann et al. 2003). The protective role of
BER against tobacco-related carcinogens is not yet clear and
needs to be investigated further.

Larger DNA adducts, such as those induced by tobacco-
related carcinogens, are not repaired by BER but are repaired
by NER (Szalat et al. 2018). BaP deposited on tobacco during
fire-curing (Hearn et al. 2013) is absorbed during ST use and
then converted to a metabolite that forms an adduct at the
N? position of guanine (Figure 8(D)). NER is a critical repair
mechanism that identifies and eliminates DNA crosslinks,
larger DNA adducts formed from BaP and AFB1 (Szalat et al.
2018), and POB-related damage caused by NNK (Brown et al.
2008, 2009; Li et al. 2009). AFB1, formed by certain
Aspergillus fungi, is one of the most toxic, hepatotoxic, muta-
genic, teratogenic, and carcinogenic agents known (Deng
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et al. 2018) and is continually monitored in snus products
produced under the Gothiatek Standard (Rutqvist et al. 2011).
Aflatoxins can be produced by various fungal species (e.g.
Aspergillus, Penicillium, Fusarium, and Alternaria) (Kumar et al.
2016; Rivera and Tyx 2021). AFB1, an IARC Group 1 carcino-
gen that has been found at very low levels in dry snuff and
chewing tobacco, could form in products made in hot and
humid climates (Zitomer et al. 2015). When absorbed by the
human body, AFB1 is metabolically activated by liver CYP450
enzymes to a highly reactive and electrophilic epoxide, AFB1
exo-8,9-epoxide, that reacts to form the predominant adduct
AFB1—N7—guanine and other adducts (Wilson et al. 2016). The
bulky AFB1-N’-guanine adduct (Figure 8(D)) and other AFB1
adducts can cause a conformational change in chromatin
and can block transcription. They are recognized by NER pro-
teins, such as XPA, CSB, and CSA (abbreviations, see
Appendix A1). NER is the key repair mechanism that removes
adducts induced by the highly carcinogenic AFB1 (Wilson
et al. 2016; Coskun et al. 2019).

The NER mechanism executes the complete excision of
the adduct-base-deoxyribose sugar structure, leaving a gap
in the DNA backbone that must be repaired by replacing the
base-deoxyribose sugar, followed by ligation. Among the
repair mechanisms described in this review, NER is the most
complex and extensive type of multi-enzyme catalyzed
removal and repair of DNA damage of the nuclear genome
that dispenses with bulky DNA adducts, such as those
formed from BaP and AFB1, that cause significant distortion
of the DNA helical structure (Figure 8(D)). During NER-medi-
ated repair, a section of DNA with as many as 25-30 nucleo-
tides, including the damaged base, is removed, and the gap
in the DNA helix is sealed by repair synthesis (Fuss and
Cooper 2006; Marteijn et al. 2014).

Adducts that occur within actively transcribed genes are
preferentially removed on the fly by transcription-coupled
repair (TCR), whereas adducts in non-transcribed regions are
removed later by global-genomic repair (GGR). TCR and GGR
are actually sub-pathways of NER as both utilize nearly all of
the same enzymes and supporting factors (Ellenberger et al.
2006; Sharma et al. 2009; Friedberg and Zaher 2021). For
individuals with hereditary disorders that cause NER defi-
ciency (Giese et al. 1999) or those affecting other DNA repair
mechanisms, it is anticipated that these people, if exposed to
certain adduct-forming agents in ST products, might be
highly vulnerable to cancer, but at present studies in this
area are still lacking. Adducts can also cause mutations in
genes encoding repair enzymes, such as MGMT (Rohatgi
et al. 2005; Sawhney et al. 2007; Lamb et al. 2014), ALKBH2
(Wang et al. 2022), or BER and NER related pathway enzymes
(Cleaver et al. 2009) so they do not operate correctly.

3.5. Alterations in cancer-related genes and
carcinogenesis

3.5.1. RAS oncogenes

As outlined above, reactive metabolites of certain TSNAs
(NNN, NNK), BaP, and AFB1 are all human carcinogens that
can form DNA adducts. If not repaired properly, adducts can
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cause oncogenic mutations, leading to cancer formation. The
RAS gene is a key site of oncogenic mutation; indeed, it is
the most common oncogene involved in human cancer. The
Ras protein normally acts as a guanosine triphosphatase
(GTPase) that hydrolyzes guanosine triphosphate (GTP) to
guanosine diphosphate (GDP), however, a few mutations can
disrupt its proper functioning. Ras functions as an “on/off
switch” for certain signal transduction pathways, where Ras-
GTP is “on” and Ras-GDP is “off”. In its normal functioning,
Ras protein intermittently toggles between “on” and “off” as
it moderates normal cell proliferation (O'Bryan 2019). Certain
mutations cause permanent Ras-GTP to persist, resulting in
phosphorylation events permanently switching “on” several
sequential downstream proteins in a signal cascade leading
to continual gene expression in the nucleus, uncontrolled cel-
lular proliferation, and cancer development (Milde-Langosch
2005; Gurzov et al. 2008; Szaldki et al. 2015; COSMIC
Database 2022). Approximately, 20% of all human tumors
result from mutations leading to a permanently activated
Ras-GTP. In pancreatic cancer, a very aggressive form of can-
cer, 90% of the tumors have Ras-GTP permanently activated
(Spiegel et al. 2014). Inhibition of Ras activity by various
drugs is therefore an important strategy for targeting cancer
cell growth (Hussain et al. 2020).

Three human RAS genes encode four different Ras protein
isoforms, namely K-Ras4A and K-Ras4B (produced via alterna-
tive splicing), H-Ras, and N-Ras; these all have a length of
188-189 amino acids and a sequence identity of >85%. They
have similar but distinct biological functions and are
expressed in all mammalian cell lineages and organs. Ras
proteins control numerous signaling pathways that impact
cell growth/survival, metabolic regulation, apoptosis, onco-
genic transcription, and cell migration/adhesion (Tanaka and
Rabbitts 2008; Hobbs et al. 2016). Ras is a key component of
the epidermal growth factor receptor (EGFR) and Raf-MEK-
ERK signaling pathways (McCubrey et al. 2007). Certain
adduct-induced mutations can cause GTP-bound Ras to per-
sist and send a continuous downstream "on" signal (Hussain
et al. 2020) that triggers constitutive expression of genes,
such as FOS and JUN, that encode transcription factors
involved in cancer proliferation that are overexpressed in
malignancies (Milde-Langosch 2005; Gurzov et al. 2008;
Szaldki et al. 2015; COSMIC Database 2022).

K-Ras is the predominantly mutated isoform in human
cancer (75%), followed by N-Ras (17%) and H-Ras (7%), with
98% of these mutations clustering at just three hotspots:
G12, G13, and Q61 (Prior et al. 2020). In oral carcinomas asso-
ciated with tobacco chewing in India, there was a high
prevalence of HRAS mutations at codons 12, 13, or 61
(Saranath et al. 1991). KRAS mutations are associated with
high cancer incidence in the biliary tract, and also adenocar-
cinomas of the lung, pancreas, and large intestines (Tanaka
and Rabbitts 2008). In a recent study of KRAS, 81% of the
cancer-associated mutations were at codon 12, including var-
iants G12D, G12V, and G12A; 14% at codon 13 (G13D); and
2% at codon 61 (Q61R) (Prior et al. 2020). In HRAS, all three
hotspots were mutated with comparable frequency. Codon
61 is the predominantly mutated hotspot in NRAS. Q61 muta-
tions of NRAS are particularly prevalent in melanoma; indeed,

97% of all NRAS mutations are found in melanoma.
Interestingly, in some cancers, KRAS mutations at codon 13
have a worse medical prognosis and outcome than those
with codon 12 mutations (Er et al. 2014). While all above-
mentioned RAS cancer mutations result in hyperactive Ras
protein through direct or indirect inhibition of its intrinsic
GTPase activity, there is now increasing evidence that not all
mutants are equal and that the exact phenotypic expression,
and hence, the clinical outcome, depends on the particular
mutation, the isoform, and the tissue affected (Hobbs et al.
2016).

3.5.2. Tumor suppressor p53

Mutations in the tumor suppressor gene TP53, located on
human chromosome 17, have also been observed in ST-
related cancers, including a significant proportion of oral can-
cers and pre-cancerous leukoplakia in people in India who
chewed tobacco (Saranath et al. 1991, 1999). The p53 protein
is arguably the most important human tumor suppressor and
has been aptly described as the "guardian of the genome"
that detects and repairs DNA damage, or triggers cell death
(apoptosis) when damage is too extensive (Lane 1992).
Aberrant p53 proteins are found in almost 50 types of cancer
(NCBI 2021). The p53 levels are low in normal cells; however,
DNA damage or stress increases p53 levels, followed by acti-
vation via multiple phosphorylation and acetylation events
(Joerger and Fersht 2016). Once activated, the homotetra-
meric p53 protein binds to specific DNA target sequences
and acts as a pluripotent transcription factor that may dir-
ectly regulate the expression of several hundred target genes
and control a wide range of anti-proliferative and homeo-
static cell processes (Fischer 2017; Hafner et al. 2019). The
mechanisms directly or indirectly controlled by p53 include
cell-cycle arrest, DNA repair, apoptotic cell death, bioener-
getic metabolism as well as pro-inflammatory and innate
immune responses, causing a multi-faceted tumor suppres-
sive response (Vousden and Prives 2009). It was recently dis-
covered that p53 also plays an important role in proper
epithelial migration and tissue repair and could accelerate
and improve wound repair; so mutations in the p53 protein
may hinder these critical processes (Kozyrska et al. 2022).

In normal cells, p53 operates as a barrier against reprog-
ramming toward induced pluripotent stem-cell status. In can-
cer cells, disruption of p53 functions by mutation, loss of
alleles, or protein degradation favors the acquisition of severe
phenotypes characterized by increased genome and epige-
nome plasticity, invasiveness, and capacity to escape cyto-
toxic treatments (Levine 2020). About 50% of all human
cancers carry a loss-of-function mutation in the TP53 gene.
Unlike RAS that has three distinct mutational hotspots con-
fined to three residues (G12, G13, and Q61), the TP53 cancer
mutome-the entirety of TP53 mutations found in cancers-
includes mutations targeting almost every coding base and
splice junction of the TP53 gene (Leroy et al. 2013; Bouaoun
et al. 2016). The majority of cancer-associated p53 mutations
are missense-mutations (73%), resulting in more than 2,000
different mutant proteins observed in cancer so far, followed
by frameshifts (9%) and nonsense mutations (8%), which
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Figure 10. Locations of human p53 cancer mutations. (A) Frequency of different types of somatic p53 cancer mutations in the TP53 mutation database (release
R20, N = 28,286) of the International Agency for Research on Cancer (Bouaoun et al. 2016). (B) Relative codon distribution of cancer-associated missense mutations
in the same database showing that most cancer mutations are located in the DNA-binding domain of the multidomain p53 protein. TAD: transactivation domain;
TET: tetramerization domain; CTD: C-terminal regulatory domain. Cancer mutation hotspots are labeled. (C) Structure of the p53 DNA-binding domain in complex
with DNA (PDB entry 3KMD, chain B) (Chen et al. 2010). Selected cancer mutation sites discussed in the text are highlighted in green, featuring several essential
arginine residues that either form DNA contacts or play a crucial role in stabilizing the p53 structure. (D) Close-up view of the zinc binding site in the DNA-binding
domain, highlighting the four zinc-coordinating residues (shown in green) and the structural role of R175 next to the zinc coordination sphere (PDB entry 2XWR,

Natan et al. 2011). Figure adapted from reference (Joerger and Fersht 2016).

result in premature stop codons that produce truncated and
non-functional  proteins (Hainaut and Pfeifer 2016;
Donehower et al. 2019) (Figure 10(A)). The p53 cancer muta-
tions have been compiled in several databases, including the
UMD TP53 database (Leroy et al. 2013) and the IARC/NCI
TP53 database of which the current release R20 from 2019
has been mainly used in this review (Bouaoun et al. 2016; de
Andrade et al. 2022). Even though the 393-residue long
human p53 protein has several functional domains, including
two transactivation subdomains, a proline-rich region, a DNA-
binding domain, a tetramerization domain, and a C-terminal
regulatory region, most of the cancer mutations cluster in
the DNA-binding domain spanning from codon 91 to 292

(Joerger and Fersht 2008, 2016; Tan et al. 2019). Table 1
shows the 30 most frequently occurring somatic TP53 single
nucleotide mutations in cancer and their relative frequency.
When an adduct, derived from an ST product constituent,
attaches to a DNA base and is not repaired correctly, it can
potentially cause a DNA mutation in which one nucleotide
base is permanently substituted for another. A DNA change
(e.g. G-to-A) can lead to a permanent amino acid substitu-
tion, such as an arginine-to-histidine change in R175H, that
can potentially cause the important p53 protein to lose func-
tion. Among the top 30 mutations in the TP53 gene shown
in Table 1, DNA base changes occurred mostly at guanine, G-
to-A (30%), G-to-T (17%), and G-to-C (3%); but also cytosine,
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Table 1. The 30 most frequent human somatic p53 point mutations among all types of cancers in the IARC TP53 mutation database (R20 release).

Amino acid DNA base Cancer % cancer Protein
Rank mutation change cases cases Mutant class transactivation class
1 R175H G—A 1216 496 Structural, zinc binding Non-functional
2 R248Q G—A 946 3.86 DNA contact Non-functional
3 R273H G- A 858 3.50 DNA contact Non-functional
4 R248W C—>T 765 3.12 DNA contact Non-functional
5 R273C C—T 707 2.89 DNA contact Non-functional
6 R282W C—>T 606 2.47 Structural Non-functional
7 G245S G— A 456 1.86 Structural Non-functional
8 R249S G—T 440 1.80 Structural Non-functional
9 Y220C A—G 402 1.64 Structural Non-functional
10 R213Stop C—T 329 1.34 Truncation NA*
1 R196Stop C—T 251 1.02 Truncation NA*
12 V157F G—T 213 0.87 Structural Non-functional
13 M2371 G—T 197 0.80 Structural, zinc binding Non-functional
14 E285K G—A 186 0.76 Structural Non-functional
15 H179R A—G 174 0.71 Structural, zinc binding Non-functional
16 Y163C A—G 166 0.68 Structural Non-functional
17 C176F A—G 165 0.67 Structural, zinc binding Partially functional
18 R306Stop A—G 164 0.67 Truncation after DBD NA*
19 G245D G- A 162 0.66 Structural Non-functional
20 R273L G—T 155 0.63 DNA contact Non-functional
21 Y234C A—G 147 0.60 Structural Non-functional
22 H179Y C—T 134 0.55 Structural, zinc binding Partially functional
23 R248L G—T 127 0.52 DNA contact Non-functional
24 Y205C A—G 122 0.50 Structural Non-functional
25 S241F C—T 119 0.49 Structural Non-functional
26 R158H G—A 114 0.47 Structural Non-functional
27 V272M G- A 114 0.47 Structural Non-functional
28 Q192Stop C—T 112 0.46 Truncation NA*
29 W146Stop G- A m 0.45 Truncation NA*
30 R280T G—C 108 0.44 DNA contact Non-functional

DBD: DNA binding domain.

The 2019 release R20 of the TP53 mutation database (N = 24,494) from the International Agency for Research on Cancer was used; now transferred to the US
National Cancer Institute (Bouaoun et al. 2016; de Andrade et al. 2022). Table was produced by Andreas Joerger (co-author on this paper).
*Transactivation potential of nonsense mutants not systematically studied. Predicted to be deleterious.

C-to-T (27%); and adenine, A-to-G (23%). Presence of p53
mutations in pre-malignant oral lesions is low in non-ST
users, whereas numerous p53 mutations are found in ST
users (Lazarus et al. 1995).

Among amino acids, arginine has unique chemical character-
istics, such that the substitution with any other amino acid is
one of the main, but not the sole, disruptors of proper function-
ing of the p53 protein (Borders et al. 1994; Joerger and Fersht
2016). The positively charged guanidinium side chain (H,N=C(-
NH,)-NH-CH,-CH,-CH,-) of arginine is slightly longer than the
side chain of lysine (HsN-CH,—CH,-CH,—CH,-). Arginine, which
has three nitrogens on its side chain, has the largest capability
for hydrogen-bonding and is the most hydrophilic among the
20 amino acids found in proteins. Indeed, arginine plays an
indispensable function in stabilizing macromolecular structures
by establishing appropriate hydrogen bonds, but also cation-nt
interactions and salt bridges (Chandana and Venkatesh 2016).
Besides its critical interactions within the p53 protein structure,
arginine’s hydrophilic side chain extends into its aqueous sur-
roundings and interacts with neighboring proteins and nega-
tively charged biomolecules, especially the DNA helix.
Substitution of certain arginines with any other amino acid dis-
rupts critical interactions with DNA (Borders et al. 1994;
Chandana and Venkatesh 2016; Joerger and Fersht 2016).

Mechanistically, p53 cancer mutations can be divided into
two classes: DNA-contact mutants and conformationally
unstable structural mutants (Bullock et al. 2000; Joerger and
Fersht 2007). Among the top 30 somatic point mutations

(Table 1), all of the DNA-contact mutations, seven in all,
affect three arginines (R248, R273, and R280) that are crucial
for high-affinity, sequence-specific binding of p53 to DNA
(Kitayner et al. 2010; Joerger and Fersht 2016). The side chain
of R248 on the L3 loop docks into the minor-groove region
of target DNAs. R273 interacts with the phosphate backbone
of DNA, whereas R280 forms specific hydrogen bonds with a
guanine base in the major-groove region of p53 response
elements (Figure 10(C)). The main cancer-associated variants
at these codons are R248Q, R248W, R273H, and R273C. K120,
a lysine residue on loop 1, is involved in binding of proapop-
totic target genes, modulated by acetylation of its side chain,
but is, surprisingly, a mutational coldspot (Vainer et al. 2016).
Structural mutations, such as V157F, R158H, Y220C, R249S,
R282W, or E285K (Table 1), are spread across the DNA-bind-
ing domain (Figure 10(C)) and induce structural perturbations
that reduce the thermodynamic stability of the p53 protein
(Joerger et al. 2006; Calhoun and Daggett 2011).

Among the top 30 mutations, structural mutations occur
at four tyrosines (Y163C, Y205C, Y220C, and Y234() that
result in non-functional p53 proteins (Table 1). The DNA-
binding domain of human p53 has evolved to have a rela-
tively low intrinsic thermal stability (Zhang et al. 2022) and is
therefore particularly vulnerable to inactivation by destabiliz-
ing mutations that further lower the stability of this protein
(Bullock et al. 2000). Even at normal human body tempera-
ture, conformationally unstable p53 cancer mutants rapidly
unfold and irreversibly aggregate (Friedler et al. 2003; Butler



and Loh 2006; Wang and Fersht 2012; de Oliveira et al. 2020;
Billant et al. 2021). Notably, the destabilizing, cavity-creating
Y220C mutation, caused by an A-to-G transversion (Bauer
et al. 2019, 2020), is the most frequent p53 cancer mutation
found in head and neck squamous cell carcinoma, and it is
particularly prevalent in oropharyngeal tumors associated
with excessive use of alcohol or tobacco (van Kempen et al.
2015). Many p53 cancer mutants have been associated with
a gain of novel oncogenic functions, resulting in increased
invasion, proliferation, and chemoresistance (Stiewe and
Haran 2018; Bargonetti and Prives 2019; Barta et al. 2020;
Stein et al. 2020).

A single zinc atom is naturally present in the p53 protein
structure, and a particular subgroup of destabilizing structural
p53 mutations involve impaired zinc binding (Loh 2010;
Blanden et al. 2020). Zinc binding is essential for the stability
of the DNA-binding domain and the structural integrity of
the L2/L3 loop region of the DNA-binding surface (Figure
10(D)). Mutations impairing zinc binding can directly affect
one of the four zinc-interacting residues (C176, C238, C242,
and H179) or R175, a neighboring residue. Indeed, R175H is
the single most frequent p53 cancer mutation (Table 1) and
perturbs zinc binding because of steric clashes between the
bulky histidine side chain that is introduced by the mutation
and the zinc coordination sphere (Joerger and Fersht 2007).

Some mutations are specific to certain exposures and
types of cancer. The structural mutation R249S is one of the
most frequent p53 cancer mutations (Table 1) and is highly
associated with exposure to AFB1, a crop contaminant com-
mon in Southeast Asia and sub-Saharan Africa (Gouas et al.
2009). The guanidinium group of R249 is involved in a hydro-
gen-bond network that stabilizes the L3 loop, which is key
for positioning the neighboring DNA-contact residue R248
for binding to p53 target DNA. Moreover, G-to-T transver-
sions are caused by PAHs from tobacco smoke. PAHSs, includ-
ing BaP, are present in certain ST products made with fire-
cured tobacco but also in tobacco smoke (Hainaut and
Pfeifer 2001; Pfeifer et al. 2002). BaP can be converted to a
reactive metabolite that reacts to form mutational hotspots
at several codons, including V157, R158, G245, R248, and
R273, in the p53 protein sequence (Barta et al. 2020).

When analyzing cancer mutations at the two hotspot sites
R248 and R273 in the latest release of the IARC TP53 data-
base (R20), we found that G-to-T transversions (R248L and
R273L) are the most frequent variants in lung cancer. In most
other cancers, the G-to-A (R248Q and R273H) and C-to-T var-
iants (R248W and R273C) are the predominant mutant var-
iants at these codons, accounting for four of the five most
frequent p53 cancer mutations (Table 1). Common muta-
tional patterns in the DNA-binding domain of p53 in oral
cancers of chewing tobacco users include: K132M, R175H,
Y205C, M237], R248Q, R249K, and R273C as compared to
V157F, R158L, G245C, R248L, R249M, and R273L in lung can-
cers associated with tobacco smoke that contains PAHs
(Figure A4). As already discussed above, the hotspot muta-
tion R249S is commonly found in liver cancers related to afla-
toxin exposure, whereas two uncommon mutations (P152L
and V203A) and a hotspot mutation (R248Q) were found in
oral cancers related to areca nut exposure (Figure A4).

CRITICAL REVIEWS IN TOXICOLOGY 681

3.5.3. Genome-wide mutational signatures

With the advent of genome-wide sequencing, analysis of
mutational signatures initially identified in TP53 and KRAS
genes have been expanded to single nucleotide variations
(SNVs) occurring across entire tumor genomes. Currently, the
COSMIC mutation database (COSMIC Database 2022) has
identified 89 distinct mutational signatures grouped into
three main classes: single DNA break signatures (SBSs), 60
signatures; double DNA break signatures, 11 signatures; small
insertions and deletions, 18 signatures (Alexandrov et al.
2013). Of these signatures, roughly 20 are associated with
defined carcinogens, 25 others with defective DNA process-
ing/repair mechanisms. The etiologies of other signatures are
still unknown. Several recent studies have conducted exome-
wide sequencing on oral cancers from tobacco chewers (Su
et al. 2017; Koo and Ploenzke 2021; Patel et al. 2021; COSMIC
Database 2022). A search of the COSMIC database (COSMIC
Database 2022) identifies several common signatures, includ-
ing SBS1, G:C to AT transitions at CpG sites, and SBS4, G:C to
T:A transversions (also called the “tobacco-smoking” signa-
ture), which is similar to that seen with exposure to BaP
(Barta et al. 2020). SBS29, associated with tobacco chewing,
was identified in 39 of 60 oral squamous cell cancers
(COSMIC Database 2022). Although the nature of the agents
responsible for this signature remains a matter of specula-
tion, the SBS29 mutational profile is consistent with alkyl
damage from TSNA induced predominantly on guanine bases
(see Sections 3.2 and 3.3) (COSMIC Database 2022).

3.6. Formation of cancer related to smokeless tobacco use

TSNAs, such as NNN and NNK, are organ-specific procarcino-
gens. Biomarker observational studies showed that ST users
have significantly higher levels of nicotine, NNAL, and coti-
nine in their plasma, saliva, and urine than smokers (Shaik
et al. 2019; Chaffee et al. 2020). (S)-NNN has been identified
as a strong oral cavity carcinogen in ST products (Balbo et al.
2013). In addition, both NNN and NNK induced tumors of the
lung, esophagus, nasal cavity and liver in F344 rats as well as
of the lung, trachea and nasal cavity in Syrian golden ham-
sters (Mohamed Anser and Aswath 2014). In ST users, there is
a high prevalence of oral, head and neck cancers (Datta et al.
2014). Systematic review and meta-analyses showed that ST
use is strongly associated with oral potentially malignant dis-
orders (OPMDs) in South Asia (Khan et al. 2016; Asthana
et al. 2019; Khan et al. 2020). Two WHO regions, SEAR and
EMR, have high risk of oral and esophageal cancers (Singh
2014; Acharya et al. 2021; Padhiary et al. 2021) with signifi-
cant positive association with ST use, while the EUR region
has high pancreatic cancer rate due to ST (Burkey et al. 2014;
Gupta et al. 2018). Apart from malignancy, ST also has nega-
tive health implications for the immunological, reproductive,
and cardiovascular systems (Willis et al. 2012). Exposure to
diverse ST products results in the depletion of endothelial
progenitor cells, which may impair endothelium repair. Of
note, suppression of the circulating levels of immune cells
upon exposure to ST products may increase the susceptibility
to secondary infection (Malovichko et al. 2019).
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A Chemical carcinogen formation during tobacco production and in ST products
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Figure 11. Potential pathways of chemical carcinogenesis related to ST processing and ST product usage. (A) Bacterial generation/export of nitrite followed by abi-
otic nitrosation. Bacteria expressing dissimilatory nitrate reductases (respiratory or periplasmic) can generate and excrete nitrite that can react with alkaloids to form
TSNAs (NNN, NNK). Formation of other potential carcinogens (AFB1, BaP) that can potentially be present in ST products are also shown. Areca nut, another potential
carcinogenic ingredient in ST products, is not shown. (B) Absorbed TSNAs can be glucuronidated and excreted (not shown) or converted to diazohydroxides and
their intermediates, which form DNA adducts that can lead to deleterious DNA base mutations. Metabolites of other ST-agents can also form adducts leading to car-
cinogenesis. If adducts cause mutations that remain unrepaired, it can lead to the four stages in chemical carcinogenesis. If DNA damage persists, it can lead to
apoptosis where the errant cell dies; or cancer promotion with the formation of pre-cancerous cells. If this process continues further, cancer cells undergo

metastasis.



The formation or introduction of carcinogens occurring during
ST processing is illustrated in Figure 11(A), whereas the develop-
ment of a chemically induced carcinoma following ST consump-
tion occurs in a multi-step process shown in Figure 11(B). The
first stage of carcinogenesis is initiation when carcinogens in ST
modify the molecular structure of DNA by forming an adduct
(such as by alkylating agents). Adducts are usually recognized and
broken down by body cells (Hecht 2003), but if the adduct
escapes detection or repair, then it can lead to mutation of genes
causing dysregulation of biochemical signaling pathways associ-
ated with cellular proliferation, survival, and differentiation (Li and
Hecht 2021). The following step is promotion in which a clonal
expansion of the initiated cells occurs due to continuous exposure
to a promoter agent, like TSNAs, that speeds up the process of
carcinogenesis. Once a tumor has formed, its progression can be
further triggered by TSNAs (Becker et al. 2003; Xue et al. 2014).
Under these special circumstances, promotion may occur.
Promoter compounds can selectively enhance the growth of initi-
ated cells, then cells start to proliferate, forming tumors. This
stage is reversible and dependent on the presence of promoter
compounds. Next, progression occurs due to repeated exposure
of preneoplastic cells to DNA-damaging agents causing activation
of pro-oncogenes and inactivation of tumor suppressor genes,
thereby causing genomic instability and uncontrolled growth.
Further mutations result in higher degrees of independence, inva-
siveness, and metastasis, conferring permanent genetic growth
advantage (Deberardinis and Thompson 2012). Tumor progression
is the expression of the malignant phenotype and the tendency
for these cells to become more aggressive over time. Lastly,
metastasis, a multi-step process that involves the spread of malig-
nant cells from the original site of cancer formation migrating
through the bloodstream or lymph system to other parts of the
body. Metastasis includes local tumor cell invasion, entry into the
vascular system followed by the extravasation of the cancer cells
from the circulatory system, and proliferation and colonization in
competent organs in the body (Malarkey et al. 2013; Basu 2018).

4. Potential means for minimizing N-nitrosamine
levels in tobacco production

4.1. Certain bacteria generate and release nitrite that
initiates N-nitrosamine formation

As previously established, nitrosamines derived from nicotine
and nornicotine (NNK, NNN, and NNAL) (Figure 6) are potent
human carcinogens (IARC 2007). As discussed above, previous
research has focused on identifying potential problem areas:
reactive NO, gases present during certain types of curing,
tobacco species or cultivars with increased alkaloids, leaf
nitrate due to absorption of nitrate fertilizers, the presence
and activity of certain nitrate-reducing bacteria, and tobacco
processing steps (e.g. fermentation and aging) that may
increase nitrite accumulation, leading to TSNA formation. Use
of ST products results in TSNA that can lead to the formation
of reactive metabolites, DNA adducts, DNA base mutations,
aberrant oncogenic and tumor suppressing proteins, cancer
and, if not successfully treated, ST-related morbidity and/or
mortality (Figure 11) (Rutqvist et al. 2011; Fisher et al. 2012;
Tobacco Guide 2023).
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4.2. Known strategies for decreasing nitrate, certain
alkaloids, and microorganisms in tobacco

TSNAs form when tobacco alkaloids react with NO, gases
during some types of curing but also due to the interactions
of nitrate, tobacco alkaloids, and certain nitrate-reducing bac-
teria during processing. Nitrate and tobacco alkaloids, such
as nicotine and nornicotine, are generally present at some
level in tobacco (Davis and Nielsen 1999) and unlikely to be
completely removed. Over the past decades, a number of
studies have been published addressing potential TSNA-low-
ering approaches, including altering processing techniques
(Rutquist et al. 2011; Shi et al. 2013; Gupta et al. 2019), culti-
vation conditions (Lewis et al. 2012), tobacco lines, and pro-
ducing areas (Shi et al. 2012) that impact TSNA content.
Other strategies have included control of nitrogen fertiliza-
tion levels (Lewis et al. 2012; Tobacco Guide 2023), imple-
mentation of modified curing conditions (Shi et al. 2013),
modified fermentation protocols (Fisher et al. 2012), and gen-
etic breeding of tobacco species/varieties (Gavilano et al.
2006; Lewis et al. 2008). Omitting fire-curing prevents TSNA
formation but also the accumulation of PAHs, such as BaP, in
ST products (Rutqvist et al. 2011; Hearn et al. 2013; Tobacco
Guide 2023). Genetic selection of low converter tobacco
types, which converts less nicotine to nornicotine, has
resulted in decreased NNN levels in tobaccos. Lewis et al.
detailed genetic means of targeting TSNA levels by lowering
tobacco leaf levels of nitrate or alkaloids, precursors of TSNAs
(Lewis et al. 2012). Tobacco plants deficient in nicotine deme-
thylase (NDM) enzyme, which converts nicotine to nornico-
tine, lack nornicotine (Julio et al. 2008); moreover, when a
gene sequence complementary to NDM mRNA is expressed
in tobacco plants, it prevents translation of the NDM protein
and lowers NNN levels (Lewis et al. 2008).

Deliberate changes in some snus processing and produc-
tion, especially the elimination of microorganisms via heat
treatment, has progressively lowered TSNA levels in these
products over recent decades (Wahlberg et al. 1999; Rutqvist
et al. 2011; Fisher et al. 2012). When expressed on a wet
weight basis, NNN + NNK levels in snus products are gener-
ally below 1ng/g, well below fermented ST products, such as
moist snuff and dry snuff with 45-50ug/g (Richter et al.
2008; Rutqgvist et al. 2011; Lawler et al. 2013, 2020) or toom-
bak reaching above 14,000 ug/g (Idris et al. 1991, 1998).
Below, we present some existing technologies or approaches,
commonly used with food or other orally consumed prod-
ucts, that might aid to minimize the levels of microorganisms
or the nitrite by-product.

Several well-established technologies exist in food and
pharmaceutical industries that deactivate or eliminate micro-
organisms by various means, including increased temperature
treatment. Pasteurization, commonly used in milk production,
is used to process select snus products. For snus, this
involves mixing tobacco with water and sodium chloride in
enclosed blenders that are injecting hot water and steam to
achieve temperatures of 80-100°C. These temperatures, if
maintained for several hours, are sufficient to inactivate micro-
organisms, but this extended period of heat treatment may
not be applicable to all products as it can change the taste or
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other characteristics of tobacco and may require modification
of processing procedures (Idris et al. 1998; Rutqvist et al.
2011). Of note, some bacteria retain nitrate reducing activity at
elevated temperatures (80 — 100 °C) yet that enzymatic activity
is lost above 100 °C (Ramirez-Arcos et al. 1998).

Pressurized steam technologies (PSTs) of various types
produce high temperatures, pressures, and sometimes flow
rates, thus offering a rapid, low-cost, nontoxic, chemical-free
microbicidal and sporicidal means of removing or killing
microorganisms. PST has proven effectiveness at eliminating
microorganisms in food preparation, pharmaceutical, and
water treatment facilities. A commercially available pressure
washer that can deliver high-pressure hot water and steam
can clean and sterilize surfaces, which could include har-
vested leaves (Figure A5) (CDC 2008; TEMA 2022). These tech-
nologies are used to eliminate bacteria on food products,
such as herbs and spices (Ventilex 2022). Indeed, a tempera-
ture of 132°C with a pressure of 15psi can kill bacteria and
fungi in 4min (Alfa 2021). Microwave technology has been
successfully used for pasteurizing, sterilizing, and bacterial
destruction in production of food, nutraceuticals, pharma-
ceuticals, and other products. Microwave energy at certain
frequencies increases vibrations of water molecules and trig-
gers temperature increases in the aqueous contents of micro-
bial cells, denatures proteins, and other critical biomolecules
and ultimately kills microorganisms, including endospore-
forming bacilli that can be present in food products (Brinley
et al. 2007; Pauly and Paszkiewicz 2011; Chandrasekaran
et al. 2013; David et al. 2013). A standard microwave oven
can completely inactivate Geobacillus stearothermophilus
spores (a sterilization indicator) and other undesirable micro-
organisms in 5min or less (Rutala and Weber 2019).

Newer high-energy sterilization methods, including electron
beam (eBeam) and X-ray technologies, are called “cold
pasteurization” because microorganisms are eliminated with-
out increased temperatures that can cause undesirable prod-
uct changes. The eBeam systems irradiate products with
electrons accelerated to 99.9% of the speed of light, whereas
X-ray technologies emit high energy X-ray photons (Figure
A6). These technologies effectively inactivate bacterial cells,
bacterial endospores, fungal mycelium and spores, viruses, and
insects in products and are approved by the FDA and USDA
for use with orally consumed products. Both eBeam and X-ray
energy can pass through packaged products and inactivate
bacteria and fungi in the contents by damaging biomolecules
in microorganisms that cannot be repaired. At a sufficient
irradiation dose, both unpackaged product and finished pack-
ages can be sterilized (Miller 2005; Shayanfar and Pillai 2015;
Pillai and Shayanfar 2017; Pillai and Pillai 2021).

Because the presence of nitrite is so fundamental to TSNA
formation, the addition of nitrite scavenging agents to tobacco
can capture nitrite generated and released by bacteria. Nitrite
scavenging compounds include vitamin C, caffeic acid, tocoph-
erol, polyphenols, green or Kunlun Tea extracts, and the green
tea component epigallocatechin gallate, which are deemed
safe for use in food and have also been used in ST products
(Choi et al. 1989; Wahlberg et al. 1999; Rundlof et al. 2000;
Rutqvist et al. 2011; Yao et al. 2015) (Table AT1). A common
chemical feature of nitrite scavenging compounds is the

presence of one or more hydroxyl groups that trap nitrite
anions (Heijnen et al. 2001). Addition of humectant com-
pounds, such as glycerin and propylene glycol, decreases the
water activity of ST products so that microorganisms have less
available moisture (Rutqvist et al. 2011). Lastly, refrigeration of
products at 4°C extends product shelf life, slows microbial
growth and nitrite-producing activity, slows nitrosation that
forms TSNAs, and prevents moisture loss that concentrates
TSNA levels in ST products (Djordjevic et al. 1993; Rutqvist
et al. 2011).

4.3. Continued N-nitrosamine formation in products
after manufacturing

Processing impacts the constituents of ST products, and fac-
tors such as temperature and humidity can impact TSNA levels
in the finished ST product. TSNA concentration in tobacco can
be increased due to certain tobacco-processing techniques
(Chamberlain and Chortyk 1992; Staaf et al. 2005) and storage
conditions (Shi et al. 2013). Humidity, temperature, and pH of
the stored finished tobacco product also influence TSNAs lev-
els (Stepanov et al. 2015; Wang et al. 2017). Indeed, the stor-
age of ST products for long periods under high humidity and
high temperatures increases TSNA levels (Andersen et al. 1991;
Hatsukami et al. 2014). As ST products are aged, elevated
moisture and insufficient air movement leads to microbial con-
version of nitrate to nitrite and increased TSNAs levels
(Djordjevic et al. 1993). Storing ST products wet or with high
moisture in multi-pack “logs” at temperatures exceeding 37 °C
markedly increases TSNA formation (Stepanov et al. 2014).
Aging, occurring after ST production, can be slowed down by
storing products at cooler temperatures (4 °C) (Djordjevic et al.
1993; Rutqvist et al. 2011).

Although both contain nitrate and tobacco alkaloids, snus
and toombak are very different products in terms of their proc-
essing and their bacterial content. Toombak is a sun-cured, fer-
mented, and aged product that often contains nitrate, high
alkaloid levels due to N. rustica content, and individual NNN
and NNK concentrations that can exceed 1 mg/g concentrations
(Idris et al. 1991, 1998). Idris et al. indicated that TSNA levels in
toombak could be decreased by omitting the use of N. rustica,
and by modifying fermentation and processing of tobacco used
to make toombak (Idris et al. 1992, 1998). Others have partially
attributed high TSNA levels to fermentation at elevated temper-
atures, microbial contamination occurring in processing, and
prolonged storage (Ahmed and Mahgoob 2007; Ahmed 2013).
Recently, several molecular studies of toombak have reported
the presence of nitrate-reducing bacteria with respiratory (dis-
similatory) nitrate reductases that can contribute to nitrite accu-
mulation in these products (Tyx et al. 2016, 2022; Smyth et al.
2017; Sami et al. 2021).

Lower TSNA levels are found in pasteurized products (e.g.
snus) (Lawler et al. 2020) than those found in products proc-
essed with fermentation or aging (e.g. zarda, khaini, snuff,
toombak, etc.) (Idris et al. 1991; Lawler et al. 2013; Hatsukami
et al. 2014). Besides being pasteurized to eliminate microor-
ganisms, snus is not fire-cured, fermented, or aged. One ST
company, Swedish Match, recognizing the carcinogenicity of



TSNAs in snus, set into motion remedial actions to eliminate
microorganisms and decrease and control the levels of a
number of harmful agents (TSNAs, BaP, aflatoxins, etc.) intro-
duced or formed during processing. Starting in the 1980s,
this company began implementing new cultivation and proc-
essing steps, such as screening soil metals, pasteurizing to
eliminate microorganisms, omitting fire-curing, fermentation,
and aging steps, and using food-grade ingredients including
nitrite-scavenging chemicals (Rutqvist et al. 2011). Swedish-
made snus is often produced using air-cured and sun-cured
tobacco that is pasteurized prior to further processing. The
deliberate use of heat treatment to eliminate microorgan-
isms, omission of fire-curing and fermentative steps (i.e. fer-
mentation, aging), and refrigeration of products after
production to slow both microbial growth and reactions all
contribute to the consistently low levels of nitrite, various
nitrosamines, such as TSNAs and NDMA, mycotoxins (e.g.
aflatoxins and ochratoxins), but also VOCs and BaP for some
snus products. The type of tobacco used, and the curing
method and processing steps utilized are very important fac-
tors that determine the levels of carcinogens present in an
ST product (Idris et al. 1998; Rutqvist et al. 2011; Hatsukami
et al. 2014; Lawler et al. 2020; Swedish Match 2023).

Swedish Match also set maximum permissible levels of
toxic metals, nitrite, NNN, NNK, aflatoxins, BaP, and other com-
pounds in their snus products as part of an industry-initiated
system, known as the Gothiatek Standard (Swedish Match
2023). These and other harmful compounds are monitored so
that their products remain within these pre-defined product
limits. Indeed, Swedish Match is the only company with annu-
ally published results that achieve the low NNN concentrations
of 1ug per gram of dry weight tobacco or less proposed by
the FDA (Federal Register 2017). Recently, Lawler et al. con-
firmed levels below or slightly above that threshold for NNN
in the vast majority of snus products from manufacturers,
including Swedish Match (Lawler et al. 2020), whereas moist
snuff and dry snuff products from the U.S. (Richter et al. 2008;
Lawler et al. 2013) and international products, including khaini
and zarda from India and toombak from Sudan (Idris et al.
1991; Stanfill et al. 2011), can far exceed 2pug/g dry wt. pro-
posed by the FDA (Federal Register 2017).

5. Conclusions

This review illustrates biochemical and chemical events associ-
ated with the production of TSNAs during ST processing and
mechanisms of carcinogenesis once the compounds enter the
body during ST usage. Reactive NO, gases present during cur-
ing can react with alkaloids to form TSNAs in the process of
nitrosation. Alternatively, TSNAs can form because of the pres-
ence of nitrate and tobacco alkaloids in tobacco leaves and the
subsequent enzymatic activity of certain nitrate-reducing bac-
teria with dissimilatory nitrate reductases, including respiratory
nitrate reductases or periplasmic nitrate reductases, that can
convert nitrate to nitrite during processing. Nitrite, which is not
assimilated in bacterial cells, may be released into tobacco and
then react with tobacco alkaloids to form TSNAs via the abiotic
process of nitrosation (Spiegelhalder and Fischer 1991; Di
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Giacomo et al. 2007; Fisher et al. 2012). Indeed, certain nitrate-
reducing bacteria, such as Enteractinococcus, Corynebacterium,
Staphylococcus, and members of the Enterobacteriaceae family,
capable of generating and excreting nitrite, have been reported
among ST products (Tyx et al. 2016, 2022; Smyth et al. 2017;
Rivera et al. 2020; Rivera and Tyx 2021; Sami et al. 2021). Other
microorganisms with similar capabilities may be identified as
research continues. Whether TSNAs in a given ST product are
formed by chemical nitrosation alone, by the action of dissimila-
tory nitrate reductases or other nitrite-producing enzymes in
various microorganisms followed by chemical nitrosation, or a
combination, TSNAs accumulate to measurable levels in essen-
tially all ST products that contain processed tobacco (Hatsukami
et al. 2014). The main TSNAs formed during the processing of
tobacco leaves are NNN and NNK.

Upon ST usage, TSNAs and other carcinogens are absorbed
and form carcinogenic metabolites that lead to DNA adducts,
which, if unrepaired, can lead to mutations and cancer. It is
thought that several thousand adducts are formed in each
human cell daily. Fortunately, repair mechanisms exist in the
human body that remove most adducts and prevent muta-
tions via single repair enzymes, such as MGMT or ALKBH2, but
also via multiple enzyme systems, including NER. Among Ras
proteins, mutations are confined to two specific glycines and a
glutamine that result in hyperactive Ras proteins that initiate
uncontrolled cell growth that can lead to cancer. Also, numer-
ous mutations can inactivate the tumor suppressor p53 (Table
1), a transcription factor that induces the repair of DNA dam-
age, or triggers cell death (apoptosis) when damage is too
extensive to repair. It is therefore no surprise that p53 is
mutated in about 50% of all human cancer cases. Cancer-asso-
ciated missense mutations inactivate the p53 protein either by
removing crucial, arginine-mediated p53-DNA contacts or by
reducing the conformational stability of the p53 DNA-binding
domain (so-called structural mutations), causing the protein to
rapidly unfold and aggregate in cells (Joerger and Fersht
2016) (Figure 10C). Of note, constituents of ST products or
preparations, including TSNAs, BaP, AFB1, or areca nut com-
pounds, each cause mutations at one or more critical arginine
residues in the p53 protein found in cancers.

Decreasing exposure to carcinogenic agents due to ST
usage and preventing the development of ST-related cancers
are important aims. Minimizing the levels of carcinogenic
agents in ST products, by altering processing, has been shown
in certain Swedish-made snus products for several decades.
Snus products, which are pasteurized and omit fire-curing, fer-
mentation, or aging from processing (Idris et al. 1998; Rutqvist
et al. 2011), have low documented levels of toxic metals,
nitrite, TSNAs, BaP, acetaldehyde, formaldehyde, aflatoxins, and
other carcinogens as reported annually (Swedish Match 2023).
Indeed, identifying carcinogenic agents or their precursors,
implementing processing modifications to decrease those lev-
els, and performing on-going monitoring and adjustments to
minimize carcinogen levels has provided a well-tested roadmap
leading to ST products with decreased carcinogenic content
(Idris et al. 1998; Rutqvist et al. 2011; Gupta et al. 2019;
Swedish Match 2023). In particular, the use of pasteurization in
early stages of snus production has been a successful approach
for eliminating microorganisms such as nitrite-producing



686 S. B. STANFILL ET AL.

bacteria and mycotoxin-producing fungi, and has resulted in
negligible levels of TSNAs and aflatoxins, respectively, in some
snus products (Idris et al. 1998; Rutqvist et al. 2011; Lawler
et al. 2020; Swedish Match 2023). For ST products not amen-
able to pasteurization, other proven technologies (e.g. eBeam
and X-ray) exist that eliminate microorganisms without increas-
ing the temperature in either of the prepackaged contents or
in packaged ST products at the end of production. Moreover,
ensuring that toxic and carcinogenic metal or metalloids levels
in tobacco are low, omitting fire-curing that contributes to
TSNA formation and introduces BaP, other PAHs, and VOCs,
and eliminating areca nut as an ST ingredient could remove or
decrease the level of other potent carcinogens in ST products.
Products processed to eliminate microorganisms, which
includes those that are nitrite producing, tend to have very
low levels of TSNAs. Other approaches that may have the
benefit of decreasing TSNA levels include using tobacco with
lower nornicotine content, omitting fermentation and aging of
tobacco, refrigerating products, and using nitrite scavenging
compounds as additives (Idris et al. 1998; Wahlberg et al. 1999;
Rutqvist et al. 2011; Lawler et al. 2020; Swedish Match 2023).

Acknowledgements

We would like to thank Stephanie P. Rossow, MSMI, a Peraton Contractor
for CDC's Graphic Services Branch, for her contribution of a number of sci-
entific illustrations. Several of the authors want to thank Dr. Andreas C.
Joerger for his extensive time spent developing and refining many of the
cellular and biochemical graphics in this review. The authors thank
Dr. Yupeng Li, Assistant Professor (University of Texas, El Paso) and Bob
Carlson, Senior Administrative Assistant (University of Minnesota at Twin
Cities) for their assistance with drawing chemical structures related to
TSNAs and their DNA adducts. We thank Dr. Angel J. Rivera at CDC for his
expertise and numerous helpful edits, especially related to microbiology, in
this review. We would like to thank Dr. Steve Pappas at CDC for helpful
input regarding toxic and carcinogenic metals and metalloids in tobacco
and also to Dr. Baoyun Xia at CDC for helpful edits related to TSNA metab-
olism. We are thankful to Dr. Prakash C. Gupta of Healis Sekhsaria Institute
for Public Health, Navi Mumbai, India for helpful edits. We thank Tameka
Lawler at CDC for her helpful edits to the manuscript. We wish to thank
Dr. David L. Parrott of Industrial Microwave Systems LLC (Garner, NC) for
helpful discussion related to the use of microwave technologies to eliminate
microbial contamination. The CDC clearance is a process of reviewing
articles being published by CDC, included Clifford Watson, Ben Blount,
Shirley Ding, Rachael Rogers, S. Jane Henley, Kamil Barbour, Cheryl Thomas,
Chinaro Kennedy, Annemarie DePasquale and also Jerry Thomas MD,
Richard Wang MD, and Corrine Huston MD. Any omission of reviewers was
inadvertent. We also would like to thank Editor Roger O. McClellan at the
journal for his helpful input and to the external reviewers selected by the
Editor whose identity was not made known to the author and co-authors
of the paper.

Declaration of interest

Co-authors were funded as stated in the Funding section. Five of the
authors are from the U.S. Center for Disease Control and Prevention
(CDCQ). No funding was provided by CDC to individuals or organizations
outside of CDC nor were any funds disseminated between any of the
individuals or organizations involved in this writing project. Completion
of this review paper required a highly collaborative effort spanning sev-
eral years and requiring the diligent work of 20 subject-matter experts,
including scientists, researchers, and medical doctors, from eight differ-
ent countries (Argentina, France, Germany, India, Lebanon, Portugal, UK,
and U.S.), who were available to participate at the time of its writing. In

November 2020, SBS, a tobacco research chemist, envisioned a review
paper exploring the numerous chemical and enzymatic transformations,
related to TSNAs, that occur between cultivation and cancer. SBS wrote
and contributed to review sections and developed graphics, invited spe-
cific co-authors to address certain topics in greater depth, and guided
the formation of this review. In December of 2020, SSH was asked to
take part in this endeavor because of his extensive knowledge of organic
chemistry and more than 50 years of experience in the area of TSNA
research (formation of TSNAs, human metabolites, DNA adducts, cancer
formation, etc.). In December 2020, RM and AKG were asked to contrib-
ute to the areas of cancer biology and to review previous studies, includ-
ing those from India where smokeless tobacco use and cancers are the
most prevalent worldwide. In December 2020, JJGM, PJG, LBM, and MGR
joined the effort and compiled information related to bacterial nitrate
reductases (genes, protein assembly, structure/function, bacterial physi-
ology) and transporters that contribute to nitrite production and elimin-
ation; this group provided graphics helpful in providing a zoomed in
view of the assembly and innerworkings of nitrite-producing enzymes
and their active sites within bacterial cells. In March 2021, RET contrib-
uted to microbiological aspects of processing in this review. In March
2021, SJH joined the effort with her expertise in cancer-causing chemi-
cals. In April 2021, ACJ joined who contributed text related to onco-
genes, tumor suppressors (RAS, p53) and structural biology, and
contributed to extensive editing as well as development and refining
many of the graphics in this review, including those related to proteins.
In May 2021, PH was asked to contribute to the topic of genome-wide
mutational signatures in p53; whereas SDP was asked to contribute to
the area of electron beam and X-ray sterilization. In September 2021, BK
joined this endeavor and contributed his extensive knowledge of DNA
repair and contributed numerous helpful edits to this review paper. In
December 2021, GSZ was asked to contribute to medical aspects of this
paper. In February 2022, NEL and JCC were asked to join to contribute
to aspects of regulation related to nitrate metabolism genes. In January
2023, CSW was asked to contribute information related to periplasmic
nitrate reductases (genes, protein structure/function, physiological roles).
Besides contributing to its content, this review was under the supervision
of CHW and BCB from start to finish. Once the review manuscript was
finished, it was extensively reviewed through a formal CDC clearance
process. The persons who took part in that review process are listed in
the Acknowledgements.

The research of Bernd Kaina was funded by Deutsche
Forschungsgemeinschaft, DFG KA724/31-1. Luisa Maia wishes to thank
Fundagao para a Ciéncia e a Tecnologia, MCTES (FCT/MCTES), for the
CEEC-Individual 2017 Program Contract. Jose Moura and Luisa Maia also
received financial support from PT National Funds (FCT/MCTES) through
projects UIDB/50006/2020 and UIDP/50006/2020. Maria Rivas and Pablo
Gonzalez are members of CONICET in Argentina. Andreas C. Joerger is
supported by the German Research Foundation Grant JO 1473/1-3 and is
also grateful for support by the Structural Genomics Consortium, a regis-
tered charity (No. 1097737) that receives funds from Bayer AG,
Boehringer Ingelheim, Bristol Myers Squibb, Genentech, Genome Canada
through Ontario Genomics Institute [OGI-196], EU/EFPIA/OICR/McGill/
KTH/Diamond Innovative Medicines Initiative 2 Joint Undertaking
[EUbOPEN Grant 875510], Janssen, Merck KGaA (aka EMD in Canada and
US), Pfizer, and Takeda. Dr. Jason C. Crack and Dr. Nick E. Le Brun are
supported by the UK's Biotechnology and Biological Sciences Research
Council, Grant BB/V006851/1. Stephen B. Stanfill, Robert E. Tyx, S. Jane
Henley, Benjamin C. Blount, and Clifford H. Watson were internally fund-
ing by US Centers for Disease Control and Prevention (CDC). This work is
also supported by American Lung Association; National Center for
Chronic Disease Prevention and Health Promotion; Department of
Science and Technology, Ministry of Science and Technology;
Universidade do Algarve Faculdade de Ciéncias e Tecnologia.

Disclaimer

This article was prepared while Courtney Watkins (AKA Courtney E
Sparacino Watkins) was employed at the University of Pittsburgh. The
opinions expressed in this article are the author's own and do not reflect



the view of the National Institutes of Health, the Department of Health
and Human Services, or the United States government.

References

Acharya S, Singh S, Bhatia SK. 2021. Association between smokeless
tobacco and risk of malignant and premalignant conditions of oral
cavity: a systematic review of Indian literature. J Oral Maxillofac
Pathol. 25(2):371. doi: 10.4103/0973-029X.325258.

Ahmed HG, Mahgoob RM. 2007. Impact of toombak dipping in the eti-
ology of oral cancer: gender-exclusive hazard in the Sudan. J Cancer
Res Ther. 3(2):127-130. doi: 10.4103/0973-1482.34696.

Ahmed HG. 2013. Aetiology of oral cancer in the Sudan. J Oral Maxillofac
Res. 4:e3.

Alexandrov LB, Nik-Zainal S, Wedge DC, Aparicio SAJR, Behjati S, Biankin
AV, Bignell GR, Bolli N, Borg A, Bgrresen-Dale A-L, et al. 2013.
Signatures of mutational processes in human cancer. Nature.
500(7463):415-421. doi: 10.1038/nature12477.

Alfa. 2021. Autoclave temperatures and pressures. Medical equipment;
[accessed 2022 Jan 25]. https://sterilizers.com/autoclave-time-tempera-
ture-pressure-chart.html.

Al-Hebshi NN, Alharbi FA, Mahri M, Chen T. 2017. Differences in the bac-
teriome of smokeless tobacco products with different oral carcinogen-
icity: compositional and predicted functional analysis. Genes. 8(4):106.
doi: 10.3390/genes8040106.

Andersen RA, Fleming PD, Burton HR, Hamilton-Kemp TR, Sutton TG.
1991. Nitrosated, acylated, and oxidized pyridine alkaloids during stor-
age of smokeless tobaccos: effects of moisture, temperature, and their
interactions. J Agric Food Chem. 39(7):1280-1287. doi: 10.1021/
jf00007a017.

Andreotti G, Freedman NDS, Silverman DT, Lerro CC, Koutros S, Hartge P,
Alavanja MC, Sandler DP, Freeman LB. 2017. Tobacco use and cancer
risk in the agricultural health study. Cancer Epidemiol Biomarkers
Prev. 26(5):769-778. doi: 10.1158/1055-9965.EPI-16-0748.

Asthana S, Labani S, Kailash U, Sinha DN, Mehrotra R. 2019. Association
of smokeless tobacco use and oral cancer: a systematic global review
and meta-analysis. Nicotine Tob Res. 21(9):1162-1171. doi: 10.1093/
ntr/nty074.

Balbo S, James-Yi S, Johnson CS, O'Sullivan G, Stepanov |, Wang M,
Bandyopadhyay D, Kassie F, Carmella S, Upadhyaya P, et al. 2013. (S)-
N’-nitrosonornicotine, a constituent of smokeless tobacco, is a power-
ful oral cavity carcinogen in rats. Carcinogenesis. 34(9):2178-2183. doi:
10.1093/carcin/bgt162.

Balbo S, Johnson CS, Kovi RC, James-Yi SA, O'Sullivan MG, Wang M, Le
CT, Khariwala SS, Upadhyaya P, Hecht SS. 2014. Carcinogenicity and
DNA adduct formation of 4-(methylnitrosamino)-1-(3-pyridyl)-1-buta-
none and enantiomers of its metabolite 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol in F-344 rats. Carcinogenesis. 35(12):2798-2806. doi:
10.1093/carcin/bgu204.

Baldwin IT. 1989. Mechanism of damage-induced alkaloid production in
wild tobacco. J Chem Ecol. 15(5):1661-1680. doi: 10.1007/BF01012392.

Bargonetti J, Prives C. 2019. Gain-of-function mutant p53: history and
speculation. J Mol Cell Biol. 11(7):605-609. doi: 10.1093/jmcb/mjz067.

Barta JA, Pauley K, Kossenkov AV, McMahon SB. 2020. The lung-enriched
p53 mutants V157F and R158L/P regulate a gain of function transcrip-
tome in lung cancer. Carcinogenesis. 41(1):67-77. doi: 10.1093/carcin/
bgz087.

Basu AK. 2018. DNA damage, mutagenesis and cancer. Int J Mol Sci.
19(4):970. doi: 10.3390/ijms19040970.

Bauer MR, Jones RN, Tareque RK, Springett B, Dingler FA, Verduci L, Patel
KJ, Fersht AR, Joerger AC, Spencer J. 2019. A structure-guided molecu-
lar chaperone approach for restoring the transcriptional activity of the
p53 cancer mutant Y220C. Future Med Chem. 11(19):2491-2504. doi:
10.4155/fmc-2019-0181.

Bauer MR, Kramer A, Settanni G, Jones RN, Ni X, Khan Tareque R, Fersht
AR, Spencer J, Joerger AC. 2020. Targeting cavity-creating p53 cancer
mutations with small-molecule stabilizers: the Y220X paradigm. ACS
Chem Biol. 15(3):657-668. doi: 10.1021/acschembio.9b00748.

CRITICAL REVIEWS IN TOXICOLOGY 687

Bay DC, Chan CS, Turner RJ. 2015. NarJ subfamily system specific chaper-
one diversity and evolution is directed by respiratory enzyme associa-
tions. BMC Evol Biol. 15(1):110. doi: 10.1186/512862-015-0412-3.

Becker K, Gregel C, Fricke C, Komitowski D, Dosch J, Kaina B. 2003. DNA
repair protein MGMT protects against N-methyl-N-nitrosourea-induced
conversion of benign into malignant tumors. Carcinogenesis. 24(3):
541-546. doi: 10.1093/carcin/24.3.541.

Benowitz NL, Hukkanen J, Jacob P 3rd. 2009. Nicotine chemistry, metab-
olism, kinetics and biomarkers. Handb Exp Pharmacol. 192:29-60.

Beranek DT. 1990. Distribution of methyl and ethyl adducts following
alkylation with monofunctional alkylating agents. Mutat Res. 231(1):
11-30. doi: 10.1016/0027-5107(90)90173-2.

Berbe¢ A, Doroszewska T. 2020. The use of Nicotiana species in tobacco
improvement. In: Ivanov NV, Sierro N, Peitsch MC, editors. The
tobacco plant genome. Cham: Springer International Publishing; p.
101-146.

Bertero M, Rothery R, Palak M, Hou C, Lim D, Blasco F, Weiner JH,
Strynadka NC. 2003. Insights into the respiratory electron transfer
pathway from the structure of nitrate reductase A. Nat Struct Biol.
10(9):681-687. doi: 10.1038/nsb969.

Bhisey RA, Stanfill SB. 2016. Chapter 13. Chemistry and toxicology of
smokeless tobacco. In: Gupta PC, Arora M, Sinha D, Asma S,
Parascondola M, editors. Smokeless tobacco and public health in
India. Presented at the 7th Conference of Parties, World Health
Organisation, Nov 11; New Delhi, India: Ministry of Health and Family
Welfare, Government of India.

Bhisey RA. 2012. Chemistry and toxicology of smokeless tobacco. Indian
J Cancer. 49(4):364-372. doi: 10.4103/0019-509X.107735.

Billant O, Friocourt G, Roux P, Voisset C. 2021. p53, a victim of the prion
fashion. Cancers. 13(2):269. doi: 10.3390/cancers13020269.

Blanden AR, Yu X, Blayney AJ, Demas C, Ha JH, Liu Y, Withers T, Carpizo
DR, Loh SN. 2020. Zinc shapes the folding landscape of p53 and
establishes a pathway for reactivating structurally diverse cancer
mutants. Elife. 9:e61487. doi: 10.7554/eLife.61487.

Blasco F, Dos Santos JP, Magalon A, Frixon C, Guigliarelli B, Santini CL,
Giordano G. 1998. NarJ is a specific chaperone required for molyb-
denum cofactor assembly in nitrate reductase A of Escherichia coli.
Mol Microbiol. 28(3):435-447. doi: 10.1046/j.1365-2958.1998.00795 x.

Boffetta P, Hecht S, Gray N, Gupta P, Straif K. 2008. Smokeless tobacco
and cancer. Lancet Oncol. 9(7):667-675. doi: 10.1016/S51470-
2045(08)70173-6.

Borders CL, Broadwater JA, Bekeny PA, Salmon JE, Lee AS, Eldridge AM,
Pett VB. 1994. A structural role for arginine in proteins: multiple
hydrogen bonds to backbone carbonyl oxygens. Protein Sci. 3(4):541-
548. doi: 10.1002/pro.5560030402.

Botsford JL, Harman JG. 1992. Cyclic AMP in prokaryotes. Microbiol Rev.
56(1):100-122. doi: 10.1128/mr.56.1.100-122.1992.

Bouaoun L, Sonkin D, Ardin M, Hollstein M, Byrnes G, Zavadil J, Olivier M.
2016. TP53 variations in human cancers: new lessons from the IARC
TP53 Database and Genomics Data. Hum Mutat. 37(9):865-876. doi:
10.1002/humu.23035.

Brinley TA, Dock CN, Truong VD, Coronel P, Kumar P, Simunovic J,
Sandeep KP, Cartwright GD, Swartzel KR, Jaykus L-A, et al. 2007.
Feasibility of utilizing bioindicators for testing microbial inactivation in
sweetpotato purees processed with a continuous-flow microwave sys-
tem. J Food Sci. 72:235-242.

Brown CJ, Lain S, Verma CS, Fersht AR, Lane DP. 2009. Awakening guard-
ian angels: drugging the p53 pathway. Nat Rev Cancer. 9(12):862-873.
doi: 10.1038/nrc2763.

Brown PJ, Bedard LL, Massey TE. 2008. Repair of 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone-induced DNA pyridyloxobutylation by nucleo-
tide excision repair. Cancer Lett. 260(1-2):48-55. doi: 10.1016/j.canlet.
2007.10.015.

Brunnemann KD, Hoffmann D. 1991. Analytical studies on tobacco-spe-
cific N-nitrosamines in tobacco and tobacco smoke. Crit Rev Toxicol.
21(4):235-240. doi: 10.3109/10408449109017910.

Bullock A, Henckel J, Fersht AR. 2000. Quantitative analysis of residual
folding and DNA binding in mutant p53 core domain: definition of
mutant states for rescue in cancer therapy. Oncogene. 19(10):1245-
1256. doi: 10.1038/sj.onc.1203434.


https://doi.org/10.4103/0973-029X.325258
https://doi.org/10.4103/0973-1482.34696
https://doi.org/10.1038/nature12477
https://sterilizers.com/autoclave-time-temperature-pressure-chart.html
https://sterilizers.com/autoclave-time-temperature-pressure-chart.html
https://doi.org/10.3390/genes8040106
https://doi.org/10.1021/jf00007a017
https://doi.org/10.1021/jf00007a017
https://doi.org/10.1158/1055-9965.EPI-16-0748
https://doi.org/10.1093/ntr/nty074
https://doi.org/10.1093/ntr/nty074
https://doi.org/10.1093/carcin/bgt162
https://doi.org/10.1093/carcin/bgu204
https://doi.org/10.1007/BF01012392
https://doi.org/10.1093/jmcb/mjz067
https://doi.org/10.1093/carcin/bgz087
https://doi.org/10.1093/carcin/bgz087
https://doi.org/10.3390/ijms19040970
https://doi.org/10.4155/fmc-2019-0181
https://doi.org/10.1021/acschembio.9b00748
https://doi.org/10.1186/s12862-015-0412-3
https://doi.org/10.1093/carcin/24.3.541
https://doi.org/10.1016/0027-5107(90)90173-2
https://doi.org/10.1038/nsb969
https://doi.org/10.4103/0019-509X.107735
https://doi.org/10.3390/cancers13020269
https://doi.org/10.7554/eLife.61487
https://doi.org/10.1046/j.1365-2958.1998.00795.x
https://doi.org/10.1016/S1470-2045(08)70173-6
https://doi.org/10.1016/S1470-2045(08)70173-6
https://doi.org/10.1002/pro.5560030402
https://doi.org/10.1128/mr.56.1.100-122.1992
https://doi.org/10.1002/humu.23035
https://doi.org/10.1038/nrc2763
https://doi.org/10.1016/j.canlet.2007.10.015
https://doi.org/10.1016/j.canlet.2007.10.015
https://doi.org/10.3109/10408449109017910
https://doi.org/10.1038/sj.onc.1203434

688 S. B. STANFILL ET AL.

Burkey MD, Feirman S, Wang H, Choudhury SR, Grover S, Johnston FM.
2014. The association between smokeless tobacco use and pancreatic
adenocarcinoma: a systematic review. Cancer Epidemiol. 38(6):647-
653. doi: 10.1016/j.canep.2014.08.010.

Butler JS, Loh SN. 2006. Folding and misfolding mechanisms of the p53
DNA binding domain at physiological temperature. Protein Sci. 15(11):
2457-2465. doi: 10.1110/ps.062324206.

Calhoun S, Daggett V. 2011. Structural effects of the L145Q, V157F, and
R282W cancer-associated mutations in the p53 DNA-binding core
domain. Biochemistry. 50(23):5345-5353. doi: 10.1021/bi200192j.

CDC. 2008. Steam sterilization: guideline for disinfection and sterilization
in healthcare facilities. Center for Disease Control and Prevention;
[accessed 2022 Jan 25]. https://www.cdc.gov/infectioncontrol/guide-
lines/disinfection/sterilization/steam.html.

Chaffee BW, Jacob P lll, Couch ET, Benowitz NL. 2020. Exposure to a
tobacco-specific carcinogen among adolescent smokeless tobacco
users in rural California, United States. Nicotine Tob Res. 22(10):1764-
1771. doi: 10.1093/ntr/ntz147.

Chamberlain W, Chortyk O. 1992. Effects of curing and fertilization on
nitrosamine formation in bright and burley tobacco. Beitrage Zur
Tabakforschung Int Contrib Tob Res. 15(2):87-92. doi: 10.2478/cttr-
2013-0625.

Chandana T, Venkatesh YP. 2016. Occurrence, functions and biological
significance of arginine-rich proteins. Curr Protein Pept Sci. 17(5):507-
516. doi: 10.2174/1389203717666151201192348.

Chandrangsu P, Rensing C, Helmann J. 2017. Metal homeostasis and
resistance in bacteria. Nat Rev Microbiol. 15(6):338-350. doi: 10.1038/
nrmicro.2017.15.

Chandrasekaran SR, Ramanathan S, Basak T. 2013. Microwave food proc-
essing—a review. Food Res Intl. 52(1):243-261. doi: 10.1016/j.foodres.
2013.02.033.

Chang AH, Parsonnet J. 2010. Role of bacteria in oncogenesis. Clin
Microbiol Rev. 23(4):837-857. doi: 10.1128/CMR.00012-10.

Chen QY, DesMarais T, Costa M. 2019. Metals and mechanisms of car-
cinogenesis. Annu Rev Pharmacol Toxicol. 59(1):537-554. doi: 10.1146/
annurev-pharmtox-010818-021031.

Chen X, Bian Z, Hou H, Yang F, Liu S, Tang G, Hu Q. 2013. Development
and validation of a method for the determination of 159 pesticide res-
idues in tobacco by gas chromatography-tandem mass spectrometry.
J Agric Food Chem. 61(24):5746-5757. doi: 10.1021/jf400887x.

Chen Y, Dey R, Chen L. 2010. Crystal structure of the p53 core domain
bound to a full consensus site as a self-assembled tetramer. Structure.
18(2):246-256. doi: 10.1016/j.5tr.2009.11.011.

Choi JS, Park SH, Choi J-H. 1989. Nitrite scavenging effect by flavonoids
and its structure—effect relationship. Arch Pharm Res. 12(1):26-33. doi:
10.1007/BF02855742.

Chopyk J, Chattopadhyay S, Kulkarni P, Smyth EM, Hittle LE, Paulson JN,
Pop M, Buehler SS, Clark PI, Mongodin EF, et al. 2017. Temporal varia-
tions in cigarette tobacco bacterial community composition and
tobacco-specific nitrosamine content are influenced by brand and
storage conditions. Front Microbiol. 8:358. doi: 10.3389/fmicb.2017.
00358.

Christmann M, Kaina B. 2012. O(6)-methylguanine-DNA methyltransferase
(MGMT): impact on cancer risk in response to tobacco smoke. Mutat
Res. 736(1-2):64-74. doi: 10.1016/j.mrfmmm.2011.06.004.

Christmann M, Kaina B. 2019. Epigenetic regulation of DNA repair genes
and implications for tumor therapy. Mutat Res Rev Mutat Res. 780:15-
28. doi: 10.1016/j.mrrev.2017.10.001.

Christmann M, Tomicic MT, Roos WP, Kaina B. 2003. Mechanisms of
human DNA repair: an update. Toxicology. 193(1-2):3-34. doi: 10.
1016/50300-483x(03)00287-7.

Christmann M, Verbeek B, Roos WP, Kaina B. 2011. Oé—methylguanine—
DNA methyltransferase (MGMT) in normal tissues and tumors: enzyme
activity, promoter methylation and immunohistochemistry. Biochim
Biophys Acta. 1816(2):179-190. doi: 10.1016/j.bbcan.2011.06.002.

Cleaver J, Lam E, Revet I. 2009. Disorders of nucleotide excision repair:
the genetic and molecular basis of heterogeneity. Nat Rev Genet.
10(11):756-768. doi: 10.1038/nrg2663.

CORESTA. 2013. Guide no. 1-CPA guidance residue levels. Paris, France:
Agro-Chemical Advisory Committee (ACAC).

Coskun E, Jaruga P, Vartanian V, Erdem O, Egner PA, Groopman JD, Lloyd
RS, Dizdaroglu M. 2019. Aflatoxin-guanine DNA adducts and oxida-
tively induced DNA damage in aflatoxin-treated mice in vivo as meas-
ured by liquid chromatography-tandem mass spectrometry with
isotope dilution. Chem Res Toxicol. 32(1):80-89. doi: 10.1021/acs.
chemrestox.8000202.

COSMIC Database. 2022. Hinxton (UK): Wellcome Sanger Institute;
[accessed 2022 Jun 30]. https://cancer.sanger.ac.uk.

Cowan SW, Garavito RM, Jansonius JN, Jenkins JA, Karlsson R, Konig N,
Pai EF, Pauptit RA, Rizkallah PJ, Rosenbusch JP, et al. 1995. The struc-
ture of OmpF porin in a tetragonal crystal form. Structure. 3(10):1041-
1050. doi: 10.1016/50969-2126(01)00240-4.

Cruz-Garcia C, Murray AE, Klappenbach JA, Stewart V, Tiedje JM. 2007.
Respiratory nitrate ammonification by Shewanella oneidensis MR-1. J
Bacteriol. 189(2):656-662. doi: 10.1128/JB.01194-06.

Cui H, Zhang ST, Yang HJ, Ji H, Wang XJ. 2011. Gene expression profile
analysis of tobacco leaf trichomes. BMC Plant Biol. 11(1):76. doi: 10.
1186/1471-2229-11-76.

Dang N, Meng X, Song H. 2016. Nicotinic acetylcholine receptors and
cancer. Biomed Rep. 4(5):515-518. doi: 10.3892/br.2016.625.

Daniels DS, Woo TT, Luu KX, Noll DM, Clarke ND, Pegg AE, Tainer JA.
2004. DNA binding and nucleotide flipping by the human DNA repair
protein AGT. Nat Struct Mol Biol. 11(8):714-720. doi: 10.1038/
nsmb791.

Datta S, Chaturvedi P, Mishra A, Pawar P. 2014. A review of Indian litera-
ture for association of smokeless tobacco with malignant and prema-
lignant diseases of head and neck region. Indian J Cancer. 51(3):200-
208. doi: 10.4103/0019-509X.146713.

Davenport S, Le Lay P, Sanchez-Tamburrrino JP. 2015. Nitrate metabolism
in tobacco leaves overexpressing Arabidopsis nitrite reductase. Plant
Physiol Biochem. 97:96-107. doi: 10.1016/j.plaphy.2015.09.013.

David JRD, Graves RH, Szemplenski T. 2013. Handbook of aseptic proc-
essing and packaging. 2nd ed. Boca Raton (FL): CRC Press.

Dévila EL, Houbraken M, De Rop J, Wumbei A, Du Laing G, Romero OR,
Spanoghe P. 2020. Pesticides residues in tobacco smoke: risk assess-
ment study. Environ Monit Assess. 192(9):615. doi: 10.1007/s10661-
020-08578-7.

Davis DL, Nielsen MT. 1999. Tobacco: production, chemistry and technol-
ogy. Hoboken (NJ): Wiley-Blackwell Publishers.

de Andrade KC, Lee EE, Tookmanian EM, Kesserwan CA, Manfredi JJ,
Hatton JN, Loukissas JK, Zavadil J, Zhou L, Olivier M, et al. 2022. The
TP53 Database: transition from the International Agency for Research
on Cancer to the US National Cancer Institute. Cell Death Differ. 29(5):
1071-1073. doi: 10.1038/541418-022-00976-3.

de Oliveira GAP, Petronilho EC, Pedrote MM, Marques MA, Vieira T, Cino
EA, Silva JL. 2020. The status of p53 oligomeric and aggregation states
in cancer. Biomolecules. 10(4):548. doi: 10.3390/biom10040548.

Deberardinis RJ, Thompson CB. 2012. Cellular metabolism and disease:
what do metabolic outliers teach us? Cell. 148(6):1132-1144. doi: 10.
1016/j.cell.2012.02.032.

Deng J, Zhao L, Zhang N-Y, Karrow NA, Krumm CS, Qi D-S, Sun L-H.
2018. Aflatoxin B; metabolism: regulation by phase | and Il metaboliz-
ing enzymes and chemoprotective agents. Mutat Res Rev Mutat Res.
778:79-89. doi: 10.1016/j.mrrev.2018.10.002.

Department of Energy. 2022. Integrated microbial genomes and micro-
biomes (IMG/M) system. https://img.jgi.doe.gov.

Di Giacomo M, Paolino M, Silvestro D, Vigliotta G, Imperi F, Visca P,
Alifano P, Parente D. 2007. Microbial community structure and dynam-
ics of dark fire-cured tobacco fermentation. Appl Environ Microbiol.
73(3):825-837. doi: 10.1128/AEM.02378-06.

Djordjevic MV, Fan J, Bush LP, Brunnemann KD, Hoffann D. 1993. Effects
of storage conditions on levels of tobacco-specific N-nitrosamines and
N-nitrosamino acids in U.S. moist snuff. J Agric Food Chem. 41(10):
1790-1794. doi: 10.1021/jf00034a051.

Donehower LA, Soussi T, Korkut A, Liu Y, Schultz A, Cardenas M, Li X,
Babur O, Hsu T-K, Lichtarge O, et al. 2019. Integrated analysis of TP53
gene and pathway alterations in The Cancer Genome Atlas. Cell Rep.
28(5):1370-1384.e5. doi: 10.1016/j.celrep.2019.07.001.

Drope J, Schluger NW, editors. 2018. The Tobacco Atlas. 6th ed. Atlanta
(GA): American Chemical Society.


https://doi.org/10.1016/j.canep.2014.08.010
https://doi.org/10.1110/ps.062324206
https://doi.org/10.1021/bi200192j
https://www.cdc.gov/infectioncontrol/guidelines/disinfection/sterilization/steam.html
https://www.cdc.gov/infectioncontrol/guidelines/disinfection/sterilization/steam.html
https://doi.org/10.1093/ntr/ntz147
https://doi.org/10.2478/cttr-2013-0625
https://doi.org/10.2478/cttr-2013-0625
https://doi.org/10.2174/1389203717666151201192348
https://doi.org/10.1038/nrmicro.2017.15
https://doi.org/10.1038/nrmicro.2017.15
https://doi.org/10.1016/j.foodres.2013.02.033
https://doi.org/10.1016/j.foodres.2013.02.033
https://doi.org/10.1128/CMR.00012-10
https://doi.org/10.1146/annurev-pharmtox-010818-021031
https://doi.org/10.1146/annurev-pharmtox-010818-021031
https://doi.org/10.1021/jf400887x
https://doi.org/10.1016/j.str.2009.11.011
https://doi.org/10.1007/BF02855742
https://doi.org/10.3389/fmicb.2017.00358
https://doi.org/10.3389/fmicb.2017.00358
https://doi.org/10.1016/j.mrfmmm.2011.06.004
https://doi.org/10.1016/j.mrrev.2017.10.001
https://doi.org/10.1016/s0300-483x(03)00287-7
https://doi.org/10.1016/s0300-483x(03)00287-7
https://doi.org/10.1016/j.bbcan.2011.06.002
https://doi.org/10.1038/nrg2663
https://doi.org/10.1021/acs.chemrestox.8b00202
https://doi.org/10.1021/acs.chemrestox.8b00202
https://cancer.sanger.ac.uk
https://doi.org/10.1016/s0969-2126(01)00240-4
https://doi.org/10.1128/JB.01194-06
https://doi.org/10.1186/1471-2229-11-76
https://doi.org/10.1186/1471-2229-11-76
https://doi.org/10.3892/br.2016.625
https://doi.org/10.1038/nsmb791
https://doi.org/10.1038/nsmb791
https://doi.org/10.4103/0019-509X.146713
https://doi.org/10.1016/j.plaphy.2015.09.013
https://doi.org/10.1007/s10661-020-08578-7
https://doi.org/10.1007/s10661-020-08578-7
https://doi.org/10.1038/s41418-022-00976-3
https://doi.org/10.3390/biom10040548
https://doi.org/10.1016/j.cell.2012.02.032
https://doi.org/10.1016/j.cell.2012.02.032
https://doi.org/10.1016/j.mrrev.2018.10.002
https://img.jgi.doe.gov
https://doi.org/10.1128/AEM.02378-06
https://doi.org/10.1021/jf00034a051
https://doi.org/10.1016/j.celrep.2019.07.001

Durand S, Guillier M. 2021. Transcriptional and post-transcriptional con-
trol of the nitrate respiration in bacteria. Front Mol Biosci. 8:667758.
doi: 10.3389/fmolb.2021.667758.

Ellenberger T, Friedberg EC, Zaher H, Walker GS, Wolfram S, Wood RJ,
Schultz R. 2006. DNA repair and mutagenesis. Washington (DC): ASM
Press.

Ellington GH, Boyette MD. 2013. Investigation into the correlation among
nitrogen oxides and tobacco-specific nitrosamine in flue-cured
tobacco. Tob Sci. 50:11-18.

Ensminger M, lloff L, Ebel C, Nikolova T, Kaina B, Lobrich M. 2014. DNA
breaks and chromosomal aberrations arise when replication meets base
excision repair. J Cell Biol. 206(1):29-43. doi: 10.1083/jcb.201312078.

Er K, Chen C-C, Bujanda L, Herreros-Villanueva M. 2014. Clinical relevance
of KRAS mutations in codon 13: where are we? Cancer Lett. 343(1):1-
5. doi: 10.1016/j.canlet.2013.09.012.

Fagerberg L, Hallstrom BM, Oksvold P, Kampf C, Djureinovic D, Odeberg
J, Habuka M, Tahmasebpoor S, Danielsson A, Edlund K, et al. 2014.
Analysis of the human tissue-specific expression by genome-wide
integration of transcriptomics and antibody-based proteomics. Mol
Cell Proteomics. 13(2):397-406. doi: 10.1074/mcp.M113.035600.

Fast B, Lindgren P, Gotz F. 1996. Cloning, sequencing, and characteriza-
tion of a gene (narT) encoding a transport protein involved in dissimi-
latory nitrate reduction in Staphylococcus carnosus. Arch Microbiol.
166(6):361-367. doi: 10.1007/BF01682980.

Federal Register. 2017. Tobacco product standard for N-nitrosonornico-
tine level in finished smokeless tobacco products (proposed rule). Fed
Reg. 82:8004-8053.

Fedtke I, Kamps A, Krismer B, Gotz F. 2002. The nitrate reductase and
nitrite reductase operons and the narT gene of Staphylococcus carno-
sus are positively controlled by the novel two-component system
NreBC. J Bacteriol. 184(23):6624-6634. doi: 10.1128/JB.184.23.6624-
6634.2002.

Fischer M. 2017. Census and evaluation of p53 target genes. Oncogene.
36(28):3943-3956. doi: 10.1038/0nc.2016.502.

Fisher MT, Bennett CB, Hayes A, Kargalioglu Y, Knox BL, Xu D,
Muhammad-Kah R, Gaworski CL. 2012. Sources of and technical
approaches for the abatement of tobacco specific nitrosamine forma-
tion in moist smokeless tobacco products. Food Chem Toxicol. 50(3—
4):942-948. doi: 10.1016/j.fct.2011.11.035.

Franke AA, Mendez AJ, Lai JF, Arat-Cabading C, Li X, Custer LJ. 2015.
Composition of betel specific chemicals in saliva during betel chewing
for the identification of biomarkers. Food Chem Toxicol. 80:241-246.
doi: 10.1016/j.fct.2015.03.012.

Frias JE, Flores E, Herrero A. 1997. Nitrate assimilation gene cluster from
the heterocyst-forming cyanobacterium Anabaena sp. strain PCC 7120.
J Bacteriol. 179(2):477-486. doi: 10.1128/jb.179.2.477-486.1997.

Friedberg EC, Zaher H. 2021. DNA repair: nucleotide excision repair: biol-
ogy. In: Jez J, editor. Encyclopedia of biological chemistry. Amsterdam,
Netherlands: Elsevier.

Friedler A, Veprintsev DB, Hansson LO, Fersht AR. 2003. Kinetic instability
of p53 core domain mutants: implications for rescue by small mole-
cules. J Biol Chem. 278(26):24108-24112. doi: 10.1074/jbc.M302458200.

Furer V, Hersch M, Silvetzki N, Breuer GS, Zevin S. 2011. Nicotiana glauca
(tree tobacco) intoxication-two cases in one family. J Med Toxicol.
7(1):47-51. doi: 10.1007/s13181-010-0102-x.

Fuss JO, Cooper PK. 2006. DNA repair: dynamic defenders against cancer
and aging. PLoS Biol. 4(6):203. doi: 10.1371/journal.pbio.0040203.

Gadda G, Francis K. 2010. Nitronate monooxygenase, a model for anionic
flavin semiquinone intermediates in oxidative catalysis. Arch Biochem
Biophys. 493(1):53-61. doi: 10.1016/j.abb.2009.06.018.

Garrett RH, Grisham CM. 2016. Biochemistry. 6th ed. Boston: Cengage
Learning.

Gavilano LB, Coleman NP, Burnley L-E, Bowman ML, Kalengamaliro NE,
Hayes A, Bush L, Siminszky B. 2006. Genetic engineering of Nicotiana
tabacum for reduced nornicotine content. J Agric Food Chem. 54(24):
9071-9078. doi: 10.1021/jf0610458.

Giese H, Dollé M, Hezel A, van Steeg H, Vijg J. 1999. Accelerated accumu-
lation of somatic mutations in mice deficient in the nucleotide exci-
sion repair gene XPA. Oncogene. 18(5):1257-1260. doi: 10.1038/sj.onc.
1202404.

CRITICAL REVIEWS IN TOXICOLOGY 689

Golia EE, Dimirkou A, Mitsios IK. 2007. Accumulation of metals on
tobacco leaves (primings) grown in an agricultural area in relation to
soil. Bull Environ Contam Toxicol. 79(2):158-162. doi: 10.1007/s00128-
007-9111-0.

Gonzalez PJ, Correia C, Moura |, Brondino CD, Moura JJG. 2006. Bacterial
nitrate reductases: molecular and biological aspects of nitrate reduc-
tion. J Inorg Biochem. 100(5-6):1015-1023. doi: 10.1016/j.jinorgbio.
2005.11.024.

Gonzalez PJ, Rivas MG, Moura JG. 2017. Structure, function and mecha-
nisms of respiratory nitrate reductases. In: Moura |, editor.
Metalloenzymes in denitrification: applications and environmental
impacts. London (UK): Royal Society of Chemistry; p. 39-58.

Gouas D, Shi H, Hainaut P. 2009. The aflatoxin-induced TP53 mutation at
codon 249 (R249S): biomarker of exposure, early detection and target
for therapy. Cancer Lett. 286(1):29-37. doi: 10.1016/j.canlet.2009.02.057.

Gunjal S, Pateel DGS, Yang Y-H, Doss JG, Bilal S, Maling TH, Mehrotra R,
Cheong SC, Zain RBM. 2020. An overview on betel quid and areca nut
practice and control in selected Asian and South East Asian countries.
Subst Use Misuse. 55(9):1533-1544. doi: 10.1080/10826084.2019.1657149.

Gupta AK, Tulsyan S, Bharadwaj M, Mehrotra R. 2019. Grass roots
approach to control levels of carcinogenic nitrosamines, NNN and
NNK in smokeless tobacco products. Food Chem Toxicol. 124:359-366.
doi: 10.1016/j.fct.2018.12.011.

Gupta PC, Arora M, Sinha D, Asma S, Parascondola M, editors. 2016.
Smokeless Tobacco and Public Health in India. Presented at the 7th
Conference of Parties, World Health Organisation, Nov 11; New Delhi,
India: Ministry of Health and Family Welfare, Government of India.

Gupta S, Gupta R, Sinha DN, Mehrotra R. 2018. Relationship between
type of smokeless tobacco and risk of cancer: a systematic review.
Indian J Med Res. 148(1):56-76. doi: 10.4103/ijmr.lJMR_2023_17.

Gurzov EN, Bakiri L, Alfaro JM, Wagner EF, Izquierdo M. 2008. Targeting
c-Jun and JunB proteins as potential anticancer cell therapy.
Oncogene. 27(5):641-652. doi: 10.1038/sj.onc.1210690.

Hafner A, Bulyk ML, Jambhekar A, Lahav G. 2019. The multiple mecha-
nisms that regulate p53 activity and cell fate. Nat Rev Mol Cell Biol.
20(4):199-210. doi: 10.1038/s41580-019-0110-x.

Hainaut P, Pfeifer GP. 2001. Patterns of p53 G->T transversions in lung
cancers reflect the primary mutagenic signature of DNA-damage by
tobacco smoke. Carcinogenesis. 22(3):367-374. doi: 10.1093/carcin/22.
3.367.

Hainaut P, Pfeifer GP. 2016. Somatic TP53 mutations in the era of gen-
ome sequencing. Cold Spring Harb Perspect Med. 6(11):a026179. doi:
10.1101/cshperspect.a026179.

Halstead MM, Watson CH, Pappas RS. 2015. Electron microscopic analysis
of surface inorganic substances on oral and combustible tobacco
products. J Anal Toxicol. 39(9):698-701. doi: 10.1093/jat/bkv097.

Han J, Yasser M, Sanad YM, Deck J, Sutherland JB, Li Z, Walters MJ,
Duran N, Holman MR, Foley SL. 2016. Bacterial populations associated
with smokeless tobacco products. Appl Environ Microbiol. 82(20):
6273-6283. doi: 10.1128/AEM.01612-16.

Hartsock A, Shapleigh JP. 2011. Physiological roles for two periplasmic
nitrate reductases in Rhodobacter sphaeroides 2.4.3 (ATCC 17025). J
Bacteriol. 193(23):6483-6489. doi: 10.1128/JB.05324-11.

Hatsukami D, Zeller M, Gupta P, Parascandola M, Asma S. 2014.
Smokeless tobacco and public health: a global perspective. NIH
Publication No. 14-7983.

Hearn BA, Renner CC, Ding YS, Vaughan-Watson C, Stanfill SB, Zhang L,
Polzin GM, Ashley DL, Watson CH. 2013. Chemical analysis of Alaskan
Ig'mik smokeless tobacco. Nicotine Tob Res. 15(7):1283-1288. doi: 10.
1093/ntr/nts270.

Hecht SS, Chen CB, Ornaf RM, Jacobs E, Adams JD, Hoffmann D. 1978.
Reaction of nicotine and sodium nitrite: formation of nitrosamines
and fragmentation of the pyrrolidine ring. J Org Chem. 43(1):72-76.
doi: 10.1021/j000395a017.

Hecht SS, Hatsukami DK. 2022. Smokeless tobacco and cigarette smok-
ing: chemical mechanisms and cancer prevention. Nat Rev Cancer.
22(3):143-155. doi: 10.1038/541568-021-00423-4.

Hecht SS, Rivenson A, Braley J, DiBello J, Adams JD, Hoffmann D. 1986.
Induction of oral cavity tumors in F344 rats by tobacco-specific nitros-
amines and snuff. Cancer Res. 46(8):4162-4166.


https://doi.org/10.3389/fmolb.2021.667758
https://doi.org/10.1083/jcb.201312078
https://doi.org/10.1016/j.canlet.2013.09.012
https://doi.org/10.1074/mcp.M113.035600
https://doi.org/10.1007/BF01682980
https://doi.org/10.1128/JB.184.23.6624-6634.2002
https://doi.org/10.1128/JB.184.23.6624-6634.2002
https://doi.org/10.1038/onc.2016.502
https://doi.org/10.1016/j.fct.2011.11.035
https://doi.org/10.1016/j.fct.2015.03.012
https://doi.org/10.1128/jb.179.2.477-486.1997
https://doi.org/10.1074/jbc.M302458200
https://doi.org/10.1007/s13181-010-0102-x
https://doi.org/10.1371/journal.pbio.0040203
https://doi.org/10.1016/j.abb.2009.06.018
https://doi.org/10.1021/jf0610458
https://doi.org/10.1038/sj.onc.1202404
https://doi.org/10.1038/sj.onc.1202404
https://doi.org/10.1007/s00128-007-9111-0
https://doi.org/10.1007/s00128-007-9111-0
https://doi.org/10.1016/j.jinorgbio.2005.11.024
https://doi.org/10.1016/j.jinorgbio.2005.11.024
https://doi.org/10.1016/j.canlet.2009.02.057
https://doi.org/10.1080/10826084.2019.1657149
https://doi.org/10.1016/j.fct.2018.12.011
https://doi.org/10.4103/ijmr.IJMR_2023_17
https://doi.org/10.1038/sj.onc.1210690
https://doi.org/10.1038/s41580-019-0110-x
https://doi.org/10.1093/carcin/22.3.367
https://doi.org/10.1093/carcin/22.3.367
https://doi.org/10.1101/cshperspect.a026179
https://doi.org/10.1093/jat/bkv097
https://doi.org/10.1128/AEM.01612-16
https://doi.org/10.1128/JB.05324-11
https://doi.org/10.1093/ntr/nts270
https://doi.org/10.1093/ntr/nts270
https://doi.org/10.1021/jo00395a017
https://doi.org/10.1038/s41568-021-00423-4

690 S. B. STANFILL ET AL.

Hecht SS, Stepanov |, Carmella SG. 2016. Exposure and metabolic activa-
tion biomarkers of carcinogenic tobacco-specific nitrosamines. Acc
Chem Res. 49(1):106-114. doi: 10.1021/acs.accounts.5b00472.

Hecht SS. 1998. Biochemistry, biology, and carcinogenicity of tobacco-
specific N-nitrosamines. Chem Res Toxicol. 11(6):559-603. doi: 10.
1021/tx980005y.

Hecht SS. 2003. Tobacco carcinogens, their biomarkers and tobacco-
induced cancer. Nat Rev Cancer. 3(10):733-744. doi: 10.1038/nrc1190.

Heijnen CGM, Haenen GRMM, van Acker FAA, van der Vijgh VJF, Bast A.
2001. Flavonoids as peroxynitrite scavengers: the role of the hydroxyl
groups. Toxicol In Vitro. 15(1):3-6. doi: 10.1016/s0887-2333(00)00053-9.

Henry JB, Vann MC, Ramsey RS. 2019. Agronomic practices affecting nico-
tine concentration in flue-cured tobacco: a review. Agron J. 111(6):
3067-3075. doi: 10.2134/agronj2019.04.0268.

Hobbs GA, Der CJ, Rossman KL. 2016. RAS isoforms and mutations in
cancer at a glance. J Cell Sci. 129:1287-1292.

Hoeijmakers JH. 2001. Genome maintenance mechanisms for preventing
cancer. Nature. 411(6835):366-374. doi: 10.1038/35077232.

Hoffmann D, Brunnemann KD, Prokopczyk B, Djordjevic MV. 1994,
Tobacco-specific N-nitrosamines and areca-derived N-nitrosamines:
chemistry, biochemistry, carcinogenicity, and relevance to humans. J
Toxicol Environ Health. 41(1):1-52. doi: 10.1080/15287399409531825.

Huang J, Yang J, Duan Y, Gu W, Gong X, Zhe W, Su C, Zhang KQ. 2010.
Bacterial diversities on unaged and aging flue-cured tobacco leaves
estimated by 16S rRNA sequence analysis. Appl Microbiol Biotechnol.
88(2):553-562. doi: 10.1007/s00253-010-2763-4.

Hussain J, Kirubakaran S, Ravi S. 2020. The endeavours in RAS inhibition-
the past, present, and future. Curr Top Med Chem. 20(29):2708-2722.
doi: 10.2174/1568026620666200903163044.

IARC. 2004. Betel-quid and areca-nut chewing and some areca-nut
related nitrosamines. Lyon: IARC.

IARC. 2007. Smokeless tobacco and some tobacco-specific N-nitros-
amines. Lyon, France: World Health Organization, International Agency
for Research on Cancer. http://monographs.iarc.fr/ENG/Monographs/
vol89/index.php.

IARC. 2021. List of classifications, agents classified by the IARC mono-
graphs. Vol. 1-129. https://monographs.iarc.who.int/agents-classified-
by-the-iarc/.

Idris AM, Ahmed HM, Malik MOA. 1995. Toombak dipping and cancer of
the oral cavity in the Sudan: a case-control study. Int J Cancer. 63(4):
477-480. doi: 10.1002/ijc.2910630402.

Idris AM, Ibrahim SO, Vasstrand EN, Johannessen AC, Lillehaug JR,
Magnusson B, Wallstrom M, Hirsch JM, Nilsen R. 1998. The Swedish
snus and the Sudanese toombak: are they different? Oral Oncol. 34(6):
558-566. doi: 10.1016/51368-8375(98)00047-5.

Idris AM, Nair J, Friesen M, Ohshima H, Brouet |, Faustman EM, Bartsch H.
1992. Carcinogenic tobacco-specific nitrosamines are present at
unusually high levels in the saliva of oral snuff users in Sudan.
Carcinogenesis. 13(6):1001-1005. doi: 10.1093/carcin/13.6.1001.

Idris AM, Nair J, Ohshima H, Friesen M, Brouet |, Faustman EM, Bartsch H.
1991. Unusually high-levels of carcinogenic tobacco-specific nitros-
amines in Sudan snuff (toombak). Carcinogenesis. 12(6):1115-1118.
doi: 10.1093/carcin/12.6.1115.

Idris AM, Prokopczyk B, Hoffmann D. 1994. Toombak: a major risk factor
for cancer of the oral cavity in Sudan. Prev Med. 23(6):832-839. doi:
10.1006/pmed.1994.1141.

IFPA. 2006. Commodity specific food safety guidelines for the lettuce
and leafy greens supply chain. 1st ed. International Fresh-cut Produce
Association (IFPA). https://www.fda.gov/media/77279/download.

International Agency for Research on Cancer. 2021. IARC TP53 database;
[accessed 2022 Jan 24]. https://p53.iarc.fr/p53Sequence.aspx.

Jackson CB, Noorbakhsh SI, Sundaram RK, Kalathil AN, Ganesa S, Jia L,
Breslin H, Burgenske DM, Gilad O, Sarkaria JN, et al. 2019.
Temozolomide sensitizes MGMT-deficient tumor cells to ATR inhibi-
tors. Cancer Res. 79(17):4331-4338. doi: 10.1158/0008-5472.CAN-18-
3394.

Jackson S, Bartek J. 2009. The DNA-damage response in human biology
and disease. Nature. 461(7267):1071-1078. doi: 10.1038/nature08467.
Jain V, Garg A, Parascandola M, Chaturvedi P, Khariwala SS, Stepanov I.

2017. Analysis of alkaloids in areca nut-containing products by liquid

chromatography-tandem mass spectrometry. J Agric Food Chem.
65(9):1977-1983. doi: 10.1021/acs.jafc.6b05140.

Jalas J, Hecht SS, Murphy SE. 2005. Cytochrome P450 2A enzymes as cat-
alysts of metabolism of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK), a tobacco-specific carcinogen. Chem Res Toxicol. 18(2):95-110.
doi: 10.1021/tx049847p.

Janssen K, Eichhorn-Grombacher U, Schlink K, Nitzsche S, Oesch F, Kaina
B. 2001. Long-time expression of DNA repair enzymes MGMT and APE
in human peripheral blood mononuclear cells. Arch Toxicol. 75(5):
306-312. doi: 10.1007/5002040100226.

Joerger AC, Ang HC, Fersht AR. 2006. Structural basis for understanding
oncogenic p53 mutations and designing rescue drugs. Proc Natl Acad
Sci US A. 103(41):15056-15061. doi: 10.1073/pnas.0607286103.

Joerger AC, Fersht AR. 2007. Structure-function-rescue: the diverse
nature of common p53 cancer mutants. Oncogene. 26(15):2226-2242.
doi: 10.1038/sj.0nc.1210291.

Joerger AC, Fersht AR. 2008. Structural biology of the tumor suppressor
p53. Annu Rev Biochem. 77(1):557-582. doi: 10.1146/annurev.bio-
chem.77.060806.091238.

Joerger AC, Fersht AR. 2016. The p53 pathway: origins, inactivation in
cancer, and emerging therapeutic approaches. Annu Rev Biochem.
85(1):375-404. doi: 10.1146/annurev-biochem-060815-014710.

Julio E, Laporte F, Reis S, Rothan C, de Borne FD. 2008. Reducing the
content of nornicotine in tobacco via targeted mutation breeding.
Mol Breed. 21(3):369-381. doi: 10.1007/s11032-007-9138-2.

Kaina B, Christmann M, Naumann S, Roos WP. 2007. MGMT: key node in
the battle against genotoxicity, carcinogenicity and apoptosis induced
by alkylating agents. DNA Repair. 6(8):1079-1099. doi: 10.1016/j.
dnarep.2007.03.008.

Kaina B. 2004. Mechanisms and consequences of methylating agent-
induced SCEs and chromosomal aberrations: a long road traveled and
still a far way to go. Cytogenet Genome Res. 104(1-4):77-86. doi: 10.
1159/000077469.

Kaiser DR, Sequinatto L, Reinert DJ, Reichert JM, Rheinheimer DS,
Dalbianco L. 2015. High nitrogen fertilization of tobacco crop in head-
water watershed contaminates subsurface and well waters with
nitrate. J Chem. 2015(4):1-11. doi: 10.1155/2015/375092.

Kamps A, Achebach S, Fedtke I, Unden G, Gotz F. 2004. Staphylococcal
NreB: an O(2)-sensing histidine protein kinase with an O(2)-labile iron-
sulphur cluster of the FNR type. Mol Microbiol. 52(3):713-723. doi: 10.
1111/j.1365-2958.2004.04024 x.

Kanmani S, Kumar L, Raveen R, Tennyson S, Arivoli S, Jayakumar M. 2021.
Toxicity of tobacco Nicotiana tabacum Linnaeus (Solanaceae) leaf
extracts to the rice weevil Sitophilus oryzae Linnaeus 1763
(Coleoptera: Curculionidae). J Basic Appl Zool. 82:10.

Khan SZ, Farooq A, Masood M, Shahid A, Khan IU, Nisar H, Fatima I.
2020. Smokeless tobacco use and risk of oral cavity cancer. Turk J
Med Sci. 50(1):291-297. doi: 10.3906/sag-1809-11.

Khan Z, Khan S, Christianson L, Rehman S, Ekwunife O, Samkange-Zeeb
F. 2016. Smokeless tobacco and oral potentially malignant disorders
in South Asia: a protocol for a systematic review. Syst Rev. 5(1):142.
doi: 10.1186/513643-016-0320-7.

Kim HJ, Kim TH, Kim Y, Lee HS. 2004. Identification and characterization
of gIxR, a gene involved in regulation of glyoxylate bypass in
Corynebacterium glutamicum. J Bacteriol. 186(11):3453-3460. doi: 10.
1128/JB.186.11.3453-3460.2004.

Kitayner M, Rozenberg H, Rohs R, Suad O, Rabinovich D, Honig B,
Shakked Z. 2010. Diversity in DNA recognition by p53 revealed by
crystal structures with Hoogsteen base pairs. Nat Struct Mol Biol.
17(4):423-429. doi: 10.1038/nsmb.1800.

Konstantinou E, Fotopoulou F, Drosos A, Dimakopoulou N, Zagoriti Z,
Niarchos A, Makrynioti D, Kouretas D, Farsalinos K, Lagoumintzis G,
et al. 2018. Tobacco-specific nitrosamines: a literature review. Food
Chem Toxicol. 118:198-203. doi: 10.1016/j.fct.2018.05.008.

Koo PK, Ploenzke M. 2021. Improving representations of genomic
sequence motifs in convolutional networks with exponential activa-
tions. Nat Mach Intell. 3(3):258-266. doi: 10.1038/542256-020-00291-x.

Korner H, Sofia HJ, Zumft WG. 2003. Phylogeny of the bacterial super-
family of Crp-Fnr transcription regulators: exploiting the metabolic


https://doi.org/10.1021/acs.accounts.5b00472
https://doi.org/10.1021/tx980005y
https://doi.org/10.1021/tx980005y
https://doi.org/10.1038/nrc1190
https://doi.org/10.1016/s0887-2333(00)00053-9
https://doi.org/10.2134/agronj2019.04.0268
https://doi.org/10.1038/35077232
https://doi.org/10.1080/15287399409531825
https://doi.org/10.1007/s00253-010-2763-4
https://doi.org/10.2174/1568026620666200903163044
http://monographs.iarc.fr/ENG/Monographs/vol89/index.php
http://monographs.iarc.fr/ENG/Monographs/vol89/index.php
https://monographs.iarc.who.int/agents-classified-by-the-iarc/
https://monographs.iarc.who.int/agents-classified-by-the-iarc/
https://doi.org/10.1002/ijc.2910630402
https://doi.org/10.1016/s1368-8375(98)00047-5
https://doi.org/10.1093/carcin/13.6.1001
https://doi.org/10.1093/carcin/12.6.1115
https://doi.org/10.1006/pmed.1994.1141
https://www.fda.gov/media/77279/download
https://p53.iarc.fr/p53Sequence.aspx
https://doi.org/10.1158/0008-5472.CAN-18-3394
https://doi.org/10.1158/0008-5472.CAN-18-3394
https://doi.org/10.1038/nature08467
https://doi.org/10.1021/acs.jafc.6b05140
https://doi.org/10.1021/tx049847p
https://doi.org/10.1007/s002040100226
https://doi.org/10.1073/pnas.0607286103
https://doi.org/10.1038/sj.onc.1210291
https://doi.org/10.1146/annurev.biochem.77.060806.091238
https://doi.org/10.1146/annurev.biochem.77.060806.091238
https://doi.org/10.1146/annurev-biochem-060815-014710
https://doi.org/10.1007/s11032-007-9138-2
https://doi.org/10.1016/j.dnarep.2007.03.008
https://doi.org/10.1016/j.dnarep.2007.03.008
https://doi.org/10.1159/000077469
https://doi.org/10.1159/000077469
https://doi.org/10.1155/2015/375092
https://doi.org/10.1111/j.1365-2958.2004.04024.x
https://doi.org/10.1111/j.1365-2958.2004.04024.x
https://doi.org/10.3906/sag-1809-11
https://doi.org/10.1186/s13643-016-0320-7
https://doi.org/10.1128/JB.186.11.3453-3460.2004
https://doi.org/10.1128/JB.186.11.3453-3460.2004
https://doi.org/10.1038/nsmb.1800
https://doi.org/10.1016/j.fct.2018.05.008
https://doi.org/10.1038/s42256-020-00291-x

spectrum by controlling alternative gene programs. FEMS Microbiol
Rev. 27(5):559-592. doi: 10.1016/50168-6445(03)00066-4.

Kozlovich S, Chen G, Watson CJW, Lazarus P. 2019. Prominent stereo-
selectivity of NNAL glucuronidation in upper aerodigestive tract tis-
sues. Chem Res Toxicol. 32(8):1689-1698. doi: 10.1021/acs.chemrestox.
9b00217.

Kozyrska K, Pilia G, Vishwakarma M, Wagstaff L, Goschorska M, Cirillo S,
Mohamad S, Gallacher K, Salas REC, Piddini E. 2022. p53 directs leader
cell behavior, migration, and clearance during epithelial repair.
Science. 375(6581):eabl8876. doi: 10.1126/science.abl8876.

Kroes R, Kozianowski G. 2002. Threshold of toxicological concern (TTC) in
food safety assessment. Toxicol Lett. 127(1-3):43-46. doi: 10.1016/
s0378-4274(01)00481-7.

Kumar P, Mahato DK, Kamle M, Mohanta TK, Kang SG. 2016. Aflatoxins: a
global concern for food safety, human health and their management.
Front Microbiol. 7:2170. doi: 10.3389/fmicb.2016.02170.7>

Lagerwerf FM, Wever RM, van Rijn HJ, Versluis C, Heerma W, Haverkamp
J, Koomans HA, Rabelink TJ, Boer P. 1998. Assessment of nitric oxide
production by measurement of [15N]citrulline enrichment in human
plasma using high-performance liquid chromatography-mass spec-
trometry. Anal Biochem. 257(1):45-52. doi: 10.1006/abio.1997.2515.

Lamb KL, Liu Y, Ishiguro K, Kwon Y, Paquet N, Sartorelli AC, Sung P,
Rockwell S, Sweasy JB. 2014. Tumor-associated mutations in 0%-meth-
ylguanine DNA-methyltransferase (MGMT) reduce DNA repair function-
ality. Mol Carcinog. 53(3):201-210. doi: 10.1002/mc.21964.

Lanciano P, Vergnes A, Grimaldi S, Guigliarelli B, Magalon A. 2007.
Biogenesis of a respiratory complex is orchestrated by a single accessory
protein. J Biol Chem. 282(24):17468-17474. doi: 10.1074/jbc.M700994200.

Lane DP. 1992. Cancer. p53, guardian of the genome. Nature. 358(6381):
15-16. doi: 10.1038/358015a0.

Larsson L, Szponar B, Ridha B, Pehrson C, Dutkiewicz J, Krysinska-Traczyk
E, Sitkowska J. 2008. Identification of bacterial and fungal components
in tobacco and tobacco smoke. Tob Induc Dis. 4(1):4. doi: 10.1186/
1617-9625-4-4.

Law AD, Fisher C, Jack A, Moe LA. 2016. Tobacco, microbes, and carcino-
gens: correlation between tobacco cure conditions, tobacco-specific
nitrosamine content, and cured leaf microbial community. Microb
Ecol. 72(1):120-129. doi: 10.1007/500248-016-0754-4.

Lawler TS, Stanfill SB, Tran HT, Lee GE, Chen PX, Kimbrell JB, Lisko JG,
Fernandez C, Caudill SP, deCastro BR, et al. 2020. Comprehensive
chemical analysis of snus tobacco products from the United States
and Northern Europe. PLOS One. 15(1):e0227837. doi: 10.1371/journal.
pone.0227837.

Lawler TS, Stanfill SB, Zhang L, Ashley DL, Watson CH. 2013. Chemical
characterization of domestic oral tobacco products: total nicotine, pH,
unprotonated nicotine and tobacco-specific N-nitrosamines. Food
Chem Toxicol. 57:380-386. doi: 10.1016/j.fct.2013.03.011.

Lazarus P, Garewal HS, Sciubba J, Zwiebel N, Calcagnotto A, Fair A,
Schaefer S, Richie JP. 1995. A low incidence of p53 mutations in pre-
malignant lesions of the oral cavity from non-tobacco users. Int J
Cancer. 60(4):458-463. doi: 10.1002/ijc.2910600406.

Lee SS, Tsai CH, Yu CC, Ho YC, Hsu HI, Chang YC. 2013. The expression
of O(6)-methylguanine-DNA methyltransferase in human oral keratino-
cytes stimulated with arecoline. J Oral Pathol Med. 42(8):600-605. doi:
10.1111/jop.12037.

Lemmonds CA, Hecht SS, Jensen JA, Murphy SE, Carmella SG, Zhang Y,
Hatsukami DK. 2005. Smokeless tobacco topography and toxin expos-
ure. Nicotine Tob Res. 7(3):469-474. doi: 10.1080/14622200500135640.

Leroy B, Fournier JL, Ishioka C, Monti P, Inga A, Fronza G, Soussi T. 2013.
The TP53 website: an integrative resource centre for the TP53 muta-
tion database and TP53 mutant analysis. Nucleic Acids Res.
41(Database issue):D962-D969. doi: 10.1093/nar/gks1033.

Levine AJ. 2020. p53: 800 million years of evolution and 40 years of
discovery. Nat Rev Cancer. 20(8):471-480. doi: 10.1038/s41568-020-0262-1.

Lewis RS, Jack AM, Morris JW, Robert VIM, Gavilano LB, Siminszky B,
Bush LP, Hayes AJ, Dewey RE. 2008. RNA interference (RNAi)-induced
suppression of nicotine demethylase activity reduces levels of a key
carcinogen in cured tobacco leaves. Plant Biotechnol J. 6(4):346-354.
doi: 10.1111/j.1467-7652.2008.00324.x.

CRITICAL REVIEWS IN TOXICOLOGY 691

Lewis RS, Parker RG, Danehower DA, Andres K, Jack AM, Whitley DS,
Bush LP. 2012. Impact of alleles at the yellow/burley (Yb) loci and
nitrogen fertilization rate on nitrogen utilization efficiency and
tobacco-specific nitrosamine (TSNA) formation in air-cured tobacco. J
Agric Food Chem. 60(25):6454-6461. doi: 10.1021/jf2053614.

Lewis RS. 2019. Potential mandated lowering of nicotine levels in ciga-
rettes: a plant perspective. Nicotine Tob Res. 21(7):991-995. doi: 10.
1093/ntr/nty022.

Li J, Zhao Y, Qin Y, Shi H. 2020. Influence of microbiota and metabolites

on the quality of tobacco during fermentation. BMC Microbiol. 20(1):

356. doi: 10.1186/512866-020-02035-8.

L, Perdigao J, Pegg AE, Lao Y, Hecht SS, Lindgren BR, Reardon JT,

Sancar A, Wattenberg EV, Peterson LA. 2009. The influence of repair

pathways on the cytotoxicity and mutagenicity induced by the pyridy-

loxobutylation pathway of tobacco-specific nitrosamines. Chem Res

Toxicol. 22(8):1464-1472. doi: 10.1021/tx9001572.

Y, Hecht SS. 2021. Identification of an N’-nitrosonornicotine-specific

deoxyadenosine adduct in rat liver and lung DNA. Chem Res Toxicol.

34(4):992-1003. doi: 10.1021/acs.chemrestox.1c00013.

Y, Hecht SS. 2022. Metabolism and DNA adduct formation of tobacco-

specific N-nitrosamines. Int J Mol Sci. 23(9):5109. doi: 10.3390/

ijms230951009.

Li Y, Ma B, Cao Q, Balbo S, Zhao L, Upadhyaya P, Hecht SS. 2019. Mass

spectrometric quantitation of pyridyloxobutyl DNA phosphate adducts

in rats chronically treated with N'-nitrosonornicotine. Chem Res

Toxicol. 32(4):773-783. doi: 10.1021/acs.chemrestox.9b00007.

Y, Shi H, Yang H, Zhou J, Wang J, Bai R, Xu D. 2017. Difference

between burley tobacco and flue-cured tobacco in nitrate accumula-

tion and chemical regulation of nitrate and TSNA contents. Hindawi J

Chem. 2017:1-13. doi: 10.1155/2017/4357456.

Lisko JG, Stanfill SB, Duncan BW, Watson CH. 2013. Application of GC-
MS/MS for the analysis of tobacco alkaloids in cigarette filler and vari-
ous tobacco species. Anal Chem. 85(6):3380-3384. doi: 10.1021/
ac400077e.

Locker AR, Marks MJ, Kamens HM, Klein LC. 2016. Exposure to nicotine
increases nicotinic acetylcholine receptor density in the reward path-
way and binge ethanol consumption in C57BL/6J adolescent female
mice. Brain Res Bull. 123:13-22. doi: 10.1016/j.brainresbull.2015.09.009.

Loechler EL, Green CL, Essigmann JM. 1984. In vivo mutagenesis by O°-
methylguanine built into a unique site in a viral genome. Proc Natl
Acad Sci U S A. 81(20):6271-6275. doi: 10.1073/pnas.81.20.6271.

Loh SN. 2010. The missing zinc: p53 misfolding and cancer. Metallomics.
2(7):442-449. doi: 10.1039/c003915b.

Ma B, Stepanov |, Hecht SS. 2019. Recent studies on DNA adducts result-
ing from human exposure to tobacco smoke. Toxics. 7(1):16. doi: 10.
3390/toxics7010016.

Madeira F, Park YM, Lee J, Buso N, Gur T, Madhusoodanan N, Basutkar P,
Tivey ARN, Potter SC, Finn RD, et al. 2019. The EMBL-EBI search and
sequence analysis tools APIs in 2019. Nucleic Acids Res. 47(W1):W636-
W641. doi: 10.1093/nar/gkz268.

Madison AL, Perez ZA, To P, Maisonet T, Rios EV, Trejo Y, Ochoa-
Paniagua C, Reno A, Stemp EDA. 2012. Dependence of DNA-protein
cross-linking via guanine oxidation upon local DNA sequence as
studied by restriction endonuclease inhibition. Biochemistry. 51(1):
362-369. doi: 10.1021/bi2010874q.

Maia L, Moura |, Moura JJG. 2017. Chapter 1. Molybdenum and tungsten-
containing enzymes: an overview. In: Hille R, Schulzke C, Kirk M, editors.
Molybdenum and tungsten enzymes: biochemistry. RSC metallobiology
series no. 5. Cambridge (UK): The Royal Society of Chemistry. p. 1-80.

Malarkey DE, Hoenerhoff M, Maronpot RR. 2013. Chapter 5: carcinogen-
esis: mechanisms and manifestations. In: Haschek WM, Rousseaux CG,
Wallig MA, editors. Haschek and Rousseaux’s handbook of toxicologic
pathology. 3rd ed. Waltham (MA): Academic Press; p. 107-146.

Malovichko MV, Zeller |, Krivokhizhina TV, Xie Z, Lorkiewicz P, Agarwal A,
Wickramasinghe N, Sithu SD, Shah J, O'Toole T, et al. 2019. Systemic
toxicity of smokeless tobacco products in mice. Nicotine Tob Res.
21(1):101-110. doi: 10.1093/ntr/ntx230.

Margison GP, Kleihues P. 1975. Chemical carcinogenesis in the nervous
system preferential accumulation of OS-methylguanine in rat brain

Li

Li

Li

Li


https://doi.org/10.1016/S0168-6445(03)00066-4
https://doi.org/10.1021/acs.chemrestox.9b00217
https://doi.org/10.1021/acs.chemrestox.9b00217
https://doi.org/10.1126/science.abl8876
https://doi.org/10.1016/s0378-4274(01)00481-7
https://doi.org/10.1016/s0378-4274(01)00481-7
https://doi.org/10.3389/fmicb.2016.02170
https://doi.org/10.1006/abio.1997.2515
https://doi.org/10.1002/mc.21964
https://doi.org/10.1074/jbc.M700994200
https://doi.org/10.1038/358015a0
https://doi.org/10.1186/1617-9625-4-4
https://doi.org/10.1186/1617-9625-4-4
https://doi.org/10.1007/s00248-016-0754-4
https://doi.org/10.1371/journal.pone.0227837
https://doi.org/10.1371/journal.pone.0227837
https://doi.org/10.1016/j.fct.2013.03.011
https://doi.org/10.1002/ijc.2910600406
https://doi.org/10.1111/jop.12037
https://doi.org/10.1080/14622200500135640
https://doi.org/10.1093/nar/gks1033
https://doi.org/10.1038/s41568-020-0262-1
https://doi.org/10.1111/j.1467-7652.2008.00324.x
https://doi.org/10.1021/jf2053614
https://doi.org/10.1093/ntr/nty022
https://doi.org/10.1093/ntr/nty022
https://doi.org/10.1186/s12866-020-02035-8
https://doi.org/10.1021/tx9001572
https://doi.org/10.1021/acs.chemrestox.1c00013
https://doi.org/10.3390/ijms23095109
https://doi.org/10.3390/ijms23095109
https://doi.org/10.1021/acs.chemrestox.9b00007
https://doi.org/10.1155/2017/4357456
https://doi.org/10.1021/ac400077e
https://doi.org/10.1021/ac400077e
https://doi.org/10.1016/j.brainresbull.2015.09.009
https://doi.org/10.1073/pnas.81.20.6271
https://doi.org/10.1039/c003915b
https://doi.org/10.3390/toxics7010016
https://doi.org/10.3390/toxics7010016
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1021/bi201087q
https://doi.org/10.1093/ntr/ntx230

692 S. B. STANFILL ET AL.

deoxyribonucleic acid during repetitive administration of N-methyl-N-
nitrosourea. Biochem J. 148(3):521-525. doi: 10.1042/bj1480521.

Margison GP, Povey AC, Kaina B, Santibanez Koref MF. 2003. Variability
and regulation of O%-alkylguanine-DNA alkyltransferase. Carcinogenesis.
24(4):625-635. doi: 10.1093/carcin/bgg005.

Margison GP, Santibanez-Koref MF. 2002. O%-alkylguanine-DNA alkyltrans-
ferase: role in carcinogenesis and chemotherapy. Bioessays. 24(3):255-
266. doi: 10.1002/bies.10063.

Marteijn JA, Lans H, Vermeulen W, Hoeijmakers JH. 2014. Understanding
nucleotide excision repair and its roles in cancer and ageing. Nat Rev
Mol Cell Biol. 15(7):465-481. doi: 10.1038/nrm3822.

Martinez-Jarquin S, Herrera-Ubaldo H, de Folter S, Winkler R. 2018. In
vivo monitoring of nicotine biosynthesis in tobacco leaves by low-
temperature plasma mass spectrometry. Talanta. 185:324-327. doi: 10.
1016/j.talanta.2018.03.071.

McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EWT, Chang
F, Lehmann B, Terrian DM, Milella M, Tafuri A, et al. 2007. Roles of the
Raf/MEK/ERK pathway in cell growth, malignant transformation and
drug resistance. Biochim Biophys Acta. 1773(8):1263-1284. doi: 10.
1016/j.bbamcr.2006.10.001.

Mehrotra R, Kaushik N, Kaushik R. 2020. Why smokeless tobacco control
needs to be strengthened? Cancer Control. 27(1):1073274820914659.
doi: 10.1177/1073274820914659.

Mendel RR, Bittner F. 2006. Cell biology of molybdenum. Mol Cell Res.
1763(7):621-635.

Milde-Langosch K. 2005. The Fos family of transcription factors and their
role in tumourigenesis. Eur J Cancer. 41(16):2449-2461. doi: 10.1016/j.
ejca.2005.08.008.

Miller RB. 2005. Electronic irradiation of foods: an introduction to the
technology. New York: Springer.

Mirvish SS, Sams J, Hecht SS. 1977. Kinetics of nornicotine and anabasine
nitrosation in relation to N’-nitroso-nornicotine occurrence in tobacco
and to tobacco-induced cancer. J Natl Cancer Inst. 59(4):1211-1213.
doi: 10.1093/jnci/59.4.1211.

Mirvish SS. 1975. Formation of N-nitroso compounds: chemistry, kinetics,
and in vivo occurrence. Toxicol Appl Pharmacol. 31(3):325-351. doi:
10.1016/0041-008x(75)90255-0.

Mocniak LE, Trushin N, Bitzer ZT, Prabhu P, Richie JP. 2023. Tobacco
nitrate and free radical levels in the mainstream smoke of US cigarette
brands. Chem Res Toxicol. 36(4):653-659. doi: 10.1021/acs.chemrestox.
2c00355.

Mohamed Anser S, Aswath N. 2014. Comparison of the carcinogenic
potential of smokeless tobacco and smoked tobacco by quantifying
the excretion of nicotine metabolite NNAL in patients with oral leuko-
plakia. Indian J Clin Biochem. 29(2):246-249. doi: 10.1007/s12291-013-
0363-7.

Morita M, Shitan N, Sawada K, Van Montagu MCE, Inzé D, Rischer H,
Goossens A, Oksman-Caldentey K-M, Moriyama Y, Yazaki K. 2009.
Vacuolar transport of nicotine is mediated by a multidrug and toxic
compound extrusion (MATE) transporter in Nicotiana tabacum. Proc
Natl Acad Sci U S A. 106(7):2447-2452. doi: 10.1073/pnas.0812512106.

Nasrin S, Chen G, Watson CJW, Lazarus P. 2020. Comparison of tobacco-
specific nitrosamine levels in smokeless tobacco products: high levels
in products from Bangladesh. PLOS One. 15(5):0233111. doi: 10.1371/
journal.pone.0233111.

Natan E, Baloglu C, Pagel K, Freund SM, Morgner N, Robinson CV, Fersht
AR, Joerger AC. 2011. Interaction of the p53 DNA-binding domain
with its n-terminal extension modulates the stability of the p53 tetra-
mer. J Mol Biol. 409(3):358-368. doi: 10.1016/j.jmb.2011.03.047.

NCBI. 2021. PubChem gene summary for gene 7157, TP53-tumor protein
p53 (human); [accessed 2022 Jan 25]. https://pubchem.ncbi.nim.nih.
gov/gene/TP53/human.

Niemann V, Koch-Singenstreu M, Neu A, Niema S, Gotz F, Unden G,
Stehle T. 2014. The NreA protein functions as a nitrate receptor in the
Staphylococcal nitrate regulation system. J Mol Biol. 426(7):1539-1553.
doi: 10.1016/j.jmb.2013.12.026.

Nilkens S, Koch-Singenstreu M, Niemann V, Gotz F, Stehle T, Unden G.
2014. Nitrate/oxygen co-sensing by a NreA/NreB sensor complex of
Staphylococcus carnosus. Mol Microbiol. 91(2):381-393. doi: 10.1111/
mmi.12464.

Nishimura T, Teramoto H, Inui M, Yukawa H. 2014. Corynebacterium gluta-
micum ArnR controls expression of nitrate reductase operon narKGHJI
and nitric oxide (NO)-detoxifying enzyme gene hmp in an NO-respon-
sive manner. J Bacteriol. 196(1):60-69. doi: 10.1128/JB.01004-13.

Nishimura T, Teramoto H, Toyoda K, Inui M, Yukawa H. 2011. Regulation
of the nitrate reductase operon narKGHJI by the cAMP-dependent
regulator GIxR in Corynebacterium glutamicum. Microbiology. 157(Pt
1):21-28. doi: 10.1099/mic.0.044552-0.

Nishimura T, Teramoto H, Vertés AA, Inui M, Yukawa H. 2008. ArnR, a
novel transcriptional regulator, represses expression of the narKGHJI
operon in Corynebacterium glutamicum. J Bacteriol. 190(9):3264-3273.
doi: 10.1128/JB.01801-07.

Nishimura T, Vertes AA, Shinoda Y, Inui M, Yukawa H. 2007. Anaerobic
growth of Corynebacterium glutamicum using nitrate as a terminal
electron acceptor. Appl Microbiol Biotechnol. 75(4):889-897. doi: 10.
1007/500253-007-0879-y.

Niture SK, Velu CS, Smith QR, Bhat GJ, Srivenugopal KS. 2007. Increased
expression of the MGMT repair protein mediated by cysteine prodrugs
and chemopreventative natural products in human lymphocytes and
tumor cell lines. Carcinogenesis. 28(2):378-389. doi: 10.1093/carcin/
bgl155.

Noriega CE, Lin HY, Chen LL, Williams SB, Stewart V. 2010. Asymmetric
cross-regulation between the nitrate-responsive NarX-NarL and NarQ-
NarP two-component regulatory systems from Escherichia coli K-12.
Mol Microbiol. 75(2):394-412. doi: 10.1111/j.1365-2958.2009.06987 .X.

O’Bryan JP. 2019. Pharmacological targeting of RAS: recent success with
direct inhibitors. Pharmacol Res. 139:503-511. doi: 10.1016/j.phrs.2018.
10.021.

Oldham MJ, Lion KEI, Phillips DJ, Morton MJ, Lusso MF, Harris EA, Jordan
JL, Franke JE, Strickland JA. 2020. Variability of TSNA in U.S. tobacco
and moist smokeless tobacco products. Toxicol Rep. 7:752-758. doi:
10.1016/j.toxrep.2020.05.008.

Padhiary S, Samal D, Khandayataray P, Murthy MK. 2021. A systematic
review report on tobacco products and its health issues in India. Rev
Environ Health. 36(3):367-389. doi: 10.1515/reveh-2020-0037.

Palmer T, Santini CL, lobbi-Nivol C, Eaves DJ, Boxer DH, Giordano G.
1996. Involvement of the narJ and mob gene products in distinct
steps in the biosynthesis of the molybdoenzyme nitrate reductase in
Escherichia coli. Mol Microbiol. 20(4):875-884. doi: 10.1111/j.1365-2958.
1996.tb02525 x.

Pappas RS, Stanfill SB, Watson CH, Ashley DL. 2008. Analysis of toxic met-
als in commercial moist snuff and Alaskan igmik. J Anal Toxicol. 32(4):
281-291. doi: 10.1093/jat/32.4.281.

Pappas RS. 2011. Toxic elements in tobacco and in cigarette smoke:
inflammation and sensitization. Metallomics. 3(11):1181-1198. doi: 10.
1039/c1mt00066g.

Patel K, Bhat FA, Patil S, Routray S, Mohanty N, Nair B, Sidransky D,
Ganesh MS, Ray JG, Gowda H, et al. 2021. Whole-exome sequencing
analysis of oral squamous cell carcinoma delineated by tobacco usage
habits. Front Oncol. 11:660696. doi: 10.3389/fonc.2021.660696.

Pauly GT, Peterson LA, Moschel RC. 2002. Mutagenesis by O(6)-[4-oxo-4-
(3-pyridyl)butyllguanine in Escherichia coli and human cells. Chem Res
Toxicol. 15(2):165-169. doi: 10.1021/tx0101245.

Pauly JL, Paszkiewicz G. 2011. Cigarette smoke, bacteria, mold, microbial
toxins, and chronic lung inflammation. J Oncol. 2011:819129. doi: 10.
1155/2011/819129.

Pegg AE. 2011. Multifaceted roles of alkyltransferase and related proteins
in DNA repair, DNA damage, resistance to chemotherapy, and
research tools. Chem Res Toxicol. 24(5):618-639. doi: 10.1021/
tx200031g.

Peters AC, Wimpenny JW, Coombs JP. 1987. Oxygen profiles in, and in
the agar beneath, colonies of Bacillus cereus, Staphylococcus albus and
Escherichia coli. J Gen Microbiol. 133(5):1257-1263. doi: 10.1099/
00221287-133-5-1257.

Pfeifer GP, Denissenko MF, Olivier M, Tretyakova N, Hecht SS, Hainaut P.
2002. Tobacco smoke carcinogens, DNA damage and p53 mutations
in smoking-associated cancers. Oncogene. 21(48):7435-7451. doi: 10.
1038/sj.0nc.1205803.

Pillai SD, Pillai ET. 2021. Electron beam technology applications in the
food industry. Chapter 10: the Medical, Agricultural and Industrial


https://doi.org/10.1042/bj1480521
https://doi.org/10.1093/carcin/bgg005
https://doi.org/10.1002/bies.10063
https://doi.org/10.1038/nrm3822
https://doi.org/10.1016/j.talanta.2018.03.071
https://doi.org/10.1016/j.talanta.2018.03.071
https://doi.org/10.1016/j.bbamcr.2006.10.001
https://doi.org/10.1016/j.bbamcr.2006.10.001
https://doi.org/10.1177/1073274820914659
https://doi.org/10.1016/j.ejca.2005.08.008
https://doi.org/10.1016/j.ejca.2005.08.008
https://doi.org/10.1093/jnci/59.4.1211
https://doi.org/10.1016/0041-008x(75)90255-0
https://doi.org/10.1021/acs.chemrestox.2c00355
https://doi.org/10.1021/acs.chemrestox.2c00355
https://doi.org/10.1007/s12291-013-0363-7
https://doi.org/10.1007/s12291-013-0363-7
https://doi.org/10.1073/pnas.0812512106
https://doi.org/10.1371/journal.pone.0233111
https://doi.org/10.1371/journal.pone.0233111
https://doi.org/10.1016/j.jmb.2011.03.047
https://pubchem.ncbi.nlm.nih.gov/gene/TP53/human
https://pubchem.ncbi.nlm.nih.gov/gene/TP53/human
https://doi.org/10.1016/j.jmb.2013.12.026
https://doi.org/10.1111/mmi.12464
https://doi.org/10.1111/mmi.12464
https://doi.org/10.1128/JB.01004-13
https://doi.org/10.1099/mic.0.044552-0
https://doi.org/10.1128/JB.01801-07
https://doi.org/10.1007/s00253-007-0879-y
https://doi.org/10.1007/s00253-007-0879-y
https://doi.org/10.1093/carcin/bgl155
https://doi.org/10.1093/carcin/bgl155
https://doi.org/10.1111/j.1365-2958.2009.06987.x
https://doi.org/10.1016/j.phrs.2018.10.021
https://doi.org/10.1016/j.phrs.2018.10.021
https://doi.org/10.1016/j.toxrep.2020.05.008
https://doi.org/10.1515/reveh-2020-0037
https://doi.org/10.1111/j.1365-2958.1996.tb02525.x
https://doi.org/10.1111/j.1365-2958.1996.tb02525.x
https://doi.org/10.1093/jat/32.4.281
https://doi.org/10.1039/c1mt00066g
https://doi.org/10.1039/c1mt00066g
https://doi.org/10.3389/fonc.2021.660696
https://doi.org/10.1021/tx0101245
https://doi.org/10.1155/2011/819129
https://doi.org/10.1155/2011/819129
https://doi.org/10.1021/tx200031q
https://doi.org/10.1021/tx200031q
https://doi.org/10.1099/00221287-133-5-1257
https://doi.org/10.1099/00221287-133-5-1257
https://doi.org/10.1038/sj.onc.1205803
https://doi.org/10.1038/sj.onc.1205803

Applications of Nuclear Technology. In: Greenspan E, editor.
Encyclopedia on nuclear energy. Cambridge (UK): Elsevier.

Pillai SD, Shayanfar S. 2017. Electron beam technology and other irradi-
ation technology applications in the food industry. In: Venturi M,
D’Angelantonio M, editors. Applications of radiation chemistry in the
fields of industry, biotechnology, and environment. London (UK):
Springer.

Potter JC, Cole JA. 1999. Essential roles for the products of the napABCD
genes, but not napFGH, in periplasmic nitrate reduction by Escherichia
coli K-12. Biochem J. 344(Pt 1):69-76. doi: 10.1042/bj3440069.

Preussmann R, Stewart BW. 1984. N-nitroso carcinogens. In: Searle C, edi-
tor. Chemical carcinogens, ACS Monograph 182. 2nd ed. Washington
(DQC): American Chemical Society; p. 643-828.

Prior 1A, Hood FE, Hartley JL. 2020. The frequency of Ras mutations in
cancer. Cancer Res. 80(14):2969-2974. doi: 10.1158/0008-5472.CAN-19-
3682.

Rabin RS, Stewart V. 1993. Dual response regulators (NarL and NarP)
interact with dual sensors (NarX and NarQ) to control nitrate- and
nitrite-regulated gene expression in Escherichia coli K-12. J Bacteriol.
175(11):3259-3268. doi: 10.1128/jb.175.11.3259-3268.1993.

Ramirez-Arcos S, Fernandez-Herrero LA, Berenguer J. 1998. A thermo-
philic nitrate reductase is responsible for the strain specific anaerobic
growth of Thermus thermophilus HB8. Biochim Biophys Acta. 1396(2):
215-227. doi: 10.1016/s0167-4781(97)00183-8.

Rao NR, Villa A, More CB, Jayasinghe RD, Kerr AR, Johnson NW. 2020.
Oral submucous fibrosis: a contemporary narrative review with a pro-
posed inter-professional approach for an early diagnosis and clinical
management. J Otolaryngol Head Neck Surg. 49(1):3. doi: 10.1186/
s40463-020-0399-7.

Reingruber H, Pontel LB. 2018. Formaldehyde metabolism and its impact
on human health. Cur Opinion Toxicol. 9:28-34. doi: 10.1016/j.cotox.
2018.07.001.

Richardson DJ. 2000. Bacterial respiration: a flexible process for a chang-
ing environment. Microbiology. 146(3):551-571. doi: 10.1099/
00221287-146-3-551.

Richter P, Hodge K, Stanfill S, Zhang L, Watson CH. 2008. Surveillance of
moist snuff: total nicotine, moisture, pH, un-ionized nicotine, and
tobacco-specific nitrosamines. Nicotine Tob Res. 10(11):1645-1652.
doi: 10.1080/14622200802412937.

Rivera AJ, Tyx RE, Keong LM, Stanfill SB, Watson CH. 2020. Microbial com-
munities and gene contributions in smokeless tobacco products. Appl
Microbiol Biotechnol. 104(24):10613-10629. doi: 10.1007/s00253-020-
10999-w.

Rivera AJ, Tyx RE. 2021. Microbiology of the American smokeless tobacco.
Appl Microbiol Biotechnol. 105(12):4843-4853. doi: 10.1007/s00253-
021-11382-z.

Rodgman A, Perfetti TA. 2013. The chemical composition of tobacco and
tobacco smoke. Boca Raton (FL): CRC Press.

Rohatgi N, Kaur J, Srivastava A, Ralhan R. 2005. Smokeless tobacco
(khaini) extracts modulate gene expression in epithelial cell culture
from an oral hyperplasia. Oral Oncol. 41(8):806-820. doi: 10.1016/j.ora-
loncology.2005.04.010.

Ruggiano A, Ramadan K. 2021. DNA-protein crosslink proteases in gen-
ome stability. Commun Biol. 4(1):11. doi: 10.1038/s42003-020-01539-3.

Rundlof T, Olsson E, Wiernik A, Back S, Aune M, Johansson L, Wahlberg |I.
2000. Nitrite scavengers as inhibitors of the formation of N-nitros-
amines in solution and tobacco matrix systems. J Agric Food Chem.
48(9):4381-4388. doi: 10.1021/jf000147+.

Rutala WA, Weber DJ. 2019. Guideline for disinfection and sterilization in
healthcare facilities, 2008. Atlanta (GA): Centers for Disease Control.
Rutqvist LE, Curvall M, Hassler T, Ringberger T, Wahlberg I. 2011. Swedish
snus and the GothiaTek standard. Harm Reduct J. 8(1):11. doi: 10.

1186/1477-7517-8-11.

Sahu PK, Pradhan SP, Kumar PS. 2022. Chapter 10-isolation, elucidation,
and structure-activity relationships of phytoalkaloids from Solanaceae.
In: Atta-ur-Rahman, editor. Studies in natural products chemistry.
Elsevier; p. 371-389.

Sajid M, Srivastava S, Kumar A, Kumar A, Singh H, Bharadwaj M. 2021.
Bacteriome of moist smokeless tobacco products consumed in India

CRITICAL REVIEWS IN TOXICOLOGY 693

with emphasis on the predictive functional potential. Front Microbiol.
12:784841. doi: 10.3389/fmicb.2021.784841.

Sami A, Elimairi |, Patangia D, Watkins C, Ryan CA, Ross RP, Stanton C.
2021. The ultra-structural, metabolomic and metagenomic character-
isation of the Sudanese smokeless tobacco ‘Toombak'. Toxicol Rep. 8:
1498-1512. doi: 10.1016/j.toxrep.2021.07.008.

Sapkota AR, Berger S, Vogel TM. 2010. Human pathogens abundant in
the bacterial metagenome of cigarettes. Environ Health Perspect.
118(3):351-356. doi: 10.1289/ehp.0901201.

Saranath D, Chang SE, Bhoite LT, Panchal RG, Kerr 1B, Mehta AR, Johnson
NW, Deo MG. 1991. High frequency mutation in codons 12 and 61 of
H-ras oncogene in chewing tobacco-related human oral carcinoma in
India. Br J Cancer. 63(4):573-578. doi: 10.1038/bjc.1991.133.

Saranath D, Tandle AT, Teni TR, Dedhia PM, Borges AM, Parikh D,
Sanghavi V, Mehta AR. 1999. p53 inactivation in chewing tobacco-
induced oral cancers and leucoplakias from India. Oral Oncol. 35(3):
242-250. doi: 10.1016/51368-8375(98)00110-9.

Sawhney M, Rohatgi N, Kaur J, Gupta SD, Deo SV, Shukla NK, Ralhan R.
2007. MGMT expression in oral precancerous and cancerous lesions:
correlation with progression, nodal metastasis and poor prognosis.
Oral Oncol. 43(5):515-522. doi: 10.1016/j.oraloncology.2006.05.007.

Seitz HK, Homann N. 2007. The role of acetaldehyde in alcohol-associ-
ated cancer of the gastrointestinal tract. Novartis Found Symp. 285:
110-119. doi: 10.1002/9780470511848.ch8.

Shaik FB, Nagajothi G, Swarnalatha K, Kumar CS, Maddu N. 2079.
Quantification of nicotine and cotinine in plasma, saliva, and urine by
HPLC method in chewing tobacco users. Asian Pac J Cancer Prev.
20(12):3617-3623. doi: 10.31557/APJCP.2019.20.12.3617.

Sharma S, Salehi F, Scheithauer BW, Rotonda F, Syro LV, Kovacs K. 2009.
Role of MGMT in tumor development, progression, diagnosis, treat-
ment and prognosis. Anticancer Res. 29:3759-3768.

Shayanfar S, Pillai SD. 2015. Electron beam pasteurization and comple-
mentary food processing technologies. UK: Woodhead Publishing.

Shi H, Wang R, Bush LP, Zhou J, Yang H, Fannin N, Bai R. 2013. Changes
in TSNA contents during tobacco storage and the effect of tempera-
ture and nitrate level on TSNA formation. J Agric Food Chem. 61(47):
11588-11594. doi: 10.1021/jf404813m.

Shi HZ, Wang RY, Bush LP, Yang HJ, Fannin FF. 2012. The relationships
between TSNAs and their precursors in burley tobacco from different
regions and varieties. J Food Agric Environ. 10:1048-1052.

Shi Q, Li C, Zhang F. 2006. Nicotine synthesis in Nicotiana tabacum L.
induced by mechanical wounding is regulated by auxin. J Exp Bot.
57(11):2899-2907. doi: 10.1093/jxb/erl051.

Shoji T, Hashimoto T. 2013. Chapter 2. Nicotine biosynthesis and regula-
tion of tobacco alkaloids. In: Wallner F, editor. Herbaceous plants: cul-
tivation methods, grazing and environmental impacts. Waltham (MA):
Nova Biomedical.

Shoun H, Fushinobu S, Jiang L, Kim SW, Wakagi T. 2012. Fungal denitrifi-
cation and nitric oxide reductase cytochrome P450nor. Philos Trans R
Soc Lond B Biol Sci. 367(1593):1186-1194. doi: 10.1098/rstb.2011.0335.

Siddigi K, Husain S, Vidyasagaran A, Readshaw A, Mishu MP, Sheikh A.
2020. Global burden of disease due to smokeless tobacco consump-
tion in adults: an updated analysis of data from 127 countries. BMC
Med. 18(1):222. doi: 10.1186/512916-020-01677-9.

Simpson PJL, Richardson DJ, Codd R. 2010. The periplasmic nitrate reduc-
tase in Shewanella: the resolution, distribution and functional implica-
tions of two NAP isoforms, NapEDABC and NapDAGHB. Microbiology.
156(Pt 2):302-312. doi: 10.1099/mic.0.034421-0.

Singh PK. 2014. Smokeless tobacco use and public health in countries of
South-East Asia region. Indian J Cancer. 51(Suppl. 1):51-S2. doi: 10.
4103/0019-509X.147415.

Sinha DN, Gupta PC, Kumar A, Bhartiya D, Agarwal N, Sharma S, Singh H,
Parascandola M, Mehrotra R. 2018. The poorest of poor suffer the
greatest burden from smokeless tobacco use: a study from 140 coun-
tries. Nicotine Tob Res. 20(12):1529-1532. doi: 10.1093/ntr/ntx276.

Sinha DN, Suliankatchi RA, Gupta PC, Thamarangsi T, Agarwal N,
Parascandola M, Mehrotra R. 2018. Global burden of all-cause and
cause-specific mortality due to smokeless tobacco use: systematic
review and meta-analysis. Tob Control. 27(1):35-42. doi: 10.1136/
tobaccocontrol-2016-053302.


https://doi.org/10.1042/bj3440069
https://doi.org/10.1158/0008-5472.CAN-19-3682
https://doi.org/10.1158/0008-5472.CAN-19-3682
https://doi.org/10.1128/jb.175.11.3259-3268.1993
https://doi.org/10.1016/s0167-4781(97)00183-8
https://doi.org/10.1186/s40463-020-0399-7
https://doi.org/10.1186/s40463-020-0399-7
https://doi.org/10.1016/j.cotox.2018.07.001
https://doi.org/10.1016/j.cotox.2018.07.001
https://doi.org/10.1099/00221287-146-3-551
https://doi.org/10.1099/00221287-146-3-551
https://doi.org/10.1080/14622200802412937
https://doi.org/10.1007/s00253-020-10999-w
https://doi.org/10.1007/s00253-020-10999-w
https://doi.org/10.1007/s00253-021-11382-z
https://doi.org/10.1007/s00253-021-11382-z
https://doi.org/10.1016/j.oraloncology.2005.04.010
https://doi.org/10.1016/j.oraloncology.2005.04.010
https://doi.org/10.1038/s42003-020-01539-3
https://doi.org/10.1021/jf000147
https://doi.org/10.1186/1477-7517-8-11
https://doi.org/10.1186/1477-7517-8-11
https://doi.org/10.3389/fmicb.2021.784841
https://doi.org/10.1016/j.toxrep.2021.07.008
https://doi.org/10.1289/ehp.0901201
https://doi.org/10.1038/bjc.1991.133
https://doi.org/10.1016/S1368-8375(98)00110-9
https://doi.org/10.1016/j.oraloncology.2006.05.007
https://doi.org/10.1002/9780470511848.ch8
https://doi.org/10.31557/APJCP.2019.20.12.3617
https://doi.org/10.1021/jf404813m
https://doi.org/10.1093/jxb/erl051
https://doi.org/10.1098/rstb.2011.0335
https://doi.org/10.1186/s12916-020-01677-9
https://doi.org/10.1099/mic.0.034421-0
https://doi.org/10.4103/0019-509X.147415
https://doi.org/10.4103/0019-509X.147415
https://doi.org/10.1093/ntr/ntx276
https://doi.org/10.1136/tobaccocontrol-2016-053302
https://doi.org/10.1136/tobaccocontrol-2016-053302

694 S. B. STANFILL ET AL.

Sinha DN. 2004. Report on oral tobacco use and its implications in South
East Asia. New Delhi, India: World Health Organization SEARO.

Smyth EM, Kulkarni P, Claye E, Stanfill S, Tyx R, Maddox C, Mongodin EF,
Sapkota AR. 2017. Smokeless tobacco products harbor diverse bacterial
communities that differ across products and brands. Appl Microbiol
Biotechnol. 101(13):5391-5403. doi: 10.1007/s00253-017-8282-9.

Soares JR, Cantarella H, Menegale M. 2012. Ammonia volatilization losses
from surface-applied urea with urease and nitrification inhibitors. Soil
Biol Biochem. 52(3):82-89. doi: 10.1016/j.50ilbi0.2012.04.019.

Sparacino-Watkins C, Stolz JF, Basu P. 2014. Nitrate and periplasmic
nitrate reductases. Chem Soc Rev. 43(2):676-706. doi: 10.1039/
€3¢s60249d.

Spiegel J, Cromm PM, Zimmermann G, Grossmann TN, Waldmann H.
2014. Small-molecule modulation of Ras signaling. Nat Chem Biol.
10(8):613-622. doi: 10.1038/nchembio.1560.

Spiegelhalder B, Fischer S. 1991. Formation of tobacco-specific nitros-
amines. Crit Rev Toxicol. 21(4):241. doi: 10.3109/10408449109017911.
Staaf M, Back S, Wiernik A, Wahlberg |, Long R, Young J. 2005. Formation
of tobacco-specific nitrosamines (TSNA) during air-curing: conditions
and control. Beitrage Zur Tabakforschung Int Contrib Tob Res. 21(6):

321-330. doi: 10.2478/cttr-2013-0798.

Stanfill SB, Connolly GN, Zhang L, Jia LT, Henningdfield JE, Richter P,
Lawler TS, Ayo-Yusuf OA, Ashley DL, Watson CH. 2011. Global surveil-
lance of oral tobacco products: total nicotine, unionised nicotine and
tobacco-specific N-nitrosamines. Tob Control. 20(3):e2. doi: 10.1136/tc.
2010.037465.

Stanfill SB, Croucher RE, Gupta PC, Lisko JG, Lawler TS, Kuklenyik P,
Dahiya M, Duncan B, Kimbrell JB, Peuchen EH, et al. 2018. Chemical
characterization of smokeless tobacco products from South Asia: nico-
tine, unprotonated nicotine, tobacco-specific N'-nitrosamines, and fla-
vor compounds. Food Chem Toxicol. 118:626-634. doi: 10.1016/jfct.
2018.05.004.

Stanfill SB, Oliveira da Silva AL, Lisko JG, Lawler TS, Kuklenyik P, Tyx RE,
Peuchen EH, Richter P, Watson CH. 2015. Comprehensive chemical
characterization of Rapé tobacco products: nicotine, un-ionized nico-
tine, tobacco-specific N’-nitrosamines, polycyclic aromatic hydrocar-
bons, and flavor constituents. Food Chem Toxicol. 82:50-58. doi: 10.
1016/j.fct.2015.04.016.

Stanfill SB. 2016. Toxic contents and emissions in smokeless tobacco
products (chapter 7). In: WHO Technical Report Series 1001. WHO
Study Group on Tobacco Product Regulation: Report on the Scientific
Basis of Tobacco Product Regulation. Sixth Report of a WHO Study
Group. Geneva: World Health Organization.

Stapelfeld C, Neumann KT, Maser E. 2017. Different inhibitory potential
of sex hormones on NNK detoxification in vitro: a possible explanation
for gender-specific lung cancer risk. Cancer Lett. 405:120-126. doi: 10.
1016/j.canlet.2017.07.016.

Stein Y, Aloni-Grinstein R, Rotter V. 2020. Mutant p53 oncogenicity: dom-
inant-negative or gain-of-function? Carcinogenesis. 41(12):1635-1647.
doi: 10.1093/carcin/bgaal17.

Stepanov |, Biener L, Yershova K, Nyman AL, Bliss R, Parascandola M,
Hatsukami DK. 2014. Monitoring tobacco-specific N-nitrosamines and
nicotine in novel smokeless tobacco products: findings from round Il
of the new product watch. Nicotine Tob Res. 16(8):1070-1078. doi: 10.
1093/ntr/ntu026.

Stepanov |, Gupta PC, Dhumal G, Yershova K, Toscano W, Hatsukami DP,
Parascandola M. 2015. High levels of tobacco-specific N-nitrosamines
and nicotine in Chaini Khaini, a product marketed as snus. Tob
Control. 24(e4):e271-e274. doi: 10.1136/tobaccocontrol-2014-051744.

Stepanov |, Hecht SS, Ramakrishnan S, Gupta PS. 2005. Tobacco-specific
nitrosamines in smokeless tobacco products marketed in India. Int J
Cancer. 116(1):16-19. doi: 10.1002/ijc.20966.

Stepanov |, Hecht SS. 2005. Tobacco-specific nitrosamines and their N-
glucuronides in the urine of smokers and smokeless tobacco users.
Cancer Epidemiol Biomarkers Prev. 14(4):885-891. doi: 10.1158/1055-
9965.EPI-04-0753.

Stepanov |, Jensen J, Hatsukami D, Hecht SS. 2008. New and traditional
smokeless tobacco: comparison of toxicant and carcinogen levels.
Nicotine Tob Res. 10(12):1773-1782. doi: 10.1080/14622200802443544.

Steppuhn A, Gase K, Krock B, Halitschke R, Baldwin IT. 2004. Nicotine’s
defensive function in nature. PLoS Biol. 2(8):E217. doi: 10.1371/journal.
pbio.0020217.

Stiewe T, Haran TE. 2018. How mutations shape p53 interactions with
the genome to promote tumorigenesis and drug resistance. Drug
Resist Updat. 38:27-43. doi: 10.1016/j.drup.2018.05.001.

Stingele J, Jentsch S. 2015. DNA-protein crosslink repair. Nat Rev Mol
Cell Biol. 16(8):455-460. doi: 10.1038/nrm4015.

Su S-C, Lin C-W, Liu Y-F, Fan W-L, Chen M-K, Yu C-P, Yang W-E, Su C-W,
Chuang C-Y, Li W-H, et al. 2017. Exome sequencing of oral squamous
cell carcinoma reveals molecular subgroups and novel therapeutic
opportunities. Theranostics. 7(5):1088-1099. doi: 10.7150/thno.18551.

Swedish Match. 2023. Gothiatek standard; [accessed 2023 May 25].
https://www.swedishmatch.com/Snus-and-health/GOTHIATEK/.

Szalat R, Samur MK, Fulciniti M, Lopez M, Nanjappa P, Cleynen A, Wen K,
Kumar S, Perini T, Calkins AS, et al. 2018. Nucleotide excision repair is
a potential therapeutic target in multiple myeloma. Leukemia. 32(1):
111-119. doi: 10.1038/leu.2017.182.

Szaldki N, Krieger JW, Komaromi |, Téth K, Vamosi G. 2015. Evidence for
homodimerization of the c-Fos transcription factor in live cells
revealed by fluorescence microscopy and computer modeling. Mol
Cell Biol. 35(21):3785-3798. doi: 10.1128/MCB.00346-15.

Taiz L, Meller IM, Murphy A, Zeiger E, editors. 2022. Plant physiology and
development. 7th ed. Oxford (UK): Oxford University Press.

Tamegai H, Ikeda E, Kato C, Horikoshi K. 2007. Identification of the func-
tional periplasmic nitrate reductase (nap) gene cluster from the deep-
sea denitrifier Pseudomonas sp. strain MT-1. Biosci Biotechnol
Biochem. 71(8):2041-2045. doi: 10.1271/bbb.70256.

Tan YS, Mhoumadi Y, Verma CS. 2019. Roles of computational modelling
in understanding p53 structure, biology, and its therapeutic targeting.
J Mol Cell Biol. 11(4):306-316. doi: 10.1093/jmcb/mjz009.

Tanaka T, Rabbitts TH. 2008. Interfering with protein—protein interactions.
Cell Cycle. 7(11):1569-1574. doi: 10.4161/cc.7.11.6061.

TEMA. 2022. Sterilization and pasteurization of spices, herbs and grains;
[accessed 2022 Jan 25]. https://temaprocess.com/processes/steam-ster-
ilization-for-herbs-spices/.

Tischner R, Kaiser W. 2007. Chapter 18: nitrate assimilation in plants. In:
Bothe H, Ferguson SJ, Newton WE, editors. Biology of the nitrogen
cycle. Amsterdam, Netherlands: Elsevier; p. 283-301.

Tobacco Guide. 2023. Burley and dark tobacco production guide (2023-
2024). Publication ID-160; [accessed 2023 Apr 13]. http://www2.ca.uky.
edu/agcomm/pubs/id/id160/id160.pdf.

Tomar SL, Henningfield JE. 1997. Review of the evidence that pH is a
determinant of nicotine dosage from oral use of smokeless tobacco.
Tob Control. 6(3):219-225. doi: 10.1136/tc.6.3.219.

Torres-Guzman JC, Padilla-Guerrero IE, Cervantes-Quintero KY, Martinez-
Vazquez A, Ibarra-Guzman M, Gonzalez-Hernandez GA. 2021.
Peculiarities of nitronate monooxygenases and perspectives for
in vivo and in vitro applications. Appl Microbiol Biotechnol. 105(21-
22):8019-8032. doi: 10.1007/500253-021-11623-1.

Tyx RE, Rivera AJ, Stanfill SB, Zaatari GS, Watson CH. 2022. Shotgun
metagenome sequencing of a Sudanese toombak snuff tobacco: gen-
etic attributes of a high tobacco-specific nitrosamine containing
smokeless tobacco product. Lett Appl Microbiol. 74(3):444-451. doi:
10.1111/lam.13623.

Tyx RE, Stanfill SB, Keong LM, Rivera AJ, Satten GA, Watson CH. 2016.
Characterization of bacterial communities in selected smokeless
tobacco products using 16S rDNA analysis. PLOS One. 11(1):e0146939.
doi: 10.1371/journal.pone.0146939.

Uriarte |, Pérez C, Caballero-Mancebo E, Basterretxea FJ, Lesarri A,
Fernandez JA, Cocinero EJ. 2017. Structural studies of nicotinoids: coti-
nine versus nicotine. Chemistry. 23(30):7238-7244. doi: 10.1002/chem.
201700023.

Vainer R, Cohen S, Shahar A, Zarivach R, Arbely E. 2016. Structural basis
for p53 Lys120-acetylation-dependent DNA-binding mode. J Mol Biol.
428(15):3013-3025. doi: 10.1016/j.jmb.2016.06.009.

van Kempen PMW, Noorlag R, Braunius WW, Moelans CB, Rifi W, Savola
S, Koole R, Grolman W, van Es RJJ, Willems SM. 2015. Clinical rele-
vance of copy number profiling in oral and oropharyngeal squamous
cell carcinoma. Cancer Med. 4(10):1525-1535. doi: 10.1002/cam4.499.


https://doi.org/10.1007/s00253-017-8282-9
https://doi.org/10.1016/j.soilbio.2012.04.019
https://doi.org/10.1039/c3cs60249d
https://doi.org/10.1039/c3cs60249d
https://doi.org/10.1038/nchembio.1560
https://doi.org/10.3109/10408449109017911
https://doi.org/10.2478/cttr-2013-0798
https://doi.org/10.1136/tc.2010.037465
https://doi.org/10.1136/tc.2010.037465
https://doi.org/10.1016/j.fct.2018.05.004
https://doi.org/10.1016/j.fct.2018.05.004
https://doi.org/10.1016/j.fct.2015.04.016
https://doi.org/10.1016/j.fct.2015.04.016
https://doi.org/10.1016/j.canlet.2017.07.016
https://doi.org/10.1016/j.canlet.2017.07.016
https://doi.org/10.1093/carcin/bgaa117
https://doi.org/10.1093/ntr/ntu026
https://doi.org/10.1093/ntr/ntu026
https://doi.org/10.1136/tobaccocontrol-2014-051744
https://doi.org/10.1002/ijc.20966
https://doi.org/10.1158/1055-9965.EPI-04-0753
https://doi.org/10.1158/1055-9965.EPI-04-0753
https://doi.org/10.1080/14622200802443544
https://doi.org/10.1371/journal.pbio.0020217
https://doi.org/10.1371/journal.pbio.0020217
https://doi.org/10.1016/j.drup.2018.05.001
https://doi.org/10.1038/nrm4015
https://doi.org/10.7150/thno.18551
https://www.swedishmatch.com/Snus-and-health/GOTHIATEK/
https://doi.org/10.1038/leu.2017.182
https://doi.org/10.1128/MCB.00346-15
https://doi.org/10.1271/bbb.70256
https://doi.org/10.1093/jmcb/mjz009
https://doi.org/10.4161/cc.7.11.6061
https://temaprocess.com/processes/steam-sterilization-for-herbs-spices/
https://temaprocess.com/processes/steam-sterilization-for-herbs-spices/
http://www2.ca.uky.edu/agcomm/pubs/id/id160/id160.pdf
http://www2.ca.uky.edu/agcomm/pubs/id/id160/id160.pdf
https://doi.org/10.1136/tc.6.3.219
https://doi.org/10.1007/s00253-021-11623-1
https://doi.org/10.1111/lam.13623
https://doi.org/10.1371/journal.pone.0146939
https://doi.org/10.1002/chem.201700023
https://doi.org/10.1002/chem.201700023
https://doi.org/10.1016/j.jmb.2016.06.009
https://doi.org/10.1002/cam4.499

Ventilex. 2022. Cincinnati (OH): Ventilex USA, Inc.; [accessed 2022 Oct 31].
https://www.ventilex.com/articles/steam-sterilization-spices-and-herbs/.
Vergnes A, Gouffi-Belhabich KB, Blasco F, Giordano G, Magalon A. 2004.
Involvement of the molybdenum cofactor biosynthetic machinery in
the maturation of the Escherichia coli nitrate reductase A. J Biol Chem.

279(40):41398-41403. doi: 10.1074/jbc.M407087200.

Verma S, Yadav S, Singh I. 2010. Trace metal concentration in different
Indian tobacco products and related health implications. Food Chem
Toxicol. 48(8-9):2291-2297. doi: 10.1016/j.fct.2010.05.062.

Vousden KH, Prives C. 2009. Blinded by the light: the growing complexity
of p53. Cell. 137(3):413-431. doi: 10.1016/j.cell.2009.04.037.

Wahlberg |, Wiernik A, Christakopoulos A, Johansson L. 1999. Tobacco-
specific nitrosamines. A multidisciplinary research area. Agro Food Ind
Hi-Tech. 10:23-28.

Wang G, Fersht AR. 2012. First-order rate-determining aggregation mech-
anism of p53 and its implications. Proc Natl Acad Sci U S A. 109(34):
13590-13595. doi: 10.1073/pnas.1211557109.

Wang J, Yang H, Shi H, Zhou J, Bai R, Zhang M, Jin T. 2017. Nitrate and
nitrite promote formation of tobacco-specific nitrosamines via nitro-
gen oxides intermediates during postcured storage under warm tem-
perature. J Chem. 2017:1-11. doi: 10.1155/2017/6135215.

Wang L, Feng X, Jiao Z, Gan J, Meng Q. 2022. Characterization of the prog-
nostic and diagnostic values of ALKBH family members in non-small cell
lung cancer. Pathol Res Pract. 231:153809. doi: 10.1016/j.prp.2022.153809.

Wang YY, Hsu PK, Tsay YF. 2012. Uptake, allocation and signaling of nitrate.
Trends Plant Sci. 17(8):458-467. doi: 10.1016/j.tplants.2012.04.006.

Warnakulasuriya KA, Ralhan R. 2007. Clinical, pathological, cellular and
molecular lesions caused by oral smokeless tobacco-a review. J Oral
Pathol Med. 36(2):63-77. doi: 10.1111/j.1600-0714.2007.00496.x.

Wei B, Blount BC, Xia B, Wang L. 2016. Assessing exposure to tobacco-
specific carcinogen NNK using its urinary metabolite NNAL measured
in US population: 2011-2012. J Expo Sci Environ Epidemiol. 26(3):249-
256. doi: 10.1038/jes.2014.88.

Wiernik A, Christakopoulos AA, Johansson L, Wahlberg I. 1995. Effect of
air-curing on the chemical composition of tobacco. Rec Adv Tob Sci.
21:39-80.

Willis D, Popovech M, Gany F, Zelikoff J. 2012. Toxicology of smokeless
tobacco: implications for immune, reproductive, and cardiovascular
systems. J Toxicol Environ Health B Crit Rev. 15(5):317-331. doi: 10.
1080/10937404.2012.689553.

Wilson KA, Kung RW, Wetmore SD. 2016. Chapter seven: toxicology of
DNA adducts formed upon human exposure to carcinogens: insights
gained from molecular modeling. In: Fishbein JC, Heilman JM, editors.
Advances in molecular toxicology. Amsterdam, Netherlands: Elsevier;
p. 293-360.

Wirtz S, Nagel G, Eshkind L, Neurath MF, Samson LD, Kaina B. 2010. Both
base excision repair and O°-methylguanine-DNA methyltransferase
protect  against  methylation-induced  colon  carcinogenesis.
Carcinogenesis. 31(12):2111-2117. doi: 10.1093/carcin/bgq174.

Wong HL, Murphy SE, Hecht SS. 2005. Cytochrome P450 2A-catalyzed
metabolic activation of structurally similar carcinogenic nitrosamines:
N’-nitrosonornicotine enantiomers, N-nitrosopiperidine, and N-nitroso-
pyrrolidine. Chem Res Toxicol. 18(1):61-69. doi: 10.1021/tx0497696.

Wong JLJ, Flint S. 2019. Nitrite production by thermophilic aerobic bac-
teria isolated during the manufacture of milk powder. Intl Dairy J. 95:
15-17. doi: 10.1016/j.idairyj.2019.03.005.

Wyss AB, Hashibe M, Lee Y-CA, Chuang S-C, Muscat J, Chen C, Schwartz
SM, Smith E, Zhang Z-F, Morgenstern H, et al. 2016. Smokeless
tobacco use and the risk of head and neck cancer: pooled analysis of
US studies in the INHANCE Consortium. Am J Epidemiol. 184(10):703-
716. doi: 10.1093/aje/kww075.

Xia B, Blount BC, Guillot T, Brosius C, Li Y, Van Bemmel DM, Kimmel HL,
Chang CM, Borek N, Edwards KC, et al. 2021. Tobacco-specific nitros-
amines (NNAL, NNN, NAT, and NAB) exposures in the US Population
Assessment of Tobacco and Health (PATH) Study Wave 1 (2013-2014).
Nicotine Tob Res. 23(3):573-583. doi: 10.1093/ntr/ntaa110.

Xu D, Lusso MF, Strickland JA. 2020. Impact of genetics and production
practices on tobacco-specific nitrosamine formation. In: lvanov NV,
Sierro N, Peitsch MC, editors. The tobacco plant genome. Cham:
Springer International Publishing; p. 157-174.

CRITICAL REVIEWS IN TOXICOLOGY 695

Xue J, Yang S, Seng S. 2014. Mechanisms of cancer induction by tobacco-spe-
cific NNK and NNN. Cancers. 6(2):1138-1156. doi: 10.3390/cancers6021138.

Xu-Welliver M, Pegg AE. 2002. Degradation of the alkylated form of the
DNA  repair  protein,  O(6)-alkylguanine-DNA  alkyltransferase.
Carcinogenesis. 23(5):823-830. doi: 10.1093/carcin/23.5.823.

Yan H, Huang W, Yan C, Gong X, Jiang S, Zhao Y, Wang J, Shi Y. 2013.
Structure and mechanism of a nitrate transporter. Cell Rep. 3(3):716-
723. doi: 10.1016/j.celrep.2013.03.007.

Yao X, Zhang T, Tang H, Wang H, Chen W. 2015. Free radical-scavenging,
nitrite-scavenging, and N-nitrosamine formation inhibitory activities of
extracts from kunlun compositae tea (Coreopsis tinctoria Nutt.). J Food
Nutr Res. 3(9):587-592.

Zarth AT, Upadhyaya P, Yang J, Hecht SS. 2016. DNA adduct formation
from metabolic 5'-hydroxylation of the tobacco-specific carcinogen N'-
nitrosonornicotine in human enzyme systems and in rats HHS public
access. Chem Res Toxicol. 29(3):380-389. doi: 10.1021/acs.chemrestox.
5b00520.

Zenkner FF, Margis-Pinheiro M, Cagliari A. 2019. Nicotine biosynthesis in
Nicotiana: a metabolic overview. Tob Sci. 56(1):1-9. doi: 10.3381/18-063.

Zhang Q, Balourdas DI, Baron B, Senitzki A, Haran TE, Wiman KG, Soussi
T, Joerger AC. 2022. Evolutionary history of the p53 family DNA-bind-
ing domain: insights from an Alvinella pompejana homolog. Cell
Death Dis. 13(3):214. doi: 10.1038/541419-022-04653-8.

Zhao L, Balbo S, Wang M, Upadhyaya P, Khariwala SS, Villalta PW, Hecht
SS. 2013. Quantitation of pyridyloxobutyl-DNA adducts in tissues of
rats treated chronically with (R)- or (S)-N'-nitrosonornicotine (NNN) in
a carcinogenicity study. Chem Res Toxicol. 26(10):1526-1535. doi: 10.
1021/tx400235x.

Zhu Y, Costa M. 2020. Metals and molecular carcinogenesis.
Carcinogenesis. 41(9):1161-1172. doi: 10.1093/carcin/bgaa076.

Zitomer N, Rybak ME, Li Z, Walters MJ, Holman MR. 2015. Determination
of aflatoxin B; in smokeless tobacco products by use of UHPLC-MS/
MS. J Agric Food Chem. 63(41):9131-9138. doi: 10.1021/acs.jafc.
5b02622.

Appendix

Text A1. Regulation of bacterial nitrogen utilization genes

AR and GIxR, present in certain Corynebacterium species, control the
expression of nar genes that results in the generation/excretion of nitrite
from bacterial cells. The ArnR transcriptional regulator contains two iden-
tical monomers with a sensory domain, which can bind or release an FeS
cluster, and a DNA-binding domain. Under aerobic conditions, the FeS
cluster is bound to the sensory domain, forming FeS-ArnR that remains
bound to the promoter region and prevents expression of the nar
operon (Nishimura et al. 2008, 2011, 2014; Madeira et al. 2019). In the
presence of nitrate and anaerobic conditions, some NO is generated
endogenously. NO nitrosylates FeS-ArnR, resulting in the loss of NO-FeS
from ArnR that is released from the promoter region and permits the
expression of the nar operon. This regulatory system also includes an
activator, GIxR, that binds to the nar operator region and promotes nar
genes expression in response to cyclic AMP (cAMP), due to low O, condi-
tions (Nishimura et al. 2008, 2011, 2014). cAMP acts as a secondary mes-
senger of energy status (Nishimura et al. 2008, 2011, 2014). When cAMP
binds to GIxR, it associates with the upstream region of the narKGHJI
operon and triggers the appropriate level of expression in response to
nutritional and energy demands (Botsford and Harman 1992; Korner
et al. 2003; Kim et al. 2004). Approximately 30% of Corynebacterium spe-
cies, including C. ammoniagenes, C. stationis, and C. casei, contain
narKGHJI, the genes involved in its regulation (i.e. arnR, glxR), and hmp
that converts NO back to NO;™ (Department of Energy 2022).

Another regulatory system, NreABC, present in some Staphylococcus
species, controls the expression of nar and nir genes that allow for the
generation/excretion or assimilation of nitrite into biomolecules, respect-
ively. In some Staphylococcus species, gene expression of nirBD (nitrite
reductase), narGHJI (nitrate reductase), and narT (transporter) are under
the control of nitrate regulatory elements (nreABC) genes. NreABC con-
sists of a NO3™-sensing receptor NreA and a two-component O,-sensing
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Table A1. Chemical structures of nitrite scavenging chemicals.

Nitrite scavenging chemicals

Ascorbic Acid Caffeic Acid Dihydrocaffeic Acid Cysteine Ferulic Acid
HO |, HO. [} 0 o]
iHo
HO. : 0] HO. H3CO. X
yZ OH OH
o HOD\/\”/ j©/\)LOH HS/\(U\OH w
0 HO
HO OH HO NH,
Catechin Epicatechin Phloroglucinol Epigallocatechin Gallate (ECGC)? Epicatechin-3-gallate®
OH OH OH OH
©: OH OH
HO O OH 5 - HO. O
“OH
OH OH

This list of nitrite scavengers shown here was taken from Rundlof et al. (2000), Choi et al. (1989), and Wang et al. (2017).
?Found in green tea extract.
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Figure A1. Interaction of AR and GIxR transcription regulators with the narKGHJI operon in certain Corynebacterium species. (A) When O, is present, ArnR
represses the narKGHJI operon (Nishimura et al. 2008, 2014). (B) As O, levels decrease, the synergistic behavior of GIxR (an activator) and ArnR (a repressor) cause
some nitrate reductase to be synthesized and to convert nitrate to nitrite. When cAMP binds to GIxR, a transcription regulator sensitive to energy status, GIxR binds
to the upstream operator and activates the expression of the narKGHJI operon, and nitrate respiration produces ATP (Nishimura et al. 2008, 2011, 2014). (C) When
0, levels are low and nitrate is abundant, some nitric oxide (NO) is generated endogenously from nitrite. Accumulation of NO in the absence of O, results in nitrosy-
lation of ArnR, causing a loss in DNA binding and initiation of full activation of narKGHJI gene expression (Nishimura et al. 2014). References are listed in the bibliog-

raphy of the main text.
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Figure A2. Assembly and maturation of the NarGHI complex is facilitated by the NarJ chaperone. NarG, NarH, and Narl are the o, 8, and y subunits of the respira-
tory nitrate reductase, respectively; NarJ is not a subunit of the final protein complex but guides the assembly of the NarGHI complex. Prior to the formation of the
NarGH complex, the Fe/S center biosynthetic machinery incorporates four Fe/S (FS;-FS4) groups into the NarH subunit. Four subsequent steps in NarGHI assembly
and maturation are as follows: (a) the NarGH complex is assembled in the cytoplasm with the aid of NarJ, which interacts at several sites with the NarG subunit. (b)
The Fe/S (FSo) group is inserted into the NarG subunit. (c) The molybdenum cofactor (Mo-bisPGD) is inserted into NarG, and one NarJ unit is released. (d) The molyb-
denum and [4Fe-4S] centers are incorporated, then a protein conformational change in NarGH triggers NarJ dissociation, followed by the attachment of NarGH to
the Narl subunit so that the entire NarGHI complex is attached to the membrane. Narl maturation is an inner membrane process where the b-type hemes (bp and
bp) are sequentially incorporated. The structure shown in panel (d) is the fully assembled oy monomer.
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Figure A3. Mechanism of periplasmic nitrate reductase catalyzed nitrite generation in Gram-negative bacteria. The NapA catalytic subunit contains two redox cen-
ters (molybdenum cofactor and 4Fe—-4S cluster). Various redox-active partner proteins (NapB, NapC, NapG, NapH) localized in the periplasm route electrons to NapA
from membrane bound quinone pools (menaquinone, MQH,; ubiquinone, UQH,), thus facilitating nitrate reduction to nitrite. Nitrite then passes through outer
membrane porins and accumulates in the extracellular tobacco matrix. Nap gene expression and activity are regulated by the presence of oxygen but can function
under both aerobic and anaerobic conditions. This suggests that nitrite generation from Nap is functioning during tobacco processing and curing when nitrate is
limited.
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Figure A4. Distribution of tumor TP53 variants along p53 protein sequence according to exposure risk factors. Data from the R20 version (July 2019) of the IARC
TP53 Database were used. Tumors were sorted according to annotations given as the documented exposure in the database. The p53 mutations in: (A) oral tumors
with “tobacco chewing” exposure; (B) lung cancers with “tobacco smoking” exposure; (C) liver cancer with “aflatoxin” exposure; (D) oral tumors with “betel quid”
exposure are shown. Mutation distributions were visualized using the MutationMapper tool at cBioPortal (https://www.cbioportal.org/mutation_mapper). The most
frequent amino-acid substitutions are indicated. Note that exposure annotations in the original IARC dataset and in publications from which this dataset was
extracted are incomplete, thus tumors without the exposure annotations used here cannot be ascertained as negative for these exposures.


https://www.cbioportal.org/mutation_mapper

700 S. B. STANFILL ET AL.

Newly Harvested Tobacco Leaves

Prior to steam treatment:

Nitrite-producing bacteria,

aflatoxin-producing fungi,
potential pathogens

Allow to dry
Pressurized Wet Steam before curing
(can reach 132°C or higher) .
[ ]
g
Agents that may be partially or Spray Wand
completely removed or deactivated with Wide-angle
From the surface: Spray Nozzle

bacteria, fungi, viruses, insects, dust, soil
particles, soil metals, soil amendments
(manure), agricultural chemicals, etc.

Inside of the tobacco:
endophytic bacteria, fungi

Spray Hose

Gas-powered Engine

Hot Water Source (Diesel)

Compressor

Standard Water Hose Water Thermostat

(5322243

Figure A5. Portable pressurized steam system. This technology uses pressurized hot water to inactivate or remove surface-associated chemicals and microorganisms
on newly harvested tobacco. Parameters that may need to be tested: temperature (up to 132 °C), pressure (psi), flow rate (gallons per minutes, GPM), and spray dis-

tance. This device uses a standard hose with normal water pressure.
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(A) ELECTRON BEAM TECHNOLOGY
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Figure A6. Electron beam (eBeam) and X-ray technologies. These technologies are used to inactivate microorganisms in finished or raw products, such as food, pro-
duce, spices, nutraceuticals, pharmaceuticals, and medical devices. Electron beam technology utilizes high-energy electrons, whereas X-ray technology utilizes X-ray
photons (that are converted from electrons), which can penetrate entire pallets compared to only shipping cases with eBeam technology. For more information on
eBeam see the following references in the bibliography of the main text (Pillai and Shayanfar 2015, 2017; Pillai and Pillai 2021).

system comprised of NreB, a cytoplasmic histidine kinase, and NreC, a  of NO3™ and O, levels, respectively, which then triggers phosphorylation
response regulator that interacts with DNA promoter regions of several  of NreC, leading to appropriate expression of nitrate reductases (NarGHI)
operons (Department of Energy 2022; Fedtke et al. 2002; Kamps et al.  or nitrite reductases (NirBD) (Niemann et al. 2014; Nilkens et al. 2014).
2004). NreB senses anaerobic O, levels via a [4Fe-4S] center. NreA and  As research continues, other regulatory systems may be identified in bac-
NreB function as an elaborate molecular probe for simultaneous sensing  teria residing in ST products.
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