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Abstract 
 

The tobacco-specific nitrosamines 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanone (NNK) and N’-nitrosonornicotine (NNN) are potent carcinogens in tobacco 

products, and are believed to play a major role as causes of tobacco-related cancers. 

NNK and NNN require metabolic activation to exert their carcinogenic effects. 

Cytochrome P450-catalyzed α-hydroxylation of NNK and NNN generates a reactive 

intermediate, which alkylates DNA to form pyridyloxobutyl (POB)-DNA adducts. 

NNK is reduced to its major metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 

(NNAL) in a reversible and stereoselective manner. NNAL similarly undergoes α-

hydroxylation and produces pyridylhydroxybutyl (PHB)-DNA adducts. In this thesis, 

we used liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-

ESI-MS/MS) to analyze POB- and PHB-DNA adducts in extra-hepatic tissues of F344 

rats treated chronically with NNK and enantiomers of NNAL and NNN. POB- and 

PHB-DNA adduct levels were remarkably similar in NNK- and (S)-NNAL-treated rats, 

while distinctively different from those in (R)-NNAL-treated rats. These data indicate 

extensive retention of (S)-NNAL in various tissues of NNK-treated rats, and support a 

mechanism in which the preferential metabolism of NNK to (S)-NNAL, followed by 

sequestration of (S)-NNAL in the target tissues and reoxidation to NNK, is important to 

NNK tumorigenesis. (S)-NNN treatment produced more POB-DNA adducts in the rat 

oral mucosa, whereas adduct formation from (R)-NNN treatment was more favored in 

the nasal olfactory and respiratory mucosa. These results suggest that different 
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mechanisms are involved in NNN metabolism and tumorigenesis in rat nasal and oral 

tissues, and that (S)-NNN might be an oral carcinogen in rats. 

In additional studies of this thesis, LC-ESI-MS/MS methods were developed for 

the quantitative analysis of 1, N2-propanodeoxyguanosine adducts derived from acrolein 

and crotonaldehyde (Acr-dGuo and Cro-dGuo). Acrolein and crotonaldehyde are 

widely-spread environmental pollutants, are present in cigarette smoke, and are formed 

endogenously through lipid peroxidation.  Our methods for the analysis of Acr-dGuo 

and Cro-dGuo adducts are sensitive, accurate, and precise. These adducts were detected 

for the first time in the human lung. However, no differences were observed in adduct 

levels between self-reported smokers and non-smokers. The potential importance of 

these adducts in the human lung requires further study.  
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Chapter 1: Literature Review 

Part I. Metabolic activation and DNA adduct formation of tobacco-specific 

nitrosamines 

1.1.1 Tobacco use and cancer 

Cancer is a leading cause of death worldwide. It accounted for 7.9 million 

deaths in 2007. In the US, about 565,650 people are expected to die of cancer in 2008. 

About 30% of cancer deaths are preventable, and tobacco use is the single most 

important risk factor for cancer (1). Cigarette smoking causes 90% of lung cancer 

worldwide (2), and 30% of all cancer death in developed countries (3). The annual 

number of cancer deaths attributable to smoking by sex and cancer sites in the US 

during 1997 to 2001 is shown in Figure 1.1. In addition to lung cancer, cigarette 

smoking is causatively related to cancers at numerous sites, including oral cavity, naso-, 

oro-, and hypopharynx, nasal cavity and paranasal sinuses, larynx, esophagus, stomach, 

pancreas, liver, kidney, ureter, urinary bladder, uterine cervix, and bone marrow 

(myeloid leukemia) (2). Involuntary smoking (exposure to secondhand smoke) causes 

lung cancer in humans, and smokeless tobacco causes cancers in the oral cavity and 

pancreas (4). 

Despite the obvious relationship between cigarette smoking and cancer, overall 

cigarette consumption worldwide is still increasing, with approximate 5.5 trillion 

cigarettes consumed in 2000 (5, 6). According to WHO reports, about 1 billion men and 

250 million women in the world are daily smokers (5).  In the US, although cigarette 

smoking among adults declined 50% from 42% to 21% during 1965 to 2004, the rates 

remained unchanged at 21% in 2005 and 2006. An estimated 45 million adults were  
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Figure 1.1. Annual number of cancer deaths attributable to smoking, males and 

females, by site, US, 1997-2001. Source: Centers for Disease Control and Prevention, 

Annual smoking-attributable mortality, years of potential life lost, and productivity 

losses – United State, 1997-2001. MMWR Morb Mortal Wkly Rep. 2005; 54(25): 625-

628. 

 
current smokers in 2006 (7, 8). Although the prevalence of smoking has been slowly 

declining in the US and many other developed countries, it has become more prevalent 

in many low- and middle-income nations which comprise about 85% of the world 

population.  

Clearly, prevention of smoking initiation as well as smoking cessation are the 

ultimate approaches against smoking-related cancers. However, the powerful addictive 

property of nicotine makes these strategies only partially successful. Moreover, tobacco 

companies have begun marketing smokeless tobacco products as alternate nicotine 

sources in response to the more widely-accepted smoke-free laws. But use of smokeless 

tobacco is not considered as a safe substitute for quitting (4). Although aiding smoking 
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cessation and promoting smoke-free environments should still remain as major efforts 

to reduce tobacco-related cancers, it is important to further understand the carcinogens 

in tobacco products and their mechanisms of cancer induction. This knowledge should 

lead to alternate methods for cancer prevention.    

 

1.1.2 Tobacco carcinogens and tobacco-specific nitrosamines 

Cigarette smoke contains more than 60 known carcinogens, as listed in Table 

1.1 (9). All of them have been formally evaluated by the International Agency for 

Research on Cancer (IARC) based on studies in either laboratory animals or humans. In 

general, levels of strong carcinogens such as polycyclic aromatic hydrocarbons (PAHs), 

nitrosamines and aromatic amines are lower than those weak carcinogens such as 

aldehydes. The total amount of carcinogens in cigarette smoke adds up to about 1 – 3 

mg per cigarette. Unburned tobacco generally contains fewer carcinogens because most 

of them are formed during combustion. Levels of PAH in unburned tobacco are quite 

low, while nitrosamines, in particular the tobacco-specific nitrosamines 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N'-nitrosonornicotine 

(NNN), are by far the most prevalent strong carcinogens in unburned tobacco.  

Tobacco-specific nitrosamines are a group of carcinogens formed from the 

nitrosation of nicotine and related tobacco alkaloids. The structures of these compounds 

and their precursors are shown in Figure 1.2. Among the 7 tobacco-specific 

nitrosamines found in tobacco products, NNK, its major metabolite 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), and NNN are the most 

carcinogenic, and of these, NNK and NNN are more prevalent. NNK and NNN are  
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Table 1.1. Types of carcinogens present in tobacco products. 

Tobacco smoke  

Chemical class  Number of 
compounds 

Representative carcino gens and typical 
amounts in mainstream smoke (ng per cigarette)  

PAH 14 BaP 9 

Nitrosamines 8 NNK 

NNN 

123 

179 

Aromatic amines 12 4-Aminobiphenyl 
2-Naphthylamine 

1.4 
10 

Aldehydes 2 Formaldehyde 

Acetaldehyde 

16,000 

819,000 

Phenols 2 Catechol 68,000 
Volatile hydrocarbons 3 Benzene 

1,3-Butadiene 

59,000 

52,000 

Nitro compounds 3 Nitromethane 500 

Other organic 

compounds 

8 Ethylene oxide 

Acrylonitrile 

7,000 

10,000 
Inorganic compounds 9 Cadmium 132 
Total  61   

 
Unburned tobacco 

   

Chemical class  Number of 
compounds 

Representative carcinogens and typical 
amounts in processed tobacco (ng/g) 

PAH 1 BaP 0.4 – 90 
Nitrosamines 6 NNK 

NNN 

1,890 

8,730 

Aldehydes 2 Formaldehyde 

Acetaldehyde 

1,200 – 7,400 

1,400 – 7,400 
Inorganic compounds 7 Cadmium 1,300 – 1,600 
Total  16   

 

consistently detected in both unburned tobacco and tobacco smoke. Daily exposure to 

tobacco-specific nitrosamines is estimated at up to 20 µg in smokers and 68 µg in snuff 

dippers.  

The complexity of tobacco smoke makes it difficult to assign the cause-effect 

relationship to any particular carcinogen. However, the potential role of tobacco- 

specific nitrosamines in cancer induction by tobacco products has been demonstrated in 

numerous studies in laboratory animals and in humans. In particular, NNK is a strong, 
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Figure 1.2. Structures of tobacco-specific nitrosamines and their alkaloid precursors. 

 
systemic lung carcinogen in rodents, causing lung tumors independent of route of 

administration (10). The strength of NNK as a pulmonary carcinogen is especially great 

in rats, in which a total dose of 6 mg/kg, or 1.8 mg/kg when considered as part of a 

dose-response trend, induces a significant incidence of lung tumors (11). This is 

comparable to an estimated dose of 1.1 mg/kg to smokers from 40 years of smoking. 

Elevated levels of DNA adducts derived from NNK are detected in lung tissue from 

lung cancer patients compared to controls (12, 13). Metabolites of NNK are found in the 

urine of smokers and people exposed to second-hand smoke (14). In two recent 

prospective studies, serum and urinary total NNAL were significantly associated with 

lung cancer risk among cigarette smokers (15, 16). Besides lung cancer, smoking is 

responsible for 70 – 80% of esophageal cancer death and 25% of pancreatic cancer 

death in the US. Levels of NNN are much higher than any other esophageal carcinogen 
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in cigarette smoke.  NNK and its metabolite NNAL are the only known pancreatic 

carcinogens in cigarette smoke, and the presence of NNK pancreatic juice supports its 

role in smoking-related pancreatic cancer (17, 18). NNK is an effective 

hepatocarcinogen in rats (10). Nitrosamines, as well as aldehydes, induce nasal tumors 

in rodents, and are likely the cause of smoking-associated nasal tumors. Unburned 

tobacco contains significant amounts of NNN and NNK, which are believed to a play 

major role in oral cancer induction of people who use smokeless tobacco products (19, 

20). 

 

1.1.3 Mechanisms of tobacco carcinogenesis 

Carcinogens form the link between nicotine addiction and cancer, and DNA 

adduct formation is a central step in this process. A schematic overview of mechanisms 

of tobacco carcinogenesis is illustrated in Figure 1.3 (21). Nicotine itself is not 

carcinogenic, but nicotine addiction is the reason why people continue to use tobacco 

products. Most tobacco carcinogens require metabolic activation to form reactive 

intermediates, which can covalently bind to DNA and form adducts. Metabolic 

activation is generally catalyzed by cytochrome P450 enzymes. Most of the metabolites 

formed are excreted and detoxified, but some intermediates are electrophilic and can 

thus react with DNA.  

Cellular repair mechanisms can remove DNA adducts and return DNA to its 

normal state. If these adducts escape the repair systems and persist, they may lead to 

miscoding and permanent mutations. Cells with damaged DNA can be removed by 

apoptosis, which is a protective mechanism. If a permanent mutation occurs in a critical 
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Figure 1.3. Mechanisms of tobacco carcinogenesis 
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region of an oncogene or a tumor suppressor gene, it can result in aberrant cells with 

loss of normal growth control. These series of molecular changes in the cell can 

ultimately lead to the development of cancer. Considerable evidence demonstrates the 

involvement of tobacco carcinogens and their metabolites in cancer induction through 

the formation of DNA adducts. Interference with DNA adduct formation is associated 

with decreased carcinogenicity.  

In addition to the central pathway in Figure 1.3 involving the formation of DNA 

adducts, other mechanisms also contribute to the tobacco carcinogenesis. Nicotine, 

NNK, and probably NNAL, bind to cell-surface receptors, which leads to the activation 

of downstream signal transduction pathways. Cigarette smoke also contains co-

carcinogens and tumor promoters, such as weakly acidic compounds and catechol. 

However, their mechanisms aren’t fully understood. Overall in the paradigm of tobacco 

carcinogenesis, metabolic activation and DNA adduct formation are the most important 

events. 

 

1.1.4 Carcinogenicity of NNK, NNAL, and NNN 

The biochemistry, biology, and carcinogenicity of tobacco-specific nitrosamines 

have been reviewed previously (10). An outline is provided in this section and the 

following section, which focuses on the carcinogenicity, metabolism, and DNA adduct 

formation of NNK, NNAL, and NNN. 

NNK is a potent pulmonary carcinogen, and induces lung tumors systemically in 

rodents. Its organospecificity for the lung is remarkable, causing tumors of the lung, 

mainly adenoma and adenocarcinoma, independent of route of administration. Lung 
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tumors are always induced preferentially over local tumors, such as oral cavity or 

esophageal tumors upon oral administration, subcutaneous tumors upon sc injection, 

and bladder tumors upon intravesicular administration (17, 22-24). Lung tumors are 

prevalent at lower doses, whereas other types of tumors are not observed (11, 17). 

NNAL is almost as potent as NNK in the induction of lung tumors in rats. When NNK 

or NNAL was administered in the drinking water to rats (5 ppm for life), lung tumors 

were induced in 90% of NNK-treated rats and 87% of NNAL-treated rats (17). 

Therefore, NNAL is clearly not a detoxification metabolite of NNK in rats. In addition 

to lung tumors, NNK induces tumors in the nasal cavity and liver when administered in 

the drinking water or by sc injection (10). NNK given in the drinking water induces 

fewer nasal tumors than administered by sc injection, indicating that hepatic clearance 

of orally administered NNK may affect its activity in the nose (17). NNK and NNAL 

induce pancreatic tumors in rats, and they are the only known pancreatic carcinogens in 

tobacco products (17). 

NNK induces lung tumors in both sensitive and resistant mouse strains (10). 

Tumors in the liver and forestomach are also observed occasionally. Racemic NNAL is 

less active than NNK, inducing approximately 30-70% as many lung tumors in mice as 

did NNK. However, (S)-NNAL is as potent as NNK as a lung tumorigen, and 

significantly more active than (R)-NNAL (25). In hamsters, lung, trachea and nasal 

cavity are the major target tissues of NNK administered by sc injection or applied to the 

cheek pouch (10). However, NNK or NNAL given in the drinking water did not cause 

tumors of any type. The lower response of hamsters to the tumorigenicity of orally 

administered NNK could be related to higher hepatic clearance in hamster. 
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Nasal mucosa and esophagus are the major target tissues of NNN in rats (10). 

Both types of tumors are observed when NNN is given in the drinking water, whereas 

administration of NNN by injection or gavage produces mainly nasal tumors. The 

higher incidence of esophageal tumors in rats treated with NNN through oral 

administration has been hypothesized to be related to direct contact. In a dose-response 

study, 71% esophageal tumor incidence was observed when rats were treated with 5 

ppm of NNN in the drinking water (10). NNN appears to have similar carcinogenic 

effects as NNK toward the rat nasal cavity. A 50% incidence of nasal tumors was 

induced by a total dose of 1 mmol/kg of NNN administered by sc injection (26), while 

the lowest gavage dose is approximately 0.8 mmol/kg which induced a 20% nasal tumor 

incidence (27). Most of these nasal tumors induced by low doses of NNN are benign. 

When given by oral swabbing to rats, a mixture of NNN and NNK causes oral tumors, 

while NNK alone does not cause oral tumors by this route (19, 23). NNN consistently 

induces lung tumors in mice, but it is far less potent than NNK (10). It also induces 

respiratory tract tumors in mice and hamsters, and tumors of the nasal mucosa in mink. 

 

1.1.5 Metabolism and DNA adduct formation of NNK and NNAL 

a. NNK and NNAL metabolism 

The metabolism of NNK and NNAL is summarized in Figure 1.4 (10). Major 

metabolic transformations include carbonyl reduction, pyridine oxidation, and α- 

hydroxylation. Pyridine oxidation of NNK produces NNK N-oxide, which is less 

carcinogenic than NNK in mice (28). Therefore, pyridine oxidation is considered as a 

detoxification pathway of NNK. In contrast, α-hydroxylation produces DNA reactive 
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Figure 1.4. Metabolism of NNK 
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species, and is considered as a metabolic activation pathway. Hydroxylation of the 

methylene group adjacent to the N-nitroso group of NNK produces an unstable 

intermediate α-methylenehydroxyNNK (17), which spontaneously decomposes to 

methane diazohydroxide (20) and 4-oxo-4-(3-pyridyl)butanal (OPB, 22). Compound 20 

is a powerful methylating agent, forming a variety of methyl-DNA adducts. OPB is 

quantified as its bisulfate adduct. In the absence of bisulfate, further oxidation of 22 to 

4-oxo-4-(3-pyridyl)butyric acid (26) is observed. α-Hydroxylation of the NNK methyl 

group generates an unstable intermediate α-hydroxymethylNNK (16), which 

decomposes to 4-oxo-4-(3-pyridyl)-1-butanediazohydroxide (21) and formaldehyde. 

The glucuronide of 16 has been detected in the incubation of rat hepatocytes with NNK, 

and in the urine of NNK-treated rats, thus confirming the existence of this metabolite 

(29). The diazohydroxide 21, or the corresponding diazonium ion, alkylates DNA to 

form pyridyloxobutyl (POB)-DNA adducts. The reaction of 21 with water produces 4-

hydroxy-1-(3-pyridyl)-1-butanol (HPB, 25), which can be quantified to determine the 

extent of α-methyl hydroxylation of NNK. Formaldehyde produced in this reaction is 

also DNA reactive, yielding formaldehyde-DNA adducts. The formation and 

significance of these adducts will be discussed in the following section.  

Carbonyl reduction of NNK produces NNAL, which has carcinogenic activity 

similar to that of NNK, and is therefore not a detoxification metabolite (17). The 

reduction is catalyzed by carbonyl reductases, aldo-keto reductase (AKR) 1C1-4 and 

11-β-hydroxysteroid dehydrogenase type 1 (11-β-HSD1); these enzymes are widely 

distributed in rats and humans (30). NNAL is metabolized in similar ways as NNK, 

except for the formation of NNAL-gluc (15), which is a detoxification pathway. 
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Hydroxylation of NNAL at the α-methylene carbon generates an unstable intermediate 

18, which decomposes to the same DNA methylating agent 20 as derived from the α-

methylene hydroxylation of NNK. Another product from this reaction is a 

hydroxyaldehyde 23, which cyclizes to form 5-hydroxy-2-(3-pyridyl)tetrahydrofuran 

(27). α-Methyl hydroxylation of NNAL produces intermediate 19, which decomposes to 

formaldehyde and the DNA pyridylhydroxybutylating agent 24. Compound 24 reacts 

with DNA, resulting in pyridylhydroxybutyl (PHB)-DNA adducts, which are 

structurally similar to the POB-DNA adducts formed from NNK. Compound 24 also 

reacts with water to form 1-(3-pyridyl)-1,4-butanediol (28), or cyclizes to 2-(3-

pyridyl)tetrahydrofuran (29).  

 The conversion to NNK to NNAL is stereoselective and reversible. (S)-NNAL is 

the predominantly formed enantiomer from metabolic reduction of NNK in rat liver 

cytosol and microsomes, and rat lung cytosol, while divergent results have been 

obtained with rat lung microsomes (30, 31). The reoxidation of (S)-NNAL to NNK is 

faster than (R)-NNAL in rat lung, but little stereoselectivity was observed in rat liver 

(31). While (R)-NNAL is extensively glucuronidated and excreted in the urine, (S)-

NNAL tends to be retained in the lung and reconverted back to NNK (32, 33). In 

smokers and smokeless tobacco users, the ratios of (S)/(R)-NNAL and their 

glucuronides in the urine were significantly higher 7 days after cessation than at 

baseline, indicating a stereoselective retention of (S)-NNAL (34). Although NNAL is 

not present in substantial amounts in tobacco products, these observations imply that 

(S)-NNAL may play a significant role in the mechanisms of tumor induction by NNK. 
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Figure 1.5. Structures of methyl-DNA adducts 

 
b. DNA adduct formation of NNK and NNAL 

The major metabolic activation pathways of NNK and NNAL proceed though α-

hydroxylation, which produces DNA reactive species. α-Hydroxylation reactions are 

catalyzed by a variety of cytochrome P450 enzymes (35). Among them, human P450s 

2A13, 2B6, rabbit P450 2A10/11, rat P450 2A3, and mouse P450 2A5 appear to be the 

most important ones for NNK activation in the respective species. P450 2A13 may be 

particularly important for the activation of NNK in human lung.  

Numerous studies have demonstrated the importance of DNA adducts in the 

tumorigenicity of NNK. As outlined in Figure 1.4, there are two major pathways for 

NNK metabolic activation: α-methyl hydroxylation, which produces POB-DNA 

adducts; and α-methylene hydroxylation, which forms methyl adducts. DNA 

methylation by NNK generates adducts such as 7-methylguanine (7-mG, 30, Figure 

1.5), O6-methylguanine (O6-mG, 31), and O4-methylthymidine (O4-mT, 32). The major 

DNA adducts formed by pyridyloxobutylation release HPB upon acid hydrolysis or 

neutral thermal hydrolysis (NTH) (12, 36-48). Since the first detection of O6-mG and 7-

mG in the liver and lung of NNK-treated rats in 1984 (49), extensive research has been 

carried out to study the occurrence and biological significance of the methyl-DNA and 

HPB-releasing adducts.  
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Levels of DNA adducts in the lung of NNK-treated rats are in the following 

order: 7-mG > HPB-releasing adducts > O6-mG > O4-mT (39, 48, 50). Levels of O6-mG 

and HPB-releasing adducts are consistently higher in the rat lung Clara cells than those 

in type II cells, macrophages, or small cells (48, 51-53).  O6-mG is repaired by O6-

alkylguanine-DNA akyltransferase (AGT). During chronic treatment of rats with a high 

dose of NNK, levels of O6-mG increase in the lung (50). At lower doses, O6-mG 

persists in Clara cells to a greater extent than in other cell types. This is partly due to 

lower AGT levels in the Clara cells than in other cell types after NNK treatment (53). 

NNK treatment inhibits AGT, which is in part due to DNA pyridyloxobutylation (54). 

Structure-activity studies indicate that both DNA methylation and pyridyloxobutylation 

are important in NNK-induced lung tumorigenesis in the rat. Neither N-

nitrosodimethylamine (NDMA), which only methylates DNA, nor NNN, which only 

pyridyloxobutylates DNA, has the same activity as a lung carcinogen as NNK in the rat 

(22, 26, 55). NNK-induced rat lung tumors arise in the type II cells (11). Levels of 

HPB-releasing adducts in type II cells correlate with lung tumor incidence in rats 

treated with NNK. Phenethyl isothiocyanate (PEITC) inhibited the formation of POB-

DNA adducts in type II cells and other cell types, which correlates with its inhibition of 

lung tumor induction by NNK. These results indicate the importance of POB-DNA 

adducts in NNK-induced lung tumorigenesis (48). Levels of O6-mG in Clara cells also 

correlate with lung tumor incidence in rats, suggesting that this adduct plays some role 

although lung tumors do not originate from Clara cells (11).  

Levels of 7-mG are higher than those of HPB released in the rat liver, and the 

latter are generally higher than those of O6-mG, as in the lung (39). At high doses, the 
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formation of 7-mG saturates in the lung, but not in the liver, while the formation of 

HPB-releasing adducts saturates in both tissues. The ratio of methylation to 

pyridyloxobutylation is lower at lower doses in both liver and lung, but the effect is 

more pronounced in the lung.  At high doses, the formation of 7-mG saturates in the 

lung, but not in the liver, while the formation or HPB-releasing adducts saturates in both 

tissues. 

DNA methylation is usually higher in the nasal mucosa than in other tissues of 

NNK-treated rats (22, 50, 56). Although α-methylene hydroxylation of NNK occurs at 

similar rates as α-methyl hydroxylation in the nasal mucosa, DNA methylation is 

greater than pyridyloxobutylation in rat nasal mucosa (46, 57). Levels of O6-mG are 

approximately 50 – 1000 times higher than those of HPB-releasing adducts in NNK-

treated rats (46). Although present in relatively low levels, DNA pyridyloxobutylation 

seems to be important to rat nasal carcinogenesis by NNK. NNK and NNN, both of 

which pyridyloxobutylate DNA, have similar carcinogenic activities toward the rat 

nose, while NDMA, which only methylates DNA, has little activity (46, 55). 

Experiments with deuterated analogues of NNK further support this hypothesis.  [4,4-

D2]NNK, which is a stronger nasal carcinogen than NNK or [CD3]NNK, generates 

higher levels of HPB-releasing adducts than does NNK, while levels of O6-mG from 

[4,4-D2]NNK are significantly lower than those from NNK or [CD3]NNK (46). These 

data strongly support the hypothesis that DNA pyridyloxobutylation is critical to rat 

nasal carcinogenesis by NNK. 

In A/J mouse lung, levels of 7-mG exceed those of O6-mG, and both are greater 

than those of HPB-releasing adducts after a single dose of 10 µmol NNK (43). 7-mG 
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and O6-mG reach a maximum 4 h after injection, while the maximal levels of HPB-

releasing adducts are seen after 24 h. This difference is probably due to the multiple 

P450s that are involved in the α-methyl- and α-methylene-hydroxylation of NNK in the 

mouse lung. Levels of 7-mG and HPB-releasing adducts decrease over time, but O6-mG 

persists and exceeds 7-mG 15 days after treatment. There is strong evidence that 

persistent O6-mG is a critical determinant of NNK tumorigenesis in the A/J mouse lung. 

Acetoxymethyl-methylnitrosamine (AMMN), which only methylates DNA, is highly 

tumorigenic in A/J mice lung, whereas 4-(acetoxymethylnitrosamino)-1-(3-pyridyl)-1-

butanone (NNKOAc) and NNK, which only pyridyloxobutylate DNA, are much less 

active (43). Moreover, [4,4-D2]NNK, which is significantly less tumorigenic than NNK 

or [CD3]NNK, causes less O6-mG than the latter two (58). In a study investigating the 

tumorigenicity of stereospecifically deuterated NNK, (4S)-[4-2H1]NNK exhibited 

similar lung tumorigenicity as NNK upon ip administration to A/J mice, whereas (4R)-

[4-2H1]NNK was 2-fold less potent. There was a 2-fold decrease of O6-mG and 7-mG 

levels in lung DNA of mice treated (4R)-[4-2H1]NNK as compared to mice treated with 

NNK or (4S)-[4-2H1]NNK (59). Levels of O6-mG measured 96 h after treatment 

strongly correlate with tumor multiplicity when A/J mice are treated with NNK, 

AMMN, or AMMN plus NNKOAc (43). The dose-response curve for lung tumor 

induction by NNK in A/J mice appears to be biphasic with an inflection occurring at 2 – 

3 µmol, the same dose at which persistent O6-mG begins to be measureable (43, 60). 

The enhanced persistence of O6-mG at higher doses is thought to be due to saturation of 

the repair enzyme AGT. In addition, the decrease in O6-mG formation correlates with 

the inhibitory potential of isothiocyanates and indole-3-carbinol on NNK-induced lung 
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tumorigenesis in A/J mice (61-63). G to A transitions in codon 12 of the Kras gene 

occur in a high percentage of lung tumors induced by NNK in A/J mice. A comparison 

of the mutation patterns observed in spontaneous tumors from A/J mice with those 

detected in NNK-induced tumors indicates that the mechanism of NNK-induced 

activation of the Kras gene involves the formation of O6-mG adducts (64).  

DNA pyridyloxobutylation is also important in A/J mouse lung tumorigenesis 

by increasing the activity of the methylation pathway. NNKOAc enhances the 

persistence of O6-mG in AMMN-treated mice, and thus markedly increases the 

tumorigenicity of AMMN (43). This is probably due to the inhibition of AGT by HPB-

releasing adducts (43, 65, 66). 

7-mG and HPB-releasing adducts have been detected in human lung, which is 

consistent with the ability of human lung tissue to metabolically activate NNK by both 

α-hydroxylation pathways (10). In the largest study of 7-mG, the average level was 2.11 

adduct per 107 nucleotides (67). In comparison, levels of HPB-releasing adducts were 

0.1 per 107 nucleotides (42). Higher levels of 7-mG have been observed in smokers than 

non-smokers, suggesting NNK as one source (68, 69). There are clearly other sources of 

methylating agents, since this adduct is detected in non-smokers as well. Dietary and 

endogenously formed nitroso compounds as well as environmental tobacco smoke 

could contribute to the adduct formation. HPB-releasing adducts have been found in the 

lung of both smokers and non-smokers (12, 13, 42, 70). In a recent study, a seven-fold 

increase of HPB-releasing adduct levels was observed in the lung from smoking lung 

cancer patients compared to nonsmoking lung cancer patients (13). However, adduct 

levels in the lung from tumor-free smokers were not significantly different from those 
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in nonsmokers. The levels in tumor-free smokers were on the average more than four 

times lower compared to smoking lung cancer patients. Further studies are required to 

solve these discrepancies (70). 

The identity of POB-DNA adducts has been extensively studied. The model 

pyridyloxobutylating agent NNKOAc hydrolyzes to generate α-hydroxymethylNNK 

(16) in the presence of esterase. This compound decomposes to the corresponding 

diazohydroxide 21 and alkylates DNA. The first POB-DNA adduct characterized was 

the branched N2-[4-(3-pyridyl)-4-oxobut-2-yl]-2'-deoxyguanosine (N2-(POB-2-yl)-

dGuo, 33, Figure 1.6), produced in the reaction of 4-(carbethoxynitrosamino)-1-(3-

pyridyl)-1-butanone or NNKOAc with dGuo, but not the in the reaction of NNKOAc 

with DNA (71, 72). The structurally related straight-chain analogue N2-[4-(3-pyridyl)-4-

oxobut-1-yl]-2'-deoxyguanosine (N2-(POB-1-yl)-dGuo, 34a) was then synthesized and 

identified in the reaction of NNKOAc with dGuo or DNA (72). However, neither of 

them matched the POB-DNA adduct in hepatic DNA of NNK-treated rats or formed 

upon the incubation of NNK with cultured rat nasal mucosa (38).  

Pyridyloxobutylated DNA enhances the persistence of O6-mG by interfering 

with the repair enzyme AGT (54, 65). To search for the POB-DNA adduct that is a 

substrate for AGT, O6-[4-(3-pyridyl)-4-oxobut-1-yl]-2'-deoxyguanosine (O6-POB-

dGuo, 38a) was synthesized and identified in NNKOAc-treated DNA (47). It is the first 

structurally characterized POB-DNA adduct detected in vitro and in vivo. In NNK-

treated A/J mice, O6-POB-dGuo was detected in the liver, but not in the lung, whereas 

in mice treated with NNKOAc in the presence of O6-benzylguanine, an AGT inhibitor, 

it was detected in both liver and lung DNA (73).  This adduct is highly mutagenic in E. 
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Figure 1.6. Structures of POB- and PHB-DNA adducts identified in vitro and in vivo. 

 
coli and human cells, causing G to A transitions and G to T transversions (74). 

However, it only represents a minor component of the total DNA pyridyloxobutylation. 

It is stable at pH 7.0 for greater than 13 days, and HPB is not released upon neutral 

thermal hydrolysis (pH 7.0, 100 °C, 30 min) (47). Therefore, there are other thermally 

unstable HPB-releasing adducts present in pyridyloxobutylated DNA.  

7-[4-(3-Pyridyl)-4-oxobut-1-yl]-2'-deoxyguanosine (7-POB-dGuo, 36a) was 

identified subsequently as one of the major thermally unstable HPB-releasing adducts, 

comprising 30 – 35% of the HPB-releasing adducts in pyridyloxobutylated DNA (72). 

The half life of this adduct is 3 h at 37 °C, and neutral thermal hydrolysis converts it to 

HPB and 7-[4-(3-pyridyl)-4-oxobut-1-yl]guanine (7-POB-Gua, 40a) (Figure 1.7). 

Depurination of 7-POB-dGuo from DNA would cause an abasic site, which is known to 

induce G to T mutations (75). Diazohydroxides and their derived electrophiles are 
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Figure 1.7. Neutral thermal hydrolysis of POB-DNA adducts 

 
known to alkylate pyrimidines as well as purines. In a study to investigate 

pyridyloxobutylation of pyrimidines, O2-[4-(3-pyridyl)-4-oxobut-1-yl]-2'-deoxycytidine 

(O2-POB-dCyd, 35a) and O2-[4-(3-pyridyl)-4-oxobut-1-yl]thymidine (O2-POB-dThd, 

37a) were identified in the reaction of NNKOAc with DNA (76). O2-POB-dCyd is 

thermally unstable and releases HPB and O2-[4-(3-pyridyl)-4-oxobut-1-yl]cytosine (O2-

POB-Cyt, 39a) upon neutral thermal hydrolysis, while O2-POB-dThd is stable under 

these conditions. Relative levels of individual POB-DNA adducts are determined in the 

reaction of NNKOAc with DNA by mass spectrometry: 7-POB-Gua (65%) > O2-POB-

Cyt (20%) > O2-POB-dThd (10%) > O6-POB-dGuo (5%) (77). Among them, 7-POB-

Gua and O2-POB-Cyt are depurination products of thermally unstable HPB-releasing 

adducts 7-POB-dGuo and O2-POB-dCyd, while O2-POB-dThd and O6-POB-dGuo are 

stable adducts which do not release HPB upon neutral thermal hydrolysis. Besides POB 
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nucleoside adducts, there is evidence for pyridyloxobutyl phosphate adducts in hepatic 

DNA isolated from NNK-treated mice (78).  

Besides a pyridyloxobutylating agent, α-methyl hydroxylation of NNK produces 

formaldehyde, which is mutagenic in a variety of test systems and carcinogenic in 

laboratory animals (79). Formaldehyde has been evaluated as carcinogenic to humans 

by IARC. Several products have been characterized in the reaction of formaldehyde 

with DNA, including hydroxymethyl adducts such as N6-hydroxymethyl-dAdo (41), N4-

hydroxymethyl-dCyd (42), N2-hydroxymethyl-dGuo (43), as well as the cross-links 

such as di-(N6-deoxyadenosyl)methane (44), (N6-deoxyadenosyl-N2-

deoxyguanosyl)methane (45), and di-(N2-deoxyguanosyl)methane (46) (Figure 1.8) (80-

84). These formaldehyde-DNA adducts have been identified in the reactions of 

NNKOAc with DNA (85). The dAdo adducts 41 and 44 are the major adducts formed, 

accounting for more than 90% of hydroxymethyl adducts and cross-links, respectively. 

A high performance liquid chromatography-electrospray ionization-tandem mass 

spectrometry (HPLC-ESI-MS/MS) method has been developed for the quantitation of 

41 and 44, the former as N6-methyl-dAdo after reduction (86). These adducts were 

detected in the liver and lung DNA from NNK-treated rats, with higher levels in the 

liver. They were also found in control rats, indicating endogenous formation of 

formaldehyde in rats. Formaldehyde-DNA adducts may contribute to NNK 

tumorigenicity, but their roles are most likely to be a potential adjunct to those formed 

the diazohydroxide pathway.  

The interconversion of NNK and NNAL could potentially play an important role 

in the tumorigenesis of NNK in rats. HPB-releasing adducts, which are derived from 
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Figure 1.8. Structures of formaldehyde-DNA adducts 

 
NNK, have been detected in NNAL-treated rats, confirming the reoxidation of NNAL 

to NNK (37). NNAL also directly undergoes cytochrome P450-catalyzed α-

hydroxylation. α-Methylene hydroxylation of NNAL produces the same methyl adducts 

as does NNK. O6-mG and 7-mG were detected in rat nasal mucosa cultured with 

NNAL, and in DNA from lung, liver, and nasal mucosa of NNAL-treated rats (37, 87). 

In hepatic DNA, levels of 7-mG and O6-mG formed from NNAL treatment were similar 

to those formed from NNK treatment. However, their levels in the lung and nasal 

mucosa DNA were lower after treatment with NNAL than with NNK (37). 

α-Methyl hydroxylation of NNAL leads to PHB-DNA adducts. Formaldehyde-

DNA adducts are also formed (85). The structures of PHB-DNA adducts have been 

characterized, and they are analogous to the corresponding POB-DNA adducts, 

including: N2-(PHB-1-yl)-dGuo (34b), O2-PHB-dCyd (35b), 7-PHB-dGuo (36b), O2-

PHB-dThd (37b), and O6-PHB-dGuo (38b) (Figure 1.6) (76, 88). Neutral thermal 
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hydrolysis of O2-PHB-dCyd and 7-PHB-dGuo releases O2-PHB-Cyt (39b) and 7-PHB-

Gua (40b).  

Our lab has recently developed HPLC-ESI-MS/MS methods for the analysis of 

these POB- and PHB-DNA adducts (35a – 38a, and 36b – 38b) in DNA (89, 90). The 

unstable adducts 35a, 36a, and 36b were analyzed as the bases 39a, 40a, and 40b after 

loss of deoxyribose upon neutral thermal hydrolysis. Adduct 35b was not included in 

the analysis, because of the low level of its corresponding POB-DNA adduct 35a 

observed in NNK-treated rats (91). 

Previously, four POB-DNA adducts and three PHB-DNA adducts were 

quantitated in liver and lung DNA of F344 rats treated chronically with NNK, (R)-

NNAL, and (S)-NNAL in the drinking water (10 ppm, 1 – 20 weeks) (90, 91). Levels of 

POB- and PHB-DNA adducts are higher in the lung than in the liver of these treated 

rats. O2-POB-dThd or O2-PHB-dThd is the major adducts observed in the rat. Adduct 

levels were remarkably similar in NNK- and (S)-NNAL-treated rats, and significantly 

different from those in (R)-NNAL-treated rats. NNK and (S)-NNAL treatment 

generated higher levels of POB-DNA adducts than (R)-NNAL treatment, while the 

reverse was observed with PHB-DNA adducts. These results support a hypothesis that 

preferential metabolism of NNK to (S)-NNAL, followed by retention of (S)-NNAL in 

the lung and reoxidation to NNK, is important to NNK tumorigenesis in the rat lung. In 

a recent study, POB- and PHB-DNA adducts have been analyzed in mitochondrial 

DNA (mtDNA) in liver and lung of NNK- and (S)-NNAL-treated rats (92). Adduct 

levels in mtDNA are slightly but significantly higher than those in nuclear DNA 

(nDNA) in the lung, but not in the liver. Unlike in the nDNA, the steady accumulation 
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of adducts in the mtDNA indicates inefficient repair of these adducts in the 

mitochondria.  

c. NNN metabolism 

The metabolism pathways of NNN are illustrated in Figure 1.9 (10). Three types 

of reactions have been observed: pyridine N-oxidation, α-hydroxylation of the 

pyrrolidine ring, and norcotinine formation. N-oxidation produces NNN N-oxide (47), 

which is a detoxification pathway, while α-hydroxylation results in reactive 

intermediates and is an activation pathway. 2'-Hydroxylation of NNN yields an unstable 

intermediate – 2'-hydroxyNNN (50) – which  spontaneously decomposes to form 

myosmine or ring-opens to produce 4-(3-pyridyl)4-oxobutane-1-diazohydroxide (21), 

the same intermediate formed upon α-methyl hydroxylation of NNK. This intermediate 

reacts with H2O to form HPB (25), which is further metabolized to keto acid (26) and 

diol (54), or alkylates DNA to form POB-DNA adducts. 5'-Hydroxylation of NNN 

gives 5'-hydroxyNNN (51), which spontaneously ring-opens to 1-(3-pyridyl)-4-

oxobutane-1-diazohydroxide (52). This intermediate reacts with H2O, yielding a 

hydroxy aldehyde which cyclizes to lactol (27). It also alkylates DNA to form adducts.  

2'-Hydroxylation is believed to be the major metabolic activation pathway of 

NNN in the rat. 2'-Hydroxylation predominates in rat esophagus and nasal mucosa, 

major target tissues of NNN, as well as in oral tissue (41, 93-95). NNN has a chiral 

center at the 2'-position, and (S)-NNN is the major enantiomer found in tobacco 

products (96). A comparative metabolism study shows that 2'-hydroxylation products 

are found predominantly from the incubation of (S)-NNN with cultured rat esophagus, 
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Figure 1.9. Metabolism of NNN 

 
and in the urine of (S)-NNN-treated rats, whereas 5'-hydroxylation is more favored in 

(R)-NNN metabolism under these conditions (97). 

d. DNA adduct formation by NNN 

2'-Hydroxylation of NNN produces a pyridyloxobutylating agent, leading to the 

same POB-DNA adducts as formed from NNK. HPB-releasing adducts have been 

detected in the rat esophagus cultured with NNN, and the levels are higher than that 

cultured with NNK (41). This is consistent with the observation that rat esophagus 

metabolizes NNN more efficiently than NNK, and may contribute to the higher 

carcinogenicity of NNN in this tissue. One unidentified adduct is observed in the rat 
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nasal mucosa cultured with NNN, which releases HPB upon acid hydrolysis (38). HPB 

is also released in acid or enzymatic hydrolysates of hepatic and nasal mucosa DNA of 

NNN-treated rats (36, 38, 46). In the nasal mucosa, HPB-releasing adducts are present 

in both the olfactory and respiratory parts, with higher levels in the respiratory part. 

Individual POB-DNA adducts have been analyzed in liver, lung, and esophagus 

of rats treated chronically with 10 ppm of (R)-NNN or (S)-NNN in the drinking water 

using the same HPLC-ESI-MS/MS method developed previously (89, 98). In the 

esophagus, (S)-NNN treatment generated more adducts than did (R)-NNN treatment, 

and 7-POB-Gua was the major adduct, followed by O2-POB-dThd and O2-POB-Cyt. 

O6-POB-dGuo was not detected. Total adduct levels in the esophagus exceeded those in 

the liver and lung. The same stereoselectivity was observed in the liver, whereas the 

opposite was seen in the lung. O2-POB-dThd was the predominant adduct in the liver 

and lung, and accumulated during the experiment. These results are consistent with the 

preferential metabolism of (S)-NNN through 2'-hydroxylation in cultured rat esophagus, 

and suggest (S)-NNN is more tumorigenic than (R)-NNN to the rat esophagus. 

5'-Hydroxylation of NNN also produces DNA reactive intermediates, which 

alkylate DNA to form adducts. The structures of these adducts have been identified 

recently in our lab, as shown in Figure 1.10. Reaction of 5'-acetoxyNNN (56) with 

dGuo in the presence of esterase produces adducts 57 and 58. Treatment of 57 and 58 

with NaBH3CN yields 34b and 62 (99).  Reaction 56 with dAdo gives diasteremoeric 

products which are characterized as 59. This adduct is reduced to 63 by NaBH3CN. A 

second dAdo adduct has been identified as 60 after NaBH3CN reduction. Intermediate 

56 also reacts with dThd, generating 61 after NaBH3CN reduction (100). Adducts 34b 
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Figure 1.10. Structures of DNA adducts formed from 5'-hydroxylation of NNN 
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and 60 – 63 are all present in the reaction of 56 with DNA after enzymatic hydrolysis 

and NaBH3CN reduction. However, these adducts haven’t been detected in vivo. 

 

Summary and thesis goals 

 Tobacco-specific nitrosamines belong to an important group of carcinogens 

present in tobacco products. Among them, NNK, NNAL, and NNN are the most 

carcinogenic. These tobacco-specific nitrosamines are metabolically activated through 

cytochrome P450-catalyzed α-hydroxylation to reactive intermediates, which alkylate 

DNA to form adducts. POB-DNA adducts are formed from α-methyl hydroxylation of 

NNK, and 2'-hydroxylation of NNN. The structurally related PHB-DNA adducts are 

produced from α-methyl hydroxylation of NNAL. The formation of POB-DNA adducts 

is believed to play an important role in cancer induction by NNK and NNN. The 

structures of POB- and PHB-DNA adducts have been identified in our lab recently. LC-

ESI-MS/MS methods were developed to analyze these adducts in DNA. POB- and 

PHB-DNA adducts were analyzed in the liver and lung of rats treated with NNK, (R)-

NNAL, and (S)-NNAL, and in the esophagus, liver and lung of rats treated with (R)-

NNN and (S)-NNN. To extend our previous studies, we want to investigate POB- and 

PHB-DNA adduct formation in other target tissues of NNK and NNN tumorigenesis. 

The goals of Part I of this thesis are: (1) to quantitate POB- and PHB-DNA adduct 

levels in extrahepatic tissues of NNK-, (R)-NNAL-, and (S)-NNAL-treated rats, 

including pancreas, nasal and oral mucosa (results presented in Chapter 2); and (2) to 

analyze POB-DNA adducts in the nasal and oral mucosa of (R)-NNN- and (S)-NNN-

treated rats (results presented in Chapter 3). It is hoped that results from this study, 
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together with other ongoing projects in our lab, will expand our knowledge on 

mechanisms of cancer induction by NNK and NNN in rats. This knowledge will 

eventually help us understand mechanisms of tobacco carcinogenesis in humans, and 

lead to the development of practical approaches for the prevention of tobacco-induced 

cancer. 

  

Part II. Exocyclic 1, N2-propanodeoxyguanosine adducts derived from α, β-unsaturated 

aldehydes 

1.2.1 α, β-Unsaturated aldehydes: occurrence, carcinogenicity and toxicity 

 α, β-Unsaturated aldehydes, or enals, are a family of reactive compounds that 

are present ubiquitously in the environment. The simplest and most abundant enals are 

acrolein (Acr) and crotonaldehyde (Cro). Their structures are shown in Figure 1.11. 

They are industrial intermediates, used for the production of acrylic acid and DL-

methionine, or sorbic acid (101). Both compounds have been detected in exhaust gases 

from gasoline engines (0.02-12.1 ppm for Acr, and 0.09-1.33 ppm for Cro), and from 

diesel engines (0.05-0.09 ppm for Acr, and 0.01-0.04 ppm for Cro). They are produced 

in the burning of organic products, including cigarettes. The concentrations of Acr and 

Cro in the smoke from various cigarettes are 3-220 µg/cigarette and 10-228 

µg/cigarette, respectively (101). Lipid peroxidation is a major endogenous source of 

enals, producing Acr, Cro, and a long chain enal trans-4-hydroxy-2-nonenal (HNE) 

(102).  Acr and Cro are formed primarily though the oxidation of ω-3 polyunsaturated 

fatty acids (PUFAs), whereas HNE is exclusively formed from ω-6 PUFA (103). Acr is  
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Figure 1.11. Structures of α, β-unsaturated aldehydes 

 

considered to be the toxic metabolite of the chemotherapeutic agents cyclophosphamide 

and its analogues (104, 105), and Cro is a metabolite of N-nitrosopyrolidine (106). 

 Acr and Cro are highly toxic. They cause intense eye, respiratory, and skin 

irritation, which may limit the amount of exposure. Their irritant properties often 

complicate the evaluation of carcinogenicity. Although IARC concluded there is 

inadequate evidence in humans and experimental animals for the carcinogenicity of Acr 

and Cro, there are a number of studies indicating their mutagenicity and carcinogenicity 

(101). Acr causes gene mutation in a variety of test systems, including Salmonella 

typhimurium, Chinese hamster V79 cells, and human fibroblasts from xeroderma 

pigmentosum patients (107-111). In one study, an increased incidence of urinary 

bladder tumors was observed in rats treated with Acr through i.p. injection in 

combination with uracil in the diet (112). It is strongly suspected to be responsible for 

the induction of secondary bladder tumors in cyclophosphamide-treated patients (113). 

Cro is mutagenic in Salmonella typhimurium (107-109, 114). An increased incidence of 

hepatic tumors was observed in rats treated with Cro in the drinking water (115). The 

weak carcinogenicity of Acr and Cro may be due to their efficient detoxification by 

conjugation with glutathione or other sulfhydryls. Urinary metabolites of Acr include S-
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(2-carboxylethyl)mercapturic acid and S-(3-hydroxypropyl)mercapturic acid. 

Mercapturic acid metabolites of Cro have also been identified in urine.  

 Unlike Acr and Cro, the long-chain enal HNE is inactive in bacterial 

mutagenesis assays (109). It is likely that the cytotoxicity of HNE masks its 

mutagenicity under these test conditions. However, it causes mutations in Chinese 

hamster V79 cells, and induces a DNA damage response in Salmonella typhimurium 

(116, 117). Chromosomal aberrations were observed upon treatment of mammalian and 

human cells with HNE (118-122). 

 

 

 Figure 1.12. 1, N2-propanodeoxyguanosine adducts derived from α, β-unsaturated 

aldehydes. 
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1.2.2  DNA binding of α, β-unsaturated aldehydes 

 α, β-Unsaturated aldehydes are reactive electrophiles, which can directly modify 

DNA bases to form adducts. The structures of these adducts are shown in Figure 1.12. 

The reaction of aldehydes with DNA bases proceeds through an initial Michael 

addition, followed by ring closure, yielding exocyclic 1, N2-propanodeoxyguanosine 

(PdG) adducts. The Michael addition to acrolein can occur at both the C-1 and C-3 

positions of acrolein, producing two pairs of diastereomers: (6R/S)-3-(2'-deoxyribos-1'-

yl)-5,6,7,8-(tetrahydro-6-hydroxypyrimido[1,2-α]purine-10(3H)one (α-OH-Acr-dGuo, 

67) and (8R/S)-3-(2'-deoxyribos-1'-yl)-5,6,7,8-tetrahydro-8-hydroxypyrimido[1,2-

α]purine-10(3H)one (γ-OH-Acr-dGuo, 68) (123). These compounds were further 

characterized by hydrolysis to guanine derivatives, and reaction with NaBH4 and 

NaOH. As shown in Figure 1.13, treatment of α-OH-Acr-dGuo with NaBH4 and NaOH 

results in the elimination of H2O, followed by reduction, producing 2'-deoxyribos-1'-yl-

5,6,7,8-tetrahydropyrimido[1,2-α]purine-10(3H)one (71). Reduction of γ-OH-Acr-dGuo 

under the same conditions gives the open chain adduct N2-(3-hydroxypropyl)-

deoxyguanosine (72). 
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Figure 1.14. Formation of Cro-dGuo adducts in the reaction of acetaldehyde with 

dGuo. 

 
Longer chain α, β-unsaturated aldehydes only form γ-hydroxypropano-

deoxyguanosine (γ-OH-PdG) adducts. The reaction of Cro with dGuo or DNA 

generates a stereocenter, producing diastereomeric (6S, 8S)- and (6R, 8R)-3-(2'-

deoxyribos-1'-yl)-5,6,7,8-tetrahydro-8-hydroxy-6-methylpryimido[1,2-α]purine-

10(3H)one (Cro-dGuo, 69) (123-126). Cro-dGuo adducts are also formed by the 

consecutive addition of two acetaldehyde molecules with dGuo though the intermediate 

N2-ethylidene-dGuo (73) (Figure 1.14) (127). The corresponding HNE-derived PdG 

adducts processes an additional stereocenter, and therefore, four diastereomers are 

observed – (6R, 8S, 11R)-, (6S, 8R, 11R)-, (6R, 8S, 11S)-, and (6S, 8R, 11S)-70 (Figure 

1.12). 

In addition to PdG adducts, other enal-derived adducts have also been observed 

(Figure 1.15). Reaction of Cro with dGuo generates 74 and 75, but at lower levels than 

69 (125, 128, 129). Studies in our lab have identified a paradol-releasing adduct in 

DNA treated with Cro, and the structure has been characterized as N2-[2-(2-

hydroxypropyl)-6-methyl-1,3-dioxan-4-yl]deoxyguanosine (76) (130). Alternatively,  
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oxidation of HNE or Cro to an epoxide, followed by reaction with nucleobases affords  

etheno adducts, such as 1, N6-etheno-dAdo (77), 1, N2-ethno-dGuo (78), and 3, N4-

etheno-dCyd (79) (131-133).  

 In duplex DNA, γ-OH-PdG adducts including γ-OH-Acr-dGuo, Cro-dGuo, and 

HNE-dGuo, are hypothesized to adopt a ring-opened conformation, which are capable 

of reacting with dGuo in the opposite strand to form interstrand cross-links (127, 134-

136). To investigate cross-link formation, γ-OH-PdG adducts were site-specifically 

introduced into oligonucleotides by the postsynthetic modification strategy (126, 137, 

138). When a γ-OH-Acr-dGuo-containing oligonucleotide was allowed to anneal to its 

complimentary strand, cross-linking occurred slowly until the equilibrium reached 

about ~50% after 7 days (139, 140). Mass spectrometric analysis indicated the 

carbinolamine linkage (82a, Figure 1.16), which is in equilibrium with either or both the 

imine (83a) and pyrimidopurinone (84a) forms. Enzymatic digestion yielded a bis-

nucleoside, and reduction of the cross-linked duplex prior to enzymatic digestion gave 

1,3-bis(2'-deoxyguanosin-N2-yl)propane (85a). Cross-link formation was reversible and 

specific to a 5'-CpG-3' sequence. Although the cross-link can be reductively trapped, 
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further experiments indicated the carbinolamine as the major species in the equilibrium 

(141, 142). Molecular modeling suggested that the carbinolamine linkage maintained 

Watson-Crick hydrogen bonding at both of the tandem C-G base pairs.  

The ability of Cro-dGuo adducts in the CpG sequence to form interstrand cross-

links depends on the stereochemistry at the C6 carbon. After >20 days, (6R, 8R)-Cro-

dGuo formed cross-links to the extent of 38%, whereas it was only 5% with (6S, 8S)-

Cro-dGuo (140). Enzymatic digestion of the cross-linked DNA produced the bis-

nucleoside 84b (Figure 1.16), which was identical to that formed in DNA treated with 

acetaldehyde (127). Reduction of the cross-link yielded 1-methyl-1,3-bis(2'-

deoxyguanosin-N2-yl)propane (85b). Similar to the acrolein-derived cross-link, the 

carbinolamine form of the (6R, 8R) cross-link was favored in duplex DNA, as it was 

predicted to maintain Waston-Crick hydrogen bonding at both C-G base pairs (135). 

Molecular modeling also predicted that the cross-link from 6R introduced less 

disruption into the duplex structure, and the orientation of the α-methyl group facilitated 

cross-linking. These observations explained why (6R, 8R)-Cro-dGuo forms cross-links 

more efficiently than (6S, 8S)-Cro-dGuo. Among the four diastereomers of HNE-dGuo 

adducts, only the (6S, 8R, 11S) configuration formed interstrand cross-links in the CpG 

sequence (138). This configuration possesses the same orientation of the 6-methyl 

group as (6R, 8R)-Cro-dGuo, indicating the importance of the stereochemistry at the C6 

carbon in cross-link formation. Similarly, digestion of the cross-linked DNA yielded the 

corresponding bis-nucleoside 84c. In duplex DNA, HNE-dGuo adducts open to the 

aldehydic rearrangement products, which exist in equilibrium with cyclic hemiacetals 

(136). Spectroscopic studies indicated that the (6S, 8R, 11S) hemiacetal was oriented in  
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Figure 1.16. Formation of interstrand cross-links from γ-OH-PdG 

 
the 5'-direction, which in part explains the stereospecific cross-link formation (143). 

The ring-opened conformation of γ-OH-PdG adducts are also reactive toward amino 

groups of proteins, thus cross-link peptides and proteins via Schiff base linkage (144-



 

 38

146). α-OH-Acr-dGuo does not form DNA-DNA, DNA-peptide, or DNA-protein 

crosslinks (145). 

1.2.3 Mutagenicity of PdG adducts 

 The mutagenicity of Acr, Cro, and HNE-derived PdG adducts has been studied 

in various systems. In general, the strategy includes: (1) synthesis of oligonucleotides 

containing a site-specific PdG adduct and incorporation into a single strand (ss) or 

double strand (ds) shuttle vector; (2) antibiotic selection of transfected cells; and (3) 

recovery and analysis of progeny plasmid for mutations. In E. coli, γ-OH-Acr-dGuo 

inhibits DNA synthesis, and the inhibition is partly overcome by recombination repair 

(147). It does not induce miscoding (147, 148). Accurate translesion synthesis, 

nucleotide excision repair, and recombination repair help to protect E. coli from the 

genotoxicity of this adduct (147). In mammalian COS-7 cells, the γ-OH-Acr-dGuo 

lesion in a ss shuttle vector is significantly mutagenic, inducing about 3.8% G to T, 

2.6% G to C, and 1% G to A mutations (149). α-OH-Acr-dGuo causes a similar 

mutagenic frequency under these conditions, causing 5.6% G to T, 2.6% G to C, and no 

G to A mutations (145). The mutagenicity of α- and γ-OH-Acr-dGuo adducts were 

further investigated in human cells using a ds shuttle vector containing a single Acr-

dGuo adduct in a mismatched region (147, 150). As shown in Figure 1.17, translesion 

synthesis efficiencies are calculated from the percentage of plasmid derived from the 

modified strand. In this system, translesion synthesis efficiencies for α- and γ-OH-Acr-

dGuo are 17% and 77%, respectively, indicating α-OH-Acr-dGuo is a much stronger 

block for DNA synthesis. The miscoding frequencies are summarized in Table 1.2.  On 

the average, α-OH-Acr-dGuo induces 11 % mutations, with G to T transversions being  
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Figure 1.17. Comparison of DNA synthesis blocking potencies of PdG derivatives, as 

determined by the percentage of progeny plasmid derived from each strand. Actual 

numbers detected, shown as progeny derived from modified strand : progeny from 

unmodified strand, were 100:92 (52%) for dGuo, 21:169 (11%) for 67, 77:114 (40%) 

for 68, 35:150 (19%) for (6R, 8R)-69, 31:160 (16%) for (6S, 8S)-69, and 23:168 (12%) 

for 71. Structures of these adducts are shown in Figures 1.12 and 1.13. 

 
predominant. In contrast, γ-OH-Acr-dGuo is only marginally miscoding (<1%). The 

controversial results from ss DNA vs ds DNA are explained by the ring-opening of  

γ-OH-Acr-dGuo in duplex DNA. Within ss DNA, γ-OH-Acr-dGuo primarily adopts the 

ring-closed conformation (134), so that the hydrogen bonding of the N1 proton is 

disrupted. In contrast, within ds DNA, the ring-opened conformation of the adduct 

enables normal Waston-Crick base pairing (145). This hypothesis is further supported 

by an in vitro replication study in which human polymerase η predominantly was 

shown to incorporate the correct base (Cyt) opposite the reduced, permanently ring-

opened N2-(3-hydroxypropyl)-dGuo (72, Figure 1.13), while misinserts opposite 

unsubstituted PdG 71, the ring-closed analogue of γ-OH-Acr-dGuo (151). The 

mutational properties of 71 are similar to α-OH-Acr-dGuo. In COS-7 cells, 70 in a ss  
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Table 1.2. Comparison of miscoding frequencies of PdG adducts in human cells. 

DNA adducta 
No. of plasmid detected (DNA adduct → G, T, A, C, or ∆b) Miscoding 

frequency (%) G T A C ∆ 
dGuo 236 0 0 0 0 < 0.43 
67c 484 41 8 11 0 11 
68 278 0 0 0 0 < 0.36 
(6R, 8R)-69c 319 8 6 2 0 4.8 
(6S, 8S)-69c 290 21 2 10 0 10.2 
71d 454 17 2 3 0 4.6 

 
a. See Figures 1.12 and 1.13 for structures. 

b. Targeted single nucleotide deletion. 

c. Data were combined from two independent experiments. 

d. Data were combined from three independent experiments. 

 
DNA yields ~7.5% G to T and ~1% G to C transversions (152), while in human cells, 

its mutation frequency is 4.6 % (Table 1.2) (147, 150). 

The distribution of Acr-dGuo adducts was mapped at the sequence level in the 

p53 gene of lung cells using the UvrABC incision method combined with ligation-

mediated PCR (153). This experiment indicated that Acr-dGuo adducts are 

preferentially formed at CpG sites, and the binding pattern is similar to the p53 

mutational pattern in human lung cancer. In addition, Acr greatly reduced the DNA 

repair capacity for benzo[a]pyrene diol epoxide-induced damage. Considering the 

concentration of Acr in cigarette smoke, which is 1,000-fold higher than those of PAHs, 

these results suggest that Acr might be one of the major etiological agent for cigarette 

smoking-related lung cancer. 

 Both diastereomers of Cro-dGuo exhibit similar DNA synthesis blocking effects 

in human cells, which are intermediate between those of α- and γ-OH-Acr-dGuo (Figure 

1.17). Although they are structurally similar to γ-OH-Acr-dGuo, they miscode at 

substantial frequencies in ds DNA in human cells (Table 1.2): ~5% for (6R, 8R)-Cro-
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dGuo and ~10% for (6S, 8S)-Cro-dGuo (154). The most frequent mutations are G to T 

transversions for both adducts. The methyl group at the C6 position may pose a more 

inhibitory effect on translesion synthesis, and also influence the miscoding potency. In 

ss DNA replicated in mammalian COS-7 cells, Cro-dGuo adducts induce similar 

percentage of mutations as in ds DNA (155).  

HNE induces G to T transversions at codon 249 of the p53 tumor suppresser 

gene in liver DNA from Wilson’s disease and hemochromatosis patients (156). The 

mutational spectrum of HNE-dGuo adducts was investigated in a HNE-dGuo modified 

supF gene incorporated into shuttle vector pSP189 and replicated in human cells. The 

major mutations were G to T transversions, accompanied by lower levels of G to A 

transitions (157). HNE preferentially forms adducts at codon 249 of p53, a mutational 

hotspot in hepatocellular carcinoma (158). A site-specific mutagenesis study revealed 

that in the CpG sequence context of ss DNA, only stereoisomers (6R, 8S, 11R) and (6S, 

8R, 11S) of HNE-dGuo were mutagenic, inducing G to T and G to A mutations (159). 

Nucleotide excision repair has been shown to be the major pathway to remove HNE-

dGuo adducts (157, 160, 161).  

 

1.2.4 Analysis of cyclic PdG adducts 

 Acr- and Cro-derived PdG adducts were first detected in rodents and humans in 

1994. This method used HPLC combined with 32P-postlabeling, and was able to detect 

as low as 0.2 fmol of adduct and allowed the detection of stereoisomers of both adducts 

(162). Acr-dGuo and Cro-dGuo adducts have been detected in various tissues of 

humans and untreated rodents, including colon, lung, brain, prostate, kidney, mammary  
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Table 1.3. Species and tissues shown to contain Acr-dGuo and Cro-dGuo adducts and 

the range of total adduct levels 

Species  Strain  Tissue  Total adduct levels 
(µmol/mol guanine) 

Mouse A/J Liver and skin 0.31 – 1.69 

Rat Fischer 344 Liver, mammary gland, colonic 
mucosa, kidney, brain, lung, 
prostate and leukocytes 

0.11 – 1.12 

 Wistar Liver and urinary bladder  

Human  Liver, leukocytes, gingival and 
breast 

0.01 – 7.53a 

 
a. The highest levels were found in the gingival DNA of a smoker (173). 

 
gland, liver and leukocytes, as summarized in Table 1.3 (163, 164). The γ-OH isomer is 

the predominant form of Acr-dGuo observed, and the level of α-OH-Acr-dGuo was too  

low to be detected or quantified. The existence of these PdG adducts as background 

lesions in human and rodents raised the possibility that they are formed from 

endogenous pathways. Peroxidation of PUFAs has been proposed to be the endogenous 

source of these adducts, because they are known to produce enals of various chain 

lengths under oxidative stress (102, 165, 166). This hypothesis is supported by the 

following evidence. (1) Levels of Acr-dGuo and Cro-dGuo dramatically increased in rat 

liver DNA after depletion of glutathione by L-buthionine-(S, R)-sulfoximine (167). (2) 

A significant increase of γ-OH-Acr-dGuo level was observed in CCl4-treated rats, a 

condition known to induce lipid peroxidation (168). (3) A 7 to 26-fold increase in Acr-

dGuo and Cro-dGuo levels was seen in the liver of Long Evans Cinnamon rats, a Long 

Evans strain with hereditary abnormal copper  metabolism, which results in increased 

lipid peroxidation in the liver (168, 169).  
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In addition to the PdG adducts derived from the short-chain enals, HNE-dGuo 

adducts have also been detected in the liver and colon of humans and untreated rats. 

These background levels were significantly increased upon induction of lipid 

peroxidation by CCl4 (170, 171), as well as glutathione depletion (172). In vitro 

experiments were performed by reacting dGuo 5'-monophosphate with ω-3 or ω-6 

PUFAs in the presence of ferrous sulfate (103, 170). Acr-dGuo and Cro-dGuo adducts 

are primarily derived from ω-3 PUFAs, while HNE-dGuo adducts were detected 

exclusively in the incubation with arachidonic acid, a ω-6 PUFA.  

Acr-dGuo and Cro-dGuo were detected in human oral tissue, and total levels of 

cyclic adducts in smokers were 4.4-fold greater than those in nonsmokers (173). This 

increase could result from direct exposure to Acr and Cro in cigarette smoke, and/or 

stimulation of lipid peroxidation by oxidants in cigarette smoke which produces enals. 

After exposure to high concentrations of Acr though inhalation, Acr-dGuo levels in 

aortic DNA of cockerels increased by 5 fold, however, 10 days after inhalation, adduct 

levels decreased to those in the control group (174). Another 32P-postlabeling method 

was developed by Eder et al., and Cro-dGuo adducts were only found in F344 rats after 

single gavages of high doses of Cro or repeated gavages of low does, but not in 

untreated animals (175, 176).  

Although 32P-postlabeling is extremely sensitive, it suffers from several 

drawbacks, such as low recoveries, poor quantitation, and multiple time consuming 

HPLC and TLC steps. It also requires handling of radioactive materials.  A modified 

32P-postlabeling method was developed by combining a solid-phase extraction (SPE) 

procedure to improve recovery and quantitation. PdG adducts from enals with varying 
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chain lengths including Acr, Cro, and HNE were analyzed simultaneously in the ring-

opened form (177). This method was further optimized to improve the separation of 

Acr-dGuo adducts from unmodified nucleotides for better quantitation. Acr-dGuo was 

detected in calf thymus and human colon HT29 cell DNA. It was also indicated that 

Acr-dGuo can be formed as an artifact during the assay, and the artifactual formation 

can be effectively blocked by adding glutathione to the DNA during analysis (178). An 

antibody-based immunoassay has been used to analyze Acr-dGuo and Cro-dGuo 

adducts in vitro (179, 180). However, neither 32P-postlabeling nor immunoassay can 

provide structural information about the adducts. 

Mass spectrometry has been widely used for the analysis of DNA adducts, 

because of its excellent specificity, efficiency and sensitivity. An LC-MS method was 

utilized to analyze Cro-dGuo in the base form in cells treated with acetaldehyde, but 

this study did not employ internal standards for accurate quantitation (181). A capillary 

liquid chromatography nanoelectrospray isotope dilution tandem MS method was 

recently developed for analysis of Acr-dGuo in DNA.  Levels of the γ-OH isomer were 

significantly higher in brain tissues from subjects with Alzheimer’s disease compared 

with those in age-matched controls (182). The limit of detection was 31 amol on 

column for pure standards, and 1.5 fmol in 10µg of DNA hydrolysates. This was the 

first study incorporating internal standards for the quantitation of PdG adducts; 

however, α-OH-Acr-dGuo, the more mutagenic isomer, was not investigated in this 

study. 
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Summary and thesis goal 

 Acr and Cro are α, β-unsaturated aldehydes, which react with dGuo in DNA to 

form exocyclic PdG adducts. The reaction of Acr with dGuo proceeds in two directions, 

yielding both α-OH- and γ-OH-Acr-dGuo, while Cro only forms one regioisomer. Cro-

dGuo is also produced through the consecutive reaction of two molecules of 

acetaldehyde with dGuo. α-OH-Acr-dGuo and Cro-dGuo adducts are mutagenic in 

human cells, inducing predominantly G to T transversions. Acr-dGuo and Cro-dGuo 

have been detected in various tissues from humans and untreated animals, and lipid 

peroxidation is suggested to be the endogenous source of Acr and Cro. Exposure to Acr, 

Cro and acetaldehyde from cigarette smoke is significant. Recent studies demonstrated 

that Acr preferentially binds to p53 mutational hotspots in human lung cancer, raising 

the possibility that Acr might be a major etiological agent in cigarette smoke. However, 

the presence of Acr-dGuo and Cro-dGuo adducts in the human lung has not been 

reported. To investigate this issue, highly sensitive and accurate analytical methods are 

required. Therefore, the goals of Part II of this thesis are: (1) to develop LC-ESI-

MS/MS methods for the quantitative analysis of Acr-dGuo and Cro-dGuo adducts in 

DNA; and (2) to examine the formation of these adducts in human DNA, especially in 

the human lung. Both regioisomers of Acr-dGuo will be included in our study. The 

results are presented in Chapters 4 and 5. These methods can be applied to DNA from 

other sources, eg leukocyte DNA for diagnostic purposes. The ultimate goals of this 

project are to investigate the effects of cigarette smoking on the levels of Acr- and Cro-

derived adducts, and to develop potential biomarkers to assess exposure and DNA 

damage. 
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Chapter 2: Analysis of Pyridyloxobutyl and Pyridylhydroxybutyl DNA Adducts in  

Extra-hepatic Tissues of F344 Rats Treated Chronically with 4-

(Methylnitrosamino)-1-(3-pyridyl)-1-butanone and Enantiomers of 4-

(Methylnitrosamino)-1-(3-pyridyl)-1-butanol 

 

All data presented in this chapter are reproduced with permission form: Zhang, S., 

Wang, M., Villalta, P. W., Lindgren, B. R., Upadhyaya, P., Lao, Y., and Hecht, S. S. 

(2009) Analysis of Pyridyloxobutyl and Pyridylhydroxybutyl DNA Adducts in Extra-

hepatic Tissues of F344 Rats Treated Chronically with 4-(Methylnitrosamino)-1-(3-

pyridyl)-1-butanone and Enantiomers of 4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanol 

Chem. Res. Toxicol. 22, 926-936. Copyright 2009 American Chemical Society. 

 

Introduction 

Tobacco-specific nitrosamines, a group of carcinogens found in tobacco 

products, are believed to play an important role in tobacco carcinogenesis (4, 20). 

Among these compounds, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK, 5, 

Figure 1.2), its primary metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 

(NNAL, 10), and N'-nitrosonornicotine (NNN, 7) are the most carcinogenic. NNK is a 

potent lung carcinogen in rodents, inducing tumors of this site independent of the route 

of administration (10). It also causes tumors of the pancreas, nasal mucosa, and liver 

(10). When given by oral swabbing to rats, a combination of NNK and NNN induces 

oral tumors as well (19).  NNK and NNN have been evaluated as human carcinogens by 

the International Agency for Research on Cancer (4). 
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Figure 2.1. Structures of (R)- and (S)-NNAL. 

 

NNK is metabolically converted, in a reversible reaction, to NNAL. NNAL has 

a chiral center, and there are remarkable differences between (R)- and (S)-NNAL 

(Figure 2.1) in terms of tumorigenicity, metabolism, and pharmacokinetics. In A/J mice, 

(S)-NNAL was as potent as NNK as a lung tumorigen, while (R)-NNAL was much less 

active (25). (S)-NNAL is the predominantly formed enantiomer from metabolic 

reduction of NNK in rat liver cytosol and microsomes, and rat lung cytosol, accounting 

for 63 – 97% of the total NNAL formed, while divergent results have been obtained 

with rat lung microsomes (30, 31). Multiple enzymes seem to be involved in NNK 

reduction in human and rat tissues, including cytosolic aldo-keto reductases (AKR) and 

carbonyl reductase, and microsomal 11β-hydroxysteroid dehydrogenase type 1 (11β-

HSD1). All of them favor the formation of (S)-NNAL from NNK (30). (S)-NNAL is 

reoxidized much faster than (R)-NNAL in rat liver and lung, but little stereoselectivity 

was observed in human liver (31). Various cytochrome P450s expressed in mice, rats, 

and human lung catalyze the oxidation of (S)-NNAL more efficiently than (R)-NNAL 

(183, 184). NNAL can be subsequently glucuronidated and excreted in the urine. While 

(R)-NNAL is extensively conjugated in this way, (S)-NNAL tends to be retained in the 

lung and reconverted back to NNK (32, 33). In smokers and smokeless tobacco users, 

the ratios of (S)/(R)-NNAL and their glucuronides in the urine were significantly higher 

7 days after cessation than at baseline, indicating a stereoselective retention of (S)-
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NNAL (34). Although NNAL is not present in substantial amounts in tobacco products, 

these observations imply that (S)-NNAL may play a significant role in the mechanisms 

of tumor induction by NNK. 

Both NNK and NNAL are metabolically activated through cytochrome P450-

catalyzed α-hydroxylation, and DNA adduct formation is critical to their 

carcinogenicity (185). As shown in Figure 1.4, α-methyl hydroxylation of NNK results 

in a reactive intermediate 16, which spontaneously decomposes to 4-(3-pyridyl)-4-

oxobutanediazohydroxide (21). This intermediate, or its corresponding diazonium ion, 

can alkylate DNA to form pyridyloxobutyl (POB)-DNA adducts. The formation of 

POB-DNA adducts is believed to play an important role in NNK tumorigenesis in 

rodents (46, 48, 186-188). Similarly, α-methyl hydroxylation of NNAL yields 

intermediate 24, resulting in pyridylhydroxybutyl (PHB)-DNA adducts. α-

Hydroxylation of NNK or NNAL at the methylene group gives methanediazohydroxide 

(20), which produces methyl adducts in DNA. Four specific POB-DNA adducts, O2-[4-

(3-pyridyl)-4-oxobut-1-yl]-2'-deoxycytidine (O2-POB-dCyd, 35a, Figure 1.6), 7-[4-(3-

pyridyl)-4-oxobut-1-yl]-2'-deoxyguanosine (7-POB-dGuo, 36a), O2-[4-(3-pyridyl)-4-

oxobut-1-yl]thymidine (O2-POB-dThd, 37a), and O6-[4-(3-pyridyl)-4-oxobut-1-yl]-2'-

deoxyguanosine (O6-POB-dGuo, 38a), have been characterized previously (47, 72, 76). 

The corresponding PHB-DNA adducts (35b-38b) have also been identified (76, 88). 

Liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-

MS/MS) methods have been developed for the analysis of these POB- and PHB-DNA 

adducts in DNA (89, 90). The unstable adducts 35a, 36a, and 36b were analyzed as the 

bases O2-[4-(3-pyridyl)-4-oxobut-1-yl]cytosine (O2-POB-Cyt, 39a), 7-[4-(3-pyridyl)-4-
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oxobut-1-yl]guanine (7-POB-Gua, 40a), and 7-[4-(3-pyridyl)-4-hydroxybut-1-

yl]guanine (7-PHB-Gua, 40b) after loss of deoxyribose upon neutral thermal hydrolysis. 

Adduct 35b was not included in the analysis, because of the low level of its 

corresponding POB-DNA adduct 35a observed in NNK-treated rats (91). 

Previously, four POB-DNA adducts and three PHB-DNA adducts were 

quantitated in liver and lung DNA of F344 rats treated chronically with NNK, (R)-

NNAL, and (S)-NNAL in the drinking water (90, 91). Adduct levels were similar in 

NNK- and (S)-NNAL-treated rats, and significantly different from those in (R)-NNAL-

treated rats. NNK and (S)-NNAL treatment generated higher levels of POB-DNA 

adducts than (R)-NNAL treatment, while the reverse was observed with PHB-DNA 

adducts. These results supported a hypothesis that preferential metabolism of NNK to 

(S)-NNAL, followed by retention of (S)-NNAL in the lung and reoxidation to NNK, is 

important for NNK tumorigenesis in the lung. Although lung is the major target tissue 

of NNK in the rat, NNK also causes tumors in other tissues. Therefore, in the present 

study, we extended our research to other target tissues – pancreas, nasal olfactory and 

respiratory mucosa, and oral mucosa. DNA was isolated from these tissues of NNK-, 

(R)-NNAL- and (S)-NNAL-treated rats, and POB- and PHB-DNA adducts were 

quantified in a simultaneous analysis using LC-ESI-MS/MS. 

 

Materials and Methods 

Caution: NNK and NNAL are carcinogenic. They should be handled in a well-

ventilated hood with extreme care and appropriate protective equipment. 
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Chemicals. NNK was purchased from Toronto Research Chemicals (Toronto, 

Ontario, Canada). Purity was greater than 98%. (R)- and (S)-NNAL, POB- and PHB-

DNA adducts and internal standards were synthesized (77, 89, 90, 189). Puregene DNA 

purification solutions were obtained from Qiagen (Valencia, CA). Calf thymus DNA, 

micrococcal nuclease (from Staphylococcus aureus), and phosphodiesterase II (from 

bovine spleen) were procured from Worthington Biochemical Co. (Lakewood, NJ).  

Alkaline phosphatase (from calf intestine) was purchased from Roche Diagnostics 

Corporation (Indianapolis, IN).  All other chemicals were obtained from Sigma-Aldrich. 

Animal Experiment. This has been described (91). Briefly, 216 male F344 rats 

were randomly divided into four groups of 54 rats: (1) control; (2) NNK; (3) (R)-

NNAL; and (4) (S)-NNAL. The rats in the treatment groups received 10 ppm of the 

appropriate carcinogen in the drinking water, and the control rats were given tap water. 

Nine rats per group were sacrificed by CO2 overdose at 1, 2, 5, 10, 16, and 20 weeks. 

Tissues were harvested and stored at -80 °C until DNA isolation. 

Isolation of nasal olfactory and respiratory mucosa. This was performed as 

previously described (46). After the rats were sacrificed, the mandibula of the head was 

removed. The head was placed on the necropsy board with the palate facing up. The 

head was split using a bone mallet and a scalpel, cutting longitudinally on the median 

line, through the hard palate. Respiratory mucosa was retrieved from the naso- and 

maxilloturbinates, the lateral walls of the nasal passages, and the median septum 

anterior to the olfactory area. Olfactory mucosa was obtained from the ethmoturbinates 

and the lateral wall and septum of the olfactory area. The tissues were stored in PBS 

buffer at -80 °C. 
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Quantitation of POB- and PHB-DNA adducts by LC-ESI-MS/MS. Our 

method was adapted from previous studies (89, 90), which enabled us to simultaneously 

analyze both POB- and PHB-DNA adducts from rat DNA. DNA isolation was 

performed following the Puregene DNA isolation protocol (Qiagen) with some 

modifications (190). Pancreatic DNA was isolated from three rats at each time point, 

while nasal olfactory, nasal respiratory, and oral mucosa from nine rats in each group 

were divided into three pools of three for DNA isolation. Depending on the starting 

amount of tissue, the reagents were scaled accordingly. The DNA (0.1 – 1 mg), plus 

four deuterated internal standards of POB-DNA adducts and three deuterated internal 

standards of PHB-DNA adducts, was subjected to neutral thermal hydrolysis (100 °C, 

30 min), followed by enzymatic hydrolysis with micrococcal nuclease, 

phosphodiesterase II, and alkaline phosphatase. A 10 µL aliquot was removed for dGuo 

quantitation, and the remaining hydrolysate was purified on a solid phase extraction 

(SPE) cartridge [Strata-X, 33 µm, 30 mg/1 mL (Phenomenex, Torrance, CA)].  After 

the sample was applied, the cartridge was washed with 2 mL H2O and 1 mL 10% 

CH3OH/ H2O, and the analytes were eluted with 2 mL CH3OH.  The eluants were 

evaporated to dryness, and dissolved in 20 µL of 2% NH4OAc for LC-ESI-MS/MS 

analysis. An 8 µl aliquot was analyzed by LC-ESI-MS/MS. A buffer control which 

lacked DNA and a calf thymus DNA sample were prepared each time and processed in 

the same way as negative controls. 

LC-ESI-MS/MS analysis was carried out with an Agilent 1100 capillary flow 

HPLC (Agilent Technologies, Palo Alto, CA) equipped with a Luna 250 mm × 0.5 mm 

5 µm C18 column (Phenomenex) and coupled to a Discovery Max (ThermoElectron, 
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San Jose, CA) triple quadrupole mass spectrometer. The solvent elution program was a 

gradient from 5 to 65% CH3OH in 15 mM NH4OAc buffer in 30 min at a flow rate of 

10 µL/min at 30 ºC.  The ESI source was operated in the positive ion mode.  The 

adducts were analyzed by MS/MS using selected reaction monitoring (SRM).  Ion 

transitions and their collision energies are listed in Table 2.1.  Other MS parameters 

were optimized to achieve maximum signal intensity. Calibration curves were 

constructed before each analysis using standard solutions containing varying amounts of 

each adduct with a constant amount of the corresponding deuterated internal standard in 

2% NH4OAc. The amount of DNA was calculated from the dGuo content as determined 

by HPLC (89), considering that 1 mg of DNA contains 3 µmol of nucleotides (191), and 

dGuo accounts for 22% of the total nucleotides in rat DNA, as previously determined in 

our lab. Adduct levels were expressed as fmol adduct/mg DNA. 

Statistical Analyses. Because of a highly skewed distribution, the amounts of 

POB- and PHB-DNA adducts were transformed to the natural log scale. The following 

three statistical analyses were performed for POB- and PHB-DNA adducts. (1) Total 

POB- and PHB-DNA adduct levels were compared between different tissue types. The 

adducts were measured in nasal olfactory, nasal respiratory, and oral mucosa from the 

same 9 rats (3 pools of 3 rats), whereas they were quantified in pancreas from only three 

rat. Therefore two different statistical tests were employed. First, a repeated measures 

analysis of variance (ANOVA) was used to compare nasal olfactory, nasal respiratory, 

and oral mucosa. Tissue type was the repeated factor and time was the fixed effect. The 

model assumes a linear trend over time. If this global test across all six time points was 

significant for tissue type, then the least-squares means for the three tissues, derived  
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Table 2.1.  SRM transitions of POB- and PHB-DNA adducts and corresponding 

internal standards 

Adducts  Parent ion  
([M + 1] +, 

m/z) 

Daughter ion  
(m/z) 

Collision 
energy 

(eV) 

O2-POB-Cyt (39a) 259.1 148.1 [POB]+ 17 
[pyridine-D4]O

2-POB-Cyt 263.1 152.1 ([pyridine-D4]POB)+  17 
7-POB-Gua (40a) 299.1 148.1 [POB]+ 17 

[pyridine-D4]7-POB-Gua 303.1 152.1 ([pyridine-D4]POB)+ 
and [Gua+H]+ 

17 

O2-POB-dThd (37a) 390.1 148.1 [POB]+ 20 
[pyridine-D4]O

2-POB-dThd 394.1 152.1 ([pyridine-D4]POB)+ 20 
O6-POB-dGuo (38a) 415.1 148.1 [POB]+ 20 
[pyridine-D4]O

6-POB-dGuo 419.1 152.1 ([pyridine-D4]POB)+ 
and [Gua+H]+ 

20 

7-PHB-Gua (40b) 301.1 150.1 [PHB]+ 17 

[pyridine-D4]7-PHB-Gua 305.1 154.1 ([pyridine-D4]PHB)+ 17 
O2-PHB-dThd (37b) 392.1 150.1 [PHB]+ 20 
[pyridine-D4]O

2-PHB-dThd 396.1 154.1 ([pyridine-D4]PHB)+ 20 
O6-PHB-dGuo (38b) 417.1 150.1 [PHB]+ 20 
[pyridine-D4]O

2-PHB-dGuo 421.1 154.1 ([pyridine-D4]PHB)+ 20 

 

from the ANOVA model, were compared two at a time for each time point separately. 

The Tukey procedure was utilized to control for multiple comparisons among the 

tissues. Second, an analysis of covariance (ANCOVA) was applied to compare pancreas 

to each of the other tissues. The grouping factor was tissue type and the covariate was 

time. If this overall test was significant, then the least-squares means for the pancreas 

and each of the other tissues, considered one at a time, were compared at each time 

point separately. (2) An ANCOVA was used to compare total POB- and PHB-DNA 

adduct levels among different treatments [NNK, (R)-NNAL, and (S)-NNAL]. The 

grouping factor was treatment and the covariate was time. If this overall test was 

significant for treatment, then the least-squares means for the treatments (based on the 

ANCOVA model) were compared two at a time for each time point separately. The 

Tukey procedure was applied to control for multiple comparisons among treatments. (3) 
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A repeated measures ANOVA was employed to compare individual POB- and PHB-

DNA adducts for each tissue and treatment. Time points were included in the model as 

a fixed effect. The analysis was carried out separately for each combination of tissue 

and treatment. If an adduct was missing or not detected for all or most of the data for a 

particular tissue and treatment, it was excluded for that analysis. If the global test 

including adducts and time points was significant, then additional tests were performed 

to compare the least-squares means of individual adducts at each time point. The Tukey 

procedure was applied to control for multiple comparisons between the adducts 

evaluated two at a time. Statistical significance was set at P < 0.05.  

 

Results 

No POB- or PHB-DNA adducts were found in the pancreas, nasal and oral 

mucosa from control rats, but they were readily detected in DNA from NNK-, (R)-

NNAL- and (S)-NNAL-treated rats. Representative chromatograms from the analyses of 

POB- and PHB-DNA adducts from the same sample of nasal respiratory mucosa DNA 

are illustrated in Figure 2.2. Peaks corresponding to the retention times of all adducts 

were observed, and each coeluted with the appropriate internal standard. The accuracy, 

precision, limits of detection, and recoveries of this method were established previously 

(89, 90). 

 Levels of total POB-DNA adducts in the nasal olfactory mucosa, nasal 

respiratory mucosa, oral mucosa, and pancreas of rats treated with NNK, (R)- and (S)-

NNAL are summarized in Figure 2.3A-D, and individual POB-DNA adduct levels from 

the NNK group are illustrated in Figure 2.4A-D (also see Table 2.2). Overall, the  
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Figure 2.2. LC-ESI-MS/MS chromatograms obtained upon the analyses of (A) POB-

DNA adducts; and (B) PHB-DNA adducts in nasal respiratory mucosa DNA of rats 

treated with NNK for 16 weeks. Individual POB- and PHB-DNA adducts and their 

internal standards were monitored as indicated on each channel. SRM transitions are 

summarized in Table 2.1. 
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Figure 2.3. Total POB-DNA adduct levels (fmol/mg DNA) ± SD vs time (weeks) in the 

(A) nasal olfactory mucosa; (B) nasal respiratory mucosa; (C) oral mucosa; and (D) 

pancreas of NNK-, (R)-NNAL-, and (S)-NNAL-treated rats. Symbol designations are: 

, NNK; , (R)-NNAL; and , (S)-NNAL. 

 

formation and accumulation of POB-DNA adducts in the different tissues were similar, 

with remarkably higher levels observed in the NNK and (S)-NNAL groups than in the 

(R)-NNAL group. For example, in the nasal olfactory mucosa (Figure 2.3A), total POB- 

DNA adducts in the NNK- and (S)-NNAL-treated rats increased rapidly during the 

initial period of treatment, and reached a plateau after 5 weeks at about 300 – 400 

fmol/mg DNA. Levels of individual adducts in the nasal olfactory mucosa of NNK-

treated rats are shown in Figure 2.4A. O2-POB-dThd exceeded 7-POB-Gua at all time 

points, and the differences were significant after 10 weeks (P < 0.05, Table 2.3). O6- 
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Figure 2.4. Levels of each POB-DNA adduct in the (A) nasal olfactory mucosa; (B) 

nasal respiratory mucosa; (C) oral mucosa; and (D) pancreas of NNK treated rats. 

Adduct levels are shown in sequence at each time point, as follows: O2-POB-Cyt, clear 

bars; 7-POB-Gua, black bars; O2-POBdThd, red bars; and O6-POB-dGuo, yellow bars.  

 
POB-dGuo was detected at 1, 2, 5, and 10 weeks, and O2-POB-Cyt was only observed 

at 10 weeks.  Their levels were both significantly lower than those of O2-POB-dThd and 

7-POB-Gua (P < 0.05). As the major adduct in the olfactory mucosa, O2-POB-dThd 

accounted for 58-82% of the total adducts, and its level increased quickly during the 

initial NNK treatment. 7-POB-Gua accounted for 18 – 40 % of total adducts, and its 

level was relatively stable throughout the treatment. Similar results were observed in 

(S)-NNAL-treated rats, with the maximum amount (315 fmol/mg DNA) slightly lower 

than that in NNK-treated rats (Figure 2.2A). Individual POB-DNA adduct levels in (S)- 

NNAL-treated rats were also similar to those in NNK-treated rats (Table 2.2). However,  

(R)-NNAL treatment generated a much lower level of POB-DNA adducts. The total 
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Table 2.2. Levels of POB-DNA adducts in the nasal olfactory mucosa, nasal respiratory 

mucosa, oral mucosa, and pancreas of NNK-, (R)-NNAL-, and (S)-NNAL-treated rats. 

A. Nasal olfactory mucosa 

Treatment 
Time 

(weeks) 
POB-DNA adducts (fmol/mg DNA) 

O2-POB-Cyt 7-POB-Gua O2-POB-dThd O6-POB-dGuo Total 

NNK 

1 NDa 63.8 ± 22.7 93.0 ± 21.6 3.6 ± 5.1 160 ± 49 
2 ND 91.5 ± 4.1 141 ± 21 3.6 ± 5.0 236 ± 12 
5 ND 104 ± 16 266 ± 22 3.9 ± 5.5 373 ± 11 
10 3.7 ± 0.7 67.8 ± 12.9 261 ± 26 1.1 ± 1.9 333 ± 3 7 
16 ND 60.0 ± 7.8 277 ± 28 ND 337 ± 36 
20 ND 63.9 ± 20.3 295 ± 22 ND 359 ± 43 

(R)-NNAL 

1 ND 4.8 ± 6.8 ND ND 4.8 ± 6.8 
2 ND 10.2 ± 1.3 26.5 ± 2.3 ND 36.7 ± 1.0 
5 ND 8.8 ± 0.1 31.2 ± 3.8 ND 40.0 ± 3.7 
10 ND 10.1 ± 0.8 42.6 ± 2.1 ND 52.7 ± 1.2 
16 ND 8.4 ± 0.1 39.7 ± 3.6 ND 48.1 ± 3.6 
20 ND 5.4 ± 0.2 33.3 ± 4.0 ND 38.7 ± 3.8 

(S)-NNAL 

1 ND 75.0 ± 0.9 90.3 ± 4.9 3.1 ± 4.4 168 ± 10 
2 ND 94.0 ± 13.3 137 ± 6 4.3 ± 6.1 236 ± 25 
5 ND 80.8 ± 0.2 231 ± 6 3.0 ± 4.2 315 ± 10 
10 0.8 ± 1.4 61.8 ± 15.4 230 ± 65 2.2 ± 3.8 295 ± 7 7 
16 ND 49.6 ± 13.0 235 ± 47 ND 285 ± 60 
20 ND 47.8 ± 3.1 235 ± 30 ND 283 ± 33 

 
 
B. Nasal respiratory mucosa 

Treatment Time 
(weeks) 

POB-DNA adducts (fmol/mg DNA) 
O2-POB-Cyt 7-POB-Gua O2-POB-dThd O6-POB-dGuo Total 

NNK 

1 35.9 ± 51.3 322 ± 232 355 ± 216 40.4 ± 35.5 753 ±  503 
2 19.9 ± 34.4 461 ± 236 694 ± 335 59.6 ± 58.9 1240 ± 630 
5 37.4 ± 29.5 561 ± 284 1050 ± 470 48.2 ± 22.4 1700  ± 790 
10 18.6 ± 3.5 518 ± 63 1460 ± 330 49.2 ± 24.7 2050 ± 390 
16 29.2 ± 14.3 495 ± 187 1760 ± 670 61.7 ± 44.5 2320 ± 910 
20 24.7 ± 29.0 433 ± 267 1620 ± 830 36.3 ± 32.5 2110 ± 1130 

(R)-NNAL 

1 ND 29.1 ± 5.8 35.8 ± 13.1 ND 64.9 ± 18.9  
2 ND 49.9 ± 14.2 75.3 ± 13.1 ND 125 ± 27 
5 ND 55.6 ± 26.5 125 ± 38 ND 180 ± 64 
10 ND 58.0 ± 12.8 185 ± 53 ND 243 ± 66 
16 ND 44.2 ± 23.9 172 ± 52 ND 217 ± 72 
20 ND 42.7 ± 13.5 195 ± 44 ND 238 ± 57 

(S)-NNAL 

1 5.7 ± 9.9 307 ± 141 370 ± 121 41.4 ± 24.6 724 ± 2 91 
2 35.1 ± 60.8 493 ± 139 704 ± 132 64.7 ± 20.6 1300 ± 340 
5 ND 633 ± 27 1340 ± 20 94.6 ± 5.5 2070 ± 10 
10 8.6 ± 7.5 403 ± 112 1260 ± 480 51.9 ± 35.8 1720 ± 620 
16 11.0 ± 9.7 396 ± 152 1420 ± 550 38.5 ± 28.5 1860  ± 730 
20 33.4 ± 17.6 377 ± 172 1450 ± 580 41.1 ± 27.7 1900 ± 780 
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Table 2.2. (Continued) 

C. Oral mucosa 

Treatment Time 
(weeks) 

POB-DNA adducts (fmol/mg DNA) 
O2-POB-Cyt 7-POB-Gua O2-POB-dThd O6-POB-dGuo Total 

NNK 

1 ND 10.5 ± 18.2 59.6 ± 16.9 ND 70.1 ± 30.4  
2 ND 37.6 ± 33.5 101 ± 19 2.3 ± 3.9 141 ± 19 
5 ND 55.6 ± 12.4 177 ± 30 ND 232 ± 18 
10 ND 49.0 ± 19.0 216 ± 15 ND 265 ± 34 
16 ND 42.4 ± 37.2 240 ± 16 ND 282 ± 52 
20 ND 51.3 ± 14.9 326 ± 74 ND 378 ± 69 

(R)-NNAL 

1 ND ND 1.7 ± 3.0 12.2 ± 21.1 13.9 ± 19.8  
2 ND ND ND ND ND 
5 ND ND 10.3 ± 9.3 ND 10.3 ± 9.3 
10 ND ND 13.7 ± 9.3 ND 13.7 ± 12.3 
16 ND ND 7.9 ± 13.7 ND 7.9 ± 13.7 
20 ND ND 3.8 ± 6.6 ND 3.8 ± 6.6 

(S)-NNAL 

1 ND 14.3 ± 13.4 31.7 ± 27.5 ND 46.0 ± 40.3  
2 ND 24.5 ± 21.3 78.1 ± 15.8 ND 103 ± 13 
5 ND 22.8 ± 19.8 138 ± 19 ND 160 ± 5 
10 ND 22.8 ± 19.8 185 ± 17 ND 208 ± 16 
16 ND 25.6 ± 22.2 210 ± 21 ND 235 ± 4 
20 ND 27.8 ± 24.1 227 ± 24 ND 255 ± 34 

 
D. Pancreas 

Treatment 
Time 

(weeks) 
POB-DNA adducts (fmol/mg DNA) 

O2-POB-Cyt 7-POB-Gua O2-POB-dThd O6-POB-dGuo Total 

NNK 

1 ND 27.4 ± 0.4 38.4 ± 13.5 ND 65.7 ± 13.9  
2 ND 32.5 ± 4.4 55.1 ± 0.9 ND 87.6 ± 3.6 
5 ND 41.0 ± 1.2 107 ± 13 ND 149 ± 13 
10 ND 41.5 ± 14.1 133 ± 3 ND 174 ± 17 
16 ND 31.7 ± 2.5 150 ± 26 ND 182 ± 28 
20 ND 26.7 ± 6.7 130 ± 15 ND 157 ± 22 

(R)-NNAL 

1 ND ND 2.2 ± 1.9 ND 2.2 ± 1.9 
2 ND ND 5.0 ± 2.0 ND 5.0 ± 2.0 
5 ND ND 8.0 ± 2.2 ND 8.0 ± 2.2 
10 ND ND 11.9 ± 1.9 ND 11.9 ± 1.9 
16 ND ND 11.9 ± 2.9 ND 11.9 ± 2.9 
20 ND ND 11.4 ± 2.4 ND 11.4 ± 2.4 

(S)-NNAL 

1 ND 24.2 ± 1.0 30.9 ± 2.6 ND 55.1 ± 2.1 
2 ND 28.7 ± 6.5 51.6 ± 6.7 ND 80.3 ± 12.9  
5 ND 31.2 ± 2.2 95.7 ± 7.3 ND 127 ± 9 
10 ND 40.3 ± 2.0 125 ± 16 ND 165 ± 15 
16 ND 29.6 ± 4.2 131 ± 14 ND 161 ± 18 
20 ND 26.4 ± 1.2 149 ± 26 ND 175 ± 23 

 
a. ND, not detected.  
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Table 2.3.  Statistical comparisons of individual POB-DNA adduct levels in NNK-

treated rats. 

A. Nasal olfactory mucosa a 
weeks 37ab vs 40a 37a vs 38a 38a vs 40a 

1 NSc P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 

5 NS P < 0.05 P < 0.05 

10 P < 0.05 P < 0.05 P < 0.05 

16 P < 0.05 P < 0.05 P < 0.05 

20 P < 0.05 P < 0.05 P < 0.05 
 
B. Nasal respiratory mucosa 
weeks 37a vs 40a 37a vs 39a 39a vs 40a 37a vs 38a 38a vs 40a 38a vs 39a 

1 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

5 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

10 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

16 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

20 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 
 
C. Oral mucosa d 

weeks 37a vs 40a 

1 P < 0.05 

2 P < 0.05 

5 P < 0.05 

10 P < 0.05 

16 P < 0.05 

20 NS 
 
D. Pancreas d 

weeks 37a vs 40a 

1 P < 0.05 

2 P < 0.05 

5 P < 0.05 

10 P < 0.05 

16 P < 0.05 

20 P < 0.05 
 

a. O6-POB-dGuo was not included. 

b. 37a: O2-POB-dThd; 38a: O6-POB-dGuo; 39a: O2-POB-Cyt; 40a: 7-POB-Gua. 

c. NS: not significant (P>0.05). 

d. O2-POB-Cyt and O6-POB-dGuo were not included.
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amount was about 6 – 33 times lower than in the NNK-treated rats, and the differences 

were significant at all time points (P < 0.05). Only O2-POB-dThd and 7-POB-Gua were 

observed in the (R)-NNAL group.  

POB-DNA adduct patterns seen in the pancreas, nasal respiratory mucosa and 

oral mucosa were very similar to that in the olfactory mucosa (Figure 2.3B-D and 

Figure 2.4B-D). Total adduct levels in the NNK and (S)-NNAL groups were not 

significantly different from each other (P > 0.05). Among these tissues, nasal 

respiratory mucosa had significantly higher levels of POB-DNA adducts than any other 

tissue in NNK- and (S)-NNAL-treated rats (P < 0.05). The maximum amount was 

observed at 16 weeks (2316 fmol/mg DNA) in the NNK treatment group (Figure 2.2B). 

O2-POB-dThd was the major adduct in all the tissue types, followed by 7-POB-Gua. 

O2-POB-Cyt and O6-POB-dGuo were mainly detected in the nasal respiratory mucosa 

of NNK- and (S)-NNAL-treated rats, with levels significantly lower than the other two 

adducts (P < 0.05). 

 In contrast to POB-DNA adducts, PHB-DNA adduct levels were much higher in 

(R)-NNAL-treated rats than in NNK- and (S)-NNAL-treated rats. Levels of total and 

individual PHB-DNA adducts are summarized in Figure 2.5A-D and Figure 2.6A-D 

(also see Table 2.4). In the pancreas, for example, (R)-NNAL treatment generated 4 – 7 

times higher levels of PHB-DNA adducts than NNK treatment (Figure 2.5D). The 

differences were significant at all time points except 20 weeks (P < 0.05). The highest 

adduct level was 552 fmol/mg DNA, observed at 20 weeks. Levels of the three 

individual PHB-DNA adducts were in the following order: O2-PHB-dThd > 7-PHB-Gua 

> O6-PHB-dGuo (Figure 2.6D). This order was similar to the corresponding POB- 
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Figure 2.5. Total PHB-DNA adduct levels (fmol/mg DNA) ± SD vs time (weeks) in the 

(A) nasal olfactory mucosa; (B) nasal respiratory mucosa; (C) oral mucosa; and (D) 

pancreas of NNK-, (R)-NNAL-, and (S)-NNAL-treated rats. Symbol designations are: 

, NNK; , (R)-NNAL; and , (S)-NNAL. 

 

DNA adducts, expect that O6-POB-dGuo was not detected in the pancreas. Levels of 

O2-PHB-dThd generally increased throughout the treatment period, while 7-PHB-Gua 

levels remained relatively stable. O2-PHB-dThd accounted for 56 – 86 % of total 

adducts, and 7-PHB-Gua accounted for 13 – 40 %. These differences between O2-PHB-

dThd and 7-PHB-Gua were significant after 5 weeks (P < 0.05, Table 2.5). Levels of 

O6-PHB-dGuo were less than 4%, and were significantly lower than those of O2-PHB-

dThd and 7-PHB-Gua (P < 0.05). (S)-NNAL treatment generated similar adduct levels 

as NNK treatment. 
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Figure 2.6. Levels of each PHB-DNA adduct in the (A) nasal olfactory mucosa; (B) 

nasal respiratory mucosa; (C) oral mucosa; and (D) pancreas of (R)-NNAL treated rats. 

Adduct levels are shown in sequence at each time point, as follows: 7-PHB-Gua, black 

bars; O2-POB-dThd, red bars; and O6-POB-dGuo, yellow bars. 

 

Overall, patterns of PHB-DNA adduct formation in nasal olfactory and 

respiratory mucosa and oral mucosa were similar to pancreas, with a remarkable kinship 

between the NNK and (S)-NNAL groups, both of which were lower than (R)-NNAL 

group (Figure 2.5A-C). The highest PHB-DNA adduct levels were clearly observed in 

nasal respiratory mucosa. In nasal olfactory and respiratory mucosa of (R)-NNAL- 

treated rats, a slight decrease in total adduct levels was seen at 5 weeks, followed by an 

increase afterwards, and the maximum amounts were both observed at 16 weeks, with 

14010 fmol/mg DNA in respiratory and 2204 fmol/mg DNA in olfactory mucosa. In 

terms of individual PHB-DNA adducts, O2-PHB-dThd decreased in both nasal mucosae 

at 5 weeks, and then accumulated at high levels after 16 weeks (Figure 2.6A-B). Levels 
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Table 2.4. Levels of PHB-DNA adducts in the nasal olfactory mucosa, nasal respiratory 

mucosa, oral mucosa, and pancreas of NNK-, (R)-NNAL-, and (S)-NNAL-treated rats. 

A. Nasal olfactory mucosa 

Treatment 
Time 

(weeks) 
PHB-DNA adducts (fmol/mg DNA) 

7-PHB-Gua O2-PHB-dThd O6-PHB-dGuo Total 

NNK 

1 58.5 ± 2.3 115 ± 35 21.1 ± 4.3 195 ± 37 
2 98.7 ± 9.2 164 ± 35 36.5 ± 0.0 299 ± 45 
5 142 ± 8 93.5 ± 29.6 45.8 ± 2.6 281 ± 19 

10 93.6 ± 19.2 75.5 ± 49.1 29.6 ± 7.4 199 ± 23 
16 76.1 ± 7.7 247 ± 310 24.2 ± 6.5 347 ± 325 
20 83.0 ± 26.2 357 ± 312 20.4 ± 2.4 461 ± 283 

(R)-NNAL 

1 410 ± 71 382 ± 173 55.8 ± 8.7 848 ± 111 
2 543 ± 72 833 ± 97 59.5 ± 6.3 1440 ± 160 
5 691 ± 148 331 ± 190 43.6 ± 1.7 1070 ± 160 

10 676 ± 62 629 ± 254 46.6 ± 3.0 1350 ± 320 
16 490 ± 35 1680 ± 970 32.1 ± 3.6 2200 ± 1010 
20 439 ± 81 1370 ± 880 23.0 ± 4.0 1840 ± 800 

(S)-NNAL 

1 43.4 ± 1.5 117 ± 1 18.4 ± 1.3 179 ± 4 
2 73.9 ± 0.7 142 ± 22 24.2 ± 6.0 240 ± 29 
5 84.8 ± 19.6 121 ± 126 27.1 ± 2.1 233 ± 109 

10 70.0 ± 10.7 75.4 ± 0.2 22.8 ± 5.6 168 ± 16 
16 63.1 ± 11.4 226 ± 234 18.3 ± 2.0 308 ± 220 
20 47.5 ± 2.5 260 ± 248 13.0 ± 0.3 321 ± 245 

 

B. Nasal respiratory mucosa 

Treatment Time 
(weeks) 

PHB-DNA adducts (fmol/mg DNA) 
7-PHB-Gua O2-PHB-dThd O6-PHB-dGuo Total 

NNK 

1 323 ± 19 507 ± 78 161 ± 32 991 ± 27 
2 569 ± 55 907 ± 190 247 ± 65 1720 ± 310 
5 687 ± 145 235 ± 175 226 ± 11 1150 ± 310 

10 435 ± 19 190 ± 62 220 ± 6 845 ± 36 
16 600 ± 76 1530 ± 1820 340 ± 100 2470 ± 1990 
20 517 ± 109 1720 ± 1160 285 ± 1 2520 ± 1050 

(R)-NNAL 

1 1523 ± 27 1800 ± 590 330 ± 92 3650 ± 710 
2 2346 ± 675 4150 ± 210 457 ± 76 6960 ± 540 
5 3567 ± 1000 1960 ± 60 400 ± 12 5920 ± 1070 

10 3525 ± 192 3570 ± 990 401 ± 27 7490 ± 770 
16 3563 ± 945 10100 ± 2100 338 ± 83 14000 ± 1100 
20 3300 ± 446 9010 ± 7500 306 ± 18 12600 ± 7000 

(S)-NNAL 

1 295 ± 22 475 ± 33 147 ± 7 917 ± 62 
2 366 ± 79 750 ± 127 201 ± 33 1320 ± 170 
5 455 ± 8 582 ± 638 317 ± 9 1350 ± 660 

10 495 ± 96 244 ± 176 269 ± 5 1010 ± 270 
16 382 ± 104 1280 ± 1330 246 ± 61 1900 ± 1500 
20 454 ± 85 1400 ± 910 272 ± 9 2130 ± 840 
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Table 2.4. (Continued) 

C. Oral mucosa 

Treatment Time 
(weeks) 

PHB-DNA adducts (fmol/mg DNA) 
7-PHB-Gua O2-PHB-dThd O6-PHB-dGuo Total 

NNK 

1 NDa ND ND ND 
2 ND ND ND ND 
5 ND 33.9 ± 23.1 ND 33.9 ± 23.1 

10 ND 15.7 ± 12.1 ND 15.7 ± 12.1 
16 ND 100 ± 128 ND 99.9 ± 127.9 
20 ND 139 ± 197 ND 139 ± 197 

(R)-NNAL 

1 ND ND ND ND 
2 ND 133 ± 188 10.7 ± 15.2 144 ± 203 
5 205 ± 28 72.2 ± 44.8 19.6 ± 5.1 297 ± 12 

10 110 ± 156 188 ± 266 31.1 ± 0.9 330 ± 421 
16 187 ± 13 834 ± 267 ND 1020 ± 280 
20 189 ± 49 844 ± 585 ND 1030 ± 540 

(S)-NNAL 

1 ND ND ND ND 
2 ND ND ND ND 
5 ND ND ND ND 

10 ND 14.7 ± 2.1 ND 14.7 ± 2.1 
16 ND 86.1 ± 111.6 ND 86.1 ± 111.6 
20 ND ND ND ND 

 

D. Pancreas 

Treatment 
Time 

(weeks) 
PHB-DNA adducts (fmol/mg DNA) 

7-PHB-Gua O2-PHB-dThd O6-PHB-dGuo Total 

NNK 

1 ND ND ND ND 
2 ND 25.0 ± 1.4 ND 25.0 ± 1.4 
5 11.9 ± 10.4 41.9 ± 10.8 ND 53.8 ± 16.5 

10 ND 107 ± 34 ND 107 ± 34 
16 19.2 ± 5.5 109 ± 5 ND 128 ± 9 
20 13.6 ± 12.0 113 ± 10 ND 126 ± 15 

(R)-NNAL 

1 47.6 ± 16.2 67.7 ± 8.4 4.6 ± 0.7 120 ± 25 
2 70.0 ± 0.6 110 ± 16 4.2 ± 0.6 184 ± 16 
5 91.2 ± 11.8 249 ± 48 6.2 ± 2.0 346 ± 54 

10 97.5 ± 14.2 373 ± 56 3.6 ± 3.1 474 ± 60 
16 94.0 ± 10.4 445 ± 35 4.9 ± 1.0 544 ± 34 
20 73.0 ± 17.7 475 ± 73 4.1 ± 1.1 552 ± 82 

(S)-NNAL 

1 ND 6.0 ± 10.4 ND 6.0 ± 10.4 
2 ND 36.4 ± 5.6 ND 36.4 ± 5.6 
5 5.0 ± 8.7 50.4 ± 11.3 ND 55.5 ± 19.9 

10 ND 59.1 ± 13.0 ND 59.1 ± 13.0 
16 9.6 ± 8.6 87.9 ± 24.1 ND 97.5 ± 32.3 
20 ND 90.9 ± 4.6 ND 90.9 ± 4.6 

 

a. ND, not detected. 
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Table 2.5.  Statistical comparisons of individual PHB-DNA adduct levels in (R)-

NNAL-treated rats. 

A. Nasal olfactory mucosa 
Weeks 37ba vs 40b 37b vs 38b 38b vs 40b 

1 NSb P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 

5 NS P < 0.05 P < 0.05 

10 NS P < 0.05 P < 0.05 

16 P < 0.05 P < 0.05 P < 0.05 

20 P < 0.05 P < 0.05 P < 0.05 
 

B. Nasal respiratory mucosa 
Weeks 37b vs 40b 37b vs 38b 38b vs 40b 

1 NS P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 

5 NS P < 0.05 P < 0.05 

10 P < 0.05 P < 0.05 P < 0.05 

16 P < 0.05 P < 0.05 P < 0.05 

20 P < 0.05 P < 0.05 P < 0.05 
 

C. Oral mucosa 
NS in the global test (P = 0.349) 

 
D. Pancreas 
Weeks 37b vs 40b 37b vs 38b 38b vs 40b 

1 NS P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 

5 P < 0.05 P < 0.05 P < 0.05 

10 P < 0.05 P < 0.05 P < 0.05 

16 P < 0.05 P < 0.05 P < 0.05 

20 P < 0.05 P < 0.05 P < 0.05 
 

a. 37b: O2-PHB-dThd; 38b: O6-PHB-dGuo; 40b: 7-PHB-Gua. 

b. NS: not significant (P>0.05). 
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of O2-PHB-dThd were significantly greater than 7-PHB-Gua in the nasal olfactory 

mucosa after 16 weeks, and in the nasal respiratory mucosa after 10 weeks (P < 0.05). 

O6-PHB-dGuo was significantly lower than either O2-PHB-dThd or 7-PHB-Gua at all 

time points (P < 0.05). In the oral mucosa of (R)-NNAL-treated rats, PHB-DNA 

adducts were not detected after 1 week of treatment, and the total levels increased after 

2 weeks, reaching a maximum of 1033 fmol/mg DNA at 20 weeks. However, the global 

test indicated no significant differences among individual PHB-DNA adducts (P = 

0.35). 

It is possible that POB- and PHB-DNA adducts, or their corresponding 

precursors are interchangeable in vivo. To test this possibility, DNA samples from nasal 

and oral mucosa of (R)- and (S)-NNN-treated rats were analyzed for PHB-DNA 

adducts. NNN, through metabolic activation by 2'-hydroxylation, only directly forms 

POB-DNA adducts (10). If the reduction pathway occurs, PHB-DNA adducts would be 

detected in these NNN-treated rats. We did not detect any PHB-DNA adducts in these 

tissues, excluding the possibility of in vivo reduction of POB-DNA adducts.   

 Comparative levels of POB-DNA adducts in NNK-treated rats and PHB-DNA 

adducts in (R)-NNAL-treated rats are illustrated in Figure 2.7. The levels in the lung 

and liver were measured previously (90, 91). Highest levels of POB-DNA adducts were 

observed in the lung, followed by the liver and nasal respiratory mucosa. Levels in the 

nasal olfactory mucosa, oral mucosa, and pancreas were lower. The order of PHB-DNA 

adduct formation was: nasal respiratory mucosa > lung > nasal olfactory mucosa > liver 

> oral mucosa > pancreas.  
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Figure 2.7. Comparison of adduct levels in the liver, lung, nasal olfactory mucosa, 

nasal respiratory mucosa, oral mucosa, and pancreas of treated rats: (A) total POB-DNA 

adduct levels (fmol/mg DNA) vs time (weeks) in NNK-treated rats; (B) total PHB-DNA 

adduct levels (fmol/mg DNA) vs time (weeks) in (R)-NNAL-treated rats. Levels of 

POB- and PHB-DNA adducts in the liver and lung were measured previously (90, 91). 

Symbol designations are: liver, ; lung, ; nasal olfactory mucosa, ; nasal respiratory 

mucosa, ; oral mucosa, ; and pancreas, . 

 

Discussion 

 We used a LC-ESI-MS/MS method to analyze POB- and PHB-DNA adducts in 

DNA from tissues of rats treated with NNK and enantiomers of NNAL. Both types of 

adducts were detected in all the extra-hepatic tissues investigated here: pancreas, nasal 

olfactory mucosa, nasal respiratory mucosa, and oral mucosa. Our results demonstrated 

a remarkable similarity in adduct formation from NNK and (S)-NNAL treatment, both 

of which were dramatically different from (R)-NNAL treatment. Total POB-DNA 

adducts in these tissues were significantly higher in NNK- and (S)-NNAL-treated rats 

than in (R)-NNAL-treated rats, while the opposite was observed with PHB-DNA 

adducts. These observations are consistent with previous results obtained in the liver 

and lung of rats receiving the same treatment (90, 91). 
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 NNK and NNAL interconvert in vivo. Previous studies indicated that NNK was 

preferentially converted to (S)-NNAL in rats (30, 31). (S)-NNAL had a large volume of 

distribution, and was selectively retained in the lung, while (R)-NNAL was extensively 

glucuronidated and excreted in the urine (32, 33). Both NNK and NNAL can be 

metabolically activated by cytochrome P450-catalyzed α-hydroxylation, and POB- and 

PHB-DNA adducts are formed exclusively from their corresponding precursors, as 

shown in Figure 1.4. Therefore, analyzing POB- and PHB-DNA adducts within the 

same tissue of rats treated with NNK and enantiomers of NNAL provides valuable 

information about the interconversion of these compounds at a given time point. Our 

previous studies investigated POB- and PHB-DNA adduct formation in liver and lung, 

and we have proposed a mechanism for the interconversion of NNK and NNAL in vivo 

in rats, shown in Figure 2.8. In this hypothesis, NNK is reduced to NNAL with a 

preference for (S)-NNAL, which is sequestered at receptor sites in rat lung and perhaps 

other tissues as well. The sequestration of (S)-NNAL protects it from α-methyl 

hydroxylation and PHB-DNA adduct formation. It is then released from the protected 

site and oxidized to NNK, which forms POB-DNA adducts. (R)-NNAL, on the other 

hand, undergoes glucuronidation as well as α-hydroxylation to form PHB-DNA and 

methyl-DNA adducts. Our results in this study fully supported this hypothesis, and 

indicate that the sequestration of (S)-NNAL not only occurs in the lung, but also in 

other target tissues of NNK. In fact, Wu et al. (32) showed the presence of (S)-NNAL in 

liver and kidney 24 h after NNK or NNAL administration, although higher 

concentrations were found in the lung. Our results suggest extensive distribution and 

retention of (S)-NNAL, possibly at receptor sites, in various extra-hepatic tissues 
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Figure 2.8. Proposed mechanisms for the interconversion of NNK and NNAL, and their DNA adduct formation in rats. 
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including pancreas, nasal and oral mucosa. NNK binds to nicotinic acetylcholine and β-

adrenergic receptors (192-194). It is likely that NNAL could also bind to these receptors 

stereoselectively. In fact, (R)-epinephrine, the natural substrate for the β2-adrenergic 

receptor, is not structurally dissimilar to (S)-NNAL (34). Experiments are in progress to 

test the binding affinity of (R)- and (S)-NNAL to these receptors. After binding, (S)-

NNAL is sequestered and protected from α-hydroxylation. This tissue-specific 

sequestration of (S)-NNAL, followed by its reoxidation to NNK and local activation of 

NNK, is likely to be important in NNK tumorigenesis in rats. 

 There was extensive formation of PHB-DNA adducts from (R)-NNAL-treated 

rats, which was also observed previously in the rat liver and lung (90). In A/J mice, (S)-

NNAL, with potency similar to that of NNK, induced more lung tumors than (R)-

NNAL (25). Therefore, we might have expected low PHB-DNA adduct formation in 

(R)-NNAL treated rats. However, our results demonstrate equal or higher levels of 

PHB-DNA adducts in the (R)-NNAL group compared with the POB-DNA adduct 

counterparts in the NNK and (S)-NNAL groups. Although less potent than NNK or (S)-

NNAL, (R)-NNAL is still a fairly strong carcinogen in A/J mice (25). Studies also 

suggested that DNA methylation was critically important in NNK tumorigenesis in A/J 

mice (43). The difference between the carcinogenicity of (R)- and (S)-NNAL in A/J 

mice might be in part due to differences in methyl-DNA adduct formation. The 

mutation properties of PHB-DNA adducts have not been evaluated. O6-PHB-dGuo may 

be mutagenic as its structural analogue O6-POB-dGuo, which induces G to A transitions 

and G to T transversions in E. coli. and human cells (74). However, this adduct only 

constitutes a small percentage of the total PHB-DNA adducts. Moreover, the 
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carcinogenicity of (R)- and (S)-NNAL in rats is not known either, and it might be 

different from that in A/J mice. Therefore, the importance of the PHB-DNA adducts in 

(R)-NNAL-treated rats is not clear. Studies to investigate the carcinogenicity of NNK 

and enantiomers of NNAL in rats would help to answer this question. 

 The highest levels of POB- and PHB-DNA adduct formation were clearly 

observed in the nasal respiratory mucosa. Nasal cavity is the second most common 

target tissue when NNK is administered by s.c. injection (10). A total dose of 0.33 

mmol/kg NNK by s.c. injection induced nasal tumors in 22 % of F344 rats (22). 

However, NNK given in the drinking water is less potent as a nasal carcinogen. Fewer 

nasal tumors were induced when NNK was given by this route at a total dose of 0.68 

mmol/kg (17). This difference is believed to be related to the liver clearance of orally 

administered NNK. DNA pyridyloxobutylation was shown to be important in rat nasal 

carcinogenesis by NNK in a study using deuterated NNK analogues (46). NNK and 

NNN, both of which can pyridyloxobutylate DNA, have similar carcinogenic activities 

toward the rat nose, but N-nitrosodimethylamine (NDMA), which can only methylate 

DNA, has little effect (10). POB-DNA adducts, as measured by released 4-hydroxy-1-

(3-pyridyl)-1-butanone (HPB), were detected in nasal olfactory and respiratory mucosa 

of NNK-treated rats, in similar amounts (46). In our study, POB-DNA adducts were 

significantly higher in the respiratory than in the olfactory mucosa. This could be due to 

the different doses and routes of administration used in the two studies.  

 The efficient formation of POB- and PHB-DNA adducts in rat nasal respiratory 

mucosa requires a highly active P450 enzyme to catalyze the α-hydroxylation of NNK 

and NNAL. Rat nasal mucosa contains significant levels of P450s (195). Rat P450 2A3 
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appears to be the most efficient P450 for NNK metabolic activation (35). It also 

catalyzes α-hydroxylation of NNAL, but the catalytic efficiency is about 2 orders of 

magnitude lower (184). P450 2A3 is expressed in the rat lung and olfactory mucosa, but 

not in the respiratory mucosa (196). Considering these properties of P450 2A3, there 

must be other P450s present in the nasal respiratory mucosa that are responsible for the 

α-hydroxylation of NNK and NNAL. Or, it is possible that intermediates formed in the 

olfactory mucosa are transported to the respiratory mucosa. Some other rat nasal P450s, 

such as P450s 1A1, 2B1, are expressed in both olfactory and respiratory mucosa, and 

may be involved in NNK activation (35, 197). The differences between the adduct 

levels in olfactory and respiratory mucosa could also be attributed to differences in 

DNA repair.  

 Peterson et al. showed that rat pancreatic microsomes were not able to catalyze 

α-hydroxylation of NNK or NNAL (198). However in our experiment, POB- and PHB-

DNA adducts, which result from α-hydroxylation of NNK and NNAL, were both 

detected in the pancreas of treated rats. There are some possible explanations to this 

apparent contradiction. First, in vivo metabolism of NNK and NNAL in the rat pancreas 

might be different from that observed in in vitro experiments using microsomes. 

Second, activated forms of NNK and NNAL could be transported to the pancreas, then 

alkylate DNA to produce adducts. One previous study demonstrated the presence of the 

O-glucuronide of α-hydroxymethylNNK (16, Figure 1.4) in the urine of NNK-treated 

rats (29). Glucuronidation stabilized this intermediate. This glucuronide may be 

transported to the pancreas, and deglucuronidated, thus producing DNA reactive species 

to form adducts. NNK is a pancreatic carcinogen in rats when administered in the 
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drinking water (10). Although the origin of these POB- and PHB-DNA adducts in rat 

pancreas needs to be further investigated, our results indicate they might play a role in 

the rat pancreatic carcinogenesis by NNK. 

Numerous epidemiology studies have associated cigarette smoking with 

pancreatic cancer in human (2). NNK was detected in human pancreatic juice (18). 

However in a subsequent study, DNA pyridyloxobutylation, analyzed as HPB-releasing 

adducts, was not observed in smokers’ pancreas (199). This study might have been 

limited by lack of sensitivity to detect low levels of adducts in the pancreas. 

Furthermore, human exposure to NNK from smoking is far less than the dose used in 

our animal experiment. Our highly sensitive LC-ESI-MS/MS method will be useful to 

investigate the POB- and PHB-DNA adducts in human pancreas. 

 A combination of NNK and NNN, given through oral swabbing, induced tumors 

in the oral cavity of rats (19), but NNK alone did not cause oral cavity tumors (23). Our 

recent studies indicated the potential importance of NNN in the induction of oral tumors 

(described in Chapter 3), but NNK might also contribute to this carcinogenic effect. Our 

results clearly demonstrated the presence of POB- and PHB-DNA adducts in oral 

mucosa of NNK-, (R)-NNAL- and (S)-NNAL-treated rats, with levels and formation 

patterns similar to those in other tissues. NNN, through metabolic activation, forms the 

same POB-DNA adducts as does NNK. Therefore, co-administration of NNK might 

enhance the carcinogenicity of NNN by producing more POB-DNA adducts, or by 

enhancing the mutagenicity of NNN-specific adducts.  

 We have so far analyzed six tissues in NNK- and NNAL-treated rats, and POB- 

and PHB-DNA adducts were detected in all of them. The highest levels of POB-DNA 
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adducts were observed in the lung of NNK-treated rats (Figure 2.7A), consistent with 

the potent carcinogenicity of NNK in the rat lung. Liver had the second most abundant 

POB-DNA adducts, followed by the nasal respiratory mucosa. Both of them are well-

established target tissues of NNK. POB-DNA adduct levels in the nasal olfactory 

mucosa, oral mucosa, and pancreas were much lower. However, we haven’t found any 

tissue in treated rats that are free of POB- or PHB-DNA adducts. Although the oral 

mucosa is generally considered as non-target tissue for NNK tumorigenesis, it may be 

subjected to NNK tumorigenesis to some extent, as discussed above. Experiments will 

be carried out to investigate other non-target tissues such as the kidney. Whether these 

adducts exist in non-target tissues will help to establish the importance of POB- and 

PHB-DNA adducts in NNK-induced tumorigenesis in rats. 

To summarize, we have used LC-ESI-MS/MS to quantitatively analyze POB- 

and PHB-DNA adducts in pancreas, nasal and oral mucosa of rats treated chronically 

with NNK, (R)-NNAL and (S)-NNAL. Levels of adducts from NNK and (S)-NNAL 

treatment exhibited remarkable similarity, and were distinctively different from those 

formed from (R)-NNAL treatment. These results provide further evidence for our 

previously proposed mechanism in which (S)-NNAL, formed preferentially in the 

metabolism of NNK, is sequestered in target tissues, and slowly released and reoxidized 

to NNK. These events are potentially important in NNK tumorigenesis, and might 

partially explain its tissue selectivity.  
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Chapter 3: Quantitation of Pyridyloxobutyl DNA Adducts in Nasal and Oral 

Mucosa of Rats Treated Chronically with Enantiomers of N'-nitrosonornicotine 

 

All data presented in this chapter are reproduced with permission form: Zhang, S., 

Wang, M., Villalta, P. W., Lindgren, B. R., Lao, Y., and Hecht, S. S. (2009) 

Quantitation of Pyridyloxobutyl DNA Adducts in Nasal and Oral Mucosa of Rats 

Treated Chronically with Enantiomers of N'-nitrosonornicotine. Chem. Res. Toxicol. 22, 

949-956. Copyright 2009 American Chemical Society. 

 

Introduction 

The tobacco-specific nitrosamine N'-nitrosonornicotine (NNN, 7, Figure 1.2) is 

present in substantial amounts in cigarette smoke and in unburned tobacco (4, 200). 

Nasal mucosa and esophagus are the major target tissues of NNN carcinogenicity in 

rats. Tumors in both sites are observed when NNN is given in the drinking water, 

whereas administration of NNN by injection or gavage produces mainly nasal tumors 

(10). NNN also induces respiratory tract tumors in mice and hamsters, and tumors of the 

nasal mucosa in mink (10). A mixture of NNN and the related nitrosamine 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK, 2), given by oral swabbing to 

rats, causes oral tumors (19), while NNK alone does not cause oral tumors by this route 

(23). These data, together with its exposure levels in tobacco products, strongly suggest 

that NNN is causatively related to esophageal cancer in smokers and oral cavity cancer 

in people who use smokeless tobacco products (4, 10, 200). NNN and NNK are 
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considered carcinogenic to humans by the International Agency for Research on Cancer 

(4). 

Like other tobacco-specific nitrosamines, NNN requires metabolic activation to 

exert its carcinogenicity. Cytochrome P450 catalyzed α-hydroxylation occurs at both 

the 2' and 5' positions of NNN, leading to reactive intermediates which alkylate DNA 

and form adducts (10). As outlined in Figure 1.9, 2'-hydroxylation of NNN produces 4-

(3-pyridyl)-4-oxobutanediazohydroxide (21), the same intermediate produced from α-

methyl hydroxylation of NNK, which results in the formation of pyridyloxobutyl 

(POB)-DNA adducts including: O2-[4-(3-pyridyl)-4-oxobut-1-yl]-2'-deoxycytidine (O2-

POB-dCyd, 35a), 7-[4-(3-pyridyl)-4-oxobut-1-yl]-2'-deoxyguanosine (7-POB-dGuo, 

36a), O2-[4-(3-pyridyl)-4-oxobut-1-yl]thymidine (O2-POB-dThd, 37a), and O6-[4-(3-

pyridyl)-4-oxobut-1-yl]-2'-deoxyguanosine (O6-POB-dGuo, 38a) (Figure 1.6) (47, 72, 

76). 5'-Hydroxylation of NNN generates another intermediate 52, which also alkylates 

DNA to form adducts 57 – 59, as well as 60 and 61 (Figure 1.10) after NaBH3CN 

reduction (99, 100). Various data indicate that 2'-hydroxylation is the major metabolic 

activation pathway of NNN in the rat. 2'-Hydroxylation predominates in rat esophagus 

and nasal mucosa, major target tissues of NNN, as well as in oral tissue (41, 93-95). 

POB-DNA adducts, measured by released 4-hydroxy-1-(3-pyridyl)-1-butanone (HPB, 

25) upon acid hydrolysis, have been detected in liver and nasal mucosa of NNN-treated 

rats, and in rat esophagus incubated with NNN (36, 41, 46).  

NNN has a chiral center at its 2' position. Structures of (R)- and (S)-NNN are 

shown in Figure 3.1. (S)-NNN is the major enantiomer in tobacco products and is 

metabolized differently from (R)-NNN (96). 2'-Hydroxylation products are found  
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Figure 3.1. Structures of (R)- and (S)-NNN. 

 

predominantly from the incubation of (S)-NNN with cultured rat esophagus, and in the 

urine of (S)-NNN-treated rats, whereas 5'-hydroxylation is more favored in (R)-NNN 

metabolism under these conditions (97). In a previous study from our lab, a highly 

sensitive liquid chromatography-electrospray ionization-tandem mass spectrometry 

(LC-ESI-MS/MS) method was developed to analyze specific POB-DNA adducts 35a-

38a. The two unstable adducts 35a and 36a were analyzed as their bases: O2-[4-(3-

pyridyl)-4-oxobut-1-yl]cytosine (O2-POB-Cyt, 39a) and 7-[4-(3-pyridyl)-4-oxobut-1-

yl]guanine (7-POB-Gua, 40a) (Figure 1.6) after loss of deoxyribose upon neutral 

thermal hydrolysis (89). POB-DNA adduct formation has been investigated in liver, 

lung, and esophagus of rats treated chronically with 10 ppm of (R)-NNN or (S)-NNN in 

the drinking water (98). (S)-NNN treatment generated more adducts in rat esophagus 

and liver, whereas in the lung, more adducts formed upon (R)-NNN treatment. In the 

present study, we investigated POB-DNA adduct formation in nasal olfactory, nasal 

respiratory, and oral mucosa of these rats. DNA was isolated at various time points, and 

individual POB-DNA adducts were quantified by LC-ESI-MS/MS. 

 

Materials and Methods 

Caution: NNN is carcinogenic. It should be handled in a well-ventilated hood 

with extreme care and appropriate protective equipment. 
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Chemicals. (R)- and (S)-NNN, POB-DNA adducts 37a – 40a and internal 

standards were synthesized previously (77, 96, 98). Puregene DNA purification 

solutions were obtained from Qiagen (Valencia, CA). Calf thymus DNA, micrococcal 

nuclease (from Staphylococcus aureus), and phosphodiesterase II (from bovine spleen) 

were purchased from Worthington Biochemical Co. (Lakewood, NJ).  Alkaline 

phosphatase (from calf intestine) was procured from Roche Diagnostics Corporation 

(Indianapolis, IN).  All other chemicals were obtained from Sigma-Aldrich. 

Animal Experiment. This was the same experiment as described in our 

previous study (98). Briefly, 162 male F344 rats were randomly divided into three 

groups of 54 rats: (1) control; (2) (R)-NNN; and (3) (S)-NNN. The rats in the treatment 

groups received 10 ppm of the appropriate carcinogen in the drinking water, and the 

control rats were given tap water. Nine rats per group were sacrificed by CO2 overdose 

at 1, 2, 5, 10, 16, and 20 weeks. Tissues were harvested and stored at -80 °C until DNA 

isolation. 

Isolation of nasal olfactory and respiratory mucosa. This was performed as 

previously described (46). After the rats were sacrificed, the mandibula of the head was 

removed. The head was placed on the necropsy board with the palate facing up. The 

head was split using a bone mallet and a scalpel, cutting longitudinally on the median 

line, through the hard palate. Respiratory mucosa was retrieved from the naso- and 

maxilloturbinates, the lateral walls of the nasal passages, and the median septum 

anterior to the olfactory area. Olfactory mucosa was obtained from the ethmoturbinates 

and the lateral wall and septum of the olfactory area. The tissues were stored in PBS 

buffer at -80 °C. 
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Quantitation of POB-DNA adducts by LC-ESI-MS/MS. This was performed 

as previously described (89), with some modifications. DNA was isolated following the 

Puregene DNA isolation protocol (Qiagen) (190). Nasal olfactory, nasal respiratory, and 

oral mucosa from nine rats in each group were divided into three pools of three rats for 

DNA isolation. Depending on the starting amount of tissue, the reagents were scaled 

accordingly. The DNA (0.1 – 1 mg), plus four deuterated internal standards of POB-

DNA adducts, was subjected to neutral thermal hydrolysis (100 °C, 30 min), followed 

by enzymatic hydrolysis with micrococcal nuclease, phosphodiesterase II, and alkaline 

phosphatase. A 10 µL aliquot was removed for dGuo quantitation, and the remaining 

hydrolysate was purified on a solid phase extraction (SPE) cartridge [Strata-X, 33 µm, 

30 mg/1 mL (Phenomenex, Torrance, CA)].  After the sample was applied, the cartridge 

was washed with 2 mL H2O and 1 mL 10% CH3OH/H2O, and the analytes were eluted 

with 2 mL CH3OH.  The eluants were evaporated to dryness, and dissolved in 20 µL of 

2% NH4OAc. An 8 µL aliquot was analyzed by LC-ESI-MS/MS for POB-DNA 

adducts. A buffer control which lacked DNA and a calf thymus DNA sample were 

prepared each time and processed in the same way as negative controls. 

LC-ESI-MS/MS analysis was carried out with an Agilent 1100 capillary flow 

HPLC (Agilent Technologies, Palo Alto, CA) equipped with a Luna 250 mm × 0.5 mm 

5 µm C18 column (Phenomenex) and coupled to a Discovery Max (ThermoElectron, 

San Jose, CA) triple quadrupole mass spectrometer. The solvent elution program was a 

gradient from 5 to 65% CH3OH in 15 mM NH4OAc buffer in 30 min at a flow rate of 

10 µL/min at 30 ºC.  The ESI source was operated in the positive ion mode. The 

adducts were analyzed by MS/MS using selected reaction monitoring (SRM).  Ion 
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transitions and their collision energies are listed in Table 2.1.  Other MS parameters 

were optimized to achieve maximum signal intensity. Calibration curves were 

constructed before each analysis using standard solutions containing varying amounts of 

each adduct with a constant amount of the corresponding deuterated internal standard in 

2% NH4OAc. The amount of DNA was calculated from the dGuo content as determined 

by HPLC (89), considering that 1 mg of DNA contains 3 µmol of nucleotides (191), 

whereas dGuo accounts for 22% of the total nucleotides in rat DNA, as previously 

determined in our lab. Adduct levels were expressed as fmol adduct/mg DNA. 

Statistical Analyses. Because of a highly skewed distribution, the amounts of 

POB-DNA adducts were transformed to the natural log scale. The following three 

statistical analyses were performed. (1) A repeated measures analysis of variance 

(ANOVA) was used to compare total POB-DNA adduct levels in three different tissue 

types. Tissue type was the repeated factor and time was the fixed effect. The model 

assumes a linear trend over time. If this global test across all six time points was 

significant for tissue type, then the least-squares means for the three tissues, derived 

from the ANOVA model, were compared two at a time for each time point separately. 

The Tukey procedure was utilized to control for multiple comparisons between the 

tissues. The above analysis was performed for (R)-NNN and (S)-NNN treatment 

separately. (2) An analysis of covariance (ANCOVA) was utilized to compare total 

POB-DNA adduct levels between the two treatments ((R)-NNN and (S)-NNN). The 

grouping factor was treatment and the covariate was time. The model assumes a linear 

trend over time. If this overall test was significant for treatment, then the least-squares 

means for the treatments (based on the ANCOVA model) were compared at each time 
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point separately. (3) A repeated measures ANOVA was employed to compare 

individual POB-DNA adducts for each tissue and treatment. Time points were included 

in the model as a fixed effect. The analysis was carried out separately for each 

combination of tissue and treatment. If an adduct was missing or not detected for all or 

most of the data for a particular tissue and treatment, it was excluded for that analysis. If 

the global test including adducts and time points was significant, then additional tests 

were performed to compare the least-squares means for pairs of individual adducts at 

each time point. The Tukey procedure was applied to control for multiple comparisons 

between the adducts evaluated two at a time. Statistical significance was set at P < 0.05.  

 

Results 

POB-DNA adducts were not found in the nasal olfactory, nasal respiratory, and 

oral mucosa DNA from control rats, but were readily detected in DNA from (R)- and 

(S)-NNN-treated rats. Representative chromatograms from the analyses of POB-DNA 

adducts are shown in Figure 3.2. Peaks corresponding to the retention times of O2-POB-

Cyt, 7-POB-Gua and O2-POB-dThd were observed, and each coeluted with internal 

standards. O6-POB-dGuo was not detected in these samples. 

Levels of total and individual POB-DNA adducts in the nasal olfactory and 

respiratory mucosa of (R)- and (S)-NNN-treated rats are shown in Figure 3.3A and B, 

and Figure 3.4A, B, D, and E (also see Table 3.1). Two adducts –7-POB-Gua and O2-

POB-dThd – were detected in all the samples, while O2-POB-Cyt was seen in most 

samples, and O6-POB-dGuo was seldom seen, and then in very small amounts. Total 

adduct levels were higher in the respiratory mucosa than in the olfactory mucosa for  
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Figure 3.2. LC-ESI-MS/MS chromatograms obtained upon the analyses of POB-DNA 

adducts in nasal olfactory mucosa of rats treated with (A) (R)-NNN; and (B) (S)-NNN 

for 16 weeks. Individual POB-DNA adducts and their internal standards were 

monitored as indicated on each channel. SRM transitions are summarized in Table 2.1. 

 

both (R)- and (S)-NNN-treated rats, and the differences were significant at all time 

points (P < 0.05). In the respiratory mucosa, the maximum was 6410 fmol/mg DNA for 

the (R)-NNN group, observed at 10 weeks, and 3150 fmol/mg DNA for the (S)-NNN 

group, observed at 16 weeks. In comparison, the maximum in the olfactory mucosa was 

1570 fmol/mg DNA for the (R)-NNN group, observed at 10 weeks, while for the (S)-

NNN group, except for the unexpected high level seen at 20 weeks (2410 fmol/mg of 

DNA), levels at the other time points were below 390 fmol/mg of DNA.  In general, 

(R)-NNN treatment generated 2-4 times more adducts than (S)-NNN treatment did, 

except for the olfactory mucosa at 20 weeks. The differences between the (R)- and (S)-

NNN groups were statistically significant at all time points in both nasal tissues (P < 

0.05). Individual adduct levels were in the following order: O2-POB-dThd > 7-POB- 
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Figure 3.3. Total POB-DNA adduct levels (fmol/mg DNA) ± SD vs time (weeks) in the 

(A) nasal olfactory mucosa; (B) nasal respiratory mucosa; and (C) oral mucosa of (R)-

NNN and (S)-NNN treated rats. Symbol designations are: , (R)-NNN and , (S)-NNN. 

 

Gua > O2-POB-Cyt > O6-POB-dGuo. As shown in Figure 3.4B, O2-POB-dThd 

accounted for 52 – 81 % of total adducts in the respiratory mucosa of (R)-NNN-treated 

rats, and its level increased during the initial period of treatment and reached a plateau 

after 10 weeks. 7-POB-Gua accounted for 18 – 43 % of total adducts. While its level 

was relatively stable throughout the time course, the percentage decreased over the 

time. However, levels of these two adducts were not significantly different from each 

other (P > 0.05, Table 3.2). Levels of O2-POB-Cyt or O6-POB-dGuo were significantly 

lower than those of O2-POB-dThd or 7-POB-Gua (P < 0.05), accounting for less than 6 

% of the total. Similar patterns were observed in the olfactory mucosa of (R)-NNN-

treated rats (Figure 3.4A).  
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Figure 3.4. Levels of each POB-DNA adduct in the (A) nasal olfactory mucosa of (R)-NNN-treated rats; (B) nasal respiratory mucosa 

of (R)-NNN-treated rats;  (C) oral mucosa of (R)-NNN-treated rats; (D) nasal olfactory mucosa of (S)-NNN-treated rats; (E) nasal 

respiratory mucosa of (S)-NNN-treated rats; and (F) oral mucosa of (S)-NNN-treated rats. Adduct levels are shown in sequence at 

each time point, as follows: O2-POB-Cyt, clear bars; 7-POB-Gua, black bars; O2-POB-dThd, red bars; and O6-POB-dGuo, yellow 

bars. 
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Table 3.1. Levels of POB-DNA adducts in the nasal olfactory mucosa, nasal respiratory 

mucosa, and oral mucosa of (R)-NNN-, and (S)-NNN-treated rats. 

A. Nasal olfactory mucosa 

Treatment 
Time 

(weeks) 
POB-DNA adducts (fmol/mg DNA) 

O2-POB-Cyt 7-POB-Gua O2-POB-dThd O6-POB-dGuo Total 

(R)-NNN 

1 24.9 ± 22.2 266 ± 18 335 ± 48 1.4 ± 2.4 627 ± 32 
2 15.6 ± 27.0 330 ± 44 505 ± 61 0.5 ± 0.9 851 ± 62 
5 24.9 ± 12.1 329 ± 34 819 ± 49 0.3 ± 0.5 1170 ± 50  

10 17.4 ± 6.8 325 ± 94 1230 ± 250 NDa 1570 ± 350 
16 4.4 ± 7.7 261 ± 38 1240 ± 20 ND 1510 ± 70 
20 9.0 ± 7.8 200 ± 48 1200 ± 240 ND 1410 ± 280 

(S)-NNN 

1 15.9 ± 27.6 144 ± 154 206 ± 245 ND 366 ± 428 
2 2.5 ± 4.3 82.3 ± 11.5 116 ± 10 ND 201 ± 13 
5 ND 105 ± 24 192 ± 28 ND 297 ± 52 

10 1.4 ± 2.0 96.9 ± 5.7 292 ± 27 ND 390 ± 34 
16 2.0 ± 1.8 75.9 ± 8.6 275 ± 24 ND 353 ± 35 
20 ND 423 ± 623 1990 ± 2860 ND 2410 ± 3480 

 
B. Nasal respiratory mucosa 

Treatment 
Time 

(weeks) 
POB-DNA adducts (fmol/mg DNA) 

O2-POB-Cyt 7-POB-Gua O2-POB-dThd O6-POB-dGuo Total 

(R)-NNN 

1 130 ± 33 977 ± 57 1180 ± 100 2.3 ± 9.8 2300 ± 80 
2 93.8 ± 83 1190 ± 230 1650 ± 170 7.8 ± 8.6 2940 ± 450 
5 101 ± 49 1500 ± 570 3280 ± 920 8.0 ± 7.2 4890 ± 1 510 
10 76.7 ± 33.6 1570 ± 150 4770 ± 880 ND 6410 ± 930  
16 34.1 ± 48.4 1210 ± 250 4790 ± 1120 ND 6030 ± 134 0 
20 53.2 ± 48.4 996 ± 292 4620 ± 1170 4.1 ± 7.1 5670  ± 1410 

(S)-NNN 

1 15.3 ± 26.5 409 ± 91 453 ± 30 4.5 ± 7.8 882 ± 97 
2 51.7 ± 46.4 696 ± 164 834 ± 83 ND 1580 ± 250  
5 50.7 ± 53.9 769 ± 510 1360 ± 830 3.3 ± 5.8 2960 ±  1390 
10 36.4 ± 11.8 799 ± 362 2120 ± 1060 4.9 ± 8.6 2960  ± 1440 
16 33.2 ± 33.1 707 ± 173 2410 ± 290 ND 3150 ± 450  
20 14.4 ± 24.9 591 ± 95 2270 ± 130 ND 2880 ± 250  

 
C. Oral mucosa 

Treatment 
Time 

(weeks) 
POB-DNA adducts (fmol/mg DNA) 

O2-POB-Cyt 7-POB-Gua O2-POB-dThd O6-POB-dGuo Total 

(R)-NNN 

1 ND 88.8 ± 78.0 79.9 ± 4.0 4.9 ± 8.5 174 ± 80 
2 2.7 ± 4.7 121 ± 26 81.2 ± 5.9 ND 205 ± 27 
5 12.8 ± 17.9 99.7 ± 36.8 94.8 ± 29.1 14.3 ± 24.7 222 ± 52 

10 ND 74.3 ± 67.9 87.1 ± 46.2 ND 161 ± 112 
16 ND 74.3 ± 24.3 92.6 ± 16.1 ND 167 ± 40 
20 ND 49.4 ± 42.8 89.7 ± 11.5 ND 139 ± 52 

(S)-NNN 

1 15.8 ± 27.4 296 ± 52 245 ± 26 1.2 ± 2.1 558 ± 74 
2 9.9 ± 17.1 340 ± 94 295 ± 52 ND 644 ± 114 
5 8.7 ± 15.1 355 ± 101 383 ± 46 ND 747 ± 151 

10 28.3 ± 4.2 315 ± 45 411 ± 67 ND 755 ± 107 
16 ND 232 ± 147 355 ± 243 ND 587 ± 391 
20 ND 198 ± 159 277 225 ND 475 ± 382 

 
a. ND, not detected.  
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Table 3.2. Statistical comparisons of individual POB-DNA adduct levels in (R)-NNN-, 

and (S)-NNN-treated rats. 

A. Nasal olfactory mucosa 
 (R)-NNN 

weeks 37aa vs 40a 37a vs 39a 39a vs 40a 37a vs 40a 38a vs 40a 38a vs 39a 

1 NSb P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

5 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

10 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

16 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

20 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 
 
 (S)-NNN 

weeks 37a vs 40a 37a vs 39a 39a vs 40a 

1 NS P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 

5 NS P < 0.05 P < 0.05 

10 NS P < 0.05 P < 0.05 

16 NS P < 0.05 P < 0.05 

20 NS P < 0.05 P < 0.05 
 
B. Nasal respiratory mucosa 
 (R)-NNN 

weeks 37a vs 40a 37a vs 39a 39a vs 40a 37a vs 40a 38a vs 40a 38a vs 39a 

1 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

5 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

10 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

16 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

20 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 
 
 (R)-NNN 

weeks 37a vs 40a 37a vs 39a 39a vs 40a 37a vs 40a 38a vs 40a 38a vs 39a 

1 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

5 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

10 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

16 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 

20 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 P < 0.05 
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Table 3.2. (Continued) 

C. Oral mucosa 
 (R)-NNN 

weeks 37a vs 40a 37a vs 39a 39a vs 40a 37a vs 40a 38a vs 40a 38a vs 39a 

1 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 NS 

2 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 NS 

5 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 NS 

10 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 NS 

16 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 NS 

20 NS P < 0.05 P < 0.05 P < 0.05 P < 0.05 NS 
 

 (S)-NNN c 

weeks 37a vs 40a 37a vs 39a 39a vs 40a 

1 NS P < 0.05 P < 0.05 

2 NS P < 0.05 P < 0.05 

5 NS P < 0.05 P < 0.05 

10 NS P < 0.05 P < 0.05 

16 NS P < 0.05 P < 0.05 

20 NS P < 0.05 P < 0.05 

 

a. 37a: O2-POB-dThd; 38a: O6-POB-dGuo; 39a: O2-POB-Cyt; 40a: 7-POB-Gua. 

b. NS: not significant (P>0.05). 

c. O2-POB-Cyt was not included. 
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POB-DNA adduct levels in the oral mucosa of (R)- and (S)-NNN-treated rats are 

illustrated in Figure 3.3C. In contrast to the nasal olfactory and respiratory mucosa, total 

adduct levels were 3 – 5 times higher in the (S)-NNN group than in the (R)-NNN group, 

and this difference was significant at all time points (P < 0.05). In the (S)-NNN-treated 

rats, a gradual increase in total adducts was observed during the initial period of 

treatment, reaching a maximum at 10 weeks (755 fmol/mg DNA), and a slight decrease 

was seen afterwards. Similar trends were observed in the (R)-NNN-treated rats, except 

that the maximum level was reached at 5 weeks (222 fmol/mg of DNA). In the (R)- and 

(S)-NNN-treated rats, O2-POB-dThd and 7-POB-Gua were the two major adducts, and 

O2-POB-Cyt and O6-POB-dGuo were only occasionally detected (Figure 3.4C and F). 

Unlike the pattern observed in the nasal olfactory and respiratory mucosa, the levels of 

O2-POB-dThd and 7-POB-Gua in the oral mucosa were similar. Levels of 7-POB-Gua 

were higher than those of O2-POB-dThd in the (R)-NNN group at 1, 2, and 5 weeks, as 

well as in the (S)-NNN group at 1 and 2 weeks. However, none of these differences was 

statistically significant (P > 0.05). 

Figure 3.5 illustrates the comparison of total POB-DNA adduct levels in various 

tissues of NNN-treated rats. The levels in the lung, liver, and esophagus were measured 

and reported previously (98). Among those tissues in which (R)-NNN treatment 

generated more adducts than (S)-NNN treatment, nasal respiratory mucosa had the 

highest POB-DNA adduct levels, followed by nasal olfactory mucosa and lung. For 

those tissues with opposite stereoselectivity, the following order was observed: 

esophagus > oral mucosa > liver. 
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Figure 3.5. Comparison of total POB-DNA adduct levels (fmol/mg DNA) vs time 

(weeks) in (A) lung, nasal olfactory mucosa, and nasal respiratory mucosa of (R)-NNN 

treated rats; and (B) esophagus, liver, and oral mucosa of (S)-NNN treated rats. POB-

DNA adduct levels in the lung, esophagus, and liver were measured and reported 

previously (98). Symbol designations are: (A) lung, ; nasal olfactory mucosa, ; nasal 

respiratory mucosa, ; and (B) esophagus, ; liver, ; oral mucosa, . 

 

Discussion 

 NNN is one of the most prevalent nitrosamines in tobacco products. It is present 

in substantial amounts in both cigarette smoke and smokeless tobacco products. 2'-

Hydroxylation is considered the major pathway of NNN activation in rats.  In in vitro 

studies, a clear preference for 2'-hydroxylation products was observed when NNN was 

incubated with rat nasal and oral tissues, and esophagus (41, 93-95). DNA 

pyridyloxobutylation from 2'-hydroxylation, as measured by released HPB upon acid 

hydrolysis, was observed in rat esophagus incubated with [5-3H]NNN (41) and in liver 

and nasal mucosa of rats treated with NNN (36, 46). The results of this study extend 

these earlier results and clearly demonstrate the presence of individual POB-DNA 

adducts in nasal olfactory, nasal respiratory, and oral mucosa of NNN-treated rats.  

Levels of these adducts depended on the tissue in which they were found.  Our 

previous study showed that adducts from (S)-NNN predominated in esophagus and 
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liver, while adducts from (R)-NNN were greater in lung (98). This study showed that 

adducts from (S)-NNN predominated in oral mucosa, while those from (R)-NNN were 

greater in nasal olfactory and respiratory mucosa. This tissue-related stereoselectivity of 

POB-DNA adduct formation by NNN enantiomers probably results in part from the 

tissue distribution of NNN enantiomers after oral administration. The higher levels of 

adducts from (S)-NNN in liver indicate that (S)-NNN is the more extensively 

metabolized enantiomer in liver. Because lung and nasal mucosa are exposed to the 

carcinogen after hepatic clearance of the oral dose, it is likely that less (S)-NNN is 

delivered to these tissues than (R)-NNN. POB-DNA adducts are formed after NNN is 

metabolically activated at these sites. Therefore, we would expect lower levels of POB-

DNA adducts in the lung and nasal mucosa from (S)-NNN treatment than from (R)-

NNN treatment. Esophagus and oral mucosa, on the other hand, have direct contact with 

the carcinogen when NNN is administered in the drinking water, and there is no effect 

of hepatic clearance. Therefore, adduct formation would be dependent on direct 

activation of NNN after local exposure.  This activation proceeds mainly by 2'-

hydroxylation to POB-DNA adducts, consistent with previous findings that cultured rat 

esophagus metabolizes (S)-NNN preferentially through 2'-hydroxylation, and (R)-NNN 

preferentially through 5'-hydroxylation (97). Additional experiments are required to 

fully characterize the pharmacokinetics of (R)- and (S)-NNN in the rat. 

 NNN is a well-established esophageal carcinogen in rats (4, 10). A few tongue 

tumors were also observed in rats treated with NNN administered orally (95). Oral 

cavity tumors were induced when rats were given a combination of NNK and NNN by 

oral swabbing (19), but swabbing of NNK alone gave only lung tumors (23). These 
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results suggest that NNN might induce oral cavity tumors if swabbed; however, to our 

knowledge, this has never been reported. Our DNA adduct data support the implication 

from these carcinogenicity studies that NNN is possibly an oral carcinogen in rats for 

the following reasons. First, the same stereoselectivity of POB-DNA adduct formation 

from enantiomers of NNN was observed in the esophagus and oral tissue, although 

higher levels were detected in the esophagus. This clearly indicates similar metabolic 

activation pathways of NNN in these tissues. These results are consistent with a 

previous study by Murphy et al. who demonstrated similar metabolism by cultured rat 

oral tissues and esophagus, both of which catalyzed the α-hydroxylation of NNN more 

efficiently than that of NNK (41). Second, the exposure route of NNN is similar in the 

esophagus and oral cavity when NNN is administered in the drinking water. Both 

tissues have direct contact with the carcinogen. The higher incidence of esophageal 

tumors in rats treated with NNN through oral administration has been hypothesized to 

be related to direct contact (10).  Therefore, like esophagus, oral cavity might be a target 

tissue of NNN in rats. 

Levels of NNN in unburned tobacco are higher than those of any other strong 

carcinogen. Three brands of conventional smokeless tobacco had amounts of NNN 

ranging from 0.9 to 4.5 µg /g product wet weight (201). Smokeless tobacco is 

considered by the International Agency for Research on Cancer to be a cause of oral 

and pancreatic cancer in humans (4). The uptake of NNN by snuff-dippers has been 

clearly demonstrated (202). Studies have also demonstrated the penetration of NNN 

across porcine oral mucosa, and this penetration was enhanced by both nicotine and 

ethanol (203, 204). As discussed above, our study suggests that NNN might cause oral 
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cavity tumors in rats. Considering the exposure levels, NNN may be important in the 

induction of oral cavity cancer in smokeless tobacco users. Moreover, (S)-NNN is the 

predominant enantiomer in tobacco products (96). (S)-NNN produced more POB-DNA 

adducts in the rat oral mucosa than did (R)-NNN, indicating (S)-NNN might be more 

carcinogenic to the rat oral cavity than (R)-NNN. Since reported carcinogenicity studies 

have all used racemic NNN, they may have underestimated the cancer risk of NNN to 

humans. 

There is evidence for a high affinity P450 enzyme in the rat esophagus which 

catalyzes the 2'-hydroxylation of NNN (205). It is likely that the same P450 is also 

expressed in the oral tissue in lower amounts. P450 2A3 is expressed in the rat 

esophagus in small quantities (206); however, this P450 does not seem to play a 

significant role in the metabolic activation of NNN in the rat esophagus (207, 208). The 

identity of this P450 in rat esophagus and oral tissue needs to be further investigated.  

Tumors in the nasal cavity are frequently observed in NNN-treated rats, and are 

independent of the route of administration (10). This suggests that unlike the esophagus, 

nasal mucosa is a systemic site for NNN tumorigenesis. Because NNN is delivered to 

the nasal cavity through the circulation, tissue-specific metabolism and activation of 

NNN is important to its tumorigenesis. This is supported by an in vivo autoradiography 

study in which accumulation of tissue-bound NNN and metabolites was observed in 

both esophagus and nasal mucosa after injection, but the levels were higher in the nasal 

mucosa (209). DNA pyridyloxobutylation is indicated to be important in rat nasal 

carcinogenesis, because NNK and NNN, both of which can pyridyloxobutylate DNA, 

have similar activity toward the rat nose, but N-nitrosodimethylamine (NDMA), which 
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only methylates DNA, has little effect (10). Cultured rat nasal mucosa catalyzes the 2'-

hydroxylation of NNN 2-3 times more efficiently than 5'-hydroxylation (94). POB-

DNA adducts, when analyzed by released HPB upon acid hydrolysis, were detected in 

both the olfactory and respiratory mucosa of NNN-treated rats (46). The levels in the 

olfactory mucosa were near the detection limit, whereas higher levels were found in the 

respiratory mucosa. Our results are consistent with these findings. A high-affinity P450 

enzyme that catalyzes the 2'-hydroxylation of NNN must be present in the nasal 

mucosa. P450 2A3 does not seem to be the right candidate, because it activates (S)-

NNN exclusively through 5'-hydroxylation, and (R)-NNN preferentially through 2'-

hydroxylation (207). In addition, P450 2A3 is expressed only in the olfactory mucosa, 

not in the respiratory mucosa (196). This suggests that another P450 enzyme in the 

nasal mucosa must be responsible for the metabolic activation of NNN, though P450 

2A3 might contribute to some extent.  

P450 2A3, which is abundantly expressed in the rat nasal olfactory mucosa 

(196), efficiently catalyzes the 5'-hydroxylation of NNN (207). Therefore, DNA adducts 

from 5'-hydroxylation of NNN may be present in the olfactory mucosa. A 

carcinogenicity study indicated that the malignant nasal tumors induced by NNN arose 

mainly in the olfactory portion of the nasal mucosa (22). POB-DNA adducts analyzed 

in this study were lower in the olfactory portion than in the respiratory portion of the 

nasal tissue. It will be interesting to investigate the DNA adducts derived from 5'-

hydroxylation in the olfactory mucosa of NNN-treated rats. The structures of these 

adducts have been characterized in our lab recently as 57 – 61, Figure 1.10 (99, 100). 
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Developing a sensitive LC-ESI-MS/MS method to analyze these adducts will be useful 

to examine this issue. 

Our group has so far analyzed POB-DNA adducts in six different tissues of 

NNN-treated rats. These tissues can be divided into two groups: (1) lung, nasal 

olfactory and nasal respiratory mucosa, in which (R)-NNN treatment favors POB-DNA 

adduct formation; (2) esophagus, liver, and oral mucosa, in which (S)-NNN treatment 

favors adduct formation. As shown in Figure 3.5, the order of POB-DNA adduct levels 

in each group is consistent with the tumorigenicity of NNN in these tissues. Lung and 

liver, which are non-target tissues of NNN, have the lowest amounts of POB-DNA 

adducts in each group, while nasal olfactory and respiratory mucosa, and esophagus, 

which are well-established target tissues, have higher levels of POB-DNA adducts. 

Carcinogenicity studies using (R)- and (S)-NNN will be useful to further assess the 

importance of POB-DNA adducts in the tumor induction by NNN in these tissues. The 

expression and regulation of P450s in various rat tissues have been reviewed (210, 211); 

however, the specific P450s that are responsible for the metabolic activation of NNN in 

these rat tissues are not clear. 

POB-DNA adduct levels in the olfactory mucosa of (S)-NNN-treated rats were 

higher than those of (R)-NNN-treated rats at 20 weeks, which was opposite to all time 

points before 16 weeks. There was an outlier among the three measurements from the 

(S)-NNN group at 20 weeks. Total POB-DNA adduct level of that measurement was 

6430 fmol/mg DNA, and was 15-18 times higher than the other two. A large SD 

resulted from these measurements, as shown in Figure 3.2A. There are a couple of 

possible explanations. First, since each measurement represents a pool of three rats, 
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some rats in that pool had a significantly higher metabolic activation rate, or were 

deficient in certain DNA repair mechanisms, both of which can lead to higher levels of 

adducts. Second, contamination from the respiratory portion might occur during the 

separation of nasal tissue. However, since this measurement (6430 fmol/mg DNA) was 

still more than twice as high as the corresponding POB-DNA adduct levels in the 

respiratory portion (2740 fmol/mg DNA), the second explanation is not very likely. 

In summary, we have quantified POB-DNA adducts in nasal olfactory, nasal 

respiratory, and oral mucosa of rats treated chronically with enantiomers of NNN. (S)-

NNN treatment generated higher adduct levels in the oral mucosa, while (R)-NNN 

treatment produced more adducts in the nasal mucosa. Our results suggest that different 

mechanisms are involved in NNN metabolism and tumorigenesis in nasal and oral 

tissues. Our study also supports the potential involvement of NNN as a causative factor 

for oral cavity cancer in smokeless tobacco users. 
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Chapter 4: Detection and Quantitation of Acrolein-Derived 1,N2-

Propanodeoxyguanosine Adducts in Human Lung by Liquid Chromatography-

Electrospray Ionization-Tandem Mass Spectrometry 

 

All data presented in this chapter are reproduced with permission form: Zhang, S., 

Villalta, P. W., Wang, M., and Hecht, S. S. (2007) Detection and Quantitation of 

Acrolein-Derived 1,N2-Propanodeoxyguanosine Adducts in Human Lung by Liquid 

Chromatography-Electrospray Ionization-Tandem Mass Spectrometry Chem. Res. 

Toxicol. 20, 565-571. Copyright 2007 American Chemical Society. 

 

Introduction 

Acrolein (64), a highly reactive α,β-unsaturated aldehyde, is a widely distributed 

environmental pollutant (212) and is also formed endogenously through lipid 

peroxidation (102). Its concentration in cigarette smoke is relatively high, about 18 - 98 

µg per cigarette (213). It is mutagenic in bacteria (107-109) and in cultured human cells 

(111). However, in terms of carcinogenicity, it is generally considered non-

carcinogenic, except that one study reported the induction of bladder tumors in rats 

treated with acrolein (112, 214). The lack of carcinogenicity of acrolein may be due to 

efficient detoxification by glutathione or other sulfhydryls. Nonetheless, acrolein is 

strongly suspected to be responsible for the induction of secondary bladder tumors in 

cyclophosphamide-treated patients (113). 

Acrolein reacts readily with dGuo in DNA to form cyclic 1,N2-

propanodeoxyguanosine adducts (Acr-dGuo, Figure 1.12). Depending on the direction 
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of the initial Michael addition, two pairs of stereoisomers of (6R/S)-3-(2′-deoxyribos-1′-

yl)-5,6,7,8-tetrahydro-6-hydroxypyrimido[1,2-a]purine-10(3H)one (α-OH-Acr-dGuo, 

67) and (8R/S)-3-(2′-deoxyribos-1′-yl)-5,6,7,8-tetrahydro-8-hydroxypyrimido[1,2-

a]purine-10(3H)one (γ-OH-Acr-dGuo, 68) are formed (123). α-OH-Acr-dGuo in 

particular is mutagenic in human cells and induces predominantly G→T transversions 

(150). Acr-dGuo adducts have been detected in various human tissues as well as tissues 

from untreated animals (163, 164, 173, 215). Early studies used 32P-postlabeling 

coupled with HPLC and detected γ-OH-Acr-dGuo as the major adduct in vivo. Its level 

was 3-fold higher in oral tissues of cigarette smokers compared with non-smokers 

(173). Although extremely sensitive, 32P-postlabeling lacks internal standards for 

quantitation. A capillary liquid chromatography nanoelectrospray isotope dilution 

tandem MS method was recently developed for analysis of γ-OH-Acr-dGuo in DNA 

hydrolysates (215).  Its levels were significantly higher in brain tissues from 

Alzheimer’s disease subjects compared with age-matched controls.  

A recent study demonstrated that acrolein DNA adducts are preferentially 

formed at p53 mutational hotspots in human lung cancer and inhibit DNA repair (153). 

This study challenged the hypothesis that the p53 mutations are due to reactions with 

polycyclic aromatic hydrocarbon diol epoxides.  These results raise the possibility that 

acrolein, which occurs in quantities up to 10,000 times as great as benzo[a]pyrene in 

cigarette smoke, may be a major etiological agent for cigarette smoking-related lung 

cancer.  However, there are no reports in the literature on the presence of acrolein-DNA 

adducts in human lung tissue.  In a previous study, we developed a liquid 

chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) 
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method to analyze the crotonaldehyde- and acetaldehyde-derived 1,N2-

propanodeoxyguanosine (Cro-dGuo, 69, Figure 1.12), a structurally related adduct, as 

described in Chapter 5. In the present study, we investigated Acr-dGuo adducts in 

human lung DNA using a similar method.  The results demonstrate their presence in 

relatively high quantities. 

  

Materials and Methods 

HPLC-UV analysis. This was carried out using Waters Associates (Milford, 

MA) instruments equipped with a UV detector (Shimadzu Scientific Instruments, 

Columbia, MD) operated at 254 nm or a model 996 photodiode array detector. System 1 

used a 4.6 mm × 25 cm 5 µm Luna C18 column (Phenomenex, Torrance, CA) with 

isocratic elution by 5% acetonitrile in H2O at a flow rate of 0.7 mL/min.  This system 

was used for the purification of Acr-dGuo and [13C10,
15N5]Acr-dGuo.  System 2 used 

the same column as system 1 with a gradient from 5 to 40% CH3OH in H2O over the 

course of 35 min at a flow rate of 0.7 mL/min. This system was used for the analysis of 

dGuo. 

Chemicals and Enzymes. [13C10,
15N5]dGuo was obtained from Spectra Stable 

Isotopes (Columbia, MD).  Ethanol was obtained from AAPER Alcohol and Chemical 

Co. (Shelbyville, KY).  2-Propanol was purchased from Acros Organics (Morris Plains, 

NJ).  Puregene DNA purification solutions were procured from Gentra Systems 

(Minneapolis, MN).  Calf thymus DNA, micrococcal nuclease, and phosphodiesterase II 

were obtained from Worthington Biochemical Co. (Lakewood, NJ).  Alkaline 
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phosphatase was obtained from Roche Diagnostics Corporation (Indianapolis, IN).  All 

other chemicals were purchased from Sigma-Aldrich. 

Acr-dGuo and [13C10,
15N5]Acr-dGuo.  Acr-dGuo standards were prepared as 

described (123) from the reaction of dGuo and acrolein.  In brief, acrolein (56 mg, 1 

mmol) was allowed to react with dGuo (25 mg, 0.09 mmol) in 10 mL of 0.1 M 

phosphate buffer (pH 7) at 37 ºC overnight.  The products were purified by HPLC 

system 1 (215).  α-OH-Acr-dGuo eluted earlier as two interchanging peaks in equal 

height, corresponding to the two diastereomers, while γ-OH-Acr-dGuo eluted as a 

single peak.  The two peaks of α-OH-Acr-dGuo were collected together, and both α-

OH- and γ-OH-Acr-dGuo were characterized and quantitated by 1H NMR, using 

toluene as an internal standard.  The NMR spectrum was consistent with published 

results (123). α-OH-Acr-dGuo: UV λmax (ε) 259 nm (16800); positive ESI-MS m/z 324 

[M + H]+; MS/MS of m/z 324 (collision energy 30 eV): m/z (relative intensity) 208 

[BH] + (100), 190 [BH - H2O]+ (53), 152 [Gua + H]+. γ-OH-Acr-dGuo: UV λmax (ε) 259 

nm (18000); positive ESI-MS m/z 324[M + H]+; MS/MS of m/z 324 (collision energy 

30 eV): m/z (relative intensity) 208 [BH]+ (48), 190 [BH - H2O]+ (29), 164 [BH - 

CH3CHO]+ (100), 152[Gua + H]+ (18), 135 [Gua- NH3 + H]+ (13). The approximate 

yields were 5% for each isomer.  [13C10,
15N5]Acr-dGuo was prepared the same way 

from [13C10,
15N5]dGuo and quantified by UV at 254 nm.  The amount of Acr-dGuo in 

[13C10,
15N5]Acr-dGuo, as determined by LC-MS/MS, was less than 0.5%. 

Human tissue samples.  This study was approved by the University of 

Minnesota Research Subjects' Protection Programs Institutional Review Board Human 

Subjects Committee.  Thirty lung samples were obtained from The Cancer Center 
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Tissue Procurement Facility.  The samples were histologically confirmed as normal 

tissue.  They were obtained at surgery, immediately frozen in liquid N2, and stored at -

80 ºC until DNA isolation.  Urine samples were also obtained from some subjects just 

prior to surgery.  They were analyzed for nicotine and cotinine as described previously 

(216). 

DNA Isolation.  This was performed as previously described (190), following 

the “DNA Purification from 1 g Animal Tissue” protocol (Gentra Systems) with several 

modifications.  Isolated DNA was stored at -20 ºC until sample preparation.  For the 

artifact study, lung tissue samples were split into 2 portions. One was isolated as usual, 

and the other was homogenized in cell lysis solution containing 100 mM NaBH3CN. 

For this portion of the sample, isopropanol, ethanol, and 70% ethanol all contained 100 

mM NaBH3CN. 

Analysis of DNA for Acr-dGuo. For enzymatic hydrolysis, DNA (0.1 – 1.0 

mg) was dissolved in 900 µL of 10 mM sodium succinate/5 mM CaCl2 buffer (pH 7.0) 

to which 25 fmol of each isomer of [13C10,
15N5]Acr-dGuo was added as internal 

standard. The mixture was heated at 100 ºC for 30 min and cooled to room temperature. 

Enzymatic hydrolysis was performed by incubation with 75 units of micrococcal 

nuclease (from Staphylococcus aureus) and 0.45 unit of phosphodiesterase II (from 

bovine spleen) at 37 ºC for 6 h.  Then, 150 units of alkaline phosphatase (from calf 

intestine) were added, and the mixture was incubated at 37 ºC overnight. A 10 µL 

aliquot was removed for dGuo quantitation, and the remaining hydrolysate was purified 

using a solid phase extraction (SPE) cartridge [Strata-X, 33 µm, 30 mg/1 mL 

(Phenomenex)].  After the sample was applied, the cartridge was washed with 1 mL 
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H2O and 1 mL 5% CH3OH/ H2O, and the analyte was eluted with 1 mL 70% CH3OH/ 

H2O.  The eluants were evaporated to dryness, and dissolved in 20 µL of H2O for LC-

ESI-MS/MS analysis.  A buffer control which lacked DNA was prepared each time and 

processed in the same way to exclude any contamination; while a calf thymus DNA (0.5 

mg) sample was prepared and served as a positive control. 

LC-ESI-MS/MS analysis was carried out with an Agilent 1100 capillary flow 

HPLC (Agilent Technologies, Palo Alto, CA) equipped with a 100 mm × 0.5 mm 1.8 

µm particle size C18 column (Agilent Zorbax SB-C18) and coupled to either a Finnigan 

Quantum Ultra AM or Discovery Max (ThermoElectron, San Jose, CA) triple 

quadrupole mass spectrometer. The solvent elution program was a gradient from 5 to 

25% CH3OH in 15 mM ammonium acetate buffer in 20 min at a flow rate of 10 µL/min 

at 50 ºC.  The ESI source was set in the positive ion mode as follows: voltage, 3.7 kV; 

current, 3 µA; and heated ion transfer tube, 275 ºC.  The adducts were analyzed by 

MS/MS using selected reaction monitoring (SRM).  Ion transitions of m/z 324 → m/z 

208 (Acr-dGuo) and m/z 339 → m/z 218 ([13C10,
15N5]Acr-dGuo) with collision energy 

of 12 eV were used for quantitation and those of m/z 324 → m/z 164 and m/z 324 → m/z 

190 (Acr-dGuo) and m/z 339 → m/z 174 and m/z 339 → m/z 200 ([13C10,
15N5]Acr-

dGuo) with collision energy of 32 eV were used for structural confirmation.  Other MS 

parameters were optimized to achieve maximum signal intensity. 

Calibration curves were constructed before each analysis using standard 

solutions of Acr-dGuo and [13C10,
15N5]Acr-dGuo.  A constant amount of 

[13C10,
15N5]Acr-dGuo (10 fmol) was mixed with differing amounts of Acr-dGuo (0.5 – 
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100 fmol) and analyzed by LC-ESI-MS/MS-SRM.  dGuo content was determined by 

HPLC system 2, and the adduct levels were expressed as fmol per µmol dGuo.  

Reaction of Acr-dGuo with NaOH and NaBH4.  The eluant from SPE 

containing the adducts was dissolved in 0.5 mL of 0.5 N NaOH containing an excess of 

NaBH4. The resulting mixture was heated at 100 °C for 1 h, cooled to room 

temperature, and neutralized to pH 7 with 1 N HCl.  The mixture was loaded on another 

Strata-X SPE cartridge and washed with 2 mL of H2O to remove salts.  The 

corresponding products were eluted by 1 mL 70% CH3OH/H2O and analyzed by LC-

ESI-MS/MS, with the following ion transitions: m/z 326 → m/z 210 [N2-(3-

hydroxypropyl)-dGuo], m/z 341 → m/z 220 {[13C10,
15N5]N

2-(3-hydroxypropyl)-dGuo}, 

m/z 308 → m/z 192 [1,N2-(1,3-propano)-dGuo], and m/z 323 → m/z 202 

{[ 13C10,
15N5]1,N2-(1,3-propano)-dGuo}. 

 

Results  

Standard characterization and calibration curves.  Acr-dGuo standards were 

prepared as described (123), and characterized by NMR. They exist as two 

regioisomers, α-OH- and γ-OH-Acr-dGuo.  The two diastereomers of α-OH-Acr-dGuo 

eluted earlier on HPLC as two interchanging peaks, while γ-OH-Acr-dGuo eluted as a 

single peak. The internal standard for our analysis was [13C10,
15N5]Acr-dGuo, prepared 

by reacting acrolein with [13C10,
15N5]dGuo, and characterized by UV and LC-ESI-MS, 

and comparison to Acr-dGuo.  For LC-ESI-MS/MS-SRM analysis, the transitions 

monitored were m/z 324 → m/z 208 for Acr-dGuo and m/z 339 → m/z 218 for 

[13C10,
15N5]Acr-dGuo.  Calibration curves were plotted for the concentration ratios 
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versus the integrated peak area ratios of analyte and internal standards.  The two peaks 

corresponding to α-OH-Acr-dGuo were both integrated to reflect the total amount of 

this isomer, and linear responses were observed for both α-OH- and γ-OH-Acr-dGuo.  

Method Development and Validation.  The method was developed based on 

our previous study on the analysis of Cro-dGuo adducts, as described in Chapter 5, with 

some modifications.  DNA was enzymatically hydrolyzed in the presence of 

[13C10,
15N5]Acr-dGuo as internal standard, and the analytes were enriched from the 

hydrolysate by SPE.  The enzymatic hydrolysis procedures were optimized to reduce 

background noise and signal suppression in the MS analysis.  Our previous method used 

DNase I, phosphodiesterase I, and alkaline phosphatase with incubation at 37 °C for 1 

hour.  When calf thymus DNA was hydrolyzed in this way, significant signal 

suppression was observed for Acr-dGuo, which affected quantitation. This is probably 

due to the polarity of Acr-dGuo, which eluted close to unmodified dAdo.  Our current 

method employed heating DNA to 100 °C for 30 min, followed by the addition of 

micrococcal nuclease, phosphodiesterase II, and alkaline phosphatase, and overnight 

incubation (123).  Heat-denatured DNA was hydrolyzed much more rapidly by 

micrococcal nuclease (217, 218). In addition, alkaline phosphatase contained small 

amount of adenosine deaminase, which converted dAdo to dIno during longer 

incubation. When heating was omitted, the measured level of Acr-dGuo was much 

lower than when heating was included (data not shown). Overall, this method gave 

more complete hydrolysis of DNA and removed dAdo which interfered with Acr-dGuo 

analysis. This resulted in lower background and less signal suppression.  Also, various 

HPLC conditions were investigated for better separation of the three isomeric peaks of 
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Figure 4.1. Chromatograms obtained upon LC-ESI-MS/MS analysis of calf thymus 

DNA. Calf thymus DNA was enzymatically hydrolyzed, purified by SPE, and analyzed 

(panel A); or the eluants from SPE were treated with NaOH and NaBH4 and analyzed 

(panel B).  

 
Acr-dGuo.  LC-ESI-MS/MS-SRM chromatograms obtained upon analysis of untreated 

calf thymus DNA are shown in Figure 4.1A.  All three product peaks were observed in 

the transition m/z 324 → m/z 208 and they coeluted with the internal standards peaks in 

the transition m/z 339 → m/z 218.  No peaks were observed at this retention time in a 

buffer control which lacked DNA (data not shown).  When the collision energy was 

increased to 32 eV, a peak at the retention time of γ-OH-Acr-dGuo was observed in the 

transition m/z 324 → m/z 164 [BH - CH3CHO]+, while all three peaks were observed in 

the transition of m/z 324 → m/z 190 [BH - H2O]+.  Identical peaks were observed for the 

internal standards at the corresponding transitions.  These results were fully consistent 

with the MS/MS analysis of standards.  To further investigate peak identity, eluants 

from SPE were treated with NaOH and NaBH4.  Under these conditions, α-OH- and γ-

OH-Acr-dGuo react differently (Figure 1.13). γ-OH-Acr-dGuo undergoes base-

catalyzed ring-opening followed by reduction of the intermediate aldehyde, producing 
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N2-(3-hydroxypropyl)-dGuo (72), while treatment of α-OH-Acr-dGuo with NaOH and 

NaBH4 results in the elimination of H2O followed by reduction, giving unsubstituted 

1,N2-(1,3-propano)-dGuo (71) (123).  The results of analysis of calf thymus DNA after 

the reaction with NaOH and NaBH4 are shown in Figure 4.1B.  The peaks in the 

transition m/z 324 → m/z 208 disappeared.  By comparing with standards that 

underwent the same procedures, the peak eluting at 14.1 min in the transition m/z 308 

→ m/z 192 was assigned as 1,N2-(1,3-propano)-dGuo, which came from reduction of α-

OH-Acr-dGuo, while the peak eluting at 12.3 min in the transition m/z 326 → m/z 210 

was N2-(3-hydroxypropyl)-dGuo, which came from reduction of γ-OH-Acr-dGuo.  Both 

peaks coeluted with peaks in the transitions m/z 323 → m/z 202 and m/z 341 → m/z 220, 

from the internal standards.  These results unambiguously demonstrate the identity of 

the adducts as those shown in Figure 1.12.  

Accuracy was determined by analyzing calf thymus DNA spiked with differing 

levels of Acr-dGuo standards.  Each sample was analyzed in triplicate.  The results are 

summarized in Figure 4.2, which shows good agreement between expected and 

measured values.  Precision of the method was investigated by analyzing calf thymus 

DNA in six replicates on three separate days. The interday CVs were 5% for α-OH-Acr-

dGuo and 7% for γ-OH-Acr-dGuo, as summarized in Table 4.1.  The limit of 

quantitation (LOQ) for pure standard was 0.5 fmol injected on column (S/N = 10) as 

well as a linear MS response. LOQ in DNA samples was estimated as 20 fmol/µmol 

dGuo, starting from 0.5 mg of DNA. The recovery of 25 fmol of internal standard 

during sample processing was 88% and 84% for α-OH-Acr-dGuo and γ-OH-Acr-dGuo, 

respectively. The stability of the analytes were investigated by analyzing 25 fmol of 
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Figure 4.2. Relationship of added to detected Acr-dGuo. Various amounts of α-OH- 

and γ-OH-Acr-dGuo standards (17, 34, 85, 170, and 340 fmol) were added to calf 

thymus DNA (0.5 mg) and analyzed by the method described in the text. Background 

levels in calf thymus DNA (186 fmol/µmol dGuo for α-OH-Acr-dGuo, and 140 

fmol/µmol for γ-OH-Acr-dGuo) were subtracted from each amount detected. Each point 

represents a triplicate measurement. A, α-OH-Acr-dGuo, R2 = 1.0; B, γ-OH-Acr-dGuo, 

R2 = 1.0. 

 
Table 4.1. Precision of the LC-ESI-MS/MS method for analysis of Acr-dGuoa. 

 Acr -dGuo level (fmol/µmol dGuo)    

 Day 1 
Mean ± SD 

Day 2  
Mean ± SD 

Day 3  
Mean ± SD Average %RSD 

α-OH 186 ± 32 173 ± 28 199 ± 23 186 ± 13 7 

γ-OH 140 ± 33 127 ± 14 135 ± 26 114 ± 6 5 

a. Six aliquots of calf thymus DNA were analyzed on 3 separate days.   

 
standards that was processed through the same enzymatic hydrolysis procedure, and no 

decomposition was observed.  

It was possible that Acr-dGuo adducts could have been formed as artifacts from 

the reaction of intracellular acrolein with DNA during DNA isolation. In this case, 

acrolein could be pre-existing in the cell or produced from lipid peroxidation during 

DNA isolation, and reacted with DNA. We tested this possibility by adding NaBH3CN 

to DNA isolation solutions, which would reduce acrolein released from tissue 

homogenization. Three lung tissue samples were each divided into two portions and 

DNA was isolated using solutions containing or not containing NaBH3CN. In other 
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respects, the enzymatic hydrolysis, SPE, and LC-MS/MS analysis procedures were 

identical. The results indicated that levels of both α-OH- and γ-OH-Acr-dGuo were 

similar under these two conditions, which eliminated the possibility of artifact 

formation of Acr-dGuo adducts.  

 Analysis of Human Lung DNA for Acr-dGuo.  Lung tissue samples were 

obtained at surgery from 30 subjects (Table 4.2).  Ten were male, 19 were female, and 

gender information was not available for one subject.  Ages ranged from 37 – 81 years 

(mean ± S.D. 62.2 ± 12), and the age of one subject was unknown.  All subjects were 

current or ex-smokers, based on self report.  Urinary nicotine and cotinine levels were 

available for 14 subjects.  These analyses established that 5 of the subjects – numbers 1, 

2, 8, 9, 10 – were current smokers, and disagreed with self-report for 2 subjects – 

numbers 8 and 13 (although we cannot exclude the possibility that the subjects with 

positive urinary cotinine and nicotine may have been using nicotine replacement 

therapy).  Acr-dGuo adducts were found in all samples.  Figure 4.3 shows a 

representative chromatogram.  Five DNA samples were also analyzed after reaction 

with NaOH and NaBH4, which gave similar chromatograms to those shown in Figure 

4.1, Panel B. Both α-OH- and γ-OH-Acr-dGuo were detected in all samples except one 

in which only γ-OH-Acr-dGuo was observed.  Adduct levels ranged from ND – 772 

fmol/µmol dGuo for α-OH-Acr-dGuo and 32 – 799 fmol/µmol for γ-OH-Acr-dGuo, 

which were much higher than the Cro-dGuo levels we analyzed in Chapter 5.  There 

was no difference in adduct levels between confirmed current smokers (N = 5) and non-

smokers (N = 9), nor was there any relationship of adduct levels to self-reported time 

since cessation of smoking, gender, or age.  
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Figure 4.3. Chromatograms obtained upon LC-ESI-MS/MS-SRM analysis of DNA 

from human lung.  

 

Discussion 

The results of this study demonstrate for the first time that acrolein-DNA 

adducts, including the mutagenic adduct α-OH-Acr-dGuo, are present in human lung.  

This is significant in view of a recent study which showed that acrolein produces a 

spectrum of DNA damage in the p53 gene that is remarkably similar to the spectrum of 

mutations found in this gene in lung tumors from smokers (153).  The total levels of 

acrolein-DNA adducts quantified here, about 1 per 107 nucleotides, are higher than 

“PAH-DNA adducts” reported in lung tissue by ELISA, typically about 0.3 adducts per 

107 nucleotides, and benzo[a]pyrene diol epoxide – DNA adducts, which are frequently 

undetectable and typically amount to 0.1 – 0.5 per 107 nucleotides when they are 

detected (219-221).  Collectively, these results indicate that acrolein could contribute 

significantly to the mutations seen in the p53 gene in lung cancer and challenge the 
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Table 4.2. Levels of Acr-dGuo detected in human lung DNA.   

     
 

urinary biomarkers  
 

 
 Acr -dGuo level c  

(fmol/ µmol dGuo) 

subject gender race  
age at 

surgery 
self -reported 
smoking history a 

 cotinine 
(ng/ml) 

nicotine 
(ng/ml) 

 amount of DNA 
analyzed (mg) b 

 
α-OH γ-OH total  

1 F W 60 current  652 115  0.14  458 234 693 
2 F W 47 current  5084 1462  0.51  226 107 333 
3 F W 52 2 yr  6.8 1.3  1.25  92 43 135 
4 M W 69 2 yr  25.2 4.5  1.09  89 49 138 
5 F W 72 10 yr  3.7 0.7  0.20  127 244 371 
6 F W 79 10 yr  9.2 1.3  0.10  392 248 640 
7 M W 66 26 yr  4.3 1.5  0.03  772 278 1050 
8 F W 51 3 months  2397 534  0.70  49 32 81 
9 M W 53 current  2346 410  0.81  75 49 124 

10 M W 53 current  692 117  0.54  NDd 799 799 
11 F W 61 9 yr  26.7 4.1  0.29  375 236 610 
12 F B 52 6 yr  34.1 16.4  0.55  124 59 182 
13 F W 37 current  3.3 1.7  0.61  81 46 128 
14 M W 78 24 yr  7.2 0.6  0.09  426 266 693 
15 F W 68 1 month  NA NA  0.65  167 117 283 
16 F W 72 2 months  NA NA  0.49  100 68 168 
17 M W 78 NA  NA NA  0.77  59 88 147 
18 F W 60 2 yr  NA NA  0.10  223 120 343 
19 M W 72 7 yr  NA NA  0.86  50 32 82 
20 F W 46 1 week  NA NA  0.72  52 44 96 
21 F W 81 23 yr  NA NA  0.48  84 85 168 
22 F W 58 18 yr  NA NA  1.08  65 64 130 
23 F W 76 10 yr  NA NA  0.04  552 412 964 
24 M W 66 17 yr  NA NA  0.64  79 69 148 
25 F W 51 1 yr  NA NA  0.53  51 67 118 
26 F W 56 1 yr  NA NA  0.33  173 107 280 
27 M W 74 16 yr  NA NA  0.79  77 53 130 
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Table 4.2. (Continued) 
 

     
 

urinary biomarkers  
 

 
 Acr -dGuo  level c  

(fmol/ µmol dGuo) 

subject gender race  
age at 

surgery 
self -reported 
smoking history a 

 cotinine 
(ng/ml) 

nicotine 
(ng/ml) 

 amount of DNA 
analyzed (mg) b 

 
α-OH γ-OH total  

28 M W 69 9 yr  NA NA  0.84  100 112 212 
29 F W 49 2 months  NA NA  0.98  85 58 143 
30 NAe NA NA NA  NA NA  0.04  559 234 793 
Mean ± S.D.  62.2 ± 12      0.54 ± 0.35  199 ± 192 147 ± 156 339 ± 290 

 

a. Reported time since quitting 

b. Calculated based on dGuo 

c. Each value represents a single measurement. dGuo was determined by HPLC-UV. 

d. ND, not detected 

e. NA not available 
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widely held view that these mutations are due to polycyclic aromatic hydrocarbon diol 

epoxides (222).  The weak or non-existent carcinogenicity of acrolein and the similarity 

in adduct levels between a limited number of confirmed current and ex-smokers on the 

other hand argue against a significant direct role for this compound in tobacco smoke - 

induced lung cancer, and further work is clearly needed to resolve these issues (101). 

The structure of acrolein DNA adducts was first characterized in 1984 (123).  

Using 32P-postlabeling/HPLC, Chung and co-workers have detected Acr-dGuo adducts 

in various human and untreated animal tissues (163, 164, 173, 215), suggesting the 

existence of an endogenous source.  γ-OH-Acr-dGuo was the major adduct detected, 

and the levels of α-OH-Acr-dGuo were too low to be quantified or detected in most 

tissues. 32P-Postlabeling has certain limitations, such as the inability to provide 

unambiguous structural identification and the lack of internal standards for reliable 

quantitation.  In the present study, we have developed a sensitive and specific LC-ESI-

MS/MS method for the quantitative analysis of Acr-dGuo adducts.  Compared with the 

method described by Liu et al (215), ours does not involve the setup of a nanospray 

source for the mass spectrometer, and uses commercially available capillary columns.  

Although the sensitivity is slightly lower than the previously published method, it is still 

sufficient to detect these adducts in human tissues.   

The levels of Acr-dGuo in human lung were higher than the structurally related 

Cro-dGuo adducts which we have analyzed before.  This is consistent with previous 

studies by Chung and co-workers, who also detected higher levels of Acr-dGuo than 

Cro-dGuo (163, 164).  Cigarette smoking is not the only source of these adducts.  

Acrolein from the environment and from endogenous formation through lipid 
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peroxidation should also contribute. As reported by Pan and Chung (177), the rate of 

Acr-dGuo formation from polyunsaturated fatty acids under oxidative conditions was 

much higher than that of Cro-dGuo, consistent with our results.  

We failed to observe a relationship between levels of Acr-dGuo adducts and 

urinary nicotine and cotinine, or time since cessation of smoking based on self-report.  

However, nicotine and cotinine data were available only for a small number of subjects, 

and self-report can be unreliable.  Nothing is known about the kinetics of Acr-dGuo 

adduct removal after smoking cessation.  Exposures to acrolein other than cigarette 

smoking as well as endogenous formation of acrolein from lipid peroxidation could 

contribute to adduct levels and will vary among people.  Furthermore, individuals will 

have different abilities to detoxify acrolein and to repair Acr-dGuo adducts.  Further 

research is needed to establish the relationship, if any, of Acr-dGuo adducts to cigarette 

smoking. 

In summary, we have developed a sensitive and specific MS method for the 

quantitative analysis of Acr-dGuo adducts in human tissue DNA. Our results clearly 

demonstrate the presence of Acr-dGuo adducts in human lung DNA. Additional 

research is required to assess the contribution of acrolein to lung cancer caused by 

cigarette smoking. 
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Chapter 5: Analysis of Crotonaldehyde- and Acetaldehyde-Derived 1,N2-

Propanodeoxyguanosine Adducts in DNA from Human Tissues using Liquid 

Chromatography-Electrospray Ionization-Tandem Mass Spectrometry 

 

All data presented in this chapter are reproduced with permission form: Zhang, S., 

Villalta, P. W., Wang, M., and Hecht, S. S. (2006) Analysis of Crotonaldehyde- and 

Acetaldehyde-Derived 1,N2-Propanodeoxyguanosine Adducts in DNA from Human 

Tissues using Liquid Chromatography-Electrospray Ionization-Tandem Mass 

Spectrometry. Chem. Res. Toxicol. 19, 1386-1392. Copyright 2006 American Chemical 

Society. 

 

Introduction 

Crotonaldehyde (65), or 2-butenal, is found ubiquitously in the human 

environment (101). It is present in mobile source emissions, the atmosphere, tobacco 

smoke, and other thermal degradation mixtures. It is also produced endogenously from 

lipid peroxidation (102) and is a metabolite of N-nitrosopyrrolidine (106). 

Crotonaldehyde is mutagenic (114) and carcinogenic (115). Like other α,β-unsaturated 

aldehydes, crotonaldehyde reacts with dGuo in DNA to form exocyclic 1,N2-

propanodeoxyguanosine (PdG) adducts (123, 124). This reaction occurs through an 

initial Michael addition to the exocyclic nitrogen of dGuo, followed by ring closure, to 

generate a pair of diastereomeric  adducts: (6S, 8S)- and (6R, 8R)-3-(2'-deoxyribos-1'-

yl)-5,6,7,8-tetrahydro-8-hydroxy-6-methylpyrimido[1,2-a]purine-10(3H)one (Cro-

dGuo, 69, Figure 1.12). Both diastereomers are also formed by the consecutive reaction 
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of two acetaldehyde molecules with dGuo (Figure 1.14) (127). Acetaldehyde is also a 

common environmental pollutant, and occurs widely in fruit and vegetables, as well as 

in cooked meat (223). It is prevalent in cigarette smoke, with levels of 770 - 860 

µg/cigarette, and may be involved in alcohol-related cancers in humans (224). While the 

reaction of crotonaldehyde with DNA produces more (6S, 8S)-Cro-dGuo (130), the 

reaction of acetaldehyde with DNA is more favorable to the formation of (6R, 8R)-Cro-

dGuo (127). This indicates that the formation of Cro-dGuo adducts from acetaldehyde 

does not proceed through crotonaldehyde, but through N2-ethylidene-dGuo (73) (127). 

In duplex DNA, Cro-dGuo exits in equilibrium with its ring-opened aldehyde form 

(135) and can lead to the formation of interstrand cross-links and DNA-protein cross-

links (127, 140, 144). 

Cro-dGuo adducts inhibit DNA synthesis and induce miscoding in human cells 

(154, 155). Miscoding is observed more frequently with (6S, 8S)-Cro-dGuo than (6R, 

8R)-Cro-dGuo. Major miscoding events were G→T transversions. Considering their 

mutagenic properties, detection and quantitation of Cro-dGuo in vivo, especially in 

human tissues, will help assess their potential role in carcinogenesis. Various methods 

have been used for this purpose. Chung, Nath, and co-workers developed a 32P-

postlabeling/HPLC method, and detected both diastereomers of Cro-dGuo in various 

tissues of humans and untreated animals, indicating the existence of endogenous 

sources of crotonaldehyde or acetaldehyde (reviewed in (168)). Another 32P-

postlabeling method was developed by Eder et al. (175, 176) with a detection limit of 

three adducts per 109 nucleotides. Cro-dGuo adducts were detected in different organs 

of Fischer 344 rats after single gavages of high doses of crotonaldehyde or after 
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repeated gavages of low doses, but not in untreated animals. An LC-MS method was 

developed to analyze Cro-dGuo in the base form in cells treated with acetaldehyde 

(181). However, none of these studies used internal standards for quantitation, nor were 

the latter two studies applied to human tissues. In the present study, we have established 

a liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-

MS/MS) method to quantify Cro-dGuo adducts in human tissues. With the use of a 

stable isotope labeled internal standard, our method is accurate, precise and sensitive. 

Our results indicate the presence of Cro-dGuo in some DNA samples from human liver 

and lung. 

 

Materials and Methods 

HPLC-UV analysis. This was carried out using Waters Associates (Milford, 

MA) instruments equipped with a UV detector (Shimadzu Scientific Instruments, 

Columbia, MD) operated at 254 nm or a model 996 photodiode array detector. System 1 

used a 4.6 mm × 25 cm 5 µm Supelcosil LC 18-BD column (Supelco, Bellefonte, PA) 

with isocratic elution by 5% CH3OH in 40 mM ammonium acetate buffer (pH 6.6) for 

10 min and then a gradient from 5 to 35% CH3OH over the course of 60 min at a flow 

rate of 0.5 mL/min. This system was used for the purification of adduct 69 and [15N5]69. 

System 2 used a 4.6 mm × 25 cm Luna 5 µm C18 column (Phenomenex, Torrance, CA) 

with a gradient from 5 to 40% CH3OH in H2O over the course of 35 min at a flow rate 

of 0.7 mL/min. This system was used for the analysis of dGuo. 

Chemicals and Enzymes. [15N5]dGuo was obtained from Spectra Stable 

Isotopes (Columbia, MD). Ethanol was obtained from AAPER Alcohol and Chemical 
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Co. (Shelbyville, KY). 2-Propanol was purchased from Acros Organics (Morris Plains, 

NJ). Puregene DNA purification solutions were procured from Gentra Systems 

(Minneapolis, MN). Calf thymus DNA, DNase I and phosphodiesterase I were obtained 

from Sigma-Aldrich (St. Louis, MO). Alkaline phosphatase was obtained from Roche 

Diagnostics Corporation (Indianapolis, IN). All other chemicals were purchased from 

Sigma-Aldrich. 

Cro-dGuo (69) and [15N5]Cro-dGuo. Cro-dGuo was prepared as described 

(130) from the reaction of dGuo and crotonaldehyde. In brief, crotonaldehyde (0.18 

mmol) was allowed to react with dGuo (20 mg) in 10 mL of 0.1 M phosphate buffer 

(pH 7) at 37 ºC overnight. The two diastereomeric products were purified by HPLC 

system 1 with the early eluting peak being (6S, 8S)-Cro-dGuo (126). Concentrations of 

(6S, 8S)- and (6R, 8R)-Cro-dGuo in standard solutions were determined by 1H NMR, 

using toluene as an internal standard. (6S, 8S)-Cro-dGuo: UV λmax (ε) 260 nm (15600); 

(6R, 8R)-Cro-dGuo: UV λmax (ε) 260 nm (15700). [15N5]Cro-dGuo was prepared the 

same way from [15N5]dGuo and quantified by UV at 254 nm: MS (?) m/z (relative 

intensity) 343 [M+H]+ (100), 227 [BH]+ (8), 183 [BH-CH3CHO]+ (1). Yields were 

about 4.5% for (6S, 8S)-Cro-dGuo, 5.9% for (6R, 8R)-Cro-dGuo, 1.4% for (6S, 8S)-

[15N5]Cro-dGuo, and 2.2% for (6R, 8R)-[15N5]Cro-dGuo. The amount of Cro-dGuo in 

[15N5]Cro-dGuo, as determined by LC-MS, was less than 0.5%. 

Human tissue samples. This study was approved by the University of 

Minnesota Research Subjects' Protection Programs Institutional Review Board Human 

Subjects Committee. Twenty-three liver samples and 45 lung samples were obtained 

from The Cancer Center Tissue Procurement Facility. The samples were histologically 
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confirmed as normal tissue, except one liver sample, which was identified as necrotic 

tissue. They were obtained at surgery, immediately frozen in liquid N2, and stored at -80 

ºC until DNA isolation. Nine human buffy coat samples were obtained from ongoing 

studies in the University of Minnesota Transdisciplinary Tobacco Use Research Center, 

and 2 were obtained from Mid-South Regional Blood Center (Memphis, TN). 

DNA Isolation. This was performed as previously described (190), following 

the “DNA Purification from 1 g Animal Tissue” protocol (Gentra Systems) with several 

modifications. Human liver or lung tissue samples (0.5 g) were homogenized with 10 

mL Puregene cell lysis solution. After treating with RNase A and precipitating proteins, 

DNA was precipitated with 2-propanol. Then it was dissolved in 4 mL of 10 mM Tris-

HCl/5 mM EDTA buffer (pH 7) and the mixture was extracted twice with 4 mL of 

CHCl3 containing 4% isoamyl alcohol. The DNA was precipitated from the aqueous 

phase by addition of 0.4 mL 5 M NaCl and 8 mL of ice-cold ethanol, washed three 

times with 3 mL of 70% ethanol and three times with 3 mL of 100% ethanol, and dried 

with a stream N2. DNA isolation from human buffy coat was performed similarly. The 

purity of the DNA was determined by measuring its UV absorption at 230, 260, and 280 

nm. The ratios of A260:230 and A260:280 were greater than 2.0 and 1.7, respectively. 

Analysis of DNA for Cro-dGuo (69). For enzymatic hydrolysis, DNA (0.1 – 

1.5 mg) was dissolved in 900 µL of 10 mM Tris-HCl/5 mM MgCl2 buffer to which 25 

fmol of [15N5]Cro-dGuo was added as internal standard. It then was enzymatically 

hydrolyzed by adding 1326 units of DNase I (type II, from bovine pancreas), 0.06 unit 

of phosphodiesterase I (type II, from Crotalus adamanteus venom) and 375 units of 

alkaline phosphatase (from calf intestine). Enzymes were removed by centrifugation 
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using a centrifree Amicon filter (MW cutoff of 30,000; Amicon, Beverly, MA). A 10 

µL aliquot was removed for dGuo quantitation, and the remaining hydrolysate was 

purified using a solid phase extraction (SPE) cartridge [Strata-X, 33 µm, 30 mg/1 mL 

(Phenomenex)]. After loading the sample, the cartridge was washed with 1 mL H2O and 

1 mL 15% CH3OH/ H2O, and the analyte was eluted with 1 mL 70% CH3OH/ H2O. The 

eluants were evaporated to dryness, and dissolved in 20 µL of H2O for LC-ESI-MS/MS 

analysis. A buffer control which lacked DNA was prepared each time and processed in 

the same way. 

LC-ESI-MS/MS analysis was carried out with an Agilent 1100 capillary flow 

HPLC (Agilent Technologies, Palo Alto, CA) equipped with a 250 mm × 0.5 mm 5 µm 

particle size C18 column (Agilent Zorbax SB-C18) and coupled to either a Finnigan 

Quantum Ultra AM or Discovery Max (ThermoElectron, San Jose, CA) triple 

quadrupole mass spectrometer. The solvent elution program was a gradient from 5 to 

40% CH3OH in 15 mM ammonium acetate buffer in 35 min at a flow rate of 10 µL/min 

at 30 ºC. The ESI source was set in the positive ion mode as follows: voltage, 3.7 kV; 

current, 3 µA; and heated ion transfer tube, 275 ºC. The adducts were analyzed by 

MS/MS using selected reaction monitoring (SRM). Ion transitions of m/z 338 → m/z 

222 (CrodGuo) and m/z 343 → m/z 227 ([15N5]Cro-dGuo) with collision energy of 12 

eV were used for quantitation and those of m/z 338 → m/z 178 (Cro-dGuo) and m/z 343 

→ m/z 183 ([15N5]Cro-dGuo) with collision energy of 32 eV were used for structural 

confirmation. Other MS parameters were optimized to achieve maximum signal 

intensity. 
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Calibration curves were constructed before each analysis using standard 

solutions of Cro-dGuo and [15N5]Cro-dGuo. A constant amount of [15N5]Cro-dGuo (10 

fmol) was mixed with differing amounts of Cro-dGuo (0.5 – 50 fmol) and analyzed by 

LC-ESI-MS/MS-SRM. The adduct levels were expressed as fmol per µmol dGuo. 

Reaction of Cro-dGuo with NaOH and NaBH4. The eluant from SPE 

containing Cro-dGuo was dissolved in 1 mL of 0.5 N NaOH and an excess of NaBH4 

was added. The resulting mixture was heated at 100 °C for 30 min, cooled, and 

neutralized with 1 N HCl. The mixture was loaded on another Strata-X SPE cartridge 

and washed with H2O to remove salts. The corresponding ring-opened products were 

eluted by 1 mL 70% CH3OH/H2O and analyzed by LC-ESI-MS/MS, with ion 

transitions of m/z 340 → m/z 224 (N2-(4-hydroxybut-2-yl)-dGuo) and m/z 345 → m/z 

229 ([15N5]N
2-(4-hydroxybut-2-yl)-dGuo). 

 

Results 

The internal standard for our analysis was [15N5]Cro-dGuo ([15N5]69), prepared 

by reacting crotonaldehyde with [15N5]dGuo. Both diastereomers were collected from 

HPLC and characterized by UV and LC-ESI-MS, and comparison to Cro-dGuo. LC-

ESI-MS/MS-SRM chromatograms of Cro-dGuo (0.5 fmol) and [15N5]Cro-dGuo (10 

fmol) are illustrated in Figure 5.1. The transitions monitored were m/z 338 → m/z 222 

for Cro-dGuo and m/z 343 → m/z 227 for [15N5]Cro-dGuo. A calibration curve was 

plotted for the concentration ratio vs the integrated peak area ratio of Cro-dGuo to 

[15N5]Cro-dGuo. The two diastereomeric products were integrated separately and linear 
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responses were observed for each, as shown in Figure 5.2. They were also quantified 

separately for all the following samples analyzed. 

 

 

Figure 5.1. Chromatograms obtained upon LC-ESI-MS/MS analysis of 0.5 fmol 

standard Cro-dGuo (69) (top) and 10 fmol [15N5]Cro-dGuo ([15N5]69) (bottom). Peak 

areas were 4.9*104 for (6S, 8S)-69, 5.5*104 for (6R, 8R)-69, 1.1*106 for (6S, 8S)-

[15N5]69, and 1.2*106 for (6R, 8R)-[15N5]69. 

 
 

 

Figure 5.2. Calibration curves for Cro-dGuo (69, 0.5-50 fmol) and [15N5]Cro-dGuo 

([15N5]69, 10 fmol): �, (6S, 8S)-69, R2 = 1.00; �, (6R, 8R)-69, R2 = 1.00. 
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Figure 5.3. Chromatograms obtained upon LC-ESI-MS/MS analysis of calf thymus 

DNA. Calf thymus DNA was enzymatically hydrolyzed, purified by SPE, and analyzed 

(panel A); or the eluants from SPE were treated with NaOH and NaBH4 and analyzed 

(panel B). Transitions of m/z 340 → m/z 224 and m/z 345 → m/z 229 correspond to the 

ring-opened products of the analyte and internal standard, N2-(4-hydroxybut-2-yl)dGuo 

and [15N5]N
2-(4-hydroxybut-2-yl)dGuo, respectively.  The early eluting peak was 

produced from (6R, 8R)-69 and the late eluting peak from (6S, 8S)-69.  

 

 

Figure 5.4. Relationship of added to detected Cro-dGuo (69). Various amounts of 

standard adduct 69 were added to calf thymus DNA (0.91 mg) containing [15N5]69 and 

analyzed by the method described in the text. Adduct 69 in calf thymus DNA [9.80 

fmol/mg DNA for (6S, 8S)-69 and 8.49 fmol/mg DNA for (6R, 8R)-69] was subtracted 

from each amount detected. Each point represents a triplicate measurement. A, (6S, 8S)-

69, R2 = 0.9986; B, (6R, 8R)-69, R2 = 1.0000. 
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DNA was enzymatically hydrolyzed in the presence of [15N5]Cro-dGuo, and 

Cro-dGuo was enriched from the hydrolysate by SPE. The eluant containing Cro-dGuo 

adducts was analyzed by LC-ESI-MS/MS-SRM. Chromatograms obtained upon 

analysis of untreated calf thymus DNA are shown in Figure 5.3 (Panel A). Peaks 

corresponding to the diastereomeric products were observed in both transitions of m/z 

338 → m/z 222 and m/z 338 → m/z 178, and they coeluted with the internal standard 

peaks. The chromatogram clearly demonstrates the presence of Cro-dGuo in calf 

thymus DNA. No peaks were observed at this retention time in a buffer control which 

lacked the DNA (data not shown). Only the transition m/z 338 → m/z 222 was used for 

the quantitation, due to its higher signal intensity. To further investigate peak identity, 

eluants from SPE were treated with NaOH and NaBH4. Under these conditions, the 

cyclic Cro-dGuo adduct is known to undergo base-catalyzed ring-opening followed by 

reduction of the intermediate aldehyde, producing N2-(4-hydroxybut-2-yl)-dGuo (123), 

which has an [M+H]+ peak 2 units higher than Cro-dGuo. The results of analysis of calf 

thymus DNA after the ring-opening reaction are shown in Figure 5.3 (Panel B). The 

disappearance of peaks corresponding to m/z 338 → m/z 222 and appearance of peaks at 

m/z 340 → m/z 224 indicate the formation of N2-(4-hydroxybut-2-yl)-dGuo from Cro-

dGuo. Taken together, these data establish the structure of the peaks observed in Figure 

5.3A as Cro-dGuo. 

Accuracy and precision were determined by Cro-dGuo to calf thymus DNA and 

analyzing multiple samples. The results are summarized in Figure 5.4, which shows a 

good agreement between expected and measured values, and coefficients of variation 

(CV) ranged from 3% to 24%. In other experiments, two different calf thymus DNA  
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Table 5.1.  Precision of the LC-ESI-MS/MS method for Cro-dGuo in DNA 

 
Cro-dGuo levels (fmol/µmol dGuo) a 

 (CV, %) (n=6) 
Interday variation 

CV, %  Day 1 Day 2 

Samples (6S, 8S) (6R, 8R) (6S, 8S) (6R, 8R) (6S, 8S) (6R, 8R) 

Calf thymus 
DNA 1 

18.8 ± 2.2  
(12%) 

16.6 ± 1.9  
(11%) 

19.7 ± 3.6  
(18%) 

17.7 ± 3.2  
(18%) 

3.3 4.5 

Calf thymus 
DNA 2 

4.58 ± 0.67  
(15%) 

5.22 ± 0.22  
(4.2%) 

4.91 ± 0.32  
(6.5%) 

5.45 ± 0.33  
(6.1%) 

5.4 3.0 

 
a. 0.8 – 1.2  mg of DNA was used for each analysis. 
 
 
samples with low or medium adduct levels were each analyzed in six replicates per day 

for two separate days. The interday and intraday CVs were summarized in Table 5.1. 

The limit of quantitation (LOQ) for pure standard was 0.2 fmol injected on column, 

determined by signal-to-noise ratio (S/N) over 10 as well as a linear response of MS 

area vs the amount injected, while the limit of detection (LOD) was 0.05 fmol with S/N 

of 3. In DNA samples, the LOQ was achieved with 2.5 fmol in 1 mg of DNA with S/N 

over 10. This equals a concentration of 4 fmol/µmol dGuo, corresponding to about 1 

adduct per 109 normal nucleotides. The LOD in DNA was estimated as 1.5 fmol/µmol 

dGuo under the same conditions, with S/N of 3. A matrix effect was observed, which 

suppresses the signal in MS analysis by 2-3 fold when using DNA in the analysis 

compared with pure standards. However, the suppression was not significantly higher 

when using more DNA. The recovery of 25 fmol of internal standard during sample 

processing was 73% for (6S, 8S)-[15N5]Cro-dGuo and 71% for (6R, 8R)-[15N5]Cro-

dGuo. 

Twenty-three DNA samples from human liver, 45 from human lung and 11 from 

human white blood cells were analyzed. The results are summarized in Table 5.2. Cro-

dGuo adducts were found in 4 human liver DNA samples and 16 lung DNA samples,  
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Figure 5.5. Chromatograms obtained upon LC-ESI-MS/MS-SRM analysis of DNA 

from human liver and lung. A and C, DNA from human liver; B, DNA from the same 

human liver as in A, to which 2 fmol of each diastereomer of Cro-dGuo was added; D, 

DNA from human lung. 

 
but were not detected in blood DNA. Figure 5.5 shows selected chromatograms from 

these analyses. Panel A shows the chromatogram of a liver DNA sample in which Cro-

dGuo was not detected. When 2 fmol of each diastereomer of Cro-dGuo standard was 

added to this liver DNA sample, the chromatogram shown in Panel B was obtained, 

demonstrating detection of two diastereomers of Cro-dGuo. The adduct levels 

calculated in this sample were 1.93 fmol and 2.03 fmol for (6S, 8S)- and (6R, 8R)-Cro-

dGuo, respectively, consistent with the amount added. Panels C and D illustrate the 

chromatograms of liver and lung DNA samples which were positive for Cro-dGuo. The 

levels of Cro-dGuo in human liver DNA range from 3.52 – 10.6 fmol/µmol dGuo for 

(6S, 8S), and 3.83 – 14.1 fmol/µmol dGuo for (6R, 8R), with mean values at 6.70 and 
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Table 5.2. Levels of Cro-dGuo in DNA from human liver, lung, and blood. 

Tissue 
No. of 

samples 
analyzed 

No. of samples in which  
Cro-dGuo were 

detected 

MS area rati oa  
(Cro-dGuo/[ 15N5]Cro-dGuo) 

Cro-dGuo levels b  
(fmol/µmol dGuo) Amount of DNA 

analyzed c (mg) 
(6S, 8S)-69 (6R, 8R)-69 (6S, 8S)-69 (6R, 8R)-69 

Liver 23 4 0.08 0.17 6.50 14.1 0.48 
   0.03 0.03 3.52 3.83 0.32 
   0.09 0.08 6.19 5.69 0.58 
   0.23 0.17 10.6 7.84 0.89 
    Mean ± SD 6.70 ± 2.92 7.87 ±4.47  
Lung 45 16 0.17 0.18 10.1 11.0 0.73 
   0.04 0.07 3.14 5.69 0.56 
   0.06 0.10 5.24 9.41 0.46 
   0.04 0.08 17.1 30.4 0.11 
   0.09 0.15 10.5 17.8 0.34 
   0.12 0.18 7.18 10.6 0.69 
   0.08 0.15 7.79 15.3 0.39 
   0.23 0.38 5.73 9.57 1.61 
   0.12 0.22 3.61 6.51 1.37 
   0.03 0.07 7.87 16.9 0.18 
   0.11 0.17 13.0 21.3 0.32 
   0.06 0.15 9.27 23.0 0.26 
   0.07 0.21 4.47 13.3 0.64 
   0.24 0.27 6.40 7.79 1.45 
   0.03 0.04 1.65 2.93 0.60 
   0.05 0.07 1.99 3.30 0.92 
    Mean ± SD 7.19 ± 4.14 12.8 ± 7.6  
Blood 11 0   NAd NA  

a. Cro-dGuo peaks with MS area ratio equal to or over 0.05 are over LOQ. Cro-dGuo peaks with MS area ratio below 0.05 may be lower than LOQ, but still 

detectable (S/N greater than 3). 

b. Not including those samples in which Cro-dGuo was not detected. Each value was from single measurement. 

c. Determined by amount of dGuo released from enzymatic hydrolysis. 

d. NA, not applicable. 
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7.87 fmol/µmol dGuo respectively. The levels of Cro-dGuo in human lung DNA range 

from 1.65 – 17.1 fmol/µmol dGuo for (6S, 8S), and 2.93 – 30.4 fmol/µmol dGuo for 

(6R, 8R), with mean values at 7.19 and 12.8 fmol/µmol dGuo respectively. Some of the 

lung DNA samples positive for Cro-dGuo were also analyzed using the transition of m/z 

338 → m/z 178. This gave chromatograms similar to that shown in Figure 5.3 (panel A), 

supporting the identity of Cro-dGuo adducts. One of the blood DNA samples was 

spiked with 2 fmol or 5 fmol of Cro-dGuo and analyzed using our method. The levels 

detected were also consistent with the amount added (data not shown).  

 

Discussion  

We have developed a sensitive and specific method to detect and quantify Cro-

dGuo adducts in DNA from human tissues. This method is based on enzymatic 

hydrolysis of isolated DNA to deoxyribonucleosides, followed by SPE and LC-ESI-

MS/MS. The identity of the Cro-dGuo adducts is supported by clear peaks which were 

observed for both the [BH]+ and [BH-CH3CHO]+ transitions of the analyte and the 

internal standard. These peaks did not exist in control samples without DNA. These 

fragments, corresponding to the loss of 2'-deoxyribose and an additional loss of one 

acetaldehyde moiety, are characteristic of Cro-dGuo adducts. In the case of calf thymus 

DNA, treatment of the hydrolysates with NaOH and NaBH4 caused these peaks to 

disappear and two peaks with the transitions of m/z 340 → m/z 224 and m/z 345 → m/z 

229 were observed. These peaks correspond to the base-catalyzed ring-opening and 

reduction products of Cro-dGuo and [15N5]Cro-dGuo. These results are consistent with 

the known properties of Cro-dGuo adducts (123). 
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The specificity and sensitivity of the methods are attributable to the use of 

MS/MS in the SRM mode (225). Specificity of SRM results from monitoring of a 

characteristic fragmentation of the molecule, while the sensitivity is enhanced because 

of decreased background signal. Several studies indicate that SRM can lower the LOD 

by more than 200 fold compared with selected ion monitoring (226, 227). In our 

method, the LOQ was as low as 0.2 fmol for pure standard loaded on column and a 

concentration of 4 fmol/µmol dGuo for Cro-dGuo in DNA starting with 1 mg of DNA, 

while the LOD is even lower. This sensitivity is comparable to 32P-postlabeling method 

(reported as 0.1 fmol in 50 µg of DNA by Chung, et al. (164), which equals a 

concentration at about 3 fmol/µmol dGuo), and is suitable for in vivo studies and 

analysis of human tissue DNA. The accuracy and precision of the method were 

confirmed by analyzing calf thymus DNA spiked with varying amounts of Cro-dGuo. 

Previous studies by Chung, Nath and co-workers using 32P-postlabeling coupled 

with HPLC reported the detection of Cro-dGuo in various human tissues (163, 164, 

173). Cro-dGuo was found in all DNA samples analyzed by this method, including 5 

from liver, 3 from blood, and 23 from oral tissue (12 non-smokers and 11 smokers). 

However, in our study, the Cro-dGuo adducts were detected in only 4 of 23 liver DNA 

samples, and 16 of 45 lung samples, and were not detected in any of the 11 blood 

samples. The discrepancy may in part result from differences in background exposures 

and repair efficiency of those individuals. Also, because the 32P-postlabeling analysis 

does not have an internal standard, it may not be able to give quantitative results. 

However, such differences still need further study. Another study by Schuler and Eder 

(175, 176) used a 32P-postlabeling method coupled with TLC and did not detect Cro-
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dGuo adducts in liver DNA of untreated Fischer 344 rats.  In contrast, Nath and Chung 

(163) found the adducts in liver DNA of untreated Fischer 344 rats in relatively high 

levels in the range of 2.2-22 adducts per 108 nucleotides. More recently, Chung et al. 

(177) developed a modified 32P-postlabeling method for the analysis of various PdG 

adducts including Cro-dGuo. This method featured conversion of the adducts to the 

ring-opened derivatives for confirmation of identity, followed by radioflow HPLC for 

separation and quantitation. This method was more specific than conventional 32P-

postlabeling methods, and they detected Cro-dGuo adducts in Long Evans rat liver 

DNA. However, no human studies were reported.  

In our study, Cro-dGuo adducts were detected more frequently in human lung 

DNA than in liver DNA, and no adducts were detected in blood. All of the lung DNA 

samples came from self-reported smokers, categorized as either “current or past”. For 

the ‘current smokers’, we do not know if they may have stopped smoking days or weeks 

prior to surgery. We have no information on the smoking status of the subjects who 

donated the liver samples. And those individuals providing blood samples included 5 

smokers and 6 non-smokers. It is likely that tobacco use is responsible at least in part 

for the higher frequency of Cro-dGuo adducts in lung, but this requires further study. 

Endogenous sources, such as lipid peroxidation, may also contribute to the presence of 

these adducts in human tissues (102, 103). Recent studies by Gupta and co-workers 

(228) used a 32P-postlabeling/TLC system to investigate DNA adducts in lung tissue of 

smokers. They found that cigarette smoke-associated lung DNA adducts, which are 

present on the chromatograms as diagonal radioactive zones, were not due to polycyclic 

aromatic hydrocarbons or aromatic amines. Rather, they were likely associated with 
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aldehyde-derived DNA adducts, such as those from formaldehyde, acetaldehyde, and 

crotonaldehyde.  Our results indicate that Cro-dGuo adducts, as detected in some of our 

human lung samples, may contribute to those aldehyde-derived adducts present in 

smokers’ lung DNA.  

One limitation of our method is that it requires a relatively large amount of 

DNA, typically 0.5 – 1 mg, to achieve the desired sensitivity. Although the typical yield 

of DNA from 0.5 g of solid tissue or 3 mL of buffy coat is around 0.5 mg, the yield 

varies significantly depending on each sample. Also, in most cases, the amount of tissue 

available is limited. In some of our liver and lung samples, the amount of DNA 

analyzed was small. It is possible that if we had more DNA available, we might have 

detected more positive samples. An alternative solution would be to increase the 

instrument’s sensitivity. Recently, nanoelectrospray MS was introduced for the analysis 

of DNA adducts (182, 215). When coupled with a nanoflow HPLC, the flow rate is 

decreased to <500 nL per min. This increases the peak concentration and also results in 

better ionization and transfer efficiency (229) thereby increasing sensitivity (182, 215). 

As a result, lower levels of adducts might be detected, or with the same concentrations 

of the adducts, less DNA will be needed. These improvements will be important for the 

analysis of DNA adducts in humans. Using nanoelectrospray MS, Lynn and co-workers 

detected exocyclic PdG adducts derived from acrolein (215) and trans-4-hydroxy-2-

nonenal (182) in human brain tissue, using only 1-2 µg of DNA. The LOQ of these 

adducts was 40-50 adducts/109 normal nucleosides, starting with 10 µg of DNA (182, 

215). In addition, derivatizing agents have been used for those adducts that undergo 

ring-opening in DNA. Swenberg’s group (230) developed a novel method for the 
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measurement of pyrimido[1,2-α]purin-10(3H)one (M1G). By using aldehyde reactive 

probe labeling and liquid chromatography tandem mass spectrometry, this method 

overcame the loss of adducts because of the reaction of the ring-opened form with 

amines or proteins, and enhanced the separation of the adduct conjugates from normal 

nucleotides. Considering the similar properties of Cro-dGuo adducts in DNA, this 

approach might be useful to further increase sensitivity. 

Our current method has only detected Cro-dGuo adducts in human liver and 

lung. For diagnostic purposes, liver and lung are not good sources of DNA. Although 

Cro-dGuo adducts were not detected in any of the blood samples we analyzed, these 

adducts are not precluded from being used as a tool for risk assessment. Bronchial 

brushings and exfoliated oral cells are also potential sources of DNA. With appropriate 

improvement of the method, it could be feasible to use these sources of DNA, as well as 

blood DNA, to investigate the potential role of these adducts in human carcinogenesis. 

In summary, we have developed a sensitive and specific MS method to quantify 

the cyclic Cro-dGuo adducts in human tissues. Our results demonstrate the presence of 

Cro-dGuo adducts in some of the human liver and lung DNA samples analyzed, with a 

higher frequency in human lung DNA, while no adducts were detected in blood. These 

adducts may result from both endogenous and exogenous exposures.  The more 

frequent detection of the Cro-dGuo adducts in lung than the other tissues analyzed is 

potentially important and requires further study.  
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Chapter 6: Conclusions and Future Directions 

The goals of this thesis were as follows: (1) to quantitate POB- and PHB-DNA 

adduct levels in extrahepatic tissues of NNK-, (R)-NNAL-, and (S)-NNAL-treated rats, 

including pancreas, nasal and oral mucosa; (2) to analyze POB-DNA adducts in the 

nasal and oral mucosa of (R)-NNN- and (S)-NNN-treated rats; (3) to develop LC-ESI-

MS/MS methods for the quantitative analysis of Acr-dGuo and Cro-dGuo adducts in 

DNA; and (4) to examine the formation of these adducts in human DNA, especially in 

the human lung. Based on the results presented in Chapters 2-5, it can be concluded that 

these goals were largely met. 

In Part I of this thesis, we have shown that POB-DNA and PHB-DNA adduct 

levels were remarkably similar in the NNK and (S)-NNAL groups, both of which were 

distinctively different from that in the (R)-NNAL group. NNK and (S)-NNAL treatment 

generated more POB-DNA adducts than did (R)-NNAL treatment, while the reverse 

was observed for PHB-DNA adducts. Adduct formation in the nasal respiratory mucosa 

exceeded that in the nasal olfactory mucosa, oral mucosa, and pancreas. O2-POB-dThd 

or O2-PHB-dThd was the major adduct, followed by 7-POB-Gua or 7-PHB-Gua. These 

results suggest extensive retention of (S)-NNAL in various tissues of NNK-treated rats, 

and support a mechanism in which the preferential metabolism of NNK to (S)-NNAL, 

followed by sequestration of (S)-NNAL in the target tissues and reoxidation to NNK, is 

important to NNK tumorigenesis. 

In the nasal olfactory and respiratory mucosa, (R)-NNN treatment generated 

more POB-DNA adducts than did (S)-NNN at most time points. O2-POB-dThd 

predominated, followed by 7-POB-Gua. In the oral mucosa, the opposite 
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stereoselectivity was observed, with (S)-NNN treatment producing 3-5 times more 

POB-DNA adducts than did (R)-NNN. O2-POB-dThd and 7-POB-dGuo were the two 

major adducts, and their levels were similar. POB-DNA adduct levels in the nasal 

respiratory mucosa exceeded those in the nasal olfactory and oral mucosa. These results 

indicate that different mechanisms are involved in NNN metabolism and tumorigenesis 

in rat nasal and oral tissues. NNN enters the nasal mucosa through the circulation, and 

tissue-specific metabolism is important; while in the oral mucosa, direct exposure and 

local activation both play significant roles. Our results also support the potential 

importance of NNN as an oral carcinogen in people who use smokeless tobacco 

products.  

Based on the results presented in Part I, the following experiments are in 

progress or are recommended for future studies. (1) Carcinogenicity of the enantiomers 

of NNAL and NNN in rats as compared to NNK or racemic NNAL or NNN is under 

investigation. Our DNA adduct assay predicts that (S)-NNAL will be more carcinogenic 

than (R)-NNAL in the rat lung and nasal mucosa, and that (S)-NNN will be more 

carcinogenic in the rat esophagus and oral cavity. To test this hypothesis, groups of rats 

will be treated with these compounds, and tissues will be prepared for histological 

evaluation after 90 weeks. (2) Comprehensive analyses of POB- and PHB-DNA adducts 

will be performed in the above treated rats, including non-target tissues such as the 

kidney. Whether these adducts exist in non-target tissues will help to establish the 

importance of POB- and PHB-DNA adducts in NNK- and NNN-induced tumorigenesis 

in rats. (3) This and previous studies indicate extensive distribution and retention of (S)-

NNAL, possibly at receptor sites, in various extra-hepatic tissues. NNK binds to 
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nicotinic acetylcholine and β-adrenergic receptors. It is likely that NNAL could also 

bind to these receptors stereoselectively. Experiments are in progress to test the binding 

affinity of (R)- and (S)-NNAL to these receptors. (4) There was extensive formation of 

POB-DNA adducts in the nasal respiratory mucosa of NNK-, NNAL-, and NNN-treated 

rats, but the specific P450s that are responsible for the metabolic activation of these 

compounds haven’t been identified yet. The characterization of these P450s would help 

us to understand the mechanisms of NNK and NNN tumorigenesis in the rat nasal 

mucosa. (5) 5'-Hydroxylation might be important to NNN tumorigenicity, especially in 

the nasal olfactory mucosa. P450 2A3, which is abundantly expressed in the rat nasal 

olfactory mucosa, efficiently catalyzes the 5'-hydroxylation of NNN. It will be 

interesting to develop a sensitive LC-ESI-MS/MS method to investigate the DNA 

adducts derived from 5'-hydroxylation in the olfactory mucosa of NNN-treated rats. (6) 

To enhance the sensitivity of the current method, a liquid chromatography-

nanoelectrospray ionization-tandem mass spectrometry method is under development 

which would potentially be helpful in the analysis of POB-DNA adducts in humans. 

In Part II of this thesis, we have developed LC-ESI-MS/MS methods for the 

quantitative analysis of exocyclic PdG adducts derived from acrolein and 

crotonaldehyde – Acr-dGuo and Cro-dGuo. These methods employed enzymatic 

hydrolysis of DNA to nucleosides, followed by solid phase extraction to remove 

unmodified nucleosides and LC-ESI-MS/MS analysis by selected reaction monitoring. 

The accuracy and precision were established. The limit of quantitation of these adducts 

in DNA was 20 fmol/µmol dGuo for Acr-dGuo, and 4 fmol/µmol dGuo for Cro-dGuo. 

The two regioisomers of Acr-dGuo – α-OH- and γ-OH-Acr-dGuo, and the two 
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diastereomers of Cro-dGuo – (6S, 8S)- and (6R, 8R)-Cro-dGuo, were resolved and 

quantitated separately. The identity of these adducts was confirmed by monitoring 

multiple transitions, and by reaction with NaBH4 and NaOH. The presence of Acr-dGuo 

and Cro-dGuo was demonstrated for the first time in the human lung. Acr-dGuo was 

detected in all of the 30 subjects, whereas Cro-dGuo was only seen in 16 out of 45 

subjects. Mean levels of Acr-dGuo and Cro-dGuo in the human lung DNA were 339 

fmol/µmol dGuo and 20 fmol/µmol dGuo, respectively. However, the adduct levels did 

not correlate with self-reported smoking history, or urinary cotinine levels.  

Based on the results presented in Part II, the following experiments are in 

progress or are recommended for future studies. (1) Human leukocyte DNA is a better 

source of DNA for diagnostic purposes. These methods can be applied to the analysis of 

leukocyte DNA. Ongoing studies in our laboratory demonstrate the presence of Acr-

dGuo in human leukocyte DNA. However, possible artificial formation of Acr-dGuo 

adducts was observed during sample work-up procedures. Experiments are being 

performed to exclude artificial adduct formation, and the revised method will be applied 

to the analysis of human leukocyte DNA. (2) Smoking-cessation studies are being 

carried out to examine the effect of cigarette smoking on Acr-dGuo adduct levels. Acr-

dGuo adducts can be potentially used as biomarkers to assess exposure to acrolein in 

humans. (3) In vitro experiments can be performed to investigate the repair mechanisms 

of Acr-dGuo and Cro-dGuo adducts. These studies will help to understand the 

individual differences in the formation of Acr-dGuo and Cro-dGuo adducts. 
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Appendix I. 1H-NMR spectrum of α-OH-Acr-dGuo. 
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Appendix II . 1H-NMR spectrum of γ-OH-Acr-dGuo. 
 

HO

N

N

N

O

N
H

N

O

OH

OH
1

2

3 4 5

6

7

8

1'

2'3'

4'

5'

 

 
 



 

 177

Appendix III . 1H-NMR spectrum of (6S, 8S)-Cro-dGuo. 
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Appendix IV . 1H-NMR spectrum of (6R, 8R)-Cro-dGuo.  
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