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Concerns have recently grown about the health effects of
secondhand smoke exposure and heated tobacco products.
The analysis of tobacco smoke biomarkers is critical to assess
the health effects of tobacco smoke exposure. For this pur-
pose, the simultaneous determinations of exposure markers and
health effect markers would provide a better evaluation of
smoke exposure. In this study, nicotine metabolites (nicotine,
cotinine, trans-3'-hydroxycotinine) and 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanol in urine were analyzed as exposure markers.
The DNA damage markers, 7-methylguanine and 8-hydroxy-2'-
deoxyguanosine, were simultaneously measured as health effect
markers. The results revealed significant levels of urinary nicotine
metabolites and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol in
the subjects exposed to secondhand smoke and heated tobacco
products. In addition, the urinary levels of 7-methylguanine and
8-hydroxy-2'-deoxyguanosine tended to be high for secondhand
smoke and heated tobacco products exposures, as compared
to those of non-smokers. These biomarkers will be useful for
evaluating tobacco smoke exposure.
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Tobacco smoke contains more than 7,000 chemicals, and
at least 69 are potential carcinogens.!) Smoking causes
oxidative damage and DNA methylation, which can lead to a
variety of cancers.”? Although cigarette smoking has declined
recently, secondhand smoke (SHS) is still an important issue.
In addition to SHS exposure at home, the Centers for Disease
Control and Prevention (CDC) in the United States reported that
19.9% of nonsmokers had some SHS exposure on the job.®
The International Agency for Research on Cancer classified
SHS as a human carcinogen (Group 1).2) The National Institute
for Occupational Safety and Health (NIOSH) has also concluded
that SHS is an occupational carcinogen.®) Several reports have
evaluated the extent of SHS exposure with biomarkers in
biological fluids, such as urine, saliva, and serum. Among them,
cotinine, the main nicotine metabolite, has been extensively
analyzed in urine. However, most of the cotinine is further
metabolized into frans-3'-hydroxycotinine (3-HC).®9 In this
study, the total nicotine equivalents (TNE; nicotine, cotinine,
and 3-HC) were also determined. Nicotine and its metabolites
can also be converted into glucuronides.>® Therefore, the
enzymatic hydrolysis of glucuronide conjugates was performed
prior to the urine sample analysis. 4-(Methylnitrosamino)-1-(3-
pyridyl)-1-butanol (NNAL) is a tobacco-specific nitrosamine
and a metabolite of the carcinogenic 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK).” The urinary NNAL levels have
been investigated for smokers and secondhand smokers,®” and
are very useful in studies of human exposure to tobacco smoke.
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Urinary NNAL has a relatively longer half-life (10—40 days) than
urinary cotinine (16 h) and can be detected even a few weeks
after tobacco smoke exposure.!” Therefore, the urinary NNAL
levels were also determined in this study. A methanediazonium
ion, a metabolite of NNK and NNAL, reacts with DNA to form
methyl DNA base adducts, such as 7-methylguanine (m’Gua)
and O°%methyl deoxyguanine.!" An apurinic site in DNA is
produced by the enzymatic elimination of m’Gua from the
methylated DNA.(? As a result, m’Gua is excreted into the urine.
Apurinic sites frequently cause mutations in mammalian cells.
(1319 Higher levels of m’Gua have been detected in the lung DNA
of current smokers.!

The levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG), the
most widely used biomarker for oxidative stress,'®'® were
previously determined in the urine,*?% blood,®?? and saliva®>2®
of cigarette smokers. Urinary m’Gua and 8-OHdG could be
useful as early health effect markers for tobacco smoke exposure.

In 2015, Philip Morris International began selling heated
tobacco products (HTPs) as a new type of tobacco in Japan.
Since then, other tobacco companies have also started selling
HTPs.?» Hori et al.® reported that the number of HTPs users in
Japan increased from 0.2 percent in 2015 to 11.3 percent in 2019.
Although tobacco companies advertise the reduced risk of HTPs
as compared to cigarettes, comparable levels of nicotine and
other chemicals are present in the HTPs aerosol.?*?? However,
except for the tobacco company reports,?*?? very few biological
monitoring studies of these products have been published. Brief
exposure to HTPs (IQOS) aerosols reportedly caused vascular
endothelial dysfunction in rats, to the same extent as that caused
by exposure to cigarette smoke.®” Therefore, studies describing
the true state of HTPs exposure to humans are needed.

The simultaneous analyses of cotinine and other tobacco
biomarkers would provide a better evaluation of tobacco
smoke exposure. In this study, we performed the simultaneous
determinations of tobacco exposure markers (nicotine, cotinine,
3-HC, and NNAL) and DNA damage markers (m’Gua and
8-OHdG) in urine for never smokers, former smokers, SHS-
exposed subjects, HTPs smokers and cigarette smokers.

Methods

Study participants. A total of 182 male volunteers (ages
18-64) from three Japanese companies participated in the study
(Table 1). Urine samples (~10 ml) were collected in 15 ml
polypropylene tubes between 8:00 am and 11:00 am, stored on
ice in a cooler box during sampling and frozen at —30°C until
analysis. A lifestyle questionnaire was administered at the time
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Table 1. Participants in this study

Smoking status

Never Former SHS HTPs Cigarettes

n=34 n=25 n =54 n=22 n =48
Age (years) Median 315 55 36 335 36.5
(min-max) (18-62) (37-64) (18-61) (21-64) (18-64)

of urine collection. Information about smoking was obtained
from the lifestyle questionnaire.

Categorization by smoking status. Participants were
categorized as follows: Never smokers who had never smoked,
former smokers who had smoked in the past, SHS-exposed
persons, HTPs smokers, and cigarette smokers.

Analysis of tobacco exposure biomarkers. We determined
the urinary nicotine, cotinine, 3-HC, and NNAL levels according
to the method of Kawasaki et al.®" with slight modifications.
Briefly, 500 pl aliquots of the urine samples were thawed
and mixed with 500 pul of 50 mmol acetate buffer (pH 4.0),
followed by the addition of 2 ul of DL-cotinine (methyl-D;) and
NNAL (1,2',3',4',5',6'-13C¢) stock solutions as internal standards.
S-Glucuronidase (1,000 U/500 pl of urine) was then added, and
the solution was incubated at 37°C for 15 h. The mixture was
loaded onto Isolute SLE+ column cartridges (Biotage Japan,
Tokyo, Japan) and eluted with 6 ml of chloroform. The extract
was evaporated to dryness under a continuous flow of nitrogen.
The residue was dissolved in 200 pl of a 10% (v/v) acetonitrile
solution containing 10 mM ammonium acetate. Analyses of
urinary nicotine, cotinine, 3-HC, and NNAL were conducted
using an HPLC (UltiMate 3000, Thermo Fisher Scientific,
Yokohama, Japan) coupled to a hybrid quadrupole-Orbitrap mass
spectrometer (Thermo Scientific Q Exactive Focus) with heated
electrospray ionization (HESI-II). The sample separation was
achieved on an L-column 3 CI8 (2.1 mm x 100 mm, 3 pm,
CERI, Tokyo, Japan) with a flow rate of 0.3 ml/min and a
column temperature of 30°C. Mobile phase A was 10 mM
ammonium formate and mobile phase B was acetonitrile. The
following linear gradient program was used for the separation,
with a total run time of 15 min. The percentage of B solvent
changed as follows: 0-2 min, 3%; 6 min, 8%; 10 min, 30%;
10.1-12 min, 95%; 12.1-15 min, 3%. The injection volumes for
the measurements were 2 ul for nicotine and cotinine, and 5 pl
for NNAL. Other MS conditions were the same as previously
reported.C)

Analysis of DNA damage biomarkers. Urinary m’Gua
and 8-OHdG concentrations were determined by the previously
described method.®? Briefly, a human urine sample was
mixed with the same volume of a dilution solution containing
the ribonucleoside marker, 8-hydroxyguanosine (8-OHG). A
20 pl aliquot of the diluted urine sample was injected into
HPLC-1 (MCI GEL CAO8F, 7 pm, 1.5 x 120 mm; elution, 2%
acetonitrile in 0.54 mM sulfuric acid, 50 pl/min, 65°C), via
the guard column (1.5 x 40 mm), and the chromatograms were
recorded by a Gilson UV detector (UV/VIS-155 with 0.2 mm
light path cell). Creatinine and m’Gua were detected at 235
and 305 nm, respectively. The 8-OHdG fraction was collected,
depending on the relative elution position from the peak of
the added marker, 8-OHG, and was automatically injected into
the HPLC-2 column. The 8-OHdG fraction was fractionated
by the HPLC-2 column [GL Sciences Inc., (Tokyo, Japan)
Inertsil ODS-3, 3 pum, 4.6 x 250 mm; elution, 10 mM sodium
phosphate buffer (pH 6.7) containing 5% methanol and the
antiseptic reagent MB (100 pl/L), 0.7 ml/min, 45°C]. The 8-
OHAG was detected by a Coulochem II EC detector (ESA Inc.,
Chemsford, MA) with a guard cell (5020) and an analytical cell
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(5011) (applied voltages: guard cell, 400 mV; E1, 150 mV; E2,
350 mV).

Statistical methods. The values of each biomarker were
compared with the median, because the data did not follow
a normal distribution. Only the 8-OHdG in urine was log-
normally distributed, so a log-transformed parametric analysis
was performed. Analysis of variance and multiple comparisons
were performed using GraphPad Prism, ver. 7.04 (GraphPad
Software, San Diego, CA). Multiple regression analysis was
performed in JMP®, ver. 14.2.0 (SAS Institute Inc., Cary, NC)
after log transformation for each marker. Two-sided p values less
than 0.05 were considered significant.

Results

Urinary levels of tobacco exposure markers and smoking
status. Because the urinary levels of each exposure marker
differed greatly by the smoking status, the results are shown
in two figures: non-smokers and passive smokers (Fig. 1) and
smokers (Fig. 2). Non-smokers were further classified into two
groups, as never smokers and former smokers. The urinary levels
of nicotine, cotinine, and 3-HC as tobacco exposure markers
were higher in passive smokers than in non-smokers (Fig. 1).
Especially, the urinary nicotine and total nicotine equivalents
(TNE) were significantly higher in passive smokers than in never
smokers. There were no significant differences in the urinary
levels of nicotine metabolites between never smokers and former
smokers. The urinary NNAL levels were significantly higher in
passive smokers than in never smokers. Among the non-smokers,
the urinary NNAL levels were significantly higher in former
smokers than in never smokers. Smokers were classified into
two groups, as heated tobacco products (HTPs) smokers and
cigarette smokers. (Fig. 2). The urinary nicotine and cotinine
levels were not significantly different between HTPs smokers
and cigarette smokers, but the 3-HC, TNE and NNAL levels
were significantly higher in cigarette smokers. The urinary
NNAL levels in HTPs smokers (6.91 pg/mg creatinine, 0.69—
40.33: median, minimum-maximum) were significantly higher
than those in never smokers (1.00 pg/mg creatinine, not detected
(n.d.)—4.64), former smokers (1.67 pg/mg creatinine, n.d.—15.82)
and SHS-exposed subjects (2.02 pg/mg creatinine, n.d.—9.37).

Urinary levels of DNA damage markers and smoking
status. The urinary levels of m’Gua were significantly higher
in former smokers and cigarette smokers, as compared to never
smokers (Fig. 3A). In addition, the urinary 8-OHdG levels were
significantly higher in HTPs and cigarette smokers than in never
smokers (Fig. 3B). Although the differences are not statistically
significant, the urinary m’Gua levels of SHS-exposed subjects
(6.88 pg/mg creatinine: median) and HTPs smokers (7.17 pg/mg
creatinine) were higher than those of never smokers (5.47 pg/mg
creatinine). The urinary 8-OHdG levels of SHS-exposed subjects
(3.31 ng/mg creatinine) were also higher than those of never
smokers (3.03 ng/mg creatinine).

Correlation between the urinary levels of each biomarker.
Table 2 shows the Spearman's rank correlations of the continuous
variables to the m’Gua and 8-OHdG levels. Urinary m’Gua
and 8-OHdG were weakly but significantly correlated with the
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Tukey box plots of urinary tobacco exposure biomarker levels (A: nicotine, B: cotinine, C: 3-HC, D: TNE, E: NNAL) in nonsmokers, former

smokers, and their respective passive smokers. The horizontal lines within boxes indicate median levels. P values are based on the Kruskal-Wallis
test followed by the post hoc Dunn'’s test. Multiple comparisons between the 3 groups. *p<0.05, **p<0.01.

tobacco exposure markers nicotine, cotinine, 3-HC, and TNE.
The age of the subjects was related to the m’Gua level, but not
the 8-OHdG level.

Y. Kawasaki et al.

Discussion

Nicotine metabolites have been widely measured as
biomarkers of tobacco smoke exposure. In this study,
nicotine, cotinine, and 3-HC were measured as tobacco-
specific biomarkers. In humans, nicotine and its metabolites
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Fig. 2. Tukey box plots of urinary tobacco exposure biomarker levels (A: nicotine, B: cotinine, C: 3-HC, D: TNE, E: NNAL) in cigarette and HTPs
smokers. The horizontal lines within boxes indicate median levels. P values are based on the Mann-Whitney U test. *p<0.05, **p<0.01.

are transformed into glucuronides by uridine diphosphate-
glucuronosyltransferase. Therefore, the glucuronide conjugates
of urine samples were hydrolyzed by the enzyme prior to the
sample analysis. Nicotine metabolites were also evaluated as
TNE. The urinary levels of nicotine metabolites in SHS-exposed
subjects were higher than those in non-smokers. Especially,
the nicotine and TNE levels in the SHS exposure group were
significantly higher than those in the never smokers. The urinary
cotinine levels of the non-smoker and SHS exposure groups
were consistent with the previous report.?¥ Urinary NNAL, a
carcinogenic tobacco-specific nitrosamine, and its glucuronide
are valuable biomarkers for monitoring exposure to tobacco
smoke. Several reports have evaluated SHS exposure. In those
reports, the mean urinary NNAL concentration was 0.95-20.1
pg/ml for SHS exposure.®® The urinary levels of NNAL for
SHS exposure in this study were included in this range. As
mentioned above, the usefulness of nicotine metabolites and
NNAL in urine for evaluating SHS exposure was confirmed.
Even in the current non-smokers, the NNAL levels of former
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smokers were significantly higher than those of never smokers.
Former smokers may be more tolerant of SHS exposure. The
smoking status grouping in this study was determined by self-
reporting in the questionnaire. The separation of the non-smoking
group into never smokers and former smokers is worthwhile to
evaluate tobacco smoke exposure accurately. Although HTPs are
becoming more popular, only a few biomonitoring studies for
exposure and health effects have been reported. In this study,
the exposure to HTPs was evaluated with urinary biomarkers.
The nicotine metabolite levels in the urine of HTPs smokers
tended to be slightly less than those of cigarette smokers. Even
so, the HTPs smoker levels did not greatly differ from the
cigarette smoker levels. With regard to the NNAL levels, the
median value of the urinary levels in HTPs smokers was 5 times
less than that in cigarette smokers. On the other hand, the 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK; precursor
of NNAL) concentration in the HTPs mainstream smoke was
about 10 times less than that in cigarette smoke.?® The urinary
NNAL levels did not directly reflect the NNK concentrations
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Fig. 3. Tukey box plots of urinary DNA damage marker levels (A:
m’Gua; B: 8-OHdG) for different smoking statuses. The horizontal lines
within boxes indicate median levels. P values are based on the Kruskal-
Wallis test followed by the post hoc Dunn’s test (m’Gua) or one-way
ANOVA followed by Dunnett’s test (8-OHdG). Multiple comparisons of
never smokers and each group. *p<0.05, **p<0.01.

Table 2. Associations of urinary m’Gua and 8-OHdG with continuous
variables

m’Gua 8-OHdG
Variables
r P r p

Nicotine 0.21 0.005 0.21 0.004
Cotinine 0.28 <0.001 0.25 <0.001
3-HC 0.26 <0.001 0.23 0.002
TNE 0.28 <0.001 0.24 0.001
NNAL 0.36 <0.001 0.23 0.001
Age 0.54 <0.001 0.05 0.494

in the mainstream smoke of tobacco products. In HTPs, the
mainstream smoke includes high amounts of glycerol and
propylene glycol,®® which might affect the absorption and
metabolism of NNK. The results of this study showed that the
urine of HTPs smokers has nicotine metabolite levels comparable
to those of cigarette smokers, and meaningful amounts of NNAL.

Y. Kawasaki et al.

Regarding the relationship between smoking status and urinary
m’Gua levels, the m’Gua levels were significantly higher
in cigarette smokers than in never smokers. These findings
support the previously reported results.®>3¢ In addition to the
significantly higher levels of m’Gua in cigarette smokers, the
m’Gua levels of former smokers were also higher than those of
never smokers. Given that the urinary NNAL levels showed a
similar tendency, tobacco exposure may contribute to increased
urinary m’Gua levels. Although the difference is not statistically
significant, the median m’Gua values of the SHS exposure and
HTPs smoker groups were higher than that of the never smokers.

The urinary 8-OHdG levels of the HTPs and cigarette smoker
groups were significantly higher than those of the never smokers.
The higher levels of urinary 8-OHdG in cigarette smokers were
previously reported.*2%3? However, at this time, no reliable
study on the association between HTPs exposure and urinary
8-OHdG has been reported. The results of this study show
that the use of HTPs may adversely affect the oxidative stress
status. Although there was no statistically significant difference
between the 8-OHAG levels in the never smoker, former smoker
and SHS exposure groups, the median 8-OHdG levels of the
former smoker and SHS exposure groups were higher than that
of the never smokers. On the one hand, Howard et al.®® reported
significantly higher levels of plasma 8-OHdG in secondhand
smokers, as compared to those of never smokers. On the other
hand, some reports found that the 8-OHdG levels in plasma®”
or urine®” of second-hand smokers were not different from those
of never smokers. The discrepancy in those results might be
attributable to variations in the passive smoking status between
reports. For example, the median SHS exposure time per day in
the present study was 20 min, whereas it was 6 h in the report by
Howard ef al.®® In any case, SHS exposure presumably increases
the 8-OHdG level in urine.

In this study, we evaluated the tobacco exposure markers
(nicotine, cotinine, 3-HC, and NNAL) and the early health
effect markers (m’Gua and 8-OHdG) in urine for the assessment
of tobacco product use. The Spearman’s rank correlation test
demonstrated that the tobacco exposure markers and DNA
damage markers were all significantly correlated with each
other. Although m’Gua and 8-OHdG are not specific markers
for smoking, they could be useful biomarkers to evaluate the
early health effects of smoking. Previous studies have probed the
relationship between urinary m’Gua levels and age,*#!“#? and
the age of the subjects was positively correlated with the urinary
m’Gua levels. An age-associated depression of the glutathione
levels was proposed as one of the mechanisms, since glutathione
may act as a scavenger for alkylating agents. Even so, the
urinary m’Gua was positively correlated with the tobacco smoke
exposure marker (NNAL) in the multiple regression analysis
including age as one of the examination items.

In conclusion, significant levels of urinary nicotine metabolites
and NNAL were detected in not only the cigarette smoker group,
but also the SHS and HTPs exposure groups. The urinary levels
of DNA damage markers (m’Gua and 8-OHdG) tended to be
higher with SHS and HTPs exposure, as well as in cigarette
smokers. Further use of these biomarkers for evaluating tobacco
smoke exposure is expected.
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