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Abstract

The Multiethnic Cohort Study has demonstrated that the risk for lung cancer in cigarette
smokers among three ethnic groups is highest in Native Hawaiians, intermediate in Whites,

and lowest in Japanese Americans. We hypothesized that differences in levels of DNA

adducts in oral cells of cigarette smokers would be related to these differing risks of lung

cancer. Therefore, we used liquid chromatography-nanoelectrospray ionization-high resolution
tandem mass spectrometry to quantify the acrolein-DNA adduct (8 //S)-3-(2’-deoxyribos-1"-
yl)-5,6,7,8-tetrahydro-8-hydroxypyrimido[1,2-g]purine-10(3H)-one (y-OH-Acr-dGuo, 1) and the
lipid peroxidation-related DNA adduct 1, V®-etheno-dAdo (edAdo, 2) in DNA obtained by oral
rinse from 101 Native Hawaiians, 101 Whites, and 79 Japanese Americans. Levels of urinary
biomarkers of nicotine, acrolein, acrylonitrile, and a mixture of crotonaldehyde, methyl vinyl
ketone, and methacrolein were also quantified. Whites had significantly higher levels of y-OH-
Acr-dGuo than Japanese Americans and Native Hawaiians, after adjusting for age and sex. There
was no significant difference in levels of this DNA adduct between Japanese Americans and
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Native Hawaiians, which is not consistent with the high lung cancer risk of Native Hawaiians.
Levels of edAdo were modestly higher in Whites and Native Hawaiians than Japanese Americans.
The lower level of DNA adducts in the oral cells of Japanese American cigarette smokers than
Whites is consistent with their lower risk for lung cancer. The higher levels of edAdo, but not
y-OH-Acr-dGuo, in Native Hawaiian versus Japanese American cigarette smokers suggest that
lipid peroxidation and related processes may be involved in their high risk for lung cancer, but
further studies are required.
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INTRODUCTION

More than 900 million people in the world smoke cigarettes, the cause of about two thirds
of all lung cancer, a disease which killed 1.8 million people worldwide in 2020 accounting
for 18% of all cancer deaths.l: 2 The Multiethnic Cohort study (MEC), a prospective cohort
study that recruited more than 215,000 men and women in 1993-1996, has investigated
ethnic differences in lung cancer susceptibility among five ethnic groups: Native Hawaiians,
Whites, Japanese Americans, African Americans, and Latinos. Results from the MEC have
shown that Native Hawaiians and African Americans are at highest risk for lung cancer due
to cigarette smoking, Whites are at intermediate risk, while Japanese Americans and Latinos
are at lowest risk, when smoking dose is determined by cigarettes per day.3 In the study
reported here, we investigated levels of DNA adducts in oral cells obtained from cigarette
smokers recently recruited from 3 ethnic groups with differing risks for lung cancer: Native
Hawaiians, Whites, and Japanese Americans.

There is no doubt that DNA adducts resulting from exposure to genotoxic compounds in
cigarette smoke are central in the carcinogenic process. When certain DNA adducts persist
and evade repair systems, they can cause miscoding in DNA leading to permanent mutations
in oncogenes or tumor suppressor genes such as KRASand 7P53involved in growth
control.4=6 Thus, DNA adducts form the requisite link between carcinogen exposure and
mutations in critical genes. In one study, somatic mutations were compared in over 5000
tumor samples from cigarette smokers and non-smokers, demonstrating clear increases in
five mutational signatures in smokers compared to non-smokers.”
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Analysis of oral cell DNA adducts is a practical approach to assessing DNA damage in
cigarette smokers.8 Collection of oral mucosa cells is relatively simple, repeatable, and
inexpensive. Some studies have demonstrated consistency between molecular changes in
oral cells and bronchial cells.® The oral mucosa is the first site of contact with cigarette
smoke and it is reasonable to expect that DNA damage in oral cells would be similar to

that observed in bronchial cells as the smoke and its constituents travel down the respiratory
tract. Several studies have shown associations between molecular changes in the oral mucosa
and bronchial cells from the same individuals, consistent with field carcinogenesis.®

We have recently described a quantitative liquid chromatography-nanoelectrospray
ionization-high resolution tandem mass spectrometry (LC-NSI-HRMS/MS) method for the
analysis of acrolein-DNA adducts and etheno-DNA adducts in human oral cell DNA.® The
results showed remarkably higher levels of these adducts in smokers than in non-smokers.
Acrolein is one of the most toxic compounds in cigarette smoke, consistently generated at
levels exceeding 100 g per cigarette under Health Canada Intense conditions, and with a
mean level of 177 ug per cigarette in brands from the U.S. market.19-12 The International
Agency for Research on Cancer recently evaluated acrolein as “probably carcinogenic to
humans” (Group 2A).12 This conclusion was based partially on sufficient evidence of cancer
in experimental animals. Thus, exposure to acrolein by inhalation significantly increased
the incidence of malignant lymphoma in female mice and caused rare rhabdomyoma

and squamous cell carcinoma of the nasal cavity in female rats. These observations
combined with strong mechanistic evidence, but inadequate evidence regarding cancer in
humans, were the basis for the classification.12 With respect to lipid peroxidation, abundant
evidence demonstrates the formation of edAdo as well as other etheno-DNA adducts from
peroxidation of lipids including 4-hydroxynonenal, in reactions that proceed via initial
epoxidation followed by loss of the alkyl side chain.13-15 edAdo can also be formed

upon metabolism of vinyl chloride and ethyl carbamate, 1 but levels of these compounds

in cigarette smoke are quite low; vinyl choride (46 — 98 ng/cigarette, Canadian Intense
conditions;1’ ethyl carbamate, barely detectable).18

We have now applied our method to quantify the acrolein-DNA adduct (8~
S)-3-(2’-deoxyribos-1’-yl)-5,6,7,8-tetrahydro-8-hydroxypyrimido[1,2-d]purine-10(3 H)-one
(y-OH-Acr-dGuo, 1) and the lipid peroxidation-related adduct 1, M-etheno-dAdo (edAdo,
2,Figure 1) in oral cell DNA obtained from Native Hawaiians, Whites, and Japanese
American adult cigarette smokers living in Hawaii.

EXPERIMENTAL SECTION

Chemicals and Enzymes.

y-OH-Acr-dGuo and [13C1¢1°N5]y-OH-Acr-dGuo were prepared by reaction of acrolein
with dGuo or fully labeled dGuo (Toronto Research Chemicals). The resulting products
were characterized and quantified by 1H NMR, using toluene as an internal standard, as
previously described;1® edAdo and [13Cs]edAdo (labeled with 13C in the five carbons of the
deoxyribose ring) were purchased from Toronto Research Chemicals (North York, Ontario,
Canada). Reagents for DNA isolation were obtained from Qiagen (Germantown, MD).

Calf thymus DNA, micrococcal nuclease and phosphodiesterase 11 were purchased from
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Worthington Biochemical Co. (Lakewood, NJ). Alkaline phosphatase and other solvents
were obtained from Sigma-Aldrich Chemical Co. (Milwaukee, WI).

Study Design and Oral Cell Collection.

Smokers were recruited through advertisements among residents of the island of Oahu,
Hawaii. Inclusion criteria included: self-reported race/ethnicity (Native Hawaiians, Japanese
Americans and Whites); smoking of more than five cigarettes per day over the past three
months; fewer than 14 drinks of alcohol per week; and generally stable and good health.
Exclusion criteria included: current use of other nicotine containing products > 1 time per
month and no use of any nicotine-containing products except cigarettes for 1 week prior

to the study; currently taking any medications affecting relevant metabolic enzymes or
anti-inflammatory medications such as ibuprofen.

Native Hawaiians included individuals with at least one parent of Hawaiian descent;
Japanese Americans had two parents of Japanese descent (or at least 3 grandparents of
Japanese descent), and Whites had two parents of non-Hispanic white descent (or at least 3
grandparents of non-Hispanic White descent). Some of the subjects may have had admixture
beyond these specific criteria reflecting current trends in Hawaii.

Participants provided a first morning void urine sample, and blood was collected at the visit.
They were asked to brush their teeth and not to eat, drink, smoke or chew gum for 20 min
prior to obtaining oral cells. They were then provided with a 15 mL mono-dose of saline and
asked to swish the oral rinse throughout the mouth for 45 sec. Samples were processed and
stored at —80 °C.

DNA Isolation from Oral Cells.

This was carried out essentially as described.® DNA isolation used the DNA purification
from oral rinse protocol from Qiagen (Qiagen, Valencia, CA) with modifications. Briefly,
samples were thawed and centrifuged at 15,000g for 2 min to pellet the oral cells. The
supernatant was discarded and cells were lysed using 1000 L of cell lysis solution
containing 1 mM glutathione (GSH) and incubated for 20 min at room temperature. This
was followed by a 15 min treatment at room temperature with 10 pL of proteinase K, and

a 30 min treatment at 37 °C with 6 UL of RNase . Then, 340 pL of protein precipitation
solution was added and the samples were centrifuged at 16,000 g for 10 min. DNA was
precipitated by pouring the oral rinse supernatant into a 5 mL tube containing 1460 pL of
100% ice-cold 2-propanol. The precipitated oral rinse DNA pellet was washed with 1000 pL
of 70% ice-cold 2-propanol and then 1000 pL of 100% ice-cold 2-propanol. DNA was dried
and stored at —20 °C until analysis.

DNA Hydrolysis and Sample Purification.

This was performed essentially as described previously.® The isolated DNA (0.5 — 50
ug) was dissolved in 200 uL of 10 mM sodium succinate/5 mM CaCls buffer (pH 7.0)
containing 5mM GSH to which 10 fmol of [13C1®Ns]Acr-dGuo ([*3C1¢1°N5]1) and
[13Cs]edAdo ([13Cs]2) were added as internal standards. A buffer blank (200 L) was
prepared each time and used as a negative control to evaluate possible contamination; a
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sample of calf thymus DNA (20 pg in 200 pL of buffer) was also included in each set of
samples as a positive control. The mixture was heated at 100 °C for 30 min and cooled to
room temperature. Then, the DNA was enzymatically hydrolyzed by incubation with 7.5
units of micrococcal nuclease and 0.045 units of phosphodiesterase Il at 37 °C overnight.
Then, 15 units of alkaline phosphatase (from calf intestine) were added, and the mixture was
incubated at 37 °C overnight. The resulting mixtures were partially purified by centrifugal
filtration (Ultracel 10K, Millipore). A 10 L aliquot was removed for dGuo quantitation,
and the remaining hydrolysate was purified using a solid-phase extraction (SPE) cartridge
[Strata-X, 33 um, 30 mg/1 mL (Phenomenex, Torrance, CA)] activated with 3 mL of MeOH
and 3 mL of H,0 containing 0.1 mM GSH. After the samples were applied, the cartridges
were washed with 6 mL of H,O containing 0.1 mM GSH and 1 mL 5% CH30H in H,0O
containing 0.1mM GSH, and the analytes were eluted into high recovery glass vials (Thermo
Scientific, San Jose, CA) with 1 mL 35% CH3OH in H,0 containing 0.1 mM GSH. Prior

to elution, 0.65 pL of 200 MM GSH was added in each vial. The eluants were evaporated to
dryness and stored at 4 °C.

Analysis of y-OH-Acr-dGuo (1) and edAdo (2).

Samples were dissolved in 20 puL of H,O for LC-NSI-HRMS/MS analysis. The analysis
was carried out on an Orbitrap Fusion Lumos instrument (Thermo Scientific, San Jose,
CA) interfaced with a UPLC system (Ultimate 3000 RSLCnano UPLC, Thermo Scientific,
Waltham, MA) using nanoelectrospray ionization. The UPLC was equipped with a 5 pL
loop and the separation was performed using a capillary column (75 um ID, 20 cm length,
15 um orifice) prepared by hand packing a commercially available fused-silica emitter
(New Objective, Woburn MA) with Luna Cqg 54 bonded separation media (Phenomenex,
Torrance, CA). The mobile phase consisted of 2 mM NH4OAc and CH3CN. The gradient
started at 1% CH3CN for 6 min at a flow rate of 0.9 uL/min, increased to 13% CH3CN

in 20 min at a flow rate of 0.3 uL/min and then to 30% CH3OH in 1 min, holding at

this composition for 4 min. The gradient was then returned to 1% CH3CN in 1 min and

the system was re-equilibrated at this mobile phase composition for 1 min at a flow rate

of 0.9 uL/min before the next injection. The source temperature was set at 300 °C and

the spray voltage was static at 2200 V. The maximum injection time was 400 ms and the
normalized automatic gain control (AGC) was set at 50%. The precursor ions were isolated
by the quadrupole with an isolation width of /7/21.5 and fragmented by higher energy
collisional dissociation (HCD) at 20% for y-OH-Acr-dGuo (1), [13C4¢*®N5]y-OH-Acr-dGuo
([*3C101°N5]1), edAdo (2) and [13Cs]edAdo ([13Cs]2), and the product ions were detected
by the Orbitrap detector at a resolution of 60,000. For quantitation of adduct levels, the

ion transitions monitored with accurate mass extracted were: m/z324.1 — m/z208.083
(IM + H]* — [BH]") for adduct 1, m/2339.1 — m/z218.085 for [13C1¢15Ns]1, m/z

276.1 — m/z160.062 for adduct 2, and /7/2281.1 — m/z160.062 for [}3Cs]2. The ion
transitions m/z324.1 — m/z 164.057 for y-OH-Acr-dGuo and /2339.1 — m/z 174.0586
for [13C101°Ns]y-OH-Acr-dGuo were also monitored as qualifying ions.

Calibration curves (reported in the Supporting Information, Figure S1) were prepared using
standard solutions of adducts 1, [13C1¢15Ns]1, and 2 and [*3Cs]2. A constant amount of
[13C1015N5]1 and [*3Cs5]2 (200 amol/pL) was mixed with different amounts of adducts
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1 and 2 (5-500 amol/pL). Internal standard [13C101°N5]1 was prepared by reaction of
[13C1o15N5]dGuo with acrolein, and therefore also contained the [3C1¢'°Ns]a-Acr-dGuo
adducts (see Figure 2F).

Concentrations of adducts in DNA were expressed as adducts per 10° nucleotides. Analysis
of the adducts in calf thymus DNA, 2 samples per assay run, was used as the positive
control. Limits of detection and quantitation for adducts 1 and 2 were previously established
and reported,® An example of traces corresponding to the limit of quantitation is reported in
the Supporting Information (Figure. S2)

Analysis of dGuo.

Quantitation of dGuo was similar as that reported previously,2? and was performed

using a TSQ Vantage triple-quadrupole mass spectrometer (Thermo Scientific, Waltham,
MA\) interfaced with a Dionex Ultimate 3000 UHPLC system (NCS-3500RS pump and
WPS-3000PL autosampler). Analysis was performed on a Luna C18 column (5 um, 150 x
0.5 mm, Phenomenex) at a flow rate of 10 pl/min at room temperature. Sample injection
volume was 4 pl. The mobile phase consisted of 5 mM NH4OAc and CH3CN with a linear
gradient from 3 to 40% CH3CN over 20 min, followed by ramping to 90% CH3CN within
1 min and holding at this composition for 4 min. The gradient was then returned to 3%
CH3CN in 1 min followed by 10 min re-equilibration. The ESI source was operated in
positive ion mode, monitoring /m/z 268.1 [M+H]* — m/z152.1 [C5sHgN50]* for dGuo and
the corresponding transition 7/z283.1 — 162.1 for [13C1¢1°Ns]dGuo. The collision gas was
Ar at 1 mTorr with a collision energy of 15 eV. The S-lense was set at 85. The quadrupoles
Q1 and Q2 were both operated at a resolution of 0.7 Da.

Urinary biomarker analysis.

Genotyping.

The following biomarkers of exposure were quantified as previously described:

total nicotine equivalents (TNE);2 3-hydroxypropyl mercapturic acid (3-HPMA,
biomarker of acrolein);22 cyanoethyl mercapturic acid (CEMA, biomarker of
acrylonitrile),23 hydroxymethylpropyl mercapturic acids?2 (HMPMA, combined biomarker
of crotonaldehyde, methyl vinyl ketone, and methacrolein).24

DNA was extracted from blood leukocytes by lysing any red blood cells present in the
sample with Qiagen RBC lysis solution prior to using a QIAmp Blood Mini Extraction kit
(Qiagen, Germantown, MD). GSTT71and GSTM1 gene deletions were genotyped for each
sample using a predesigned TagMan GS771 copy number assay (Hs00010004_cn) and run
on the 7900HT Fast Real-Time System (Life Technologies, Foster City, CA). Copy number
counts were calculated using Life Technologies CopyCaller v2.0 software.

Statistical Analysis.

Outliers, defined as those in the bottom (edAdo <4 and y-OH-Acr-dGuo <13) and top
1% (edAdo > 823 and y-OH-Acr-dGuo > 4880) of the distribution, were removed from
the analysis. Pearson’s partial correlation for TNE, CEMA, HMPMA and 3-HPMA for
each of the DNA adducts (edAdo and y-OH-Acr-dGuo) were calculated adjusting for
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age at biospecimen collection and sex. All urinary biomarkers and DNA adducts were
transformed by taking the natural log to better meet model assumptions. Multivariable linear
models regressed the urinary smoking biomarkers with the DNA adducts on the following
predictors: age at time of biospecimen collection (continuous), sex (when results were not
stratified by sex), and race/ethnicity (when results were not stratified by race/ethnicity)
(Model A). To examine racial/ethnic differences, covariate-adjusted geometric means were
computed for each racial/ethnic group at the mean covariate vector. We further adjusted for
TNE and 3-HPMA to evaluate whether the associations remained independent of smoking
dose and the metabolite of acrolein, respectively. We also examined whether the geometric
means of these DNA adducts differed by the GS771and GSTMI polymorphism. The GST
copy number polymorphisms were modeled by category of number of gene copies (i.e. 2 or
1 copies or 0 copy) and adjusted for the previously mentioned predictors.

RESULTS

Table 1 presents demographics and levels of selected urinary biomarkers for the 281
participants (101 Whites, 79 Japanese Americans and 101 Native Hawaiians) for whom
y-OH-Acr-dGuo and edAdo were measured. Whites had the highest unadjusted mean TNE
levels (73 £ 52 nmol/ml), followed by Native Hawaiians (60 + 43 nmol/ml) and Japanese
Americans (50 = 37 nmol/ml). This pattern remained after adjusting for age and sex, and
was not globally statistically significant (p=0.25) (Table S1, Supporting Information). This
same racial/ethnic pattern was observed for CEMA, a urinary biomarker of combusted
tobacco product use, independent of TNE (Table S1, Supporting Information).

Most oral rinse collections provided 0.5-50 ug DNA. Typical LC-NSI-HRMS/MS
chromatograms obtained upon analysis of oral rinse DNA from a subject in this study

are illustrated in Figure 2. Clear and reproducible chromatograms were obtained for edAdo
(Figure 2C,D) and y-OH-Acr-dGuo (Figure 2E,F) and their internal standards, and these
were used for quantitation of adduct levels. In Figure 2F, the internal standard [13C1¢1°Ns]y-
OH-Acr-dGuo (retention time 21.3 min) also includes both of the a-OH-Acr-dGuo isomers
(retention times 19.8 and 20.8 min). In addition to the traces shown in Figure 2E,F, we also
monitored the characteristic product ion transitions m/z324.1 — 164.0567 for y-OH-Acr-
dGuo and m/2339.1 — 174.05863 for [13C4®N5]y-OH-Acr-dGuo (retention times 21.3
min), as qualifying ions, which were clearly observed in each subject sample. The LC-NSI-
HRMS/MS response for the a-OH-Acr-dGuo isomers (Figure 2E, F) and edCyd (Figure
2A B) in the subject samples were either below the detection limit or too low to quantify

in most chromatograms. The relatively low abundance of a-OH-Acr-dGuo compared to
y-OH-Acr-dGuo is consistent with the results of our previous study of these DNA adducts in
human oral cells from cigarette smokers.® Two samples of calf thymus DNA were included
as positive controls in each batch; the overall coefficients of variation for y-OH-Acr-dGuo
and edAdo in these samples were 18.8% (N=26) and 10.0% (N=26), respectively.

Correlations of urinary biomarkers with DNA adduct levels are presented in Table S2,
Supporting Information. When considering all subjects, each urinary biomarker was
significantly correlated with levels of y-OH-Acr-dGuo (P<0.0001) but not with edAdo,
indicating that the latter is not a biomarker of exposure. Stratifying by ethnicity, the
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correlations with y-OH-Acr-dGuo remained highly significant for all biomarkers in Whites,
and for all except 3-HPMA in Japanese Americans, but only for CEMA in Native
Hawaiians.

The results of the LC-NSI-HRMS/MS analyses of 281 oral rinse DNA samples for y-
OH-Acr-dGuo and edAdo are presented in Tables 2A, B and 3. The overall geometric

mean levels of y-OH-Acr-dGuo were 53.7 adducts/10° nucleotides, while for edAdo the
corresponding figure was 10.5 adducts/10° nucleotides (Table 2A). Men had significantly
higher levels of edAdo than women when adjusted for age, sex, TNE and 3-HPMA
(p=0.007, Table 3). Although TNE was accounted for, to confirm that this difference

was not a result of residual confounding by smoking intensity, as men smoke more than
women, the geometric means for edAdo per TNE were also examined (Table S3, Supporting
Information). The difference across sex remained (p’s=0.02—-0.0005).

By race/ethnicity, Whites (67.1 adducts/10° nucleotides) had significantly higher levels

of y-OH-Acr-dGuo than Japanese Americans (46.5 adducts/10° nucleotides; p=0.01) and
Native Hawaiians (49.7 adducts/10° nucleotides; p= 0.02), after adjusting for age and sex.
There was no significant difference between Japanese Americans and Native Hawaiians
(Table 2B). This pattern remained even after accounting for TNE and 3-HPMA (Model b

in Table 2A,B). The geometric mean levels of edAdo were modestly higher in Whites (11.3
adducts/10° nucleotides for both Models a and b) and Native Hawaiians (11.3 adducts/10°
nucleotides), than Japanese Americans (9.16-9.22 adducts/10° nucleotides) for both Models
a and b; p’s=0.04-0.06; (Table 2A,B). No difference in levels of edAdo between Whites and
Native Hawaiians was detected.

There were no significant effects of GSTMI or GSTT1 copy numbers on y-OH-Acr-dGuo
levels (Table S4, Supporting Information). However edAdo adducts were almost 20%
lower in smokers who were GS7MI null (p = 0.0082). This effect appears to be driven
predominantly by the data for Japanese Americans.

DISCUSSION

This is the largest study published to date quantifying Acr-dGuo adducts in oral cells
using MS-based methods. There has been only one previously reported study of this size,
conducted by Tsou et a/using a slot blot assay.2> Similarly, no previous study of this size
has quantified edAdo in human DNA.

Using the LC-NSI-HRMS/MS method employed here, we previously demonstrated that
levels of y-OH-Acr-dGuo were 27 times higher in oral cells obtained by oral rinse

from cigarette smokers compared to non-smokers, consistent with the strong relationship
of this DNA adduct to acrolein exposure from cigarette smoking, which delivers more
than 100 pg of acrolein per cigarette.® 10 The results of the present study, the first to
investigate ethnic differences in oral cell DNA adduct levels among cigarette smokers,
clearly demonstrate that levels of y-OH-Acr-dGuo were significantly lower in oral cells
of Japanese American than White smokers. This is consistent with the lower risk of
Japanese American than White smokers for lung cancer when smoking dose is determined
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by cigarettes per day.26 The lower risk of Japanese American smokers can be explained by
the preponderance of low activity forms of the highly polymorphic and primary nicotine
metabolizing enzyme CYP2A6 in Japanese Americans, leading to less efficient nicotine
metabolism and consequent lower need for intense smoking, as presented in two recent
reviews.2”: 28 Consistent with this proposal, when TNE, a robust measure of nicotine dose, is
included in a lung cancer risk model for cigarette smokers, the risk of Japanese Americans is
no longer lower than that of Whites.3 We note however that in the present study the levels of
y-OH-Acr-dGuo remained significantly lower in Japanese Americans even after correction
for TNE and 3-HPMA (Table 2B). One possible explanation for this is that y-OH-Acr-dGuo
is a superior biomarker of smoking dose than urinary TNE or acrolein dose as measured

by 3-HPMA, the latter also being affected by endogenous factors. Reasons for the potential
superiority of y-OH-Acr-dGuo as a biomarker of smoking dose include the following:

the oral mucosa is the first site of exposure to cigarette smoke; there is no metabolism
involved in formation of y-OH-Acr-dGuo; and a steady state and persistent level of DNA
adducts will result from continued smoking. In contrast, urinary TNE or 3-HPMA may be
affected by tissue distribution, rates of excretion, daily fluctuation in extents of smoking,
and other factors. Thus, oral cell DNA, which includes bacterial DNA, is acting as an
effective in vivo endogenous trap for highly reactive acrolein. Additional unidentified factors
such as differences in DNA repair or oral mucosa protein or amino acid concentrations

may also contribute to the significantly lower levels of y-OH-Acr-dGuo in oral cells of
Japanese American smokers than in Whites.2? We also note that our earlier studies did not
find differences in acrolein-DNA adduct levels in DNA from lung tissue or leukocytes of
smokers vs. non-smokers, so further studies are required to fully understand the details of
mechanisms pertaining to the possible role of acrolein in lung cancer etiology in cigarette
smokers.19: 30

While levels of acrolein-DNA adducts in oral cells were significantly lower in Japanese
Americans than in Whites, consistent with their differing risks for lung cancer, levels

in Native Hawaiians, who have a higher risk for lung cancer than either Whites or

Japanese Americans, were lower than in Whites and not significantly different from those
in Japanese Americans. Similar results have been obtained in comparisons of TNE in
Native Hawaiians with the other groups.2! As in this study, their levels of TNE were
intermediate between those of Whites and Japanese Americans, indicating that factors other
than extents of carcinogen and toxicant exposure (as represented by TNE) may be involved
in the relatively high risk of Native Hawaiian cigarette smokers for lung cancer. The
present results demonstrating similar and high levels of edAdo in both Whites and Native
Hawaiians compared to Japanese Americans suggest that oxidative stress, inflammation,
lipid peroxidation and perhaps other endogenous processes leading to edAdo DNA adducts
may be important in the relatively high risk of Native Hawaiian cigarette smokers for

lung cancer.3! Previous studies demonstrated that edAdo is a product of lipid peroxidation,
being formed when 2,3-epoxy-4-hydroxynonanal reacts with dAdo in DNA.13-15 We also
note that the correlations of y-OH-Acr-dGuo with urinary mercapturic acid exposure
biomarkers were weaker in Native Hawaiians than in Whites or Japanese Americans (Table
S2, Supporting Information), suggesting that inflammation and other endogenous processes
may be relatively important in determining levels of y-OH-Acr-dGuo in Native Hawaiians.

Chem Res Toxicol. Author manuscript; available in PMC 2023 March 16.
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Overall, the combination of genotoxic DNA damage as represented by y-OH-Acr-dGuo and
downstream effects as represented by edAdo recapitulates the initiation/promotion model of
tobacco carcinogenesis that has been well established in studies with laboratory animals.?: 32

Neither GSTT1 nor GSTMI copy number affected the level of the acrolein-DNA adducts
in oral cells. These data are consistent with the detoxification of acrolein by glutathione
occurring predominately by a non-enzymatic mechanism.33 Consistent with this assumption
was the lack of a relationship of the GS771 locus with the mercapturic acid of acrolein

in our GWAS study in the MEC.22 This was in contrast to the level of the mercapturic

acid metabolite of benzene, S-phenyl mercapturic acid, in the same study.34 It is unclear
what drives the lower level of edAdo adducts in individuals who are GSTMI null. GSTM!1
is not the only or most efficient GST involved in the detoxification of lipid peroxidation
products.35-37 GSH is a critical molecule in the detoxification of many toxicants, including
lipid peroxidation products, and its levels and the activity of GSTs and glutathione
peroxidases influence these pathways. The interplay of the regulation of these pathways

is complicated and their influence on the level of edAdo adducts is unclear.

Previous studies of acrolein-DNA adducts in oral cells have recently been reviewed.12
Weng et a/ used an immunochemical method to measure y-OH-Acr-dGuo and reported
levels ranging from 0.2-2.5 adducts/10° dGuo, with significantly higher levels in smokers
than non-smokers.38 These levels are considerably higher than those reported by MS-based
methods. Nath and Chung used a 32P-postlabelling method to quantify y-OH-Acr-dGuo in
gingival tissue and reported levels of 1.36 = 0.9 umol/mol G in smokers (N=11) and 0.46
+0.26 umol/mol G in non-smokers (N=12), a significant difference.3% Bessette ef a/used a
data-dependent constant neutral loss MS3 method and estimated levels of y-OH-Acr-dGuo
and a.-OH-Acr-dGuo to be above 5 adducts per 10’ DNA bases in 6 smokers.*? Chen and
Lin used LC-NSI-MS/MS and reported mean adduct levels of 104 + 50 per 108 nucleotides
in human salivary DNA.41 Wang et a/ estimated Acr-dGuo adducts using an immunoassay
which was applied to oral cell DNA from subjects after they consumed commercial fried
food. They did not report DNA adduct levels, only relative differences.*2 Similarly, Tsou

et al used a slot blot assay to investigate levels of Acr-dGuo adducts in buccal cells

of patients with oral squamous cell carcinoma and in healthy subjects with a history of
cigarette smoking and/or betel quid chewing, but reported only relative levels which were
1.4 fold higher in patients with oral cancer than in healthy subjects.2> None of these studies
reported using glutathione to prevent artifact formation, shown by Chung and co-workers to
be a potential problem in analysis of Acr-dGuo adducts.#3 Our recent study using artifact
protection with glutathione showed significantly higher levels of y-OH-Acr-dGuo and a.-
OH-Acr-dGuo (27 times and 6.5 times higher, respectively) in oral cells of smokers than in
non-smokers, consistent with previous studies, although the reported levels in smokers (163
+227 and 12.1 + 17.9 adducts per 10° nucleotides , respectively) are lower than in previous
studies.?

The U.S. Food and Drug Administration has classified biomarkers into two main groups:
biomarkers of exposure (BOE) and biomarkers of potential harm (BOPH). The available
data clearly indicate that acrolein DNA adducts in oral cell DNA are BOE, since they are
consistently higher in smokers than non-smokers. But are they also BOPH? This is plausible

Chem Res Toxicol. Author manuscript; available in PMC 2023 March 16.
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because DNA adducts are on the pathway to induction of mutations in critical genes, leading
to cancer.** The IARC review concluded that “there is consistent and coherent evidence

that acrolein exhibits key characteristics of carcinogens.”12 . In support of this, they cite,

in addition to multiple studies demonstrating increased exposure to acrolein in smokers,

the preferential formation of acrolein-DNA adducts at lung cancer 7P53 mutational hot
spots, its genotoxicity, its ability to induce oxidative stress and alter DNA repair, as well

as other factors. Therefore, y-OH-Acr-dGuo has the potential to be a BOPH, but further
studies in which these adducts are incorporated into molecular epidemiology investigations
are required.

Taken together with previous studies from our program on CYP2A6 and nicotine
metabolism,2”: 28 our data provide further mechanistic support for the lower lung cancer
risk of Japanese Americans than Whites or Native Hawaiians by demonstrating significant
differences in DNA damage in oral cells of these ethnic groups. But there are limitations

to our study. The data do not provide a clear rationale for the higher lung cancer risk of
Native Hawaiians than Whites, as observed in the MEC.3: 26 Furthermore, the relationship of
oral cell DNA damage to corresponding effects in the lung are unclear, and further studies
are required to determine whether lower levels of y-OH-Acr-dGuo and edAdo would also
be seen in lung DNA of Japanese American versus White and Native Hawaiian smokers.
These studies are challenging because, in contrast to oral cell DNA, bronchial brushings and
sputum can be difficult to obtain.

In summary, in one of the largest DNA adduct studies yet performed by mass spectrometric
methods, we report the first data on ethnic differences in levels of oral cell DNA adducts
resulting from exposure to acrolein and lipid peroxidation due to cigarette smoking. The
data demonstrate significantly higher levels of y-OH-Acr-dGuo in oral cell DNA of Whites
compared to Japanese American and Native Hawaiian smokers while levels of edAdo were
lowest in Japanese Americans among the three groups. These results are consistent with the
relatively low risk for lung cancer of Japanese American cigarette smokers. The results also
add to growing evidence that factors other than direct carcinogen exposure are important in
the relatively high risk of Native Hawaiian smokers for lung cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure2.
Representative LC-NSI-HRMS/MS chromatograms obtained upon analysis of human oral

cell DNA from an oral rinse sample. SRM was carried out at (A) m/z252.1— 136.051

for edCyd, (B) m/z255.1 — 139.048 for [13C1°N,]edCyd , (C) m/z276.1 — 160.062

for edAdo, (D) m/z281.1 — 160.062 for [13Cs]edAdo, (E) m/z324.1 — 208.083 for
y-OH-Acr-dGuo, (F) m/2339.1 — 218.085 for [13C;¢1°N5]y-OH-Acr-dGuo. This internal
standard also includes peaks for [13C11°N5]a-OH-Acr-dGuo, retention times 19.8 and 20.8
min.
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Table 1.

Descriptive statistics for sex, age, urinary biomarkers, DNA adducts, and GST status.
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Overall Whites Japanese Americans | Native Hawaiians

N 281 101 79 101

Sex (M/F): N 153/128 52/49 53/26 48/53
Age (years): Mean [sd] | 50.1  17.1 475 157 59.2 14.6 455 17.7
TNE (nmol/mL): Mean [sd] | 61.97 4567 | 72.63 5231 50.35 37.01 60.41 42.58
CEMA (pmol/mL): Mean [sd] | 757.1 701.9 | 864.1 790.6 599.7 581.3 773.2 677.8
HMPMA (pmol/mL): Mean [sd] | 4527 4952 | 5213 7014 4024 3157 4235 3309
3-HPMA (pmol/mL): Mean [sd] | 7077 6764 | 7324 7809 7027 6966 6868 5400
y-OH-Acr-dGuo (per 10° nucleotides): Mean [sd] | 840  92.9 111 131 70.8 62.2 66.9 52.6
edAdo (per 10° nucleotides): Mean [sd] | 13.8 118 | 140 105 13.9 14.8 135 10.4

N % N % N % N %
GSTML1 - frequency
0 159 57.0 57 57.0 39 49.4 63 63.0
1] 108 387 37 37.0 38 48.1 33 33.0
2 12 4.30 6 6.00 2 2.53 4 4.00
Missing 2 1 0 1
GSTT1 - frequency
0 78 28.1 17 17.0 37 46.8 24 24.2
1 139 50.0 58 58.0 34 43.0 47 475
2 61 219 25 25.0 8 10.1 28 28.3
Missing 3 1 0 2
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