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ABSTRACT 

Nicotine is the addictive agent in tobacco and differences in nicotine metabolism 

may affect tobacco use, and consequently exposure to tobacco carcinogens.  A lung 

procarcinogen in tobacco is 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) 

and its carcinogenic effect is dependent on metabolic activation and is counter-balanced 

by metabolic detoxification.  Nicotine and NNK are structurally related and both are 

metabolized by cytochrome P450 (P450), UDP-glucuronosyltransferase (UGT), and 

flavin-monoxygenase (FMO) enzymes.  The goal of this thesis research was to explore 

variation in nicotine metabolism in vivo and to probe specific enzyme-catalyzed 

reactions of NNK in vitro. 

The role of glucuronidation on variation in nicotine metabolism and smoking 

behavior is not well characterized.  In a controlled dose study of ethnic differences in 

nicotine metabolism (n= 93 smokers), African Americans excreted 30-40 % less 

nicotine and cotinine as their glucuronide conjugates than European Americans.  This 

difference in glucuronidation explained the higher free cotinine concentrations observed 

in African Americans compared to European Americans in the controlled dose setting.  

The most efficient in vitro catalyst of nicotine and cotinine glucuronidation is 

UGT2B10.  In human liver microsomes (n=28), UGT2B10 genotype for the Asp67Tyr 

polymorphism was a better predictor of glucuronidation than ethnicity.  Subsequently, 

we demonstrated that UGT2B10 contributes to in vivo nicotine metabolism in a 

genotype-phenotype analysis of 325 smokers. Individuals who were heterozygous for 

the UGT2B10 Asp67Tyr allele excreted less nicotine or cotinine as their glucuronide 
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conjugates than wild-type; the ratio of cotinine glucuronide:cotinine was decreased by 

60 %, while increases in urinary and plasma cotinine and trans-3'-hydroxycotinine were 

observed. Strikingly, a robust biomarker of nicotine intake, nicotine equivalents, were 

lower among Asp67Tyr heterozygotes compared to individuals without this allele; 58.2 

nmol/ml (95 % CI, 48.9 – 68.2) versus 69.2 nmol/ml (95 % CI, 64.3 – 74.5).  

Individuals with low activity UGT2B10 may smoke less intensely, as reported for 

individuals with CYP2A6 polymorphisms that cause decreased nicotine C-oxidation. 

In contrast to nicotine, NNK is a carcinogen.  It is metabolized to reactive 

intermediates that can form DNA and protein adducts, or it is detoxified by 

glucuronidation.  P450 2A13 is the most efficient catalyst of NNK oxidation.  We 

explored the effect of an active site mutant, Asn297Ala, on enzyme function and found 

that loss of hydrogen bonding to substrate in the active site affected substrate 

orientation and product formation.  The orphan P450 2A7 was considered as a potential 

catalyst for NNK oxidation, but expression of wild-type or two naturally-occurring 

variants failed to yield protein with a P450 spectra and no appreciable activity towards 

P450 2A substrates was observed.  Preliminary experiments were conducted to search 

for the glucuronide conjugate formed from the unstable oxidation product α-

hydroxymethyl NNK, which has not been identified in any human system.   

The extent to which variation in metabolism mediates smoking behavior and cancer 

risk warrants consideration.  The enzymes involved are potential drug targets for 

smoking cessation pharmacotherapy and cancer chemoprevention. 
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CHAPTER 1 

Introduction 

 

1.1 Tobacco use and health consequences 

Tobacco use is a global public health problem that leads to over 5 million deaths per 

year and shortens life expectancy by an average of 15 years (1).  Smoking increases risk 

of several cancers, chronic obstructive pulmonary disease, respiratory infections, 

asthma, ischemic heart disease, and cerebrovascular disease (2).  There is growing 

recognition that smokeless tobacco use also increases risk of cancers, ischemic heart 

disease, and cerebrovascular disease.  Importantly, health risks are attenuated after 

quitting, even after years of tobacco use (3)  Health risks from secondhand smoke 

exposure are lower than for smokers but also result in smoking-associated diseases, as 

listed above (4;5).  Tobacco is considered a major preventable cause of morbidity and 

mortality, but it is a challenging problem.  Preventing or successfully treating addiction 

to tobacco products is imperative.   

There are more than a billion smokers worldwide.  In developed countries, 35 

percent of men and 22 percent of women smoke (6).  In developing countries, 50 

percent of men and 9 percent of women smoke (6).  Also, children and adolescents use 

tobacco and very few people take up smoking after age 21 (1).  The tobacco industry 

spends over 10 billion dollars on product promotion and aggressively targets new and 
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expanding markets (6).  Broadly, these potential markets include youth, women, 

developing countries, and smokeless products in areas with smoke-free policies.  

Current approaches to decrease tobacco use include smoke-free legislation, taxes on 

tobacco products to raise prices, bans on product promotion, education outreach, 

warning labels, and accessible quit programs.   

Anti-smoking policies and increased awareness of health risks have resulted in a 

decrease in tobacco use in the United States, though ~20 % of the population continues 

to use tobacco regularly (7).  Notably, 20 % of high school students smoke, based on 

the number of students who reported smoking at least 20 days per month in 2007 (8).  

Half of adults who have a history of smoking have succeeded in quitting (3).  Indeed, 

the majority of smokers are interested in quitting and around 70 % of smokers report a 

quit attempt in the past year (9;10)  However, only 58 % of smokers who tried quitting 

were abstinent for more than a single day and less than 20 % maintained abstinence at 

six months (9)!   

There are several challenges to further decreasing tobacco use in the U.S.  Only 1 of 

every 5000 dollars collected in tobacco tax revenue is spent on tobacco control (1).  

Meanwhile, tobacco companies are actively developing new products and marketing 

strategies to promote tobacco use.  Adolescents continue to access tobacco products, 

and later encounter the difficulties of quitting (11).  Pharmaceuticals to aid cessation are 

only moderately effective as currently used.  Health insurance companies are reluctant 

to consider tobacco use as a chronic condition requiring long term treatment (12).   
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Addressing the tobacco problem also involves developing approaches to reduce 

disease in tobacco users, former users, and individuals exposed to environmental 

tobacco smoke.  In the US, 81 billion dollars per year are currently spent on taking care 

of tobacco-associated diseases (1).  The cost of routine care is a significant challenge, 

and yet investment in novel diagnostic and treatment modalities could improve health 

outcomes significantly.   

 

1.2  Tobacco use and cancer 

The International Agency for Research on Cancer (IARC) of the World Health 

Organization reviewed reports from laboratory animal toxicology studies to 

epidemiology studies and concluded that tobacco increases the risk of several cancers.  

There is sufficient evidence that cancers of the lung, larynx, nasal cavity, oral cavity, 

esophagus, liver, pancreas, bladder, cervix, and leukemia are associated with tobacco 

use (13).  The US Surgeon general reported that smoking was the primary causal factor 

in 30 % of cancer deaths (2).  Over 60 known carcinogens are present in tobacco smoke 

(14).  Tobacco smoke is a complex mixture, and yet certain constituents have a 

remarkable predilection for causing specific cancers in laboratory animals. 

About 90 % of lung cancers are attributable to smoking (2).  Lung cancer is the 

second most common cancer and the leading cause of cancer death in the United States 

(15).  In 85 % of cases, lung cancer is diagnosed after regional spread or metastasis has 

occurred.  Risk of lung cancer increases with the number of cigarettes smoked per day 
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and with more years of smoking.  Overall, about 16-18 % of lifelong smokers develop 

lung cancer (16;17).  An estimated 3000 deaths from lung cancer per year also occur in 

nonsmokers exposed to secondhand smoke in the U.S. (5).  Lung cancer is a well-

recognized risk of smoking among the US public, though young people in particular 

underestimate risk of dying from lung cancer (18). 

 

1.3   Nicotine and tobacco use 

Nicotine is the addictive agent in tobacco products and it is the primary reason why 

people continue their use.  Nicotine accumulates in tobacco plant leaves to up to 3 % of 

the dry weight.  It serves the plant as a natural pesticide; nicotine is an alkaloid that acts 

as an acetylcholine analog that is toxic to insects (19).  In laboratory animals and human 

smokers and nonsmokers, nicotine has psychoactive effects that reinforce its use 

(20;21). Smokers will self-administer intravenous nicotine over placebo (22).  When 

switched to low nicotine cigarettes, smokers extract more nicotine per cigarette and 

smoke more cigarettes (23-25).  Abstinent smokers who receive the nicotine patch have 

less craving than those who received placebo (26).  The pharmacologic effects of 

nicotine were investigated, in part, by the tobacco industry and in a 1971 Phillip Morris 

document it was stated, “the cigarette should be conceived not as a product but as a 

package.  The product is nicotine.”  

The effects of nicotine are related to blood levels of nicotine and the kinetics of 

exposure.  Rapid delivery of nicotine to the brain causes the effects that tobacco users 
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seek, namely relaxation, reduced stress, and pleasant mood (27).  In the case of 

smoking, nicotine is efficiently absorbed into the pulmonary circulation and it reaches 

the brain in 10-20 seconds where it binds nicotinic cholinergic receptors (27).  Due to 

widespread distribution of receptors and the existence of various receptor subtypes, the 

effects of nicotine in the brain are complex and are mediated by dopinergic and non-

dopinergic neurons (28).  As nicotine levels fall, withdrawal symptoms arise and these 

include nervousness, restlessness, irritability, and anxiety (29).  Though smokers seek 

the favorable effects of nicotine that occur when nicotine levels peak, their smoking 

behavior more closely corresponds to maintaining a threshold concentration in blood 

(30).  Maintaining a nicotine threshold alleviates development of withdrawal symptoms.  

Since the half-life of nicotine is relatively short, about 2 hours, smokers use cigarettes 

repeatedly during the day and awaken in the morning with an urge to smoke (29).     

The rate of decline in nicotine concentrations is predominantly a function of 

metabolism, as well as renal clearance.  Less than 5% of nicotine is protein-bound (29).  

Nicotine is metabolized rapidly and extensively in the liver, though some metabolism 

occurs in other tissues including the lungs and kidneys (29).  Enzymes capable of 

metabolizing nicotine are also present in brain (31).  Nicotine is metabolized by C-

oxidation, N-oxidation, or glucuronidation and these metabolic pathways are described 

in detail in Chapter 2.  The major metabolites do not have psychoactive properties.  

Nicotine and its metabolites are predominantly excreted in urine.  Typically, 10 % of 

nicotine is excreted unchanged in a 24-hour period (32).  Higher concentrations of 

nicotine are excreted in urine shortly after smoking.  The rate of nicotine metabolism 

and the distribution of metabolites vary among different individuals (33). 
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1.4  4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) 

NNK is structurally related to nicotine, as it is a nitrosated product of nicotine 

formed during the tobacco curing process (Figure 1-1).  NNK is an abundant 

nitrosamine in processed tobacco, albeit 1000-fold lower than nicotine (10 µg 

NNK/cigarette compared to 10 mg nicotine/cigarette) (14).  NNK is found only in 

tobacco and it is therefore referred to as a tobacco-specific nitrosamine.   

NNK is designated a class I carcinogen by the IARC, indicating that it is a likely 

carcinogen in humans.  In contrast, nicotine is not a carcinogen.  NNK induces tumors 

in lung, liver, pancreas, and nasal cavity in various species of rodents (34).  In rats, 

induction of lung adenocarcinomas occur independent of route of administration 

including exposure through treated drinking water (35).  Metabolism of NNK is 

required for carcinogenesis, which is described in detail in Chapter 6.  NNK exposure 

has been documented by the detection of NNK metabolites in smokers’ urine and 

toenails, as well as in urine samples from populations exposed to environmental tobacco 

smoke (e.g. casino workers, children of smokers) (36-39).  DNA adducts that would be 

consistent with electrophilic attack from an NNK metabolite have been detected at 

higher levels in clinical lung cancer samples than in controls (40).  Overall, NNK 

exposure is predicted to have a cumulative effect, with decades of low exposure 

translating to an increased cancer risk in susceptible individuals (14). 
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Figure 1-1.  Structure of nicotine and NNK 
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1.5  Other tobacco constituents 

Tobacco contains thousands of chemicals, that are either naturally present or have 

been added during processing.  A few of these tobacco constituents are worth 

highlighting.  Additives like menthol influence brand preference and possibly other 

aspects of smoking behavior (e.g. depth of inhalation) (41;42).  Some constituents may 

induce or inhibit the enzymes that metabolize nicotine and NNK (e.g. polyaromatic 

hydrocarbons, menthofuran, carbon monoxide)(43-45).  Co-exposure to various 

chemicals in tobacco may modify the biological outcomes.  There are about 60 

carcinogens in tobacco smoke tobacco including benzo[a]pyrene, N'-nitrosonornicotine, 

benzene, formaldehyde, 4-aminobiphenyl, vinyl chloride, arsenic, and cadmium (13).  

Levels of several tobacco constituents vary substantially between different tobacco 

products and are not regulated (46).   

 

1.6  Cytochrome P450 Enzymes (P450s) 

Nicotine and NNK are metabolized by enzymes which are members of the 

cytochrome P450 (P450) superfamily.  An overview of these enzymes is provided here 
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and discussion of the specific enzymes involved in nicotine and NNK metabolism is 

covered in later chapters. 

P450 enzymes are heme monoxgenases that catalyze diverse oxidation reactions and 

are biologically important for their roles in the metabolism of both exogenous and 

endogenous small molecules.  Broadly, cytochrome P450 enzymes (P450s) 

biosynthesize endogenous molecules, inactivate/activate compounds with biological 

activity, and increase the hydrophilicity of compounds which facilitates their excretion 

and prevents toxic accumulation (47;48).  This ancient family includes more than 8500 

genes that have been identified in animals, plants, fungi, unicellular eukaryotes, and 

bacteria.  Sequence homology is used to classify enzymes into families and subfamilies, 

greater than 59 % and 70 % similarity, respectively (49).  Some cytochrome P450 

enzymes (P450s) fulfill a vital role for the organism and thus their disruption is lethal 

(50).  The disruption of other enzymes can have negligible effects; the enzyme may 

protect the organism only under certain exposure conditions or redundancy in metabolic 

pathways may prevent any toxicity (51). Nonfunctional P450 pseudogenes have also 

been identified, particularly as evolutionary relics among higher eukaryotes (49).   

Human cytochrome P450s contribute to normal development and homeostasis by 

metabolizing lipids, steroids, vitamins, eicosanoids, retinoids, prostaglandins, and 

xenobiotics (52).  There are 57 cytochrome P450 genes (CYP) as well as 58 

pseudogenes that have evolved from several gene duplication and deletion events 

(53;54).  The enzymes are membrane-bound in the endoplasmic reticulum, though six 

are exclusively found in mitochondria (55).  Regulatory networks including nuclear 
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receptors and transcription factors define the tissue-specific distribution of individual 

P450s, and modulate constitutive and inducible expression (56-59).  Xenobiotic-

metabolizing P450s are highly polymorphic and this leads to variation in the levels of 

enzymes and catalytic function.  Furthermore, P450 activity is affected by exposure to 

inhibitors.  Over 90 % of drugs on the market are metabolized by a relatively small 

number of cytochrome P450s, listed here in order of their relative contribution to drug 

metabolism:  3A4/3A5 > 2D6 > 2C9 > 2C19 > 2E1 ≈ 1A2 (55;60).  The role of these 

enzymes is widely studied to predict the potential for adverse reactions and variation in 

drug efficacy.  

Cytochrome P450s have characteristic absorbance spectra.  P450 refers to a pigment 

absorbing at 450 nm which can be observed for these heme-containing proteins when 

carbon monoxide is bound to reduced enzyme (61).  The absorption maximum at 450 

nm depends on properly incorporated heme, with the heme iron coordinated to the P450 

protein through a cysteine thiolate and stabilized by interactions between the heme and 

other P450 residues.  Carbon monoxide difference spectra are routinely used to quantify 

the amount of P450 enzyme that is grossly intact from a catalytic perspective.  Substrate 

binding to P450s can be analyzed by following changes in the UV-vis heme Soret 

spectrum that result from displacement of water or an amino acid ligand from the heme 

iron (type I spectrum), or from direct coordination of substrate to the heme iron (type II 

spectrum) (62) . 

Cytochrome P450s catalyze a range of oxidative reactions.  The heme iron-mediated 

chemistry of catalysis, the role of key amino acids, and the mechanisms of specific 
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P450 reactions have challenged many investigators.  Reactions catalyzed by P450s 

include hydrocarbon hydroxylation, heteroatom oxidation and dealkylation (heteroatom 

release), aromatic ring oxidation, acetylene oxidation, dehydrogenation, carbon-carbon 

bond cleavage, and radical cross-linking of substrates (63;64).   

A general catalytic cycle for cytochrome P450s is depicted in Figure 1-2 and is 

summarized below.  Binding of substrate in a productive orientation displaces the 6th 

axial ligand of the heme iron (e.g. a water molecule) generating a penta-coordinated 

iron-heme-thiolate complex (2) that is a better electron acceptor than the resting species 

(1).  Also, changes in the spin state can result in a more positive redox potential (65).  

Catalysis requires the transfer of two electrons to the P450 enzyme, and in nature 

NADPH is the electron source and P450 oxidoreductase transfers the electrons.  

Cytochrome b5 can also transfer the second electron.  However, recently the transfer of 

electrons from a gold electrode to bonded purified P450 was achieved and conversion 

of substrate to product was observed (66).  Of note, substrate can bind and dissociate at 

different stages of the catalytic cycle (67;68).  Futile cycling and generation of 

hydrogen peroxide can also occur (69).  

Through a series of steps an oxygen atom derived from molecular oxygen is 

transferred to the substrate.  Molecular oxygen binds readily to the ferrous heme species 

(3) in an end-on complex (4).  A second electron reduction generates ferric-dioxygen 

which is a strong base that undergoes protonation by a water molecule to form a Fe3+-

hydroperoxy complex (5).  A local network of amino acids facilitate further protonation, 

cleavage of the O-O bond, and formation of water and a reactive iron-oxo intermediate 
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(6).  The heme contributes to shuttling protons and accepting electrons.   The substrate 

is activated – the mechanism depends on its structure– and oxygen is transferred to the 

substrate (7).  For instance, a typical hydroxylation reaction may occur by abstraction of 

hydrogen from the substrate, formation of a short-lived radical, substrate reorientation 

and rebound that results in transfer of oxygen to the substrate (70).  Subsequent 

rearrangements may occur, and finally the product is released.     

Figure 1-2.  Cytochrome P450 catalytic cylcle 
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studies are conducted to identify and compare enzyme substrates and resulting products, 

as theoretical prediction of enzyme activity and product distribution is still very limited.  

In vitro analyses are greatly facilitated by studying individual P450s that have been 

heterologously expressed (e.g. in E. Coli).  Substrate binding spectra, product 

characterization, kinetics, and structural determination provide substantial information 

about an enzyme-substrate pair. 

 

1.7 UDP-glucuronsyltransferase enzymes (UGTs) 

Uridine diphosphate glucuronsyl transferase (UGTs) enzymes also metabolize 

nicotine, its metabolites, and metabolites of NNK.  These enzymes in particular serve an 

inactivation and detoxification function (71).  Overall, less is known about human 

UGTs than P450s, due in part to later recognition of their importance in xenobiotic 

metabolism and because UGTs have been difficult to characterize in vitro (e.g. 

including not being amenable to purification).   

Human UGTs belong to the GT1 superfamily of glycosyltransferases.  The 

predominant system to classify enzymes is based on amino acid sequence similarity  

(72;73).  The GT1 superfamily includes enzymes found in archaea, bacteria, and 

eukaryotes; there are over 2800 entries for the GT1 superfamily in the Carbohydrate 

Active Enzymes database (CAZy; www.cazy.org).  GT1 enzymes catalyze glycosyl 

transfer by an inverted mechanism in which the configuration of the sugar is changed 
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from an α- to β- linkage (74).  Overall domain structure is also shared among GT1 

enzymes despite relatively low sequence similarity.   

There are 19 human UGTs that are classified into three subfamilies, UGT1A, 

UGT2A, and UGT2B (73).  Sequence identity between subfamilies is less than 50 %.  A 

unique feature of the UGT1A subfamily is that all UGT1As are transcribed from a 

single gene locus that spans 200 kb by a process similar to alternative splicing (75).  

Each enzyme has an independent promoter region and first exon that is spliced to shared 

exon 2-5 sequence.  Thus, the C'-terminal 240 amino acids are identical among UGT1A 

enzymes.  For all UGTs, the C-terminal domain is highly conserved and several 

residues in this domain interact with the sugar donor (76).  The N-terminus contributes 

significantly to substrate specificity (77). 

UGTs catalyze the transfer of a sugar moiety to a nucleophilic group on the 

substrate, forming a glycosidic bond (72;76).  Human UGTs utilize uridine diphosphate 

glucuronic acid (UDPGA), but uridine diphosphate glucose can also serve as the sugar 

donor in some situations.  Substrates are structurally diverse small molecules that are 

typically lipophilic.  UGTs can catalyze the formation of O-, N-, S- or rarely C- 

glycosidic linkages (78).  In humans, UGTs metabolize the endogenous substrates 

bilirubin, bile acids, steroids, hydroxylated eicosanoids, and leukotrienes (79).  In 

addition, UGTs metabolize a number of xenobiotics and contribute to the metabolism of 

an estimated 20 % of drugs on the market (80).  The addition of a sugar molecule 

confers increases hydrophilicity of substrates leading to increased excretion in urine and 

bile (81;82). 
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The predicted catalytic mechanism is that a nucleophilic substrate attacks the C1-

carbon of glucuronic acid in an SN2-like reaction (83)  An example of an UGT-

catalyzed N-glucuronidation reaction is presented in Figure 1-3; an aspartate may 

stabilize the positive charge on the nitrogen (84).  For hydroxylated substrates, a 

histidine residue is proposed to act as a base that activates the substrate by 

deprotonation (76).  Mutation of the active site histidine to alanine results in 

substantially decreased O-linked but not N-linked glucuronidation (84).  The 

nucleophilic group on the substrate then attacks the sugar moiety, with uridine 

diphosphate as the leaving group.  The product has inverted configuration at the C-1 

carbon from an α- to β- linkage as mentioned previously. 
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Human UGTs are embedded in the membrane of the endoplasmic reticulum.  In 

addition to a transmembrane helix, the enzymes are closely associated with the 

membrane and the active site faces away from the cytosolic side of the membrane 

(79;85).  Purification of heterologously-expressed full-length UGTs has failed with the 

exception of UGT1A9, but the purified form of this UGT has different substrate 

specificity and kinetics than UGT1A9 microsomes (86).  Currently, the activity of 

individual UGTs is characterized using cell lysate or the membrane fraction from 

heterologously-expressed enzyme.  Unlike with P450s, the amount of UGT protein is 

difficult to quantify.  Addition of a his-tag and immunoblotting has been useful to 

compare the activities of different heterologously-expressed UGTs (87).  Expressed 

UGTs have significantly lower activity than is observed with liver microsomes.  A 

limited repetoire of selective inhibitors and antibodies have also been used to 

characterize enzyme activity in tissue preparations.   

 

1.8  Flavin-containing monooxygenases (FMOs) 

Flavin-containing monoxygenases (FMO) contribute to minor pathways of nicotine 

and NNK metabolism.  In some individuals with decreased P450 activity, and perhaps 

decreased UGT activity, these enzymes have a more prominent role (88). 

FMOs catalyze the oxidation of small molecules at nucleophilic heteroatoms 

including nitrogen, sulfur, phosphorus, and selenium (89).  Similar to cytochrome P450-

catalyzed metabolism, oxidation of typical lipophilic substrates generates products that 
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are more hydrophilic and therefore more readily excreted.  In the Univeral Protein 

Resource (UniProt; www.uniprot.org) database, there are currently a total of 999 FMO 

protein sequence entries reflecting the presence of FMOs in viruses, bacteria, and 

eukaryotes.  There are five active FMO enzymes in humans, FMO1-5, with 52-60 % 

sequence identity (90).  There are also 6 pseudogenes for which no activity has been 

demonstrated.  Human FMOs have a broad substrate range and contribute to xenobiotic 

detoxification (90).  It is unclear if FMOs also have a role in endogenous biosynthetic or 

catabolic pathways.  Ziegler et al. proposed that FMOs may catalyze endogenous 

disulfide bond formation through cysteamine oxidation (91).  FMOs are localized to the 

endoplasmic reticulum membrane, and are abundantly expressed in adult liver (FMO3) 

and kidney (FMO1) (92).   

Human FMOs have a unique catalytic cycle in which substrate affinity does not 

drive the velocity of the reaction (Figure 1-4) (91).  FMOs bind NADPH resulting in a 

two electron reduction of flavin (1).  Molecular oxygen binds the reduced flavin and 

C4α peroxyflavin is rapidly formed (2).  Remarkably, this species is stable for minutes 

to hours and thus the enzyme is primed for catalysis prior to substrate binding (93).  

Ability of substrates to pass through the substrate access channel, depending on size and 

charge state, largely determine which molecules are metabolized by FMOs (90;94).  

When a substrate enters the active site, a nucleophilic moiety can react with the flavin 

peroxide (3).  An oxygen atom is then incorporated into the substrate and a molecule of 

water is formed.  Release of water is predicted to be the rate-limiting step (4).  NADP 

leaves the active site at the end of the catalytic cycle (5).  FMOs are resistant to 

inactivation by electrophiles, and there are no known examples of an FMO-generated 
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reactive intermediate leading to FMO inactivation.  However, reactive FMO products 

can inactivate P450s (95). 

 

Figure 1-4.  Flavin monooxygenase catalytic cycle 

. 

 

 

 

 

 

 

 

 

 

 

A number of xenobiotics are substrates for both FMOs and P450s and the tissue 

distribution of these enzymes also overlaps.  Products of FMO- versus P450- mediated 

metabolism of a substrate are often different.  Overall, substrate turnover is slower for 

FMOs than P450s, 30-60 min-1 versus 1-20 min-1 (96).  Despite slower turnover, FMOs 

contribute to metabolism of many P450 substrates because of their relatively high 

abundance.  In the liver, FMO3 is present to levels of ~60 % of the most abundant 

P450, and more FMO1 than P450s is present in the kidney (92).  FMO activity is not 

thought to vary significantly in response to environmental exposures, as there is no 
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evidence for enzyme induction and only competitive inhibition has been observed (90).  

Nevertheless, genetic factors do cause inter-individual variation in FMO-mediated 

metabolism, and these include FMO polymorphisms and other genes that mediate age 

and gender differences in FMO expression.  A note of caution is warranted in predicting 

the in vivo contribution of P450- versus FMO- mediated metabolism from in vitro 

experiments, as incubation conditions (ie. pH, buffer selection, timing of NADPH 

addition) can favor one metabolic pathway over the other in microsomal studies, and 

also influence the activity of individually-expressed enzymes.  Heat inactivates FMOs 

at a lower temperature than P450s and this can be useful to distinguish between P450- 

and FMO- catalyzed reactions in vitro (97). 

 

1.9  Regulation of P450s, UGTs, and FMOs 

Regulation of P450s, UGTs, and FMOs may underlie some of the phenotypic 

variation observed in nicotine metabolism among smokers that is discussed in 

subsequent chapters, and is relevant to hypotheses generated about in vivo metabolism.  

  Regulatory mechanisms determine the amount and distribution of P450s, UGTs, 

and FMOs, in an individual.  Gene knock out models and chemical induction studies 

have been instrumental to studying regulation.  There are differences in the regulation 

of these xenobiotic metabolizing enzymes in mice and rats compared to humans, and 

therefore mice that are transgenic for various human genes (e.g. nuclear hormone 

receptors, UGT1A locus) are being generated to better assess regulatory networks (98).  
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Much of what we know is based on regulation of gene transcription.  The 

arylhydrocarbon receptor (Ahr) and the nuclear hormone receptors, constitutive 

androstane receptor (CAR), pregnane X receptor (PXR), and peroxisome proliferator 

activated receptor (PPAR), are involved in upregulation of both P450s and UGTs (99-

101).  Upon activation by ligands, these receptors are translocated to the nucleus where 

they bind promoter gene elements and recruit transcription factors, such as the 

hepatocyte nuclear factors (56).  There is cross-talk between the different receptor 

pathways in animal models.  A number of P450s, UGTs, and FMOs, do not undergo 

substantial induction.  For example, mouse P450 2A5 that shares high sequence identity 

with human P450 2A6 is induced through the arylhydrocarbon receptor (AhR) 3-fold 

while P450 1A1 is induced over 1500-fold (102).   In smokers P450 1A1 is induced by 

polyaromatic hydrocarbons in tobacco smoke, but an effect on P450 2A6 has not been 

demonstrated (103).  A number of other factors may influence regulation such as DNA 

methylation, transcriptional co-activators, and alternative splice variants. 

In vitro enzymatic kinetics combined with estimates of in vivo expression are used 

to make hypotheses about the role of an enzyme in in vivo metabolism.  Determining 

which enzyme(s) catalyzes a specific reaction can provide critical information about 

exposure risks to a xenobiotic agent and potential adverse drug reactions.  While this 

provides a useful framework to consider the role of an enzyme, it is often not sufficient 

to make conclusions about in vivo metabolism.  Human pharmacokinetic studies can 

provide specific information about the absorption, metabolism, distribution, and 

elimination of a compound though these studies are expensive, and also, are frequently 

not an option for studying carcinogens.  Quantifying metabolites in body fluids of 
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exposed, and non-exposed, individuals is a mainstay for evaluating metabolism in 

population-based studies.  Genotype-phenotype analyses can provide information about 

the role of an enzyme in in vivo metabolism.  Gene-environment interactions, especially 

with factors like diet which are difficult to measure or control, can be a complicating 

factor.  Overall, it is a challenge to assess factors that affect in vivo metabolism.   

 

1.10 Goals of thesis research 

The goals of the thesis were to better understand the role of specific enzymes in 

nicotine and NNK metabolism, to consider metabolic flux through more than one 

enzymatic pathway, and to improve the scientific basis of using selected tobacco 

biomarkers.   
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CHAPTER 2 

Ethnic differences in nicotine metabolism 

 

Content included in this chapter is reprinted with permission of the American Society 

for Pharmacology and Experimental Therapeutics.  All rights reserved. 

 

2.1  Introduction 

African Americans have higher rates of lung cancer than European Americans 

despite consistently reporting smoking fewer cigarettes per day (cpd) (104;105).  Yet 

higher levels of the nicotine metabolite cotinine have been documented in African 

Americans at all levels of smoking during the last 20 years (41;106-109).  In the 

National Health and Nutrition Examination Survey III (NHANES III), cotinine was also 

higher in African American nonsmokers than European American nonsmokers who 

reported similar environmental tobacco smoke exposure (106).  Higher cotinine among 

African American compared to European American smokers likely reflects higher 

exposure per cigarette, differences in nicotine metabolism, or a combination of both.  A 

difference in nicotine metabolism could impact cancer risk through an effect on 

smoking behavior or because some of the same enzymes that metabolize nicotine also 

metabolize carcinogens in tobacco smoke. 
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Nicotine is extensively metabolized into pharmacologically inactive metabolites by 

C-oxidation, glucuronide conjugation, and N-oxidation (Fig. 2.1) (32;110;111).  

Typically, only ~10 % of the nicotine dose is excreted unchanged in urine (32).  There 

is significant interindividual variation in the contribution of the three pathways to 

nicotine metabolism, albeit in most people C-oxidation is the major pathway and 80 % 

of nicotine is metabolized initially to cotinine (112).  This metabolite is frequently used 

as a biomarker of nicotine exposure, since nicotine itself has a short half-life of 1-2 

hours compared to 16 hours for cotinine, and nicotine levels spike immediately after 

smoking (113-115).  Moreover, individuals who are not exposed to tobacco have 

virtually no cotinine in their body fluids as nicotine intake from other sources (e.g. 

eggplant) is insignificant (116;117).  In urine, more than 40 % of nicotine and its 

oxidation metabolites, cotinine and trans-3'-hydroxycotinine, are present as glucuronide 

conjugates (111;112;118).  N-oxidation is a minor metabolic pathway that typically 

accounts for less than 10 % of nicotine metabolism (119). 

Quantifying the sum of nicotine and its major metabolites in urine reflects nicotine 

intake and can be used to assess the molar distribution of urinary metabolites (Table 2-

1).  The sum of nicotine, nicotine-N-glucuronide, cotinine, cotinine-N-glucuronide, 

trans-3'-hydroxycotinine, and trans-3'-hydroxycotinine glucuronide has been referred to 

as nicotine equivalents (120).  This sum, with or without additional quantification of 

nicotine-N-oxide and cotinine-N-oxide, has been used in pharmacokinetic studies to 

quantify recovery of the administered nicotine dose.  Furthermore, Benowitz et al. 

reported that nicotine equivalents in 24 hour urine accounted for an average of 90 % of 

the systemic nicotine intake from smoking or from the nicotine patch (32).  In this 
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pharmacokinetics study, a 24-hour infusion of deuterium-labeled nicotine was used to 

assess nicotine clearance while unlabeled nicotine was quantified to calculate the 

AUCnic from smoking or the patch.  Systemic dose was then estimated as dose = AUCnic 

* ClearanceD2-nic.  Notably, the range of percent dose recovered was 51 – 124 % of the 

estimated systemic intake; the contribution of error(s) in estimating systemic dose and 

quantification of labeled and unlabeled analytes is not clear. 

 

Figure 2-1.  Pathways of nicotine metabolism in humans that result in the most 

abundant urinary metabolites 

N

N
CH3

Nicotine

UGT
N

N
CH3

Nicotine glucuronide

O

HO
HO

OH

COO

N

N
CH3

Cotinine

UGT
N

N
CH3

Cotinine glucuronide

O

HO
HO

OH

COO
O

O

P450

N

N
CH3

Tr ans-3'-hydroxycotinine

UGT
N

N
CH3

T rans-3'-hydroxycotinine glucuronide

O

HO
HO

HO

COO

O O

P450

OH O

FMO

P450

N

N
CH3

Nicotine-N-oxide

O

N

N
CH3

Cotinine-N-oxide

O

O

 



 
 

 
 

 
 

 
 

25

T
ab

le
 2

-1
.  

D
is

tr
ib

ut
io

n 
of

 u
ri

na
ry

 n
ic

ot
in

e 
m

et
ab

ol
ite

s 
 

A
na

ly
te

s a
s m

ol
ar

 p
er

ce
nt

ag
es

 o
f ∑

 n
ic

ot
in

e 
an

d 
its

 m
et

ab
ol

ite
s 

A
na

ly
te

 
Sm

ok
in

g:
   

 
24

h 
ur

in
e 

B
en

ow
itz

 e
t a

l. 
N

 =
 1

2 
a 

Sm
ok

in
g:

 
m

or
ni

ng
 u

ri
ne

 
M

ur
ph

y 
et

 a
l. 

N
 =

 4
6 

Sm
ok

el
es

s:
   

24
h 

ur
in

e 
A

nd
er

ss
on

 e
t a

l. 
N

 =
 5

4 
b 

T
ra

ns
de

rm
al

:  
 

24
h 

ur
in

e 
B

en
ow

itz
 e

t a
l. 

N
= 

12
 a 

In
fu

si
on

:  
   

  
8h

 u
ri

ne
 

Be
no

wi
tz

 e
t a

l. 
N

 =
 2

15
 

N
ic

ot
in

e 
10

.4
 

9.
3 

8.
3 

11
.1

 
21

.6
 

N
ic

ot
in

e 
gl

uc
ur

on
id

e 
4.

6 
6.

2 
3 

5.
3 

8 

C
ot

in
in

e 
13

.3
 

11
.4

 
7.

9 
14

.9
 

24
.4

 

C
ot

in
in

e 
gl

uc
ur

on
id

e 
15

.8
 

21
.6

 
8.

9 
15

.4
 

8.
9 

Tr
an

s-
3'

-h
yd

ro
xy

co
tin

in
e 

+ 
  

O
- g

lu
cu

ro
ni

de
 

46
.9

 
51

.6
 

61
.0

 
44

.9
 

37
.1

 

N
ic

ot
in

e-
N

-o
xi

de
 c 

3.
7 

n/
a 

8.
6 

2.
7 

n/
a 

C
ot

in
in

e-
N

-o
xi

de
 c 

5.
2 

n/
a 

2.
5 

5.
2 

n/
a 

a   A
na

ly
te

s w
er

e 
qu

an
tif

ie
d 

in
 p

ar
tic

ip
an

ts
 w

hi
le

 s
m

ok
in

g 
an

d 
w

hi
le

 a
bs

tin
en

t a
nd

 o
n 

th
e 

tra
ns

de
rm

al
 n

ic
ot

in
e 

pa
tc

h.
 

b   P
ar

tic
ip

an
ts

 w
er

e 
us

er
s o

f S
w

ed
is

h 
or

al
 m

oi
st

 sn
uf

f (
sn

us
) o

r c
he

w
in

g 
to

ba
cc

o 
c   O

th
er

 st
ud

ie
s b

y 
B

yr
d 

et
 a

l. 
an

d 
Sc

he
re

r e
t a

l. 
re

po
rte

d 
m

ea
n 

m
ol

ar
 p

er
ce

nt
ag

es
 o

f u
rin

ar
y 

ni
co

tin
e-

N
-o

xi
de

 fr
om

 3
.7

 –
 

12
.2

 %
 a

nd
 c

ot
in

in
e-

N
-o

xi
de

 fr
om

 3
.1

 –
 4

.5
 %

. *
 R

ef
er

en
ce

s:
  (

32
), 

(1
12

), 
(1

21
), 

(1
15

), 
(1

22
), 

(1
19

) 



   26

P450s catalyze the 5'-oxidation of nicotine and can subsequently catalyze the 

metabolism of the iminium ion to cotinine (45;123).  The immediate product of nicotine 

5'-oxidation is 5'-hydroxynicotine, which is in equilibrium with the nicotine∆1',5' 

iminium ion (Figure 2-2).  Cytosolic aldehyde oxidase also converts the iminium ion to 

cotinine (124;125).  In humans, P450 2A6 is the predominant contributor to 5'-oxidation 

of nicotine.  Individuals with no P450 2A6 due to a genetic deletion have a greater than 

85 % reduction in 5'-oxidation (118;126).  Also, in human liver microsomes, treatment 

with anti-P450 2A6 antibody inhibits 90 % of nicotine 5'-oxidation (127).  Hepatic P450 

2B6 and extrahepatic P450 2A13 may contribute to in vivo nicotine metabolism, but 

P450 2B6 is a poor catalyst relative to P450s 2A6 and 2A13, and P450 2A6 is much 

more abundant than P450 2A13 (127-129). 

 

Figure 2-2.  Nicotine 5'-oxidation to cotinine 
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Cotinine is further oxidized to trans-3'-hydroxycotinine, which is the most abundant 

urinary metabolite of nicotine detected in smokers (112;130).  The ratio of trans-3'-

hydroxycotinine to cotinine is being used as a biomarker of C-oxidation phenotype and 

also as a proxy measure for P450 2A6 activity (108;115;131).  In a large 
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pharmacokinetic study (n = 268) where non-smokers and smokers were co-administered 

deuterium labeled nicotine (D2) and cotinine (D4), the plasma and urine ratio of trans-3'-

hydroxycotinine to cotinine was correlated with nicotine clearance, r = 0.6 and r = 0.5 

respectively (115).  While these correlations are moderate, differences in smoking 

behavior have been observed among individuals with low ratios, particularly among 

individuals with well-characterized low activity CYP2A6 alleles and Japanese 

Americans who have a higher prevalence of these alleles (115;132;133).  Briefly, 

groups with low ratios have been reported to have lower urinary nicotine equivalents, 

smoke slightly fewer cigarettes/day, smoke less intensely on a smoking machine, and 

Malaiyandi et al. reported a higher 6-month success rate for smoking cessation 

(132;134-137).  Other studies have not found any associations with cigarettes/day or 

indices of addiction (e.g. Fagerstrom index, time to first cigarette) (108;138).  A 

concern is that no study has controlled for a potentially independent effect of nicotine 

dose on the ratio of trans-3'-hydroxycotinine to cotinine.   

While there is strong evidence for CYP2A6 as the predominant catalyst of nicotine 

C-oxidation to cotinine this is not the case for cotinine C-oxidation to trans-3'-

hydroxycotinine.  If CYP2A6 is not the predominant catalyst of the latter reaction then 

the ratio of of trans-3'-hydroxycotinine to cotinine would not be a specific marker for 

CYP2A6 activity.  There is an interesting case report of a pack-a-day smoker who had a 

CYP2A6 null allele and had 10-fold lower than average plasma cotinine concentrations, 

but was found to have essentially normal cotinine clearance in a pharmacokinetic study 

(139).  Nakajimi et al. demonstrated that P450 2A6 catalyzes cotinine oxidation, and a 

product eluted at the retention time of trans-3'-hydroxycotinine standard (140).  Product 
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inhibition was observed with anti-2A antibody and activity correlated with P450 2A6 

content and coumarin 7-hydroxylation, which is catalyzed exclusively by 2A6 in 

HLMs.  Unfortunately, the product peak was not further characterized, and a conflicting 

report that human liver microsomes formed surprisingly low levels of trans-3'-

hydroxycotinine from nicotine has been largely ignored (141).  It turns out that trans-3'-

hydroxycotinine is only one of three products generated by P450 2A6 when incubated 

with cotinine.  N-(hydroxymethyl)norcotinine, is the major product formed by human 

liver microsomes or P450 2A6, followed by trans-5'-hydroxycotinine and trans-3'-

hydroxycotinine which are formed at rates less than half of that for methyl 

hydroxylation (142).  However, consistently less than 5 % of metabolites in urine are 

derived from N-(hydroxymethyl)norcotinine (114).  Therefore, it is unclear which 

enzyme is the major catalyst responsible for trans-3'-hydroxycotinine formation in vivo 

either from cotinine or directly from nicotine.   

Glucuronide conjugates are formed from nicotine, cotinine, and trans-3'-

hydroxycotinine and are excreted in urine (111).  N-glucuronidation of nicotine and 

cotinine occurs at the pyridyl nitrogen.  These reactions are catalyzed by UGTs 2B10 

and 1A4 in vitro; UGT2B10 has the lowest Km and it is ~10-fold lower than UGT1A4 

(87).  However, the Vmax may be higher for UGT1A4, as estimated by Chen et al. to be 

10-fold and 3- fold higher for nicotine and cotinine glucuronidation respectively (143).  

Hepatic mRNA levels are comparable between these UGTs, although protein levels 

have not been compared (87).  In an in vitro study of eleven UGTs, 2B7 and 1A9 were 

identified as the strongest candidates for trans-3'-hydroxycotinine O-glucuronidation 

(144).  Indeed, trans-3'-hydroxycotinine O-glucuronide is the major glucuronide in 
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smokers’ urine.  Cotinine and nicotine N-glucuronide concentrations are correlated in 

vivo, and are not correlated with trans-3'-hydroxycotinine glucuronides (112).  The ratio 

of cotinine glucuronide:cotinine in urine was used previously to compare 

glucuronidation phenotypes in a pharmacokinetic study but it has not been used as a 

biomarker per se (115;145). 

The fate of nicotine depends on the activity, and presence or absence, of enzymes 

along the metabolic pathways.  Studies on variation in nicotine metabolism have 

focused primarily on the C-oxidation of nicotine, as it is the major pathway of nicotine 

metabolism and polymorphisms resulting in inactive protein (CYP2A6*2, CYP2A6*4) 

were identified in the 1990s (146-148).  Indeed, the P450 2A6 (CYP2A6) gene is highly 

polymorphic, and several variants are associated with altered (increased or decreased) 

nicotine metabolism, including variants found in African Americans (149-151).  Yet 

even among African Americans who are genotypically considered CYP2A6 wild-type, 

there is significant variation in phenotype (150).  UGT1A4 and UGT2B10 are also 

polymorphic, though few variants have been evaluated in nicotine metabolism and no 

variants that have a specific role in the African American population have been 

identified (143;152;153).   

A controlled dose nicotine metabolism study of African Americans and European 

Americans was conducted to evaluate intraindividual variation and any ethnic 

differences in nicotine metabolism.  Nicotine and its major metabolites were analyzed 

in urine while participants were abstinent from smoking and at steady state on the 

nicotine patch, as well as while participants were smoking ad libitum.  Nicotine 
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equivalents and the metabolite ratios, trans-3'-hydroxycotinine to cotinine and cotinine 

glucuronide:cotinine, were further explored as biomarkers of nicotinine intake and 

oxidation and glucuronidation phenotypes. 

 

2.2  Methods 

2.2.1  Nicotine patch study 

Patch Study Recruitment 

The study was approved by the University of Minnesota’s Institutional Review 

Board.  Smokers were recruited from the Minneapolis-St. Paul area through newspaper 

advertisements, flyers, and word of mouth.  Potential participants were scheduled by 

telephone for a screening visit.  Inclusion criteria were (1) age 18-74, (2) grandparents 

who were all either African American or European American, (3) daily smoking > 10 

cpd, and (4) in good health.  A medical history questionnaire and vital signs were used 

to assess health.  Individuals who used illicit drugs and women who were pregnant were 

ineligible.  A total of 105 individuals enrolled. 

 

Patch Study protocol  

The 8-day study included baseline smoking assessment, and a controlled dose 

period during which the nicotine patch was administered (Figure 2-3).  Participants 
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completed questionnaires about demographics and smoking behavior.  Current smoking 

was verified by exhaled carbon monoxide (CO) and a urine spot check for nicotine 

(NicCheck).  Participants collected 24-hour urine while smoking as usual.  

Subsequently, participants were instructed to abstain from smoking and to use 21 mg 

nicotine patches (Nicoderm).  On days 5-7 of using the patch, after reaching steady 

state, participants visited the study center for CO testing, blood pressure and heart rate 

assessment, and 24-hour urine drop-off.  A subset of participants provided plasma (n= 

70, 75 %) during days 5-7.  Compliance was determined as having a CO < 8 ppm and 

turning in used nicotine patches.  Participants were offered referrals to smoking 

cessation programs and received compensation ($200).   

 

Figure 2-3.  Nicotine patch study design 

 

 

 

Study Day    0     1     2    3    4    5      6      7      8

Nicotine patch               x      x      x      x      x      x      x      x 
CO level                x                                      x      x      x      
Blood draw                                                    x      x      x 
24 hr urine             x                                      x      x      x 

Abstain from smoking 
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2.2.2  Chemicals and reagents   

(S)-[5-3H]Nicotine was purified as previously described (123).  Nicotine N-βD-

glucuronide was purchased from Toronto Research Chemicals (North York, ON, 

Canada).  Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless 

otherwise noted. 

 

2.2.3  Nicotine and metabolite analysis 

Urine was stored at -20˚C until analysis.  Four 24-hour urine samples were analyzed 

(days 1 and 5-7) per participant by gas chromatography/mass spectrometry (GC/MS).  

A brief description of these published methods is provided here (39;112;154).  Base 

treatment was used to cleave N-glucuronide conjugates of nicotine and cotinine; 0.1 N 

NaOH for 30 min at 80°C.  Internal standards, [methyl-D3]cotinine and [methyl-

D3]nicotine, were added prior to addition of 50 % aqueous K2CO3 and extraction with 

CH2Cl2.  The CH2Cl2 layer was mixed with CH3OH and concentrated under N2 (to ~100 

µl).  GC/MS was performed with selected ion monitoring for the nicotine-derived ions:  

m/z 84 [C4H7NCH3]+, 87 [C4H7NCD3]+, 162 [M+, nicotine], and 165[M+, 

[CD3]nicotine]; and cotinine-derived ions m/z 98 [C4H5ONCH3]+, 101 [C4H5ONCD3]+, 

176 [M+, cotinine], and 179 [M+, [CD3]cotinine].  Free nicotine, total nicotine (free 

nicotine + N-glucuronide), free cotinine, and total cotinine (free cotinine + N-

glucuronide) were quantified by comparison to the internal standards (39;112;154).  β-

glucuronidase was used to cleave trans-3'-hydroxycotinine glucuronides for analysis of 
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total trans-3'-hydroxycotinine (trans-3'-hydroxycotinine + its glucuronides), and cis-3'-

hydroxycotinine was added as an internal standard.  An extraction with CH2Cl2/IPA 

was performed prior to derivitization with tert-butyldimethylsilyl followed by a second 

extraction with toluene:butanol (154).  Selective ion monitoring was performed for m/z 

249, loss of the tert-butyl group.  From whole blood, plasma was separated and stored at 

-20ºC.  Nicotine, cotinine and their N-glucuronides were quantified by GC/MS as 

performed for urinary metabolites except that an initial solid phase extraction using a 

MCX column was performed (Waters Corporation, Milford, MA) (39).  Analyses were 

performed in duplicate and repeated if values differed by > 10 %.   

 

Other analyses 

Exhaled CO was determined using a Medical Gas Monitor (Bedfont Scientific Ltd., 

Kent, United Kingdom).  Urine spot checks for nicotine were performed using 

NicCheck (Mossman Associates, Blackstone, MA). 

 

2.2.4 Statistics 

Patch participants were excluded from analyses if they were noncompliant:  not 

using the nicotine patch as directed, smoking during the abstinence period, or 

incomplete urine collection.  Specifically, participants were excluded if on more than 

one visit they excreted < 20 % or > 120 % of the patch dose or had exhaled CO levels > 
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8 ppm.  Single visits that met noncompliance criteria were excluded from analysis (8 of 

279, 3%).  Overall, 12 participants (7 African American) were excluded due to:  

ethnicity was American Indian (n=1), not completing the study (n=2), dose recovery 

was < 20 % (n=6), dose recovery was > 120 % (n=3).  Included in analyses were 93 

participants.  Baseline urine was available for 59 participants, after exclusion of 4 

participants who returned < 400 ml of 24-hour urine at baseline. 

Statistical analyses were conducted using SAS (SAS Institute, Cary, NC) and Excel 

(Microsoft, Redmond, WA).  Wilcoxon two-sided t-approximation statistics were 

calculated to compare means of continuous variables that did not have a normal 

distribution, and a p-value less than 0.05 was considered significant.  Chi-square 

approximation statistics were analyzed for categorical variables.  Spearman 

nonparametric correlation was used to assess univariate correlations.  Multivariate 

linear regression models were evaluated to assess predictors of cotinine glucuronidation 

(square-root transformed ratio of cotinine glucuronide to free cotinine) and the C-

oxidation ratio (square-root transformed ratio of total trans-3'-hydroxycotinine to total 

cotinine) (133).   

 

2.3  Results 

2.3.1  Patch study population  

African American and European American participants were not statistically 

different in age (mean = 38; range 26-56), gender (51 % female), cigarettes per day 
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(cpd) (mean = 21), or quit attempts (mean = 4).  The distribution of time to first 

cigarette after waking was 48 %, 0-5 min.; 37%, 6-30 min.; 11.5 %, 31-60 min.; 3.5 %, 

> 60 min, and there was no difference by ethnicity.  African American women reported 

more quit attempts than men (6.1 versus 3.2, p =0.012) or European American women 

(6.1 vs. 3.3, p = 0.02).  Mentholated cigarettes were smoked by 86 % of the African 

Americans and 24 % of European Americans (p < 0.0001).  Fewer African Americans 

than European Americans reported attending at least some college (43 % vs. 64 %, p = 

0.04).      

 

2.3.2  Nicotine metabolism on the patch 

Free nicotine and free cotinine were quantified in plasma to assess nicotine dosing 

achieved with the patch in 70 of 93 (75 %) of participants.  At steady-state (day 6), free 

cotinine concentrations were comparable to levels observed in smokers.  Mean free 

nicotine and free cotinine were 28.1 +/- 30.6 ng/ml and 311 +/- 170 ng/ml for African 

Americans and 18.3 +/- 11.8 ng/ml and 245 +/- 129 ng/ml for European Americans and 

were not statistically different by ethnicity.  Plasma free cotinine was correlated with 

24-hour urinary free cotinine; 0.49, p < 0.0001. 

The dose of nicotine obtained from patch use was estimated relative to the amount 

of nicotine in a patch.  Specifically, the molar sum of nicotine and its metabolites in 24-

hour urine were expressed as a molar percentage of nicotine in a 21 mg patch (estimated 

dose recovered).  The mean estimated dose recovered on days 5-7 was 61 +/- 20 % for 
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African Americans and 70 +/- 25 % for European Americans (p = 0.09).  The 

intraindividual variation in the estimated dose recovered was 13 % for both African 

Americans and European Americans.   

Nicotine and nicotine metabolites were quantified in 24-hour urine from each 

collection day and the values of 3 days for each individual were analyzed.  Mean 

intraindividual variation was less than half of mean interindividual variation.  This was 

assessed by calculating the mean of standard deviations for individuals and comparing 

this value to the group standard deviation for a given analyte.  Free cotinine had the 

lowest intraindividual variation while free nicotine had the largest intraindividual 

variation relative to interindividual variation.   

There were no significant differences by ethnicity in mean total nicotine or total 

cotinine (Table 2-2).  However, free cotinine was higher among African Americans than 

European Americans, 12.7 +/- 6.2 nmol/ml versus 9.5 +/- 4.2 nmol/ml, respectively (p = 

0.01).  While free nicotine was higher among African Americans than European 

Americans, 12.9 +/- 9.4 nmol/ml versus 9.9 +/- 6.5 nmol/ml, the means were not 

statistically different (p = 0.17).  The observation that African Americans had higher 

free cotinine but similar total cotinine levels reflects a difference in glucuronidation.  

Nicotine equivalents, defined as the sum of nicotine, cotinine, trans-3'-hydroxycotinine 

and their respective glucuronides, expressed as nmol/ml or µmol/24-hour urine, were 

the same for African Americans and European Americans; 81.2 +/- 39.4 nmol/ml and 

84.0 +/- 42.7 nmol/ml, respectively (120).      
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Glucuronide conjugation of both nicotine and cotinine was significantly lower 

among African Americans compared with European Americans (Table 2-2).  The 

percent of nicotine excreted as a glucuronide conjugate in 24-hour urine was 18.1 +/- 

12.7 % for African Americans versus 29.3 +/- 16.9 % for European Americans (p = 

0.002).  The percent of cotinine excreted as a glucuronide conjugate was 41.4 +/- 20.7 

% for African Americans versus 61.7 +/- 14.2 % for European Americans (p < 0.0001).  

Nicotine and cotinine glucuronidation were correlated in African Americans and 

European Americans, 0.73 and 0.53 respectively (p= 0.11 for difference in correlation 

by ethnicity).  The distribution of percent cotinine excreted as a glucuronide was 

distinct for African Americans (Figure 2-4).  Few European Americans excreted less 

than 50 % of cotinine as its glucuronide while this was common among African 

Americans.  We observed large interindividual variation in glucuronidation regardless 

of ethnicity.  The ranges of percent glucuronidation for nicotine and cotinine were 0.4 – 

67.5 % and 8.6 – 84.4 % respectively.  Intraindividual variation in percent 

glucuronidation on days 5 – 7 was low with a mean standard deviation of 7.3 % for 

nicotine (range, 0.1-53 %) and 4.9 % for cotinine (range, 0.1-21.8 %).  There was no 

difference in intraindividual variation by ethnicity. 
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The ratio of trans-3'-hydroxycotinine to cotinine has been used and promoted as a 

marker of nicotine oxidation phenotype (133;135), and we evaluated this ratio in urine 

as total trans-3'-hydroxycotinine to total cotinine.  The range of the ratio was 0.10 – 7, 

plus an outlier of 15.8.  The ratio was not statistically different by ethnicity; the mean 

ratio was 2.28 +/- 2.42 for African Americans and 1.62 +/- 1.12 for European 

Americans (p = 0.27).  Total trans-3'-hydroxycotinine:total cotinine was highly 

correlated with the ratio of total trans-3'-hydroxycotinine:free cotinine in both ethnic 

groups, 0.79 (p < 0.0001).  Notably, both ratios were correlated with percent cotinine 

glucuronidation.   

Predictors of glucuronidation, assessed as the ratio of cotinine glucuronide to 

cotinine, were evaluated by multivariate linear regression (Table 2-3).  The ratio of 

cotinine glucuronide:cotinine has been used by Benowitz et al. to evaluate 

glucuronidation phenotype (145).  This is analogous to using trans-3'-

hydroxycotinine:cotinine as an estimate of nicotine C-oxidation activity (108;115).  In 

univariate comparisons, a lower glucuronidation ratio was significantly correlated with 

a number of study variables including African American ethnicity, male gender, older 

age, lower nicotine equivalents, higher C-oxidation ratio, lower percent of dose excreted 

as nicotine, and lower percent dose recovered.  The glucuronidation ratio was not 

correlated with baseline cigarettes/day or urine volume.  Variables that were correlated 

with the glucuronidation ratio were entered into a multivariate regression model with 

stepwise selection.  In the final model, a low glucuronidation ratio was associated with 

African American ethnicity, low nicotine equivalents, high C-oxidation ratio, and older 

age.  Gender was forced back into the model presented in Table 2-3, though it does not 
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affect the R2 value.  The adjusted R2 value for the model was 0.41, compared with 0.35 

if the C-oxidation ratio was not included.   

Predictors of the trans-3'-hydroxycotinine:total cotinine ratio were evaluated during 

use of the nicotine patch (Table 2-4).  A higher C-oxidation ratio was correlated with a 

lower glucuronidation ratio, higher nicotine equivalents, and lower percent of dose 

excreted as total nicotine in univariate comparisons.  In these data, the C-oxidation ratio 

was not significantly correlated with ethnicity, age, gender, cpd, urine volume, or 

percent of dose recovered.  In multivariate linear regression, 30 % of variation in the C-

oxidation ratio was attributable to nicotine equivalents, the glucuronidation ratio, and 

percent dose excreted as nicotine.  Ethnicity, gender, and age were forced back into the 

model presented in Table 2-4. 
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Table 2-3.  Predictors of the glucuronidation ratio a: multivariate linear regression 

models and univariate spearman correlation coefficients 

 Adj. 
R2 (%) Independent variablesb p-value 

Univariate 
correlation (p-

value) 
Patch:     
Glucuronidation 
ratio 41 African American vs 

European American <0.0001 - 0.49  (<0.0001) 

  Male vs. female 0.536 - 0.21 (0.04) 

  Age 0.138 - 0.22 (0.03) 

  Nicotine equivalents c 0.0002   0.30 (0.003) 

  C-oxidation ratio d 0.0031 - 0.37 (0.0003) 

Baseline:     
Glucuronidation 
ratio 50 African American vs. 

European American 0.032 - 0.35 (0.01) 

  Male vs. female 0.103 - 0.36 (0.01) 

  Age 0.180 - 0.20 (0.15) 

  Nicotine equivalents c 0.001   0.27 (0.05) 

  C-oxidation ratiod <0.0001 - 0.56 (<0.0001) 

 

a  Cotinine-N-glucuronide / free cotinine; square-root transformed                                       
b  Stepwise selection was used to select variables included in the models presented, 
though demographic variables (ethnicity, age, gender) were forced into the model if 
rejected during selection.  Nicotine and its metabolites were measured in 24-hour urine.    
c  Sum of urinary total nicotine, total cotinine, and total trans-3'-hydroxycotinine 
d  total trans-3'-hydroxycotinine / total cotinine; square-root transformed 
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Table 2-4.  Predictors of the C-oxidation ratio a:  multivariate linear regression 

models and univariate spearman correlation coefficients b   

Dependent 
variable 

Adj. 
R2 (%) Independent variables p-value 

Univariate 
correlation (p-

value) 
Patch:     
C-oxidation 
ratio a 30 African American vs. 

European American 0.514   0.12 (0.27) 

  Male vs. female 0.531   0.003 (0.98) 

  Age 0.378 - 0.004 (0.97) 

  Nicotine equivalents c 0.0014   0.21 (0.04) 

  Glucuronidation ratio d  0.0003 - 0.37 (0.0003) 

  % dose excreted as 
nicotine  0.0002 - 0.50 (< 0.0001) 

Baseline:     
C-oxidation 
ratio a 0.37 African American vs. 

European American 0.232   0.19 (0.16) 

  Male vs. female 0.936 - 0.02 (0.87) 

  Age 0.593   0.10 (0.46) 

  Nicotine equivalents c  0.215   0.17 (0.20) 

  Glucuronidation ratio d <0.0001 - 0.56 (<0.001) 

  Urine volume 0.008 - 0.26 (0.05) 

a  Urinary total trans-3'-hydroxycotinine / total cotinine; square-root transformed            
b  Stepwise selection was used to select variables included in the models presented, 
though demographic variables (ethnicity, age, gender) were forced into the model if 
rejected during selection.  Nicotine and its metabolites were measured in 24-hour urine.    
c  Sum of urinary total nicotine, total cotinine, and total trans-3'-hydroxycotinine  
d Cotinine-N-glucuronide / free cotinine; square-root transformed                                       
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2.3.3  Baseline nicotine metabolism 

Nicotine and nicotine metabolites were quantified in 24-hour urine at baseline while 

participants were smoking ad libitum (Table 2-2).  Free nicotine and free cotinine were 

higher in African Americans compared to European Americans, 8.8 versus 6.0 nmol/ml 

(p = 0.02) and 6.1 versus 4.4 nmol/ml (p = 0.01), respectively.   Between ethnic groups 

there were no statistically significant differences in total nicotine (p = 0.07), total 

cotinine (p = 0.54), or total trans-3'-hydroxycotinine (p = 0.06).  The correlation 

between total nicotine and total cotinine was 0.70 (p < 0.0001).  Mean nicotine 

equivalents were 77.4 nmol/ml and 61.7 nmol/ml among African Americans and 

European Americans respectively (p = 0.09).  Notably, mean nicotine equivalents per 

cigarette were higher for African Americans compared to European Americans, 4.7 

nmol/ml versus 3.0 nmol/ml (p = 0.02).  

The mean percent nicotine or cotinine excreted as a glucuronide at baseline is 

presented in Table 2-2.  The correlation between percent nicotine and cotinine 

glucuronidation was 0.63 (p < 0.0001).  The percent nicotine excreted as its glucuronide 

was 51.4 % and 57.4 % among African Americans and European Americans 

respectively (p = 0.05).  The percent cotinine excreted as its glucuronide was lower 

among African Americans compared to European Americans, 71.2 % versus 79.8 % (p 

= 0.01).   

There was no difference in the mean the trans-3'-hydroxycotinine : total cotinine 

ratio by ethnicity at baseline.  The ratio had an overall range of 0.1 – 3.7.  The mean 

ratios were 1.5 +/- 1.0 and 1.1 +/- 0.6 among African Americans and European 
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Americans respectively (p = 0.17).  There was also no ethnic difference if the ratio was 

calculated as total trans-3'-hydroxycotinine to free cotinine (p = 0.92).  However, the 

correlation between total trans-3'-hydroxycotinine and total cotinine was lower among 

African Americans than European Americans; 0.36 versus 0.72 with 95 % confidence 

intervals, 0.002-0.637 and 0.456-0.864, respectively (p = 0.06).  

We analyzed predictors of the glucuronidation and oxidation ratios during smoking 

(Table 2).  In univariate comparisons, a low glucuronidation ratio was correlated with 

male gender, lower nicotine equivalents, and a higher C-oxidation ratio.  The strongest 

correlation was between the glucuronidation ratio and the C-oxidation ratio; - 0.56, p < 

0.0001).  In a multivariate model, African American ethnicity, low nicotine equivalents, 

and a high oxidation ratio were significant predictors of cotinine glucuronidation with 

an adjusted R2 value of 0.50 (Table 3).  Predictors of a high C-oxidation ratio were a 

low glucuronidation ratio and low urine volume, and no associations were observed 

with ethnicity, gender, age, or nicotine equivalents.  A limited linear regression model 

with the glucuronidation ratio and urine volume had an adjusted R2 value of 0.39, and 

this model was not improved by inclusion of other variables.    

 

2.4  Discussion 

Higher free cotinine levels have been consistently reported among African 

Americans compared to European Americans (41;106;108).  To the extent that higher 

cotinine levels reflect higher nicotine exposure and correspondingly exposure to 
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tobacco carcinogens, higher cotinine could explain a portion of the increased cancer risk 

observed among African Americans.  In our study, African Americans received a higher 

dose of nicotine per cigarette than European Americans as observed by Benowitz et al., 

presumably due to a difference in smoking behavior (107;145).  However, differences 

in nicotine metabolism independent of dose per cigarette also contributed to ethnic 

differences in free cotinine levels.  The major finding of this study was that among 

abstinent smokers on the nicotine patch, African Americans excreted less nicotine and 

cotinine as their glucuronide conjugates than European Americans.  Importantly, higher 

free cotinine among African Americans was accounted for by lower glucuronide 

conjugation in the controlled dose setting. 

Our study bridges the findings of an elegant pharmacokinetics study published 

several years ago by Benowitz et al. who originally observed that nicotine and cotinine 

glucuronidation may be lower in African Americans compared to European Americans 

(145).  In this study, smokers were infused with deuterium-labeled nicotine (D2) and 

deuterium-labeled cotinine (D4), and metabolites were quantified in plasma and urine.  

Among African Americans, the percent glucuronidation of nicotine and cotinine was 

lower for both labeled and unlabeled (ie. from smoking) analytes in 8-hour urine.  

Moreover, nonrenal clearance of cotinine was decreased and renal clearance of free 

cotinine was increased.  Ours is the first subsequent study that was designed to quantify 

any ethnic difference in glucuronidation; it corroborated the previous outcome in a 

separate population, extended the findings to the nicotine patch, and evaluated short-

term intraindividual variation.  Also, the observed difference in glucuronidation 

occurred in the absence of exposure to other constituents in tobacco smoke since 
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participants had not smoked for 4 days prior to sample collection and this eliminated the 

possibility that a tobacco constituent for which exposures differ between ethnic groups 

caused the variation in glucuronidation. 

Since the majority of African Americans smoke menthol cigarettes compared to a 

minority of European Americans, this has been proposed as an explanation for ethnic 

differences in nicotine metabolism.  However, menthol was not a factor in our study 

since the half-life of menthol is about an hour and our participants were biochemically 

confirmed to be abstinent from smoking (155).  In the study by Benowitz et al., menthol 

could have affected metabolite concentrations only in later plasma samples (6- and 8- 

hour timepoints) and in the 8-hour urine because participants were abstinent from 10 

p.m. the night preceding the study to 1 pm during the procedure day (145).   

In multivariate analyses, lower cotinine glucuronidation was associated with African 

American ethnicity as well as a higher total trans-3'-hydroxycotinine to total cotinine 

(C-oxidation ratio) in urine.  However, there was no association between ethnicity and 

the C-oxidation ratio, either while participants were on the patch or smoking.  The C-

oxidation ratio in urine is highly correlated with the plasma ratio, which has been used 

as a biomarker for P450 2A6 activity (135).  Yet, Swan et al. reported that variation in 

the urine ratio is greater than in the plasma ratio and it is likely influenced by the 

contribution of other genes (156).  We observed that glucuronidation is associated with 

the urinary C-oxidation ratio, and contributes to variation in the urinary C-oxidation 

ratio.  Consequently, caution is warranted in comparing the urinary oxidation ratio as a 

marker of P450 2A6 activity at least between populations with different glucuronidation 
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phenotypes.  This observation is independent of the additional problem that P450 2A6-

catalyzes the formation of two other cotinine metabolites and that the in vivo catalyst(s) 

has not been definitively ascertained. 

We did not observe evidence for an ethnic difference in C-oxidation of nicotine or 

cotinine.  On the nicotine patch, there were no differences in total cotinine or total 

trans-3'-hydroxycotinine in urine or plasma.  Also, there was no difference in the ratio 

of total trans-3'-hydroxycotinine to total cotinine by ethnicity.  The higher cotinine 

concentrations observed for African Americans on the patch were accounted for by a 

decrease in its glucuronide conjugate.     

In contrast, Benowitz et al. interpreted their data as indicating that African 

Americans had lower glucuronidation and lower oxidation (145).  The fractional 

conversion of nicotine to cotinine (fnic->cot) was calculated as the AUC-D2-cotinine/dose-

D2-nicotine * dose-D4-cotinine/AUC-D4-cotinine.  The first term reflects metabolism of 

D2-nicotine to cotinine and the second term is total cotinine clearance based on co-

administered D4-cotinine.  Total clearance of D4-cotinine was definitively lower among 

African Americans in this pharmacokinetics study, perhaps due solely to decreased 

glucuronidation.  In any case, even if nicotine metabolism to cotinine was identical 

between ethnic groups the fnic->cot still would have been lower based on the calculation 

used.  Only if total clearance of cotinine had been faster among African Americans, 

resulting in a decreased AUC-D4-cotinine, could the calculated fnic->cot have been the 

same or higher compared to European Americans.  Thus, these data are not necessarily 
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consistent with decreased oxidation and it seems that a decrease in glucuronidation 

among African Americans could entirely explain the previously published data. 

 

2.5  Conclusion 

   In conclusion, the major finding of our study was that African Americans had lower 

nicotine and cotinine glucuronidation than European Americans on the nicotine patch 

and during baseline smoking.  Cotinine is the most commonly used biomarker of 

nicotine exposure (157;158).  However, we have shown that use of cotinine as the sole 

biomarker would result in overestimation of nicotine exposure among African 

Americans compared to European Americans.  For example, higher cotinine levels due 

to lower glucuronidation, independent of exposure, could confound ethnic studies of 

cancer risk.  Knowledge of nicotine metabolism in a population can facilitate selection 

of tobacco biomarkers, and in the situation where tobacco exposure is compared 

between African Americans and European Americans, total cotinine (cotinine + 

glucuronides) or nicotine equivalents are better biomarkers than free cotinine.  We 

expect that the higher prevalence of a low glucuronidation phenotype among African 

Americans, due to genetic or environmental factors, will also proportionally affect the 

disposition of other drugs and xenobiotics.  A low glucuronidation phenotype could 

increase risk of toxicity from compounds that are detoxified by N-glucuronidation. 
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CHAPTER 3 

UGT2B10 genotype and nicotine metabolism 

 

Content included in this chapter is reprinted with permission of the American Society 

for Pharmacology and Experimental Therapeutics.  All rights reserved. 

 

3.1  Introduction 

Nicotine and cotinine glucuronidation contribute to overall nicotine metabolism, and 

there is significant interindividual variation in the formation of these glucuronides.  

Nicotine and cotinine glucuronides constitute 25 % of the sum of nicotine and its 

metabolites in smokers’ urine on average (159).  A similar percentage of nicotine and 

cotinine glucuronides are excreted in urine following intravenous or transdermal 

nicotine administration (32).  Nicotine glucuronide can account for greater than 40 % of 

nicotine and its metabolites in individuals with low capacity for nicotine C-oxidation 

(118).  Cotinine glucuronide can also account for up to 40 % of the estimated nicotine 

dose (112).  However, in other individuals, nicotine and cotinine glucuronides are not 

detected (32;111;112).   

It is not known if differences in glucuronidation can explain variation in smoking 

behavior or addiction to nicotine.  However, individuals with substantially decreased 

nicotine C-oxidation, such as individuals with deleted CYP2A6, do exhibit lower 
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intensity smoking behavior (e.g. lower nicotine equivalents, a modest decrease in 

cigarettes/day) (115;132).  The pharmacokinetics of nicotine metabolism are altered in 

individuals who are homozygous or heterozygous for known low activity CYP2A6 

alleles, resulting in a longer nicotine t1/2 and slower nonrenal nicotine clearance (115).  

The prevailing view is that these individuals achieve and maintain similar levels of 

nicotine compared to individuals with average nicotine oxidation while having lower 

nicotine intake (134;137;160;161).  Therefore a decrease in glucuronidation – perhaps 

in the context of lower nicotine C-oxidation – may also affect smoking behavior.  There 

are no published reports that have evaluated an effect of glucuronidation on smoking.   

Identifying the enzymes responsible for nicotine and cotinine glucuronidation has 

progressed slowly, and has depended on several scientific advances.  Around 1990, 

nicotine and cotinine glucuronides were first identified as nicotine metabolites.  The 

structure of cotinine glucuronide was deduced based on liquid chromatography/mass 

spectrometry (LC/MS) analysis of cotinine glucuronide in smokers’ urine in comparison 

to NMR-confirmed synthetic standard (162).  NMR analysis of nicotine glucuronide 

standard as well as products from incubations with human liver microsomes (HLMs) 

and UGT1A4 confirmed the structure of nicotine glucuronide (163).  Specifically, 

conjugation occurs at the nitrogen of the pyridine ring for both molecules (Figure 3-1).  

These glucuronides were initially quantified in incubations with HLMs using 

radioactive substrates and radioflow HPLC.  However, a ~20-fold lower limit of 

detection was achieved with LC/MS/MS and this facilitated evaluating the role of 

individually-expressed UGTs, which have low activity compared to HLMs (87;163).  

Unfortunately, there are still a limited number of specific antibodies and inhibitors.  
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Standardized enzyme quantification by adding a his tag to UGT expression constructs 

and using an anti-His antibody has also aided comparisons between individual enzymes 

(87).  Some UGTs including UGT2B10, were only recently identified to have 

enzymatic activity after initial screens for activity failed (164).   

 

Figure 3-1.  Major glucuronide metabolites of nicotine 
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The most promising candidate for the main catalyst of nicotine and cotinine 

glucuronidation prior to 2007 was UGT1A4 (163).  This UGT is expressed in liver at 

significant levels and catalyzes a host of N-linked conjugation reactions broadly 

encompassing secondary and tertiary aliphatic amines, primary aromatic amines, as well 

as secondary and tertiary aromatic N-hetrocyclic compounds (165-168).  UGT1A4 is a 

better catalyst of N-glucuronidation than most other UGTs.  However, while the UGTs 

1A1, 1A3, 1A7, 1A9, and 2B7 primarily catalyze O-glucuronidation they are also 

capable of catalyzing certain N-glucuronidation reactions (165;166;169;170).  Kuehl et 

al. demonstrated that UGT1A4 catalyzes N-glucuronidation of nicotine and cotinine 

using baculovirus-expessed UGTs; the rate of product formation was ~30-fold greater 

than for UGT1A3 and UGT1A9 (171).  UGT2B7 has also been reported to have some 
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nicotine glucuronidation activity, but no cotinine glucuronidation was observed (87).  

Nicotine glucuronidation by HLMs was inhibited by 30-50 % with imipramine, a 

UGT1A4 substrate (163).  In 2007 the role of UGT1A4 as a catalyst of nicotine and 

cotinine glucuronidation was again confirmed, but at this time two groups also 

identified UGT2B10 as a good catalyst of nicotine and cotinine glucuronidation 

(87;143).  UGT2B10 has the lowest Km for nicotine and cotinine glucuronidation of all 

UGTs tested in vitro.    

UGT2B10 was considered an inactive or orphan UGT for years prior to discovery 

that it is active and metabolizes both endogenous and exogenous molecules.  UGT2B10 

was cloned in 1993, expressed in COS-7 cells, and screened for activity with >40 

compounds, including imipramine, but no glucuronidation activity was detected (172).  

Subsequently, human embryonic kidney fibroblast (HEK) expressed UGT2B10 was 

found to catalyze O-linked glucuronidation of hydroxyeicosatetraenoic acids and 13-

hydroxyoctadecadieneoic acid and N-linked glucuronidation of the heterocyclic amine 

N-hydroxy-2-amino-1-methyl-6-phenylimidazo[4,5-b]-pyridine (N-hydroxy PhIP, a 

dietary carcinogen)(164;173).  It also turns out that UGT2B10 does catalyze impramine 

glucuronidation.  There has been no public discussion on if a difference in DNA 

sequence or expression system contributed to the discrepancy in observed enzymatic 

activity or lack thereof.  Kaivosaari et al. have reported that UGT2B10 loses activity 

during the preparation of microsomes; UGT2B10 microsomes lost 60 % of activity 

compared to cell homogenate while no difference was observed for UGT1A4 (87).  
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UGT2B10 and UGT1A4 likely both contribute to nicotine metabolism.  UGT2B10 

and UGT1A4 are predicted to be expressed at similar levels in the liver, although the 

only data available is quantitative RT-PCR of 47 pooled liver samples (87).  In vitro 

kinetic parameters published for UGT2B10 and UGT1A4 are presented in Table 3-1.  

Kaivosaari et al. reported Km values for HEK-expressed UGT2B10 and UGT1A4 where 

rates were standardized to mg his-tagged protein and products were analyzed by LC/MS 

(87).  Km values were 10-fold and 1.5-fold lower for UGT2B10 than UGT1A4 for 

nicotine and cotinine glucuronidation, respectively.  However, glucuronidation rates 

(pmol/min/mg) were 100-fold lower for expressed enzyme than HLMs and therefore 

Vmax was not estimated.  Chen et al. determined Km and Vmax values for baculovirus-

expressed UGT2B10 and UGT1A4, where products were analyzed by radioflow HPLC 

(143).  This group reported Km values that were 37-fold and 3-fold lower for UGT2B10 

than UGT1A4 for nicotine and cotinine glucuronidation, respectively.  Interestingly, 

Chen et al. observed a higher apparent Vmax for nicotine and cotinine glucuronidation 

by UGT1A4 than by UGT2B10.  However, if UGT2B10 is unstable during the 

preparation of microsomes then the Vmax may be underestimated. 

Polymorphisms exist in both UGT1A4 and UGT2B10, and some of these 

polymorphisms cause or are linked to altered metabolism of substrates.  UGT1A4 is 

part of the complex UGT1A locus containing 13 genes, each with a unique exon that is 

essentially spliced to four common 3′ exons that are shared by members of the locus 

(75).(174) Throughout the UGT1A locus there are 598 NCBI SNPs, including 12 

missense SNPs in the coding region of UGT1A4 and 11 SNPs in the 3'- untranslated 

region (The Single Nucleotide Polymorphism Database (dbSNP) of Nucleotide 
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Sequence Variation (2008) NCBI, NIH).  The UGT1A4 polymorphisms Leu48Val and 

Pro24Thr have altered metabolism of several substrates (e.g. imipramine, clozapine, β-

naphthylamine, dihydrotestosterone) in vitro (153;175).  For example, the presence of a 

Pro24Thr substitution in UGT1A4 correlated with increased N-glucuronidation of the 

tobacco carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) in a series 

of human liver microsomes (176).  The UGT1A4 Leu48Val polymorphism is found in 

17 % of the Japanese population in 9 % of Caucasians; Pro24Thr was found in 8 % of 

Caucasians (153;175).  No studies on nicotine or cotinine metabolism by these variants 

have been published.  In the gene region of UGT2B10 there are 139 NCBI SNPs 

including at least 3 missense SNPs (dbSNP).  Identifying haplotypes has facilitated 

screening for genotype-phenotype associations and has led to the identification of 

previously undescribed SNPs that affect enzyme function or stability (152;177).  A 

variant of UGT2B10, described in detail below, decreases but does not abolish nicotine 

and cotinine glucuronidation by HLMs. 

A haplotype of UGT2B10 was found that was associated with significantly 

decreased NNAL glucuronidation by human liver microsomes.  DNA sequencing 

identified only one nonsynonymous SNP in the coding region.  This SNP was present in 

2 liver samples that were homozygous for the haplotype associated with low 

glucuronidation and was absent in 5 liver samples with other haplotypes and average 

glucuronidation (177).  In vitro, HEK cells transfected with UGT2B10 67Tyr results in 

mRNA levels that are similar to wild type, but microsomes prepared from these cells 

had almost now NNAL glucuronidation activity (177).   
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Table 3-1.  Nicotine and cotinine glucuronidation by expressed UGTs  

UGT1A4 and UGT2B10:  Km
 (mM) for nicotine and cotinine glucuronidation 

   UGT1A4 UGT2B10 

Study Expression 
system Preparation Km  Km  

Nicotine-N-glucuronidation:    

Kaivosaari et al. 2007 Baculovirus Cell lysate 2.4 0.29 

Lazarus et al. 2007 HEK293 Microsomes 17.5 0.5 

Cotinine-N-glucuronidation:    

Kaivosaari et al. 2007 Baculovirus Cell lysate 1.5 1 

Lazarus et al. 2007 HEK293 Microsomes 10.3 3.5 

References:  (87), (143) 

 

Nicotine and cotinine glucuronidation activities were decreased by 20 % and 30 % 

among HLMs that were heterozygous for the Asp67Tyr allele compared to wild-type 

HLMs.  Two HLMs that were homozygous for Asp67Tyr had dramatically decreased 

glucuronidation activity, although in reactions with 5 mM nicotine a rate of greater than 

100 pmoles nicotine glucuronide/min/mg protein still occurred (Chen 2007).  Chen et 

al. reported that heterologously expressed UGT2B10 Asp67Tyr had no NNAL or 

cotinine glucuronidation activity, and “barely detectable” activity for nicotine 

glucuronidation.  However, while Chen et al. assessed mRNA expression and observed 

no significant difference by genotype, they did not evaluate protein expression and 
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different protein levels for the Asp67Tyr construct or a difference in enzyamtic activity 

may explain the results. 

  A potential deletion of UGT2B10 may also exist, based on publically available 

data from copy number variation (CNV) discovery projects.  Putative insertion/deletion 

regions overlap with UGT2B10.  PCR analysis could positively identify the presence of 

a deletion if primers are designed for sequences 5' and 3' to the break point regardless of 

the size of the deletion.  However, this approach is dependent on accurate assessment of 

breakpoints which in turn depends on the coverage of comparative genome 

hybridization arrays.        

To determine if UGT2B10 influences nicotine and cotinine glucuronidaiton in vivo 

we genotyped smokers for the UGT2B10 Asp67Tyr allele and evaluated the association 

of genotype with nicotine metabolism phenotype.  We hypothesized that individuals 

with the Asp67Tyr variant would excrete less nicotine and cotinine as glucuronides in 

urine.  In addition, we investigated if the Asp67Tyr variant was present among African 

Americans and if the frequency of the variant was increased relative to European 

Americans, as a potential explanation for the decreased glucuronidation observed 

among African Americans in Chapter 2.  We analyzed in vitro nicotine glucuronidation 

by HLMs from African American and European American donors and genotyped these 

samples.  Also, DNA samples available from a subset of participants in the ethnic 

metabolism study were genotyped.  
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3.2  Methods 

3.2.1  TRIP Study  

UGT2B10 genotype-phenotype analyses involved samples from a prior study of 

nicotine metabolism among European American smokers.  Tobacco Reduction 

Intervention Program (TRIP) participants were smokers aged 18 – 70 who smoked > 14 

cpd (112;178).  While smoking as usual, participants provided first morning urine; 2 – 4 

samples were collected at least one week apart.   

 

3.2.2  Human liver tissue source 

Frozen normal liver tissues from African American (n=14) or European American 

(n=14) donors were obtained through the Liver Tissue Cell Distribution System from 

the University of Pittsburgh repository (NIH Contract # N01-DK-7-

0004/HHSN26700700004C).  Donor characteristics were average age (49 years), 

gender (50 % female), BMI (26.6 kg/m2), and smoker (36 %).  

 

3.2.3  Chemicals and reagents   

(S)-[5-3H]-Nicotine was purified as previously described (123).  Nicotine N-βD-

glucuronide was purchased from Toronto Research Chemicals (North York, ON, 
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Canada).  Other chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless 

otherwise noted. 

 

3.2.4  Nicotine and metabolite analysis 

All urine samples were stored at -20°C prior to analysis.  Urinary nicotine and 

nicotine metabolite concentrations were analyzed by GC/MS and were previously 

reported (112).  Free nicotine, total nicotine (free nicotine + N-glucuronide), free 

cotinine, and total cotinine (free cotinine + N-glucuronide) and total trans-3'-

hydroxycotinine (trans-3'-hydroxycotinine + its glucuronides) were quantified.  

Analyses were performed in duplicate for each urine sample and repeated if values 

differed by > 10 %.  An overview of the analytic method is provided in Chapter 2.     

  

3.2.5 UGT2B10 haplotyping 

DNA was isolated from blood (Ethnic nicotine patch study, n=32; TRIP study, 

n=84) with the GFX DNA purification kit (Amersham Biosciences, Piscataway, NJ) or 

from frozen human liver tissue (n=28) using the DNeasy kit (Qiagen, Valencia, CA).  

PCR-restriction fragment length polymorphism (RFLP) analysis was performed as 

previously described on the UGT2B10 SNP rs7657958 that is linked with Asp67Tyr in 

Caucasians (haplotype C) (177).  DNA samples that tested positive for the rs7657958 

variant and an equal number of samples that were called wild-type were subjected to a 



 61 

second RFLP targeting the codon 67 position with HinfI digestion (177).  DNA from all 

African Americans and from all European Americans in the ethnic study was genotyped 

at the codon 67 position.  The Asp67Tyr substitution was confirmed by DNA 

sequencing in 8 individuals (2 African Americans and 6 European Americans) and its 

absence was confirmed in 2 wild-type individuals.  

 

3.2.6  Nicotine glucuronidation by human liver microsomes (HLMs) 

Microsomes from human liver samples were prepared by the method of Fowler et 

al. and aliquots were stored at -80°C (179).  Total protein concentrations were 

determined by the Bradford assay with Coomassie Plus (Pierce, Rockford, IL).  

Microsome quality was evaluated by p-nitrophenol O-glucuronidation activity.  Product 

formation was quantified by UV-HPLC after incubation with 500 µM p-nitrophenol and 

5 mM UDPGA (163).  These HLMs had p-nitrophenol glucuronidation activity ranging 

from 10-55 nmol/min/mg protein.   

HLMs (2mg/ml) were incubated with 0.5 or 5 mM (S)-[5-3H]nicotine (specific 

activity, 25nCi/nmol or 2.5 nCi/nmol respectively) and 5 mM UDPGA essentially as 

described by Kuehl et al. (163).  Metabolites were quantified by radioflow HPLC using 

a Gemini C18 5 µM 250 x 4.60 mm column (Phenomenex, Torrance, CA), SPD-10Avp 

UV-VIS detector (Shimadzu, Kyoto, Japan), and β-RAM radioflow detector (IN/US 

Systems, Tampa, FL).  The mobile phase was 20 mM ammonium bicarbonate (pH 9.2) 

in water (A) and acetonitrile (B) and the gradient was 2.5%B for 0-12 min., to 25% B in 
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15 min., hold at 25 % B for 5 min.  The eluant flow was 0.8 ml/min and the scintillant 

flow was 2.4 ml/min using Monoflow 5 (National Diagnostics, Atlanta, GA).  Nicotine 

glucuronide was retained longer on this HPLC system than when an acidic TFA 

aqueous phase was used.  No significant cleavage of nicotine N-glucuronide was 

observed during HPLC analysis.  We observed good separation between nicotine N-

glucuronide (11 min.) and nicotine (41 min.).  The tritiated reaction product co-eluted 

with nicotine N-glucuronide standard, and formed nicotine following β-glucuronidase 

treatment.  No other products were observed.  Activity assays were performed with 

microsomes that underwent a single freeze-thaw since repeated freeze-thaw resulted in 

significantly decreased p-nitrophenol and nicotine glucuronidation activity; however, 

this did not appear to vary by donor ethnicity or UGT2B10 haplotype.       

 

3.2.7  Statistics 

Statistical analyses were conducted using SAS (SAS Institute, Cary, NC) and Excel 

(Microsoft, Redmond, WA).  Wilcoxon two-sided t-approximation statistics were 

calculated to compare means of continuous variables that did not have a normal 

distribution, and a p-value less than 0.05 was considered significant.  Since 2-4 urine 

samples were available per participant, repeated measures analysis of variance was used 

to compare the percent of analytes excreted as glucuronides and nicotine equivalents by 

genotype.  Spearman nonparametric correlation was used to assess univariate 

correlations.  Multivariate linear regression models were evaluated to assess predictors 

of cotinine glucuronidation (square-root transformed ratio of cotinine glucuronide to 
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free cotinine) and the nicotine C-oxidation ratio (square-root transformed ratio of total 

trans-3'-hydroxycotinine to total cotinine) (133).       

 

3.3  Results 

3.3.1  In vitro nicotine glucuronidation by human liver microsomes 

Nicotine glucuronidation was characterized in vitro for 28 liver samples (14 from 

African American donors) that were genotyped for UGT2B10 Asp67Tyr.  A 50-fold 

variation was observed in glucuronidation activity when liver microsomes were 

incubated with either 0.5 mM or 5 mM nicotine; range, 1.1 to 51 and not quantifiable to 

112.4 pmol/min/mg protein, respectively.  Mean nicotine glucuronidation activity was 

not different between samples obtained from African American and European American 

donors, 15.1 +/- 12 versus 14.3 +/- 13 pmol/min/mg protein, respectively (p = 0.90).  

Unlike ethnicity, UGT2B10 genotype did predict nicotine glucuronidation (Figure 3-2).  

The UGT2B10 Asp67Tyr variant was present in 2 African American and 6 European 

American samples.  The mean rate of nicotine glucuronidation was 46-50 % lower for 

Asp67Tyr samples compared to wild-type, 8.1 pmol/min/mg protein compared to 17.5 

pmol/min/mg protein (p = 0.07). 
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Figure 3-2.  In vitro nicotine glucuronide conjugation by UGT2B10 haplotype a 
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3.3.2  In vivo glucuronidation and UGT2B10 haplotype – ethnic nicotine patch study 

DNA was available from 32 subjects in the patch study (18 African Americans and 

14 European Americans).  These subjects were genotyped for the UGT2B10 Asp67Tyr 

allele (177).  In this small number of subjects there was no evidence that the Asp67Tyr 

allele was more common in African American than European American individuals.  

Five participants, 3 African Americans and 2 European Americans, were heterozygous 

and one African American was homozygous for the Asp67Tyr allele.  No statistical 

differences were observed in nicotine metabolites by genotype.  Interestingly, the 

percent nicotine and cotinine glucuronidation in the single homozygous Asp67Tyr 

variant, was low, 7.5 % and 11.9 %, respectively.   

p = 0.07
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3.3.3  In vivo glucuronidation and UGT2B10 haplotype – TRIP study  

In a population of smokers (TRIP study) for which both urinary nicotine metabolites 

and DNA was available, we further investigated the relationship of the UGT2B10 

Asp67Tyr variant to nicotine and cotinine metabolism.  Nicotine metabolite data on this 

population had been previously published (112;178).  For the current study, participants 

were genotyped for the UGT2B10 haplotype that is tagged by the rs7657968 SNP and 

linked to Asp67Tyr (haplotype C) (177).  Genotyping results were concordant in the 

subset of samples, including all the heterozygous individuals, which were analyzed by 

two RFLP analyses and a subset (n = 8 ) that were sequenced.  Asp67Tyr was detected 

as a G>T substitution at nucleotide +199, and this co-occurred with a synonymous SNP 

at nucleotide 111 (T>C) as reported by Lazarus et al. (177).  The allele frequency was 

0.11 and was in Hardy-Weinberg equilibrium.   

The mean percent glucuronidation of urinary metabolites in these smokers was 

determined for each haplotype (Table 3-2).  The percent of cotinine and nicotine 

excreted in urine as glucuronide conjugates was 20 % lower among smokers who were 

heterozygous for UGT2B10 Asp67Tyr relative to smokers with no Asp67Tyr alleles (p-

values; 0.006 and 0.03, respectively).  The distribution of percent cotinine excreted as a 

glucuronide was related to UGT2B10 genotype (Figure 3-3). However, there were wild-

type individuals who excreted less than 10 % of cotinine as its glucuronide conjugate 

and heterozygotes who excreted as much as 80 % of cotinine as a glucuronide 

conjugate.  Interestingly, nicotine equivalents were significantly lower among 
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individuals with a UGT2B10 Asp67Tyr allele (Table 3-1); the mean was 35 % lower 

than wild-type.     

 

Table 3-2.  Urinary nicotine metabolites in smokers by UGT2B10 haplotype a 

UGT2B10 N 
 

Nicotine 
equivalents 

Mean (SD.)b,c 

Percent cotinine 
glucuronidation 

Mean (SD)d,e 

Percent nicotine 
glucuronidation 

Mean (SD)d,f 

Wild-type 66 101.3 (58.1) 65.4 (13.5) 42.5 (18.9) 

Asp67Tyr 18 69.2 (42.0) 52.7 (11.4) 34.0 (15.6) 

a Metabolites were quantified in morning (1st void) urine, 2-4 baseline visits per 
participant and the effect of haplotype was tested by repeated measures analysis of 
variance. 

b Sum of total nicotine, total cotinine, and total trans-3'-hydroxycotinine; c p = 0.01 
d Percent of analyte excreted as a glucuronide; e p = 0.003, f p = 0.02  

 

 

The effect of glucuronidation phenotype, independent of genotype, on nicotine 

equivalents and the ratio of total trans-3'-hydroxycotinine:cotinine (C-oxidation ratio) 

was also assessed.  As for the ethnic patch study (Chapter 2), there was a negative 

correlation between glucuronidation, cotinine glucuronide:cotinine, and the oxidation 

ratio albeit it was weak, r = -0.23, p = 0.01. A positive correlation was observed 

between the glucuronidation ratio and nicotine equivalents; 0.38, p < 0.0001.  In a linear 

regression model, a portion of the variability in the C-oxidation ratio was explained by 

nicotine equivalents (18 %) and the glucuronidation ratio (5 %).   
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Discussion 

Previously we observed lower glucuronidation of nicotine and cotinine among 

African Americans compared to European Americans.  Here we investigated the role of 

the only UGT polymorphism that has been demonstrated to affect nicotine and cotinine 

glucuronidation in vitro as a possible explanation for the decreased glucuronidation 

observed in African Americans.  While we demonstrated that the UGT2B10 Asp67Tyr 

is present among African Americans, the frequency of this allele was not higher among 

African Americans compared to European Americans in the 59 samples tested (N=31 

participants from the ethnic patch study and 28 human liver samples).  In vitro we 

observed that UGT2B10 Asp67Tyr was a better predictor of low nicotine 

glucuronidation than ethnicity.  In fact, there was no difference in nicotine 

glucuronidation by ethnicity in this small in vitro study.  Regretfully, the availability of 

liver tissue from African American donors was limited, in particular since we preferred 

tissues from the same procurement source.  In conclusion, we expect that the UGT2B10 

Asp67Tyr allele is unlikely to explain the observed decreased levels of glucuronidation 

in African Americans compared to European Americans.  However, an uncharacterized 

variant in UGT2B10 may well contribute.    

UGT2B10 is predicted to be the major enzyme responsible for nicotine and cotinine 

glucuronidation in smokers based on in vitro studies (87;143).  This is the first report of 

in vivo nicotine and cotinine glucuronidation by UGT2B10 genotype, and our finding 

that smokers with a variant Asp67Tyr allele had decreased excretion of glucuronide 

conjugates provides convincing evidence that UGT2B10 significantly contributes to 
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nicotine metabolism in vivo.  However, as illustrated in Figure 4, the Asp67Tyr 

UGT2B10 variant is clearly only one contributor to variation in nicotine and cotinine 

glucuronidation.  The relatively high percentage of cotinine glucuronidation in some 

individuals who were heterozygous for this variant could be due to either variation in 

UGT2B10 expression or the contribution of UGT1A4, as a second catalyst of cotinine 

glucuronidation.  

Biomarkers of glucuronidation that do not require knowledge of genotype would 

have utility in comparing nicotine metabolism, particularly among diverse populations.  

However, in this study and the ethnic patch study we observed that the urinary cotinine 

glucuronide:cotinine and trans-3'-hydroxycotinine:cotinine ratios were both positively 

correlated with nicotine equivalents.  Therefore the possibility that these ratios vary as a 

function of nicotine dose must be considered.  Clearly, the tradeoff between ease of 

measurement and more comprehensive profiling of phenotype or genotype depends on 

the particular goals of a study.  However, we assert that the use of metabolite ratios as 

biomarkers of oxidation or glucuronidation in smokers requires further study, preferably 

prior to application in large epidemiological studies of tobacco-associated cancers.   

Interestingly, individuals with the UGT2B10 Asp67Tyr variant had lower nicotine 

equivalents than individuals without this allele.  Is it possible that these individuals 

smoke less?  We have accounted for the major metabolites of nicotine metabolism, and 

no increases were observed in total C-oxidation.  If a shift occurs in nicotine 

metabolism to other minor pathways of nicotine metabolism, such as N-oxide 

formation, we would have underestimated nicotine equivalents.  For instance, nicotine 



 70 

N-oxide represented 40 % of nicotine and its metabolites in the urine of an individual 

who had very low C-oxidation activity and deleted CYP2A6 (118).  Also, Benowitz et 

al. observed that a higher amount of unchanged nicotine and nicotine glucuronide were 

excreted in urine of individuals with a low activity CYP2A6 allele and decreased 

nicotine C-oxidation compared to wild-type individuals.  Yet, the percent of nicotine 

excreted as a glucuronide was not different, and thus the increase in nicotine 

glucuronide was due to an increase in free nicotine availability and not upregulation of 

glucuronidation.  If low glucuronidation results in elevated blood nicotine 

concentrations, perhaps in the context of relatively low nicotine C-oxidation, an 

individual may smoke less intensely as is observed for individuals with low nicotine 

oxidation.  The potential role of UGT2B10 on smoking behavior merits further 

investigation based on the intriguing finding that individuals who were heterozygous for 

Asp67Tyr had lower nicotine equivalents than wild-type. 

     We expect that differences in UGT2B10 activity, due to genetic or 

environmental factors, will affect the disposition of other drugs and xenobiotics.  For 

instance, UGT2B10 was reported to catalyze the metabolism of the analgesic, 

medetomidine, and its role in the metabolism of other drugs that undergo N-

glucuronidation is being investigated (180).  UGT2B10 catalyzes N-glucuronidation of 

the tobacco carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) in vitro 

and is predicted to contribute to its detoxification in vivo (177;181).  UGT2B10 may 

modulate cancer risk through an effect on smoking behavior or carcinogen metabolism.  

In brief, low UGT2B10 activity may have important health consequences.  
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3.5 Conclusions 

UGT2B10 contributes to in vivo nicotine and cotinine glucuronidation.  The role for 

UGT2B10 was demonstrated by the effect of a variant genotype on glucuronidation 

phenotype.  Smokers who were heterozygous for the variant UGT2B10 Asp67Tyr allele 

had decreased excretion of nicotine and cotinine as their glucuronide conjugates.  

UGT2B10 haplotype was a better predictor of glucuronidation phenotype than ethnicity 

(African American versus European American). Also, the UGT2B10 Asp67Tyr allele 

does not explain the ethnic variation in glucuronidation that was presented in Chapter 2.  

When the study population was sorted by UGT2B10 genotype, nicotine equivalents 

were lower among individuals with the variant allele.  This observation could reflect a 

gene-mediated effect on smoking behavior which would be a substantial finding.  We 

conclude that these genotype-phenotype analyses should be verified in another study 

population. 
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CHAPTER 4 

Nicotine metabolite profiling including 

nicotine-N-oxide and UGT2B10 genotype 

 

 

4.1  Introduction 

Cancer etiology and epidemiology studies frequently require assessment of tobacco 

exposure due to tobacco’s role in the development of several cancers (14;182-184).  

Error in estimating tobacco exposure can obscure important observations, while 

accuracy in exposure assessment is useful to identify it as either a causal or confounding 

factor.  Many approaches have been used to evaluate tobacco exposure broadly 

including: self-report of smoking history (cigarettes/day, pack-years of smoking, time 

spent around a smoker, etc.), collection of used products (cigarette butts, discarded 

chew), topography measures (puff volume, frequency), and biomarkers (exhaled carbon 

monoxide, nicotine metabolites, tobacco specific nitrosamines) (112;120;122;185-187).  

Selecting a measure to assess exposure is not a trivial choice and depends on the goals 

of a particular study. 

Quantifying one or more nicotine metabolites is an objective measure of current 

exposure from smoking, smokeless tobacco use, or environmental/secondhand smoke.  
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Plasma or urinary cotinine are the most frequently utilized biomarker of tobacco 

exposure, other than exhaled carbon monoxide (157;158;158).  The only significant 

source of cotinine is metabolism from nicotine, and it is highly correlated with nicotine 

intake (32;117).  However, interindividual differences in nicotine metabolism also 

influence cotinine levels (33;188).  A potentially more robust biomarker of nicotine 

exposure is nicotine equivalents, defined as the sum of nicotine and its major 

metabolites in urine (120).  Total nicotine (nicotine + nicotine glucuronide), total 

cotinine (cotinine + cotinine glucuronide) and trans-3'-hydroxycotinine (trans-3'-

hydroxycotinine + its glucuronides) can be assessed with minimal sample preparation 

(e.g. a single solid phase extraction) by liquid chromatography/mass spectrometry with 

high throughput capacity (LC/MS) (119).  Therefore, assessing nicotine equivalents is 

feasible in the time typically used to quantify a single nicotine metabolite.  Nicotine 

equivalents directly account for over 80 % of nicotine intake, and since it is a sum of 

metabolites the effect of interindividual differences in any of the major metabolites is 

minimized (32;117;119). 

Polymorphisms are common in nicotine metabolism genes and their regulatory 

regions, although only a minority of the known variants have been fully characterized 

(189).  Enzyme amount and relative activity affect the metabolic fate of nicotine.  

Several polymorphisms in CYP2A6, the hepatic enzyme responsible for oxidation of 

nicotine to cotinine and a major catalyst of cotinine oxidation to trans-3'-

hydroxycotinine, are associated with lower intensity smoking (115;136;190).   For 

example, CYP2A6 polymorphisms that influence smoking behavior include 

CYP2A6*4, a deletion allele, CYP2A6*2, an inactivating point mutation, and 



 74 

CYP2A6*9 which alters the TATA box promoter region (115;191;192).  Furthermore, 

low nicotine C-oxidation and low concentrations of the tobacco carcinogen NNAL have 

been observed among Japanese Americans, a population with a high prevalence of 

deletion alleles, compared to European Americans (133).  UGT2B10 and UGT1A4 

catalyze the N-glucuronidation pathways of nicotine metabolism in vitro and the genes 

encoding these enzymes are also polymorphic (87;143;153;177)..  Recently, we 

reported that the UGT2B10 polymorphism Asp67Tyr was associated with a 20 % 

decrease in the excretion of cotinine and nicotine as their glucuronide conjugates in 

urine of 84 smokers (188).  This UGT2B10 variant was characterized in vitro by Chen 

et al. as having decreased nicotine and cotinine glucuronidation activity (188).   

The main goals of the current study were to evaluate if the relationship between 

Asp67Tyr and lower glucuronidation could be confirmed, to assess if glucuronidation 

was associated with a shift in nicotine metabolism through other pathways including to 

nicotine-N-oxide, and to explore nicotine equivalents as a pathway-independent 

measure of tobacco exposure.  In this population, where a defined genetic variant 

influenced phenotype, we could probe the strengths and weaknesses of different 

nicotine metabolites as biomarkers of exposure.   

 

4.2  Methods 

4.2.1  Study population and protocol 
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This research was approved by the University of Minnesota’s Institutional Review 

Board.  A total of 327 adult smokers who were recruited from the Twin Cities 

metropolitan area and who participated in one of three tobacco research studies 

conducted at the University of Minnesota were included in this genotype-phenotype 

investigation.  Participants were recruited through advertisements on campus and local 

media, were screened by telephone, and were willing to participate in a smoking 

reduction or cessation study similarly for these studies.  Participants were in good 

physical and psychiatric health, had no contraindications to nicotine replacement 

therapy, were not pregnant or nursing, and were not using barbituates or anti-

convulsants.   

For each study, participants were asked to provide a first void morning urine sample 

while they were smoking as usual, and this sample was collected at least two weeks 

prior to any study intervention (and before randomization to an intervention group).  A 

blood sample was also collected from participants.  Study 1 included 110 participants 

aged 18-65 who smoked > 15 cigarettes per day and who subsequently participated in a 

cessation trial of traditional nicotine replacement or smokeless tobacco.  Study 2 

included 145 participants aged 18 – 70 who were smokers of 10 – 40 ‘‘light’’ cigarettes 

(0.7–1.0 mg nicotine/cigarette) per day and who then participated in a study of low and 

no nicotine cigarettes (132).  Study 3 included 84 smokers aged 18 – 70 years who 

smoked 15 – 45 cigarettes/day and subsequently participated in a smoking reduction 

trial (112;188).  Initial genotype-phenotype analyses of UGT2B10 Asp67Tyr genotype 

and the percent of nicotine and cotinine excreted as glucuronide conjugates were 

recently conducted on study 3 samples (188).   
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4.2.2  Nicotine and metabolite analysis 

Urinary nicotine and nicotine metabolite concentrations were analyzed by GC/MS 

and were previously reported (112).  Free nicotine, total nicotine (free nicotine + N-

glucuronide), free cotinine, and total cotinine (free cotinine + N-glucuronide) and total 

trans-3'-hydroxycotinine (trans-3'-hydroxycotinine + its glucuronides) were quantified.  

Analyses were performed in duplicate for each urine sample and repeated if values 

differed by > 10 %, and average error was 3 %.  An overview of the analytic method is 

provided in Chapter 2.   

Nicotine-N-oxide was analyzed in urine of study 1 samples by LC/MS.  In brief, 

urine (20 µl) with added D3-nicotine N-oxide internal standard was processed by solid 

phase extraction with an Oasis MCX column.  LC/MS/MS was performed using a 

Finnigan Discovery triple quadrupole mass spectrometer (Thermo Electron, San Jose, 

CA) with an ESI source in positive ion mode.  Selective reaction monitoring was 

performed of the mass transitions for D0-nicotine N-oxide (m/z 179→130 and m/z 

179→117).   

 Plasma was separated from blood and stored at -20ºC for study 1 samples.  Plasma 

free cotinine, total cotinine (free + N-glucuronide), and total trans-3'-hydroxycotinine 

were quantified by GC/MS as performed for urinary metabolites except for an initial 

solid phase extraction using an Oasis MCX column (Waters Corporation, Milford, MA) 

(39).  Analyses were performed in duplicate and repeated if values differed by > 10 %.   
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4.2.3  UGT2B10 Genotyping 

DNA was isolated from blood using the DNeasy kit (Qiagen, Valencia, CA).  PCR-

restriction fragment length polymorphism (RFLP) analysis was performed targeting 

UGT2B10 at the codon 67 position with HinfI digestion as previously described (Chen 

et al 2008).  A second RFLP for the SNP rs7657958 that is linked with UGT2B10 

Asp67Tyr in Caucasians (haplotype C) was performed in a subset of samples (N = 107 

of 327, 32 %) (177).  Genotyping results were concordant between the two assays, as 

well as with DNA sequencing for 10 samples.   

 

4.2.4  Statistical analysis 

Statistical analyses were conducted using SAS (SAS Institute, Cary, NC) and Excel 

(Microsoft, Redmond, WA).  Wilcoxon two-sided t-approximation statistics were 

calculated to compare means of continuous variables that did not have a normal 

distribution, and a p-value less than 0.05 was considered significant.  Spearman 

nonparametric correlation was used to assess univariate correlations.  A general linear 

model was used to compare phenotypes by UGT2B10 genotype, and to adjust for 

nicotine equivalents.  Individuals with the highest and lowest 1 % of urinary nicotine 

equivalents were excluded from analyses, < 9 nmol/ml or > 236 nmol/ml.  Nicotine and 

cotinine glucuronidation were assessed as the percent of the analyte that was present as 

its N-glucuronide and as the square-root transformed ratio of glucuronide conjugate to 
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free analyte.  The square-root transformed ratio of total trans-3'-hydroxycotinine to free 

cotinine in plasma or total trans-3'-hydroxycotinine to free cotinine in urine was used as 

an estimate of C-oxidation.  K-median cluster analysis was performed using Cluster 3.0 

and Java Treeview which is available at http://rana.lbl.gov/EisenSoftware.htm. 

 

4.3 Results 

4.3.1  Study population 

A total of 327 participants were included in the genotype-phenotype analyses, which 

included samples collected at baseline while participants were smoking as usual from 3 

studies.   Study participants were predominantly European American.  The mean ages 

+/- SD by study were 1) 43 +/- 11.6 years; 2) 41 +/- 14 years; and 3) 46 +/- 10.6 years.  

Diary recorded cigarettes per day at baseline were mean +/ SD: 1) 21 +/- 6.5; 2) 21 +/- 

8.8; 3) 24 +/- 5.8.  Total allele frequency of the UGT2B10 Asp67Tyr variant was 10.6 

%, and this was consistent with Hardy-Weinberg equilibrium.  Correspondingly 

individuals who were heterozygous for the Asp67Tyr allele represented 20 % of 

participants:   study 1, 17.4 %; study 2, 18.3 %; and study 3, 22.2%.  The percent of 

cotinine excreted as a glucuronide conjugate in first morning urine was significantly 

decreased among individuals who were heterozygous for the Asp67Tyr allele compared 

to individuals without this allele in each of the three studies.  Subsequently, analyses 

were conducted on the combined data unless indicated. 
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4.3.2  Urinary nicotine and its metabolites 

The distribution of urinary nicotine and its metabolites by UGT2B10 Asp67Tyr 

genotype is presented in Table 4-1.  Analytes are presented as molar percentages of the 

sum of nicotine and its metabolites in urine, and reflect the relative contribution of 

different pathways to the fate of nicotine.  The molar percentages of nicotine and 

cotinine N-glucuronides in urine were 30 % lower for Asp67Tyr heterozygous 

individuals than for wild-type, 4.2 % versus 6.1 % (p = 0.003) and 17.6 % versus 24.2 

% (p < 0.0001) respectively.  Similarly, the fractions of nicotine and cotinine excreted 

as their glucuronide conjugates, ie. percent glucuronidation, were lower among 

Asp67Tyr heterozygotes than wild-type; 29.5 % versus 38.2 % (p = 0.007) and 51.3 % 

versus 62 % (p < 0.0001).   

As might be expected, a decrease in the molar percent of cotinine glucuronide was 

accompanied by an increase in excretion of free cotinine, 16 % versus 13.4 % (p = 

0.003) for Asp67Tyr heterozygotes compared to wild-type.  Moreover, a significant 

increase was observed in the molar percent of total trans-3'-hydroxycotinine in urine of 

Asp67Tyr heterozygotes compared to wild-type, 51.1 % versus 44.3 %, p = 0.001.  In 

summary, the Asp67Tyr allele was associated with relatively lower urinary abundance 

of nicotine and cotinine N-glucuronides, higher free cotinine, and higher total trans-3'-

hydroxycotinine. 

There were 3 individuals whose DNA yielded a restriction digest pattern that would 

be consistent with homozygosity for UGT2B10 Asp67Tyr.  No urine samples were 

available for one individual who appeared homozygous, another individual excreted a 
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low percentage of cotinine as its glucuronide conjugate (7.1 %) and had undetectable 

nicotine glucuronidation, and the third individual had a normal-to-high glucuronidation 

phenotype (73 % cotinine glucuronidation, 67 %  nicotine glucuronidation).  DNA 

sequence analysis of UGT2B10 is planned for these samples, and at this time they were 

excluded from the analyses which were focused on characterizing heterozygous carriers 

of UGT2B10 Asp67Tyr.  
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4.3.3  Urinary excretion of nicotine-N-oxide  

Nicotine-N-oxide is a minor nicotine metabolite but it may be increased in 

individuals with decreased metabolism through other pathways.  Therefore, we 

evaluated the effect of glucuronidation and C-oxidation phenotype on nicotine-N-oxide 

abundance in urine (Figure 4-1) (118).  Nicotine-N-oxide was quantified in study 1 

participants (N = 108) and phenotype was assessed using metabolite ratios.  The 

phenotype biomarkers were urinary cotinine glucuronide:free cotinine ratio for 

glucuronidation and plasma trans-3'-hydroxycotinine:free cotinine ratio for C-oxidation.  

Phenotypes were categorized as low, high, or average, based on the lowest and highest 

quartiles of the metabolite ratio distribution and the interquartile range.  Nicotine-N-

oxide was assessed as a molar percent of nicotine and its metabolites in urine and 

comparisons were performed by phenotype group.   

The abundance of nicotine-N-oxide increased for each group with successively 

lower trans-3'-hydroxycotinine:free cotinine ratios, means (95 % CI):  4.3 % (3.3 – 5.3), 

6.1 % (5.4 – 6.8), and 8.7 (7.7 – 9.7) for high, average, and low C-oxidation phenotype 

respectively (p < 0.005 between each group).  No significant differences were observed 

in mean nicotine-N-oxide abundance by glucuronidation phenotype, means (95 % CI):  

5.5 % (4.4 – 6.6), 6.1 % (5.4 – 6.9), and 6.8 % (5.7 – 7.9) for high, average, and low 

glucuronidation phenotype, respectively; and Chi-square test for trend, p = 0.055. 
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4.3.4  Plasma nicotine and metabolites 

The effect of the UGT2B10 Asp67Tyr allele on plasma concentrations of nicotine 

metabolites was evaluated in study 1 participants (Table 4-2).  Free plasma cotinine was 

higher among Asp67Tyr heterozygotes than wild-type individuals, 1.31 nmol/ml (231 

ng/ml) versus 1.09 nmol/ml (192 ng/ml), p = 0.03.  No difference in cotinine 

glucuronide concentration was detected, 0.13 nnmol/ml versus 0.15 nmol/ml, for 

Asp67Tyr heterozygotes and for wild-type individuals respectively.  Since the percent 

of cotinine that is conjugated in plasma is low with an overall mean of 10 % it is 

difficult to quantify relatively small differences in cotinine glucuronidation in plasma.  

Total trans-3'-hydroxycotinine was higher in the plasma of Asp67Tyr heterozygotes 

compared to wild-type, 0.46 nmol/ml versus 0.39 nmol/ml, p = 0.04.  Therefore, the 

effect of the Asp67Tyr allele on free cotinine and total trans-3'-hydroxycotinine was 

consistent in urine and plasma, both were higher among heterozygotes than wild-type.   

 

4.3.5  Cluster analysis of urinary nicotine and metabolites  

Urinary metabolite profiles were explored using cluster analysis and an example 

array is depicted in Figure 4-2 that includes free nicotine, free cotinine, cotinine 

glucuronide, and total trans-3'-hydroxycotinine.  To account for the effect of variation 

in nicotine exposure, analytes were expressed as a molar fraction of nicotine and its 

metabolites in urine and were then normalized to the median value.  The array serves as 

a tool for thinking about several metabolites from over a hundred participants at a 
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glance.  Foremost, it is clear that different distributions of nicotine metabolites are 

common.  An evident pattern is that when trans-3'-hydroxycotinine is high then cotinine 

glucuronide is frequently low and vice versa.  Typically low nicotine occurs when either 

trans-3'-hydroxycotinine or cotinine glucuronide are high and the reverse is also 

observed. 

 

4.3.6  Nicotine equivalents as a pathway independent biomarker 

Since nicotine equivalents is a sum of metabolites, it is insensitive to variation in 

metabolite distribution and this can improve accuracy in tobacco exposure assessment, 

as illustrated in Table 4-3.  The first pair of observations in Table 4-3 depicts two 

individuals with identical plasma free cotinine concentrations, but their exposure to 

nicotine is different.  In this case, the individual with lower nicotine equivalents has 

relatively high plasma free cotinine as a consequence of decreased total clearance of 

cotinine which was indicated by the very low urinary and plasma trans-3'-

hydroxycotinine concentrations.  In the second example, two individuals have identical 

free cotinine in urine due to a difference in glucuronidation phenotype, and this could 

obscure the relatively high nicotine exposure of the individual who excreted 85 % of 

cotinine as its glucuronide conjugate if free cotinine is the biomarker of exposure.  In 

the final example, nicotine equivalents were identical but use of free urinary cotinine as 

the biomarker would result in classifying the individual with higher free cotinine as 

being more exposed, when in fact the difference in free cotinine is attributable to a 

difference in the distribution of urinary metabolites.   
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Figure 4-2.  Cluster analysis of urinary nicotine and its metabolites 
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 Table 4-3.  Examples of discrepancies in assessing tobacco exposure by 

nicotine equivalents or free cotinine in urine or plasma 

 

Comparisons between selected 
individuals a Distribution of urinary analytes (nmol/ml)

Traditional biomarker 
(nmol/ml) 

Nicotine 
equiv. 

Total 
nicotine 

Free 
cotinine 

Total 
cotinine 

Total 
3'OH 

cotinine 
Plasma free cotinine :      

0.68 69 13.0 8.1 29.4 21.1 

0.68 24 12.9 3.1 7.1 1.4 b 

Urine free cotinine:      

6.4 104 2.5 6.4 10.9 10.1 

6.4 25 11.6 6.4 44.7 46.0 

18.0 80 11.4 18.0 30.4 28.5 

7.4 80 11.1 7.4 14.7 53.3 

a Pairs of individuals selected for comparison are indicated in bold  
b Plasma trans-3'-hydroxycotinine was also low at 0.05 nmol/ml (9 ng/ml) 
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4.3.7 Effect of nicotine equivalents on metabolite ratios (Study 2) 

To investigate the stability of the urinary glucuronide ratio and the effect of nicotine 

dose, we evaluated the ratio among individuals who decreased their smoking (Table 4-

4).  The ratio of cotinine glucuronide:cotinine was assessed in a group of individuals at 

baseline and after 12 weeks at which point they had reduced their nicotine intake by 60 

%, as assessed using nicotine equivalents.  The ratio of cotinine glucronide:cotinine 

decreased by 40 % as they decreased their nicotine intake, mean (95 % CI): 2.59 (2.05 – 

3.24) at baseline versus 1.51 (1.04 – 2.10) at week 12, p = 0.008.  However, when the 

ratio was adjusted for nicotine equivalents this difference disappeared, mean (95 % CI):  

1.99 (1.49 – 2.52) and 2.07 (1.58 – 2.63) for baseline and week 12 respectively, p = 

0.81.  A decrease of similar magnitude was observed in the urinary ratio of total trans-

3'-hydroxycotinine:free cotinine as individuals decreased their nicotine intake, and 

adjusting for nicotine equivalents eliminated this difference. 
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4.3.8  Metabolite ratios by UGT2B10 genotype 

The relationship between Asp67Tyr genotype and phenotype assessed as metabolite 

ratios is presented in Table 4-5.  The urinary ratio of cotinine glucuronide to cotinine, 

adjusted or unadjusted for nicotine equivalents, was significantly lower among 

Asp67Tyr heterozygotes than wild-type individuals, mean (95 % CI):  1.26 (1.00 – 

1.56) versus 2.03 (1.86 – 2.20), p < 0.0001.  The ratio of urinary nicotine glucuronide to 

nicotine was also significantly lower among Asp67Tyr heterozygotes than wild-type 

individuals (p 0.005).  In summary, UGT2B10 Asp67Tyr genotype and glucuronidation 

ratios, as a biomarker of phenotype, were strongly associated.  No statistical difference 

was observed in the urinary ratio of total trans-3'-hydroxycotinine:free cotinine, 

although a higher ratio of total trans-3'-hydroxycotinine:total cotinine was observed for 

Asp67Tyr heterozygotes compared to wild-type, mean (95 % CI):  1.73 (1.46 – 2.03) 

versus 1.29 (1.18 – 1.41), p = 0.048. 

 

4.3.9  Nicotine equivalents by UGT2B10 genotype 

During the evaluation of urinary nicotine metabolite concentrations, we suspected 

that nicotine equivalents were lower among Asp67Tyr individuals than for wild-type.  

Nicotine equivalents accounts for greater than 80 % of nicotine intake and therefore this 

biomarker is useful to estimate nicotine intake during ad libitum smoking.  Moreover, 

we demonstrated in study 2 that there is no substantial shift to nicotine-N-oxidation 

among Asp67Tyr heterozygotes (Figure 4-1).   Nicotine equivalents were 15 % lower 
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for Asp67Tyr heterozygotes relative to wild-type, mean (95 % CI):  58.2 nmol/ml (48.9 

– 68.2) versus 69.2 nmol/ml (64.3 – 74.5) respectively, p = 0.048 (Table 4-6). 
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4.4  Discussion 

Interindividual variation in glucuronidation of nicotine and cotinine is substantial 

and the contribution of glucuronidation to total nicotine metabolism ranges from < 1 – 

40 % based on nicotine and its metabolites recovered in smokers’ urine (112).  On 

average, an estimated 25 % of nicotine is metabolized to N-glucuronide conjugates of 

nicotine or cotinine in individuals (159).  Variation in glucuronidation influences the 

distribution of nicotine metabolites and therefore may affect nicotine exposure 

assessment using nicotine metabolite biomarkers.  We observed that smokers who are 

heterozygous for the Asp67Tyr allele have a unique distribution of nicotine metabolites 

and that nicotine equivalents, a robust biomarker of nicotine intake, were lower among 

Asp67Tyr heterozygotes compared to individuals without this allele.  Therefore, 

variation in nicotine glucuronidation, as with C-oxidation (115), may influence nicotine 

consumption by smokers. 

UGT2B10 is the most efficient catalyst of nicotine and cotinine N-glucuronidation 

in vitro followed by UGT1A4 (87;163).  Chen et al. identified the Asp67Tyr 

polymorphism in UGT2B10 because it was linked to a haplotype that was associated 

with decreased glucuronidation of the tobacco carcinogen 4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanal (NNAL) by human liver microsomes (177).  Subsequently, a 20 – 30 

% decrease in nicotine and cotinine glucuonidation was observed among human liver 

microsomes that were heterozygous for the Asp67Tyr allele compared to wild-type 

(143).   
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Recently, we reported that the UGT2B10 Asp67Tyr allele is associated with a 

decrease in the percent of cotinine and nicotine excreted as their glucuronide conjugates 

in smokers’ urine (188).  The allele frequency of this polymorphism is about 10 % in 

European Americans and we demonstrated that it is also present in African Americans, 

at an allele frequency that is likely similar to or lower than for European Americans 

(177;188).  To further investigate the effect of the Asp67Tyr polymorphism on nicotine 

metabolism, beyond a direct effect on percent conjugation, we now have evaluated a 

larger number of subjects while they were smoking as usual (n = 327; 263 wild-type 

individuals and 63 heterozygotes). 

In this study we corroborated our prior finding that UGT2B10 Asp67Tyr is 

associated with decreased nicotine and cotinine N-glucuronidation.  Significantly less 

nicotine and cotinine were excreted as their glucuronide conjugates by individuals who 

were heterozygous for the Asp67Tyr allele compared to wild-type; the mean values 

were 22 % and 17 % lower for the Asp67Tyr group.  The distribution of urinary 

metabolites was distinct for individuals with the Asp67Tyr allele compared to wild-type 

as these individuals had a lower fraction of nicotine and cotinine N-glucuronides, but 

higher free cotinine and trans-3'-hydroxycotinine.  Higher plasma concentrations of free 

cotinine and trans-3'-hydroxycotinine were also observed in Asp67Tyr heterozygotes.  

Overall, we observed that the Asp67Tyr allele affects concentrations of both plasma and 

urinary nicotine metabolites and that the effect is consistent with a decrease in 

glucuronidation.   
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UGT2B10 genotype clearly differentiated glucuronidation phenotypes, assessed as 

the ratio of urinary cotinine glucuronide:cotinine or nicotine glucuronide:nicotine. The 

glucuronide ratio for cotinine was 63 % lower and for nicotine was 53 % lower for 

Asp67Tyr heterozygotes compared to wild-type (Table 4).  Adjusting for variation in 

nicotine equivalents did not diminish the difference in glucuronidation phenotype 

observed by UGT2B10 Asp67Tyr genotype.  We did not observe a significant increase 

in nicotine-N-oxide excretion by glucuronidation genotype or phenotype.  In 

comparison, individuals with low glucuronidation genotype or phenotype had an 

increase in the excretion of trans-3-hydroxycotinine.  Perhaps low glucuronidation 

phenotype is compensated by an increase in the clearance of cotinine through C-

oxidation to trans-3'-hydroxycotinine in some individuals.  Shifts in the distribution of 

metabolites that occur as a consequence of decreased metabolism through one pathway 

are an indication that the relationships between metabolic pathways are dynamic.  Total 

nicotine metabolism is a function of the efficiency and capacity of all the major 

pathways of nicotine metabolism.      

Variation in metabolism is a source of error in estimating nicotine exposure.  

Though free cotinine has been instrumental as a tobacco biomarker it can fail to 

differentiate nicotine exposure between individuals in which the contribution of 

glucuronidation and oxidation to total metabolism is different.  Examples where 

misclassification might occur, based on individuals in this study, were presented in 

Table 4-3.  Cluster analysis and generation of a metabolic heatmap was also used to 

better visualize variation in the distribution of urinary nicotine metabolites.  When 

comparing groups in a study, misclassification error could be similar between the two 
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groups and may not be problematic.  However, particularly in multi-ethnic study 

populations where the frequency of polymorphisms in nicotine metabolizing genes is 

different, nicotine exposure may be over- or under- estimated in one group relative to 

another.  Nicotine equivalents are better suited to estimate nicotine intake independent 

of variation in the major pathways of nicotine metabolism. 

We observed that urinary ratios of nicotine metabolites, including the ratio of 

cotinine glucuronide:cotinine and trans-3'-hydroxycotinine:cotinine (total:total or 

total:free), are influenced by nicotine equivalents and that this represents a dose effect.  

Among individuals who were assessed both at baseline and after reducing nicotine 

intake by 60 %, urinary metabolite ratios were significantly lower when the individuals 

were smoking less, but this difference disappeared after adjusting for nicotine 

equivalents.  In contrast, adjusting for nicotine equivalents had no effect or actually 

increased the strength of the reported associations between UGT2B10 genotype and 

nicotine metabolite ratios (Table 4-4). 

The most important finding of this study was that individuals who were 

heterozygous for the Asp67Tyr allele had lower nicotine equivalents, which is a robust 

measure of nicotine intake.  When stratified by UGT2B10 genotype, nicotine 

equivalents were 58.2 among heterozygotes compared to 69.2 nmol/ml for individuals 

who did not have an Asp67Tyr allele (p < 0.05).  Since the study participants were 

smoking ad libitum this difference likely represents a moderate but significant decrease 

in nicotine consumption that is attributable to the Asp67Tyr polymorphism in 

UGT2B10.  Nicotine equivalents were 84 % of that for wild-type.  The effect of 
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CYP2A6 low activity alleles on nicotine equivalents specifically has not been reported.  

However, nicotine equivalents are 34 % lower among Japanese Americans who have a 

10-15 % higher allelic prevalence of the CYP2A6 deletion than European Americans 

(133).  Interestingly, we noticed that individuals with the lowest and highest plasma 

trans-3'-hydroxycotinine to cotinine ratios had lower nicotine equivalents than 

individuals with an average ratio.  Then, individuals with incomplete metabolic 

compensation for either low glucuronidation or low C-oxidation would represent groups 

more likely to be low intensity smokers.  Even a modest decrease in smoking intensity 

could have a significant impact on risk of smoking attributable disease over a lifetime.  

This is the first report demonstrating that a polymorphism in UGT2B10 may influence 

smoking behavior.  In different populations, the frequency of polymorphisms in 

CYP2A6 and in UGT2B10 may influence the relative contribution of these alleles to 

variation in nicotine metabolism and smoking behavior.   

The extent to which variation in nicotine metabolism affects smoking behavior, 

relative to other factors that influence smoking, is unknown.  Ho et al. reported that 

light smokers (<10 cigarettes/day) with low activity CYP2A6 alleles or a low oxidation 

phenotype did not show behavioral compensation for slow metabolism based on having 

higher plasma nicotine levels than other light smokers (150).  Other genes that are not 

involved with nicotine clearance also affect smoking behavior.  The nicotinic CHRNA3 

and CHRNA5 that encode subunits of the nicotinic acetylcholine receptor A was 

recently reported by Derby et al. to influence smoking behavior (132).  Polymorphisms 

in CHRNA3 and CHRNA5 were associated with an increased risk of lung cancer, and it 

was not until nicotine equivalents were measured that the increased cancer risk could be 
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attributed to increased smoking.  Namely, polymorphisms in CHRNA3 and CHRNA5 

are associated with increased nicotine equivalents and increased intake of tobacco.   

 

4.5  Conclusions 

The main finding was that UGT2B10 Asp67Tyr was associated with lower 

glucuronidation phenotype and decreased nicotine intake, which supports the outcome 

described in Chapter 3.  Individuals who were heterozygous for the Asp67Tyr allele 

excreted less nicotine or cotinine as their glucuronide conjugates than wild-type, 

resulting in a 60% lower ratio of cotinine glucuronide:cotinine, a 50% lower ratio of 

nicotine glucuronide: nicotine, and an increase in urinary and plasma cotinine and 

trans-3'-hydroxycotinine.  Moreover, nicotine equivalents, a robust biomarker of 

nicotine intake, were lower among Asp67Tyr heterozygotes compared to individuals 

without this allele.  The distribution of metabolites in urine was affected by 

glucuronidation or oxidation phenotype.  Nicotine equivalents were useful to quantify 

nicotine intake regardless of the relative contribution of the metabolic pathways. 
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CHAPTER 5 

Cytochrome P450 2A7 

 

5.1  Introduction 

In the U.S. lung cancer is the most common fatal cancer and 90 % of lung cancers 

are attributable to tobacco exposure (15).  US adults and adolescents recognize smoking 

as a risk of lung cancer, and in polls since 1990, over 90 % would agree that smoking is 

a cause of lung cancer (18).  Smokers interested in cessation also cite risk of lung 

cancer as a motivating factor to quit.  Nevertheless quitting and sustained cessation of 

tobacco use are often difficult to achieve and thus tobacco use is likely to remain a 

public health problem for some time to come.  A common misperception is that nicotine 

is carcinogenic, which it is not.  There are 60 recognized carcinogens in tobacco 

smoking, and among these polyaromatic hydrocarbons (i.e. benzo[a]pyrene) and 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) are potent lung carcinogens in a 

number of animal models (34;193).  The primary mechanism of NNK-mediated 

carcinogenesis is metabolic activation by cytochrome P450 enzymes (P450s) and 

generation of unstable metabolites that react with DNA and result in appreciable 

genotoxicity (35;127;194;195).   NNK metabolites have been quantified in plasma, 

urine, and tissues including toe nails of smokers and individuals who are passively 

exposed to smoke (37;38;196;197).  The cumulative dose of NNK as well as variation 
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in the activation and detoxification of NNK is predicted to influence individual lung 

cancer risk (132;193;198). 

Metabolic activation is due to hydroxylation at the methylene and methyl carbons 

adjacent to the N-nitroso group and these reactions result in the formation of reactive 

electrophiles (Figure 5-1).  Methyl α-hydroxylation generates 4-(3-pyridyl)-4-oxo-

butyldiazohydroxide which can form pyridyloxobutyl adducts with DNA or protein and 

it reacts with water to form 4-hydroxy-4-(3-pyridyl)butanol (HPB) (199;200).  

Methylene hydroxylation results in decomposition to methane diazohydroxide and 4-

oxo-4-(3-pyridyl) butanal (OPB).  Methane diazohydroxide is a DNA and protein 

methylating species; it also reacts with water and forms methanol (201).  OPB can be 

further oxidized to the carboxylic acid, denoted OPBA.  In animal carcinogenicity 

studies, NNK-derived adducts include O6-methylguanine, 7-methylguanine, O4-

methylguanine and pyridyloxobutyl-adducted nucleotides (202;203).  Recently α-

hydroxylation metabolites were quantified in the urine of smokers who smoked low 

nitrosamine cigarettes that were spiked with [pyridine-D4] NNK in place of their usual 

cigarettes, which would contain a similar amount of unlabeled NNK (198).  The 

excretion of α-hydroxylation products represented 86 % of total NNK metabolites in 

urine.  In comparison, the percent of α-hydroxylation products previously reported in 

the urine of laboratory animals was 58 %, 54 %, and 68 % for mice, rats, and primates 

(198).   
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Figure 5-1.  NNK α-hydroxylation 
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Since the half-life of reactive NNK metabolites is in the order of seconds, tissue 

specific activation by cytochrome P450s is predicted to influence the site of 

tumorgenicity in humans (200;204).  NNK is not exclusively a lung carcinogen and also 

causes cancers in the nasal cavity, liver, and pancreas of laboratory animals (35).  Ding 

et al. elegantly demonstrated that tissue-specific knock out of cytochrome P450 

reductase in the lung or the liver of mice affects the distribution of tumors, with a 

decrease in tumors in the lung when the reductase is absent in the lung but not when 

reductase was absent in the liver.  This demonstrated that NNK α-hydroxylation in the 

lung is critical (204).  The most efficient human catalyst of NNK α-hydroxylation is 

P450 2A13 and this enzyme is an extrahepatic P450 that is expressed in the respiratory 

tract (128;129).  A more abundant hepatic enzyme, P450 2A6, is 93.5 % identical to 

P450 2A13 but it is 300-fold less efficient at catalyzing α-hydroxylation (34).  Crystal 

structures of P450 2A13 and P450 2A6 have been solved, and docking of NNK into the 

active site predicts that the volume and shape of the P450 2A13 active site is slightly 

larger and can better accommodate NNK in a position that favors α-hydroxylation 

(205;206).   

Other human enzymes that likely contribute to hepatic NNK α-hydroxylation are 

P450s 2B6 and 1A2.  These enzymes are also poor catalysts compared to P450 2A13.  

In human liver microsomes, 30 – 67 % of NNK hydroxylation is inhibited by anti-2A6 

and anti-2B6 antibodies (127).  Also co-incubation with phenacetin, a substrate of P450 

1A2, results in up to 70 % inhibition of NNK metabolism (127).   In Dr. Murphy’s 
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laboratory it was previously found that the total NNK hydroxylation attributable to 

P450 2A enzyme in human liver microsomes is greater than expected for 2A6 alone 

(unpublished).  There is one other P450 2A in liver, P450 2A7, for which enzymatic 

activity has not been demonstrated. 

P450 2A7 is recognized as one of ~ 13 human P450s that have no known substrate 

and unconfirmed function (207).  The P450 2A7 proximal promoter appears to be intact 

as individuals who are homozygous for a naturally-occurring 2A7/2A6 hybrid, where 

the 5' regulatory region and exons 1–2 are of CYP2A7 origin and exons 3–9 are of 

CYP2A6 origin, have significant 7-hydroxylation of the 2A6 probe substrate coumarin 

(208).  In liver, P450 2A7 mRNA is expressed at levels ranging from 1:10 to 10:1 

relative to P450 2A6 mRNA (209).  Ironically, P450 2A13 was predicted to be inactive 

based on its similarity to P450 2A7, until it was successfully expressed in Spodoptera 

frugiperda (SF9) insect cells and found to be an efficient catalyst of coumarin, NNK, 

and nicotine oxidation (128). 

A comparison of P450 2A7 to P450s 2A6 and 2A13 is presented in Table 5-1.  The 

National Center for Biotechnology Information (NCBI) reference amino acid sequence 

is 94 % identical to P450 2A6 and 92 % identical to P450 2A13.  P450 2A7 does not 

have any unique residues in its predicted active site:  6 residues are identical to both 

2A13 and 2A6, 3 residues are identical to 2A6 only, and 2 residues are identical only to 

2A13 (Table 5-2).  The conserved cysteine residue that forms a heme-thiolate ligand is 

present in P450 2A7.  However, in 2A6 and 2A13 residue 128 is an arginine that forms 
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a hydrogen bond with the heme propionate and this residue is a leucine in the P450 2A7 

reference sequence. 

 

Table 5-1.  Comparison of human P450 2A enzymes 

Protein 
Amino acid 
identity with 

2A7 a 
Expression site 

Specificity 
toward NNK 

(Km) b 

P450 2A13 92 % Respiratory tract 3.4 µM c 

P450 2A6 94 % Liver 371 µM d 

P450 2A7 n/a Liver  
a NCBI composite reference amino acid sequence 
b Kinetics performed with enzyme expressed in a baculovirus expression system 
c Su et al. (2000) Cancer Res.; 60: 5074. (210) 
d Patten et al. (1996) Arch. Biochem. Biophys.; 333: 127. (211) 
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Table 5.2  Active site residues in human P450 2A protein a 

Residue P450 2A7 P450 2A6 P450 2A13 
107 F F F 

111 F F F 

117 A V A 

118 F F F 

209 F F F 

297 N N N 

300 I I F 

301 A G A 

305 T T T 

365 V V M 

366 I I L 

370 L L L 

480 F F F 
a Residues that are not identical between proteins are highlighted 
 

Two other groups have cloned P450 2A7 and screened for coumarin 7-

hydroxylation activity.  Notably, mouse P450 2A4 that is >80 % identical to the human 

P450 2A enzymes does not catalyze coumarin 7-hydroxylation, and therefore it can not 

be assumed that 2A7 will catalyze this reaction if it is functional (212).  Ding et al. 

cloned P450s 2A6, 2A7, and a spice variant of 2A7 that lacks exon 2 from human liver 

and subsequently transfected Simian-virus-40-transformed monkey kidney fibroblasts 

(COS-7) to evaluate expression (213).  By Western blotting with anti-P450 2A 

antibody, 49 kD immunoreactive bands were observed for both full-length P450s 2A6 

and 2A7.  A 44 kD and a 42 kD band were observed for the 2A7 splice variant (214).  

No reduced P450 spectra were obtained.  This group detected 7-hydroxycoumarin in 
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media from 2A6-transfected cells that were incubated with coumarin but not 2A7-

transfected cells.  The methodology lacked sensitivity and low levels of product would 

not have been detected.  Yamono et al. also cloned P450s 2A6 and 2A7 from a human 

liver and used recombinant vaccinia virus to express protein in HepG2 cells (146).  

Significant protein expression was achieved for P450 2A6 but not for P450 2A7.   

P450 2A7 does not appear to contribute significantly to in vivo coumarin 7-

hydroxylation or nicotine-5'-oxidation.  A number of genetic crossover events have 

occurred between CYP2A7 and CYP2A6 and have resulted in deletion and duplication 

alleles that provide some insights about P450 2A7.  Figure 5-2 illustrates the wild-type 

chromosomal orientation of CYP2A6 and CYP2A7 and four allelic polymorphisms.  

For instance, *1B represents a cross-over event in which a portion of the 3'-untranslated 

region of CYP2A7 has replaced the analogous region in CYP2A6 (215).  The *1B allele 

is associated with increased nicotine oxidation (216).  The *2 allele lacks CYP2A6 

activity due to an inactivating point mutation, L160H, but has intact CYP2A7 (146).  

Individuals who are homozygous for the *2 allele or the *4 deletion alleles exhibit very 

low levels of coumarin 7-hydroxylation in vivo, and have 10-30 % of wild-type levels 

of cotinine, the 5'-oxidation product of nicotine, in urine (115;217).  In regards to P450 

2A7 this could mean that the enzyme is (a) inactive; (b) poorly expressed; or (c) not 

efficient at catalyzing nicotine C-oxidation or coumarin 7-hydroxylation compared to 

P450 2A6.  Alternatively, the *2 and *4 alleles may be exist as a haplotype that is 

linked with a low activity allele of P450 2A7. 
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Figure 5-2.  Examples of polymorphic alleles affecting CYP2A6 or CYP2A7 

 

 

 

To determine if P450 2A7 might contribute to systemic NNK metabolism, we first 

cloned this gene from human liver tissues and used heterologous expression in E. Coli 

and human embryonic kidney fibroblasts (HEK293) to evaluate P450 2A7 function.  

Western blotting and reduced CO difference spectra were used to evaluate protein 

expression.  Enzyme activity was evaluated with coumarin, chlorzoxazone, p-

nitrophenol, and NNK. 

 

5.2  Methods 

5.2.1  Source of liver tissue and preparation of cDNA   

CYP2A7   CYP2A6 

L160H 

~ 56 Kb (on chromosome 19) 

Allele
*1A 
 
*1B 
 
* 2 
 
* 4A 
 
* 4D 
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Frozen histologically normal human liver tissues (n = 5) were obtained from the 

Masonic Cancer Center Tissue Procurement facility, University of Minnesota.  The 

frozen tissue, ~2 x 2 mm, was pulverized, homogenized using QIAshreader, and RNA 

was extracted with RNeasy according to the manufacturer’s instructions (Qiagen, 

Valencia, CA).  First strand cDNA synthesis was performed with Superscript 

(Stratagene, La Jolla, CA).  Polymerase chain reaction was performed immediately after 

first strand synthesis, to amplify CYP2A6 or CYP2A7 sequence. 

 

5.2.2  PCR to detect CYP2A7 – partial sequence amplification 

To assess if CYP2A7 mRNA was present, primers were designed to amplify exons 

1-3 of CYP2A7 in a region where there were several nucleotide differences between the 

CYP2A6 and CYP2A7 DNA sequence (Table 5-3).  Pfx polymerase was used 

(Invitrogen, Carlsbad, CA) and 35 amplification cycles of 94 ˚C for 45 sec., 60 ˚C for 

45 sec., 68 ˚C for 90 sec were performed.  The 350 bp products were visualized on 1 % 

agarose gels.  This assay would also amplify the uncommon CYP2A6*12 hybrid allele. 

 

5.2.3 PCR amplification of full-length 2A7 and blunt-end cloning  

Primers designed from the start to stop codons resulted in co-amplified CYP2A6 

and CYP2A7.  To more efficiently isolate CYP2A7 clones, a primer was designed to 

anneal to the 3'-untranslated sequence of CYP2A7.  Primer sequences are presented in 
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Table 5-3.  Pfx polymerase was used (Invitrogen, Carlsbad, CA) and 35 amplification 

cycles of 94 ˚C for 45 sec., 56 ˚C for 45 sec., 68 ˚C for 90 sec were performed.  The 

~1.6 kb products were visualized on 1 % agarose gels.   

 

Table 5-3.  Primer sequences for cloning and detecting CYP2A7 

Name Primer Sequence   
CYP2A7 exon 1 
Forward a 5'- CCAGCTGAACACAGAGCACATATGTG -3' 

CYP2A7 exon 3 
Reverse a 

5'- TGCGTGCTCCGGATGGCC -3' 

 
2A7 EcoRI 
Forward 
       

5'- GCGGCGAATTCATGCTGGCCTCAGGGCTGC 
TTCTGGTGGCCTTGCTGGC -3' 

2A7 NotI utr 
Reverse 5'- GATGATGCGGCCGCTCTTCCCCCCATTCTTATACC -3'   

a Nucleotides unique to the CYP2A7 sequence are underlined for these primers. 

 

 

5.2.4  Cloning into expression vectors  

PCR products were cloned into pSC-B with Cre-assisted blunt end cloning 

(Stratagene, La Jolla, CA) and were subsequently transferred into expression vectors.   

After changing the second codon to an alanine to facilitate expression in E.Coli, CYPs 

2A7, 2A6, and 2A13 were inserted into the NdeI and SalI restriction sites of pCW.  

CYP2A7 or CYP2A13 were inserted into the NotI and XhoI restriction sites 
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downstream of the EF-1α promoter in the mammalian expression vector pBUDCE4.1 

with or without a 6X His tag at the C-terminus (Invitrogen, Carlsbad, CA). The 

constructs were confirmed by restriction enzyme digestions and by DNA sequence 

analysis of the inserted gene. 

 

5.2.5  Expression in E. Coli 

Various expression conditions were tested.  Expression constructs were transformed 

into DH5α cells or Topp3 cells.  Overnight cultures grown in Luria broth with 100 

µg/ml ampicillin were used to seed 0.1 or 1L cultures (1:100).  Expression media was 

TB peptone containing 100 µg/ml carbenicillin, 1 mM thiamine, and trace elements 

(218).  The cells were grown at 32 ˚C or 37 ˚C until the OD at 600 nm was 0.6 at which 

time δ-aminolevulinic acid (0.5 mM) was added.  The cells were induced with freshly 

prepared 1 mM isopropyl-b-D-thiogalactoside when the OD at 600 nm was 1.2; 

induction at 0.7-1.5 was tested.  The cells were incubated further for 24, 36, 48, or 72 

hours at 32, 30, or 28 ˚C with 190-200 rpm shaking.  A trial of co-expression +/- the 

chaperone proteins pG-KJE8, pGro7, pKJE7, pG-Tf2, pTf16, was also performed 

(Takara, Japan).  Expression controls included simultaneously expressing CYP2A6 or 

CYP2A13 as a positive control and untransformed E.Coli as a negative control.   
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5.2.6  Truncated CYP2A7 mutant 

Dr. Emily Scott and Natasha DeVore generously provided truncated P450 2A7-

transfected E. Coli membrane fraction prepared from the full-length clone we isolated.  

The truncated construct, 2A7dH, did not contain the N-terminal 30 residues.  The 

residues MAKKTSSK preceded amino acid 31, and a tetra-His tag was present at the C-

terminus.   

 

5.2.7  Expression in human embryonic kidney fibroblasts (293T cells) 

HEK293T cells were transfected using calcium phosphate, 20 µg plasmid per T-75 

flask when cells were ~60 % confluent (219).  Media was replaced with complete 

DMEM after 6 hours and cells were incubated at 37 ˚C, 5 % CO2 for 48 hours.   

 

5.2.8  Protein expression evaluation 

SDS-page gel electrophoresis followed by gelcode blue staining (Pierce, Rockford, 

IL) and Western blotting with anti-2A6 antibody (BD biosciences) was performed as 

previously described (127).  Heme-binding was assessed by dithionite-reduced CO 

difference spectra obtained using an Olis DW- 2000 UV-Vis spectrophotometer (Olis 

Inc., Bogard, GA) (61).    
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5.2.9  Activity assessment 

Activity was assessed by incubating whole cells, cell lysate, or microsomes with 

coumarin or 14C-coumarin (50 – 200 µM), chlorzoxazone (50, 150 µM), and p-

nitrophenol (50, 150 µM).  HEK-expressed 2A7 was also incubated with 3H-NNK (80 

µM).  CYP2A7 or CYP2A7dH E.Coli preparations were pre-incubated with 

oxidoreductase (1:2 – 1:6) and dilauroyl-L-α-phosphatidylcholine (0.2 µg/pmol P450) 

for 15-45 min at 4°C just prior to use (206).  Coumarin 7-hydroxylase activity was 

determined as previously described (220).  Detection of metabolites was performed 

using  UV-HPLC or radioflow HPLC analysis as described previously (206).  

Chlorzoxazone 6-hydroxylation and 4-nitrocatechol formation were monitored by UV-

HPLC as previously reported (221;222).   

   

5.3  Results 

5.3.1  CYP2A7 cloning and isolation of wild-type and variant sequences 

CYP2A7 was amplified successfully from 4 of 5 human livers.  Initially, exons 1 to 

3 were amplified to screen for the presence of CYP2A7 (Figure 5-3A), and DNA 

sequencing confirmed the presence of CYP2A7.  Full-length amplification generated 

the expected 1.6 kB product, which was not affected by repeated digestion with a 

CYP2A6-specific restriction enzyme (Figure 5-3B).  Also, a 1.4 kB product was 

observed for two samples.  Several clones were isolated and sequenced from each 
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individual.  Despite repeated attempts, no CYP2A7 was cloned from one liver from 

which CYP2A6 was isolated. 

Wild-type CYP2A7, a polymorphic variant, and a splice variant were cloned from 4 

livers.  Clones from two livers were identical to the NCBI reference sequence for 

CYP2A7.  However, a full-length variant that differed from the reference sequence of 

CYP2A7 was detected in three different individuals.  Since this variant was present in 

multiple clones from different individuals it was not due to a cloning artifact or 

sequencing error.  The CYP2A7 variant (CYP2A7.1) shared 9 of 13 residues with 

CYP2A7 that are not found in CYP2A6 or CYP2A13.  These differences span the 

coding region and therefore are unlikely to have arisen from a recent cross-over event..  

Also the variant had two residues that differ from the reference CYP2A7 sequence and 

are also not present in CYP2A6 or CYP2A13:  Asp169Glu and Arg311Cys 

substitutions.  The splice variant was detected in all of the livers and was identical to the 

previously published in-frame splice variant that results in replacement of a 163 bp 

section of exon 2 with 10 bp.  Splicing occurs at a G/gcagg alternative splice site.  A 

DNA sequence comparison of the CYP2A7 clones to wild-type 2A7 and 2A6 is 

presented in Figure 5-4. 
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Figure 5-3.  CYP2A7 amplification products  

   

 

 

U: Undigested PCR product 
D: Specific digestion of 2A6, serial digest 
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5.3.2  CYP2A7 expression 

P450 expression with full-length CYP2A7 was achieved inconsistently and at low 

levels of expression compared to either CYP2A6 or CYP2A13.  Wild-type CYP2A7, 

CYP2A7.1, and CYP2A7 with a portion of the 3'-untranslated region were transfected 

into E. Coli or HEK293 cells for heterologous expression. Varying time of induction, 

temperature of incubation, shaking speed, total incubation time, host E.Coli strain, and a 

limited trial of co-expression with chaperone proteins did not improve expression of 

CYP2A7.  CYP2A6 or CYP2A13 transfections were conducted at the same time and 

under the same conditions as for CYP2A7, and these constructs typically expressed 

without difficulty.  Western blotting with anti-2A6 antibody and reactions with 

coumarin were used to evaluate expression, and reduced CO-difference spectra was 

performed on a subset of expression trials.   

A Western blot of full-length CYP2A7-transfected HEK cells with an 

immunoreactive band at the expected size of 49 kD is presented in Figure 5-5.  In later 

experiments, new anti-body from BD biosciences had significantly lower sensitivity and 

specificity compared to the prior lots.  After adjusting blotting conditions, the new 

antibody still performed poorly and was only marginally more better than Gel-code blue 

staining at detecting purified P450 2A6 or purified P450 2A13.  Therefore, the limit of 

detection was ~ 0.5 pmol protein.  Figure 5-6 illustrates non-specific banding on the 

anti-CYP2A6 western blot in CYP2A7-transfected and untransfected HEK cells.  Also, 

Figure 5-6 depicts immunoreactive bands from E.Coli microsomes that were 

transformed with truncated CYP2A7 (a gift from Natasha DeVore in the laboratory of 
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Dr. Emily Scott); a strong band at ~37 kD is present but this size is smaller than 

expected for the construct, as it is only 22 amino acids shorter than full-length. 

 

Figure 5-5.  Western blot of CYP2A7-HEK transfected cells 
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Figure 5-6.  Western blot of CYP2A7-HEK transfected cells and E.Coli 
transformed with truncated CYP2A7 
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Truncated 2A7 microsomes were prepared from E.Coli, the observed band is 
smaller than expected.  Non-specific bands were observed for 2A7-HEK and 
untransfected HEK cells from this experiment. 
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5.3.3  Reduced CO-difference spectra 

Full-length and truncated P450 2A7 preparations exhibited a peak at 420 nm when 

reduced-CO difference spectra were obtained.  Spectra of truncated P450 2A7 

microsomes was performed by Natasha DeVore in the laboratory of Dr. Emily Scott, 

University of Kansas.  A distinct peak at 450 nm was never observed.   

 

5.3.4  Activity assays 

Total coumarin metabolism and coumarin 7-hydroxylation by P450 2A7 

preparations were compared to untransfected preparations and either P450 2A6 or P450 

2A13.  No coumarin 7-hydroxylation was observed for P450 2A7 preparations.  In a 

preliminary experiment, a peak that co-eluted with 8-hydroxycoumarin was observed 

after incubating CYP2A7-transfected HEK microsomes with 14C-coumarin (Figure 5-

6); however this result was not reproduced subsequently.  Incubation of the same 

preparation with NNK did not show α-hydroxylation.  

Full-length and truncated P450 preparations were evaluated for chlorzoxazone 6-

hydroxylation and p-nitrophenol oxidation to 4-nitrocatechol.  No products were 

observed for any P450 2A7 preparation, while P450 2A13 expressed under the same 

conditions exhibited detectable activity even when Western blotting was inconclusive.  

The addition of b5 and increasing the amount of oxidoreductase also did not have an 

effect on P450 2A7 activity.  
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5.4  Discussion 

We had predicted that P450 2A7 might be an active enzyme and that it would be a 

good candidate to evaluate for NNK metabolism.  We had no difficulty isolating 

CYP2A7 mRNA, albeit co-amplification of CYP2A6 was a problem initially.   

However, we failed to achieve robust levels of full-length CYP2A7 expression in HEK 

or E.Coli cultures.  Enzyme activity is detectable even when expression is low (< 1 

pmol P450 per reaction volume) if the enzyme is an efficient catalyst of the screening 

reaction.  We observed no product formation upon incubating CYP2A7 preparations 

with substrates that are metabolized by other P450 2A enzymes. 

Also, no activity was observed with a truncated version of wild-type (identical to 

reference sequence) CYP2A7 with coumarin, p-nitrophenol, or chlorzoxazone in our 

laboratory or in the laboratory of Dr. Emily Scott.  In the absence of a P450 peak, 

indicating that there was no evidence of properly incorporated heme, we did not screen 

additional substrates.  The CYP2A7.1 variant has not been studied in its truncated form.     

CYP2A7 is polymorphic and it is likely that some of these variants or the wild-type 

have low or no activity.  In the NCBI database, there are 114 single nucleotide 

polymorphisms in CYP2A7, which is similar to the number documented for CYP2A6.  

Interestingly, wild-type CYP2A7 has a leucine at position 128 and this would interfere 

with an arginine-mediated interaction between the P450 enzyme and the heme 

propionate.  However, the variant CYP2A7.1 had a conserved arginine in this position 

and still did not have characteristics of an active P450.  A mutagenesis study between 
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CYP2A7 and CYP2A6 or CYP2A13 could be interesting from a structure-function 

perspective. 

5.5  Conclusion 

To date, at least 4 laboratories have evaluated the expression and function of 

CYP2A7 and none have observed a P450 spectra or enzymatic activity.   However, we 

lack structural information on why this protein might be inactive and therefore can not 

conclude that CYPA7 protein is entirely inactive at this time.  It is improbable that we 

missed detecting a stable and efficient catalyst, and from a practical standpoint we can 

assume that P450 2A7 is unlikely to contribute significantly to total NNK metabolism. 
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CHAPTER 6 

CYP2A13 active site mutation Asn297Ala 

and metabolism of coumarin and tobacco-

specific nitrosamines 

Content included in this chapter is reprinted with permission of the American Society 

for Pharmacology and Experimental Therapeutics.  All rights reserved. 

 

6.1  Forward 

This study was published in Drug Metabolism & Disposition with shared co-first 

authorship between Dr. Kari Schlicht, a former graduate student in Dr. Murphy’s 

laboratory, and myself.  Dr. Schlicht described a significant portion of the research in 

her PhD thesis and while I will discuss her findings related to NNN and NNK 

metabolism, I will focus on my contribution which was coumarin metabolism by the 

P450 Asn297Ala mutant. 
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6.2  Introduction 

The tobacco-specific nitrosamines, (S)-N′-nitrosonornicotine ((S)-NNN) and 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) are carcinogens found in 

unburned tobacco and cigarette smoke.  Both NNN and NNK are classified as human 

carcinogens (13;223).  NNN induces esophageal and nasal tumors in rodents and NNK 

is a potent lung carcinogen in rodents (35).  Both NNN and NNK require P450-

catalyzed metabolism to exert their carcinogenic effects.  Metabolic activation occurs 

by hydroxylation of the carbons alpha to the nitroso moiety.  For NNN, hydroxylation 

occurs at the 2′- and 5′-carbon positions to ultimately form 4-oxo-4-(3-pyridyl)-1-

butanone (keto alcohol), 5-(3-pyridyl)-2-hydroxytetrahydrofuran (lactol), and reactive 

diazohydroxide intermediates (Figure 6-1) (34).  Hydroxylation of NNK occurs at the 

α-methyl and α-methylene carbon positions, forming keto alcohol (HPB), 4-oxo-1-(3-

pyridyl)-1-butanone (keto aldehyde, OPB), and two diazohydroxides that are capable of 

pyridyloxobutylating or methylating DNA (Figure 6-1) (34).  

In humans, CYP2A13 is an important catalyst of NNN and NNK α-hydroxylation 

(128;129).  The high efficiency of CYP2A13 for NNK metabolic activation combined 

with its expression in respiratory tissues including nasal mucosa, lung, and trachea 

suggest that CYP2A13 plays a critical role in tobacco-specific nitrosoamine-induced 

carcinogenesis (34;128;224)  
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The x-ray crystal structure for CYP2A13 has been reported (205;225).  Features of 

the active site include a cluster of phenylalanine residues that form the “roof” of the 

active site and two polar residues at opposide sides of the active site, Asn297 and 

Thr305.  Docking NNK into the crystal structures predicts that the active site volume 

and shape can accommodate NNK in a position that is favorable for α-hydroxylation 

(205).  A hydrogen bond between the pyridine nitrogen of NNK and Asn297 may 

facilitate an orientation that is compatible with α-hydroxylation. Therefore this amino 

acid was targeted for mutagenesis to evaluate its effect on enzyme activity and 

metabolism of NNK and NNN. 

Metabolism of (S)-NNN by CYP2A13 and the CYP2A13 Asn297Ala resulted in 

generation of lactol, the product of NNN 5'-hydroxylation (206).  The product of 2'-

hydroxylation, keto alcohol, was not detected for either enzyme. The Km value for the 

mutant was ~3-fold greater than that of the wild type, while the Vmax was not 

significantly different.  Computational modeling by docking (S)-NNN into the active 

site predicted 5'-hydroxylation and not 2'-hydroxylation for both enzymes.  Specifically, 

positioning of the pyridine nitrogen towards residue 297 was favored regardless of 

residue type or presence of the hydrogen bond interaction.  In brief, while the 

Asn297Ala mutant had a modest effect on (S)-NNN metabolism, the Asn297-substrate 

interaction was not critical for substrate orientation in the active site. 

The Asn297Ala mutation had a greater effect on the efficiency of CYP2A13-

catalyzed NNK α-hydroxylation but did not affect product distribution (206).  Both 

CYP2A13 enzymes (wild-type and Asn297Ala) generated products of α-methyl and α-
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methylene hydroxylation in a ratio of 1:3 respectively.  The Km for total NNK α-

hydroxylation by CYP2A13 Asn297Ala was 6-fold higher than for the wild type 

enzyme, Vmax was unchanged.  When NNK was modeled in the active site, the pyridine 

nitrogen consistently positioned towards Asn297 but this did not occur with Ala297.  

Furthermore the pyridine nitrogen was twisted away from residue 297 in many poses 

with the α-methyl carbon curled in metabolically unfavorable positions (Figure 6-2). 

 

Figure 6-2.  A model of NNK docked in the active site of (A) CYP2A13 and (B) 

CYP2A13 Asn297Ala 
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CYP2A13 is an efficient catalyst of coumarin metabolism (212;212;226).  

CYP2A13 catalyzes both the 7-hydroxylation and 3,4-epoxidation of coumarin with 

similar efficiency (Figure 6-3).  In contrast, CYP2A6, which is 93.5 % identical to 

CYP2A13 at the amino acid level, exclusively catalyzes coumarin 7-hydroxylation.  

The crystal structure of CYP2A6 was solved with coumarin in the active site, and a 

hydrogen bond interaction between Asn297 and the carbonyl oxygen of coumarin 

contributes to the orientation of coumarin for 7-hydroxylation (225).  The 7-

hydroxycoumarin product is very stable and is easily quantified by fluorescence 

detection.   However, the 3,4-epoxide is unstable and can react with other components 

in the incubation.  The 3,4 epoxidation of coumarin has been quantified as the formation 

of o-HPA, which is generated non-enzymatically from coumarin 3,4-epoxide (Figure 6-

3) (227;228).  The effect of an Asn297Ala mutation on the specificity of CYP2A13-

catalyzed coumarin metabolism is reported here.   
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6.3  Materials and Methods 

6.3.1  Chemicals and Reagents 

 [U-14C-benzyl]coumarin (31 mCi mmol-1, 99.5% purity) was purchased from 

Amersham Pharmacia Biotech (Piscataway, NJ).  o-Hydroxyphenylacetaldehyde (o-

HPA) was a gift from Dr. Louis Lehman-McKeeman of Procter & Gamble (Cincinnati, 

OH).  All other chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, 

MO). 

 

6.3.2  Site-Directed Mutagenesis 

Full-length CYP2A13 (with the second codon changed from leucine to alanine and 

four histidine residues added to the N terminus) in the pKK233-2 plasmid (Pharmacia, 

Uppsala, Sweden) was a gift from Dr. Emily Scott (University of Kansas, Lawrence, 

KS).  The QuikChange (Stratagene, La Jolla, CA) method was used to introduce the 

single nucleotide mutation.  Primers used for site-directed mutagenesis were the 

following: 5′-gtgatgaccaccctggccctcttctttgcgggc-3′ (forward primer, mutated bases are 

underlined) and 5′-cccgcaaagaagagggccagggtggtcatcacc-3′ (reverse primer, mutated 

bases are underlined).  The single Asn297Ala mutation was confirmed by DNA 

sequencing.   
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6.3.3  Protein Expression and Purification   

Rat NADPH-P450 oxidoreductase was expressed in Escherichia coli and purified as 

previously described (Hanna et al., 1998).  Wild type CYP2A13 and CYP2A13 

Asn297Ala were expressed in TOPP-3 E. coli cells (Stratagene, La Jolla, CA) at 30˚C 

with 190 rpm shaking and an with an induction time of 72 hours using the protocol 

previously described (229).  Cells were harvested and purified using a previously 

published protocol (230).  

 

6.3.4  Protein Characterization and Enzyme Reconstitution 

Enzyme expression and purity was visualized by SDS-Page with Gel Code Blue 

staining (Pierce Biotechnology, Rockford IL).  Expression of CYP2A13 and CYP2A13 

Asn297Ala was confirmed by Western blot using anti-CYP2A6 antibody (BD 

Biosciences, San Jose, CA) that also detects CYP2A13 (Wong et al., 2005b).  

Cytochrome P450 content was determined for each enzyme preparation by dithionite-

reduced CO difference spectra obtained using an Olis DW-2000 UV-Vis 

spectrophotometer (Olis Inc., Bogard, GA) (61).  Enzymes were reconstituted with 1:4 

P450:oxidoreductase and dilauroyl-L-α-phosphatidylcholine (0.2 µg/pmol P450) for 45 

min at 4°C just prior to use.   
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6.3.5  Coumarin Metabolism 

Total coumarin metabolism was determined using [U-14C-benzyl]coumarin and 

radioflow HPLC analysis.  The method used was a modification of a previously 

described HPLC system (212).  Reconstituted CYP2A13 or CYP2A13 Asn297Ala (40 

pmol) were each incubated with 65 µM of [U-14C-benzyl]coumarin (31 mCi mmol-1), 

100 mM Tris buffer, pH 7.4, an NADPH-generating system (0.4 mM NADP+, 100 mM 

glucose-6-phosphate, and 0.4 units ml-1 glucose-6-dehydrogenase) in a final volume of 

150 µL for 10-60 min at 37 °C.  Reactions were terminated by addition of 15 µL 15% 

tricholoroacetic acid.  All analyses were conducted in triplicate.  Products were 

analyzed by radioflow HPLC with a Phenomenex Gemini C18 (5 µm, 250 × 4.60 mm) 

column.  A flow rate of 0.8 ml min-1 was used.  An isocratic system of 72 % A [1% 

acetic acid in water] and 28 % B [1% acetic acid in methanol] was used.  As the column 

aged, B was decreased to 25 %.  Radioactive detection was accomplished using a β-

RAM radioflow detector (IN/US Systems, Tampa, FL) with a scintillant flow rate of 2.4 

ml min-1 [Monoflow 5, National Diagnostics, Atlanta, GA].  14C-labeled products were 

co-injected with o-HPA, 8-hydroxycoumarin, 7-hydroxycoumarin, and 3-

hydroxycoumarin standards detected by absorbance at 270 nm.  Initially, 4-

hydroxycoumarin, 5-hydroxycoumarin, and 6-hydroxycoumarin were also evaluated as 

potential products based on retention times. 

Coumarin 3,4-epoxidation was quantified by trapping the epoxide as a GSH 

conjugate.  The method used is analogous to that used previously to quantify 

naphthalene epoxidation (231).  Reactions were carried out as above with the addition 
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of 1 to 5 mM GSH and 2.5 to 20 units GST (from equine liver, Sigma:Aldrich).  Using 

14C-coumarin, conditions were determined under which the 3,4-epoxide was trapped by 

the addition of GSH (1.5 mM) and glutathione-S-transferase (GST) (5 units), as 

determined by the decrease in detection of o-HPA and no further increase in the GSH 

conjugate peak with increasing amounts of GST.  With CYP2A13 Asn297Ala, 87% of 

the 3,4-epoxide was trapped, while with CYP2A13 o-HPA was no longer detectable 

when GSH and GST were added to the reaction mix.  To determine the kinetic 

parameters of coumarin 7-hydroxylation and 3,4-epoxidation, reconstituted CYP2A13 

(7.5 pmol) or CYP2A13 Asn297Ala (2-5 pmol) enzyme was incubated in the presence 

of GST and GSH  with 1 to 500 µM coumarin under the conditions described above.  

Metabolites were analyzed by HPLC with UV detection at 310mn (λmax for coumarin).  

By comparing absorbance at 310 nm to radioactivity in reactions carried out with 14C-

coumarin, the ratio of the absorbance of 7-hydroxycoumarin relative to the coumarin 

GSH conjugate was determined to be 1.2.  A standard curve of peak area versus 7-

hydroxycoumarin was used to determine metabolite concentrations.  HPLC conditions 

were those described above.  

 

6.3.6  LC/MS/MS analysis of coumarin metabolites  

Products of coumarin metabolism were collected from the HPLC system described 

above and concentrated under N2.  Reaction products and hydroxycoumarin standards 

were analyzed using a Finnigan TSQ Quantum Ultra AM triple quadrupole mass 

spectrometer operated with electrospray ionization (ESI) (Thermo Electron, San Jose, 
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CA).  Sample (4-8µL) was loaded onto a Zorbax SB-C18 (5 µm, 0.5 x 150 mm) column 

with a flow rate of 10µL min-1 of 70% A [1% acetic acid in water] and 30% B [1% 

acetic acid in methanol] using a Waters nanoAcquity UPLC solvent delivery module 

(Waters, Milford, MA).  The hydroxycoumarins were analyzed by ESI-MS-MS with 

selection for the protonated molecular ion at m/z 163.  The ESI source was set in 

positive ion mode, voltage 3.3 kV; capillary tube, 250 °C.  The Ar collision gas pressure 

was 1.0 mTorr, collison energy, 20-25 V; scan time, 0.5 sec.; peak width of Q1 and Q3, 

0.7.  A full scan was performed for detection of a coumarin GSH conjugate with m/z 

452 [M + H]+ and product spectra were also generated.  Additionally, the coumarin 

GSH conjugate was analyzed in negative ESI mode and the full product scan of the 

parent ion m/z 450 [M – H]- was evaluated.  The ESI source parameters were voltage 

3.5 kV; capillary tube, 250 °C.  The Ar collision gas pressure was 1.0 mTorr, collison 

energy, 30 V; scan time, 0.55 sec.; peak width of Q1 and Q3, 0.7. 

 

6.3.7  Statistics 

Kinetic parameters, Km and Vmax for coumarin 7-hydroxylation, coumarin 3-

hydroxylation, coumarin 3,4-epoxidation were determined using the EZ-fit 5 kinetics 

software from Perrella Scientific (Amherst, NH).  Statistical differences between mean 

Km or Vmax values were determined using a Chi square test. 
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6.3.8  Computer Modeling and Docking 

Coordinates from the X-ray crystal structure for CYP2A13 (PDB 2P85) (Smith, 

2007), were obtained from the Protein Data Bank (http://www.rcsb.org) and used to 

model CYP2A13 and CYP2A13 Asn297Ala in MAESTRO (version 3.5, Schrodinger, 

LLC, New York, NY).  Coumarin was generated and minimized in MAESTRO prior to 

docking.  Docking studies were conducted using the program GLIDE within 

MAESTRO to view the top twenty-five possible binding orientations (out of 10,000 

dockings) for the substrates within active sites of CYP2A13 and CYP2A13 Asn297Ala.  

Substrates were allowed to dock flexibly within the active sites.   

 

6.4 Results 

6.4.1  CYP2A13 Asn297Ala expression 

CYP2A13 and the single-residue mutant enzyme CYP2A13 Asn297Ala were 

expressed and purified.  Protein expression levels were not hindered by the introduction 

of the Ala297 site-mutation as confirmed by Western blotting.  Proper incorporation of 

heme was verified with CO-difference spectra and P450 content was quantified. 
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6.4.2  14C-coumarin metabolism 

The relative metabolism of 14C-coumarin by wild type CYP2A13 and the 

Asn297Ala mutant were analyzed by radioflow HPLC (Figure 6-4).  The major 

metabolites generated by the wild type enzyme were o-HPA, a product of coumarin 3,4-

epoxidation and 7-hydroxycoumarin (Figure 6-4A).  These two metabolites were 

present in approximately equal amounts.  In contrast, o-HPA was a 3-fold more 

abundant metabolite of CYP2A13 Asn297Ala-catalyzed coumarin metabolism than was 

7-hydroxycoumarin (Figure 6-4C).  In addition, other radioactive products, eluting prior 

to 10 min and at 48 min, accounted for a significant percentage of the radioactivity.  

The later eluting metabolite co-eluted with 3-hydroxycoumarin.  Its identity as 3-

hydroxycoumarin was confirmed by LS/MS/MS analysis of the collected peak.  None 

of the early eluting peaks co-eluted with available standards, including o-

hydroxyphenyl acetic acid, 6,7-dihydroxycoumarin and all hydroxycoumarin 

metabolites. We hypothesized these peaks may be secondary metabolites of the 

coumarin 3,4-epoxide or products of the conjugation of the 3,4-epoxide with a 

nucleophile or nucleophiles present in the enzyme reaction mixture.  A minor product of 

both CYP2A13- and CYP2A13 Asn297Ala- catalyzed metabolism co-eluted with 8-

hydroxycoumarin. 
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6.4.3  Trapping coumarin 3,4-epoxide as its GSH conjugate 

To confirm that the early eluting metabolite(s) are product(s) of coumarin 3,4 

epoxidation, and to more accurately quantify the 3,4-epoxidation of coumarin a method 

was developed which trapped coumarin 3,4-epoxide as its GSH conjugate.  Conditions 

were established under which 87% or greater of the o-HPA formed was no longer 

detected as a product (Figure 6-4B, 6-4D).  Efficient trapping of coumarin 3,4-epoxide 

required GSH concentrations of at least 1 mM and excess GST, as the reaction was 

sensitive to the amount of GST available.   

Under these conditions, not only did little o-HPA remain but in addition the 

majority of the radioactivity eluting prior to 12 min was no longer detected.  In the 

presence of GSH and GST the size of the early eluting radioactive peak was the same 

with either wild type or mutant enzyme.  The addition of GSH and GST to the enzyme 

reactions resulted in the appearance of a new metabolite peak eluting 2 min later than 7-

hydroxycoumarin.  This peak was presumed to be a GSH conjugate of coumarin 3,4-

epoxide (Figure 6-3).  The ratio of this peak to 7-hydroxycoumarin was 1.3:1 for 

CYP2A13 and 9:1 for CYP2A13 Asn297Ala (Figure 6-4B and 6-4D).  These values are 

significantly greater than the ratio of o-HPA to 7-hydroxycoumarin obtained in the 

absence of GSH and GST (Figure 6-4A and 6-4C); consistent with our hypothesis that 

quantifying o-HPA alone did not accurately reflect the extent of coumarin 3,4-

epoxidation.  
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Figure 6-4.  Radioflow HPLC analysis of 14C-coumarin metabolites 

 

 

Figure 6-4.  Radioflow HPLC analysis of 65 µM [14C]coumarin metabolism by 

CYP2A13 (10 pmol; 30 min) (A and B) or CYP2A13 Asn297Ala (5 pmol; 20 min) (C 

and D). Reactions were carried out in the absence (A and C) or presence (B and D) of 

GSH and GST.  Arrows in A indicate retention times of metabolite standards. The 

arrow in B to D indicate the retention time of 7-hydroxycoumarin.  The asterisk (*) is 

the GSH/GSTdependent peak. 
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6.4.4  Coumarin metabolism by UV-HPLC and LC/MS 

Using the conditions established with 14C-coumarin and radioflow HPLC analysis a 

UV HPLC method was developed for the detection of 7-hydroxycoumarin and the 

coumarin GSH conjugate.  To determine the rate of coumarin 3,4-epoxidation, the 

coumarin GSH conjugate was quantified by HPLC with UV detection at 310 nm.  Note 

that the absorbance of 7-hydroxycoumarin at 310nm is 1.2-fold greater than the 

coumarin GSH conjugate.  Sample chromatograms for the UV-HPLC analysis of 

coumarin 7-hydroxylation and 3,4-epoxidation by CYP2A13 and CYP2A13 Asn297Ala 

are illustrated in Figure 6-5.  

The presumed GSH conjugate, 7-hydroxycoumarin, and the metabolite that co-

eluted with 3-hydroxycoumarin were collected and analyzed by LC/MS/MS.  Both 

negative and positive ion tandem mass spectrometry were used to identify the GSH 

conjugate.  The product ion spectra from m/z 450 [M – H]- contained m/z 128, 143, 177, 

179, 210, 254, and 272.  The m/z 177 is γ-glutamyl-S-(3-coumarin)cysteinyl glycine, 

and the other fragments are generated from the glutathione moiety (232).  Mass spectral 

analysis with ESI in the positive mode detected a molecular ion of m/z 452 [M + H]+.  

The major ions in the product spectrum from m/z 452 were m/z 220; the 1-

aminothioether of coumarin, m/z 323, (3-coumarin)cysteinyl glycine, and m/z, 305/306, 

(3-coumarin)cysteinyl glycine, minus NH3 . (Figure 6-6).  The identities of the 7-

hydroxycoumarin and 3-hydroxycoumarin metabolites were confirmed by comparison 

of product spectra from m/z 163 [M + H]+ to authentic standards.  The major product 

ion was m/z 107 (Figure 6-6). 
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Figure 6-5.  UV HPLC analysis of coumarin metabolism 

 

 

Figure 6-5.  UV HPLC analysis of 20 µM coumarin metabolism by (A) CYP2A13 (7.5 

pmol, 20 min) or (B) CYP2A13 Asn297Ala (2 pmol, 20 min) in the presence of 1.5 mM 

GSH and 4 units GST.  The arrow indicates the retention time of 7-hydroxycoumarin 

and the * is the GSH/GST dependent peak. 
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Figure 6-6.  ESI-MS-MS positive ion product spectra 

 

 

Figure 6-6.  ESI-MS-MS positive ion spectra of (A) the collected coumarin-

GSH conjugate [M + H]+, m/z 452 and (B) the late-eluting coumarin metabolite, 

3-hydroxycoumarin m/z 163.  Spectra are identical to authentic standards. 
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6.4.5  Kinetic parameters for Asn297A and wild-type P450 2A13 

The kinetic parameters of coumarin 7-hydroxylation, 3,4-epoxidation and 3-

hydroxycoumarin were determined for CYP2A13 Asn297Ala and CYP2A13 (Table 6-

1).  Kinetic parameters were determined in the presence of GSH and GST to better 

quantify 3,4-epoxidation. The Km values for these reactions were approximately 4-fold 

greater for the mutant enzyme.  However, the vmax values increased 3-fold for coumarin 

7-hydroxylation, 19-fold for 3-hydroxylation and 40-fold for 3-4 epoxidation.  The 

catalytic efficiency of coumarin 3,4-epoxidation increased 10-fold while coumarin 7-

hydroxylation decreased by 25%.  Interestingly, 3-hydroxycoumarin was still detected 

in the presence of GSH and GST, which would be expected if coumarin 3-

hydroxylation occurs independently from the 3,4-epoxication pathway.  The catalytic 

efficiency of coumarin 3-hydroxylation was 6-fold greater for the mutant enzyme.  

Coumarin 7-hydroxylation by wild-type CYP2A13 accounted for about 35% of 

coumarin metabolism by the 3 pathways, but only 9% of that by the mutant enzyme.  

Coumarin 8-hydroxylation was catalyzed by wild type and the mutant enzyme, but 

accounted for less than 3 % of the total coumarin metabolism. 

 

6.4.6  Modeling coumarin orientation in the active site 

To further investigate the role of Asn297 on substrate orientation, coumarin, (S)-

NNN, and NNK were computationally docked into the active site of CYP2A13 and 

CYP2A13 Asn297Ala.  Docking studies generally complemented the enzyme kinetic 
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analyses.  When coumarin was docked in wild-type CYP2A13, it equally favored 

orientations for 7-hydroxylation and 3,4-epoxidation.  Approximately 40 % of the poses 

predicted a hydrogen bond forming between Asn297 and the carbonyl oxygen of 

coumarin, positioning the 7'-carbon over the heme iron, as close as 3.9 Å (Figure 6-7).  

In the other major poses (40 %) the coumarin molecule was flipped so that the double 

bound was positioned for 3,4-epoxidation  by CYP2A13.  In contrast, when coumarin 

was docked into the CYP2A13 Asn297Ala mutant, only 3,4-epoxidation was predicted 

(Figure 6-7B).  

 

Table 6-1.  Kinetic parameters for CYP2A13 and CYP2A13 Asn297Ala reactions a 

 CYP2A13 wt CYP2A13 Asn297Ala 

Reactionb Km (µM)c 
Vmax (pmol/min/pmol 

P450) 
Km (µM)c 

Vmax (pmol/min/pmol 

P450) 

Coumarin 7-hydroxylation 3.7 ± 0.39 0.59 ± 0.01 16.6 ± 0.9 1.94 ± 0.03 

Coumarin 3,4-epoxidation 3.8 ± 0.43 0.25 ± 0.006 14.8 ± 1.1 9.25 ± 0.09 

Couamarin 3- hydroxylation 6.3 ± 1.5 0.06 ± 0.003 18.9 ± 0.3 1.12 ± 0.03 

NNK α-hydroxylationd 11.9 ± 3.2 0.85 ± 0.07 66.7 ± 8.1 0.87 ± 0.09 

(S)-NNN 5'-hydroxylation 30.7 ± 10.1 1.28 ± 0.11 108 ± 22.1 1.12 ± 0.12 

a Values for Km and Vmax represent mean ± standard error of 2-5 independent experiments. 
b Coumarin concentrations were 1, 2, 5, 10, 20, 40, 100, 200, 500 µM, NNK concentrations were 0.5, 2, 5, 10, 25, 

50, 75, 100, 200, 300 µm, (S)-NNN concentrations were 10, 25, 50, 100, 250, 500, 750,1000 µM.  Products were 
detected by UV-HPLC (coumarin) or radioflow-HPLC (NNK and NNN), details are described in the Materials 
and Methods. 

c Km values for all substrates were significantly different for CYP2A13 Asn297Ala compared to CYP2A13 
(p<0.03) 

d α-Hydroxylation was quantified as the sum of methyl and methylene hydroxylation which occurred in a ratio of 1 
to 3 at all NNK concentrations. 
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Figure 6-7.  A model of coumarin docked in the active site of (A) CYP2A13 and (B) 

CYP2A13 Asn297Ala 

 

 

6.5  Discussion 

Residue Asn297 has been implicated as an important residue for substrate 

orientation in CYP2A6.  In this study, a single site mutation Asn297Ala was used to 

investigate the importance of the active site residue Asn297 on CYP2A13-catalyzed 

coumarin metabolism.  The Asn297Ala substitution resulted in an increase in Km for α-

hydroxylation of (S)-NNN and NNK relative to wild-type, but there was little effect on 

Vmax and no effect on product distribution.  To further characterize the Asn297Ala 

mutant, the metabolism of coumarin was investigated.  We hypothesized that coumarin 

might serve as a structural probe of substrate positioning, and that depending on favored 

orientations in the active site different hydroxylation products would be formed.   

We previously reported that CYP2A13 efficiently catalyzed the 3,4-epoxidation of 

coumarin as measured by the formation of o-HPA (212).  However, it became obvious 
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in carrying out the studies reported here that o-HPA formation did not accurately reflect 

the rate of coumarin 3,4-epoxidation.  Therefore, to quantitively measure coumarin 3,4 

epoxidation, GSH and GST were included in the reaction and the rate of coumarin GSH 

conjugate formation was determined.  Using this methodology, the ratio of coumarin 7-

hydroxylation to 3,4-epoxidation by wild-type CYP2A13 was 1.0 to 1.3 compared to a 

ratio of 1.0 to 0.7 we reported previously  (212).   

The Asn297Ala mutation had a striking impact on coumarin metabolism, 

significantly altering the product distribution.  The CYP2A13 Asn297Ala mutant 

catalyzed coumarin 3,4-epoxidation with 10-fold greater efficiency than wild type 

enzyme.  This shift to 3,4-epoxidation is consistent with the preferred substrate 

orientation predicted by docking coumarin in the active site of the Asn297Ala model.  

With wild type CYP2A13 coumarin may form a hydrogen bond with the carbonyl 

oxygen positioning the molecule for 7-hydroxylation.  However, a second orientation 

stabilized by a cluster of phenylalanines in the active site positions coumarin for 3,4-

epoxidation.  In the mutant enzyme this orientation predominates thereby favoring the 

3,4-epoxidation of coumarin. 

In contrast to the increase in total coumarin metabolism that was observed with 

CYP2A13 Asn297Ala compared to CYP2A13, both NNN and NNK metabolism by 

CYP2A13 Asn297Ala were significantly decreased.  The catalytic efficiency of (S)-

NNN α-hydroxylation decreased 4-fold, due to an increase in the Km.  While the 

hydrogen bond to Asn 297 was not critical to NNN metabolism by CYP2A13, it does 

appear to improve enzyme affinity for NNN.  The impact of the Asn297Ala mutation on 
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NNK α-hydroxylation was greater.  Catalytic efficiency was decreased 6-fold relative to 

wild-type CYP2A13.  Also, changing the 297 residue from an Asn to Ala in a model of 

CYP2A13 caused NNK to dock in poses that are unfavorable for α-methyl and α-

methylene hydroxylation.   

In CYP2A6, mutation of residue Asn297 has been shown to influence substrate 

binding and metabolism.  As observed in CYP2A13, mutation of Asn297 in CYP2A6 

resulted in altered coumarin 7-hydroxylation.  An Asn297Ser mutant was determined to 

have ~ 4-fold decreased catalytic efficiency for coumarin 7-hydroxylation (Kim et al., 

2005).  This mutation also decreased binding affinity for coumarin by nearly 30-fold.  

The rate of coumarin 3,4-epoxidation was not measured in this study, however, given 

the dramatically decreased binding affinity of coumarin it is unlikely the Asn297Ser 

CYP2A6 mutant catalyzed this reaction.  Two additional mutants, Asn297His and 

Asn297Gln have also been shown to have decreased catalytic efficiency for coumarin 7-

hydroxylation compared to wild type CYP2A6 (233).  Recently, the crystal structure for 

the CYP2A6 Asn297Gln mutant was reported (234).  Although the glutamine 

substitution had little effect on the overall size of the active site, it did cause altered 

protein folding interactions between the B′-C helix region and helix I.  In addition, no 

hydrogen bond interactions were able to form between Gln297 and substrates like 

coumarin.   

The ability of Asn297 to hydrogen bond with substrates has been demonstrated in 

both CYP2A6 and CYP2A13 crystal structures.  This interaction was shown to orientate 
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indole in the active site of CYP2A13 and to position coumarin for 7-hydroxylation in 

CYP2A6.   

 

6.6  Conclusions 

The importance of Asn297 for CYP2A13 substrate orientation and catalysis was 

confirmed by the present study.  The polar amino acid residue Asp297 in the active site 

contributes to substrate orientation through a hydrogen bonding interaction.  An 

Asn297Ala mutation substantially altered coumarin metabolism.  In particular, a shift 

from 7-hydroxylation to 3,4-epoxidation was observed and this would be consistent 

with disruption of a hydrogen bond between the carbonyl oxygen of coumarin and 

Asn297.  Product distribution was not altered for NNK or NNN, but the Asn297Ala 

mutant had decreased product formation.  The Asn297Ala had a greater effect on NNK 

than NNN metabolism, and Asn 297 likely contributes to orientation of NNK in a 

position that is favorable for α-hydroxylation. 
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CHAPTER 7 

Glucuronide conjugation of NNK 

metabolites 

 

7.1  Introduction 

Carcinogenesis by the tobacco specific nitrosamine, 4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanone (NNK) occurs as a result of metabolic activation by cytochrome 

P450-catalyzed α-hydroxylation (34;235).  UDP-glucuronsyltransferases (UGTs) 

partially mitigate carcinogenesis by facilitating the detoxification of NNK metabolites 

(200). NNK undergoes carbonyl reduction to NNAL and two glucuronide conjugates 

are formed, an O-linked and an N-linked glucuronide (236;237).  Also, a glucuronide of 

the unstable hydroxylation metabolite, α-hydroxymethyl NNK, was previously detected 

in hepatocyte incubations and in urine of phenobarbital-treated rats (200).  In rats, the 

formation of α-hydroxymethyl NNK glucuronide correlated with a decrease in 

hemoglobin adducts (200).  The glucuronidation of unstable product(s) of P450-

catalyzed NNK hydroxylation represents an intriguing functional relationship between 

P450s and UGTs in xenobiotic metabolism wherein a reactive species with DNA-

adducting potential is captured by glucuronidation. The conjugation of unstable α-



   152

hydroxymethyl or α-hydroxymethylene NNK metabolites by UGTs may represent an 

uncharacterized detoxification pathway in humans.   

The goals of this preliminary study were to investigate the formation of α-

hydroxymethyl NNK glucuronide in vitro by primary human hepatocytes; by co-

incubation with P450 2A13 and human liver microsomes; and by mixed or co-expressed 

P450 2A13 and the UGTs 1A9, 2B7, and 2B17.     
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7.2  Methods 

7.2.1  Metabolism by primary human hepatocytes   

Primary human hepatocytes (Cellzdirect) in 12-well plates with matrigel overlay 

were incubated with 2 µM coumarin or 1-10 µM 3H-NNK, 3H-nicotine, or 3H-NNAL 

in Williams E media supplemented with insulin, transferrin, selenium, +/- 

dexamethasone.  Coumarin metabolites in the media at 0.5, 1, 2, 6, and 12 hours were 

analyzed by fluorescence HPLC and compared to authentic standards (212).  3H-NNK, 

3H-nicotine, and 3H-NNAL metabolites in the media at 6, 12, and 24 hours were 

analyzed by radioflow HPLC with co-injection of available authentic standards (200).  

β-glucuronidase treatment was used to evaluate the presence of glucuronide 

metabolites. 

 

7.2.2  Enzyme sources 

Human liver microsomes were previously prepared from human liver tissue 

provided by Dr. F. P. Guengerich, Vanderbilt University (163).  E.Coli-expressed, 

purified P450 2A13 and E.Coli-expressed rat P450 oxidoreductase were prepared as 

described (206).   UGT2B17 supersomes were purchased from BD biosciences.  Cell 

lysate from UGT1A4 and UGT2B7 was from expressed in HEK293 cells.  All enzymes 

were stored in aliquots at -80 ۫۫ C until use. 
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7.2.3  Co-expression of CYP2A13 and UGT2B7 

P450 2A13 was transferred from the pCW vector to pBUDCE4.1 (Invitrogen, 

Carlsbad, CA) between the EcoI and NotI multiple cloning sites and placed under 

control of the EF-1 promoter.  HEK293 cells expressing UGT2B7 were transfected with 

CYP2A13pBUD using calcium phosphate precipitation (219).  UGT2B7 and P450 

2A13 were under continuous selection using G418 and zeocin, respectively.  Enzyme 

activity was evaluated in whole cells and cell lysate use with coumarin, 7-

hydroxycoumarin, and p-nitrophenol (163;212). 

   

7.2.4 Incubations with 3H-NNK, 3H-NNAL, and 3H-HPB 

Incubations were performed with 2-100 µM coumarin, 50-500 µM 3H-NNK, 100 

µM 3H-NNAL, and 100 µM 3H-HPB and UDPGA (0.1 – 2.5 mM).  For incubations 

with purified P450 2A13, a reconstitution including P450 2A13 (40 pmol), 1:4 

P450:oxidoreductase, and 0.2µg/pmol DLPC was prepared on ice and incubated for 30 

minute prior to addition of UGT enzyme (0.5-2 mg/ml final concentration) which was 

then incubated for an additional 15 minutes. The reaction mix was prepared in 50 mM 

Tris buffer, pH 7.4, 5 mM MgCl2, +/- 0.1mg/ml alamethicin, and reactions were 

initiated at 37 ˚C with NADPH generating system and/or UDPGA. Incubations time 

was 80 minutes.  Products were analyzed by fluorescence HPLC (coumarin) or by 

radioflow HPLC (200;212).  The presence of glucuronide conjugates was tested by 

treatment with β-glucuronidase followed by HPLC analysis. 
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7.2.5  LC/MS analysis of glucuronide metabolites 

NNK metabolites were analyzed by LC/MS using electrospray ionization (ESI) with 

positive ion detection using a Thermo Finnigan TSQ Discovery (200).  Metabolites (1-8 

µl) were separated on a Phenomenex Luna capillary flow system using a gradient with 

10 mM ammonium acetate buffer, pH 6.7 and acetonitrile.  Metabolites of NNK 

metabolism, authentic standards, and metabolite standards previously collected from rat 

urine or rat hepatocytes were analyzed.  The monitored m/z range was 150 – 420 amu, 

and metabolites standards were detected,   [MH+ + 1]:  HPB-glucuronide, 342; NNAL-

O-glucuronide, 386; α-hydroxymethyl NNK glucuronide, 400.         

 

7.3  Results 

7.3.1  Coumarin metabolism by primary human hepatocytes 

Primary human hepatocytes incubated with 2 µM coumarin formed 7-

hydroxycoumarin and 7-hydroxycoumarin glucuronide, and the glucuronide conjugate 

was the major metabolite that accumulated in media (Figure 7-2).  Coumarin 

metabolites, 7-hyroxycoumarin and 7-hydroxycoumarin glucuronide were detected 

directly using fluorescence HPLC.  The 7-hydroxycoumarin glucuronide was quantified 

as free and total 7-hydroxycoumarin following treatment with β-glucuronidase.  The 

peak concentration of 7-hydroxycoumarin was 60 minutes while the glucuronide 
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accumulated in the media over 12 hours.  The glucuronide conjugate was also detected 

at 15 minutes, the earliest timepoint measured. 

 

Figure 7-2.  Coumarin metabolism by primary human hepatocytes 

 

Figure 7-2.  Primary human hepatocytes were incubated with 2 µM coumarin.  The 

products 7OH coumarin and its O-glucuronide were quantified by fluorescence HPLC.  

Pmol product formed represents the mean product formation per incubation with ~1x106 

cells (n=2-5 donors per time point).   
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7.3.2  3H-NNK metabolism by hepatocyte cultures 

Primary human hepatocytes were incubated with 1 or 10 µM 3H-NNK and 

metabolites were analyzed by radioflow HPLC (Figure 7-3).  NNAL was the earliest 

detected and most abundant metabolite, present at levels greater than 80% of total 

metabolism at 24 hours.  NNAL was further metabolized by glucuronidation and α-

hydroxylation at a mean ratio of 1.3:1 respectively, and the products of each pathway 

accumulated to 1-10% of total metabolism (Table 7-1).  Significant NNK α-

hydroxylation was not observed.  Also, there was no evidence of appreciable N-

oxidation.  

  

7.3.3 Coumarin metabolism by mixed or co-expressed P450 enzyme and UGTs 

When P450 enzyme was co-incubated or co-expressed with UGT enzyme, 

coumarin was rapidly hydroxylated and glucuronidated to 7-hydroxycoumarin 

glucuronide (Figure 7-3).  For instance, when purified P450 2A6 was incubated with 

UGT1A9 cell lysate and 5 µM coumarin, 7-hydroxycoumarin glucuronide was detected 

within 1 minute of incubation.  Human liver microsomes had substantially higher 

glucuronidation activity.  Co-expressed incubations had the lowest hydroxylation and 

glucuronidation activity.   
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Figure 7-3.  3H-NNK metabolism by primary hepatocytes 
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Figure 7-3.  Human hepatocytes were incubated with 1 or 10 µM 3H-NNK and media 

was removed at 6, 12, and 24 hours for analysis by radioflow HPLC.  Represenative 

HPLC analyses of media at 24 hours, 1µM 3H-NNK, are presented.   * Unidentified 

peaks that disappear with β-glucuronidase treatment. 
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Table 7-1.  Product ratios from 3H-NNK metabolism by human hepatocytes 

   

Figure 7-4.  Coumarin metabolism by mixed P450 and UGT 

 

Figure 7-4.  Purified P450 2A6 was incubated with lysate from HEK cells expressing 

UGT1A9 and 5 µM coumarin in the prescence of NADPH and UDPGA (2 mM). 

Coumarin was rapidly hydroxylated and glucuronidated to 7OH coumarin glucuronide.  
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Metabolism Product Ratios Mean (n = 8) Range 

Glucuronidation : Hydroxylation 1.3 0.3 – 1.8 

NNAL-O-gluc : NNAL-N-gluc 4.2 1.0 – 7.7 

(S)-NNAL-O-gluc : (R)-NNAL-O-gluc 2.2 0.7 – 2.9 
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The glucuronide product was detected directly by fluorescence HPLC (λex= 320, λem= 

375).  

 

7.3.4 Nitrosamine metabolism by mixed P450 2A13 and UGT2B7 or HLMs 

Glucuronide metabolites were detected following co-incubation of P450s and UGTs 

with 3H-NNAL, 3H-HPB, or 3H-NNK.  In the absence of NADPH generating system, 

but with UDPGA, 3H-NNAL O-glucuronide and 3H-HPB glucuronide were observed; 

no glucuronide metabolite of 3H-NNK was detected.  β-glucuronidase treatment 

released the starting substrate.  In the presence of NADPH generating system and no 

UDPGA cosubstrate, α-hydroxylation products of 3H-NNAL and 3H-NNK were 

detected in the usual amount and distribution.  However, in the presence of NADPH and 

UDPGA a new product peak is formed when P450 2A13 is co-incubated with UGT2B7, 

UGT1A9, or human liver microsomes (Figure 7-5).  In addition, another product peak 

co-elutes with OPBA.  β-glucuronidase treatment results in a decrease but not 

disappearance of the peak that eluted at 41 minutes.  An increase in 3H-HPB is observed 

when the reaction mix from an incubation with 3H-NNK is treated with β-glucuronidase 

(Figure 7-6).  The formation of NNAL O-glucuronide and HPB O-glucuronide has been 

confirmed by analysis of the reaction mix by LC/MS.  No α-hyroxymethyl NNK 

glucuronide was detected in one reaction mix that was analyzed by LC/MS.  Collected 

product has not been analyzed by LC/MS.  
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Figure 7-5.  3H-NNAL and 3H-NNK metabolism by mixed P450 2A13 and UGT2B7 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-3.  Purified P450 2A13 and lysate of HEK cells expressing UGT2B7 were 

incubated with 3H-NNAL (generated from 3H-NNK with human liver cytosol) or 3H-
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NNK in the presence of NADPH and UDPGA (2.5 mM).  Co-elution of metabolite 

peaks with authentic standards:  a. OPBA, b. diol (an NNAL hydroxylation product), c.  

HPB, OPB, lactol (an NNAL hydroxylation product).  ** A peak that is generated only 

in the presence of P450 2A13 and UGT2B7. 

Figure 7-6.  Detection of an HPB-releasing glucuronide 

 

 

 

 

 

 

 

Figure 7-6.  β-glucuronidase treatment of the reaction of 3H-NNK incubated 

with mixed P450 2A13 and UGT2B7 resulted in a 6 % total dpm decrease in the 

unknown peak and a 7 % total dpm increase in the peak that co-eluted with 

HPB, which would be consistent with a glucuronide metabolite that is formed 

only when 3H-NNK is hydroxylated.   
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7.4  Discussion  

Primary human hepatocytes formed both N- and O-linked glucuronides of the NNK 

metabolite, NNAL.  This is constent with data from incubations with human liver 

microsomes and the detection of both glucuronides in the urine of smokers.  We 

predicted the distribution of (S)-NNAL glucuronide to (R)-NNAL glucuronide based on 

the retention time of metabolites compared to standard.  Confirming the identity of 

these enantiomers and the distribution of (S)- and (R-) NNAL formed from NNK 

carbonyl reduction would be interesting as (S)-NNAL is more carcinogenic in 

laboratory animals.   

NNAL was the predominant metabolite of NNK.  Compared to incubations with rat 

primary hepatocytes, we observed less total α-hydroxylation and glucuronidation.  It is 

unclear how experimental conditions directly or indirectly (e.g. dexamethasone,) 

influenced the metabolism of NNK.  The viability of the hepatocyte cultures was varied, 

though a few cultures had > 80 % viability at 24 hours.  Differences in expression of 

carbonyl reductases and transporters may have contributed to the observed difference 

between rat and human hepatocytes.  In regards to α-hydroxylation, the P450s in human 

liver that can catalyze NNK and NNAL α-hydroxylation are quite inefficient.  However, 

in human smokers who received deuterated NNK, α-hydroxylation products account for 

more than 80 % of total metabolites excreted in urine.  The relative contribution of 
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hepatic and extrahepatic (e.g. P450 2A13-catalyzed) enzymes to in vivo NNK 

metabolism is unknown. 

Co-incubation of P450s and UGTs is a useful system to evaluate two-step 

metabolism by P450s and UGTs.  We observed rapid hydroxylation and 

glucuronidation of coumarin even at low substrate concentration (5 µM).  Starting from 

NNK, we were able to detect HPB-glucuronide in reactions where P450 2A13 was co-

incubated with UGT2B7, UGT1A9, or human liver microsomes.  This experimental 

approach will be used to generate the unstable subtrate, α-hydroxymethyl NNK, with 

the potential for rapid glucuronidation by UGTs present in the reaction mix.  

Unfortunately, the activity of co-expressed P450 and UGT in HEK cells is low.  Finel et 

al. reported 100-fold lower product formation by HEK-expressed UGTs compared to 

HLMs.  Therefore, a comparison of inividual UGTs as potential catalysts of α-

hydroxymethyl NNK glucuronide formation will be challenging and will require highly 

sensitive product detection. 

 

7.5  Conclusion 

A possible detoxification product of NNK in humans is α-hydroxymethyl NNK 

glucuronide, but this has not been demonstrated.  Since the half-life of α-hydroxymethyl 

NNK is in the order of seconds it is a difficult to study the metabolism of this substrate.  

Primary human hepatocyte cultures are not a good in vitro system to study the potential 

metabolism of NNK to α-hydroxymethyl NNK glucuronide as little NNK α-
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hydroxylation was observed.  Co-incubation of P4502A13 and HLMs represents a 

promising approach to study in vitro glucuronide conjugation of α-hydroxymethyl NNK 

by human liver microsomes.   
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CHAPTER 8 

Concluding remarks  

 

The goals of this thesis were to better understand the role of specific enzymes in 

nicotine and NNK metabolism, to consider metabolic flux through more than one 

enzymatic pathway, and to improve the scientific basis of using selected tobacco 

biomarkers.  Towards these goals, the major findings achieved were:  

(1) In P450 2A13, the most efficient human catalyst of NNK hydroxylation, we 

demonstrated that Asn297 influences the orientation of substrates that can form a 

hydrogen bond wth Asn297 in the active site, including NNK and coumarin.  Mutation 

of Asn297 to Ala resulted in altered substrate binding, and in the case of coumarin, a 

shift in product distribution.  In designing a P450 2A13 inhibitor, it may be useful to 

take advantage of this potential hydrogen bonding residue to facilitate orientation of the 

inhibitor in a desirable position.  

(2) We identified that UGT2B10 contributes to in vivo nicotine metabolism, since 

individuals who were heterozygous for UGT2B10 Asp67Tyr, an allele previously 
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shown to decrease in vitro glucuronidation, had decreased excretion of nicotine and 

cotinine as their glucuronide conjugates in urine.  Furthermore, the ratio of cotinine 

glucuronide to cotinine was a useful biomarker of glucuronidation phenotype.  We 

established that this ratio should be adjusted for nicotine equivalents.  Surprisingly, we 

observed that individuals who had the UGT2B10 Asp67Tyr allele had lower nicotine 

equivalents, which is an indication that this gene influences nicotine intake analogous to 

variation in CYP2A6, which catalyzes C-oxidation. 

(3)   In two studies of nicotine metabolism, focusing on the effect of ethnicity or 

UGT2B10 genotype, we found that nicotine equivalents is a superior biomarker of 

tobacco exposure than cotinine, as it is less sensitive to variation in individual metabolic 

pathways.  Nicotine equivalents are also a reasonable biomarker from a cost and time 

standpoint, as advancements in LC/MS permit rapid and high throughput quantification.  

As a biomarker, nicotine equivalents could provide a useful estimate of typical daily 

tobacco exposure, which is critical for many cancer epidemiology and etiology studies. 

 

Variation in the metabolism of nicotine may influence smoking and consequently 

exposure to the tobacco carcinogen NNK (Figure 8-1).  Risk of lung cancer is likely 

affected not only by cummulative NNK exposure but also by the relative contribution of 

activation and detoxification to total metabolism.  An important gap is whether or not 

an α-hydroxyNNK-linked glucuronide is formed in humans as it is in rats.  Overall, the 

majority of smokers will not develop lung cancer, but it would be useful to identify 

smokers that are at high risk so that more intensive smoking cessation interventions, 
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chemoprevention, and lung cancer screening could be targeted to this group.  A 

prospective study could address the utility of such an approach, wherein smokers would 

be characterized by nicotine and NNK metabolism by phenotype and selected 

genotypes.  Enzyme induction and inhibition may also influence level of smoking or 

cancer risk, and understanding the mechanisms of induction and inhibition could be 

applied to developing chemopreventive and smoking cessation pharmaceuticals.   

 

Figure 8-1.  The influence of nicotine and NNK on lung cancer risk 

 

A number of genetic factors that have not been identified yet likely contribute to 

variation in nicotine intake, and a broader view should be adopted to identify involved 

genes.  To date polymorphisms in CYP2A6, the nicotinic acetylcholine receptor A 

subunits 3 and 5 (CHRNA3 andCHRNA5), and now UGT2B10 have been linked to 

variation in nicotine intake.  Beyond genes directly connected to nicotine, variation may 

be due to differences in transcription factors, translational control proteins, and other 

regulatory proteins.  Progress in identifying such genes may result either from large 
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genome surveys of smokers or initially from a basic science approach (e.g. in vitro 

systems like hepatocyte cultures, or animal models). 

In the past, an important application of quantifying nicotine and NNK metabolites 

was to demonstrate exposure in smokers and secondhand exposure in nonsmokers to 

promote anti-smoking public health policies.  In the future, knowledge of nicotine and 

NNK metabolism could be increasingly employed to design other effective smoking 

cessation and chemoprevention strategies. 
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