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Abstract
The process of chemical carcinogenesis is initiated by DNA damage. This
dissertation will describe quantitative approaches to assess the detoxification and DNA
damage pathways of two human carcinogens: benzene and N′-nitrosonornicotine (NNN).
The aspects of carcinogenesis relevant for this work include exposure to the carcinogen,
biological activation to a reactive electrophile, metabolic detoxification processes, and
DNA addition product (adduct) formation upon reaction of the electrophile with DNA.
This dissertation will begin by presenting a collaborative study on exposure to
benzene when smoking tobacco via a hookah; a urinary biomarker of benzene exposure
significantly increases after a single smoking event. Next, it will describe studies of enzyme
kinetics which determined for the first time that a human enzyme, GSTP1, is a good
catalyst for the detoxification of benzene oxide, the activated form of benzene. This study
also provided direct biochemical confirmation that GSTT1 is an important enzyme in this
detoxification process. The next chapter will present collaborative data demonstrating that
sulforaphane, an active phytochemical in broccoli sprouts, can upregulate these enzymatic
detoxification processes in humans exposed to benzene and other air pollutants, likely by
upregulating GSTP1. The last chapter on benzene will describe data showing that the major
DNA adduct arising from the reaction between benzene oxide and DNA, 7-phenylguanine,
is not detectable in humans or animals exposed to benzene. Thus, 7-phenylguanine is not
likely to be the etiological agent responsible for the mechanism of benzene carcinogenicity,
but instead some other mechanism of carcinogenesis is more important.
The final chapter of this dissertation will shift focus to the analysis of a DNA adduct
arising from NNN metabolic activation. NNN can be activated via two pathways:
2′-hydroxylation and 5′-hydroxylation. 2′-Hydroxylation has been more extensively
studied, as it is the major pathway in rat esophagus, a target tissue of NNN carcinogenicity.
However, the work presented here demonstrates that 5′-hydroxylation of NNN by human
enzymes leads to higher levels of DNA adducts than does the 2′-hydroxylation pathway,
and thus, 5′-hydroxylation may be the more relevant pathway for future DNA adduct
studies in humans who use tobacco products.
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Part I: Overview
Chapter 1: The Metabolism of Chemical Carcinogens
The following chapter is intended to provide contextual importance for the work
presented in this dissertation. It will review the pertinent literature and current
understanding of the mechanisms involved in the metabolism of carcinogens and the
process of carcinogenesis, with specific focus on benzene and N′-nitrosonornicotine
(NNN).

1

1.1 Chemical Carcinogenesis
1.1.1 Early History
Carcinogenesis is a lengthy and complex process. The onset of symptoms is often
decades after the etiologic cause of cancer had initiated the process. Thus, identifying the
cause of cancer or proving the carcinogenicity of a single substance requires rigorous
methods and keen observations, especially for the complexities of human exposures.
The first observation that any substance – in this case tobacco use – is linked to
cancer was reported in 1761, when Dr. John Hill published a book cautioning against the
excessive use of snuff.1 Hill noted that heavy snuff users developed tissue damage and
cancerous polyps in the nasal cavity and, to a lesser extent, in the esophagus after years of
snuff use. He attributed these growths, along with other diseases, to the daily use of snuff.
At nearly the same time, Percivall Pott, F.R.S. documented an unusually high incidence of
invasive scrotal and testicular cancers among chimney sweeps.2 In 1775, Pott correctly
surmised that this occupational cancer was caused by prolonged exposure of the skin to
soot. The causal link between soot or tobacco and the ultimate development of cancer was
revolutionary in the 1700s, and to this day, epidemiological research linking specific
substances to different types of cancer is ongoing.
The first experimental study to document the carcinogenicity of a substance was
published nearly 150 years later by Yamagiwa and Ichikawa.3, 4 Coal tar was painted onto
the ears of rabbits, and within 30–100 days, the animals had developed malignant,
metastatic carcinomas of the skin. This was followed shortly after by Tsutsui’s work
exposing mouse skin similarly to coal tar and documenting the development of skin
cancer.5 From this time on, the mouse skin carcinogenicity model became a pillar of
research into the effects of many chemical carcinogens. Efforts to isolate and identify the
carcinogenic components of coal tar on a molecular level followed,6 and by the 1930s,
Cook, Kennaway, and coworkers had isolated and purified a potent chemical carcinogen,
benzo[a]pyrene (BaP). BaP occurs in very low levels in coal tar, but it was shown to be
largely responsible for the overall carcinogenicity of coal tar on mouse skin.7 In the process
of discovering BaP, they performed structure-activity relationship studies for many other
2

polycyclic aromatic hydrocarbons (PAHs),8,

9

demonstrating that benzo[a]pyrene is

potently carcinogenic while benzo[e]pyrene is not a carcinogen,7 an observation which has
been supported and validated since.10 These early experiments with PAHs in coal tar
established the field of chemical carcinogenesis. This scientific approach continued for
decades, wherein individual chemical constituents of a complex mixture were identified,
isolated, and studied for their carcinogenic activity in animal models. Mechanistic
considerations and exposure data for these compounds were then identified and utilized in
assessing overall risks to humans.
1.1.2 Current Cancer Statistics
In 2016, an estimated 1,685,000 people in the U.S. will be diagnosed with some
form of cancer, and an estimated 595,700 people will die of cancer, which corresponds to
approximately 1,630 deaths every day.11 Cancer is the cause of about 1 in 4 deaths in the
U.S.; only heart disease kills more people each year. Cancer is considered an age-related
disease because 86% of all cancers occur in people over 50 years old. Cancer is also a
ubiquitous disease; the lifetime risk of developing some type of cancer is 42% for men and
38% for women or about 2 of every 5 people in the U.S.11 About one-third of cancer
patients will die within 5 years of diagnosis, with vast differences in survival rates based
on the type of cancer they develop and the stage of the disease at the time of diagnosis.
Lung cancer remains the leading cause of cancer death in the U.S., causing an
estimated 158,000 deaths in 2016, and at least 80% of lung cancer deaths are attributed to
cigarette smoking.11 For the past 4 decades, the survival rates for lung cancer have been
dismal. For all stages of lung cancer, the 5-year survival rate was 17.4% in patients
diagnosed during 2005–2011,12 largely due to the fact that 84% of lung cancer cases are
not diagnosed until the later stages, after the cancer has spread or metastasized. The
survival rate has remained virtually unchanged since 1975, when the 5-year survival rate
was 11.4%.12 Meanwhile, progress in early detection and treatment options for the three
other most prevalent cancers – breast, prostate, and colorectal – have improved the 5-year
survival rates over the same time period from 75% to 89%, from 66% to 99%, and from
49% to 65%, respectively.12
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Tobacco smoking causes cancer and other diseases in nearly every organ in the
human body. In 2004, The International Agency for Research on Cancer (IARC) evaluated
data on tobacco smoking and found a causal link to cancers of the lung, oral cavity, nasal
cavity and paranasal sinuses, nasopharynx, oropharynx, hypopharynx, larynx, esophagus
(adenocarcinoma and squamous cell carcinoma), upper aerodigestive tract combined,
stomach, pancreas, liver, kidney (body and pelvis), ureter, urinary bladder, uterine cervix,
and myeloid leukemia,13 and IARC has since expanded this evaluation to include cancers
of the colon and rectum, ovary (mucinous), and possibly breast.14 Approximately 188,800
(32%) of the cancer-related deaths in the U.S. in 2016 will be caused by cigarette
smoking.11 For this dissertation, the causal link between tobacco smoke and myeloid
leukemia is most relevant for the work presented in Part II. Benzene is a known cause of
myeloid leukemia and is present in cigarette smoke. Studies have shown that benzene is
likely responsible for the majority of leukemia incidence caused by tobacco smoke.15 Other
possible components of tobacco smoke that may contribute to leukemia incidence are
radioactive components and other carcinogens.16
In addition to the cancers listed above, tobacco smoking is causally related to many
other diseases, including stroke, blindness, cataracts, age-related macular degeneration,
congenital defects (orofacial cleft), periodontitis, aortic aneurysm and early aortic
atherosclerosis, coronary heart disease, pneumonia, atherosclerotic peripheral vascular
disease, chronic obstructive pulmonary disease, tuberculosis, asthma, diabetes,
reproductive effects in women including reduced fertility, hip fractures, ectopic pregnancy,
male sexual dysfunction including erectile dysfunction, rheumatoid arthritis, and impaired
immune function.17 Lung cancer, coronary heart disease, and many other diseases have
also been causally linked to secondhand tobacco smoke exposure.14, 17
Worldwide, cancer incidence and death rates are affected by numerous and varied
factors. Some of the prominent factors include the age distribution of the population; access
to early screening, detection, and medical treatment options;18 rates of cancer-inducing
infections such as human papillomavirus (HPV), hepatitis B virus (HBV), hepatitis C virus
(HCV), parasitic liver flukes, human immunodeficiency virus (HIV), Epstein-Barr virus,
human herpes virus 8 (also known as Kaposi’s sarcoma herpes virus), Schistosoma
4

haematobium (which causes urinary schistosomiasis and bladder cancer), and Helicobacter
pylori;19 current and historical use of tobacco products; excessive consumption of alcohol;
exposures to environmental carcinogens; adequate registry data; and other cultural and
economic factors.18 In 2012, an estimated total of 14.1 million people developed cancer,
and 8.2 million people died from cancer worldwide.20 Lung cancer was the most common
type of cancer, both in terms in incidence (1.8 million cases) and mortality (1.6 million
deaths). This was followed in incidence by female breast cancer (1.7 million cases; 522,000
deaths), colorectal cancer (1.4 million cases; 694,000 deaths), prostate cancer (1.1 million
cases; 307,000 deaths), stomach cancer (951,000 cases; 723,000 deaths), and the
exceptionally deadly rates of liver cancer (782,000 cases; 745,000 deaths).20
For this dissertation, cancer rates in Eastern China are particularly relevant to the
work presented in Chapter 4, especially in Qidong, just north of Shanghai. Historically,
liver cancer (hepatocellular carcinoma) has been the deadliest type of cancer in this region,
killing upwards of 1 in 10 men. More recently, liver cancer rates have been declining while
lung cancer rates have been rising (Figure 1.1).21 Liver cancer has been so prevalent in this
region due to a combination of high rates of HBV infection (>50% of adult men) and high
environmental exposures to aflatoxins and microcystins.22 Aflatoxins are produced by
mold species which grow on maize, formerly the staple grain in Qidong, as the soil does
not allow for the cultivation of rice. Major institutional reforms in 1979 increased grain
trade between Qidong and other regions of China, and there was a cultural shift toward rice
as a staple food, which substantially reduced exposures to aflatoxins. Microcystins are
another family of naturally-occurring hepatotoxins and are produced by blue-green algae
that live in shallow waters. In the late 1970s, infrastructure changes in Qidong allowed
access to deep-well water, which greatly reduced exposures to microcystins in drinking
water.21 Finally, in the 1990s and 2000s, widespread HBV vaccination programs
substantially decreased the rates of HBV infection among young people, however it is too
early for these vaccination programs to have had a significant effect in the observed drop
in liver cancer rates. These observations are powerful evidence for the effects of
widespread reduction in environmental exposure to carcinogens and the resulting reduction
in cancer rates during the following decades.
5

As liver cancer has decreased, rates of lung cancer have been rising rapidly. This is
due to a combination of substantial increases in smoking rates among men since 1940
(approximately two-thirds of men in China now smoke cigarettes)21, 23 and air pollution in
this area of China. Less than 5% of women in this region smoke, which is due to differences
in social stigmas between genders, and this is reflected in the lower incidence rates of lung
cancer (Figure 1.1). However, lung cancer incidence among women has doubled in recent
years, which seems to be due to factors other than smoking, namely indoor and outdoor air
pollution. High-temperature wok cooking releases carcinogenic pyrolysis products which
may contribute to lung cancer incidence.24 As the rationing of cooking oils ended in the
early 1980s, exposure to these carcinogens has increased.21 Another major contributing
factor is outdoor air pollution, which has been evaluated by IARC to be a human carcinogen
(Group 1).25 The cities in the Yangtze River Delta region, including Qidong and Shanghai,
are part of the fastest-growing economic development area in China. The expansion of
these cities has resulted in an increase in air pollution to levels that are some of the highest
in the world.26 The substantial increase in air pollution is likely a major factor in the recent
increases in lung cancer among women and men, but rigorous data are not currently
available to prove this.

Figure 1.1. China Age-Standardized Rates (CASR) for liver and lung cancers among men
and women in Qidong, China. This figure is reproduced from Chen and Kensler21 with
permission from Chemical Research in Toxicology, American Chemical Society.
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1.1.3 The Role of DNA Adducts in Carcinogenesis
DNA damage is central to the process of chemical carcinogenesis. When a reactive
molecule forms a covalent bond to DNA, it is termed a DNA adduct (the portmanteau of
addition product). One of the uniting factors across classes of chemical carcinogens (e.g.,
PAHs, aromatic amines, nitrosamines, and other volatile organic compounds) is their
ability to chemically bind to DNA and cause damage, often after metabolic activation,
which will be discussed in more detail in the next section.27 This is termed the initiation
phase of carcinogenesis, which is followed by the promotion and progression phases. 28
During the promotion phase, numerous biological processes allow for a survival and
growth advantage for the mutated cell. The progression phase is marked by rapid
proliferation of the pre-neoplastic cells, ultimately manifesting as a diagnosable cancer.
These biological processes are beyond the scope of this dissertation. Instead, the work
presented here will focus on characterizing and preventing the DNA damage caused by
two chemical carcinogens: benzene and NNN.
As presented in Figure 1.2, DNA adducts and the resulting mutations are pivotal
in the process of carcinogenesis. A major goal in understanding the contributing factors in
developing cancer is to quantify the internal exposure, activation processes, urinary
detoxification products, and/or DNA damage before any symptoms of cancer ever present
themselves. This approach has been validated in a prospective cohort study.29, 30 In this
work, researchers collected the urine of 18,244 men in Shanghai in the 1980s and then
monitored these individuals for the development of lung or esophageal cancer from 1986
until 2008. After the development of cancer in some individuals, the collected urine from
cancer cases and matched controls was thawed and analyzed for the presence of NNN.
There was a clear relationship between urinary excretion of NNN in the 1980s and the
development of esophageal cancer over 20 years later. This provides a quantitative link
between exposure to a carcinogen and the ultimate development of cancer. Not only were
urinary levels of NNN positively correlated with esophageal cancer risk (odds ratio as high
as 16.6, 95% CI: 4.29–64.4), but urinary levels of NNN-N-glucuronide, a marker of
metabolic detoxification, were negatively correlated with cancer risk (odd ratio as low as
0.25, 95% CI: 0.11–0.59).30 Similar results were observed for NNK, a carcinogen found in
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tobacco products which is metabolized to NNAL (see Section 1.5.2 below). Urinary NNAL
in the 1980s was positively correlated with the development of lung cancer before 2008.
Importantly, no correlation was observed between urinary NNAL and esophageal cancer
or between urinary NNN and lung cancer. This observation is in concordance with data
from rats showing that the primary target tissue of NNK carcinogenicity is the lung and the
primary tissue of NNN carcinogenicity is the esophagus. NNN, NNK, and NNAL are all
known to form DNA adducts in animal tissues, but these adducts have not yet been directly
quantified in humans. The long-term, prospective studies in humans demonstrate the
benefits of biomonitoring techniques that can assess exposure and metabolic detoxification
pathways of chemical carcinogens. If we were also able to quantify biomarkers of
activation of these carcinogens, it might be possible to assess on an individual basis the
metabolic risk of developing cancer.
An ongoing challenge for the study of carcinogenesis in humans is in the direct
measurement and quantification of specific DNA adducts arising from chemical
carcinogens. In humans, the levels of DNA adducts are extremely low, and thus,
quantification of these types of biomarkers is challenging. Additionally, obtaining relevant
DNA can be an obstacle, as DNA extraction from target tissues may require invasive
surgery. Urine, oral cells, and sometimes blood can be obtained relatively easily and
noninvasively and are thus the areas where this type of research has shown promise. Direct
quantification of DNA adducts reflects not only the exposure and activation of a chemical
carcinogen, but also the fraction of the activated species which had caused DNA damage.
This allows us to measure the first few key steps in chemical carcinogenesis leading up to
the mutation (Figure 1.2). Once a mutation has occurred, it is no longer possible to
definitively identify the cause of that mutation, and thus, the field of DNA adduct research
aims to quantify the causal link between a specific chemical modification of DNA and the
increased risk of developing cancer. The complementary analyses of urinary detoxification
products can quantify the fraction of the activated carcinogen which did not lead to DNA
damage. If we are able to quantify both halves of this pathway, we could more accurately
assess the fate of reactive carcinogens in the body.
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Figure 1.2. Summary of the key early events in chemical carcinogenesis. Many chemical
carcinogens must be metabolically activated to form a reactive species in the body.
Quantitative analysis of both the detoxification of this reactive species and the DNA
damage caused by this species is the focus of this dissertation.
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1.2 Xenobiotic Metabolism
A chemical substance which does not occur naturally in the human body is broadly
termed a xenobiotic. Xenobiotics include drugs, toxicants, and carcinogens, and human
enzymes will actively metabolize most of these compounds. Xenobiotic-metabolizing
enzymes are categorized into two groups: phase I enzymes and phase II enzymes. These
phases were first outlined by R. T. Williams, often considered the father of drug
metabolism research,31 in the landmark 1947 and 1959 editions of his book “Detoxication
Mechanisms.”32,

33

Phase I enzymes catalyze relatively minor modifications to the

molecular structure, namely oxidation, reduction, and hydrolysis. These processes often
enhance the water-solubility of the xenobiotic, or they can, in essence, add a chemical
handle for further metabolism by phase II enzymes. Phase II enzymes primarily conjugate
the xenobiotic to highly water-soluble or charged species to aid in the excretion of the
compound. Some examples of phase II metabolism are sulfation, glucuronidation,
glutathione (GSH) conjugation, and amino acid conjugation. Methylation and acetylation
also are phase II metabolic processes, but these generally decrease the polarity of the
compound. With respect to the metabolism of carcinogens, phase I metabolism can be
either a detoxification process or an activation process while phase II metabolism is usually
a detoxification process, with some exceptions (e.g., acetylation or sulfation of a
heterocyclic aromatic hydroxylamine).34 There are also metabolic processes that have been
categorized as phase III metabolism, which involve further processing or active transport
and excretion of the phase II conjugates.35, 36 An example of phase III metabolism is the
hydrolysis of the glycine and glutamate residues from S-phenylglutathione (Chapter 3,
Scheme 3.1). The resulting cysteine conjugate is N-acetylated and then excreted in the
urine.
1.2.1 Phase I Metabolism
The phase I enzymes relevant to this dissertation are the cytochrome P450 enzymes.
P450s belong to a superfamily of enzymes which contain a catalytic heme group and which
primarily catalyze oxidation reactions, but other reactions are possible.37 P450s are so
named because they were originally characterized by a strong UV absorption at 450 nm
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when exposed to CO (thus, pigment 450 enzymes). Based on genetic sequencing data, the
human genome contains a possible 57 genes with the necessary amino acid sequence to
hold the catalytic heme utilized by P450s.38 This approach to P450 research also gave rise
to the systematic nomenclature of the enzymes based on sequence identity. P450s are
grouped into families (denoted 1, 2, 3, etc.), subfamilies (A, B, C, etc.), and then a final
number denotes the individual enzyme, e.g., the first member of the cytochrome P450 1A
family is abbreviated CYP1A1. P450s are membrane-associated proteins generally
localized to the endoplasmic reticulum, but can also be located in the mitochondrial inner
membrane. P450s remain anchored to the membrane by a transmembrane helix and an
amphipathic helix, which span the hydrophobic membrane core.38
The oxidation activity of P450s relies on a well-defined catalytic cycle, as outlined
in Figure 1.3. This catalytic cycle has been studied extensively and has recently been
reviewed in great detail.38 At resting state, a water molecule occupies the empty orbital of
the FeIII center. After the water molecule is displaced, the first step of the catalytic cycle is
the binding of the substrate. An associated protein, NADPH-P450 oxidoreductase, shuttles
an electron into the heme center of the P450 enzyme, reducing the FeIII to FeII. Molecular
oxygen binds to the ferrous iron center, and another electron is transferred to the complex.
The second electron can be transferred from either NADPH-P450 oxidoreductase or
cytochrome b5.37, 38 A series of proton transfers results in the expulsion of H2O and the
formation of a highly reactive, high-valent iron oxide complex, which has been represented
either as [FeIV=O][P]•+ or [FeV=O] or [Fe–O]3+, where evidence seems to support an
iron IV species with one additional electron having been donated from the porphyrin
ring, [P].38 This high-valent oxoferryl complex is responsible for most of the known
metabolic transformations by P450s. Generally, this species abstracts a hydrogen atom,
homolytically cleaving a C–H bond in the substrate. This is followed by an oxygen rebound
mechanism, forming the final oxidized product. Alternatively, the oxoferryl species can
abstract a single electron, which is followed by oxygen recombination with the substrate.
Other types of reaction mechanisms have also been observed.37
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Figure 1.3. A simplified representation of cytochrome P450-mediated oxidation. This
figure is based on previous reviews on the P450 catalytic cycle.37-39

Two common types of P450-catalyzed reactions are the hydroxylation of a carbon
atom (Figure 1.4A), which is relevant to the nitrosamine metabolism presented in Chapter
6 along with N-dealkylation (Figure 1.4D), and the epoxidation of a π-bond (Figure 1.4E
and F), which is relevant to benzene metabolism in Chapters 2–5. Additional types of
reactions catalyzed by P450s are beyond the scope of this dissertation, but other common
reactions include heteroatom oxidation (Figure 1.4B), O- and S-dealkylation (Figure
1.4C), oxidative dehalogenation, and 1,2-group migrations (Figure 1.4E), while
uncommon reactions include reductions, desaturation, oxidative ester cleavage, ring
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expansions, ring formations, aldehyde scissions, dehydration, Ipso attack, one-electron
oxidation, coupling reactions, rearrangements of hydroperoxides, and isomerization.37
Carbon hydroxylation proceeds as described above by a hydrogen abstraction, oxygen
rebound mechanism (Figure 1.4A). If this hydroxylation occurs adjacent to a heteroatom,
the intermediate can collapse, breaking the C–X bond and resulting in O-, S-, or Ndealkylation, or oxidative dehalogenation (Figure 1.4C and D). In the case of nitrosamine
-hydroxylation, the N-dealkylation process results in the formation of a diazohydroxide,
which can go on to react with nucleophiles. This process is described in more detail in
Section 1.5 and in Figure 1.5D. The mechanism for epoxidation of an alkene is slightly
different than that of carbon hydroxylation (Figure 1.4E). First, the oxoferryl complex
abstracts an electron from the π-bond of the alkene. This radical intermediate can
recombine with the oxygen atom to form the epoxide, a process which is energetically
unhindered in the doublet state. In the quartet state, the radical intermediate can still form
the epoxide, but it can also lead to 1,2-group migration, or the radical can react with one
of the nitrogen atoms on the heme, alkylating and inactivating the P450 enzyme. Aromatic
ring oxidation, including the oxidation of benzene, is similar to alkene epoxidation. The
C–H bond dissociation energy of benzene (112 kcal/mol) is higher than that of a typical
alkyl C–H bond (89–100 kcal/mol), so direct insertion is hindered, and epoxidation is
generally the major process observed (Figure 1.4F).
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Figure 1.4. Some examples of P450-catalyzed reactions: (A) carbon hydroxylation;
(B) heteroatom oxidation; (C) carbon hydroxylation followed by O-dealkylation; (D) two
possible mechanisms of N-dealkylation; (E) alkene oxidation leading to epoxidation, group
migration, or heme alkylation; and (F) aromatic epoxidation followed by the NIH shift.
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The relevant P450 enzymes involved in the metabolism of benzene are CYP2E1
and CYP2F1, with limited evidence suggesting a role for CYP2B1.40 CYP2E1 is primarily
expressed in the liver, but is also expressed in the lung, esophagus, small intestine, brain,
nasal mucosa, and pancreas.38 There are at least 14 allelic variants identified for CYP2E1.
CYP2E1 also catalyzes the oxidation of many other low-molecular weight carcinogens
including ethanol, N-nitrosodimethylamine, styrene, dichloromethane, chloroform, carbon
tetrachloride, and others. CYP2E1 is also likely the major enzyme responsible for the liver
toxicity from high doses of acetaminophen. CYP2F1 is exclusively expressed in lung
tissue. Known substrates of CYP2F1 are benzene, styrene, and 3-methylindole.38
The relevant P450 enzymes for the metabolism of NNN are primarily from the 2A
family. In rats, CYP2A3 can both 5′-hydroxylate and 2′-hydroxylate NNN (refer to
Scheme 1.2 for more details),41 but a yet unidentified enzyme is a much better catalyst for
2′-hydroxylation in rat esophagus.42 In mice, CYP2A4 and CYP2A5 have been shown to
metabolize NNN via both pathways, but CYP2A5 is by far the more efficient enzyme.41 In
humans CYP2A6 and CYP2A13 are the critical enzymes in 5′-hydroxylation of NNN,41
while CYP3A4 can 2′-hydroxylate NNN, although the Km value is much worse for
CYP3A4.43 CYP2E1 has also been reported to metabolize NNN,44 but this was not
observed in all studies.43
CYP2A6 is primarily expressed in human liver, accounting for ~5% of the total
hepatic P450 content. CYP2A6 is also expressed in the nasopharyngeal tract, trachea, lung,
and esophagus.38 CYP2A6 is the primary enzyme responsible for the metabolism of other
compounds in tobacco, including nicotine and NNK. CYP2A6 is highly polymorphic, with
at least 86 known allelic variants in humans. CYP2A13 shares 94% sequence identity with
CYP2A6, and they can metabolize many of the same substrates. CYP2A13 is primarily
expressed in the respiratory tract, having been detected in high levels in nasal mucosa,
trachea, and lung, but at low levels in other tissues. There are over 21 different known
allelic variants of CYP2A13. The important toxicological substrates of CYP2A13 are NNN
and NNK, but some PAHs and aromatic amines can be metabolized as well.45 The tissue
distribution and substrate specificity of CYP2A13 have been implicated in the development
of tobacco-associated lung cancer and other respiratory cancers.
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1.2.2 Phase II Metabolism
Phase II metabolic enzymes include UDP-glucuronosyltransferases (UGTs),
sulfotransferases, N-acetyltransferases, and methyltransferases, but these are beyond the
scope of this dissertation. Instead, the glutathione S-transferases (GSTs) will be discussed
in detail. The subfamilies of GSTs are categorized based on N-terminal sequence similarity
and are designated by the names of Greek letters (including alpha, zeta, theta, mu, pi,
sigma, and omega), which are abbreviated in Roman capital letters.46 The individual
enzymes are then numbered with Arabic numerals, for example GSTA1 is the first member
of the alpha family. Additional nomenclature connotes the fact that GSTs are only active
in a dimeric complex, thus an active GSTA1 homodimer would be written GSTA1-1. Most
GSTs are localized in the cytosol, but there are also microsomal GSTs (the MGST family,
also known as MAPEGs for membrane-associated proteins in eicosanoid and glutathione
metabolism) and mitochondrial GSTs (the kappa family).47 The fosfomycin resistance
proteins are another family of enzymes with GSH transferase catalytic activity, but the
work presented in this dissertation will only focus on the cytosolic GSTs.
Cytosolic GSTs catalyze the first step in the mercapturic acid pathway: the
conjugation of an electrophile to GSH. The enzymes have one binding pocket for GSH and
an adjacent pocket for binding small, hydrophobic molecules. The mechanism of catalysis
relies on the activation of the thiol in GSH by coordination with an adjacent hydroxyl group
from tyrosine or serine residues, forming a thiolate anion.48 This greatly increases the
nucleophilicity of GSH and catalyzes the conjugation reaction. After conjugation with
GSH, multidrug resistance protein 1 (MRP1) and other transport enzymes actively
transport the conjugate out of the cell. The remainder of the mercapturic acid pathway
involves cleavage of the glutamate residue by γ-glutamyltranspeptidase, release of the
glycine moiety by a dipeptidase enzyme, and acetylation of the cysteine conjugate by Nacetyltransferase, forming a mercapturic acid.49 For an example of this metabolic scheme
and the formation of S-phenylmercapturic acid (SPMA) from benzene, refer to Chapter 3,
Scheme 3.1. Many drugs and toxicants are metabolized through the mercapturic acid
pathway, and it is generally considered a detoxification mechanism, with the exception of
alkyl halides, which can be activated to genotoxic species by conjugation with GSH.49, 50
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GSTs are highly polymorphic in the general population. Differences in ethnic and
racial groups have been observed, and rates of polymorphisms range from very rare (<1%)
to very common (>75%).47 These polymorphisms can result in reduced catalytic efficiency,
reduced or enhanced transcription of GSTs, and changes to substrate specificity. Gene
deletion has been reported for GSTM1 and GSTT1, and these have been extensively studied
for the potential consequences in metabolic detoxification of toxicants and carcinogens and
in mechanisms of drug resistance via MRP1 transporters.47 Homologous GSTs can be
found across mammalian species, and it is believed that most types of GSTs were evolved
before the mammals diversified.46
In addition to their GSH conjugation activity, GSTs are involved in many other
critical processes in the cell. These include regulatory activity for ion channels; isomerase
activity in the tyrosine/phenylalanine catabolism pathway, in steroid metabolic pathways,
and in prostaglandin synthesis; and modulation of cell signaling pathways.47 GSTP1 is the
most studied isozyme in cell signaling pathways, as it has been shown to form an inhibitory
complex with c-Jun N-terminal kinase (JNK).51 JNK plays a pivotal role in MAP kinase
signaling, cell proliferation, and programmed cell death (apoptosis), and has been
extensively studied in the development of many cancers. Upon oxidative stress, the
GSTP1-JNK complex will dissociate, allowing JNK to propagate cell signals that can result
in either cell proliferation or apoptosis.51 Some cancer cell lines have been shown to
overexpress GSTP1,47 which would prevent the JNK-mediated apoptotic signaling
cascade, conferring resistance.
1.2.3 Quantitation of Biomarkers
Generally speaking, a biomarker is any measureable substance which is indicative
of a biological event or process. In the context of this dissertation, we are interested
primarily in biomarkers that reflect exposure to a toxicant or carcinogen, as well as
biomarkers that reflect the metabolic activation or detoxification processes. Biomarkers of
exposure and detoxification are generally metabolites of the parent compound and are often
excreted in urine (see Figure 1.2). Biomarkers of activation include DNA adducts which
can be isolated from blood, oral cells, and other tissues. Once these biomarkers are isolated
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and purified, we can quantify them in order to assess the biological processes occurring
within an individual.
In recent decades, the method of choice for quantitation of biomarkers has been
isotope-dilution mass spectrometry.52 In this technique, an analog of the analyte of interest
is added to the biological sample at the beginning of sample preparation. Ideally, the analog
is structurally identical to the analyte, except that some of the
replaced by the corresponding stable isotopes,

13

C,
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C, 14N, or 1H atoms are

N, or 2H, respectively. The added

analog is called an internal standard, and the internal standard has nearly identical
physiochemical properties to the analyte, except that it is distinguishable by mass
spectrometry. The key to this method is that quantitation is based on the ratio of the analyte
signal to the internal standard signal. The ratio of these signals is measured, and the amount
of the added internal standard is known, thus the unknown amount of analyte in the sample
can easily be calculated.
The validity of a quantitative analytical method relies on the assessment of 7 key
factors: 1) selectivity, 2) accuracy, 3) precision, 4) recovery, 5) quantitation range, 6)
linearity, and 7) analyte stability.53 Isotope-dilution mass spectrometry has remained the
method of choice because each of these factors can be addressed. 1) Selectivity refers to
the ability of the method to distinguish between the analyte of interest and other interfering
compounds. Recent advances in high-resolution mass spectrometry have increased the
chemical selectivity to a point where a single molecular formula can be isolated and
identified. Chromatographic separation coupled to high-resolution mass spectrometry can
resolve most structural isomers and interfering compounds. 2) The accuracy can be
optimized using internal standards, since the actual concentration of the isotopicallylabeled analog is known and any deviations from this value can be assessed. One
disadvantage of mass spectrometry analysis is that the ionization of low-level analytes can
be hindered by high-concentration contaminants, which is termed ion suppression, and this
can affect accuracy. Having an internal standard at nearly the same retention time and
concentration can account for ion suppression, thus using the signal ratio will greatly
improve accuracy. 3) The precision is generally enhanced using isotopically-labeled
internal standards, as the ratio of analyte to internal standard is unaffected by changes in
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instrument performance. One factor in interday precision is that mass spectrometry signals
can drift significantly over time. However, the fidelity of the ratio is always maintained, as
the drift in signal will affect both masses equally. 4) The recovery of the analyte and the
internal standard is always nearly identical, so quantification based on this ratio is highly
reliable. This is a key advantage for this approach, as most biological samples require
extensive preparation, processing, and purification before analysis. Occasionally, recovery
is minimal (<5%) and highly variable between samples, but if the detection limit is
sufficient, the method can still be robust because the ratio within each sample remains
unchanged. 5) Mass spectrometry is an extremely sensitive technique, with lower limits of
detection now into the zmol range,54 corresponding to a few hundred thousand molecules.
Quantitation of high-concentration analytes is also generally reliable, yielding a wide
quantitation range. 6) The quantitation range is generally linear over several orders of
magnitude for modern mass spectrometers. 7) Finally, stable isotopes are advantageous
because any reactivity or instability of the analyte will be nearly identical to that of the
internal standard, and thus, the fidelity of the ratio is maintained. However, the stability in
a biological matrix must be addressed carefully during freeze-thaw cycles and long-term
storage, as analyte loss before the addition of internal standard will not yield accurate
results. Thus, isotope-dilution mass spectrometry addresses every major aspect required
for proper method validation. The recent technological advances in mass spectrometry
have yielded instruments that are highly advantageous in terms of sensitivity and
selectivity, and the addition of an isotopically-labeled internal standard generally results in
high accuracy and precision, while accounting for recovery and analyte stability.
Applications of this technique have been reviewed recently.55, 56
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1.3 Chemoprevention
The 5-year survival rate for all cancers diagnosed in 2005–2011 was 69%, which
has increased from 49% in the 1970s.11 Despite the increase in overall survival, side effects
of chemotherapy drugs continue to be aggressively detrimental to patients. In addition to
the financial costs of cancer therapy,57 the physical and psychological costs include nausea
and vomiting,58 CNS complications,59 fatigue,60 severe pain,61 hair loss,62 and second
cancers which were induced by the cancer therapy itself.63-66 Despite decades of research,
little improvement has been made in the early detection and treatment of lung cancer, the
leading cause of cancer-related death. In 2015, two immunotherapy drugs, nivolumab and
pembrolizumab were approved for the treatment of lung cancer. These therapeutics have
shown very promising results in the treatment of lung cancer,67 but it is too early to
determine their impact on long-term survival rates. As described in Section 1.1.2, the
5-year survival rate has only risen from 11% to 17% since 1975.12 We need to have better
strategies to address this epidemic.
The most effective means of addressing this problem have been focused on
reducing lung cancer incidence rates, and many prevention methods have already resulted
in substantial decreases in smoking rates and corresponding cancer incidence. Total cancer
death rates in the U.S. were highest in 1991, and have been declining ever since.11 The
majority of this decline is due to a decrease in smoking rates, which was the result of
increased awareness of the dangers of smoking cigarettes, clean air laws, taxes on tobacco
sales, and changes in public opinion and media advertising.68, 69 However, despite these
advances, the question remains whether these tobacco control policies will continue to
decrease the rates of smoking in the U.S. and if these policies will be successful in other
countries around the world.
Chemoprevention takes a different approach to the global epidemic of cancer. This
approach focuses on the time period well before chemotherapeutic treatment is needed and
even earlier than early-detection methods. Chemoprevention aims to prevent the initiation
phase of cancer or to halt the tumor-promoter phase of cancer when the pre-cancerous cells
are still only individual cells. At these stages, individuals are asymptomatic, and often the
first signs of cancer will not appear for at least a decade. In the context of this dissertation,
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chemoprevention strategies are focused on understanding the mechanism of DNA damage
during the exposure and initiation phase of carcinogenesis and utilizing this quantitative
information to assess the future risk of developing cancer for an individual person. In
Chapter 4, the details of a possible chemoprevention approach are presented wherein the
balance between the detoxification and the DNA damage pathways (Figure 1.2) of a
chemical carcinogen is shifted toward urinary excretion and away from DNA damage. This
approach could decrease the risk of developing cancer by decreasing the likelihood of DNA
damage. However, it can be difficult in these studies to show direct causality between a
chemopreventive intervention and the lack of cancer development later, especially in
humans, because of the lengthy process of carcinogenesis and because of other exposures
and confounding factors.
Although chemoprevention approaches have also targeted the promotion and
progression phases of carcinogenesis, the work discussed in this dissertation will primarily
focus on chemopreventive interventions targeting the initiation phase. Sulforaphane is a
naturally-occurring phytochemical which has shown promise as a chemopreventive
agent.70 Sulforaphane exists as its metabolic precursor, glucoraphanin, which is found in
high levels in Brassica vegetables, such as broccoli, Brussels sprouts, and cabbage.
Epidemiology studies have shown that rates of cancer incidence are generally lower among
individuals with higher intake of Brassica vegetables.71 Sulforaphane’s utility in
preventing the initiation phase will be described in Chapter 4, but there are other studies
showing that sulforaphane induces apoptosis in cancer stem cells, induces cell cycle arrest
in cancer cell lines, and halts the growth of tumors in xenograft models.72 In this way, a
single phytochemical can upregulate the detoxification of chemical carcinogens during the
initiation phase, prevent the clonal selection of mutated cells during the promotion phase,
and halt the rapid cell division during the progression phase of carcinogenesis. Other
chemopreventive compounds can target each of these phases as well.73 This example
demonstrates a comprehensive approach to chemoprevention, which is likely to be more
successful than targeting only one phase.
Another challenge in this field is in identifying the susceptible individual. If it were
possible to reliably identify a person who is at higher risk of developing cancer, then
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chemopreventive strategies could be more effective. Indeed, even Dr. Hill knew this
challenge in 1761,1 as noted in his closing sentence from the chapter regarding nasal
polyps, “It is evident therefore that no man should venture upon Snuff, who is not sure that
he is not so far liable to a cancer; and no man can be sure of that.” This followed a
discussion on the root cause of snuff-related cancer; whether it was caused solely by snuff
use, or if snuff use had exacerbated some unknown predisposition to cancer. To this day,
we are still examining the environmental and genetic factors involved in carcinogenesis in
an attempt to predict and prevent the development of cancer. Dr. Hill alluded to the most
effective means of cancer prevention: reducing exposure to carcinogens. However,
exposure to carcinogens is unavoidable for some individuals (e.g., those in cities with high
air pollution, those with exposure to contaminated food or water, or smokers who are
unable to quit). Among these individuals with unavoidable exposures, it is critical to
identify those who are at highest risk, and addressing this problem using biomarkers of
exposure, activation, and detoxification could yield quantitative information about
susceptibility.
When considering a chemopreventive intervention, the safety of the drug-like
molecule is of the utmost importance. Because the process of carcinogenesis is lengthy,
and because people may be exposed to carcinogens for a majority of their lifetime, a
chemopreventive drug would most likely have to be taken every day for many years in
order to be efficacious. Therefore even minor side effects would be intolerable. From a
regulatory standpoint, this presents a unique set of challenges. To perform a placebocontrolled study would be a massive undertaking, as the incidence rates for even the most
common cancers (breast and prostate) are <150 cases per 100,000 people.12 Thousands of
individuals would have to be monitored and given the chemopreventive compound for
years before a significant difference could be observed between the treatment and control
groups. However, a successful example of this is the common drug aspirin.74 Aspirin is
widely used as an analgesic and at low daily doses for preventing blood clots that can lead
to heart attacks or stroke. Over time, it became apparent that colorectal cancer mortality
was lower among individuals who were taking aspirin regularly, thus discovering an
unintended chemopreventive intervention. This is supported by reasonable mechanistic
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data in vitro.75 However, even a drug as widely used as aspirin has negative side effects,
including gastrointestinal bleeding, and there is also some limited evidence that aspirin
actually increases the risk of bladder cancer in women.76 The potential side effects of the
drug candidate must all be addressed in parallel with efficacy studies for the successful
development of a chemopreventive compound.

23

1.4 Benzene
1.4.1 Use and Exposure
Benzene (1.1, Scheme 1.1) has been used as a chemical solvent for over a century,
but its use has declined recently as its health effects have become more widely understood.
Exposure to benzene in the general population occurs via inhalation of ambient air.77 Air
concentrations of benzene have been detected from 0.02 ppb in a rural area to 112 ppb in
an urban area. A major contributor to air benzene concentration is vehicle exhaust and the
evaporation of gasoline. Gasoline in the U.S. had contained ~1% benzene until 2011 when
the U.S. EPA enforced new regulatory guidelines that limit the average benzene
concentration to 0.62% (v/v) with a maximum concentration of 1.3%.78 For this reason,
gas station attendants, taxi drivers, and traffic workers are exposed to higher levels of
benzene than the general population.79, 80 Benzene has been detected in food products and
drinking water as well, but the levels are generally very low (<1 ppb).81
Cigarettes contain approximately 6–75 µg of benzene per cigarette in mainstream
smoke and 345–653 µg in sidestream smoke.77 It is estimated that half of the national
exposure to benzene is from cigarette smoke. This is supported by biomarker studies,
wherein smokers consistently have approximately 10-fold higher levels of urinary benzene
metabolites than nonsmokers.82 Chapter 2 of this dissertation describes a new line of
research showing that smoking tobacco using a hookah is also a source of exposure to
substantial quantities of benzene.
Outside of the U.S., smoking also represents a significant source of exposure to
benzene, but the role of air pollution can be much greater. As detailed in Chapter 4, air
pollution in industrialized cities in China is much higher than in the U.S.,26 and urinary
biomarkers indicate that there is significant exposure to benzene in these areas, even among
nonsmokers.83 Contributing factors to the elevated benzene exposure may also arise from
differences in high-temperature cooking methods,24 since cooking oil can form benzene as
a pyrolysis product, or exposure may arise from differences in residential heating methods
by burning wood and coal, which also emit benzene.84
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1.4.2 Benzene Metabolism
Benzene is a relatively simple molecule, with only six carbon atoms and six
hydrogen atoms. However, as depicted in Scheme 1.1, the metabolism of benzene in vivo
is quite complex. The requisite first step in benzene metabolism is the oxidation to benzene
oxide (BO, 1.7). Benzene is fairly inert without this first oxidation step, and it exhibits no
toxicity in cell culture or in mice lacking the ability to oxidize benzene.85, 86 BO is a reactive
and unstable molecule. It can react with proteins and DNA in the cell, but it can be
detoxified by reaction with GSH. These reactions will be covered in greater detail in
Chapters 3–5 of this dissertation. BO also rapidly rearranges to phenol (1.13), which is
the major metabolite of benzene. Phenol is glucuronidated and sulfated extensively by
phase II metabolic enzymes. In humans, urinary phenol and phenol conjugates are the most
abundant benzene metabolites,87,

88

confirming that oxidation of benzene and the

rearrangement of BO to phenol is a major metabolic pathway. Some benzene is exhaled
unmetabolized, and the remaining fraction is excreted in the urine as trans,trans-muconic
acid (1.17), catechol (1.5), hydroquinone (1.12), SPMA, or unmetabolized urinary
benzene.87, 88
BO can also be hydrolyzed by epoxide hydrolase to form the dihydrodiol derivative
(1.6). This intermediate can then be oxidized further to form ortho-benzoquinone (1.4) or
1.5. Phenol can also be oxidized to 1.4 or para-benzoquinone (1.11), 1.5, and 1.12
intermediates. The redox cycling between the benzoquinones and the hydroquinones
releases reactive oxygen species (ROS) with every cycle, and these ROS can also damage
DNA leading to double-strand breaks and cause other types of oxidative stress.89 The
ortho- and para-benzoquinones have each been shown to form highly mutagenic DNA
adducts in vitro.90-92 Metabolites 1.4, 1.5, 1.11, and 1.12 can be oxidized further to benzene
triol (1.3). These downstream metabolites have also been shown to generate ROS and cause
DNA damage.89, 93 It has been shown that 1.11 can react with up to four equivalents of
GSH in vitro, and some of these conjugates have been recovered in the urine of rats as
well.94, 95 The dotted arrow in Scheme 1.1 shows the possible formation of benzene diol
epoxide (1.2), which has been hypothesized as a benzene metabolite but has not yet been
shown to arise from benzene metabolism.96
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BO rapidly equilibrates to a 1:1 ratio with its valence tautomer, oxepin (1.8).97
Oxepin can be further oxidized to intermediate 1.9, which spontaneous rearranges to form
the ring-open product (Z,Z)-muconaldehyde (1.15). (Z,Z)-Muconaldehyde is known to
produce characteristic DNA adducts in vitro, but it is not yet clear if these adducts play a
significant role in benzene-induced leukemia in vivo.98 In solution, (Z,Z)-muconaldehyde
will spontaneously rearrange to the more stable rotamers, (E,Z)-muconaldehyde and (E,E)muconaldehyde (1.16), a process that is catalyzed by base or nucleophiles.98, 99 In vivo,
1.16 will be oxidized further to trans,trans-muconic acid (1.17), which has been used as a
biomarker for benzene exposure. One problem with trans,trans-muconic acid is that it can
also be formed in vivo from sorbic acid, a common food additive used for preservation.
Thus, although SPMA is a minor metabolite of benzene, it is considered a superior
biomarker,87 especially at very low exposures to benzene, because there are no other known
sources of SPMA other than benzene metabolism.
The pharmacokinetics of benzene metabolism have been extensively investigated,
and there is evidence that benzene may be metabolized through two different pathways.100
The canonical pathway is that benzene is oxidized to BO primarily by CYP2E1 in the
liver.101 This is supported by extensive in vitro data showing that CYP2E1 is a good
catalyst of benzene oxidation.40 The main criticism of this model is that most in vitro
studies investigate high concentrations of benzene, far higher than what is physiologically
relevant in humans. Other in vitro data show an important role of CYP2F1 when
concentrations of benzene are much lower, as might be expected for environmental
exposure, and a possible role of CYP2B1 at higher concentrations.40 CYP2F1 has a lower
Km than CYP2E1, which would be important at lower concentrations of benzene. This has
led to the development of a biphasic model of benzene metabolism,88, 100, 102 where CYP2F1
in the lung is primarily responsible for benzene oxidation at ambient concentrations while
CYP2E1 in the liver becomes more important for higher exposures to acutely toxic levels
of benzene. However, this metabolic model has been challenged by others103 who suggest
that the analysis of the epidemiological data was not sufficient to support the biphasic
model at very low concentrations of benzene in air.
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Scheme 1.1. The known metabolism of benzene, which is described in the text. The metabolites, conjugates, and DNA adducts have
been reported in a number of studies and reviews.89, 90, 96, 98, 101, 104-107 Structures with S–G are GSH conjugates.
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1.4.3 Benzene Carcinogenicity
Despite decades of research into benzene-related toxicity and carcinogenicity, the
mechanism of action has not yet been fully elucidated.108 One agreed upon fact is that
oxidative metabolism of benzene is absolutely required for mutagenicity and
carcinogenicity. As detailed in Scheme 1.1, the first oxidation product of benzene is BO,
and the majority of BO rearranges to form phenol. One of the great unanswered questions
arises from the fact that phenol is not carcinogenic109 when administered to rats and mice
under the same conditions that, when benzene is administered, produced high incidence of
malignant lymphoma with associated leukemia as well as adenomas and carcinomas in
multiple organ sites.110 This is despite the fact that downstream phenolic metabolites have
been shown to form DNA adducts90-92 and cause oxidative DNA damage.89, 93 Building
upon this premise, it might be reasonable to eliminate the entire left half of Scheme 1.1 as
causative agents of carcinogenicity, since the downstream metabolites arising from
treatment with phenol should produce the same biological effects as these metabolites
arising from treatment with benzene. If this is true, the remaining etiological cause of
benzene carcinogenicity could be either BO itself, which will be further investigated in
Chapter 5, or oxepin metabolites. Oxepin can be oxidized further to form oxepin 2,3-oxide
(1.9), which rearranges to form (Z,Z)-muconaldehyde.111 This pathway has been
investigated by others,98 and both (Z,Z)- and (E,Z)-muconaldehyde have been shown to
produce characteristic DNA adducts.112 However, (Z,Z)- and (E,Z)-muconaldehyde rapidly
isomerize to produce (E,E)-muconaldehyde, which reacts with thiols but does not form
DNA adducts.99 Because of this facile rearrangement, these intermediates are difficult to
work with and have not been extensively investigated.
There is another prominent school of thought regarding benzene carcinogenicity,
largely promoted by Professor Martyn Smith,113 which incorporates multiple aspects of
benzene metabolism and does not rely on a single etiological agent. This hypothesis is
supported by extensive data showing that the phenolic metabolites of benzene can produce
ROS, causing DNA damage, strand breaks, and homologous recombination which can
result in the mutation or deletion of key growth control genes.93, 113, 114 Other mechanisms
which contribute to this multi-pronged hypothesis are the inhibition of topoisomerase II,
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chromosomal aberrations, aneuploidy, activation of the aryl hydrocarbon receptor,
epigenetic changes by DNA methylation, dysregulation of apoptosis and cell proliferation,
decreased immunosurveillance, and global changes to gene expression.108 Each of these
biological effects may be caused by one or more benzene metabolites, but only the
combination of multiple processes will lead to the development of leukemia. Another
multi-step process has been proposed in the form of a mode of action analysis. This mode
of action proposed 5 key steps in benzene-induced leukemia: 1) metabolism of benzene to
an oxidative metabolite, 2) interaction of the metabolite with target cells in bone marrow,
3) mutation and initiation in progenitor cells, 4) selective clonal proliferation, and 5) the
formation of neoplastic leukemia.115 This general mechanism is accepted by many, but has
received criticism for lacking specific data in some steps.108
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1.5 N′-Nitrosonornicotine
1.5.1 Nitrosamines
Nitrosamines are a class of molecules which contain the chemical structure shown
in Figure 1.5A. It has been known for over 60 years that alkyl nitrosamines are
carcinogenic to animals. The first report of the carcinogenic potential of nitrosamines was
published in 1956, when Magee and Barnes observed that relatively low doses of Nnitrosodimethylamine (then used as a solvent for dry cleaning) caused malignant and
metastatic liver tumors in rats when administered for extended periods of time.116 In 1967,
Hermann Druckrey and coworkers published an extensive study on the carcinogenicity of
65 different nitrosamines in rats.117 This manuscript attempted to establish a structureactivity relationship among alkylnitrosamines, and in doing so, it demonstrated that the
carcinogenic effects of nitrosamines are often tissue-specific. This field of research rapidly
gained widespread attention, and even the very first IARC monograph in 1972 included a
section on N-nitroso compounds.118 Research continued exponentially, and by 1976, over
200 nitrosamines had been tested for carcinogenicity in animals, and 86% of the tested
compounds were carcinogens.119 Of these, the symmetrical nitrosamines generally were
liver-specific while the unsymmetrical nitrosamines were esophagus-specific in rats,
regardless of the route of administration. Cyclic nitrosamines have varied organ specificity.
Due to the mechanism of activation (Figure 1.5D), steric hindrance or substitution at the
-carbon strongly decreases or abolishes carcinogenic activity.119
Nitrosamines are generally formed under mildly acidic conditions when an amine
reacts with sodium nitrite. Under these conditions, the generally accepted mechanism is
that sodium nitrite must first form a nitrosating agent (Figure 1.5B), but the exact nature
of that species is debated.120 It is either a dimeric species, N2O3, or the nitrosonium ion,
NO+, which is formed under strongly acidic conditions.121 Nitrosation can also occur with
gaseous nitrous oxides, N2O4 and NO2. Finally, nitrosation of amines can be catalyzed at
neutral and basic pH by formaldehyde or other catalysts via the mechanism shown in
Figure 1.5C.122 There is some evidence that nitrosamines, including NNN, are formed
endogenously, presumably by similar mechanisms or catalyzed by bacteria.123, 124
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Figure 1.5. (A) The general structure of nitrosamines. (B) Two possible mechanisms of
nitrosation under acidic conditions. (C) Mechanism of nitrosation catalyzed by
formaldehyde neutral and basic conditions. (D) General activation mechanism by
-hydroxylation and spontaneous rearrangement to form the highly reactive diazonium
ion, which reacts with nucleophiles (Nu) to form covalent adducts.
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1.5.2 Tobacco-Specific Nitrosamines
Although nitrosamines in the diet have been investigated for their potential
carcinogenic effects (so much so that processed meats are now considered Group 1
carcinogens based in part on the presence of nitroso compounds),125 the most important
source of human exposure to nitrosamines is via tobacco products. Tobacco contains the
highly addictive chemical nicotine, and though nicotine itself is not carcinogenic, over 70
chemical carcinogens are present in tobacco and tobacco smoke with sufficient evidence
of carcinogenicity to experimental animals and/or humans.14 Of these carcinogens, the
most abundant strong carcinogens are the tobacco-specific nitrosamines.13, 126
Hecht and coworkers were the first to detect NNN (1.20, Scheme 1.2) in tobacco,
which was the first organic chemical carcinogen to be identified in tobacco.127 Further
studies on the nitrosation of nicotine led to the discovery of the related carcinogen
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (or nicotine-derived nitrosamino ketone,
NNK, 1.19).128 These carcinogens are produced when nicotine reacts with nitrites in the
plant during the curing process. In all, 7 tobacco-specific nitrosamines have been identified,
and NNN, NNK, and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL, 1.18) are the
most carcinogenic, while N′-nitrosoanabasine and N′-nitrosoanatabine are weakly
carcinogenic, if at all.129 Tobacco smoke also contains other carcinogenic nitrosamines,
including N-nitrosodimethylamine, N-nitrosoethylmethylamine, and N-nitrosopyrrolidine,
although these carcinogens are present at lower levels and are not specific to tobacco.13
NNN, NNK, and NNAL are metabolized to DNA-reactive intermediates via the
-hydroxylation mechanism outlined in Figure 1.5D. Due to their structural similarity,
these three tobacco-specific nitrosamines can form common reactive intermediates
(Scheme 1.2).130 NNK and NNAL can undergo methylene hydroxylation to form the
intermediate 1.27, which reacts with DNA to form methyl-DNA adducts. Alternatively,
methyl hydroxylation of NNK and NNAL forms the intermediates 1.31 and 1.28,
respectively, which can react with DNA to form pyridyloxobutyl (POB)-DNA adducts and
pyridylhydroxybutyl (PHB)-DNA adducts.131, 132 2′-Hydroxylation of NNN also forms the
pyridyloxobutylating agent 1.31, resulting in POB-DNA adducts,133 while 5′hydroxylation forms the intermediate 1.33. The DNA adducts resulting from 5′32

hydroxylation of NNN will be described in detail in Chapter 6 of this dissertation. Under
aqueous conditions, the reactive intermediates readily react with water, resulting in the
hydrolysis products 1.34, 1.36, and 1.29 which spontaneously cyclizes to form 1.35. When
these hydrolysis products are formed in vivo, they are metabolized to keto acid (1.38) and
hydroxy acid (1.39). In animal models, the ratio of excreted hydroxy acid to keto acid has
been used to assess the ratio of 5′-hydroxylation to 2′-hydroxylation of NNN, and this ratio
has also been used to assess the extent of metabolic reduction to NNAL from NNK.
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Scheme 1.2. Metabolism of the carcinogenic tobacco-specific nitrosamines NNN, NNK, and NNAL.130
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1.5.3 NNN Metabolism and Carcinogenicity
A detailed discussion of the metabolic detoxification of NNN is beyond the scope
of this dissertation. Briefly, there are many known metabolic pathways which are
considered detoxification mechanisms: N-oxidation, N-glucuronidation, β-hydroxylation,
and denitrosation-oxidation. The detoxification mechanisms have been observed in vitro
and in vivo, and the identified structures are presented in Figure 1.6.30,

134-137

The

mechanism of norcotinine formation has not yet been elucidated conclusively, but three
pathways have been suggested.136 The metabolic activation of NNN can occur via the
2′-hydroxylation or the 5′-hydroxylation pathway. The relative importance of these
metabolic pathways in vivo is critical in understanding the carcinogenicity of NNN.
In rats, the major metabolic pathways are the two -hydroxylation pathways, with
moderate amounts of NNN-N-oxide and only minor amounts of β-hydroxylation products,
norcotinine, and unmetabolized NNN.135,

136

2′-Hydroxylation predominates in the rat

esophagus, one important target tissue of NNN carcinogenicity, while 5′-hydroxylation
predominates in the liver and other tissues.136 In Syrian golden hamsters, 5′-hydroxylation
predominates over 2′-hydroxylation in the trachea, a target tissue of carcinogenicity, as
well as the esophagus, a non-target tissue.138 In A/J mouse lung, 5′-hydroxylation
predominates, followed by 2′-hydroxylation, while N-oxidation and norcotinine formation
are minor pathways.139 In 18-day-old minipigs, NNN was preferentially 5′-hydroxylated,
while 2′-hydroxylation and norcotinine formation were somewhat less abundant
pathways.140 NNN metabolism in minipigs was very rapid, reaching maximal levels within
2 minutes of administration into the blood stream.140 In Patas monkeys, the major urinary
excretion product was hydroxy acid from 5′-hydroxylation of NNN (44% of recovered
dose), which was followed by the denitrosation metabolites: 3′-hydroxynorcotinine (17%),
norcotinine N-oxide (17%), norcotinine (13%), and 3′-hydroxynorcotinine-3′Oglucuronide (5%). Only minor amounts of keto acid from 2′-hydroxylation (3%) and
unmetabolized NNN (1%) were detected.137 Finally, in humans, 5′-hydroxylation
predominates in liver microsomes,43, 141 expressed P450 enzymes,41 and esophagus tissue
ex vivo.134, 142 In human urine, a small amount of unmetabolized NNN is excreted, while
NNN-N-glucuronide represents the quantifiable detoxification pathway.130, 143 Even though
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NNN-N-oxide was a major pathway in tissue culture, it has not been detected in human
urine.134, 142 One problem with the quantification of NNN activation in humans is that
hydroxy acid and keto acid are also minor metabolites of nicotine (1.37, Scheme 1.2). In
tobacco products, nicotine is present in 5,000–10,000-fold higher levels than NNN or
NNK, and thus, it has not yet been possible to assess the fraction of keto acid or hydroxy
acid arising from NNN and NNK metabolism in humans exposed to tobacco products.130

Figure 1.6. Summary of the known metabolic detoxification products of NNN.
Metabolism of the pyridine ring, β-hydroxylation of the pyrrolidine ring, and denitrosationoxidation are all considered detoxification pathways. Some of these metabolites have been
identified in multiple species.30, 134-137 Note that the numbering of the pyrrolidinone ring of
norcotinine is different than the numbering of the pyrrolidine ring of NNN.
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Another approach for assessing NNN activation in humans could be through the
quantitation of DNA adduct biomarkers. Metabolic data suggest that NNN is preferentially
5′-hydroxylated in human liver, and the data presented in Chapter 6 of this dissertation
will describe the development of a DNA adduct biomarker arising specifically from NNN
5′-hydroxylation. The data in Figure 1.7 clearly demonstrate that DNA adduct formation
predominantly arises from 5′-hydroxylation of NNN. These data also show that metabolism
of (S)-NNN leads to more DNA adducts than that of (R)-NNN by human liver enzymes.
Data from rats suggest that (S)-NNN is the more carcinogenic enantiomer, but it is currently
unknown if (S)- and (R)-NNN have different carcinogenicities in humans. To date, the
5′-hydroxylation DNA adducts have not been detected in biological samples from humans
who use tobacco products, but further biomarker development is ongoing.
2'-Hydroxylation
of (R) -NNN
0.66 fmol/µmol dGuo

2'-Hydroxylation
of (S) -NNN
0.58 fmol/µmol dGuo

5'-Hydroxylation
of (R) -NNN
1.37 fmol/µmol dGuo

5'-Hydroxylation
of (S) -NNN
5.00 fmol/µmol dGuo

Figure 1.7. DNA adduct formation arising from NNN metabolism by human enzymes.
Human liver S9 was incubated with (S)-NNN or (R)-NNN (50 µM) and calf thymus DNA.
This study will be described in more detail in Chapter 6. The DNA adducts resulting from
metabolic activation of NNN were quantified and are presented here.
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NNN has been shown to be an organ-specific carcinogen in multiple animal models.
In rats, NNN causes tumors in the nasal cavity, esophagus, and oral cavity when
administered in the drinking water,144-146 but only causes nasal tumors when administered
subcutaneously.146-148 Lung tumors are consistently observed in A/J mice,139, 149 and have
been observed in some other mouse strains as well.129, 150 NNN does not cause tumors when
applied to mouse skin.151, 152 In hamsters, the most consistent site of tumor formation is the
trachea,153-155 and tumors have also been observed in the nasal cavity.156 The only nonrodent species to be experimentally tested for NNN carcinogenicity is mink. In mink, NNN
induces malignant nasal cavity tumors with invasion into the forebrain.157, 158 Notably, no
other mink tissues were affected by treatment with NNN, even after 3.5 years. Finally,
IARC has evaluated the co-exposure of NNN and NNK (since they always occur together
in tobacco) as carcinogenic to humans (Group 1) based on sufficient evidence of
carcinogenicity in experimental animals and reasonable exposure and mechanistic data in
humans.14, 159 As discussed in Section 1.1.3, data from a cohort of over 18,000 men in
Shanghai clearly demonstrated that higher urinary excretion of total NNN (a biomarker of
NNN intake) correlated to higher risk of developing of esophageal cancer. In the U.S.,
about half of all deaths from esophageal, oral cavity, and pharyngeal cancers and the
majority of deaths from laryngeal cancer are attributable to tobacco smoking.11 Based on
the tissue specificity data in rodents, and on the data from the Shanghai cohort, it is likely
that NNN is playing a direct role in the development of these cancers, but this requires
further study.
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Part II: Studies on Benzene Metabolism: Exposure, Metabolic Detoxification, and
DNA Damage
Part II of this dissertation will present data from four different studies involving
benzene metabolism. These studies aimed to quantify the critical early events in chemical
carcinogenesis: exposure and activation, metabolic detoxification processes, and the
formation of DNA adducts (Figure 1.2). Although the overall metabolism of benzene is
quite complex (see Scheme 1.1), the next four chapters will focus primarily on the fate of
the initial metabolite, benzene oxide, rather than the phenolic metabolites or the
muconaldehyde pathway. Metabolic detoxification of BO initially yields a GSH conjugate,
which is further processed through the mercapturic acid pathway and excreted in the urine
as SPMA. SPMA can be an informative biomarker of three different biological events
(benzene exposure, activation to BO, or BO detoxification), depending on how the study
is conducted. In Chapter 2, SPMA will function solely as a biomarker of exposure because
the metabolic activation and detoxification processes are assumed to be constant within
one individual over the course of two days. However, in Chapter 4, SPMA will be used to
assess the metabolic detoxification process because the average exposure and metabolic
activation processes are assumed to be nearly the same in the treatment group and the
control group. Thus, by controlling for two of the three aspects of the metabolic formation
of SPMA, we are able to investigate the third aspect. BO may also react with DNA to form
a DNA adduct, which will investigated in Chapter 5.
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II.1 High-Throughput Quantitation of SPMA
The studies described in Chapter 2 and Chapter 4 were multi-institutional,
collaborative projects, and our laboratory’s role in both studies was primarily to quantify
urinary biomarkers of exposure and detoxification by isotope-dilution mass spectrometry.
To achieve this, we developed high-throughput techniques for the purification and analysis
of mercapturic acids in human urine. We have previously developed similar highthroughput techniques for the analyses of detoxification metabolites of propylene oxide,
acrolein, and crotonaldehyde.160, 161 The analysis of SPMA is outlined in this section and
was utilized to obtain the data presented throughout this part of the dissertation.
As with most isotope-dilution mass spectrometry methods, we first acquired a
stable isotope-labeled internal standard, [D5]SPMA, where the five hydrogen atoms on the
phenyl ring are replaced with deuterium atoms. Urine samples were collected from the
study participants by our collaborators and shipped frozen to the University of Minnesota.
Urine samples were thawed, warmed to 37 °C, and vortexed to completely dissolve any
precipitate before being aliquoted into a plastic 96-well plate (Figure II.1A). Positive and
negative control samples were interspersed throughout the 96-well plate to monitor assay
performance and intraday precision. After aliquotting the urine, the internal standard was
added to all samples and controls (12.5 ng [D5]SPMA per 0.4 mL urine). The 96-well plates
were then covered with a flexible sealing mat and vortexed to evenly distribute the internal
standard.
The primary advantage of this high-throughput methodology was the facile onestep cleanup technique afforded by a mixed-mode anion exchange (MAX) solid-phase
extraction (SPE) cartridge. The solid phase consisted of a polystyrene-based resin with
additional functional groups embedded in the polymer (Figure II.1C). The styrene
monomers provided structural integrity as well as hydrophobic interactions with the
analytes of interest. The pyrrolidinone moieties provided hydrophilic interactions, making
the resin ideal for urinary analysis and allowing the resin to be wetted by aqueous solvents.
Finally, the positive charge on the dimethylammonium species provided ionic interactions
with the analytes of interest. Since the urinary metabolites described in this dissertation are
mercapturic acids, they all contain a carboxylate group which is negatively charged at
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neutral and basic pH and will thus form an ion pair with the positively charged ammonium
groups on the resin. To perform the high-throughput purification, Oasis MAX cartridges
(60 mg, 60 µm) in a 96-well plate format were utilized (Waters Corporation). The
cartridges were preconditioned sequentially with MeOH (0.7 mL) and a solution of 2%
NH4OH in H2O (0.7 mL). The urine samples were applied, and the SPE cartridges were
washed with 2% aq. NH4OH (0.7 mL). This wash step was performed to remove the
positively-charged components and the neutral, hydrophilic components from the urine
matrix. The basic conditions at this phase of the purification were critical to ensure the
carboxylic acid group on the analyte was deprotonated and thus could maintain the ionic
interaction with the ammonium group on the resin. The cartridges were then washed with
100% MeOH (0.7 mL), which removed the neutral, hydrophobic species from the urine
matrix. At this point, N2 was passed through the cartridges at a high flow rate to fully dry
any residual MeOH from the resin. The cartridges were reconditioned with 2% HCOOH
in H2O (0.7 mL). The pH of this solution was ~2, which protonated the carboxylate groups
and eliminated the ion-pairing interaction between the analyte and the resin, thus the
analytes were only being retained on the resin through hydrophobic interactions. The next
step was to apply a solution of 30% MeOH in 2% aq. HCOOH (0.7 mL). The metabolites
arising from acrolein and crotonaldehyde detoxification (see Chapter 4) eluted in this
solvent mixture, as they are more polar than SPMA. The cartridges were then washed with
50% MeOH in 2% aq. HCOOH (0.7 mL) to remove moderately polar, ionizable impurities.
Finally, a solution of 90% MeOH in 2% aq. HCOOH (0.7 mL) was applied to elute SPMA
and [D5]SPMA. This eluent was collected in a clean TrueTaper 96-well plate, the solution
was dried in vacuo, and the residue was reconstituted in 10 µL MeOH then diluted with
30 µL 15 mM NH4OAc for analysis by LC-MS/MS. The injection volume was 5 µL.
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Figure II.1. Sample preparation procedure for SPMA quantitation. (A) Diagram of a 96-well plate containing urine samples, positive
controls (+), and negative controls (–). (B) Representation of the 96-well plate format SPE cartridges. (C) Molecular composition of the
MAX resin. (D) Precursor and product ions for SPMA and [D5]SPMA. (E) Typical LC-MS/MS chromatogram from a urine sample.
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The chromatography was carried out on a 50 × 3.0 mm Synergi C12 Max-RP HPLC
column (2.5 µm, 100 Å, Phenomenex) under isocratic conditions. The solvent composition
was 65% 15 mM NH4OAc, 35% MeOH at a flow rate of 400 µL/min. The isocratic
conditions were strongly advantageous for the high-throughput analysis and resulted in an
analytical run time of only 6 min per sample (Figure II.1E) because no time was wasted
in the re-equilibration of the column, as would be required after a gradient elution method.
However, because the purified urine samples still contained some hydrophobic
contaminants, a wash method was performed every ~20 samples wherein the column was
washed with 100% MeOH for 5 min before re-equilibration to 35% MeOH. As shown in
Figure II.1E, the retention time of [D5]SPMA is earlier than that of SPMA. This is
observed for most deuterated analogs and the effect is more noticeable when more
deuterium atoms are present. The stable isotopes

13

C and

15

N do not result in retention

times different from the high-abundance isotopes, 12C and 14N.
The mass spectrometry was carried out on a Finnigan TSQ Quantum Discovery
Max triple quadrupole mass analyzer (Thermo Scientific). Atmospheric-pressure chemical
ionization (APCI) operating in negative mode was selected for the ionization source
because higher flow rates can be utilized with APCI sources, resulting in higher throughput,
and because the sensitivity was comparable to or better than that obtained through
electrospray ionization (ESI) for these analytes. The collision energy was optimized to
16 eV for the mass transition m/z 238.1 → 109.0 for SPMA and m/z 243.1 → 114.0 for
[D5]SPMA. The quadrupoles were set to an isolation width of 0.3 amu and scan time of
0.1 s. As shown in Figure II.1D, these mass transitions correspond to a fragmentation of
the C–S bond and observation of an ion containing the adducted portion of the mercapturic
acid. This type of fragmentation is observed for most mercapturic acids and can be utilized
to increase the specificity of the analysis.
Quantitation of SPMA was based on a linear calibration curve constructed from
five standard solutions of SPMA (2.5, 12.5, 25, 50, and 100 pg/µL) in H2O containing
[D5]SPMA (1.0 ng/µL in each). After LC-MS/MS analysis, the peak area ratio of SPMA
to [D5]SPMA was plotted against the concentration ratio of SPMA to [D5]SPMA to obtain
the slope, m, from the best-fit linear regression line, y = mx (Figure II.1F). The measured
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peak area ratio in the samples was then multiplied by this slope to obtain the concentration
ratio of SPMA to [D5]SPMA. The concentration ratio was multiplied by the known amount
of added [D5]SPMA to yield the amount of SPMA in the urine sample. After calculating
the amount of SPMA in each urine sample, that value may be normalized to the initial
volume of urine. The biomarker data can then reported as ng/mL or pmol/mL. However,
urinary excretion rates are highly variable between individuals, and these units of measure
do not account for biomarker dilution effects which are influenced by the subject’s
hydration level and frequency of urination. To account for this variability, the analyte data
may instead be normalized to creatinine. Creatinine is a byproduct of creatine phosphate
breakdown in muscles and is approximately constant over time. Therefore, the data
presented in Chapter 2 and Chapter 4 were normalized to creatinine content in the urine
sample. Creatinine was not quantified in the urine samples discussed in Chapter 5, so
SPMA was reported in ng/mL.
The positive control samples consisted of individual aliquots from a pool of
smokers’ urine and were used to monitor the precision of the method over time and between
plates. Interday precision over 10 months was 11% CV. The negative control samples
consisted of internal standard in H2O and were used to ensure that there was no
contamination, artifact formation, or carryover between injections.
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Chapter 2: Benzene Uptake in Hookah Smokers and Nonsmokers Attending Hookah
Social Events
The following chapter involves work which was published in Cancer Epidemiology
Biomarkers and Prevention (DOI: 10.1158/1055-9965.EPI-14-0576).162 The study was
primarily designed and conducted by Nada O. F. Kassem and was coauthored by Nada O.
F. Kassem, Noura O. Kassem, Sheila R. Jackson, Sandy Liles, Reem M. Daffa, Adam T.
Zarth, Maram A. Younis, Steven G. Carmella, C. Richard Hofstetter, Dale A. Chatfield,
Georg E. Matt, Stephen S. Hecht, and Melbourne F. Hovell. Some figures and excerpts are
herein reproduced with permission from the publisher. This work was supported in part by
the American Cancer Society (Grant 116623-RSG-09-098-01-CNE to N.O.F.K.) and the
Flight Attendant Medical Research Institute (YCSA 52364 to N.O.F.K). The authors would
like to thank the participants, the staff of the two laboratories, and the research staff of the
Center for Behavioral Epidemiology and Community Health (C-BEACH): Aimen Khalil,
Jodi Kudas, Dana Dorman, and Jan Rivera.
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2.1 Introduction
Tobacco use is considered the leading preventable cause of disease and death in the
United States and around the world.17 Tobacco is most widely consumed by smoking
cigarettes, but smoking hookah (also known as waterpipe, shisha, goza, argileh, narghile,
or hubble-bubble) has recently seen a surge in popularity in the United States, especially
among youths and on college campuses.163 The most popular type of hookah tobacco is
mo’assel (meaning honeyed), which contains about 10–30% cured tobacco. The tobacco is
mixed with dried fruits, sweeteners, and flavorants and is moistened by honey, molasses,
or glycerin.164 This tobacco mixture is loaded onto the head of the hookah, usually covered
with perforated aluminum foil, and then burning charcoal is placed atop the foil to heat the
tobacco (Figure 2.1). The smoker inhales through a mouthpiece, which draws air past the
charcoal and tobacco, through a bowl half filled with water, and along a hose before
entering the lungs of the smoker. A common misconception is that the water acts as a filter
for the tobacco and coal smoke, and this has contributed to the false assumption that
smoking hookah is a safe alternative to smoking cigarettes.164

Smoldering coal

Head

Tobacco mixture
(Mo’assel)
Body

Water bowl
Bowl

Hose and mouthpiece

Figure 2.1. Diagram of the general construction of a hookah. The user inhales through the
mouthpiece, drawing air past the lit charcoal. This heats the tobacco, and the smoke passes
through the water in the bowl before entering the lungs of the user.
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A recent study demonstrated that exposure to certain carcinogens and toxicants is
higher when smoking hookah than when smoking cigarettes, while exposure to other
carcinogens and toxicants is lower.165 Hookah smoking yields lower exposure to the
tobacco-specific nitrosamines NNN and NNK, many volatile organic compounds (1,3butadiene, acrolein, acrylonitrile, propylene oxide, ethylene oxide, and low-molecularweight PAHs), and nicotine, but hookah smoke yields higher exposure to benzene, highmolecular-weight PAHs, and carbon monoxide.165 The most alarming result from this study
was the high level of exposure to benzene in hookah smoke, where median exposure was
over 7-fold higher than in cigarette smoke. Our group and others have further investigated
the high exposure to benzene in hookah smoke.162, 166, 167
As described in Section 1.4 of this dissertation, benzene is a human carcinogen
which requires metabolic activation to exert its carcinogenicity. The activated species, BO,
reacts with GSH and is metabolized via the mercapturic acid pathway. This leads to the
excretion of SPMA in the urine, and SPMA is generally considered the most specific
biomarker of benzene exposure.87 Benzene has been shown to be the major aromatic
compound generated upon the burning of coal.84 The nature of smoking hookah requires
the placement of coal on the wet tobacco mixture to maintain temperatures sufficient for
smoking. This is the most likely reason that exposure to benzene via hookah smoke is
higher than via cigarette smoke.
Hookah smoking is often a social activity and can occur in a hookah lounge.
Hookah lounges are commercial venues that offer customers an opportunity to smoke
tobacco from a hookah, and these venues are often exempt from indoor clean air legislation
because they can be classified as tobacco retail shops or tobacco bars.168 These lounges
often offer food, music, dancing, alcohol, and other amenities, but air quality is often poor.
The indoor air quality of hookah lounges has been assessed by quantifying particulate
matter ≤2.5 µm (PM2.5) in Canada and Pakistan (mean 1,420 µg/m3 and 1,750 µg/m3,
respectively).169, 170 At these levels, only one hour in these lounges would be considered
“unhealthy” according to the Environmental Protection Agency (24 h time-weighted
average of 65–150 µg/m3), and five or more hours would be considered “hazardous” (250–
500 µg/m3).171 This is concerning for employees, owners, or other nonsmokers who may
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be present in these hookah lounges for longer time periods, but it is especially concerning
for the smokers who have the additional burden of inhaling mainstream hookah smoke.
Many people choose to smoke hookah in their own home. This exposes
nonsmoking family members to hookah smoke, including children, who have been shown
to have increased levels of exposure to nicotine, to the toxicant acrolein, and to the
carcinogen NNK.172 There is limited evidence on the exposure to toxicants through hookah
secondhand smoke, which partially motivated the study presented here. To our knowledge,
this study is the first study to compare biomarkers of exposure from smoking hookah at
home to those from smoking in a hookah lounge for both smokers and nonsmokers.

2.2 Experimental Procedures
2.2.1 Study Design
These procedures were approved by the San Diego State University Institutional
Review Board. A pre-event and post-event comparison design was employed. Trained
research assistants collected data from a convenience sample comprised of hookah-only
smokers (N = 105) and nonsmokers (N = 103) exposed exclusively to hookah tobacco
smoke. Data were collected between 2009 and 2011 and included tobacco use,
demographics, hookah smoking session observations. Study participants received $75 as
an incentive for participation.
2.2.2 Inclusion Criteria
Eligible participants were 18 years old or older and either hookah smokers or
nonsmokers. Hookah smokers were eligible if they had smoked exclusively hookah
tobacco and had not used any other tobacco product in the past 30 days. Nonsmokers were
eligible if they had not been exposed to secondhand smoke from any tobacco product other
than hookah tobacco in the past 30 days. Demographic data are summarized in Table 2.1.
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2.2.3 Recruitment, Screening, and Consent
Participants were recruited from the community via intercept screening interviews
in San Diego County, California. Hookah smokers were asked to recruit their nonsmoker
friends or relatives. Participants were assigned to either a hookah lounge event or a home
event based on their response regarding the usual location of their hookah events. Eligible
participants were trained on data collection. During the training, participants provided
informed consent and completed a tobacco use history questionnaire which included past
and current hookah use, use of other tobacco products, home hookah smoking rules, health
history, and demographics. Participants were then provided two coded urine cups and study
checklists. Participants chose the day of the social gathering at a hookah lounge or at a
home of a hookah smoker participant. NicAlert, a commercial instant saliva cotinine test,
was used to validate nonsmoking status. Nonsmokers were informed about the purpose of
the NicAlert test during the informed consent process.
2.2.4 Hookah Events
Participants in groups of 6–12, comprising hookah smokers and nonsmokers, spent
an average of 3 consecutive hours indoors between 7 p.m. and 1 a.m. either in a hookah
lounge (smokers, N = 55; nonsmokers, N = 53) or in a private home (smokers, N = 50;
nonsmokers, N = 50) where tobacco was smoked exclusively by hookah. Two hookah
smoker research assistants were present during the events to monitor for any other tobacco
use and to answer any questions from the participants. Hookah smokers were asked to
smoke as they usually do. Nonsmokers were asked to perform the activities that they
usually do when socializing with hookah smokers. During the hookah social events,
hookah smokers counted the number of hookah heads they smoked. A hookah head was
defined as one hookah tobacco serving equivalent to 10–20 g hookah tobacco. Using cell
phones, all participants recorded the number of active hookah heads being smoked by other
patrons every 30 min, with the first count starting at point of entry to the hookah lounge or
home. An active hookah head was defined as a hookah head being smoked (a hookah
smoker holding the hookah hose). Following the hookah event, all participants completed
a hookah event observation form. Based on this form we calculated the average number of
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hookah heads smoked by the smoker participants and by others during hookah events
(Table 2.2).
2.2.5 Biological Measures
Two first-void spot urine samples were provided by participants to measure urinary
biomarkers of carcinogen and toxicant exposure. One was provided the morning of the
hookah smoking event and the second was provided the morning after the smoking event.
Participants stored the urine samples in their freezer until they were transferred to our
research center laboratory (within 12 h). Participants who opted to drop off urine samples
were given coolers and ice packs during the group training for the transfer of frozen
samples. Urine samples were aliquoted and stored in a freezer (–20 ºC), then sent frozen
on dry ice to two laboratories. Urinary analyses for SPMA were conducted at the Masonic
Cancer Center, University of Minnesota by LC-APCI-MS/MS with a limit of detection
(LOD) of 0.03 pmol/mL as described previously173 and in Section II.1. Urinary analyses
for creatinine were conducted at San Diego State University by an LC-MS/MS method that
was linear from 0.3–1000 mg/dL.
2.2.6 Statistical Analyses
The following analyses were conducted: Wilcoxon signed-rank tests to identify
differences in SPMA levels pre- and post-hookah events; Mann-Whitney U tests to identify
differences between groups and the change in SPMA levels from pre- to post-hookah
events across hookah use patterns; Pearson correlation coefficients to identify associations
between change in SPMA levels and hookah heads smoked by participants and by others
and time spent at the events; and independent t-tests or chi-square where applicable to
identify differences in demographics by smoking status. Creatinine-corrected (pmol
SPMA/mg creatinine) arithmetic means, standard deviations (SD), and medians were
calculated for urinary SPMA (Table 2.3). Because SPMA is a minor benzene metabolite,
there were 114 samples below the LOD out of 410 samples, primarily among nonsmokers
(Table 2.3). We replaced the non-detectable values of SPMA with the LOD of SPMA
divided by 2 (0.015 pmol/mL). Monthly and occasional hookah smokers were combined
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and named occasional hookah smokers. All statistical tests were two-tailed with an alpha
level of 0.05 and were conducted using SPSS version 21 and Stata version 11.

2.3 Results
2.3.1 Demographics
The group of hookah smokers was younger than the group of nonsmokers in this
study (Table 2.1) but was otherwise not significantly different by gender, race, or body
mass index. The groups reported behavioral and lifestyle differences as well, where hookah
smokers were more likely to allow smoking inside their homes, more likely to have close
friends who were hookah smokers, and more likely to have had people smoking hookah
around them recently.
2.3.2 Smoking Intensity
To attempt to quantify the intensity of hookah smoking, the participants were asked
to record the number of hookah heads that they smoked and to count the heads being
smoked by others around them. The results are summarized in Table 2.2, which
demonstrates that the median number of hookah heads was 2–3 for most individuals. The
exceptional group was the daily smokers at hookah lounges. Although this group was small
(N = 5), they smoked significantly more hookah heads than daily smokers at home, and
significantly more than weekly or occasional smokers at hookah lounges. There was a
correspondingly large increase in median urinary SPMA for this group (14-fold), although
the variation was also large (Table 2.3).
The number of hookah heads smoked by others was significantly different between
the hookah lounges and home events. Hookah heads were reported by participants in this
study every 30 min, so it is possible that some heads being smoked by others were doublecounted, as this was not a rigorous quantitative method. Nevertheless, the air quality in
hookah lounges seemed to be much worse than in homes. SPMA values increased for
nonsmokers at hookah lounges, but they did not increase for nonsmokers at home events.
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This suggests that larger numbers of hookah heads being smoked in the same room
contributed to higher secondhand smoke exposure.

Table 2.1. Characteristics of hookah smokers and nonsmokers.
Hookah smokers
Nonsmokers
Pb
a
(N = 105)
(N = 103)a
N
N
Age (years)
Mean ± SD
26.9 ± 10.5
32.0 ± 12.0
0.001
Median (min–max)
22 (18–61)
28 (18–67)
Gender
Male
57
49
0.333
Female
48
54
Race/ethnicity
Arab American
52
40
0.179
White, Caucasian
18
25
Mexican, Hispanic, or Latino
8
13
Black or African American
2
6
Other
23
19
Body mass index (kg/m2)
<25 (normal)
51
43
0.499
25–30 (overweight)
39
40
>30 (obese)
15
20
Do you currently smoke hookah?
Yes, daily (at least once each day)
20
0
Yes, weekly (at least once each week
46
0
but less than daily)
Yes, occasionally (at least once a year
39
0
but less than weekly)
Number of your four closest friends who currently smoke hookah
0
9
42
<0.001
1
6
17
2
19
7
3
15
6
4
49
8
Home hookah smoking restriction
Allowed everywhere
22
3
<0.001
Allowed special guest/certain location
64
35
Not allowed anywhere
14
60
In the past 30 days did people smoke hookah around you?
Yes
75
11
<0.001
No
25
86
a
Due to missing values, some variables do not equal the total sample size
b
P values were derived from Wilcoxon signed-rank tests, significant differences are bolded
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Table 2.2. Number of hookah headsa smoked during a hookah social event. Most of the
heads were shared between multiple people.
Hookah Lounge
Home
P
median (min–max) median (min–max)
Number of hookah heads
smoked by participants
All hookah smokers (N = 105)
3 (1–19)
2 (1–16)
0.025
Daily smokers (N = 20)
10 (2–19)
2 (1–3)
0.005
Weekly smokers (N = 46)
3 (1–10)
2 (1–13)
0.332
Occasional smokers (N = 39)
2 (1–10)
3 (1–16)
0.755
Number of hookah heads
81 (15–238)
21 (6–78)
<0.001
smoked by others
a
A hookah head was defined as one hookah tobacco serving (10–20 g tobacco)

2.3.3 Benzene Exposure during a Smoking Event
A clear difference was observed between individuals who smoked in a hookah
lounge and those who smoked at home. The increase in mean SPMA after the smoking
event was 3.6-fold higher among smokers at hookah lounges, but only 1.7-fold higher for
those who smoked at home (Figure 2.2). A similar trend was observed in nonsmokers.
Nonsmokers who attended the smoking events in hookah lounges exhibited a 2-fold
increase in SPMA excretion, whereas nonsmokers at home showed no change. This may
be confounded by the fact that the baseline SPMA excretion among nonsmokers at home
was higher than baseline excretion for nonsmokers at lounges (P = 0.051). Some of these
individuals reported living with a regular smoker who smoked in their home, thus the high
baseline SPMA excretion may reflect chronic exposure to benzene.
A trend also emerged between groups who reported smoking hookah on a daily
basis and those who less frequently smoke hookah. Only 19% of the participants reported
that they smoke hookah on a daily basis, but these individuals showed the highest urinary
SPMA excretion after the smoking event (Table 2.3). SPMA in daily smokers after the
smoking event was significantly higher than that in occasional smokers for both locations.
Among daily smokers at hookah lounges, a median SPMA increase of 14-fold was
observed, and SPMA for those at home increased by 2.5-fold. Weekly smokers showed a
2.7-fold increase in median SPMA at both locations. The occasional smokers at home
exhibited somewhat unexpected results. The mean and median SPMA excretion actually
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decreased after the smoking event by ~60%, but this difference was not statistically
significant. The occasional smokers at hookah lounges showed an increased median SPMA
excretion by 4.3-fold.
SPMA was not detected in all urine samples, as it is a minor metabolite of benzene.
The LOD for this assay is 0.03 pmol/mL urine. The percentage of detectable SPMA
increased in all groups after the smoking event, except for occasional hookah smokers at
home (Table 2.3). After the smoking events, more nonsmokers’ urine samples were below
the LOD (36%–44%) than samples from smokers (0%–11%), as would be expected based

SPMA (pmol/mg creatinine)

on the known levels of exposure to benzene in mainstream hookah smoke.
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Figure 2.2. Excretion of SPMA among smokers and nonsmokers attending smoking events
at hookah lounges or at private homes.
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Table 2.3. Urinary levels of SPMA (pmol/mg creatinine) in hookah smokers and nonsmokers before and after hookah-only smoking events in hookah lounges
and private homes.
Hookah Lounge
Home
Before Event
After Event
Pa
Before Event
After Event
Pb
Pc
Pd
All hookah smokers
Mean ± SD
0.43 ± 0.61
1.56 ± 2.03 <0.001
0.75 ± 1.44
1.27 ± 2.05 0.003 0.176
0.034
Median (min–max)
0.20 (0.02–3.24) 0.83 (0.02–9.05)
0.32 (0.02–9.30)
0.60 (0.02–9.42)
Percentage detected e (N)
77% (53)
94% (53)
86% (50)
94% (50)
Daily hookah smokers
Mean ± SD
0.59 ± 0.81
3.05 ± 2.25 0.043
1.43 ± 2.36
2.22 ± 2.95 0.023 0.513
0.040
Median (min–max)
0.25 (0.05–2.02) 3.56 (0.80–6.12)
0.49 (0.02–9.30)
1.24 (0.30–9.42)
Percentage detected (N)
100% (5)
100% (5)
87% (15)
100% (15)
Weekly hookah smokers
Mean ± SD
0.29 ± 0.41
1.62 ± 2.05 0.002
0.40 ± 0.67
1.08 ± 1.56 0.001 0.364
0.138
Median (min–max)
0.18 (0.02–1.58) 0.48 (0.02–6.30)
0.19 (0.02–3.34)
0.52 (0.11–7.10)
Percentage detected (N)
55% (20)
95% (20)
81% (26)
92% (26)
Occasional hookah smokers
Mean ± SD
0.51 ± 0.68
1.26 ± 1.92 0.003
0.62 ± 0.59
0.25 ± 0.20 0.139 0.436
0.006
Median (min–max)
0.21 (0.02–3.24) 0.91 (0.02–9.05)
0.51 (0.06–1.68)
0.19 (0.02–0.62)
Percentage detected (N)
89% (28)
93% (28)
100 % (9)
89% (9)
Nonsmokers
Mean ± SD
0.19 ± 0.46
0.38 ± 0.82 0.055
0.37 ± 0.59
0.36 ± 0.62 0.933 0.051
0.172
Median (min–max)
0.05 (0.02–3.16) 0.13 (0.02–4.77)
0.14 (0.02–2.89)
0.16 (0.02–3.84)
Percentage detected (N)
46% (52)
56% (52)
59% (49)
64% (49)
a
Hookah lounge: before vs after event; bHome: before vs after event; cBefore event: lounge vs home; dAfter event: lounge vs home; e Samples with SPMA
below the limit of detection were assigned a value of ½ LOD = 0.015 pmol/mL.
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2.4 Discussion
This study was the first to quantify exposure to benzene in hookah smoke for
smokers and nonsmokers in naturalistic environments, namely at hookah lounges and
within private homes. Excretion of SPMA was significantly higher among smokers than
among nonsmokers after the smoking event, and smokers’ SPMA excretion was
significantly higher on the morning after the smoking event than on the morning before.
The behavioral aspects of smoking hookah seem to play a role in exposure to benzene as
well, although this study was not large enough to address all aspects of hookah smoking
habits. The highest increase in median SPMA excretion (14-fold) was observed among
daily smokers at hookah lounges (N = 5), who also smoked the highest number of hookah
heads (median 10) in the given timeframe. Daily smokers at home (N = 15) only smoked
1–3 heads and showed only a modest increase in SPMA, although their baseline excretion
was higher than other groups.
Among smokers, many of the baseline samples contained relatively high
concentrations of SPMA. For this study, we did not restrict access to hookah tobacco prior
to the study, and 43% of the smokers reported smoking hookah on the day before the study
event. The elimination half-life of SPMA is 6–12 h,82 which could have elevated the
baseline SPMA excretion in these study participants, depending on the time of day they
smoked. Smoking duration and intensity prior to this study would also impact the baseline
level of SPMA among smokers, as well as environmental benzene contamination in their
homes or in urban air.
Among nonsmokers, we observed a difference in baseline excretion of SPMA
between those who attended home events and those at lounges. The nonsmokers at home
had higher baseline excretion of SPMA (P = 0.051). Many of these individuals reported
living with a hookah smoker and allowing hookah smoking to occur within the home.
Analyses of the urine of children living with hookah smokers have shown that exposure to
NNK, a tobacco-specific human carcinogen, occurs at high levels in the home.172 We
believe that exposure to benzene also occurs in the home of hookah smokers and that this
is responsible for the higher baseline excretion of nonsmokers at home.
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A study reported by Gideon St. Helen in 2014 similarly investigated smokers’
exposure to toxicants in hookah lounges under naturalistic conditions.167 The trends
reported were similar to the observations in this study; smoking in a hookah lounge
significantly increased the excretion of SPMA. The levels reported by St. Helen
demonstrated only a 2-fold increase in mean SPMA after smoking, but participants spent
only 1–2 hours smoking, whereas our study participants averaged 3 hours in the hookah
lounges and exhibited a 3.6-fold increase in mean SPMA.
Secondhand cigarette smoke has been evaluated and classified as a Group 1 human
carcinogen by IARC,14 but secondhand hookah smoke has not been studied as extensively.
Although recent studies174-177 have measured some components of secondhand hookah
smoke (e.g., PM2.5, PM10, CO, and some PAHs), only one study166 has quantified benzene
in secondhand hookah smoke. The results presented here from nonsmokers at hookah
lounges suggest that the air of hookah lounges contains substantial amounts of benzene and
likely other toxicants and carcinogens. This exposure poses significant health risks for
employees of hookah bars and for regular customers who inhale the ambient air for
extended periods of time.
As discussed in the introduction to Part II of this dissertation, urinary SPMA
reflects exposure, activation, and detoxification of benzene. The data presented in this
chapter have focused on the exposure aspect of smoking hookah, as benzene has been
directly measured in hookah smoke and in burning charcoal.84, 166 However, it could also
be possible that the processes involved in the metabolic activation of benzene to BO or the
detoxification of BO are being upregulated by hookah smoke. This has not been reported
in the literature for hookah smoke, but many xenobiotics can induce xenobioticmetabolizing enzymes.178 The oxidation of benzene to BO is primarily catalyzed by
CYP2E1 and CYP2F1. CYP2E1 is known to be induced by alcohol consumption,179 but
ethanol is also a substrate for CYP2E1 and thus may be a competitive inhibitor of benzene
oxidation. Additionally, allylsulfide, allylmercaptan, and phenethylisothiocyanate, which
are found in garlic, onions, and some vegetables, can inhibit CYP2E1 activity.180, 181 If any
participants in this study drank alcohol or ate these foods before the hookah smoking event,
this may be a confounding factor resulting in either higher or lower SPMA excretion.
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Additionally, BO is detoxified by GSTT1 and GSTP1 (see Chapter 3), and the expression
of GSTP enzymes is induced by sulforaphane.182, 183 An increased excretion of SPMA may
be expected if the participants of this study had consumed large amounts of broccoli sprouts
or other cruciferous vegetables on the day of the hookah smoking event (see Chapter 4).
2.5 Conclusion
This study provides evidence that hookah smoke is an important source of exposure
to benzene. After a smoking event, hookah smokers showed an increase in the excretion of
urinary SPMA, and this increase was more pronounced at hookah lounges than at home.
Nonsmokers at hookah lounges were also exposed to substantial amounts of benzene.
Nonsmokers at home showed no change in SPMA excretion, but their baseline SPMA was
higher than expected, suggesting probable chronic exposure to benzene in the home from
hookah-smoking coinhabitants. These data suggest that exposure to hookah smoke, either
directly or indirectly, increases the risk of tobacco-related or benzene-related diseases.
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Chapter 3: Benzene Oxide is a Substrate for Glutathione S-Transferases
The following chapter involves work which was published in Chemico-Biological
Interactions (DOI: 10.1016/j.cbi.2015.11.005).184 The study was primarily designed and
conducted by Adam T. Zarth and was coauthored by Adam T. Zarth, Sharon E. Murphy,
and Stephen S. Hecht. Some figures and excerpts are herein reproduced with permission
from the publisher. This work was supported by Grant CA-138338 from the U.S. National
Institutes of Health, National Cancer Institute. The authors thank Bob Carlson for editorial
assistance. The authors also thank the laboratories of Natalia Tretyakova and Lisa Peterson
for partially furnishing equipment used in this study.
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3.1 Introduction
As described in Section 1.4 of this dissertation, benzene is a human carcinogen
which requires metabolic activation in order to form the reactive species BO. This
metabolic activation is primarily catalyzed by CYP2E1 in the liver, but can also be
catalyzed by CYP2F1 in the lung.40, 89, 108 Upon activation, BO rapidly equilibrates with its
valence tautomer oxepin (Scheme 3.1). BO is unstable in aqueous solution, rapidly
rearranging to phenol. Phenol and phenol conjugates account for approximately 40% of the
total exposure to benzene, suggesting that activation to BO is a major metabolic process in
humans.87 BO can be detoxified by reaction with GSH, forming initially a hydroxycyclohexadiene intermediate (Scheme 3.1), which then dehydrates to yield S-phenylglutathione
(SPG). SPG is then metabolized to SPMA via the mercapturic acid pathway (described in
Section 1.2.2) and excreted in the urine. As discussed in Chapter 2, SPMA is a highly
specific urinary biomarker that reflects the exposure, activation, and detoxification of
benzene.
Human cytosolic GSTs belong to a superfamily of enzymes which catalyze the
conjugation of GSH with electrophiles. GSTs are separated into subfamilies: alpha, zeta,
theta, mu, pi, sigma, and omega, as well as a mitochondrial kappa subfamily.47 The specific
enzymes investigated in this work are from the alpha, theta, mu, and pi subfamilies:
GSTA1, GSTT1, GSTM1, and GSTP1, respectively. Evidence in humans, discussed
below, suggests that the conjugation of GSH with BO can be catalyzed by GSTs, but the
relative importance of each isozyme is unclear. Prior to the publication of this work, there
had not been any published data directly measuring the catalytic activity of specific GST
enzymes in conjugating BO with GSH.
Indirect evidence for the catalytic activity of GSTs toward BO has been reported in
humans by investigating the effects of genetic polymorphisms. In the general population,
GSTT1 or GSTM1 deletion is observed in 9% to 76% of individuals, with differences
between ethnic groups.47 GSTA1 or GSTP1 deletion has not been reported, but singlenucleotide polymorphisms (SNPs) which can alter the catalytic activity or expression levels
of these enzymes have been described.185 Workers who are occupationally-exposed to
benzene have been of particular interest, as there is an observed 2- to 4-fold increased risk
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of chronic benzene poisoning among GSTT1-null individuals,186, 187 and the risk of chronic
benzene poisoning is weakly correlated with GSTP1 polymorphisms.188 At higher exposure
to benzene, these GST isozymes are clearly important in the detoxification of benzene and
BO.
At lower exposure to benzene, GSTT1 deletion is strongly correlated with lower
levels of urinary SPMA excretion. We have recently completed a study involving >2200
smokers from 5 ethnic groups, in which we performed a genome-wide association study
(GWAS) relating over 11 million genotyped or imputed SNPs to excretion of urinary
SPMA.189 The results of the GWAS indicated a highly significant (P = 5.4 × 10-157)
association at chromosome 22q11, which is the location of the SNP resulting in GSTT1
deletion. Differences in functional GSTT1 copy number explained approximately 14–32%
of the total variability in SPMA excretion across all smokers in this study. 189 Weak
associations were observed with GSTM1 deletion, but no significant associations were
observed with any other SNP in the human genome.
Prior to our GWAS study, a number of smaller, targeted genetic studies were
performed to investigate the effects of different genotypes on urinary SPMA. Correlations
between genotype and SPMA excretion have most consistently been observed for GSTT1.
Many but not all studies have demonstrated that GSTT1 deletion results in lower levels of
urinary SPMA and less efficient detoxification of BO.190-193 Fewer studies have detected a
statistically significant effect of GSTM1 deletion.194-197 GSTA1 polymorphisms have not
been extensively studied, but a SNP in the promotor region which decreases the expression
levels of GSTA1 has been correlated to lower excretion of SPMA.80, 198 The most widely
studied GSTP1 SNP results in an Ile105Val mutation in the active site of the enzyme. This
mutation impacted substrate specificity, but did not significantly affect the excretion of
SPMA.79, 199-201 The mixed results in the literature, combined with the results from our
GWAS study, encouraged us to directly quantify the catalytic activity of these major GST
enzymes in the conjugation of BO with GSH in order to clarify their respective roles in the
process of benzene detoxification.
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Scheme 3.1. Metabolic activation to BO is followed by conjugation with GSH and
dehydration to yield SPG. Further metabolic processing of the conjugate in vivo results in
excretion of SPMA in the urine
3.2 Experimental Procedures
CAUTION: Benzene is a known human carcinogen, and BO is its activated form; use
extreme care and personal protective equipment when handling.
3.2.1 Chemicals and Synthesis
Recombinant human GSTA1, GSTT1, GSTM1, and GSTP1 were purchased from
MyBioSource (San Diego, CA, USA). All other reagents were purchased from SigmaAldrich. BO was synthesized essentially as described previously,104 in 97% purity (3%
phenol).
SPG was synthesized by adding BO (31 mg, 0.33 mmol) to GSH (111 mg, 0.36
mmol) in a solution of MeOH (4 mL) and 1 N NaOH (1 mL). Previous reports suggest that
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product yield increases under basic conditions, which should increase the nucleophilicity
of the thiol and increase the stability of BO in solution.104, 105 After 30 min, the pH was
adjusted to ~2 with 1 N HCl (1.2 mL) in order to dehydrate the intermediate, yielding SPG.
The product was concentrated in vacuo and purified by HPLC, resulting in 35.6 mg of SPG
as a white powder (0.093 mmol, 28% yield). 1H NMR (500 MHz, D2O) δ ppm 1.97 (m, 2
H, -CH2-CH2-CO-) 2.23–2.37 (m, 2 H, -CH2-CH2-CO-) 3.24 (dd, J = 14.5, 8.1 Hz, 1
H, -CH2-S-) 3.42 (dd, J = 14.6, 4.9 Hz, 1 H, -CH2′-S-) 3.48 (d, J = 17.4 Hz, 1 H, -ND-CH2COO) 3.54 (d, J = 17.4 Hz, 1 H, -ND-CH2′-COO) 3.61 (m, 1 H, D2N-CH-COO) 4.47 (dd,
J = 8.1, 4.7 Hz, 1 H, -CH-CH2-S-) 7.23–7.29 (m, 1 H, -S-Ph) 7.32 (m, 2 H, -S-Ph) 7.41 (m,
2 H, -S-Ph). 13C NMR (126 MHz, D2O) δ ppm 26.3, 31.4, 34.9, 43.3, 53.3, 54.2, 127.5,
129.4 (2 C), 130.8 (2 C), 133.4, 171.4, 174.8, 176.1, 181.5. COSY and HSQC spectra were
consistent with the above assignments (Figure 3.1B and C).
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Figure 3.1A. 1H NMR data of SPG. The peak at δ 1.83 ppm corresponds to acetate
contamination from the HPLC purification of the standard.
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Figure 3.1B. 1H–1H COSY NMR data of SPG. Neighboring proton interactions were used
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Figure 3.1C. 1H–13C HSQC NMR data of SPG. Expected 13C and 1H chemical shifts were
used to confirm the assignments above.
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3.2.2 Benzene Oxide Stability Studies
The half-life of BO in 0.1 M phosphate buffer (pH 7.4) at 37 °C was measured on
a Cary 100 spectrophotometer (Agilent Technologies) based on the absorbance at 315 nm
(Figure 3.2). Additionally, BO stability was investigated by 1H NMR on an Ascend 500
MHz spectrometer (Bruker Corporation) in various organic solvents over time under
ambient light. BO was stored neat (20 °C, <1 day), in MeOH (20 °C, <1 day), in Et2O
(4 °C, >60 days), in CDCl3 (−20 °C, >75 days), or in dioxane (4 to 20 °C, >90 days, as 1%
or 10% BO solutions).
3.2.3 Enzyme Incubation Conditions
All buffers were prepared on the same day as the assay. The incubation buffer
(pH 7.4) was prepared by combining solutions of 0.1 M K2HPO4 (80 mL) and KH2PO4
(20 mL). A stock solution of GSH (10 mM) was also prepared in phosphate buffer and
adjusted to pH 7.4. The incubations were performed using a rapid quench-flow instrument
(model RQF-3, KinTek Corporation). BO was stored at 4 °C as 1% or 10% solutions in
dioxane, and this was added to phosphate buffer (1 mL final volume) immediately before
the reaction such that the organic solvent was ≤1% of the volume. Final concentrations of
BO were 50 µM, 100 µM, 500 µM, 1 mM, and 5 mM. Final concentration of GSH was
5 mM, and 1.7 mU of enzyme was added to each incubation. The final volume of the
reaction was 34 µL. We did not have an isotopically-labeled standard of SPG, so SPMA
(0.4 pmol) and [D5]SPMA (3 pmol) were added as internal standards to account for
variation in sample mixing, recovery, and detection. The quench-flow instrument was
adjusted to 25 °C or 37 °C using a heated water recirculating bath (Isotemp 1016S, Fisher
Scientific). The enzymes were pre-incubated with GSH before introducing BO. The
incubation time was 7 s, and the reaction was quenched with trichloroacetic acid (TCA).
The collected mixture was desalted and purified on a polymeric, reversed-phase SPE
cartridge (Strata-X, 30 mg, Phenomenex), concentrated in vacuo to dryness, and
reconstituted in 20 µL 10% MeOH in H2O. Analyses at 25 °C were performed in four
replicates and analyses at 37 °C were performed in triplicate.
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The amount of enzyme added was based on the reported GSH conjugation activity
with a model substrate. The specific activity of GSTA1 and GSTP1 with 1-chloro-2,4dinitrobenzene (CDNB) was 6.5 U/mg, and the specific activity of GSTM1 with CDNB
was 50 U/mg. GSTT1 does not catalyze GSH conjugation with CDNB, so p-nitrobenzyl
chloride was used, yielding 29.4 U/mg reported specific activity. To achieve 1.7 mU
activity in each incubation, the masses of GSTA1, GSTT1, GSTM1, and GSTP1 added
were 0.26, 0.057, 0.034, and 0.26 µg, respectively.
3.2.4 Analysis of S-Phenylglutathione
The samples were analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). The chromatography was carried out on a Synergi Polar-RP column (150 ×
0.5 mm, 4 µm, 80 Å, Phenomenex) under isocratic conditions (65% A, 35% B, 15 µL/min,
8 µL injection volume) where A was 0.1% aq. HCOOH and B was MeOH. The MS
conditions were as follows: the ionization source was positive-mode electrospray
ionization, the selected reaction monitoring transition (1.0 amu isolation width, 35 eV
collision energy) for SPG was m/z 384.1 [M + H]+ → 109.0 [PhS]+, which was the major
fragment observed. SPMA and [D5]SPMA fragmented similarly, with m/z transitions of
240.1 → 109.0 for SPMA and 245.1 → 114.1 for [D5]SPMA. The analyte was quantified
by a linear calibration curve applying the peak area ratio of SPG to [D5]SPMA and
normalizing to the amount of [D5]SPMA standard added. The LOD was assessed by
dilution of a standard solution of SPG in water until the signal-to-noise ratio was
approximately 3:1. The LOD for this method is approximately 2 fmol on column. The
calibration curve was linear between 2 fmol and 1040 fmol on column.
3.2.5 Calculations
Nonenzymatic SPG formation was determined by incubating GSH with BO in the
absence of enzyme. Enzymatic product formation was then determined by subtracting the
nonenzymatic SPG formation from the total product formation. The resulting data were
analyzed by nonlinear regression using Microsoft Excel.202
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3.3 Results
3.3.1 Benzene Oxide Stability Studies
BO will rapidly rearrange to phenol and other products when dissolved in protic
solvents. BO is also unstable in its pure form. Under the incubation conditions used for this
work (37 °C, pH 7.4 potassium phosphate buffer), the degradation of BO followed firstorder kinetics with a rate constant of 0.133 min-1 (t1/2 = 5.2 min). This half-life of 5 minutes
is comparable to what has been reported previously in aqueous solution.104 BO also
degrades when dissolved in MeOH (<1 day, 20 °C). However, BO appears to be highly
stable when dissolved in aprotic organic solvents. We did not observe degradation during
the first 2-3 months when BO was diluted in CDCl3, Et2O, or dioxane. As dioxane is
miscible with water, BO was added to the enzyme incubations as 1% or 10% solutions in
dioxane, which ensured minimal degradation prior to addition. After 7 months of storage
at 4 °C, the dioxane solution was reevaluated by 1H NMR. This showed 53% degradation
to phenol and 2% degradation to another product, likely muconaldehyde, arising from
spontaneous oxidation of oxepin.112, 203 Observed chemical shifts of phenol were δ ppm 7.2
(2 H), 6.9 (1 H), and 6.8 (2 H), and those of muconaldehyde were 10.3 (1 H), 9.7 (1 H),
and 7.5 (2 H), with the signal from the remaining protons apparently masked by either
phenol or BO: 6.3 (2 H), 5.9 (2 H), and 5.1 ppm (2 H). The degradation to phenol was
likely catalyzed by the presence of water in the dioxane solution, as it absorbed moisture
over time, which was observed by NMR.
3.3.2 SPG Formation is Catalyzed by GSTs
The intermediate species formed upon the reaction between BO and GSH must be
dehydrated to yield SPG (Scheme 3.1). Previous studies with this and a related
intermediate have demonstrated that the hydroxycyclohexadiene moiety is relatively stable
at pH 7, but readily dehydrates at pH ≤2.104,

105

Additionally, BO will more rapidly

rearrange to phenol under acidic conditions. Thus, the TCA quench serves three purposes:
to denature the enzymes, to catalyze the dehydration of the intermediate, and to catalyze
the degradation of BO to phenol.
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(C)

(A)

(B)

Figure 3.2. Stability data for BO at 37 °C in 0.1 M potassium phosphate buffer (pH 7.4). (A) Repeated scans of a solution of 0.9 mM
benzene oxide over the course of 10 min. The red trace (with lowest Abs at 210 nm and highest at 250 nm) represents t = 0 min. (B) 0.1
mg/mL phenol for comparison. (C) Degradation curve of benzene oxide monitoring 315 nm over time. The red line presents raw data
and the blue line presents the best-fit curve.
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GSTT1 and GSTP1 both showed reproducible activity in the conjugation of BO
with GSH, with Michaelis-Menten kinetics (Figure 3.3). GSTT1 appears to be the better
enzyme for this reaction, as the Km is much lower than that of GSTP1 (Table 3.1).
Incubations with GSTP1 yielded the highest amount of product formation, as the Vmax is
highest for GSTP1. The total amount of enzyme added to each incubation was normalized
to the reported GSH conjugation activity with CDNB for GSTP1 and p-nitrobenzyl
chloride for GSTT1 (1.7 mU each). For this reason, the final concentration of the enzymes
was not equivalent between incubations, and we decided not to normalize activity to total
enzyme present, which makes direct comparisons of enzyme efficiencies less reliable. We
verified that the enzymatic formation of SPG is linear with respect to time and enzyme
concentration in the range used in these reactions. We also calculate that the concentration
of BO remained essentially constant during the incubations. Based on our measured t1/2
and SPG formation, <2% of BO will have degraded to phenol and <1% will have reacted
to form SPG by the end of the 7 s incubation.
Much less catalytic activity was observed for GSTM1 and GSTA1 (Figure 3.3). In
these incubations, the spontaneous formation of SPG was the predominant source of
product formation, accounting for ≥80% of the total SPG measured. For comparison, the
spontaneous SPG formation in the GSTT1 and GSTP1 incubations was 20–40% of the total
SPG. Kinetic parameters for GSTM1 and GSTA1 could not be determined because the
enzymatic product formation was small or not detected after subtraction of the spontaneous
SPG formation.
A parallel set of incubations was also performed at 25 °C (data not shown). The
enzymatic product formation in these incubations was lower, as expected, and so was the
spontaneous SPG formation. The Km and Vmax values for GSTT1 were 1100 µM and 360
fmol/s, respectively, and those for GSTP1 were 6300 µM and 3300 fmol/s at 25 °C. Similar
to the 37 °C incubations, kinetic parameters for GSTM1 and GSTA1 could not be
determined at 25 °C.
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Figure 3.3. Rate of SPG formation as a function of BO concentration. Experimental data
are shown for five BO concentrations at 37 °C with (A) GSTT1, (B) GSTP1, (C) GSTM1,
and (D) GSTA1. Data points and error bars represent the mean ± SD of triplicate
incubations. Calculated best-fit curves from nonlinear regression analyses for GSTT1 and
GSTP1 are overlaid. Concentration of enzyme was normalized to 1.7 mU activity toward
a model substrate.

Table 3.1. Kinetic parameters for GSTT1 and GSTP1
Km (µM)

Vmax (fmol/s)

GSTT1

420

450

GSTP1

3600

3100

Incubations were performed at 37 °C with 1.7 mU
(0.057 µg) GSTT1 and 1.7 mU (0.26 µg) GSTP1
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3.4 Discussion
The catalytic activity of each GST isozyme is a critical component when assessing
the importance of that enzyme in the detoxification of BO, but the expression of each
isozyme must also be considered. All human tissues express GSTs, but each tissue has a
unique expression profile of GST isozymes.204 The oxidation of benzene to BO is believed
to be catalyzed primarily by CYP2E1 in the liver, where GSTA1 is highly expressed,
GSTP1 is minimally expressed, and GSTT1 and GSTM1 expression levels are
intermediate.205-208 Some evidence suggests, however, that at low exposures to benzene,
CYP2F1 may be the more relevant enzyme, whereas CYP2E1 is more important at high
exposures to benzene.40, 100 CYP2F1 is highly expressed in the lung, the initial site of
exposure upon benzene inhalation, where GSTP1 expression also predominates.205 This
supports the hypothesis that GSTP1, in addition to GSTT1, is likely an important enzyme
in the detoxification of BO at relevant exposures to benzene. The half-life of BO in aqueous
media is 5–6 min, which allows sufficient time for diffusion away from the site of oxidation
and widespread distribution via the bloodstream. Thus, GSTs that are more widely
expressed may still play an important role in BO detoxification. The kidney, for example,
may be an important site of metabolism because it expresses high levels of GSTT1 and
plays a critical role in the conversion of GSH conjugates to mercapturic acids.207, 209
The in vitro study of BO presented a unique set of challenges. Due to the fact that
BO is unstable in aqueous buffers, the incubation time must be kept very short to avoid
changes in the concentration of BO over the course of the incubation. In order to
successfully perform these rapid incubations, a quench-flow instrument was required. Due
to the physical setup of this instrument, the reaction volume was limited to 34 µL. Because
of the small volume and the short time, very high concentrations of BO were required to
achieve total SPG formation higher than the LOD (~2 fmol on column). Finally, the fact
that BO will react with GSH spontaneously posed a challenge. Incubations with BO and
GSH in the absence of enzyme were performed, and then the SPG formation in these
incubations was subtracted from the incubations with enzymes present. This process
introduced more variability in the data, which made it difficult to quantify lower levels of
activity, for example with GSTM1.
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The concentrations of BO used here were necessary to enable detection of SPG, but
they are much higher than what is physiologically relevant. In rats, a single dose of benzene
(400 mg/kg, po) has been shown to result in concentrations of 90 nM BO circulating in the
blood, although intracellular BO concentrations could not be assessed.210 The exposure of
most humans is considerably lower, so the GSTs investigated here will likely never become
saturated in the detoxification of BO. At the lowest concentration of BO tested here, the
rates of SPG formation were comparable for GSTT1 (29 ± 14 fmol/s) and GSTP1 (38 ± 9
fmol/s) at 37 °C, and the rates were much lower for GSTA1 and GSTM1 (<1 fmol/s). This
suggests that, at physiologically relevant doses of benzene, GSTT1 and GSTP1 may both
play major roles in the detoxification of BO, although we could not confirm this
definitively in this work.
GSTT1 had the lowest Km value of the isozymes evaluated in this work, which is
consistent with the literature reports linking GSTT1 deletion to decreased urinary SPMA
or to increased risk of chronic benzene poisoning. Our highly significant GWAS data on
GSTT1 deletion (P = 5.4 × 10-157) confirm that the in vitro catalytic data presented here
reflect the true physiological processes in vivo. Similarities between the in vitro and in vivo
data were also observed for GSTM1. We observed minimal, but still positive, activity for
the GSTM1-mediated conjugation of BO to GSH, and the GWAS showed that GSTM1
deletion had minor effects on urinary SPMA excretion, accounting for 0.2–2.4% of the
observed variability (P = 1.1 × 10-9).189
The previously reported data for GSTP1 generally suggest that GSTP1
polymorphisms do not impact the metabolic detoxification of BO.188 However, a major
caveat to the genetic data is that a GSTP1-null mutation has never been reported. Instead,
the most widely studied SNP results in an Ile105Val point mutation in the active site of
GSTP1. This point mutation has been shown to affect substrate specificity of the enzyme,
but it has never been investigated for activity toward BO. It is possible that both the Ile105
and the Val105 variants have comparable activity in the detoxification of BO. If this is true,
genetic polymorphism studies will simply not be able to assess the activity of GSTP1 in
humans, because all individuals have functional enzymes. Thus, the direct biochemical
evaluation in vitro was required to assess activity.
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Another approach for assessing the importance of GSTP1 in vivo is to induce or
inhibit the expression of the enzyme. In the following chapter of this dissertation, the
details of a phase II clinical trial in humans will be described.211 In this trial, subjects were
administered a broccoli sprout beverage containing high concentrations of sulforaphane, a
potent inducer of the Nrf2 gene transcription pathway. Treatment with sulforaphane will
upregulate the transcription of a number of detoxification and antioxidant enzymes,
including GSTP1 in the human respiratory tract.182, 183 The subjects in the treatment arm of
the study showed significantly higher urinary SPMA levels than the control subjects,
suggesting more efficient detoxification of BO. Genotyping the subjects for GSTT1 or
GSTM1 deletion provided data confirming that GSTT1 is a critical enzyme in the
detoxification of benzene and BO. This study also demonstrated that individuals who were
null for GSTT1 or GSTM1 still received the same benefit of treatment as GSTT1- or
GSTM1-positive individuals. Taken together, we believe that treatment with sulforaphane
is upregulating the expression of GSTP1 in all individuals, and that GSTP1 is catalyzing
the conjugation of BO with GSH.
3.5 Conclusion
GSTT1 and GSTP1 catalyzed the conjugation of BO with GSH at a higher rate than
either GSTM1 or GSTA1 in vitro and are likely to be more important in the BO
detoxification process in vivo. Significant catalytic activity was not quantifiable for
GSTM1 or GSTA1 due to competing nonenzymatic product formation and lower overall
enzymatic activity. This is the first study to report the kinetic parameters of specific GST
isozymes in the detoxification of BO, a critical intermediate in benzene carcinogenesis.
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Chapter 4: Rapid and Sustainable Detoxication of Airborne Pollutants by Broccoli
Sprout Beverage
The following chapter involves work which was published in Cancer Prevention
Research (DOI: 10.1158/1940-6207.CAPR-14-0103).211 The study was primarily designed
and conducted by Thomas W. Kensler and was coauthored by Patricia A. Egner, Jian-Guo
Chen, Adam T. Zarth, Derek K. Ng, Jin-Bing Wang, Kevin H. Kensler, Lisa P. Jacobson,
Alvaro Muñoz, Jamie L. Johnson, John D. Groopman, Jed W. Fahey, Paul Talalay, Jian
Zhu, Tao-Yang Chen, Geng-Sun Qian, Steven G. Carmella, Stephen S. Hecht, and Thomas
W. Kensler. Some figures and excerpts are herein reproduced with permission from the
publisher. This work was supported in part by the U.S. National Institutes of Health (Grants
P01 ES006052 and P30 ES003819 to J.D. Groopman). The authors thank the staff of the
He-He Public Health Station and the He-He Medical Clinic, the village doctors, and the
residents of He-He for their participation; Kristina Wade (Johns Hopkins University) for
the quality control analyses; and the laboratory and clinical staff of the Qidong Liver
Cancer Institute for their logistical support throughout the study. They also thank Safeway,
Inc., for donating the lime juice used in this study.
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4.1 Introduction
The previous chapter describes our efforts in vitro to characterize and quantify the
detoxification processes involved in benzene metabolism, and we found that GSTT1 and
GSTP1 catalyze the conjugation of BO to GSH. This chapter describes a phase II clinical
trial conducted in China wherein a broccoli sprout beverage or placebo beverage was
administered to individuals, and their urine was analyzed for the presence of carcinogen
and toxicant detoxification products. The data presented here provide clear evidence of the
importance of GSTT1 in the detoxification of BO in vivo, and the data also seem to support
the role of GSTP1 in detoxifying BO in vivo. This chapter will also present data on the
metabolic detoxification of the toxicants acrolein and crotonaldehyde.
Air pollution in China, especially in the more industrialized eastern cities, has
increased sharply in recent decades, and is currently at hazardously high levels.26 Air
pollution carries with it a number of carcinogens (including benzene), toxicants, and
particulate matter which can cause adverse health effects. In fact, outdoor air pollution and
particulate matter have recently been evaluated by IARC and classified as Group 1 human
carcinogens.25 In the United States, where air pollution is relatively low, cigarette smoke
is the major source of exposure to benzene.212 In the Yangtze River delta region of China,
nearly two-thirds of men smoke cigarettes, but <5% of women smoke cigarettes. For
nonsmokers in this region, the primary source of exposure to benzene is through the
inhalation of highly-polluted air. The urinary excretion of SPMA and other airborne
toxicant biomarkers is much higher among the nonsmokers living in Qidong than among
nonsmokers in either Minnesota or Singapore.83
Urinary SPMA is considered the most specific biomarker of exposure to benzene,
especially at lower levels of exposure.87 However, the excretion of SPMA requires three
events: exposure to benzene, metabolic oxidation to BO, and conjugation to GSH. In
Chapter 2, we were able to use SPMA strictly as a biomarker of exposure, because the
oxidation and conjugation processes within an individual were assumed to be constant
before and after smoking hookah. In this chapter, we instead use SPMA as a marker of
metabolic detoxification processes. The exposure to benzene should be approximately
equal between the treatment and control groups, as the majority of participants in this study
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were nonsmoking women, and the few participants who were smokers were evenly
distributed between the treatment and control groups. The metabolic oxidation is also
assumed to be similar between the treatment and control groups, as their genetic
backgrounds are similar and sulforaphane does not affect CYP2E1 activity.213 Thus, by
accounting for two of the three aspects of SPMA formation, we can utilize this biomarker
to assess either the exposure to benzene or the metabolic detoxification of BO.
Acrolein and crotonaldehyde are ,β-unsaturated aldehydes which can react with
DNA in the cell and cause genetic mutations.214 Both are detoxified through the
mercapturic acid pathway (Scheme 4.1), yielding 3-hydroxypropylmercapturic acid
(3-HPMA) from acrolein and 3-hydroxy-1-methylpropylmercapturic acid (HMPMA) from
crotonaldehyde. Acrolein and crotonaldehyde can be generated endogenously through lipid
peroxidation processes,215 but they are also found in cigarette smoke and air pollution.161
Although not considered carcinogenic, these aldehydes can cause inflammation and
irritation of the respiratory mucosa, and acrolein has been implicated as a co-carcinogen in
the development of smoking-induced lung cancer.216
Broccoli sprouts are a convenient and rich source of glucoraphanin, a glucosinolate
which can be converted to the cytoprotective and chemopreventive agent sulforaphane
(Scheme 4.2). Sulforaphane is an isothiocyanate, a class of compounds which has been
extensively studied for their chemopreventive properties.217 Isothiocyanates are reactive
molecules, and many of these potential chemopreventive compounds have suffered from
toxicity problems in vivo.218 However, previous studies have shown that sulforaphane has
very low toxicity and good tolerability in humans.83, 219, 220 The mechanism by which
sulforaphane exerts its activity is, at least in part, via alkylation of Cys151 of Keap1.221
Alkylation of Keap1 disrupts the binding interaction between Keap1 and Nrf2, allowing
Nrf2 to translocate to the nucleus and upregulate a number of antioxidant and xenobioticmetabolizing enzymes.222 (R)-Sulforaphane, the naturally-occurring isomer,223 is among
the most potent activators of the Nrf2 gene transcription pathway. In this study, a broccoli
sprout beverage containing sulforaphane and glucoraphanin was administered to 300
participants, and efficacy of treatment was assessed through the quantitation of urinary
excretion products arising from benzene, acrolein, and crotonaldehyde detoxification.
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Scheme 4.1. Metabolic detoxification of acrolein and crotonaldehyde. (A) Acrolein is
conjugated to GSH, a process primarily catalyzed by GSTP1,224 forming a GSH conjugate.
The conjugate is metabolically processed via the mercapturic acid pathway and then
reduced by aldo-keto reductases to form 3-HPMA.216 (B) Crotonaldehyde is metabolized
similarly to form HMPMA, but the initial conjugation with GSH primarily occurs
spontaneously, not by GST catalysis.

Scheme 4.2. Conversion of glucoraphanin to sulforaphane. Myrosinase catalyzes the
hydrolysis of the glycosidic bond in glucoraphanin, releasing an aglycone intermediate.
The aglycone spontaneously rearranges to expel the sulfate group and form the
isothiocyanate, sulforaphane.
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4.2 Experimental Procedures
4.2.1 Study Design and Participants
This protocol was approved by the Institutional Review Boards of the Johns
Hopkins Bloomberg School of Public Health, the University of Pittsburgh, the University
of Minnesota, and the Qidong Liver Cancer Institute and registered with ClinicalTrials.gov
(NCT 01437501). Adults in good general health without a history of major chronic
illnesses were randomized into a placebo-controlled trial for assessing the
pharmacokinetics and pharmacodynamics of a beverage enriched with glucoraphanin and
sulforaphane from broccoli sprouts. Study participants were recruited from the villages of
Qing Jia, Ji Zi, and Jiang Luo in the rural farming community of He-He Township, Qidong,
Jiangsu Province, China. As outlined in Figure 4.1, 1,205 individuals were screened at
local clinics over 6 days in September 2011. Written informed consents were obtained from
all participants. A medical history, physical examination and routine hepatic and renal
function tests were used to screen the individuals, aged 21 to 65 years, by methods identical
to those described for our previous interventions in this region.83,
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Of 539 eligible

individuals from the screened group, the initial 300 were randomized using a fixed
randomization scheme with a block size of 10. Two hundred and ninety-one of these
selected participants returned to the clinics on the first day of the study where they provided
informed consent for the intervention study and were given their identification code.
Overall, there were 62 men (21%) and 229 women (79%) with a median age of 53 (range
21–65) years (Table 4.1). Although this was a tightly controlled dietary intervention,
participants were under no dietary restrictions throughout the trial.
The trial was conducted from mid-October, 2011 to early January, 2012.
Participants consumed a placebo beverage or a broccoli sprout beverage for 84 consecutive
days (12 weeks). Participants met local doctors and study investigators at one of ten
designated local sites between 4:30 and 6:00 p.m. each evening for distribution of the
intervention beverages. Compliance was determined by visual observation of consumption
and measures of urinary excretion of sulforaphane metabolites (see below). Placebo and
broccoli sprout beverages were prepared fresh each afternoon from bulk powders and
79

brought to He-He daily for distribution. To control pH, ascorbic acid was added to urine
collection containers shortly before distribution to participants, and complete overnight and
daytime (about 12 h each) urine samples were collected following consumption of the
beverage on days 1, 7, 14, 28, 42, 56, 70, and 84. In addition, a 12-h overnight urine was
collected on the day prior to consuming the first beverage (day 0). Once collected, urine
volumes were measured, and aliquots prepared and transported to the Qidong Liver Cancer
Institute for immediate storage at −20 °C. Blood samples were collected on days 0, 28, 56,
and 84 of the study. Serum alanine aminotransferase activities were determined on all
collected samples. Aliquots of urine and serum from each sample were shipped frozen to
Baltimore at the end of the study, and serum samples were transferred immediately to a
clinical laboratory (Hagerstown Medical Laboratory, Hagerstown, MD) for comprehensive
blood chemistry analyses.

Figure 4.1. Clinical trial design for the broccoli sprout intervention.
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Table 4.1. Demographic distribution [% (N) or median (IQR)] of screened population
and enrolled participants by treatment group.
Treatment Group
Variable
Screened population
Placebo
Broccoli sprout
(N = 1,205)
(N = 143)
(N = 148)
Sex, female
74% (889)
78% (111)
80% (118)
Age, years
54 (48–59)
53 (48–59)
52 (46–58)
Body mass index
23.9 (21.8–26.2)
23.8 (21.9–25.8)
23.4 (21.3–25.1)
Among women
23.9 (22.0–26.1)
23.8 (22.1–25.4)
23.6 (21.8–25.1)
Among men
23.8 (21.6–26.5)
23.6 (21.5–26.7)
22.5 (20.3–25.3)
Current smoker
12% (146)
13% (18)
9% (14)
Among women
0% (0)
0% (0)
0% (0)
Among men
46% (146)
56% (18)
47% (14)

4.2.2 Preparation of the Broccoli Sprout Beverage
The study was conducted using rehydrated, previously lyophilized broccoli sprout
powders rich in either glucoraphanin or sulforaphane that were produced by the Cullman
Chemoprotection Center at Johns Hopkins University, School of Medicine, Department of
Pharmacology, for clinical study use as an Investigational New Drug. Broccoli sprouts
were grown from specially selected BroccoSprouts™ seeds (cultivar DM1999B) with
technology licensed from Johns Hopkins University. Briefly, seeds were surfacedisinfected, and grown in a commercial sprouting facility under controlled light and
moisture conditions. After 3 days of sprout growth, an aqueous extract was prepared in a
steam jacketed kettle at a GMP food processing facility (Oregon Freeze Dry, Albany, OR).
Sprouts were plunged into boiling deionized water and allowed to boil for 30 min. The
resulting aqueous extract contained about 5 mM glucoraphanin, the biogenic precursor of
sulforaphane.
A glucoraphanin-rich powder was prepared by filtering and lyophilizing this
aqueous extract at Oregon Freeze Dry. Total glucoraphanin titer was determined in the
resulting powder by HPLC226 to be 329 µmol/g powder when assayed just prior to use in
the clinical study. To prepare our sulforaphane-rich powder, the aqueous extract was
filtered, cooled to 37 °C, and treated with myrosinase, an enzyme released from a small
amount of daikon (Raphanus sativus) sprouts, for 4 h to hydrolyze the glucosinolates to
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isothiocyanates. Total isothiocyanate and sulforaphane levels were then quantified by
cyclocondensation analysis227 and by HPLC,228 respectively. This hydrolyzed aqueous
extract was also lyophilized at Oregon Freeze Dry. Sulforaphane content at the time of use
was 202 µmol/g powder and represented 91% of the total isothiocyanate content in the
powder.
The bulk powders were tested for microbial contaminants prior to release by
Oregon Freeze Dry and again upon receipt in Baltimore (IEH-JL Analytical Services,
Modesto, CA and Eurofins Strasburger & Siegel, Hanover, MD), heavy metals (Elemental
Analysis, Inc., Lexington, KY) and benzene (TestAmerica, Pittsburgh, PA). Following air
shipment to China, both powder preparations were stored in sealed bags in a locked,
dedicated −20 °C freezer until reconstitution of the study beverages.
To prepare 150 daily doses, the powders (360 g glucoraphanin-rich and 24.8 g
sulforaphane-rich powders) were dissolved in sterile water. An equal volume of pineapple
juice (Dole, Manila, Philippines) was added along with lime juice (Safeway, USA) in a
final ratio of 47:47:6 water:pineapple juice:lime juice v/v with vigorous mixing prior to
aliquotting individual doses (100 mL) into sterile commercial bottled water bottles
(330 mL) for distribution to study participants. The individual daily dose was 600 µmol
glucoraphanin and 40 µmol sulforaphane. The placebo beverage contained the same liquid
components, with 1% molasses v/v added to provide color masking.
4.2.3 Quality Control of Beverages
The juices served to mask odor and taste but had no effect on the stability of the
phytochemicals and contributed minimal enzyme inducer activity to the beverage. Extra
beverages prepared at early, middle, and late time points during the trial were stored at
−20 °C and returned to Baltimore for analyses of glucoraphanin and sulforaphane content
as well as enzyme inducer activity. NADPH:quinone oxidoreductase inducer activity in the
beverages, measured by the Prochaska assay,229 confirmed 40 ± 1.4 μmol of sulforaphane
equivalents (mean ± SD) in the broccoli sprout beverage in the absence of treatment with
myrosinase and 635 ± 100 μmol of equivalents following incubation with myrosinase, per
100 mL. Direct analyses of glucoraphanin and sulforaphane content in the broccoli sprout
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beverage226, 228 indicated striking concordance with the bioassay results: 614 ± 15 μmol of
glucoraphanin and 40.5 ± 0.8 μmol of sulforaphane. Equivalent measures were seen across
the frozen samples saved from the early, middle, and late time point preparations. No
glucoraphanin or sulforaphane was detected in the placebo beverage. Negligible basal
inducer activity was detected (0.87 ± 0.24 μmol of sulforaphane equivalents) in the placebo
beverage.
4.2.4 Air Pollution and Sulforaphane Biomarkers
Data for the PM10 levels in Qidong during the study period were provided by the
Qidong Environmental Monitoring Station. Values for PM10 in Shanghai were obtained
from the Shanghai Environmental Monitoring Center, Shanghai Environmental Protection
Bureau. All mercapturic acids were quantified by isotope-dilution mass spectrometry as
described previously161, 173 and in Section II.1. Urinary creatinine was assayed by the
Hagerstown Medical Laboratory, Hagerstown, MD. Measurement of glucoraphanin and
sulforaphane metabolites in urine was performed by isotope-dilution mass spectrometry as
previously reported.219
4.2.5 Genotyping and SNP Analyses
Genomic DNA was isolated from serum with a Qiagen QIAamp Mini Blood
isolation kit. GSTM1 and GSTT1 genotypes were identified by real-time PCR as described
previously.220 The primer and probe sequences for the Nrf2 rSNP-617 were as follows:
forward primer sequence CAGTGGGCCCTGCCTAG; reverse primer sequence
TCAGGGTGACTGCGAACAC; reporter 1 dye_VIC TGGACAGCGCCGGCAG;
reporter 2 dye_FAM TGTGGACAGCTCCGGCAG (Applied Biosystems, Grand Island,
NY).
4.2.6 Statistical Analyses
The analyses contained four components: (i) a comparison of levels of air pollutant
biomarkers by treatment arm at baseline, prior to the administration of the broccoli sprout
beverage (i.e., day 0), (ii) a comparison of the persistent effects (days 1–84) of the beverage
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on air pollutant excretion in urine, (iii) a comparison of air pollutant excretion by genotype,
and (iv) a description of sulforaphane metabolites excreted in urine at the individual level.
These analyses have been described in detail.211
4.3 Results
4.3.1 Compliance, Data Collection Completeness, and Tolerability
As indicated in Figure 4.1, 300 individuals were randomized into the two
intervention arms; 9 declined to participate shortly thereafter. The intervention groups did
not differ significantly (P > 0.05) by gender, age, or body mass index (Table 4.1). Of the
24 dropouts, 13 had been assigned to the placebo arm while 11 had been assigned to the
broccoli sprout beverage arm. Two hundred and sixty-seven out of 291 participants (92%)
completed the trial: 53% drank every beverage while the rest consumed at least 80 of 84
assigned beverages. Ten grade I adverse events were reported; all occurred in the first week
of the trial and were distributed as 4 participants (2.8%) assigned to the placebo beverage
and 6 participants (4.1%) assigned to the broccoli sprout beverage. Unacceptable taste and
mild stomach discomfort were the common complaints. One individual, assigned to the
broccoli beverage, reported mild vomiting. Most of the remaining 14 dropouts left the study
because of the inconvenience of meeting on a daily basis for supervised beverage
consumption. The tolerability of the broccoli beverage was vastly improved due to the
water:pineapple juice:lime juice formulation recommended by Sensory Spectrum230
compared to earlier trials in which broccoli sprout extracts were delivered in water220 or a
50:50 water:mango juice mixture.83 Furthermore, of the 267 participants who completed
the trial, only 18 of 4,539 possible urine samples were not collected (0.3%), and 99.8% of
the blood samples were collected. There were no abnormal clinical chemistry values for
blood samples collected on the last day of the intervention.
4.3.2 Levels of Air Pollutant Biomarkers at Baseline
Levels of SPMA, 3-HPMA and HMPMA were measured in all study participants
in the baseline 12-h overnight urine samples collected on the morning prior to consumption
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of the first beverage. These analytes served as biomarkers of internal dose from ambient
exposures to these pollutants. Since the three biomarkers exhibited strong skewness (7.2,
6.9 and 6.4 for SPMA, 3-HPMA and HMPMA, respectively) all analyses were performed
on the log-transformed scale which reduced the skewness to -0.2, 0.7 and 1.4, respectively.
Table 4.2 presents the geometric means and interquartile ranges (IQR) for these day 0
values segregated by treatment arm assignment. There were no significant differences in
biomarker levels in the participants upon entry into the placebo and broccoli sprout
beverage arms of the trial.

Table 4.2. Geometric mean levels (IQR) of urinary SPMA, 3-HPMA, and HMPMA
(pmol/mg creatinine) at day 0 by treatment assignment.
Placebo (N = 143)
Broccoli Sprout (N = 148)
P-value
SPMA
0.709 (0.326–1.54)
0.745 (0.395–1.41)
0.885
3-HPMA
3,360 (1,690–5,490)
3,570 (1,700–6,190)
0.779
HMPMA
1,510 (880–1,960)
1,310 (829–1,790)
0.112

4.3.3 Effects of Broccoli Sprout Beverage on Air Pollutant Biomarkers
No routine monitoring of airborne concentrations of volatile organic chemicals is
conducted in China, and monitoring was not undertaken as part of this study. However,
daily tracking of the concentration of PM10 was recorded for many Chinese cities including
Shanghai and Qidong at the time of the study. Presented in Figure 4.2A are the 24-h
averaged daily concentrations of PM10 recorded in central Shanghai and in Qidong during
the study period. The means of two Qidong monitoring sites, each within 0.5 km of the
Qidong Liver Cancer Institute, are presented. The concordance in the daily fluctuations
over the 84-day period between the Shanghai and Qidong sites highlights the regional
nature of the pollution in the Yangtze River delta area. Exposures were consistently but
moderately higher in Qidong compared to Shanghai. Moreover, the rates of seasonal
increase in PM10 levels were consistent (+2.0% per week) between the monitoring sites.
Isotope-dilution mass spectrometry was used to quantify the urinary excretion of
the mercapturic acids of benzene, acrolein, and crotonaldehyde from the eight overnight
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12-h urine samples collected from each participant over the 12-week intervention period.
Based on the mixed model, the estimated SPMA excretion for the placebo group was 0.818
pmol/mg creatinine (95% CI [0.725, 0.922]) at day 1. As shown in Figure 4.2B, those
receiving broccoli sprout beverage had 60.6% higher excretion of SPMA (95% CI
[+35.8%, +89.8%], P < 0.001) at day 1, and this effect persisted over time. The average
change per week for the placebo arm was +1.7% (95% CI [+0.7%, +2.6%]) and it was
similar (P = 0.204) to the average change per week for the broccoli sprout beverage
(+2.5%, 95% CI [+1.6%, +3.5%]). Similarly, the broccoli sprout beverage group had a
+22.7% higher urinary excretion of 3-HPMA (95% CI [+5.0%, +43.4%], P = 0.010) at
day 1 than the placebo group (Figure 4.2C). This significantly higher level of urinary
3-HPMA persisted over time. Each group had modest change of +1.7% per week,
consistent with the change in PM10 over this time (P-value comparing change per week
between arms = 0.877). Lastly, the urinary excretion of HMPMA for the placebo arm at
day 1 was 1,412 pmol/mg creatinine, which was nearly the same as that for the broccoli
sprout beverage group (P = 0.531).
Restriction of the analyses to the 211 women who completed the trial, all of whom
were nonsmokers, yielded the same results as seen with all participants. In this subgroup
analysis, the increases in the excretion of SPMA, 3-HPMA, and HMPMA for the broccoli
sprout versus placebo group were +54.7% [+27.2%, +88.1%], +21.7% [+1.8%, +45.5%],
and +2.0% [–13.7%, +20.4%], respectively.
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Figure 4.2. Air quality data and geometric means for biomarker levels on days 0, 1, 7, 14,
28, 42, 56, 70, and 84 of the intervention. (A) Daily average levels for PM10 in Shanghai
(black) and Qidong (red) during the study period. (B) Urinary SPMA excretion over time.
(C) Urinary 3-HPMA and HMPMA excretion over time. Green squares represent data from
the broccoli sprout beverage arm; gray circles represent data from the placebo arm.
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4.3.4 Effect of GST Genotypes and Nrf2 rSNP-617 on Biomarker Levels
As discussed in Chapter 3, many genetic studies have been conducted to attempt
to elucidate the importance of human GSTs in vivo. The absence of the GSTT1 allele is
known to diminish SPMA excretion in settings of occupational exposures,192 but an effect
of GSTM1 is less certain.196 The 267 participants who completed this study were genotyped
for presence of these two GST alleles. The distributions of the null genotype for GSTT1
(41.9%) and GSTM1 (52.1%) were in accord with our earlier determinations in this
population.83, 220 As shown in Figure 4.3A, on day 0 there was a significant 59% elevation
of SPMA excretion in those individuals positive for the GSTT1 allele compared to those
who were null (P < 0.01). Within the placebo arm there was a consistent >50% increase in
SPMA excretion at each time point evaluated based on a positive GSTT1 genotype. A
similar differential effect of null and positive GSTT1 genotype was seen in the treatment
arm, but starting from a higher baseline value, reflecting the intervention effect. Thus,
although GSTT1 genotype is an important modifier of benzene metabolism, the broccoli
sprout beverage-induced effects on increased excretion of SPMA appear to be independent
of GSTT1 status. By contrast, shown in Figure 4.3B, on day 0 and throughout the trial, the
presence or absence of the GSTM1 alleles had no effect on rates of excretion of SPMA in
the overnight voids (day 0: P = 0.501). Moreover, the effect of treatment was evident at all
time points, regardless of GSTM1 genotype.
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Figure 4.3. Effect of GSTM1 and GSTT1 genotypes on urinary excretion of SPMA.
Distributions of SPMA levels (geometric means and 95% CIs) in participants either null or
positive for (A) the GSTT1 gene or (B) the GSTM1 gene by assignment group (placebo or
treated) and day of study. Green bars indicate those receiving the broccoli beverage. Open
symbols represent data for the participants null for the genotype and solid symbols indicate
the geometric means of those who were positive.
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There is a functional polymorphism in an antioxidant response element-like
sequence at −617 of the promoter of the transcription factor Nrf2 in which A is substituted
for C.231 Nrf2 is known to regulate the expression of genes, including GSTs, involved in
the detoxication of toxicants and carcinogens.222 In an exploratory analysis, among the 267
participants completing the trial, 123 were homozygous for the C allele (C/C), 115
heterozygous (C/A), and 29 were A/A. There was no significant effect of this SNP (A/A
or A/C versus C/C) on the excretion of SPMA at baseline (day 0) (P = 0.203). Moreover,
no change was seen in the placebo arm throughout the intervention period. The median
[IQR] of individual geometric mean levels in pmol/mg creatinine for days 1 through 84 of
the trial were 0.750 [0.461, 1.140] for C/C and 0.860 [0.443, 1.119] for C/A or A/A
(P = 0.896). However, a significant effect on benzene metabolism and excretion was seen
following treatment with the broccoli beverage, indicating a potential role for Nrf2 in the
actions of sulforaphane in this setting. The median [IQR] levels in pmol/mg creatinine were
1.104 [0.797, 1.519] for C/C and 1.352 [0.938, 1.833] for C/A or A/A (P = 0.029).
4.3.5 Sulforaphane Pharmacokinetics
Isotope-dilution mass spectrometry was used to measure the levels of GSH-derived
conjugates of sulforaphane excreted in the urine during consecutive 12-h collections on
days 1, 42, and 84. Sulforaphane-N-acetylcysteine (80–81%), sulforaphane-cysteine (12–
14%) and free sulforaphane (5–7%) are the major urinary metabolites; the other GSHderived conjugates, sulforaphane-GSH and sulforaphane-cysteinyl-glycine, account for
<1% of the excretion products, as seen previously.219 The distributions of individual
urinary metabolites did not change over the course of the intervention. Even with the
blended glucoraphanin and sulforaphane formulation designed to extend the biological
half-life of each dose, the majority of the sulforaphane metabolites were excreted in the
first 12 h following administration of each dose, although the percentage of total 24-h
excretion increased from 72 to 82 to 84% on days 1, 42, and 84, respectively. Median levels
of the 24-h excretion of sulforaphane metabolites increased from 54 to 56 to 62 μmol.
These amounts represent 8.4, 8.8, and 9.7% of the administered daily dose of sulforaphane
(600 μmol glucoraphanin + 40 μmol sulforaphane). In order to summarize the intrasubject
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changes in sulforaphane metabolites over time, regression lines were fit to each
individual’s data. The median of the 136 subject-specific slopes, expressed as percent
change, was +10.1% [IQR: -13.7%, +43.9%]. This average change was significantly
greater than zero (sign rank P = 0.01). The intraclass correlation coefficient for the repeated
measures of sulforaphane metabolites was 0.35.
All individuals assigned to the placebo arm had urinary sulforaphane metabolite
levels below 1 µmol with the exception of 6 individuals at day 42 and 4 individuals at
day 84. The highest value amongst these individuals was 14 µmol per 24 h. These values
in the detectable range likely reflected the consumption of broccoli, which was being
harvested from the local fields during the second half of the study. Participants were under
no dietary restrictions throughout the trial.
4.4 Discussion
This study demonstrates that treatment with sulforaphane and glucoraphanin,
delivered as a broccoli sprout extract beverage, causes a rapid increase in the metabolic
detoxification of benzene and acrolein, and that this increase can be sustained over a long
time period. The change was more pronounced for the detoxification of benzene, a known
human carcinogen, which shows promise for the chemoprevention potential of
sulforaphane in humans. The doses utilized in this trial were lower than the phase I clinical
trial, with only 40 µmol sulforaphane and 600 µmol glucoraphanin instead of 150 µmol
and 800 µmol, respectively.83, 219 The efficacy was nearly identical in both studies, which
suggests that the biological mechanisms are saturated at these doses. Intake of sulforaphane
and glucoraphanin upon normal consumption of cruciferous vegetables is much lower than
this, and further work is required to identify the minimum efficacious dose. Interindividual
bioavailability is highly variable, especially when treated with glucoraphanin alone, so
formulations which may provide more consistent or prolonged release of sulforaphane need
further investigation. The reason for this variability lies in the composition of the gut
microflora and the efficiency of conversion from glucoraphanin to sulforaphane.232
This study provides additional confirmation of the critically important role of
GSTT1 and the less important role of GSTM1 in the detoxification of BO. Among all
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individuals, regardless of treatment group, SPMA excretion was significantly higher for
those who were positive for GSTT1 than for those who were negative. Additionally, the
benefit of sulforaphane treatment is equal for individuals without GSTT1 to those with
GSTT1. For this reason, we can conclude that the beneficial effects of having functional
GSTT1 and the benefits of sulforaphane treatment are completely independent of each
other. To interpret this another way, the benefit of sulforaphane treatment is not produced
through upregulated expression of GSTT1, because GSTT1-null individuals have equally
higher SPMA excretion upon treatment. GSTM1 genotype has no effect on the excretion
of SPMA in either treatment group.
One of the gene targets of Nrf2 is the GSTP family of enzymes. This has been
shown in rat livers,182 and has been confirmed with GSTP1 in the human respiratory
tract.183 Other GSTs in humans and mice which are also upregulated by sulforaphane
treatment are GSTM1, GSTM4, GSTA1, and GSTA3.233, 234 GSTT1 is not upregulated by
Nrf2 activation in vitro. As outlined in Chapter 3, we have identified in vitro that GSTT1
and GSTP1 are good catalysts for the detoxification of BO, while GSTM1 and GSTA1 are
less active. Thus, the only known enzyme which is both upregulated by sulforaphane
treatment and a good catalyst for BO detoxification is GSTP1. For this reason, it is probable
that the observed increase in urinary SPMA excretion for the broccoli sprout treatment
group is primarily due to the action of GSTP1 in vivo. However, as discussed at the end of
Chapter 3, nearly all individuals have functional GSTP1, so it is difficult to confirm the
importance of this enzyme in human populations using genetic techniques. Sulforaphane
is a highly active phytochemical, and activation of the Nrf2 pathway produces a myriad of
effects, thus it may not be possible to attribute these effects solely to GSTP1.
This study offered a unique convergence between the tissue expression profiles of
the enzymes activated by sulforaphane and those of the enzymes involved in benzene
metabolism. Upon ingestion, sulforaphane is highly bioavailable (F = 70%)219 and widely
distributed. Thus, any tissue which has higher basal expression of Nrf2 and Keap1 should
yield a more robust response for Nrf2-mediated gene transcription. The lung, muscle
tissues, and the kidney are the tissues which express the highest levels of Nrf2 in humans.235
The lung also expresses high levels of GSTP1,205 and only a small amount of GSTT1 and
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GSTA1 but not GSTM1.207, 236 Finally, the lung expresses CYP2E1 and CYP2F1,237 which
have both been shown to oxidize benzene to BO in pulmonary microsomes.40 Thus, for the
individuals participating in this study, upon inhalation of polluted air, benzene is oxidized
to BO locally in the lung by CYP2F1 and/or CYP2E1. The BO is then rapidly conjugated
with GSH through the action of GSTT1 and GSTP1, the latter of which is upregulated in
individuals receiving treatment due to the abundant action of the Nrf2 gene transcription
pathway in the lung. Finally, the GSH conjugate is circulated in the bloodstream to the
kidney, where it is metabolized to SPMA by enzymes including γ-glutamyltranspeptidase,
which is also upregulated by Nrf2 signaling.233
GSTP1, GSTM1, and GSTA1 have been studied in vitro for activity in conjugating
GSH with ,β-unsaturated aldehydes including acrolein and crotonaldehyde.224 GSTP1
had the highest activity by far of the three enzymes, and acrolein was a much better
substrate (>10-fold) than crotonaldehyde. This preference is observed across all the known
human variants of GSTP1.238 GSTM1 and GSTA1 showed modest activity in conjugating
acrolein, but had no detectable activity for crotonaldehyde.224 This is likely the reason we
observe a significant increase in urinary 3-HPMA but we do not observe an increase in
HMPMA upon treatment with sulforaphane. These data also support the hypothesis that
upregulation of GSTP1 expression is primarily responsible for the observed biological
effects among sulforaphane-treated individuals.
The focus of this study was on residents of Qidong who are exposed to high levels
of air pollution. The majority of the subjects (211) were women and nonsmokers, but
approximately 50% of the men in this region are smokers. The results of this broccoli sprout
intervention are promising for individuals breathing polluted air, but they can also be
extrapolated to people around the world inhaling benzene via cigarette smoke. Over 80%
of lung cancer deaths are attributable to tobacco smoking,11 and at least 18 different cancers
have been causally linked to cigarette smoking,14, 17 but many smokers find it difficult or
impossible to quit. The results of this study should be further investigated among smokers
to determine which carcinogens can be detoxified through treatment with the
chemopreventive agent sulforaphane, and how that would ultimately affect risk of
developing different types of cancer. This study showed that efficacy can be maintained
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for an extended period of time, which will be critical, as the development of cancer often
takes decades.
4.5 Conclusion
This phase II clinical trial demonstrated that treatment with a broccoli sprout extract
rich in sulforaphane and glucoraphanin can significantly upregulate the metabolic
detoxification processes for benzene and acrolein but not for crotonaldehyde. This effect
is achieved rapidly and can be sustained by daily dosing for prolonged time periods with
negligible toxicity. The proposed mechanism wherein GSTP1 expression is upregulated
via Nrf2-mediated gene transcription is consistent with the in vitro results for the catalytic
efficiency of GSH conjugation with BO, acrolein, and crotonaldehyde by GSTP1. GSTT1,
although critical in the detoxification process of BO, is not upregulated by treatment with
broccoli sprout extract. This study helps clarify some of the mechanisms of the
chemopreventive potential of sulforaphane, and provides promising results for extended
use in humans.
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Chapter 5: Analysis of the Benzene Oxide-DNA Adduct 7-Phenylguanine:
Application to DNA from Exposed Mice and Humans
The following chapter involves work which was published in Chemico-Biological
Interactions (DOI: 10.1016/j.cbi.2014.03.002).239 The study was primarily designed and
conducted by Adam T. Zarth and was coauthored by Adam T. Zarth, Guang Cheng,
Zhaobin Zhang, Mingyao Wang, Peter W. Villalta, Silvia Balbo, and Stephen S. Hecht.
Some figures and excerpts are herein reproduced with permission from the publisher. This
study was supported by grant CA-92025 from the U.S. National Institutes of Health,
National Cancer Institute. The authors thank Bob Carlson for editorial assistance and the
laboratory of Lisa A. Peterson, including Alex E. Grill and Igor V. Ignatovich, for helpful
advice on the cell culture work.
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5.1 Introduction
This dissertation has thus far focused on the exposure to and detoxification of
benzene and benzene oxide. However, when BO is generated in vivo, before it rearranges
to phenol or is detoxified to form SPMA, it has the potential to react with DNA. If BO
reacts with DNA, this could cause mutations and ultimately contribute to carcinogenesis.
In this chapter, we explore the DNA adduct 7-phenylguanine (7-PhG), and examine its
possible role as the etiological agent of benzene carcinogenesis. The results from the data
collected here suggest that 7-PhG forms in extremely low levels in vivo, if at all, and is
likely not the intermediate responsible for the genotoxicity of benzene.
The mechanism of benzene carcinogenesis is still not fully understood, despite
multiple hypotheses having been proposed and pursued.108 DNA adducts, formed upon the
reaction with carcinogens, are central to the mechanism of carcinogenesis of many
chemical carcinogens including nitrosamines, PAHs, and heterocyclic aromatic amines.240
Like benzene, these compounds are converted to reactive electrophiles by the action of
cytochrome P450 enzymes and can react with DNA to form well-characterized adducts.
These adducts can lead to mutations, and if these mutations occur in critical growth genes,
this can ultimately lead to cancer.
BO is known to react with DNA to preferentially form 7-PhG as the major adduct,
following dehydration of the hydroxycyclohexadiene species shown in Scheme 5.1.105, 241
However, as detailed in Chapter 1, Scheme 1.1, BO is not the only reactive species arising
from benzene metabolism. DNA damage arising from downstream metabolites, including
quinones,90, 242 muconaldehydes,98, 243 and ROS generated from redox cycling,93, 114 have
also been investigated. In this study we chose to examine BO because it is the initial
metabolite and is specific to benzene exposure. We hypothesized that the direct reaction
between BO and DNA is the etiological cause of benzene-associated leukemia. To study
this, we developed a highly sensitive method for the analysis of 7-PhG by liquid
chromatography-nanoelectrospray ionization-high-resolution tandem mass spectrometry
with parallel reaction monitoring (LC-NSI-HRMS/MS-PRM). We then applied this
method to DNA exposed to BO, DNA from cell culture incubated with BO, DNA from
target tissues of mice treated with benzene, and DNA from human leukocytes.
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Scheme 5.1. Select overview of benzene metabolism and the resulting formation of 7-PhG.

5.2 Experimental Procedures
CAUTION: Benzene is a known human carcinogen, and BO is its activated form; use
extreme care and personal protective equipment when handling.
5.2.1 Chemicals
7-PhG was synthesized in 3 steps by protection of the N2 position of guanine,
reaction with phenylboronic acid, and deprotection, as described previously.244 [D5]7-PhG
was similarly synthesized with [D5]phenylboronic acid (Cambridge Isotope Laboratories,
Inc.). Both compounds were purified by HPLC collection and identified by their spectral
properties, which were consistent with those reported.244 7-PhG: 1H NMR (DMSO-d6) δ
10.97 (s, 1 H, NH), 8.29 (s, 1 H, C8–H), 7.48 (m, 5 H, PhH), 6.34 (s, 2 H, NH2); MS
(positive ESI) m/z calc’d for [M + H]+, 228; found, 228; UV (65% 15 mM NH4OAc in
35% aq. CH3CN) λmax 230, 292 nm; [D5]7-PhG: 1H NMR (DMSO-d6) δ 10.85 (s, 1 H, NH),
8.23 (s, 1 H, C8–H), 6.21 (s, 2 H, NH2); MS (positive ESI) m/z calc’d for [M + H]+, 233;
found, 233; UV (65% 15 mM NH4OAc in 35% aq CH3CN) λmax 230, 292 nm.
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BO was synthesized as described previously104 in 96% purity with 4% degradation
to phenol. 1H NMR (300 MHz, CD3CN) δ 6.28 (m, 2 H, Cα–H), 5.95 (dd, J = 3 Hz, 6 Hz,
2 H, Cβ–H), 5.20 (d, J = 6 Hz, 2 H, Cγ–H).
5.2.2 Reaction of BO with Calf Thymus DNA
Calf thymus DNA (20 mg, Worthington Biochemical Corporation) was dissolved
in 4.9 mL pH 7.4 phosphate buffer at 37 °C. BO was diluted in 0.1 mL phosphate buffer
and added to achieve final concentrations of 10 nM–10 mM, and the mixture was stirred
for 2 h at 37 °C. The DNA was precipitated with ice cold isopropyl alcohol and washed
twice with EtOH.
5.2.3 Treatment of Mice with Benzene
This study was approved by the University of Minnesota Institutional Animal Care
and Use Committee. One hundred male B6C3F1 mice, age 6 weeks, were obtained from
Charles River Laboratories and housed 4 mice per cage under standard conditions (20–
24 °C, 29–32% relative humidity, 14/10 light/dark cycle) in the Research Animal
Resources facility, University of Minnesota. They were given Purina Lab Chow 5001 diet
and tap water ad libitum and allowed to acclimate for 2 weeks before treatment. Fifty mice
were treated by gavage 5 times weekly on weekdays for 4 weeks with 50 mg/kg benzene
in corn oil (5 mL/kg), and 50 control mice were given corn oil only (5 mL/kg). These doses
were based on those used by the National Toxicology Program245 which resulted in tumors
and malignant lymphomas but no other toxicity. The mice were euthanized by CO2
overdose, and blood, liver, lung, and bone marrow were collected. All tissues were
collected the same day as the final dose of benzene, within 1–8 h after exposure.
5.2.4 Treatment of Cells with BO
Mouse hepatocytes were purchased from XenoTech and thawed according to the
included protocol. The hepatocytes were resuspended in hepatocyte incubation media
(XenoTech), and 4 mL (4 million cells) were transferred to each of five 25 mL flasks. BO
was diluted in H2O then added to four flasks to a final concentration of 100 µM. The cells
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were incubated at 37 °C and lysed after 1, 2, 4, or 8 h. H2O was added to the final flask as
a negative control and was incubated for 8 h before lysis. Human TK-6 lymphoblasts
(ATCC) were cultured in RPMI medium 1640 (Life Technologies) with 15% horse serum.
The cells (5 mL, 5 million cells) were transferred to each of four 25 mL flasks. BO was
diluted in H2O and added to each of three flasks to obtain final concentrations of 100 µM,
1 mM, and 10 mM. The fourth flask was treated with H2O as a negative control. TK-6 cells
were incubated at 37 °C for 1 h before lysis. DNA was isolated from all cells according to
a modified QIAamp DNA isolation kit (Qiagen).
5.2.5 Samples from Smokers and Nonsmokers
This study was approved by the University of Minnesota Institutional Review
Board. Ten smokers (range 10–25 cigarettes per day) and ten nonsmokers provided 20 mL
blood samples obtained by venipuncture. Smoking status was confirmed by measurement
of exhaled CO. Urine (>125 mL) was collected from the same subjects. Buffy coat DNA
was isolated as described below and urine was analyzed for SPMA as described.173
5.2.6 Isolation of DNA from Mouse and Human Samples
DNA was isolated from human blood samples using a standard protocol adapted
from the Puregene protocol available through Qiagen. Briefly, the buffy coat was treated
with RBC Lysis Solution for 5 min at room temperature, the samples were centrifuged, and
the supernatant was discarded. The pellet was resuspended and incubated in Cell Lysis
Solution at room temperature for 1 h. Proteinase K was added and the samples were
incubated at room temperature overnight with shaking. RNase A solution was added for a
final incubation of 2 h. Protein Precipitation Solution was added, the samples were
centrifuged, and the supernatant was poured into ice cold isopropyl alcohol. The DNA
precipitate was removed and washed twice with EtOH. Animal tissue samples were
processed similarly, with tissue homogenization as an initial step where appropriate.
To assess adduct stability during the DNA isolation procedure, an experiment was
performed wherein the Proteinase K incubation time was varied. Duplicate samples of

99

mouse liver, mouse lung, and calf thymus DNA reacted with BO were each incubated for
1, 4, 7, or 16 h before protein precipitation and subsequent DNA isolation.
7-PhG was released from the isolated DNA by neutral thermal hydrolysis. The
DNA sample was dissolved in 10 mM sodium cacodylate buffer (1 mL, pH 7) and
[D5]7-PhG internal standard (50 fmol) was added. The sample was heated at 100 °C for
1 h, and an aliquot (50 μL) was removed for acid hydrolysis (80 °C, 1 h, pH 1–2) and
subsequent guanine quantitation. Guanine was quantified by HPLC-UV based on a linear
calibration curve, as described.246 The remaining solution was filtered through a 30,000
kDa filter (Millipore) and purified on a Strata-X polymeric reversed-phase SPE cartridge
(Phenomenex). The cartridge was washed with H2O and 20% CH3OH/H2O (1 mL each).
The analyte was eluted with 80% CH3OH/H2O (1 mL), and the eluent was evaporated to
dryness in vacuo.
5.2.7. Analysis of 7-PhG by LC-NSI-HRMS/MS-PRM
The hydrolyzed DNA samples were reconstituted in 20 μL H2O and 3 μL were
injected for analysis by LC-NSI-HRMS/MS-PRM. The column was a 75 μm internal
diameter, 10 cm, 15 μm orifice capillary column hand-packed with Luna C18 (5 µm)
bonded separation media (Phenomenex). The analysis was performed on an LTQ Orbitrap
Velos instrument (Thermo Scientific, Waltham, MA) with resolution set at 30,000. The
parent ion was fragmented by higher-energy collisional dissociation (HCD) and the
monitored mass transitions (0.5 amu isolation width) were m/z 228.0 → 104.0493,
129.0445, 141.0446, 169.0395, 186.0661, 211.0614, and 229.0719 for 7-PhG and
m/z 233.0 → 109.0807, 134.0761, 146.0761, 174.0710, 191.0976, 216.0929, and 234.1034
for [D5]7-PhG. Positive and negative controls were included with the processing of each
set of DNA samples. The positive controls were calf thymus DNA which had been allowed
to react with BO, and the negative controls were unmodified calf thymus DNA or sodium
cacodylate buffer without DNA. The calibration curves were constructed from six dilutions
of synthetic standards and had excellent linearity (R2 ≥ 0.996, N = 7). The concentrations
used were 10, 20, 40, 80, 160, and 320 amol/µL 7-PhG, and all standards contained
1.0 fmol/µL [D5]7-PhG. The samples were quantified by isotope-dilution mass
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spectrometry wherein the area ratio of 7-PhG to [D5]7-PhG was measured and the known
amount of [D5]7-PhG added to each sample was used to calculate the level of 7-PhG.
5.3 Results
5.3.1 7-PhG Method Validation
7-PhG was quantified by isotope-dilution mass spectrometry, using [D5]7-PhG as
the internal standard. Accuracy and precision of the method were evaluated by adding
known amounts of 7-PhG to calf thymus DNA and performing the analysis in triplicate for
each level. The results, which are summarized in Table 5.1, demonstrate good agreement
between the added and detected amounts of 7-PhG. Precision was excellent (< 5% CV) at
each level of added 7-PhG. The on-column LOD was determined by diluting a standard
solution of 7-PhG until a 3:1 signal-to-noise ratio was observed. The LOD was determined
to be 8 amol on column. The limit of quantitation in DNA matrix was estimated to be 40
amol on column (>10:1 signal-to-noise ratio) starting with 0.1–5.0 mg DNA; better signal
was obtained starting with larger amounts of DNA. Accuracy was 105.5% and precision
(average CV) was 2.7%.
For the analysis of DNA samples reacted with BO, we tested the efficiency of
neutral thermal hydrolysis (10 mM sodium cacodylate buffer, pH 7.0, 100 °C, 1 h) versus
acid hydrolysis (0.1 N HCl, pH 1–2, 80 °C, 1 h). Neutral thermal hydrolysis produced
levels of 7-PhG that were 1.4 times higher than acid hydrolysis and produced cleaner
chromatograms by LC-NSI-HRMS/MS-PRM, so this hydrolysis method was adopted.

Table 5.1. Accuracy and precision data from triplicate samples of calf thymus DNA
spiked with 7-PhG. Detected data are mean ± SD.
7-PhG Added, fmol
1.0
2.0
4.0
8.0
16.0

7-PhG Detected, fmol

Coefficient of Variation, %

0.97 ± 0.03
2.44 ± 0.04
4.39 ± 0.19
8.56 ± 0.23
14.7 ± 0.28

3.2
1.5
4.3
2.7
1.9
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5.3.2 Reactions of DNA with BO
Calf thymus DNA was allowed to react with a range of concentrations of BO
(10 nM to 10 mM), and 7-PhG was quantified by LC-NSI-HRMS/MS-PRM (Table 5.2).
These reactions were used to determine the minimum concentration of BO necessary to
form detectable levels of 7-PhG. We were able to detect 7-PhG when DNA was exposed
to 1 μM BO or greater under physiological conditions. The seven characteristic fragment
ions were summed together to produce the chromatograms used for quantitation of 7-PhG
(Figure 5.1).

Table 5.2. Formation of 7-PhG from the reaction between calf thymus DNA
and BO at 37 °C for 2 h. Data are presented as fmol adduct per µmol guanine.
LOD denotes samples below the limit of detection.
[Benzene Oxide], μM

7-PhG, fmol/μmol guanine

10000
1000
100
10
1
0.1
0.01

330
63
8
0.6
0.1
LOD
LOD
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6000

RT: 12.98
Observed
Ions:

5000

Intensity

4000

228
3000
2000

m/z
104.0493
129.0449
141.0446
169.0397
186.0663
211.0614
229.0721

1000
0
350000
300000

RT: 12.95

Observed
Ions:

Intensity

250000
200000

233
150000
100000

m/z
109.0807
134.0761
146.0761
174.0710
191.0976
216.0928
234.1037

50000
0
8

9

10
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12

13
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Time (min)

Figure 5.1. A representative chromatogram from the in vitro reaction between BO
(100 µM) and calf thymus DNA. Top chromatogram: the monitored mass transitions for
7-PhG. Bottom: those of [D5]7-PhG. The y-axis is labeled with absolute intensity

5.3.3 Studies of Mice Treated with Benzene
We did not detect 7-PhG in DNA from tissues of mice treated with benzene. For
both the treated and control groups, 7-PhG was below the LOD in bone marrow, lung, and
liver DNA samples. These tissue samples gave chromatograms which had considerably
more chemical noise than either the in vitro reaction with purified calf thymus DNA or the
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human leukocyte DNA samples discussed below. Additionally, there was lower apparent
recovery based on the area of the internal standard, likely due to signal suppression from
the sample matrix. We estimate loss of signal due to matrix suppression to be 30–70%,
depending on the individual DNA sample. To address these issues, the DNA sample matrix
was mixed with 7-PhG standard after SPE processing, and we could reliably detect 90 amol
on column in the sample matrix. We estimate the LOD to be ~50 amol on column for DNA
samples isolated from mouse lung and liver, which is higher than the LOD in human
leukocytes or calf thymus DNA (8 amol on column). However, the animal tissues yielded
larger amounts of DNA (0.4–1.2 mg) than the human blood samples (0.1–0.3 mg), so the
LOD in animal tissues corresponds to approximately 0.24–0.6 adducts per 109 nucleotides
while the LOD in calf thymus and human DNA is 0.15–0.45 adducts per 109 nucleotides,
depending on the sample size of DNA.
We considered the possibility that the overnight incubation step during DNA
isolation may have caused loss of the analyte. The DNA isolation protocol was repeated
on mouse lung DNA, mouse liver DNA, and calf thymus DNA reacted with BO, testing
various incubation times. Based on the quantitation of 7-PhG in calf thymus DNA, the
DNA isolation procedure reduces levels of analyte to approximately one-third of the
amount in samples which were not subjected to the isolation conditions. This loss of
analyte, which occurs during the first 4 h of incubation, was incorporated into the LOD
calculation above.
5.3.4 Studies in Cell Culture
The in vitro reactions with DNA demonstrate that we are able to detect 7-PhG
formation above 1 µM concentrations of BO, yet we were not able to detect 7-PhG
formation in mouse tissues. We considered the possibility that 7-PhG was being formed in
vivo, but was repaired before the tissue was isolated. To address this, two types of cells
(mouse hepatocytes and human TK-6 lymphoblasts) were exposed to 100 µM BO for 1–
8 h. When the DNA (1–22 µg) was analyzed, we could not detect 7-PhG formation at any
time point. The TK-6 cells were also exposed to 1 mM and 10 mM BO for 1 h, and only
the 10 mM concentration yielded detectable levels of 7-PhG. This supports the hypothesis
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that BO does not react efficiently with DNA in the cell, consistent with the results we
observed in mice.
5.3.5 Studies on Smokers and Nonsmokers
Leukocyte DNA from 10 smokers and 10 nonsmokers was analyzed for 7-PhG. All
samples but one were indistinguishable from the negative control blanks, and the one
positive sample was from a nonsmoker (Figure 5.2). The level of 7-PhG in the positive
sample was near the LOD: 10 amol on column from 0.12 mg DNA, which corresponds to
approximately 0.75 fmol/μmol guanine or 0.48 adducts per 109 nucleotides. The presence
of 7-PhG in the positive sample was confirmed by matching 6 of the 7 ion fragments which
are characteristic of the 7-PhG fragmentation pattern to within 3 ppm of the calculated
exact mass (Figure 5.2B). However, the ratio of the fragment ions was somewhat different
than those observed in the standard (Table 5.3). It is possible that the ion abundances were
too low to obtain reliable intensity data, or it is possible that this signal is arising from a
compound which is not chemically identical to 7-PhG. Also, we cannot fully exclude the
possibility that this positive sample could have arisen from cross-contamination.
Urinary SPMA from the same subjects was quantified by LC-MS/MS, as described
previously173 and in Section II.1. Levels of SPMA were significantly higher (P < 0.05) in
urine from smokers (mean: 0.83 ng/mL urine) than from nonsmokers (0.19 ng/mL). Four
of the ten nonsmokers had SPMA levels below the LOD (0.02 ng/mL), including the
subject whose leukocyte DNA was positive for 7-PhG.
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Figure 5.2. Three representative chromatograms with the y-axes normalized to the same
intensity as the chromatogram in Figure 5.1. Top row: the monitored mass transitions for
7-PhG. Bottom row: those of [D5]7-PhG. (A) Typical negative sample from human
leukocyte DNA. (B) Positive human leukocyte sample including a list of observed product
ions. (C) Typical negative control sample (sodium cacodylate buffer, no DNA).
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Table 5.3. Relative ion abundances of a standard mixture of 7-PhG and [D5]7-PhG compared
to the positive sample from human leukocyte DNA. Intensities are averaged across the peak
and normalized to the last m/z value listed, where the absolute intensity is also given.
Analyte,
Parent ion

7-PhG,
228 m/z

[D5]7-PhG,
233 m/z

Standard mixture
Relative intensity
Fragment ion,
(Absolute intensity),
m/z
%
104.0493
85
129.0449
41
141.0446
47
169.0397
52
186.0663
58
211.0614
99
100
229.0721
(18700)
109.0807
54
134.0761
26
146.0761
24
174.0710
27
191.0976
58
216.0928
88
100
234.1037
(62400)

Positive human sample
Relative intensity
Fragment ion,
(Absolute intensity),
m/z
%
104.0492
285
–
0
141.0451
39
169.0399
59
186.0659
53
211.0612
28
100
229.0717
(42.1)
109.0808
59
134.0761
26
146.0762
32
174.0711
35
191.0977
71
216.0929
95
100
234.1035
(25200)

5.4 Discussion
The formation of DNA adducts is a critical step in the process of chemical
carcinogenesis for many carcinogens.27, 247 We describe a method for the quantitation of
7-PhG, the major DNA adduct observed in vitro upon the reaction between BO and
DNA.105 The use of nanoelectrospray ionization coupled to high-resolution MS and parallel
reaction monitoring produced an LOD of only 8 amol on column. This method provides a
level of sensitivity expected to be adequate for the study of DNA damage from exposed
animals. Unfortunately, we were not able to detect 7-PhG in animals or in cells treated with
relevant concentrations of BO.
Multiple problems arose and were overcome during the development of this
methodology. The amount of DNA per sample was optimized, with the ideal amount being
1–5 mg. Starting with larger amounts of DNA produced greater matrix suppression but
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also provided a more concentrated sample for LC-MS injection. The benefits of the
concentrated analyte outweighed the drawbacks of matrix suppression, thus larger amounts
of DNA generally yielded better results. We also optimized the monitored product ions
from 7-PhG fragmentation. The normalized HCD collision energy was set to 80 (actual
33 eV) such that seven fragment ions were observed. The quantitation of 7-PhG was
consistent for each of the fragment ions, and the sum of all seven ions was used to yield
the highest signal. Finally, the isolation width was set at 0.5 amu to decrease chemical
noise and yield cleaner HRMS/MS chromatograms. These changes provided us with an
excellent LOD in the single-digit attomole range.
BO exhibits low reactivity toward DNA in vivo. Our calculated yields for the
reactions between BO and calf thymus DNA show that only 0.00002% of the BO actually
formed 7-PhG. Similar work by Micova and Linhart also demonstrated very low yields of
DNA adduct formation from BO.105 The major factor in determining the low yield of 7PhG is likely the instability of BO in aqueous media. Previous studies have shown that BO
is relatively unreactive with sulfur nucleophiles, especially at pH 7, and rearrangement is
the predominant pathway.104 This seems to hold true in cell culture as well, since we were
only able to observe 7-PhG formation at 10 mM BO.
The doses for the animal study were selected based on the results from a bioassay
study performed by the National Toxicology Program, where a daily dose of 50 mg/kg
benzene was sufficient to induce malignant lymphomas and lung tumors without apparent
toxicity or loss of body weight.245 We had hypothesized that DNA adduct formation,
especially 7-PhG, would be detectable in the bone marrow or lung at the end of 4 weeks,
as adduct formation is most important during the initiation phase of carcinogenesis. Our
results clearly do not support this hypothesis, as we were unable to detect any 7-PhG
formation in mouse tissues. There are two important factors which should be considered:
concentration of BO near the DNA and adduct accumulation over time. A previous study
in rats showed that a single, relatively high, dose of benzene (400 mg/kg) resulted in a peak
concentration of 90 nM BO in blood, which was maintained for several hours.210 This
concentration is 11-fold lower than the minimum concentration of BO (1 µM) required to
form detectable levels of 7-PhG in vitro with calf thymus DNA (Table 5.2). However, the
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mice in our study were treated with benzene for 4 weeks, possibly allowing time for adducts
to accumulate. The initial DNA adduct, 7-phenyl-2′-deoxyguanosine, has a positive charge
on the N7 position and is therefore more susceptible to hydrolysis and depurination. It is
possible that 7-PhG does not accumulate due to continual depurination from the DNA
backbone. We assessed the stability of 7-phenyl-2′-deoxyguanosine in vitro by incubating
exposed DNA at 37 °C in aqueous buffer for 16 h, and we observed a loss of 65% of 7-PhG
signal. This suggests that the adduct does not accumulate in mouse tissues to levels that are
high enough for our method to detect.
Taken together, these data suggest that 7-PhG is not the etiological agent
responsible for the carcinogenicity of benzene. As outlined in Section 1.4 (Scheme 1.1),
BO is in equilibrium with oxepin, and oxepin can be oxidized further, forming a ring-open
product, (Z,Z)-muconaldehyde. This reactive species has been shown to form DNA adducts
at the N2 position of guanine and the N6 position of adenine.98 We did not analyze for these
types of adducts in our animal study, but it could be possible that these adducts had formed
in target tissues, and that these DNA adducts may ultimately be responsible for the
observed carcinogenicity of benzene.
Another hypothesis is that phenol, the most abundant metabolite arising from
benzene oxidation, is further metabolized to a DNA-reactive species. The reactive quinones
shown in Scheme 1.1 will react with DNA and form DNA adducts.90 However, this does
not explain why phenol itself does not cause leukemia,109,
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if in fact the critical

intermediates in benzene carcinogenesis arise from downstream phenolic metabolites.
Another hypothesis regarding downstream metabolites has also been proposed. The ROS
generated during redox cycling of the quinone and hydroquinone intermediates have been
implicated in benzene toxicity,108 but this also does not explain why phenol has no
leukemogenic activity when given to rats and mice.
The single positive sample in our study is intriguing. All smokers had higher
urinary SPMA than nonsmokers, as is expected due to their higher benzene exposure.
Nevertheless, we did not detect 7-PhG in leukocyte DNA from any of the smokers, even
with a detection limit of 4.5 adducts per 1010 nucleotides in human blood samples. The
positive sample came from a nonsmoker whose urinary SPMA was below the LOD for that
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assay. This is generally interpreted as very low exposure to benzene, but it could be
possible that this person was lacking the expression of GSTT1 and GSTP1 detoxification
enzymes or lacking in the DNA repair mechanisms for removing N7-modified guanine
adducts. If these biological processes were strongly dysregulated, it would be possible that
this nonsmoker could have detectable levels of 7-PhG, while having non-detectable levels
of SPMA, although this situation is unlikely.
5.5 Conclusion
This chapter described my work in the development of a highly sensitive method
for the analysis of 7-PhG by LC-NSI-HRMS/MS-PRM. We were able to show that the
adduct forms, albeit in very low yields, when DNA is exposed directly to BO (≥1 µM)
under physiological conditions. In cell culture, much higher concentrations (10 mM) were
required in order to detect the formation of 7-PhG. In DNA from the target tissues of mice,
7-PhG was not detected in any of the samples. We detected 7-PhG in 1 out of 20 samples
from human leukocyte DNA, but the level of formation was exceedingly low. Collectively,
these data indicate that 7-PhG is formed inefficiently, if at all, in vivo upon exposure to
benzene.
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Part III: Studies on NNN Activation and DNA Damage
Part II of this dissertation focused on the exposure and metabolism of benzene, an
important human carcinogen. For the final part of this dissertation, the focus will shift to
the analysis of DNA damage arising from NNN metabolism. Similar to the metabolism of
benzene (and many other carcinogens), we are interested in quantifying the balance
between the detoxification pathways and the activation pathways in order to assess an
individual’s risk of developing cancer. The detoxification pathways have been reported
previously and are largely beyond the scope of this dissertation (Figure 1.6). An
established biomarker of NNN detoxification is NNN-N-glucuronide, which has been
shown to be inversely correlated to the development of esophageal cancer in smokers.30
However, we currently do not have a biomarker for NNN activation in humans. This
chapter describes studies wherein we determined that the major source of DNA damage in
human enzyme systems arises from 5′-hydroxylation of NNN. This is an important finding,
as most previous studies have focused on the 2′-hydroxylation pathway, as it is the major
activation pathway in rats. These data will guide future biomarker development work in
humans, with a stronger focus on the 5′-hydroxylation pathway.
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Chapter 6: DNA Adduct Formation from 5′-Hydroxylation of NNN
The following chapter involves work which was published in Chemical Research
in Toxicology (DOI: 10.1021/acs.chemrestox.5b00520).54 The study was primarily
designed and conducted by Adam T. Zarth and was coauthored by Adam T. Zarth, Pramod
Upadhyaya, Jing Yang, and Stephen S. Hecht. Some figures and excerpts are herein
reproduced with permission from the publisher. This work was supported by grant R01CA-081301 from the National Cancer Institute. Mass spectrometry was carried out in the
Analytical Biochemistry Shared Resource at the Masonic Cancer Center, partially
supported by grant P30-CA-077598 from the U.S. National Institutes of Health, National
Cancer Institute. The authors would like to thank Bob Carlson for editorial assistance and
Dr. Peter Villalta and Xun Ming for mass spectrometry assistance in the Analytical
Biochemistry Shared Resource at the Masonic Cancer Center. The authors also thank Anna
K. Michel for providing NNK acetate.
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6.1 Introduction
N′-Nitrosonornicotine (NNN, 6.1, Scheme 6.1) is one of the most abundant strong
carcinogens found in tobacco products.13, 159 As detailed in Section 1.5 of this dissertation,
NNN is a tobacco-specific nitrosamine which is formed during the curing of tobacco, as
nicotine or nornicotine reacts with nitrites in the plant. NNN has been shown to cause
malignant tumors in rats (esophagus, oral cavity, and nasal cavity), mice (lung and
forestomach), hamsters (trachea and nasal cavity), and mink (nasal cavity and forebrain).129
NNN and the related carcinogen NNK have been evaluated by IARC as carcinogenic to
humans (Group 1).14, 159
In order to exert their carcinogenicity, NNN and NNK must be metabolically
activated via -hydroxylation, a process that is catalyzed by cytochrome P450 enzymes.
NNN activation occurs via one of two pathways: 2′-hydroxylation or 5′-hydroxylation
(Scheme 6.1). 2′-Hydroxylation has been extensively studied in vitro and in vivo, and it is
believed to be the more carcinogenic metabolic pathway, especially in rats.133, 136, 249-252
2′-Hydroxylation predominates in the target tissues of rats, and the reactive species
generated by 2′-hydroxylation have been shown to be more mutagenic in bacterial model
systems. However, data suggest that the 5′-hydroxylation pathway is the major metabolic
pathway in nonhuman primates.137 Data from human liver enzymes have demonstrated that
NNN is preferentially 5′-hydroxylated in vitro, showing 3-fold to 40-fold selectivity over
2′-hydroxylation.41, 43, 141 5′-Hydroxylation is also the major metabolic pathway in human
esophagus tissue ex vivo.134, 142 Finally, 5′-hydroxylation is the primary metabolic pathway
in the A/J mouse lung and the Syrian golden hamster trachea, two important target tissues
of NNN carcinogenicity.138,

139, 155

Because of these findings, we hypothesize that

5′-hydroxylation of NNN is likely to be the major metabolic pathway in humans who are
exposed to tobacco products and could be an important source of DNA damage and cancer
etiology.
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Scheme 6.1. Formation of DNA adducts from NNN metabolism. Hydroxylation of the
2′ carbon is known to yield POB-DNA adducts. Hydroxylation of the 5′ carbon of NNN
can be modeled in vitro by the hydrolysis of 5′-acetoxyNNN (6.2). Intermediate 6.4
spontaneously rearranges to yield the highly reactive diazonium ion 6.6, which reacts with
the N2 position of guanine or the N6 position of adenine. Reduction of the intermediate
adducts with sodium cyanoborohydride yields 6.11 or 6.12, both of which were detected
in vivo in this study.
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As detailed in Section 1.1.3 of this dissertation, the formation of DNA adducts is a
critical step in chemical carcinogenesis.27, 247 In this study, we aimed to characterize and
quantitate the DNA damage caused by 5′-hydroxylation of NNN. We have previously
identified five DNA adducts (6.11–6.15; Scheme 6.1 and Figure 6.1) which are formed in
vitro from the reaction of 5′-acetoxyNNN (6.2) and DNA followed by NaBH3CN
reduction,253, 254 but the formation of these adducts had not yet been investigated in vivo.
One of the major adducts formed in vitro was 2-(2-(3-pyridyl)-N-pyrrolidinyl)-2′deoxyinosine (py-py-dI, 6.11), which forms upon the reaction of the N2 position of guanine
with diazonium ion 6.6 followed by sodium cyanoborohydride reduction (Scheme 6.1).
Herein we describe studies showing that py-py-dI is by far the major 5′-hydroxylation DNA
adduct formed in vivo. We also demonstrate that py-py-dI is the major known DNA adduct
formed in vitro by human enzymatic metabolism of NNN. The characterization of DNA
adducts resulting from NNN metabolic activation could ultimately lead to a biomarker
which could inform cancer risk among tobacco users.

Figure 6.1. DNA adducts other than 6.11 and 6.12 previously identified in vitro as products
of the reaction of 5′-acetoxyNNN (6.2) with DNA followed by treatment with NaBH3CN.
The mechanism of formation has been detailed previously.253, 254 These adducts were not
detected in vivo in these studies.
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6.2 Experimental Procedures
CAUTION: NNN is a strong carcinogen and should be handled with extreme care and
personal protective equipment. The chemically activated form, 5′-acetoxyNNN, is a potent
mutagen and should also be handled with extreme care.
6.2.1 Chemicals and Reagents
Enantiopure (S)- and (R)-NNN,255, 256 analytical standards of (R)- and (S)-py-pydI,253 and 4-(acetoxymethylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK acetate)257 were
synthesized as described previously. Hepatocytes, human liver S9 fraction, and
corresponding incubation media were obtained from XenoTech LLC. DNA isolation
solutions were purchased from Qiagen. 2′-Deoxy[15N5]guanosine was procured from
Cambridge Isotope Laboratories. All other chemicals and reagents were purchased from
Sigma-Aldrich.
2′-Deoxyguanosine (dGuo) was incubated with NNK acetate essentially as
described previously.258 Half of the reaction mixture was reduced with NaBH3CN, and both
halves were analyzed for the presence of DNA adducts.
6.2.2 Synthesis and Analysis of Enantiopure (2′S)- and (2′R)-5′-AcetoxyNNN
This synthetic procedure was adapted from a previously published synthesis of
racemic 5′-acetoxyNNN and is outlined in Scheme 6.2.259 The previous method employed
(±)-tert-butylsulfinamide, but here we utilized enantiopure (S)-(–)- or (R)-(+)-tertbutylsulfinamide. Briefly, (S)-(–)- or (R)-(+)-tert-butylsulfinamide (6.17, 750 mg,
6.2 mmol, 1 eq), pyridine-3-carboxaldehyde (6.16, 663 mg, 581 µL, 1 eq), MgSO4 (3.7 g,
5 eq), and pyridinium p-toluenesulfonate (78 mg, 0.05 eq) were dissolved in anhydrous
DCM (10 mL). The mixture was stirred at room temperature for 16–72 h, and the resulting
product 6.18 was purified on silica gel (2% MeOH in CHCl3), 84% yield. Spectral data
were consistent with reported values.259
To prepare the Grignard reagent 6.19, 2-(2-bromoethyl)-1,3-dioxane (3.4 mL,
25 mmol, 5 eq.) was added to freshly ground Mg turnings (1.8 g) in anhydrous THF (7 mL).
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This mixture was stirred with periodic cooling on ice for 1 h until the exothermic reaction
subsided. The soluble fraction was transferred via syringe to a flame-dried round bottom
flask containing 6.18 (5 mmol) in anhydrous THF (20 mL) at −46 °C. This mixture was
allowed to stir and warm to room temperature for 16 h. The reaction was quenched with
sat. aq. NH4Cl and extracted into EtOAc. The product 6.20 was purified on silica gel (5–
10% MeOH in CHCl3), 98% yield. Spectral data were consistent with reported values.259
Compound 6.20 was dissolved in 99% trifluoroacetic acid (15 mL) and stirred at
room temperature for 1 h. The solution was neutralized first with aq. NaOH (100 mmol)
added slowly at 0 °C, then with sat. aq. NaHCO3. This was extracted with CHCl3 and the
solvent was evaporated. The intermediate 6.21 was then dissolved in glacial acetic acid
(2 mL) at 0 °C, and NaNO2 (1.3 eq) was added. This mixture was warmed to room
temperature and stirred for 1 h. The final solution was quenched with NaHCO3 and
extracted into CHCl3. This extract was dried, reconstituted in EtOAc, and immediately
passed through a Fluorisil column with EtOAc. The filtrate was further purified on silica
gel (50–75% EtOAc in hexanes) yielding (2′S)- or (2′R)-5′-acetoxyNNN in 23% yield as a
1:1 mixture of diastereomers A and B with respect to the 5′ carbon chirality.
The final compounds were characterized by 1H NMR (Table 6.1 and Figure 6.2A)
and
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C NMR (Table 6.1 and Figure 6.2B). COSY (Figure 6.2C) and HSQC spectra

(Figure 6.2D) were consistent with the assignments. NMR spectra of the products for the
two enantiomeric syntheses were nearly identical. These products were also characterized
by mass spectrometry; m/z: calc’d for [M + H]+, 236.10; found, 236.11. MS/MS @ 20 eV
m/z (relative intensity, [ion]): 147.06 (100%, [M + H – NO – CO2CH3]+), 119.05 (38%, [M
– NO – CO2CH3 – HCN]+). Retention times and fragmentation patterns were identical for
the four diastereomers of 5′-acetoxyNNN on C18 stationary phase HPLC.
The final products were also analyzed by chiral HPLC-UV (Figure 6.3). The
diastereomers were separated on a 250 × 4.6 mm (R,R) Whelk-O1 Pirkle-style HPLC
column (Regis Technologies) under isocratic conditions of 75% isopropyl alcohol and 25%
hexanes, 1 mL/min flow rate. The two mixtures of diastereomers were dissolved in CH2Cl2
and analyzed by polarimetry on an Autopol V polarimeter (Rudolph Research Analytical).
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Scheme 6.2. Synthetic route to enantiopure 5′-acetoxyNNN. The route shown is for the
(2′S)-5′-acetoxyNNN synthesis, but is otherwise identical for the (2′R)-5′-acetoxyNNN
synthesis, which begins with (R)-6.17. Addition of acetate in the final step is nonspecific
and yields two equal diastereomers.

118

Table 6.1. Chemical shift data are summarized for the final diastereomeric products of the
(2′R)-5′-acetoxyNNN synthesis. The synthesis resulted in a 1:1 mixture of two inseparable
diastereomers, A and B. 1H NMR data were collected in CDCl3 at 500 MHz and 13C data
were collected at 126 MHz.
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Figure 6.2A. 1H NMR data for (2′R)-5′-acetoxyNNN. Residual MeOH and EtOAc signals are apparent at δ 4.04, 3.40, 1.98 and 1.18
ppm. Data for (2′S)-5′-acetoxyNNN are essentially identical.
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Figure 6.2B. 13C NMR data for (2′R)-5′-acetoxyNNN. Data for (2′S)-5′-acetoxyNNN are essentially identical.
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Figure 6.2C. COSY data for (2′R)-5′-acetoxyNNN. Data for (2′S)-5′-acetoxyNNN are
essentially identical.
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Figure 6.2D. HSQC data for (2′R)-5′-acetoxyNNN. Data for (2′S)-5′-acetoxyNNN are
essentially identical.
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(A)

(B)
(C)

Figure 6.3. Chromatograms obtained from the chiral stationary phase HPLC-UV analysis of 5′-acetoxyNNN. (A) Separation of (2′S)5′-acetoxyNNN diastereomers. (B) Separation of (2′R)-5′-acetoxyNNN diastereomers. (C) Separation of a 1:1 mixture of the four
diastereomers of 5′-acetoxyNNN.
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6.2.3 Internal Standards (R)- and (S)-[15N5]Py-py-dI
The internal standards were synthesized by reacting 2′-deoxy[15N5]guanosine
(5 mg) with racemic 5′-acetoxyNNN (30 mg) in pH 7.4 phosphate buffer at 37 °C in the
presence of porcine liver esterase (5 mg). The reaction was allowed to proceed for 24 h,
then the samples were filtered through a 30 kDa molecular weight cutoff filter (Centrifree;
Millipore) and treated with NaBH3CN. The resulting product mixture was purified by SPE,
then HPLC (linear gradient from 5% to 95% MeOH in H2O over 45 min, 1 mL/min, on a
Luna C18(2), 5 µm, 4.6 × 250 mm column), yielding separate stock solutions of (R)- and
(S)-[15N5]py-py-dI diastereomers.
6.2.4 Metabolism of NNN by Human Liver S9 Fraction
The human liver S9 fraction (XenoTech) was a pooled mixture isolated from 200
donors (100 male, 100 female, 11–83 years of age, and predominantly Caucasian). The S9
preparation included a recommended protocol for optimal P450 activity, which was
adopted in these experiments. Briefly, a buffer was prepared to final concentrations of
50 mM potassium phosphate (pH 7.4), 3 mM MgCl2, 1 mM EDTA, 1 mM NADPH, 5 mM
glucose-6-phosphate, 1 mg/mL calf thymus DNA, 1 U/mL glucose-6-phosphate
dehydrogenase, 1 mg/mL human liver S9 fraction, and the appropriate concentration of
NNN (2–500 µM). The DNA and all salts were added first and vortexed to ensure full
dissolution before enzymes or NNN were added. The final solution (5 mL) was incubated
for 24 h at 37 °C. Ice cold isopropyl alcohol (7.5 mL) was added to precipitate the DNA.
The DNA was then purified by extraction and analyzed as detailed below.
6.2.5 Incubations of Human and Rat Hepatocytes with NNN or 5′-AcetoxyNNN
Hepatocytes (XenoTech) were thawed according to the included protocol. The cells
(4–5 million) were suspended in Hepatocyte Incubation Media (4–5 mL, XenoTech),
transferred to a 25 cm2 Nunc flask with filter cap, and placed in a humidified incubator at
37 °C with 5% CO2. After 30 min of acclimation, the cells were treated with (S)-, (R)-, or
racemic NNN or (2′S)-, (2′R)-, or racemic 5′-acetoxyNNN in the presence of porcine liver
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esterase (5 mg). After 4 h, the cells were pelleted at 500g for 10 min. The medium was
removed and the DNA was isolated and purified as described below.
6.2.6 Treatment of Rats with Racemic NNN, (S)-NNN, or (R)-NNN
These studies were approved by the University of Minnesota Institutional Animal
Care and Use Committee. Thirty-six male F-344 rats (Charles River Laboratories), 6 weeks
of age, were housed two per cage (20–24 °C, 12 h light/dark cycle). After a 2-week
acclimation period, the rats were treated with either 0, 50, 100, or 500 ppm racemic NNN
in their drinking water (9 rats per group). After 3 weeks of treatment, the rats were
euthanized by CO2 overdose, and the lung, liver, oral cavity mucosa, esophageal mucosa,
nasal respiratory mucosa, and nasal olfactory mucosa were collected and stored at −80 °C
until the DNA was isolated. The oral cavity, nasal cavities, and esophageal mucosa yield
small amounts of DNA, so tissues from three rats were combined for a single DNA adduct
analysis. Liver and lung samples from individual rats were analyzed for the presence of
DNA adducts. We quantified N = 3 replicate analyses for each tissue except the esophageal
mucosa, where N = 2.
Under similar conditions, 81 rats were treated with 7, 14, or 28 ppm (S)-NNN or
(R)-NNN, or 14, 28, or 56 ppm racemic NNN (9 rats per group) for 5 weeks.260 The same
tissues were collected, but only lung, nasal respiratory mucosa, and nasal olfactory mucosa
were analyzed for the presence of DNA adducts arising from 5′-hydroxylation of NNN.
6.2.7 DNA Isolation and Purification Procedures
DNA was isolated from tissues or cells following an adapted Gentra Puregene
protocol (Qiagen), as described previously.239 The Puregene protocol was modified such
that the samples were never heated above 37 °C. The isolated DNA was then dissolved in
10 mM Tris, 1 mM EDTA buffer (pH 7). An equal volume of 24:1 CHCl3:isoamyl alcohol
was added, and the samples were mixed vigorously and centrifuged at 3,000g for 15 min.
The aqueous layer was transferred to a clean tube, and the extraction was repeated until
there were no visible solids at the solvent interface. The DNA was then precipitated with
ice cold EtOH and washed once with 70% (v/v) EtOH and twice with 100% EtOH.
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6.2.8 DNA Adduct Analyses by LC-MS/MS
Purified DNA was dissolved in 10 mM sodium succinate buffer containing 5 mM
CaCl2 (1 mL, pH 6.5). Four fmol (R)-[15N5]py-py-dI and 5 fmol (S)-[15N5]py-py-dI were
added

as

internal

standards.

Micrococcal

nuclease

(30

U/mg

DNA)

and

phosphodiesterase II (250 mU/mg DNA) were added, and the samples were incubated at
37 °C for 5 h. Alkaline phosphatase (75 U/mg DNA) was added, and the samples were
incubated at 37 °C overnight. Samples were filtered through a 30 kDa molecular weight
cutoff filter, a 10 µL aliquot was removed for dGuo quantitation, then NaBH3CN was
added for 1 h to convert the precursor adduct 6.8 into py-py-dI, 6.11. The samples were
purified by SPE (Strata-X polymeric reversed phase, 30 mg, Phenomenex). The SPE
cartridges were preconditioned with MeOH and H2O (1 mL each). The samples were
loaded, and the cartridges were washed with H2O and 25% (v/v) MeOH (1 mL each). The
analytes were eluted with 1 mL 50% MeOH, the solvent was evaporated in vacuo, and the
samples were reconstituted in 20 µL 5% MeOH in H2O for LC-MS/MS analysis.
The sample preparation for POB-DNA adduct analysis was slightly different, as
described previously.250 For samples where py-py-dI and POB adducts were both
quantified, the DNA was dissolved in 2 mL buffer, and half of the solution was analyzed
for py-py-dI as described above, while half was analyzed for POB adducts. Briefly, the
POB analysis requires heating to 100 °C for 30 min prior to enzyme hydrolysis, no
NaBH3CN was added, and the SPE wash step was only 10% MeOH, while the elution step
was 95% MeOH.
The DNA hydrolysate was analyzed for py-py-dI by liquid chromatographypositive electrospray ionization-tandem mass spectrometry (LC-ESI+-MS/MS) for samples
with relatively high adduct formation. LC was carried out on a 0.5 × 150 mm Zorbax
SB-C18 5 µm column (Agilent) with a linear gradient and flow rate of 15 µL/min. After
holding initial conditions at 10% B from 0–2 min, the composition was increased to 60%
B from 2–17 min, followed by washout and re-equilibration, where solvent A was 10 mM
NH4OAc and solvent B was MeOH. MS was performed on a Finnigan TSQ Quantum
Discovery Max triple quadrupole mass analyzer (Thermo Scientific). Selected reaction
monitoring mass transitions were m/z 399.2 → 283.1 for py-py-dI and m/z 404.2 → 288.1
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for [15N5]py-py-dI at 23 eV collision energy, 0.5 amu isolation width. The other four DNA
adducts arising from 5′-hydroxylation of NNN (6.12–6.15) were analyzed similarly.254
For samples with lower levels of adduct formation, a high-resolution, accurate mass
Orbitrap Fusion Tribrid instrument (Thermo Scientific) was employed with LC-positive
nanoelectrospray ionization-high-resolution tandem mass spectrometry (LC-NSI+HRMS/MS). LC was performed on a hand-packed 75 µm × 15 cm, 15 µm orifice, hydro-RP
4 µm, 80 Å HPLC column (Phenomenex). Initial conditions utilized 5% B at 900 nL/min
from 0–6 min to load the sample onto the column. Flow was decreased to 300 nL/min and
a linear gradient was employed from 7–24 min from 5% to 95% B before re-equilibration,
where A was 10 mM NH4OAc and B was MeOH. Precursor ions were isolated using the
quadrupole (1.5 amu isolation width) and fragmented by HCD at 20%. Fragment ions
(m/z 100–500) were analyzed by the Orbitrap detector at 120,000 resolution and 5.05
automatic gain control (AGC) target with maximum injection time of 750 ms. Exact mass
chromatograms corresponding to the neutral loss of deoxyribose (the major fragment
observed) were extracted at 3 ppm tolerance for py-py-dI (m/z 399.2 → 283.1302) and
[15N5]py-py-dI (m/z 404.2 → 288.1154) with minor calibration adjustments if necessary.
Developmental work with py-py-dI demonstrated that MS3 fragmentation at 40% HCD
yielded a major fragment ion at m/z 132.0808 in both the py-py-dI and [15N5]py-py-dI
standards, which corresponds to the loss of deoxyribose followed by the loss of guanine
and observation of the adduct fragment. Minor MS3 fragments for py-py-dI were m/z
204.0880 and 130.0651 and for [15N5]py-py-dI were m/z 209.0732 and 130.0651. The MS2
method was used for quantitation. The calibration curve for py-py-dI was linear (R2 >
0.999) between 1.5 amol and 1.5 fmol on column, which covered the range observed in
samples. The LOD was determined by serial dilution of a standard in H2O and found to be
1 amol on column. We were able to sporadically detect 300 zmol on column, but the
response was not linear. Each set of samples included a positive control sample with 2.5
fmol of py-py-dI standard added to dissolved calf thymus DNA. Eleven replicates analyzed
over 6 months were used to assess accuracy and interday precision, with an average
accuracy of 115% and precision of 11% CV.
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The POB adducts were quantified on the same Orbitrap Fusion Tribrid system,
monitoring the mass transition at 20% HCD of m/z 390.2 → 148.0757 for O2-POBthymidine and m/z 394.2 → 152.1008 for O2-[D4]POB-thymidine. O2-POB-thymidine is
generally the major POB adduct in rats treated with NNN under these conditions,250 and it
was the only quantifiable adduct in these experiments. The LOD was 500 zmol for a dilute
standard in H2O.
Adduct formation was normalized to the dGuo content of each sample. Quantitation
of dGuo was performed on an Agilent 1100 series HPLC with a UV diode array detector
set at 254 nm. LC was performed on a 0.5 × 250 mm Luna C18(2) 5 µm, 100 Å column
(Phenomenex) with a linear gradient at 10 µL/min from 5% to 20% MeOH in H2O over
22 min with subsequent washout and re-equilibration.

6.3 Results
6.3.1 Synthesis of Enantiopure 5′-AcetoxyNNN
The final products of the synthesis were analyzed by chiral stationary phase HPLC
(Figure 6.3). The two diastereomers resulting from the synthesis of (2′S)-5′-acetoxyNNN
eluted at 15.5 and 17.9 min, while the two (2′R)-5′-acetoxyNNN diastereomers eluted at
17.6 and 19.6 min. The peaks were equal in area, suggesting that the addition of acetate in
the final step of the synthesis is nonselective. Co-injection of the two mixtures of
diastereomers yielded three peaks in a 1:2:1 ratio. The two syntheses of 5′-acetoxyNNN
yielded inversely optically active products by polarimetry. The (2′S)-5′-acetoxyNNN
diastereomers gave a specific rotation of []20
D = −38° (1.0 g/100 mL, CH2Cl2), and the
(2′R)-5′-acetoxyNNN diastereomers gave a specific rotation of []20
D = +38° (1.0 g/100 mL,
CH2Cl2). By NMR, we did not observe distinct E and Z isomers, as are commonly seen in
most NMR spectra of N-nitrosamines. The 1H and 13C chemical shifts of the 2′ position are
more consistent with an (E) rotamer, with the nitroso oxygen pointing toward the pyridine
ring, by comparison with NMR data for NNN.255, 261
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6.3.2 Reaction between dGuo or DNA and 5′-AcetoxyNNN
To investigate the formation of (R)- and (S)-py-py-dI in vitro, we exposed either
dGuo or calf thymus DNA to (2′S)- or (2′R)-5′-acetoxyNNN dissolved in phosphate buffer
under conditions that have been described previously.253 For the reactions with (2′S)-5′acetoxyNNN, we observed that (R)-py-py-dI was formed to a greater extent than (S)-pypy-dI (Figure 6.4K), demonstrating that the reaction likely proceeded via an SN2
mechanism with some racemization (Scheme 6.3). This ratio of py-py-dI formation was
the same for the reaction with dGuo as for the reaction with DNA. The reactions with (2′R)5′-acetoxyNNN gave the expected mirror image in vitro, where (S)-py-py-dI was the major
peak (Figure 6.4L), and this held true for the reactions with either dGuo or DNA.
6.3.3 Reaction between dGuo and NNK Acetate
To test the specificity of py-py-dI as a marker of 5′-hydroxylation of NNN, we
incubated dGuo with NNK acetate. Upon hydrolysis, NNK acetate forms the same reactive
species 6.7 (Scheme 6.1) as is formed by 2′-hydroxylation of NNN. Intermediate 6.7 can
react with the N2 position of dGuo to form N2-pyridyloxobutyl-2′-deoxyguanosine (N2POB-dGuo), which has been observed in vitro.258 We hypothesized that if this DNA adduct
were to cyclize by reaction of the N2–H with the carbonyl adjacent to the pyridine ring,
then reduction with NaBH3CN could be an alternate route toward formation of py-py-dI.
Formation of O6-POB-dGuo in this reaction was clearly detected and confirmed by
comparison to a synthetic standard, but there was no detectable formation of py-py-dI in
this reaction after reduction with NaBH3CN. This demonstrates that py-py-dI is a specific
marker of DNA damage arising exclusively from 5′-hydroxylation of NNN.
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Figure 6.4. LC-MS/MS traces obtained upon analysis of py-py-dI in hydrolysates of DNA
from experiments carried out in vitro and in vivo. Within the sections, the top
chromatogram is the mass transition for (R)-py-py-dI (eluting first) and (S)-py-py-dI
(eluting second). The bottom chromatogram within each section is the mass transition for
the [15N5]-labeled internal standards, which were not available at the time samples I–L
were analyzed. Asterisks in A denote 15N isotopes. Chromatograms are from the following
sources (treatment): (A) analytical standards in H2O (5 fmol/µL), (B) rat liver (100 ppm
racemic NNN), (C) rat olfactory mucosa (50 ppm racemic NNN), (D) human liver S9
(5 µM racemic NNN), (E) rat hepatocytes (50 µM (2′S)-5′-acetoxyNNN), (F) rat
hepatocytes (50 µM (2′R)-5′-acetoxyNNN), (G) human liver S9 (5 µM (S)-NNN),
(H) human liver S9 (5 µM (R)-NNN), (I) rat respiratory mucosa (28 ppm (S)-NNN), (J) rat
respiratory mucosa (28 ppm (R)-NNN), (K) calf thymus DNA exposed to (2′S)-5′acetoxyNNN in buffer, (L) calf thymus DNA exposed to (2′R)-5′-acetoxyNNN in buffer.
All traces except D, G, and H were from the triple quadrupole LC-ESI+-MS/MS method.
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6.3.4 Adduct Formation in Rats
Py-py-dI (6.11) was the major DNA adduct arising from 5′-hydroxylation of NNN
in vivo. DNA from rats treated with relatively high doses of racemic NNN (50, 100, or
500 ppm) was analyzed for the presence of five types of 5′-hydroxylation DNA adducts
(adducts 6.11–6.15), and py-py-dI formation predominated in all tissues analyzed.
Representative chromatograms of py-py-dI in hydrolysates of DNA from the liver and
olfactory mucosa are shown in Figure 6.4B and C, respectively. As discussed in our
previous publication,253 the samples were treated with NaBH3CN because the equilibrium
among 6.8–6.10 interferes with chromatography and makes quantitation difficult. There
are 8 separable species present among the diastereomers of 6.8, 6.9, and 6.10, whereas
py-py-dI elutes as two easily-separable peaks. We have previously established that (R)-pypy-dI elutes first and that (S)-py-py-dI elutes second when chromatographed on C18-based
stationary phases (Figure 6.4A).253 A clear dose-response relationship was observed for
py-py-dI formation in all tissues of treated rats (Figure 6.5). The DNA adduct
6-(2-(3-pyridyl)-N-pyrrolidinyl)-2′-deoxynebularine (py-py-dN, 6.12) arising from the
analogous reaction with adenosine was also detected in rat tissues, but at lower levels.
Py-py-dN formation was assessed by LC-MS/MS peak area and was found to be ~10-fold
lower than py-py-dI in the lung and ~20-fold lower in the nasal cavity, but py-py-dN was
not detected in the liver, esophagus, or oral cavity by the LC-ESI+-MS/MS method. The
remaining three adducts (6.13–6.15, Figure 6.1) arising from 5′-hydroxyNNN previously
characterized in vitro254 were not detected in vivo in this study.
Py-py-dI was readily detected in the lung and nasal cavity of rats treated with lower
doses of (S)-, (R)-, or racemic NNN (7, 14, 28, or 56 ppm) by the triple quadrupole LCESI+-MS/MS method. Interestingly, rats treated with (S)-NNN showed a different ratio of
formation of (R)- to (S)-py-py-dI than rats treated with (R)-NNN. (S)-NNN-treated rats
formed primarily (R)-py-py-dI (Figure 6.4I), while (R)-NNN-treated rats showed nearly
equal formation of (R)- and (S)-py-py-dI (Figure 6.4J). This divergent pattern of adduct
formation from (S)-NNN treatment versus (R)-NNN treatment was observed in all tissues
analyzed from these rats.
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The ratio of (R)- to (S)-py-py-dI formation was variable among tissues of rats
treated with racemic NNN (Table 6.2). The ratios in the oral cavity, esophagus, liver, and
lung were 1.5:1 to 2.2:1 (Figure 6.4B). The difference was greater in the nasal respiratory
and nasal olfactory mucosa, where the ratio ranged from 3.6:1 to 4.7:1 (R)- to (S)-py-pydI (Figure 6.4C). As indicated above, the 5′-hydroxylation of (S)-NNN yields primarily
(R)-py-py-dI in vivo, while 5′-hydroxylation of (R)-NNN yields both (R)- and (S)-py-pydI. If this holds true for the metabolism of each enantiomer in racemic NNN-treated rats,
then we can conclude that (S)-NNN is more extensively 5′-hydroxylated than (R)-NNN in
the nasal cavity, while (R)-NNN is more extensively 5′-hydroxylated in other tissues.

Total Py-py-dI Formation
(fmol/µmol dGuo)
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Figure 6.5: Total py-py-dI adduct formation in rats treated with racemic NNN. Mean and
standard deviation data are shown from rats treated with 50, 100, or 500 ppm NNN in
drinking water for 3 weeks. Triplicate samples were analyzed except in the esophageal
mucosa, where duplicate samples were analyzed. Adducts were not detected in any tissues
of the control rats (0 ppm).
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Table 6.2. Formation of py-py-dI adducts in rats treated with racemic NNN.
Tissue
Oral cavity
mucosa
Esophageal
mucosa

Liver

Lung
Nasal
respiratory
mucosa
Nasal
olfactory
mucosa

Treatment,
ppm
50
100
500
50
100
500
50
100
500
50
100
500
50
100
500
50
100
500

(R)-Py-py-dI,
fmol/µmol dGuo
20
37
61
83
104
139
35
106
285
359
633
1300
678
1140
1600
368
786
2010

± 2.7
± 1.8
± 0.80
± 2.0
± 9.8
± 54
± 9.8
± 27
± 41
± 9.0
± 41
± 130
± 28
± 200
± 100
± 19
± 12
± 92

(S)-Py-py-dI,
fmol/µmol dGuo
11
23
39
46
54
92
21
51
128
220
412
718
191
315
412
90
171
447

± 1.2
± 2.4
± 6.4
± 11
± 16
± 35
± 3.7
± 15
± 12
± 32
± 48
± 76
± 18
± 65
± 21
± 18
± 20
± 98

Total py-py-dI,
fmol/µmol dGuo
31
60
100
129
158
232
56
157
412
580
1045
2018
869
1450
2020
458
957
2460

Ratio of (R)to (S)-py-py-dI

± 3.8
± 1.6
± 7.1
± 13
± 26
± 89
± 14
± 42
± 53
± 41
± 69
± 200
± 14
± 260
± 80
± 37
± 7.8
± 190

1.9
1.7
1.6
1.9
2.0
1.5
1.6
2.1
2.2
1.7
1.5
1.8
3.6
3.6
3.9
4.2
4.7
4.6

6.3.5 Adduct Formation by Human Liver S9 with Added Calf Thymus DNA
We based our NNN concentration range on previous studies of NNN metabolism
with human liver microsomes and expressed human P450 enzymes.41, 43 At these low
concentrations, analysis of the DNA required the more sensitive LC-NSI+-HRMS/MS
method which allows quantitation of low levels of py-py-dI (6–52 amol on column, Figure
6.4D, G, and H). Quantifiable and reproducible levels of py-py-dI were observed in
incubations with concentrations of (S)-NNN as low as 2 µM (the reported Km value for
(S)-NNN 5′-hydroxylation by CYP2A6), and concentrations of (R)-NNN or racemic NNN
as low as 5 µM (Figure 6.6 and Table 6.3). Human liver enzymes were more efficient at
5′-hydroxylation of (S)-NNN than of (R)-NNN, demonstrating 3- to 6-fold higher adduct
formation at every concentration tested here (5–250 µM, Table 6.3). Levels of POB-DNA
adducts were only detected at relatively high concentrations of NNN. Triplicate samples
of 20 µM racemic NNN yielded POB-DNA adducts near the LOD (~4:1 signal-to-noise
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ratio), but we could not reliably quantify adduct formation at this level. At 50 µM NNN or
higher, we were able to quantify the formation of POB-DNA adducts by human liver
enzymes. The LOD for py-py-dI was 1 amol on column for a dilute standard in H2O, and
for O2-POB-thymidine the LOD was 500 zmol on column. For DNA samples, additional
information must be considered, including matrix suppression effects, analyte recovery,
and total amount of DNA in each sample. For the human liver S9 incubations, which
provided a large amount of DNA, the LOD for py-py-dI was 0.8 adducts per 1010
nucleotides, and for O2-POB-thymidine it was 1 adduct per 1010 nucleotides. The intraday
reproducibility of the S9 incubations was highly consistent, as shown in Figure 6.6. The
interday reproducibility was more variable, showing variation up to 2-fold for a given
concentration of NNN (data not shown). The S9 incubations were performed for 24 h to
maximize adduct formation, but we have observed that the majority of adduct formation
occurs within the first 4–8 h. After this time, the NADPH regenerating system loses
activity, which could explain the variability in adduct formation between different
preparations of these enzymes. All triplicate incubations at all concentrations shown here
were performed on the same day with the same stock of enzymes. Single analyses were
performed on different days.

135

Adduct formation (fmol/µmol dGuo)

6

Total POB-DNA Adducts
Total Py-py-dl Adducts
LOD

5
4
3
2
1
0

LOD

2 µM
(S)-NNN

LOD

LOD

LOD

5 µM
(R)-NNN

5 µM
(S)-NNN

10 µM
rac-NNN

50 µM
(R)-NNN

50 µM
(S)-NNN

100 µM
rac-NNN

Figure 6.6: Total py-py-dI and POB adduct formation in vitro from incubation of NNN
with human liver S9 enzymes and added calf thymus DNA. Black bars represent py-py-dI
formation and gray bars represent POB-DNA adduct formation, by quantifying O2-POBthymidine. Mean and standard deviation data are shown for triplicate incubations at
≤10 µM NNN. Single analyses were performed at ≥50 µM. The black dotted line is the
limit of detection for this analysis. LOD denotes the incubations where POB adduct
formation was below the limit of detection.
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Table 6.3. Formation of py-py-dI in human liver S9 fraction with added calf thymus DNA. Incubations marked “LOD” did not form
sufficient adducts to be detected. Data from triplicate analyses are presented as mean ± SD, or data from single analyses are presented.
Dose
2 µM
5 µM
5 µM
5 µM
10 µM
50 µM
50 µM
100 µM
150 µM
150 µM
300 µM
250 µM
250 µM
500 µM

Treatment
(S)-NNN
rac-NNN
(R)-NNN
(S)-NNN
rac-NNN
(R)-NNN
(S)-NNN
rac-NNN
(R)-NNN
(S)-NNN
rac-NNN
(R)-NNN
(S)-NNN
rac-NNN

(R)-Py-py-dI,
fmol/µmol dGuo

(S)-Py-py-dI,
fmol/µmol dGuo

0.58 ± 0.04
0.84 ± 0.01
0.20 ± 0.03
1.40 ± 0.06
1.40 ± 0.05
0.46
4.05
2.44
0.48
5.18
3.03
0.31
3.90
1.45

0.15 ± 0.02
0.44 ± 0.01
0.43 ± 0.01
0.36 ± 0.09
0.79 ± 0.05
0.91
0.95
1.21
1.02
1.75
1.52
0.49
0.95
0.69
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Total py-py-dI,
fmol/µmol dGuo
0.73 ± 0.06
1.28 ± 0.02
0.62 ± 0.03
1.77 ± 0.04
2.18 ± 0.04
1.37
5.00
3.65
1.50
6.93
4.55
0.81
4.85
2.13

Ratio of (R)- to
(S)-py-py-dI
3.8
1.9
0.5
4.0
1.8
0.5
4.3
2.0
0.5
3.0
2.0
0.6
4.1
2.1

Total POB adducts,
fmol/µmol dGuo
LOD
LOD
LOD
LOD
LOD
0.66
0.58
0.93
0.52
0.54
1.48
0.58
0.67
1.13

6.3.6 Adduct Formation in Rat and Human Hepatocytes
The hepatocytes were more difficult to analyze since the yield of DNA was low (5–
27 µg per incubation) because cell viability decreased rapidly after 3 h. Shorter incubation
times yielded less metabolism of NNN, and thus, adduct formation was near or below the
LOD. We were only able to quantify py-py-dI in hepatocytes at higher concentrations of
NNN (≥50 µM). At these concentrations, human hepatocytes formed 2-fold to 6-fold more
py-py-dI than did rat hepatocytes (Table 6.4).
Rat hepatocytes yielded the same type of stereoselective formation of py-py-dI as
we observed in rats treated with NNN, where the (S) intermediates 6.4–6.6 generated from
(2′S)-5′-acetoxyNNN almost exclusively form (R)-py-py-dI while the (R) intermediates
6.4–6.6 generated from (2′R)-5′-acetoxyNNN produce a ratio closer to 1:1 (R)- to (S)-pypy-dI (Figure 6.4E, F and Table 6.4). We observed similar ratios of (R)- to (S)-py-py-dI
formation in rat and human hepatocytes treated with (S)- or (R)-NNN (Table 6.4). This
suggests that the chirality of intermediates 6.4, 6.5, and/or 6.6 is determining the reactivity
toward DNA in cells and the effect is similar across species. The observed difference in
adduct formation is not due to stereospecific activation of NNN by cytochrome P450s or
hydrolysis of 5′-acetoxyNNN by porcine liver esterase.
We also used rat hepatocytes to investigate DNA repair processes. After 1 h of
exposure to 5′-acetoxyNNN, the medium was removed and fresh medium was supplied to
the cells. DNA was isolated and analyzed at 0, 1, 2, and 3 h after initial exposure, and both
(R)- and (S)-py-py-dI adduct levels remained constant over this time period (Table 6.4).
This confirms that the difference in observed (R)- and (S)-py-py-dI is not due to
stereoselective repair processes, and it also suggests that these adducts are not rapidly
repaired within live cells.
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Table 6.4. Py-py-dI formation in rat and human hepatocytes. Incubations marked “LOD” did not form sufficient adducts to be detected.
Incubations showing time points are from the DNA repair study wherein rat hepatocytes were exposed to 50 µM racemic 5′-acetoxyNNN
for 1 h before fresh media was supplied.
Species
Rat
Rat
Rat
Rat
Human
Human
Human
Human
Human
Human
Rat
Rat
Rat
Rat

Dose
50 µM
50 µM
50 µM
50 µM
50 µM
50 µM
50 µM
250 µM
250 µM
250 µM
–
–
–
–

Treatment
(R)-NNN
(S)-NNN
(2′R)-5′-AcetoxyNNN
(2′S)-5′-AcetoxyNNN
(R)-NNN
(S)-NNN
rac-NNN
(R)-NNN
(S)-NNN
rac-NNN
t=0h
t=1h
t=2h
t=3h

(R)-Py-py-dI,
fmol/µmol dGuo

(S)-Py-py-dI,
fmol/µmol dGuo

Total py-py-dI,
fmol/µmol dGuo

3.2
6.5
200
493
LOD
37
15
10
98
67
400
456
413
446

5.1
0.64
260
56
LOD
4.7
2.4
12
24
18
190
215
208
229

8.3
7.1
460
549
LOD
41
17
22
122
84
590
671
621
676
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Ratio of (R)- to
(S)-py-py-dI
0.6
10.1
0.8
8.9
–
7.7
6.1
0.8
4.2
3.8
2.1
2.1
2.0
1.9

6.4 Discussion
The research reported here demonstrates for the first time that py-py-dI is the major
5′-hydroxylation DNA adduct formed in vivo from NNN metabolism in rats. In previous
studies, DNA adduct formation resulting from metabolic activation of NNN has primarily
been investigated in tissues of rats in which 2′-hydroxylation is often the predominant
pathway.136 Our results are consistent with these previous studies; py-py-dI arising from
5′-hydroxylation is a minor constituent of the total known DNA adducts in all rat tissues
tested here (Table 6.5). The 5′-hydroxylation of NNN in rat tissues is primarily catalyzed
by CYP2A3,41 which is highly expressed in the lung and nasal cavity, but is minimally
expressed in the esophagus and is not detectable in the liver.262 The observed formation of
py-py-dI reflects the tissue distribution of CYP2A3.
Table 6.5. Comparison of DNA adduct formation from 2′-hydroxylation versus 5′-hydroxylation
of NNN in rats. Values for py-py-dI have been converted to fmol/mg DNA to match the reported
POB-DNA adduct levels. Dosage and treatment length are detailed in the first column. Total POBDNA adducts are the sum of O2-POB-thymidine, N7-POB-guanine, and O2-POB-cytosine. Adducts
arising from 2′-hydroxylation predominate in all rat tissues, after accounting for dosage.
Oral
Nasal
Nasal
Esophageal
cavity
Liver Lung respiratory olfactory
mucosa
mucosa
mucosa
mucosa
Total py-py-dI formation,
(fmol/mg DNA)
21
85
37
383
574
302
50 ppm rac-NNN, 3 weeks
Total POB-DNA adduct
formation, (fmol/mg DNA)
10 ppm (R)-NNN, 2 weeks

205a

360b

70b

310b

2940a

851a

Total POB-DNA adduct
formation, (fmol/mg DNA)
10 ppm (S)-NNN, 2 weeks

644a

1090b

340b

120b

1580a

201a

Total POB-DNA adduct
formation, (fmol/mg DNA)
14 ppm (R)-NNN, 10 weeks

184c

736c

121c

704c

3250c

1700c

Total POB-DNA adduct
formation, (fmol/mg DNA)
14 ppm (S)-NNN, 10 weeks

592c

2030c

728c

327c

6720c

431c

aFrom

Zhang et al. 2009.252 bFrom Lao et al. 2007.133 cFrom Zhao et al. 2013.250
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We observed that (R)- and (S)-py-py-dI are formed in different ratios when rats are
treated with (S)- or (R)-NNN. (S)-NNN yielded almost exclusive formation of (R)-py-pydI, while (R)-NNN yielded a nearly 1:1 ratio of (R)- and (S)-py-py-dI. When the diazonium
ion 6.6 reacts with nucleophiles, the chirality is expected to invert via an SN2 mechanism;263
thus, (S)-NNN should yield (R)-py-py-dI (Scheme 6.3). However, previous studies of
alkyldiazonium ions at neutral pH suggest that the diazonium ion can interconvert with a
diazo species.251, 264 If this process occurs to form intermediate 6.22, we would expect to
see some degree of racemization at the 2′ carbon before 6.6 reacts with DNA. We observed
this racemization process in vitro. When (2′S)-5′-acetoxyNNN reacts with calf thymus
DNA in pH 7.4 phosphate buffer, we measure a ~2:1 ratio of (R)- to (S)-py-py-dI formation,
with the major peak arising from inversion of the stereocenter (Figure 6.4K). Similarly,
when (2′R)-5′-acetoxyNNN reacts with DNA in buffer, we see a ~1:2 ratio of (R)- to (S)py-py-dI formation (Figure 6.4L).
In an attempt to reproduce the chemistry that we observed in vivo, we incubated rat
hepatocytes with either (S)- or (R)-NNN or (2′S)- or (2′R)-5′-acetoxyNNN, and we
observed similar ratios of (R)- and (S)-py-py-dI formation to those we observed in live rats
(Figure 6.4E, F, I, and J). We observed patterns of adduct formation in the hepatocyte
incubations with 5′-acetoxyNNN similar to those in incubations with NNN (Table 6.4).
This demonstrates that it is the stereochemistry of the reactive intermediates 6.4–6.6, not
the stereospecific activation by P450s or esterase, which is responsible for the observed
ratio of (R)- to (S)-py-py-dI formation. We simplified this system further, and we were able
to observe ratios of py-py-dI formation similar to those in rats when DNA was dissolved
in hepatocyte incubation media (XenoTech, supplemented with fetal bovine serum) and
incubated with 5′-acetoxyNNN and esterase. But this phenomenon was not observed for
the reaction between 5′-acetoxyNNN and dGuo dissolved in hepatocyte incubation media,
nor was it observed for the reaction between 5′-acetoxyNNN and DNA dissolved in buffer
(Figure 6.4K and L). Perhaps there is a protein capable of interacting with double-stranded
DNA and with at least one of the chiral reactive intermediates 6.4, 6.5, and/or 6.6 that either
facilitates the formation of (R)-py-py-dI or hinders the formation of (S)-py-py-dI. To our
knowledge, a carrier protein of this type is unprecedented in studies of DNA alkylation by
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nitroso compounds. Further investigation is needed to determine the true cause of the
stereospecific reactivity of the (S)- and (R)-diazonium ions toward DNA in the cell.

Scheme 6.3. Proposed mechanism for the observed stereochemistry of py-py-dI formation.
Intermediate 6.4 can be generated either from hydroxylation of NNN (6.1) or hydrolysis of
5′-acetoxyNNN (6.2). Spontaneous rearrangement to the diazonium ion 6.6, followed by
reaction with DNA in an SN2 manner causes inversion of the stereocenter. Interconversion
of 6.6 with the diazo species 6.22 will partially racemize the stereocenter before reaction
with DNA.
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Literature reports on the stereospecific formation of DNA adducts by enantiomeric
electrophiles are sparse. The first report we are aware of was with an activated BaP
metabolite,265 wherein (+)-anti-BaP diol epoxide readily reacted with DNA to form an N2
adduct with guanine residues in double-stranded DNA while (–)-anti-BaP diol epoxide was
poorly reactive toward DNA. This selectivity effect was not observed with single-stranded
DNA, demonstrating the critical importance of the chiral secondary structure of the DNA
double-helix.265 Selective reactivity has also been reported with BaP diol epoxide binding
to albumin side chains,266 with aflatoxin B1 binding to A-form, B-form, or Z-form DNA,267
and with 2,3-epoxy-4-hydroxynonanal.268 In each of these cases, the chiral secondary
structure of the macromolecule guided the stereospecific reactivity of the electrophile. In
our work with chiral intermediates 6.4–6.6, the reactivity was not solely influenced by the
secondary structure of DNA. We were able to observe stereospecific adduct formation
when double-stranded DNA was dissolved in cell culture medium, but not when the same
DNA was dissolved in phosphate buffer. It could be possible that a protein is binding to
the DNA and altering its secondary structure, which may then affect the interaction with
the electrophile. Or it could be possible that the electrophile binds the protein first, and is
then guided toward the DNA in a stereospecific manner. A similar three-component system
has recently been modeled with the (+)-trans-anti-BaP-N2-dGuo DNA adduct and the
residues of a histone tail.269
In rats treated with racemic NNN, we observed varying ratios of (R)- to (S)-py-pydI formation in different tissues (Table 6.2). The oral cavity, esophagus, liver and lung
showed 1.5:1 to 2.2:1 ratios, while the nasal respiratory and nasal olfactory mucosa showed
upward of 4.7:1 ratios of (R)- to (S)-py-py-dI formation (Figure 6.4B and C). We can
utilize these ratios to estimate the relative metabolism of (S)- and (R)-NNN in rats that were
treated with racemic NNN. As discussed above, the in vivo metabolism of (S)-NNN yields
primarily (R)-py-py-dI, while (R)-NNN yields approximately equal amounts of both
diastereomers of py-py-dI. Then it should follow that for racemic NNN treatment, if
(S)-NNN and (R)-NNN were 5′-hydroxylated to the same extent, we would expect a
combined ratio of ~3:1 (R)- to (S)-py-py-dI. We can use this ratio to determine that
(S)-NNN is more extensively 5′-hydroxylated than (R)-NNN in the rat nasal cavity, where
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the ratio is higher than 3:1. Likewise, we can conclude that (R)-NNN is more extensively
5′-hydroxylated than (S)-NNN in the rat oral cavity, esophagus, liver, and lung, where the
ratios were lower than 3:1. This is consistent with previous metabolic studies of rats treated
with (S)- or (R)-NNN.136
In human model systems, NNN is preferentially 5′-hydroxylated in vitro,41, 43, 141 as
was determined by monitoring the major metabolites formed upon hydrolysis of the
reactive diazonium ions 6.6 and 6.7. However, there is the possibility that these diazonium
ions are not equally reactive toward DNA, which is an important factor when considering
the genotoxic effects of NNN. The work presented here directly measures the DNA damage
resulting from 2′-hydroxylation and 5′-hydroxylation of NNN and demonstrates that the
major type of DNA damage in human systems is in the form of py-py-dI. The next
important step needing to be evaluated is the mutagenic potential of these adducts. In A/J
mouse peripheral lung and in Syrian golden hamster trachea, two target tissues of NNN
tumorigenicity, 5′-hydroxylation of NNN is the predominant metabolic pathway.138, 139, 155
It is possible that py-py-dI is playing an important role in the carcinogenesis process in
these animal models.
We were able to detect py-py-dI formation when pooled human liver S9 fraction
was incubated with DNA and NNN at concentrations as low as 2 µM (S)-NNN, 5 µM
(R)-NNN, and 5 µM racemic NNN. The previously reported Km values for NNN
5′-hydroxylation are 2.3 µM (S)-NNN, 2.1 µM racemic NNN, and 22 µM (R)-NNN by
recombinant human CYP2A6, and Km values range from 4.9–45 µM racemic NNN in
individual human liver microsome samples.41, 43 In the same studies, the reported Km values
for racemic NNN 2′-hydroxylation were 304 µM for CYP3A4 and 312 µM for microsomes,
while CYP2A6 had no detectable 2′-hydroxylation activity. When human liver S9 was
exposed to higher concentrations of NNN (50–500 µM), we observed that py-py-dI
formation did not continue to increase, suggesting that CYP2A6 enzymes are saturated at
these concentrations (Table 6.3). We were only able to quantify POB-DNA adduct
formation at 50 µM NNN or higher, which is consistent with the reported Km values for
CYP3A4 and suggests that 2′-hydroxylation of NNN is a minor source of DNA damage in
humans at relevant concentrations of NNN.
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(S)-NNN is more extensively metabolized by human liver enzymes and produces
more 5′-hydroxylation DNA adducts than (R)-NNN. Studies in rats have demonstrated that
(S)-NNN is the more carcinogenic enantiomer, and it produces more 2′-hydroxylation
DNA adducts in the rat oral cavity, esophagus, and liver.145, 250 Thus, in both the human
model and the rat model, (S)-NNN causes more total DNA damage than (R)-NNN. The
mutagenicity of py-py-dI has not yet been investigated in human systems. This will be
important to determine, as tobacco products contain more (S)-NNN than (R)-NNN.261, 270

6.5 Conclusion
This chapter presents data showing for the first time that py-py-dI forms in vivo and
is the major DNA adduct arising from NNN 5′-hydroxylation. In human systems, where
5′-hydroxylation predominates, py-py-dI forms in higher amounts than POB adducts
resulting from 2′-hydroxylation. Metabolism of (S)-NNN leads to more total adduct
formation than does (R)-NNN in human systems. The ratio of (R)- to (S)-py-py-dI
formation differs between the NNN enantiomers, which requires further study on the nature
of the chiral reactive intermediates. This work establishes a foundation for a better
understanding of intermediates involved in nitrosamine bioactivation and for further
biomarker development in humans exposed to tobacco products.
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