
Analysis of 4‑Hydroxy-1-(3-pyridyl)-1-butanone (HPB)-Releasing DNA
Adducts in Human Exfoliated Oral Mucosa Cells by Liquid
Chromatography−Electrospray Ionization−Tandem Mass
Spectrometry
Irina Stepanov,*,†,‡ John Muzic,† Chap T. Le,† Erin Sebero,† Peter Villalta,† Bin Ma,† Joni Jensen,†

Dorothy Hatsukami,† and Stephen S. Hecht†

†Masonic Cancer Center and ‡Division of Environmental Health Sciences, University of Minnesota, Mayo Mail Code 806,
420 Delaware Street SE, Minneapolis, Minnesota 55455, United States

ABSTRACT: Quantitation of DNA adducts could provide
critical information on the relationship between exposure to
tobacco smoke and cancer risk in smokers. In this study, we
developed a robust and sensitive liquid chromatography−
tandem mass spectrometry method for the analysis of
4-hydroxy-1-(3-pyridyl)-1-butanone (HPB)-releasing DNA
adducts in human oral cells, a noninvasive source of DNA for
biomarker studies. Isolated DNA undergoes acid hydrolysis, after
which samples are purified by solid-phase extraction and
analyzed by LC-ESI-MS/MS. The developed method was
applied to the analysis of samples obtained via collection with
a commercial mouthwash from 30 smokers and 15 nonsmokers.
In smokers, the levels of HPB-releasing DNA adducts averaged
12.0 pmol HPB/mg DNA (detected in 20 out of 28 samples with quantifiable DNA yield), and in nonsmokers, the levels of adducts
averaged 0.23 pmol/mg DNA (detected in 3 out of 15 samples). For the 30 smoking subjects, matching buccal brushings were also
analyzed, and HPB-releasing DNA adducts were detected in 24 out of 27 samples with quantifiable DNA yield, averaging 44.7 pmol
HPB/mg DNA. The levels of adducts in buccal brushings correlated with those in mouthwash samples of smokers (R = 0.73,
p < 0.0001). Potentially, the method can be applied in studies of individual susceptibility to tobacco-induced cancers in humans.

■ INTRODUCTION

Individual susceptibility to the effects of chemical carcinogens
depends on a variety of factors, including the levels of exposure
and uptake, relative efficiency of metabolic activation and
detoxification pathways, and response to the damage caused by
the metabolically activated forms of carcinogens to target cell
macromolecules. Quantitation of DNA adducts can provide a
direct measure of DNA damage caused by the exposure to a
specific chemical carcinogen, thus providing important informa-
tion for the evaluation of the relationship between exposure and
cancer risk. Tobacco smoking causes 19 types of cancers1 and
21% of all cancer mortality worldwide.2 In addition to public
education and tobacco control efforts, the ability to identify those
smokers who are at higher risk of developing cancer could
promote the development of preventive measures, potentially
reducing the death toll of tobacco use.
The tobacco-specific N-nitrosamines N′-nitrosonornicotine

(NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) are among the most important carcinogens in
unburned tobacco and cigarette smoke.3 Results of numerous
animal, mechanistic, and epidemiological studies indicate that
NNN and NNK play an important role in the induction by
tobacco products of cancers of the lung, esophagus, oral cavity,

and pancreas.3−6 A common pathway in NNK and NNN
metabolism leads to the formation of a reactive pyridyloxobutyl
(POB) metabolite that reacts with the 7-, O6-, and N2-positions
of guanine and the O2-position of cytosine and thymidine to
produce well characterized DNA adducts, some of which have
known miscoding properties7,8 (Scheme 1). To date, there are
no reports on individual POB-DNA adducts in human tissues,
most likely because these adducts are present at levels that are
not detectable with the available methodologies. However, it is
known that acid hydrolysis of pyridyloxobutylated DNA
releases 4-hydroxy-1-(3-pyridyl)-1-butanone (HPB)9,10

(Scheme 1). Numerous studies in cellular and rodent systems
demonstrated the importance of HPB-releasing adducts in
carcinogenesis by NNK and NNN.3,11 Since several adducts of
various structures contribute to the release of HPB, analysis of
this compound in hydrolyzed DNA represents an advantage over
the measurement of individual adducts in human tissues. Indeed,
in 1991 our group demonstrated the presence of HPB-releasing
adducts in lung DNA from smokers.12 Levels of these adducts were
higher than those in nonsmokers, as expected based on the tobacco-
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specificity of NNK and NNN. A much larger study examined levels
of HPB-releasing adducts in human lung and clearly demonstrated
significantly higher levels of HPB-releasing adducts in pulmonary
DNA from lung cancer patients compared to controls.13

Even though DNA adducts are central to the carcinogenic
process, and their measurement potentially can provide the most
direct link between cellular exposure and cancer, measurement of
these biomarkers in the lung of healthy smokers is not practical.
Exfoliated oral mucosa cells are emerging as a promising source of
DNA for biomarker studies in humans,14−17 noninvasiveness of
their collection being an important advantage. Significantly higher
levels of various DNA adducts in the buccal cells of smokers, as
compared to nonsmokers, have been reported,17,18 and a recent
study has demonstrated that the oral epithelium can serve as a
surrogate tissue for assessing tobacco-induced molecular alter-
ations in the lungs.19 Formation of POB-DNA adducts in oral
mucosa of rats chronically treated with NNK and NNN has been
demonstrated in our laboratory.20,21 In another study, Heling et
al.22 measured HPB-releasing DNA adducts in buccal cells from
nonsmokers, smokers, and smokeless tobacco users. They
demonstrated that the levels of HPB-releasing DNA adducts in
the oral mucosa of smokers and smokeless tobacco users are 4-fold
and 9-fold, respectively, higher than those in nonusers of tobacco.
Our goal in this study was to develop a novel, sensitive, and

robust liquid chromatography (LC)−electrospray ionization
(ESI)−tandem mass spectrometry (MS/MS) method for the
measurement of HPB-releasing DNA adducts in human oral
cells and to apply this method for the analysis of oral samples
from smokers and nonsmokers. The ultimate goal is to
understand whether HPB-releasing DNA adducts in oral cells
of smokers could serve as a useful biomarker of NNK and
NNN metabolic activation, and the risk of developing tobacco-
induced cancers.

■ EXPERIMENTAL PROCEDURES
Caution: [13C6]NNN and [13C6]NNAL are carcinogenic and

mutagenic and should be handled with extreme care, using appropriate
protective clothing and ventilation at all times.

Chemicals and Enzymes. HPB and [3,3,4,4-D4]HPB ([D4]HPB)
were purchased from Toronto Research Chemicals (North York,
Ontario, Canada). [13C6]NNN and [13C6]NNAL were purchased from
Cambridge Isotope Laboratories (Cambridge, MA). Reagents and
enzymes for DNA isolation were obtained from QIAGEN Sciences
(Germantown, MD). All other chemicals and solvents were purchased
from Sigma-Aldrich Chemical Co. (Milwaukee, WI) or Fisher
Scientific (Fairlawn, NJ).

Subjects.Mouthwash samples, buccal brushings, and urine samples
from smokers were obtained from the TobPRAC Biorepository which
was supported by an NCI contract with the Lombardi Comprehensive
Cancer Center (Washington, DC). The entrance criteria for the
TobPRAC Biorepository required subjects to smoke at least 10
cigarettes per day for at least 1 year. Nonsmoking volunteers were
recruited independent of TobPRAC, at the Masonic Cancer Center,
University of Minnesota. Collection of these samples was approved by
the University of Minnesota Research Subjects’ Protection Programs
Institutional Review Board: Human Subjects Committee.

Collection of Oral and Urine Samples. According to the
TobPRAC protocol, buccal cell brushings and mouthwash samples
were collected from the same subjects at the same clinic visit. Buccal
cells were collected at the beginning of the visit by brushing the oral
mucosa inside one cheek with a clean toothbrush and swirling the
brush in a sterile polypropylene centrifuge tube with the commercial
mouthwash Listerine (containing, among other ingredients, water,
21.6% alcohol, menthol, sucralose, flavors, and colorants), to transfer
the collected buccal cells from the brush into the liquid. The mouthwash
samples were collected at the end of the same visit by rinsing the mouth
with 30 mL of Listerine and expectorating the rinse into sterile
polypropylene centrifuge tubes. The mouthwash samples from non-
smokers were collected by the same procedure. After the collection, both
buccal brushings and mouthwash samples were centrifuged at 2,700 rpm
to pellet cells; the pellets were washed with Tris-EDTA buffer (pH 7.4),
and stored at −80 °C. Urine samples were collected over a 24-h period,
total urine volume was recorded, and aliquots were stored at −80 °C. The
requested mouthwash, buccal cell, and urine samples were shipped to our
laboratory on dry ice and stored frozen until analysis.

DNA Isolation. We used a modified Qiagen DNA isolation
protocol to isolate DNA from mouthwash and buccal cell samples.
Briefly, the samples were thawed at room temperature and centrifuged
at 1500g for 15 min. The supernatant was discarded, the cell pellet was
resuspended in 3 mL of cell lysis solution from Qiagen and
homogenized, and after treating with proteinase K, RNase A, and
precipitating proteins, DNA was isolated and purified as previously
described.23,24 Content of guanine in isolated DNA was determined by
HPLC,25 and the amount of DNA was calculated as described.26

Analysis of HPB-Releasing DNA Adducts. To analyze HPB-
releasing adducts, the isolated DNA samples were dissolved in 0.5 mL
of deionized water and mixed with 20 pg of [D4]HPB internal
standard. A water blank (0.5 mL) and a sample of calf thymus DNA
(∼100 μg dissolved in 0.5 mL deionized water) were added to each
sample set as negative controls. To each sample, 3.6 N HCl was added
to bring the final concentration of the acid to 0.8 N, and the samples were
hydrolyzed at 80 °C for 3 h to release HPB.9,12,27 Additional experiments
have demonstrated that no D-H exchange takes place in the internal
standard under these conditions (data not shown). The hydrolysates were
cooled down to room temperature and adjusted to neutral pH with 1 N
NaOH, and 40 μL of each sample was transferred to clean microinsert
vials for DNA quantitation by HPLC. The remaining hydrolysates were
loaded on 30-mg 1 cm3 Strata X cartridges (Phenomenex) activated with
1 mL of CH3OH and pre-equilibrated with 2 mL of deionized H2O. After
loading samples, the cartridges were washed with 2 mL of H2O and 1 mL
of 10% CH3OH in H2O, the eluates going to waste. HPB was eluted with
2 mL of 100% CH3OH; the eluates were collected into clean vials,
concentrated to dryness under a stream of N2, redissolved in 20 μL of
deionized H2O, and transferred into autosampler microinsert vials. Eight
microliters of the prepared sample were injected for analysis.

LC-ESI-MS/MS was carried out on a Finnigan TSQ Quantum
Discovery Max instrument (Thermo Electron Corp., Waltham, MA)
interfaced with an Agilent Model 1100 capillary high-performance

Scheme 1. Pyridyloxobutyl-DNA Adduct Formation from
NNN and NNKa

aFor more detailed information on NNN and NNK metabolism and
DNA adduct formation, see references 3 and 7.
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liquid chromatography system and a Model 1100 micro autosampler
(Agilent, Palo Alto, CA). The high-performance liquid chromatograph
was fitted with a 250 × 0.5 mm Luna C18(2) 5 μm column
(Phenomenex) eluted with a gradient from 5 to 65% methanol in 15
mM ammonium acetate over a period of 30 min, then returning to 5%
methanol in 3 min and holding for 15 min at this composition, at a
flow rate of 10 μL/min. The column was operated at 30 °C. The first
10 min of eluent was directed to waste, and the 10 to 40 min fraction
was diverted to the ESI source. The retention times for HPB and
[D4]HPB under these conditions were around 24 min, with [D4]HPB
eluting 0.16 min earlier than HPB. The ESI source was operated in the
positive ion mode, monitoring m/z 166 [M + H]+ → 106 [C5H4N−
C≡O]+, m/z 166→ 134 [C5H4N−CO−CH2−CH2]

+, and m/z 166→
79 [C5H5N]

+ for HPB, and m/z 170 [M + H]+ → 106, m/z 170 →
136 [C5H4N−CO−CH2−CD2]

+, and m/z 170 → 79 for [D4]HPB, at
0.4 amu scan width. The collision gas was Ar at a pressure of 1 mTorr,
with a collision energy of 8 eV. The quadrupoles were operated at a
resolution of 0.2 (Q1) and 0.7 (Q3) amu. The quantitation of HPB
was based on the peak area ratio of HPB (m/z 166 → 106) to
[D4]HPB (m/z 170 → 106), the constructed calibration curves, and
the amount of internal standard added. Calibration curves were
constructed before each analysis by using a series of standard solutions
containing a constant amount of [D4]HPB (5 pg/μL) and differing
amounts of HPB (0.1−10 pg/μL).
To confirm the identity of HPB in hydrolyzed oral cell DNA,

several samples were also analyzed by high resolution tandem mass

spectrometry with nanospray ionization using an LTQ-Orbitrap Velos
Orbitrap instrument. HPB was identified at m/z 166 [M + H]+ → m/z
106.02861 [C5H4N−C≡O]+ with accurate mass monitoring of the
fragment ion at 5 ppm. This method is being optimized for potential
routine analysis of HPB-releasing DNA adducts in human tissues and
will be described in more detail in a separate publication.

Analysis of Urinary Biomarkers of Exposure to NNN and
NNK. Total NNN is a biomarker of exposure to NNN and is the sum
of NNN and its N-glucuronide. Total 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol (NNAL) is a biomarker of exposure to NNK and is
the sum of NNAL and its glucuronides. These biomarkers were measured
in a single analysis by modifying the analytical procedures described for
each biomarker.28,29 Briefly, 2 mL of urine was mixed with 100 pg
each [13C6]NNN and [13C6]NNAL internal standards, 15,000 units of
β-glucuronidase type IX-A from E. coli (Sigma Chemical Co., St. Louis,
MO) were added, and the mixture was incubated overnight with gentle
shaking at 37 °C to convert any NNN- and NNAL-glucuronides to free
NNN and NNAL, respectively. On the next day, the urine was purified on
ChemElut cartridges (Agilent), Oasis MCX cartridges (Waters Corp.,
Milford, MA), and transferred to autosampler vials for analysis by LC-
MS/MS as previously described.28,29 Free NNN and NNAL were also
measured in a single procedure similar to that used for total NNN and
total NNAL analysis, except that the treatment with β-glucuronidase was
omitted. The amounts of the corresponding glucuronides were calculated
by subtracting free NNN and NNAL from total NNN and total NNAL,
respectively.

Figure 1. SRM chromatogram obtained upon analysis of a standard mix containing 10 pg/μL each HPB and [D4]HPB (internal standard). Three
ion transitions are being monitored for both HPB (parent ion m/z 166) and [D4]HPB (parent ion m/z 170). Fragments used for quantitation are
m/z 166 → 106 for HPB and m/z 170 → 106 for [D4]HPB.
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Statistical Analyses. Differences between smokers and non-
smokers were assessed using the two-sample t test (independent
samples). Differences between biomarkers among smokers were
assessed using the one-sample t test (paired samples). Correlations
between biomarkers among smokers were assessed using the standard
Pearson’s correlation coefficient. A p-value less than 0.05 was
considered statistically significant. Calculations were performed using
the SAS statistical package computer program.

■ RESULTS
Development of the Analytical Procedure. The purpose

of this study was to develop a simplified analytical procedure
for the direct measurement of HPB by LC-ESI-MS/MS, thus
excluding the derivatization step that was traditionally used for
the analysis of HPB by gas chromatography-MS.12 The LC-ESI-
MS/MS method for HPB analysis was developed by using
standard aqueous solutions containing HPB and [D4]HPB in
the range of concentrations from 0.1 to 10 pg/μL. On the basis
of the analysis of product scans for m/z 166 ([M+1]+ for HPB)
and m/z 170 ([M+1]+ for [D4]HPB) and further optimization
of the collision energy for the most abundant fragments, we
selected 3 ion transitions to be monitored for each analyte.
Figure 1 shows selected reaction monitoring (SRM) chromato-
grams obtained upon LC-ESI-MS/MS analysis of a standard
mix containing 10 pg/μL each of HPB and [D4]HPB. Because
of their highest signal intensities, the transitions m/z 166 →
106 and m/z 170 → 106 were selected for quantitation of HPB
and [D4]HPB, respectively; the peak area ratios among the
three fragments were used to confirm the identity of the analyte
and the internal standard. The instrument response and
the HPB/[D4]HPB ratio were linear in the 0.1−10 pg/μL range
(Figure 2).

Method Characteristics. At a 3:1 signal-to-noise ratio, the
on-column limit of detection was 0.5 fmol HPB for a standard

solution, and the limit of quantitation at a 5:1 signal-to-noise
ratio was 2.4 fmol/sample for calf thymus DNA spiked with
HPB prior to acid hydrolysis and solid phase purification.
Precision of the assay (coefficient of variation) was 7.1%, as
determined by analyzing six aliquots of calf thymus DNA, each
spiked with 50 pg of HPB and further subjected to acid hydrolysis,
purification, and LC-ESI-MS/MS analysis. The average accuracy of
the assay was determined by spiking aliquots of calf thymus DNA
and a nonsmoker’s oral cell DNA with various amounts of HPB in
the range from 1 to 50 pg/sample: the measured levels of HPB
(expressed as % of added HPB) averaged 102% for calf thymus
DNA (R2 = 0.996) and 111% for nonsmoker’s DNA (R2 = 0.999).
The recovery of the method was determined by comparing oral
cell DNA samples to which [D4]HPB was added prior to their
hydrolysis and processing, with those mixed with the [D4]HPB
after processing, just before the analysis by LC-ESI-MS/MS. The
recovery of [D4]HPB averaged 41.6% (N = 20).

Quantitation of HPB-Releasing DNA Adducts in
Human Oral Cells. The method was first applied to the
analysis of oral cell samples from 30 smokers and 15
nonsmokers obtained via the mouthwash collection protocol.
Typical LC-ESI-MS/MS traces obtained upon analysis of HPB-
releasing DNA adducts in human oral cell DNA are shown in
Figure 3. The results are summarized in Table 1. DNA yield in
these samples averaged 22 μg, ranging from nonquantifiable
(guanine levels below the limit of quantitation upon HPLC
analysis of DNA hydrolysate) to 188 μg per sample. The
average amount of DNA isolated from the freshly collected
nonsmokers’ samples was significantly higher than that
obtained from the frozen smokers’ cell pellets received from
the NCI Biorepository: 55 vs 5.3 μg/sample, respectively (P =
0.0001). Additional experiments revealed that freezing cell
pellets prior to DNA isolation significantly reduces DNA yields
(data not shown). In smokers, HPB-releasing DNA adducts
were detected in 20 out of 28 samples with quantifiable DNA
yield, averaging 12.0 pmol HPB/mg DNA. The identity of HPB
in hydrolyzed oral cell DNA from several smokers was also
confirmed with an Orbitrap detector with accurate mass
monitoring of the fragment ion [C5H4N−C≡O]+ at m/z
106.02861 (Figure 4). In nonsmokers, the adducts were detected
in 3 out of 15 samples, averaging 0.23 pmol/mg DNA. HPB was
not detected in negative controls.
For the 30 smoking subjects, matching buccal brushings were

also analyzed in order to provide insight into whether buccal
mucosa cells are primarily responsible for the remarkably high
levels of HPB-releasing DNA adducts measured in some
smokers. The amount of DNA isolated from the buccal
brushings averaged 0.89 μg, ranging from nonquantifiable to
5.1 μg/sample (Table 2). HPB-releasing DNA adducts were
detected in 24 out of 27 samples with quantifiable DNA yield,
averaging 45 pmol HPB/mg DNA. The levels of adducts in
buccal brushings correlated with those in mouthwash samples
(R = 0.73, p < 0.0001).

Effect of DNA Yield on HPB Quantitation. Because of
the large variation in DNA yields across the samples analyzed
here, we tested for the potential effect of the starting amount of
DNA on the quantitation of HPB after its hydrolysis and
purification. Six samples containing various amounts of DNA
ranging from 0.025 to 100 μg were spiked with 4 pg of HPB
and subjected to acid hydrolysis and solid phase extraction. The
measured concentrations of HPB in these samples produced a
coefficient of variation of 5.5%. This experiment was repeated
by spiking the same range of DNA amounts with 40 pg of HPB;

Figure 2. Linearity of the method: (A) MS/MS signal in the range
0.1−10 pg/μL of HPB; (B) linearity of HPB/[D4]HPB at constant
[D4]HPB concentration (5 pg/μL) and HPB ranging from 0.1 to
10 pg/μL, at 8 μL injections.

Chemical Research in Toxicology Article

dx.doi.org/10.1021/tx300282k | Chem. Res. Toxicol. 2013, 26, 37−4540



the coefficient of variation for measured HPB in this
experiment was 3.1%.
Urinary Biomarkers. Urine samples obtained from subjects

who were smokers at the time of oral sample collection were
analyzed for total and free NNN and NNAL. Total NNN
averaged 0.25 pmol/mg creatinine and total NNAL averaged
1.7 pmol/mg creatinine, with 62% of total NNN and 71% of
total NNAL comprising the corresponding glucuronides (Table 2).
There was no correlation between urinary biomarkers and HPB-
releasing DNA adducts in oral cells.

■ DISCUSSION

Formation of HPB-releasing DNA adducts is an important
mechanism of NNN- and NNK-induced carcinogenesis in
laboratory animals and is believed to play an important role in
tobacco carcinogenesis in humans. The measurement of HPB-
releasing DNA adducts in tobacco users potentially can provide
the most direct link between the cellular exposure to these
carcinogens and development of cancer. In this study, we
developed a robust and sensitive LC-ESI-MS/MS method for
the analysis of HPB-releasing adducts in human oral cells. The

method can be applied in studies of individual susceptibility to
tobacco-induced cancers in humans.
The original method for HPB-releasing DNA adduct analysis

that was developed in our laboratory and used over the years by
various research groups included DNA hydrolysis with acid
followed by derivatization of the released HPB with
pentafluorobenzoyl chloride and analysis of the derivative by
gas chromatography−mass spectrometry (GC-MS).12,13,30 In
this study, we developed a new method that allows direct
measurement of HPB by LC-ESI-MS/MS. Monitoring the
formation of three different fragments from the parent HPB ion
can be particularly useful for its proper identification in the
presence of interfering peaks. The method is accurate and
precise, and its sensitivity is in the range of that reported for the
GC-MS method.13,30

The levels of HPB-releasing DNA adducts in oral cells from
smokers in this study are in agreement with those reported by
Heling et al.22 and are much higher than those found in lung or
other tissues of smokers.12,31 The reasons for the differences in
the levels of HPB-releasing DNA adducts between oral cells
and other tissues are not known. POB-DNA adducts are
formed in oral tissues of rats treated with NNN and NNK,20,21

Figure 3. Typical SRM chromatograms obtained upon analysis of HPB-releasing DNA adducts in oral cells from a (A) nonsmoker and (B) smoker.
For each transition, the peak corresponding to the adduct is shaded. The oral cells were obtained using the mouthwash collection protocol.
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and the ability of human cultured oral tissues to metabolically
activate these carcinogens has been demonstrated in vitro.32 It
is possible that HPB-releasing DNA adducts in the oral cavity
of smokers are formed both as a result of the direct exposure of
oral mucosa to freshly generated cigarette smoke and via the
circulation of activated NNN and NNK metabolites. The ability
of activated metabolites to circulate in the human body is
supported by the finding that HPB-releasing hemoglobin
adducts are formed from a pyridyloxobutylating NNK
metabolite which traveled out of hepatocytes and into red
blood cells where it reacted with hemoglobin.33 Even higher
levels of the adducts were measured in buccal brushings of
smokers (Table 2). Since buccal brushings contain predom-
inantly epithelial buccal cells, while saliva contains both buccal
cells and leukocytes,34,35 our results suggest that buccal cells are
the main contributor to the measured HPB-releasing DNA
adducts in oral samples collected by mouthwash. Further
studies are needed to understand the mechanism of HPB-

releasing DNA adduct formation in the oral cavity of smokers.
Moreover, even though the measurement of individual POB
adducts in oral cells was outside the scope of this study, it needs
to be conducted in the future. Not all of the POB-DNA adducts
with characterized structures are capable of releasing HPB; and
structures of additional adducts that contribute to its release
are yet to be established.11,36 However, it was established that
7-pyridyloxobutyl-deoxyguanosine (7-POB-dGuo) accounts for
30−35% of the HPB-releasing adducts in DNA pyridylox-
obutylated by 4-(acetoxymethylnitrosamino)-1-(3-pyridyl)-1-
butanone.11,36 Therefore, given the high levels of HPB-releasing
DNA adducts detected in some samples in this study, it is
possible that 7-POB-dGuo can be detected in oral cells of some
smokers.
Our finding that the levels of HPB-releasing adducts in oral

cells of smokers did not correlate with urinary total NNN or
total NNAL is in agreement with the previously reported lack
of a direct relationship between the levels of HPB-releasing
hemoglobin adducts and the extent of exposure to NNN and
NNK.37 It is possible that smokers with higher levels of adducts
metabolically activate NNN and NNK to reactive electrophiles
more efficiently or repair NNN- and NNK-induced DNA

Table 1. Levels of HPB-Releasing DNA Adducts in Smokers’
and Nonsmokers’ Oral Cells Collected by Mouthwash

smokers nonsmokers

subject #

DNA
yield
(μg)

HPB (pmol/
mg DNA) subject #

DNA
yield
(μg)

HPB
(pmol/mg DNA)

1 0.27 21.7 1 46 LOQ
2 0.35 20.4 2 188 LOQ
3 0.32 LOQa 3 32 LOQ
4 1.1 6.51 4 19 LOQ
5 0.34 NDd 5 77 LOQ
6 0.25 17.6 6 72 0.78
7 3.1 4.39 7 36 LOQ
8 22 0.29 8 66 LOQ
9 0.03 187 9 60 LOQ
10 1.3 5.65 10 67 1.1
11 1.7 11.3 11 39 LOQ
12 5.5 1.01 12 29 LOQ
13 5.5 ND 13 18 LOQ
14 0.70 ND 14 49 LOQ
15 0.60 16.1 15 33 1.3
16 9.0 LOQ average 55 0.23
17 LOQ NAb SD 41 0.43
18 30 0.09
19 1.9 17.6
20 9.1 4.93
21 LOQ NA
22 24 LOQ
23 8.6 0.67
24 2.3 LOQ
25 1.7 2.02
26 4.1 0.78
27 2.3 4.68
28 1.4 LOQ
29 7.4 0.88
30 16 0.34
averagec 5.3 12.0
SD 7.7 35.1
aLOQ, below the limit of quantitation: 0.02 μg for DNA and 2.4 fmol/
sample for HPB. bNA, not analyzed because DNA was not quantifiable.
cTo calculate average values, 1/2 of the corresponding LOQ was used
for samples in which DNA or HPB were not quantifiable. DNA: 0.01 μg.
HPB: for each sample, LOQ (2.4 fmol/sample) was divided by DNA yield,
and half of that value was used. dND, not detected.

Table 2. Biomarker Levels Measured in Buccal Cells and
Urine of Smokers

buccal cells urinary NNAL urinary NNN

subject #

DNA
yield
(μg)

HPB
(pmol/

mg DNA)

total
(pmol/mg
creatinine)

%
Gluc

total
(pmol/mg
creatinine)

%
Gluc

1 LOQ NA 0.19 61 0.027 58
2 0.05 100 1.4 67 0.085 48
3 0.65 11.3 1.5 88 0.072 85
4 0.11 81.3 5.0 83 0.34 72
5 0.14 25.3 1.0 72 0.046 60
6 LOQ NA 0.44 70 0.060 55
7 0.08 61.4 0.15 60 0.018 46
8 2.5 13.7 0.99 80 0.081 87
9 0.15 246 0.73 75 0.043 59
10 0.05 107 3.8 81 0.24 81
11 1.7 1.97 2.7 79 0.22 92
12 0.83 5.86 0.19 63 0.035 14
13 1.3 6.38 2.0 67 0.068 73
14 0.04 103 3.3 65 0.14 51
15 0.55 7.15 1.3 71 0.076 65
16 2.5 2.12 1.5 78 0.069 57
17 1.2 4.16 2.9 73 4.4 33
18 4.9 108 0.37 84 0.037 57
19 5.1 109 2.2 64 0.36 57
20 1.1 LOQ 0.39 56 0.034 53
21 0.54 7.72 1.2 66 0.058 48
22 LOQ NA 1.2 64 0.066 58
23 0.17 46.3 4.5 69 0.25 70
24 0.25 26.1 3.6 82 0.20 78
25 1.3 2.98 2.3 69 0.12 60
26 0.32 19.1 2.2 81 0.084 70
27 0.22 18.4 0.55 54 0.050 42
28 0.05 84.6 2.7 80 0.12 88
29 0.34 LOQ 1.4 65 0.11 70
30 0.49 LOQ 0.46 67 0.054 71
averagea-c 0.89 45 1.7 71 0.25 62
SD 1.3 57 1.3 8.8 0.78 17
a-cSee footnotes in Table 1.
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damage less efficiently than smokers with lower levels of
adducts. A combination of these factors with smoking patterns
and history could also be responsible for the observed large
interindividual variation of oral HPB-releasing adduct levels
among smokers. This large variation may be indicative of the
differences in the individual risk of developing cancer in
smokers.
In a study by Hözle et al., HPB-releasing DNA adducts were

detected in lung tissues of 8 out of 11 nonsmokers, and the
levels were significantly lower than those measured in
smokers.13 In a later study by the same group, HPB-releasing
DNA adduct levels in lung, esophagus, and cardiac tissues from
tumor-free smokers were not significantly different from values
in nonsmokers.38 In contrast to these reports, only a few
mouthwash samples collected from nonsmoking volunteers in
this study had detectable levels of HPB. This could be due to
differences in sample preparation and analysis procedures and
in sampling approaches.
While small sample size is a limitation of this study, our

primary goal was to develop and characterize a new analytical
procedure for the measurement of HPB-releasing DNA adducts
and to test its applicability to the analysis of human oral cell
DNA. Studies are underway to apply this methodology to larger

sets of samples collected from smokers and smokeless tobacco
users. Investigation of the HPB-releasing DNA adducts in oral
cells after smoking or smokeless tobacco use cessation could
also provide important insights into the role of these adducts in
tobacco carcinogenesis. Even though we did not observe any
effect of the amount of DNA on HPB quantitation, variation in
DNA yields across oral samples analyzed in this study is
another limitation. It should be noted that, due to differences in
oral health status and other individual characteristics,
interindividual variations in oral cell DNA yields most likely
cannot be avoided. However, a standardized approach to
sample collection and processing should be used in the future
for comparisons of HPB-releasing DNA adduct levels among
various population groups. Furthermore, analysis of individual
POB-DNA adducts should be performed on samples that
contain high levels of HPB-releasing DNA adducts.
In summary, we have developed a sensitive and robust LC-

ESI-MS/MS method for the analysis of HPB-releasing DNA
adducts in human oral cells and demonstrated the applicability
of the method to the analysis of mouthwash samples and buccal
cell brushings from smokers and nonsmokers. The demon-
strated differences in the levels of oral HPB-releasing DNA
adducts between smokers and nonsmokers, as well as the large

Figure 4. SRM chromatograms obtained upon analysis of HPB-releasing DNA adducts in the same oral cell DNA sample from a smoker: (A)
analyzed by MS/MS and (B) analyzed by an Orbitrap detector with accurate mass monitoring.
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interindividual variation among smokers, suggest that this
biomarker can be used as a measure of tobacco-specific DNA
damage. Further studies are needed to examine the applicability
of this biomarker as an indicator of individual cancer risk in
tobacco users.
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