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Abstract
The tobacco-specific nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is a
potent pulmonary carcinogen in rats and is believed to be one cause of lung cancer in smokers. NNK
is metabolized to 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) which is also a strong lung
carcinogen in rats and has a chiral center at its 1-carbon. Previous studies have demonstrated that
cytochrome P450-catalyzed α-hydroxylation of NNK in the lung leading to the formation of methyl
and pyridyloxobutyl (POB)-DNA adducts is critical for its carcinogenicity. α-Hydroxylation of
NNAL would similarly produce pyridylhydroxybutyl (PHB)-DNA adducts, but these have not been
previously investigated in vivo. POB- and PHB-DNA adduct levels can indicate the amounts of
pyridyloxobutylating and pyridylhydroxybutylating agents present in tissues of NNK or NNAL
treated rats at any given point. Therefore, in this study, we developed a sensitive and quantitative
liquid chromatography-electrospray ionization-tandem mass spectrometry-selected reaction
monitoring method to determine levels of the PHB-DNA adducts O6-[4-(3-pyridyl)-4-hydroxybut-1-
yl]-2′-deoxyguanosine (O6-PHB-dGuo, 10b), O2-[4-(3-pyridyl)-4-hydroxybut-1-yl]thymidine (O2-
PHB-dThd, 11b), and 7-[4-(3-pyridyl)-4-hydroxybut-1-yl]-2′-deoxyguanosine (7-PHB-dGuo, 12b),
the latter as the corresponding base 7-[4-(3-pyridyl)-4-hydroxybut-1-yl]-Gua (7-PHB-Gua, 14b) in
DNA isolated from liver and lung of rats treated with 10 ppm NNK, (S)-NNAL, or (R)-NNAL in the
drinking water for 20 weeks, and sacrificed at 1, 2, 5, 10, 16, and 20 weeks. PHB-DNA adduct levels
were higher in lung than in liver at each time point, consistent with previous studies of POB-DNA
adducts in rats treated with NNK and NNAL in the drinking water. The results showed that NNK
and (S)-NNAL behaved in a similar fashion while (R)-NNAL was strikingly different. In the rats
treated with NNK or (S)-NNAL, levels of each adduct at each time point were remarkably similar
in lung, and levels of O2-PHB-dThd were generally > than 7-PHB-Gua > O6-PHB-dGuo. The highest
PHB-DNA adduct levels were found in lung and liver of rats treated with (R)-NNAL, suggesting
that there are cytochrome P450s that efficiently catalyze the α-methyl hydroxylation of this
compound. The results of this study provide further support for our hypothesis that (S)-NNAL is
rapidly formed from NNK, sequestered at an unknown site in the lung, then released and reoxidized
to NNK with consequent DNA adduct formation resulting in lung carcinogenicity.
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Introduction
There are over 3000 deaths per day in the world from lung cancer, the leading cause of cancer
death. Ninety percent of this incredible toll results from cigarette smoking (1). There are
multiple lung carcinogens in cigarette smoke, including polycyclic aromatic hydrocarbons,
1,3-butadiene, metals, and the tobacco-specific nitrosamine 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK) (2). There is little doubt that these carcinogens are collectively
responsible for lung cancer in smokers. An understanding of the mechanisms by which they
cause cancer can lead to rational approaches to lung cancer prevention and possibly to improved
therapy.

This study focuses on NNK (1, Chart 1), an effective pulmonary carcinogen in every species
tested (3,4). NNK induces lung adenoma and adenocarcinoma independent of its route of
administration, and is a particularly strong pulmonary carcinogen in the rat. A total dose of
only 6 mg/kg NNK, administered by s.c. injection over a period of twenty weeks, induced a
significant incidence of lung tumors (5). NNK given in the drinking water to rats at a
concentration of 1 ppm for 105 weeks caused a significant incidence of lung tumors, and similar
treatment of rats with 5 ppm of NNK or its metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanol (NNAL, 2, Chart 1) induced lung tumors in more than 85% of the rats (6). A smoker
is exposed to an estimated 0.5 mg NNK per kg body weight in 30 years of smoking (7). Parallels
in NNK exposure and mechanisms between rodents and humans led the International Agency
for Research on Cancer to classify NNK and the related carcinogen N’-nitrosonornicotine as
“carcinogenic to humans (7).”

NNK belongs to the vast class of nitrosamine carcinogens. Volumes of literature convincingly
demonstrate that virtually all nitrosamines require metabolic activation by cytochrome P450
catalyzed α-hydroxylation to exert their carcinogenic effects (8,9). The resulting diazonium
ions produce DNA adducts which cause mutations in oncogenes such as K-ras, leading to
uncontrolled growth, genomic instability, and cancer (4,10,11). There is no doubt that the
metabolic activation of NNK to DNA adducts in the lung is a critical determinant of NNK
carcinogenesis. This has been demonstrated in many studies, the most recent of which elegantly
showed that NNK-induced DNA adduct formation and lung tumorigenesis was significantly
reduced in mice with the NADPH-P450 reductase gene deleted in a lung-specific fashion (3,
12).

An overview of NNK and NNAL metabolic activation to DNA adducts is presented in Scheme
1. Cytochrome P450-catalyzed hydroxylation of the NNK methyl group gives 3, which
spontaneously loses formaldehyde producing the pyridyloxobutanediazohydroxide 7. This
intermediate or the corresponding diazonium ion alkylates DNA yielding pyridyloxobutyl
(POB) adducts 10a - 13a (Chart 2)(13-17,17) as well as DNA adducts of formaldehyde (18,
19). Hydroxylation of the NNK or NNAL α-methylene group produces intermediates 4 or 5,
which decompose to methanediazohydroxide (8) and the methyl diazonium ion leading to the
formation of methyl adducts in DNA (3). Hydroxylation of the NNAL methyl group yields
intermediate 6 and diazohydroxide 9, resulting in the formation of the pyridylhydroxybutyl
(PHB) adducts O6-[4-(3-pyridyl)-4-hydroxybut-1-yl]-2′-deoxyguanosine (O6-PHB-dGuo,
10b), O2-[4-(3-pyridyl)-4-hydroxybut-1-yl]thymidine (O2-PHB-dThd, 11b), 7-[4-(3-
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pyridyl)-4-hydroxybut-1-yl]-2′-deoxyguanosine (7-PHB-dGuo, 12b), and O2-[4-(3-
pyridyl)-4-hydroxybut-1-yl]-2′-deoxycytidine (O2-PHB-dCyd, 13b) (Chart 2)(13,20).

We have previously developed a sensitive and quantitative liquid chromatography-electrospray
ionization-tandem mass spectrometry-selected reaction monitoring (LC-ESI-MS/MS-SRM)
method to quantify POB-DNA adducts 10a - 13a (16). Adducts 12a and 13a, which can
spontaneously lose deoxyribose, were determined as the bases 14a and 15a after neutral thermal
hydrolysis. PHB adducts of NNK and NNAL have never been previously quantified. In this
study, we developed and applied a method for quantitation of PHB adducts 10b - 12b, the latter
as the base 7-[4-(3-pyridyl)-4-hydroxybut-1-yl]-Gua (7-PHB-Gua, 14b). Because of the low
levels of O2-POB-dCyd(13a) (as the base 15a) observed in previous studies (15,16), O2-PHB-
dCyd (13b) was not quantified here.

PHB adducts were measured in liver and lung DNA of rats treated chronically with NNK,
(R)-NNAL, or (S)-NNAL in the drinking water under conditions which eventually produce
lung tumors. PHB adduct levels were compared with those of POB adducts in the same animals,
reported previously (15). The precursors to PHB and POB adducts, intermediates 7 and 9
(Scheme 1), are unstable and cannot be quantified directly. Measurement of PHB and POB
adducts provides a snapshot of the relative amounts of intermediates 7 and 9 in liver and lung
at any given point during NNK or NNAL treatment. This information, together with the total
levels of PHB and POB adducts formed in liver and lung, can provide critical insights on
mechanisms of DNA adduct formation and carcinogenicity by NNK and the enantiomers of
NNAL.

Materials and Methods
Caution

NNK and NNAL are carcinogenic. They should be handled in a well-ventilated hood with
extreme care and with personal protective equipment.

Chemicals
O6-PHB-dGuo (10b), O2-PHB-dThd (11b) and 7-PHB-Gua (14b) were prepared in high purity
as previously described (13,14). [pyridine-D4]Ethyl nicotinate was purchased from Cambridge
Isotope Laboratories (Andover, MA). NNK was obtained from Toronto Research Chemicals
(Toronto, Canada). Purity was greater than 98%. (R)- and (S)-NNAL were synthesized (21).
Chemical and enantiomeric purities were at least 99% (22). Micrococcal nuclease (LS004797,
15 kU) and phosphodiesterase II (LS003603, 10 U) were obtained from Worthington
Biochemical Corporation (Lake- wood, NJ). Alkaline phosphatase (567752, 30 U/mL) was
procured from Roche Molecular Biochemicals (Indianapolis, IN). The reagents and enzymes
for DNA isolation were obtained from Gentra Systems (Minneapolis, MN). All other chemicals
and solvents were acquired from Sigma-Aldrich Chemical Co. (Milwaukee, WI) or Fisher
Scientific (Fairlawn, NJ).

NMR and MS
Qualitative MS was performed on an Agilent 1100LC/MSD ion trap instrument (Agilent
Technologies, Inc., Palo Alto, CA) in the positive mode for characterization of deuterated
standards. For the development, validation, and application of the quantitative method, we used
either a Finnigan TSQ Quantum Ultra AM or a TSQ Quantum Discovery Max (Thermo
Electron, San Jose, CA) instrument coupled with an Agilent 1100 series capillary HPLC
system. NMR spectra were run on a Varian Inova 500 or 600 MHz instrument (Varian, Inc.,
Palo Alto, CA).
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HPLC Analysis
HPLC was carried out with a Waters Associates (Milford, MA) system equipped with a model
440 UV-visible detector set at 254 nm. System 1, for purification of standards, used a 250 mm
× 10 mm, 10 μm C-18 Vydac 201 TP column (Separations Group, Hesperia, CA) eluted at 3
mL/min with 5% CH3CN in 15 mM NH4OAc to 30% CH3CN over the course of 60 min. LC-
ESI-MS for characterization of standards was carried out in System 2, with an Agilent 1100
series capillary flow HPLC ion trap MS (Agilent Technologies, Palo Alto, CA) equipped with
a 150 mm × 0.5 mm Zorbax Extend-C-18, 3.5 μm column (Agilent) eluted at 15 μL/min with
5% CH3CN in 15 mM NH4OAc to 65 % CH3CN over the course of 40 min. N2 was used as
drying gas (200 °C, 5L/min) and as nebulizing gas (15 psi). The system also contained an in-
line UV detector. The mass spectrometer was operated in the full scan mode (m/z 100-800),
with target ion abundance of 30,000, maximum accumulation time of 300 ms, and
fragmentation amplitude of 0.9 V. MS/MS experiments were performed with a CID gas
pressure of 1.5 mTorr and CID energy of 30 V.

Synthesis of Deuterated Standards
These were prepared based on previously published methods (13,20) and purified using HPLC
system 1, as follows.

[pyridine-D4]O6-PHB-dGuo ([pyridine-D4]10b)—Retention time 15.5 min; purity 98%
(HPLC-UV); isotopic purity, 98% D. 1H NMR (DMSO-d6) δ 8.1 (s, 1H, Gua C8-H), 6.2 (m,
1H, 1H’), 4.62 (br, 1H, but-4H), 4.4 (m, 2H, but-1-H), 4.23 (br, 1H, 3′H), 3.77 (br, 1H, 4′H),
3.6 (d, J=12.5, 1H, 5′Ha), 3.55 (d, J=12.5, 1H, 5′Hb), 2.16 (br, 2H, 2′H), 1.79-1.68 (m, 2H,
but-3Ha,b), 1.69-1.60 (m, 2H, but-2Ha,b). UV (MeOH/pH 6.8 buffer λ max 204, 250, 282 nm.
LC- positive ion ESI-MS (system 2) retention time 14.2 min, m/z 421 [M + H]+; MS/MS of
m/z 421; m/z 305 [BH]+; m/z 154 [[pyridine-D4]CH(OH)C3H6]+.

[pyridine-D4]O2-PHB-dThd ([pyridine-D4]11b)—Retention time 15 min; purity 98%
(HPLC-UV); isotopic purity, 98% D. 1H NMR (DMSO-d6) δ 7.8 (s, 1H, C-6H), 6.08 (t, J=6.0
Hz, 1H, 1′H), 4.6 (br, 1H, but-4-H), 4.3 (m, 2H, but-1-H), 4.2 (br, 1H, 3′H), 3.8 (br, 1H, 4′H),
3.6 (d, J=12.0 Hz, 1H, 5′Ha), 3.55 (d, J=12.5, 1H, 5′Hb), 2.15 (m, 2H, 2′H), 1.79-1.73 (m, 2H,
but-3Ha,b), 1.77 (s, 3H, 5-CH3), 1.72 (m, 2H, but-2Ha,b). UV (MeOH/pH 6.8 buffer λ max 207,
258 nm. LC-positive ion ESI-MS (system 2) retention time 12 min, m/z 396 [M + H]+; MS/
MS of m/z 396; m/z 280 [BH]+; m/z 154 [[pyridine-D4]CH(OH)C3H6]+.

[pyridine-D4]7-PHB-Gua ([pyridine-D4]14b)—Retention time 11.3 min; purity 98%
(HPLC-UV); isotopic purity, 98% D. 1H NMR (DMSO-d6) δ 7.88 (s, 1H, GuaC8-H), 5.35 (s,
1H, but-4-OH), 4.55 (br, 1H, but-4H), 4.2 (m, 2H, but-1H), 1.8-1.7 (m, 2H, but-3Ha,b), 1.57-1.4
(m, 2H, but-2Ha,b). UV (MeOH/pH 6.8 buffer) λ max 214, 250, 285 nm. LC-positive ion ESI-
MS (system 2) retention time 11.3 min, m/z 305 [M + H]+; MS/MS of m/z 305; m/z 287 [(M
+ H)+ - H2O]+; 154 [[pyridine-D4]CH(OH)C3H6]+.

A stock solution of [pyridine-D4]O6-PHB-dGuo (250 fmol/ μL), [pyridine-D4]O2-PHB-dThd
(25 fmol/ μL), and [pyridine-D4]7-PHB-Gua (750 fmol/ μL) was prepared by NMR
standardization with toluene as an internal standard, as previously described (17).

Animal Experiment
Liver and lung tissues analyzed in this study were those produced in a previous study in which
rats were treated with NNK, (R)-NNAL, or (S)-NNAL (15). Briefly, the rats were randomly
divided into four groups of 54 rats each: (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. Aqueous solutions of the carcinogens
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were prepared weekly and stored at 4 °C, conditions under which they are known to be stable.
These solutions were placed in the plastic water bottles of the rat cages twice weekly. 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.

Quantitation of PHB-DNA adducts by HPLC-ESI-MS/MS-SRM
DNA was isolated from the liver and lung of three rats per group as previously described
(15). The analysis of PHB-DNA adducts by HPLC-ESI-MS/MS-SRM was carried out
essentially as described previously (15,16). Briefly, 0.05-2 mg of each DNA sample plus 3
deuterated internal standards, was subjected to neutral thermal hydrolysis (100 °C, 30 min),
then to enzymatic hydrolysis with micrococcal nuclease (75 U), phosphodiesterase II (450
mU), and alkaline phosphatase (150 U). The hydrolysate was purified on a solid-phase
extraction cartridge (Strata-X-cartridge, Phenomenex, CA). The resulting sample was
dissolved in 20 μL of 2% NH4OAc and 8 μL was injected on LC-MS using the same column
as in System 2 with a gradient from 0 to 25% CH3CN in 15 mM NH4OAc over a period of 29
min, then 25-75% CH3CN for 5 min, then 75% CH3CN for 5 min, then returning to 0%
CH3CN in 5 min, at a flow rate of 15 μL/min. The column was operated at 25 °C. The first 10
min of eluant was directed to waste, and the 10-40 min fraction was diverted to the ESI source
operated in the positive mode. The retention times of the PHB-DNA adducts in this HPLC
system were as follows: 7-PHB-Gua, 20.97-21.7 min; O2-PHB-dThd, 25.2-25.5 min; and O6-
PHB-dGuo, 28.4-28.9 min. PHB-DNA adducts and corresponding deuterated standards were
detected by monitoring the transition [M + 1]+ → [PHB]+ (Table 1). MS parameters were set
as follows: spray voltage, 4 kV; sheath gas pressure, 30; capillary temperature, 200 °C; collision
energy, 10 V; scan width, 0.7 amu; Q2 gas pressure, 1.0 mTorr; source CID, 10 V; and tube
lens offset, 100 V. MS/MS data were acquired and processed by Xcalibur software version 1.4
(Thermo Electron). Quantitation of each PHB-DNA adduct was accomplished by comparing
the MS peak area ratio of each adduct to that of its deuterated standard with a calibration curve.
Calibration standards were prepared by mixing various quantities of each adduct with a
constant amount of the corresponding internal standard in 2% NH4OAc. These were analyzed
by LC-MS/MS without undergoing the sample preparation described above. Calibration curves
were made by plotting the concentration ratio (adduct: internal standard) vs. the MS peak area
ratio (adduct: internal standard). The amount of dGuo in each sample was determined by HPLC.
The amount of DNA was then calculated based on 1 mg of DNA containing 3 μmol of
nucleotides and rat DNA containing 22% dGuo. Adducts levels were expressed as fmol/mg
DNA, mean ± S.D. of 3 liver or lung DNA samples per group, each analyzed once.

Statistical Analyses
Repeated measures ANOVA was chosen to compare the three PHB-DNA adducts within each
group. Time was treated as a fixed effect. Due to a highly skewed distribution, the PHB-DNA
adducts were analyzed on the natural log scale. Adjustments for multiple comparisons among
PHB-DNA adducts were made according to the Tukey method. A p-value < 0.05 was
considered to be statistically significant, except for comparisons of individual PHB-DNA
adducts within each group at each time point, for which a more restrictive p-value cutoff of
less than 0.01 was used to judge statistical significance.

Results
The accuracy of the method for analysis of PHB-DNA adducts was tested by adding various
amounts of each adduct standard to 1 mg of calf-thymus DNA, and carrying out the analysis.
The results, which are summarized in Table 2, demonstrate excellent agreement between
measured and added amounts. Precision was determined by analyzing 6 aliquots of a sample
containing 500 fmol/mg calf thymus DNA of O6-PHB-dGuo, 50 fmol/mg DNA of O2-PHB-
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dThd, and 1500 fmol/mg DNA of 7-PHB-Gua. Coefficients of variation were 1.8, 0.9, and
4.3%, respectively. Limits of detection (fmol/mg DNA) were: O6-PHB-dGuo (1.5), O2-PHB-
dThd (3), and 7-PHB-Gua (18). Recoveries (% ± S.D.) were: O6-PHB-dGuo (90 ± 10), O2-
PHB-dThd (60 ± 12), and 7-PHB-Gua (90 ± 10).

Representative chromatograms of PHB-DNA adducts in lung DNA of control rats and rats
treated with NNK, (S)-NNAL, or (R)-NNAL for 16 weeks are shown in Figure 1A-D. Clear
peaks co-eluting with the internal standards were observed for each adduct in the DNA of the
treated rats and these were not present in lung DNA from control rats. Similar chromatograms
were obtained from the liver samples in which PHB-DNA adducts were detected. Under our
conditions, diastereomers of O6-PHB-dGuo and O2-PHB-dThd were not separated.

Levels of PHB-DNA adducts at each time point in lung and liver are summarized in Table 3.
In the rats treated with NNK, all three adducts were detected in lung DNA at each time point.
Amounts of O2-PHB-dThd were significantly (P<0.01) lower than those of 7-PHB-Gua at
weeks 1 and 2, but significantly (P<0.01) higher at weeks 16 and 20. Both of these adducts
were present in amounts significantly (P<0.01) greater than those of O6-PHB-dGuo at all time
points. Adduct levels in liver were generally less than in lung, with O2-PHB-dThd
predominating at most time points. O6-PHB-dGuo was not detected in liver DNA.

Levels of each adduct in lung DNA of rats treated with (S)-NNAL were remarkably similar to
those observed in the rats treated with NNK. Levels of O2-PHB-dThd were significantly greater
than those of the other adducts at weeks 10-20, similar to the pattern seen in the NNK-treated
animals. Levels of O2-PHB-dThd and 7-PHB-Gua in lung were significantly greater (P<0.01)
than those of O6-PHB-dGuo at all time points, as in the NNK treated animals. In liver, O2-
PHB-dThd was the only adduct detected.

The highest PHB-DNA adduct levels were clearly seen in the rats treated with (R)-NNAL.
Total adduct levels were significantly higher (P<0.001) in lung and liver DNA of these rats
compared to the DNA from rats treated with either NNK or (S)-NNAL, and they were higher
in lung than in liver DNA, as seen in the NNK and (S)-NNAL-treated rats.

Comparative levels of total PHB-DNA and POB-DNA adducts (from our previous study
(15)) in lung and liver of NNK, (R)-NNAL, and (S)-NNAL-treated rats are summarized in
Figure 2A-D.

As a control for the possible interconversion of pyridyloxobutylating and
pyridylhydroxybutylating agents or the corresponding DNA adducts, two DNA samples, one
each from the livers of rats treated with either enantiomer of N’-nitrosonornicotine (NNN,
16, Scheme 2) in a previous study (23), were analyzed for PHB-DNA adducts. None were
detected.

Discussion
There were three major notable results of this study. First, we detected and quantified, for the
first time in vivo, PHB-DNA adducts of NNK and NNAL. Second, there was a remarkable
kinship between NNK and (S)-NNAL in levels of PHB-DNA adducts, particularly in lung, and
similar to our previous observations regarding POB-DNA adducts of these two compounds,
while the pattern of adduct levels from (R)-NNAL was very different. Third, (R)-NNAL
produced significantly higher levels of PHB-DNA adducts than either NNK or (S)-NNAL.

The data presented here provide convincing evidence for the presence of PHB-DNA adducts
in rats treated with NNK or the enantiomers of NNAL. Clean chromatograms, such as those
illustrated in Figure 1, were obtained, and in each case where adducts were detected, peaks
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having the correct fragmentation pattern, as detected by SRM, co-eluted with the appropriate
internal standard. These results leave no doubt that PHB-DNA adducts are formed in vivo as
a consequence of methyl hydroxylation of NNAL, as illustrated in Scheme 1. As shown in
Chart 3, 15 different types of DNA damage have now been identified in lung or liver of NNK
treated rats or mice, resulting from pyridyloxobutylation of dGuo, dThd, dCyd, and phosphate,
pyridylhydroxybutylation of dGuo and dThd, methylation of dGuo and dThd, and
formaldehyde alkylation of dAdo (3,15,16,18,24). Single strand breaks (SSB) and 8-oxo-dGuo
have also been reported (3). The formation of these multiple DNA adducts of NNK is certainly
consistent with its potent carcinogenicity.

Total quantified PHB-DNA adduct levels in the lung of rats treated with NNK and (S)-NNAL
were strikingly similar and very different from the results obtained with (R)-NNAL, echoing
the results which we have previously obtained upon analysis of POB-DNA adducts in the same
rats (Figure 2) (15). There were also similarities in liver. These data can be understood more
clearly based on the results of previous studies. NNK is rapidly converted to NNAL in vivo in
the rat, with a plasma half-life of 25 min (25). Studies carried out in vitro demonstrate that rat
liver and lung microsomes and cytosol, as well as red blood cells, readily convert NNK to
NNAL, which is >95% (S)-NNAL (26). In agreement with these findings, (S)-NNAL
predominates in plasma upon administration of NNK to rats (27). Therefore, since NNK is
efficiently converted to (S)-NNAL in rats, it is reasonable that after administration of (S)-
NNAL to rats, as in the present study, one observes properties that are quite similar to those
of NNK.

Our results are also consistent with those obtained by Zimmerman et al who compared the
metabolism, pharmacokinetics, and tissue distribution of (S)-NNAL and (R)-NNAL in rats
(28). (S)-NNAL had a much larger volume of distribution (Vss = 1792 ± 570 ml) than did
(R)-NNAL (Vss = 645 ± 230 ml). These large Vss values suggest extensive tissue distribution
of both compounds, but particularly of (S)-NNAL, which was also selectively retained in the
lung. There were major differences in metabolism, with almost 40% of the (R)-NNAL dose
being eliminated as (R)-NNAL-glucuronide, while only small amounts of (S)-NNAL-
glucuronide were formed. Furthermore, (S)-NNAL was converted to NNK more extensively
than (R)-NNAL, based on analysis of urinary metabolites [4-oxo-4-(3-pyridyl)butyric acid
from (S)-NNAL via NNK, and 4-hydroxy-4-(3-pyridyl)butyric acid from (R)-NNAL] (28).
Overall, NNK and (S)-NNAL behave as closely related siblings, while (R)-NNAL is a distant
cousin.

Since the pyridyloxobutylating and pyridylhydroxybutylating intermediates 7 and 9 of Scheme
1 are unstable and are apparently not interconvertible (see below), POB-DNA adducts and
PHB-DNA adducts provide a snapshot of their tissue concentrations at a given time. Thus, our
results (Figure 2) indicate that the flux of these intermediates from NNK and (S)-NNAL are
similar, and very different from (R)-NNAL, although adduct levels from all three compounds
increased through 16 weeks of treatment. The finding of similar levels of POB-DNA adducts
from NNK and (S)-NNAL thus clearly requires reconversion of (S)-NNAL to NNK. Yet, the
biological equilibrium between NNK and (S)-NNAL is far to the side of (S)-NNAL in the rat
(25,27). Furthermore, there appears to be relatively little α-methyl hydroxylation of (S)-NNAL
in the rat in vivo (28), in spite of the fact that rat liver and lung microsomes catalyze this process
in vitro (26). How do we resolve these apparent contradictions? We hypothesize that (S)-
NNAL, after its rapid formation from NNK, is sequestered at receptor sites in rat lung and
perhaps also in liver (see Scheme 3). While sequestered, it is protected from α-methyl
hydroxylation. It may be released from this protected site by oxidation to NNK within the site
(which could be an oxidoreductase or cytochrome P450), or it may be released from the site
and then efficiently reconverted to NNK, a reaction that is catalyzed more effectively by
cytochromes P450 and rat liver and lung microsomes for (S)-NNAL than for (R)-NNAL (26).
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This NNK then undergoes α-hydroxylation to POB-DNA adducts. These relationships are
summarized in Scheme 3. This hypothesis is consistent with the previously observed selective
retention of (S)-NNAL in the rat lung (29), and could explain in part the high pulmonary
carcinogenicity of NNK in rats as well as the high levels of POB-DNA adducts in rat lung after
administration of NNK. It is also consistent with previous studies which have demonstrated
binding of NNK to nicotinic acetylcholine and β-adrenergic receptors, although there are no
data reported for NNAL (30-32).

This hypothesis depends on the veracity of the assumption that pyridyloxobutylating
intermediates 7 and 9, as well as POB-DNA and PHB-DNA adducts, are not interconvertible,
so that the latter do really provide a snapshot of the former. Intermediates 7 and 9 and the
consequent diazonium ions are expected to be short-lived, thus their interconversion seems
unlikely, as does interconversion of the resulting DNA adducts. We examined this by analyzing
PHB-DNA adducts in the liver of rats treated with NNN (16, Scheme 2) (23). NNN undergoes
conversion to intermediate 7, but not 9, following metabolic 2′-hydroxylation, and POB-DNA
adducts are present in tissues of rats treated with NNN. We did not detect PHB-DNA adducts
in these samples, demonstrating that intermediate 7 is not converted to 9 in vivo, nor are POB-
DNA adducts converted to PHB-DNA adducts. Thus, it is safe to assume that POB-DNA
adducts result from pyridyloxobutylating species, while PHB-DNA adducts result from
pyridylhydroxybutylating species, and these pathways are well insulated in vivo once the
reactive intermediate is formed.

The extensive formation of PHB-DNA adducts from (R)-NNAL was unexpected. Levels of
these adducts in lung were similar to those of the POB-DNA adducts produced from NNK and
(S)-NNAL, and all adducts persisted throughout treatment. Rat lung microsomes were less able
to catalyze the α-methyl hydroxylation of (R)-NNAL than (S)-NNAL, while liver microsomes
catalyzed these reactions equally (26). Rat P450 2A3 was a less efficient catalyst of α-methyl
hydroxylation of racemic NNAL than of NNK (33). In addition, (R)-NNAL is more readily
detoxified by glucuronidation than is (S)-NNAL (28). These results suggested that PHB-DNA
adduct formation from (R)-NNAL would be less than from (S)-NNAL or NNK in rat lung, but
this was not observed. The higher levels of PHB-DNA adducts observed from (R)-NNAL than
(S)-NNAL can be explained by the sequestration hypothesis discussed above, as α-methyl
hydroxylation of (S)-NNAL would be inhibited. But the comparable levels in rat lung of PHB-
DNA adducts from (R)-NNAL and POB-DNA adducts from NNK are not so readily explained
in view of the documented differences in the rates of α-methyl hydroxylation of NNAL and
NNK by P450 2A3, found in rat lung (33), and the detoxification of (R)-NNAL by
glucuronidation. Apparently, there are P450s in rat lung and liver that efficiently catalyze the
α-methyl hydroxylation of (R)-NNAL.

Consistent with their kinship, (S)-NNAL was equally as tumorigenic in A/J mouse lung as
NNK, both having induced about 25 lung tumors per mouse, while (R)-NNAL was less
tumorigenic but still produced 8.2 lung tumors per mouse, compared to 0.1 in the vehicle
controls (21). Human exposure to NNAL is primarily through metabolic reduction of NNK,
as there is relatively little NNAL in tobacco products (7). While (S)-NNAL was the major
enantiomer formed in human liver cytosol, both enantiomers have been observed in substantial
quantities in experiments with human liver microsomes, and (R)-NNAL predominated in
human lung microsomes (26,34). The enantiomeric distribution of free NNAL in smokers’
urine was 54% (S)- and 46% (R)-NNAL, while that of NNAL glucuronides was 68% (S)- and
32% (R)-NNAL (22). Collectively, these results indicate that there may be significant exposure
to both tumorigenic enantiomers of NNAL in humans, suggesting that PHB-DNA adducts may
be formed in tandem with the POB-DNA adducts that have already been observed (35,36).
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In summary, the results of this study demonstrate for the first time the formation of PHB-DNA
adducts in lung and liver of rats treated with NNK and the enantiomers of NNAL. Adduct
formation was similar from NNK and (S)-NNAL, supporting a mechanism of NNK
carcinogenesis in which (S)-NNAL is sequestered, then re-oxidized to NNK, resulting in the
formation of POB-DNA adducts. Surprisingly high levels of PHB-DNA adducts were found
in rats treated with (R)-NNAL.
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1.
Chromatograms obtained upon LC-ESI-MS/MS-SRM analysis of lung DNA from rats treated
with (A) nothing; or with 10 ppm carcinogens in the drinking water for 16 weeks; (B) NNK;
(C) (S)-NNAL; (D) (R)-NNAL. Individual PHB-DNA adducts or internal standards were
monitored as indicated on each channel, using the transitions shown in Table 1. The DNA
samples were obtained from a previous experiment (15). The peaks eluting at 28.5 min in the
7-PHB-Gua and [pyridine-D4]7-PHB-Gua channels are derived from transitions in the spectra
of O6-PHB-dGuo and [pyridine-D4]O6-PHB-dGuo.
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2.
Levels of total adducts (fmol/mg DNA) ± S.D. vs time (weeks): A) PHB-DNA adducts in liver;
B) PHB-DNA adducts in lung; C) POB-DNA adducts in liver; D) POB-DNA adducts in lung.
Panels C and D are included from a previous publication (15) for comparison.
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Scheme 1.
Overview of NNK and NNAL metabolism and DNA adduct formation.
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Scheme 2.
Formation of POB-DNA adducts from NNN.
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Scheme 3.
Proposed relationships of NNK, (S)-NNAL, (R)-NNAL, and their DNA adducts in vivo in the
rat.
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Chart 1.
Structures of NNK, (R)-NNAL and (S)-NNAL.
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Chart 2.
Structures of POB-DNA and PHB-DNA adducts.
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Chart 3.
DNA adducts formed in rats or mice treated with NNK.
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Table 1
Ion transitions for SRM of PHB-DNA adducts and corresponding internal standards

Adducts Parent Ion ([M+1]+ , m/z) Daughter Ion (m/z)
O6-PHB-dGuo (10b) 417.1 150.1 [PHB]+

[pyridine-D4]O6-PHB-dGuo 421.1 154.1 ([pyridine-D4]PHB)+

O2-PHB-dThd (11b) 392.1 150.2 [PHB]+

[pyridine-D4]O2-PHB-dThd 396.1 154.2 ([pyridine-D4]PHB)+

7-PHB-Gua (14b) 301.1 150.1 [PHB]+

[pyridine-D4]7-PHB-Gua 305.1 154.1 ([pyridine-D4]PHB)+
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