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Abstract

DNA adducts are central in the mechanism of carcinogenesis by genotoxic agents. \We compared levels of a DNA adduct of acrolein, a genotoxic
carcinogen found in e-cigarette vapor, in oral cell DNA of e-cigarette users and non-users of any tobacco or nicotine product. e-Cigarette users
and non-users visited our clinic once monthly for 6 months, and oral brushings and urine samples were collected. For this study, we ana-
lyzed oral cell DNA adducts from three monthly visits in e-cigarette users and non-users as confirmed by urinary cyanoethyl mercapturic acid
and total nicotine equivalents. DNA was isolated from the oral brushings and analyzed by a validated liquid chromatography-nanoelectrospray
jonization-high resolution tandem mass spectrometry method for the acrolein DNA adduct 8R/S-3-(2'-deoxyribos-1'-yl)-5,6,7.8-tetrahydro-8-
hydroxypyrimido[1,2-alpurine-10-(3H)-one (y-OH-AcrdGuo). The median value of this DNA adduct in the e-cigarette users was 179 fmol/umol
dGuo (range 5.0 - 793 fmol/umol dGuo) while that for non-users was 21.0 fmol/umol dGuo (range 5.0 - 539 fmol/umol dGuo), P = 0.001. These
results demonstrate for the first time that e-cigarette users have elevated levels of a carcinogen—-DNA adduct in their oral cells.
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Abbreviations: CEMA, cyanoethyl mercapturic acid; HCD, higher energy collisional dissociation; HPMA, 3-hydroxypropyl mercapturic acid; LC-NSI-HRMS/MS,
liquid chromatography-nanoelectrospray ionization-high resolution tandem mass spectrometry; ND, not detected; PATH, Population Assessment of Tobacco
and Health

Introduction However, e-cigarette vapor does contain some toxicants as
¢-Cigarettes continue to grow in popularity. Tt has been es- well as nicotine, a highly addictive substance that could lead

timated that there were 68 million adult e-cigarette users in ~ © continued use or transition to cigarette smoking. The study

the world in 2020 (1). In the United States in 2021, 2.06 mil- reported here focuses on acrolein, a toxicant and carcinogen

lion middle and high school students used e-cigarettes in the ~ PreSent in e-cigarette Vapor. ) ) ,
past 30 days, while in 2019, 4.5-4.8% of adults were cur- Acrolein is considered ‘probably carcinogenic to humans
; 3 (Group 2A) by the International Agency for Research on

Cancer (6). Exposure to acrolein by inhalation significantly in-
creased the incidence of malignant lymphoma in female mice
and caused rare rhabdomyoma and squamous cell carcinoma

rent e-cigarette users (2-4). The public health consequences of
e-cigarette use are still unclear (5). e-Cigarettes lack tobacco
leaf and combustion, resulting in a toxicity profile which is
less hazardous than that of combustible tobacco products.
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Figure 1. Reaction of acrolein with DNA to produce the major adduct y-OH-Acr-dGuo.

of the nasal cavity in female rats (6). Acrolein readily reacts
with DNA to produce well characterized adducts among
which (8R/S)-3-(2’-deoxyribos-17-yl)-5,6,7,8-tetrahydro-
8-hydroxypyrimido[1,2-a]purine-10(3H)-one  (y-OH-Acr-
dGuo, Figure 1) is the most prevalent and extensively studied.

v-OH-Acr-dGuo has some mutagenic properties and has
been detected in previous studies in oral cells and tissue,
with levels higher in smokers than in nonsmokers (7-10).
Our recent study using a validated liquid chromatography—
nanoelectrospray ionization-high resolution tandem mass
spectrometry (LC-NSI-HRMS/MS) method demonstrated
that levels of y-OH-Acr-dGuo were 27 times higher in oral
cells of cigarette smokers than nonsmokers (11). Thus, y-OH-
Acr-dGuo in oral cell DNA has emerged as a highly specific
biomarker of acrolein exposure and DNA damage. We ap-
plied this methodology to quantify levels of this DNA adduct
in oral cells of e-cigarette users and non-users of any nicotine-
containing product.

There is no doubt that acrolein is present in most
e-cigarette vapor, and multiple recent studies have evalu-
ated its levels. Uchiyama et al. reported levels of acrolein up
to 150 pg/10 puffs in nine brands of Japanese e-cigarettes
(12). Ogunwale et al. reported levels of acrolein from 0.02
to 5.8 png/10 puffs from different e-cigarette devices and li-
quids (13). Farsalinos and Voudris found emitted levels of
acrolein ranging from 0.9 to 19.4 pg/g e-liquids with dif-
ferent atomizers and power settings (14) and also reported
acrolein emission levels of 8.6 and 11.7 pg/g e-liquid at 9.0
and 13.5W power settings (15). Bitzer et al. did not detect
acrolein in aerosols generated from a standardized research
e-cigarette as well as other closed-system, breath activated,
commercially available e-cigarettes (16). Urena et al. quan-
tified vapor levels of acrolein ranging from 2 to 7 npg/g of
liquid consumed from four differently flavored e-cigarette
liquids (17). Gillman et al. found mean levels of acrolein
ranging from 0.81 to 1.22 pg/g e-liquid consumed (18).
Zelinkova and Wenzl confirmed the frequently reported ob-
servation that acrolein levels depend on the applied power,
and that exceeding the recommended power range resulted
in large increases in acrolein production (19). Uchiyama
et al. also observed exponential increases in acrolein pro-
duction at high power levels (20). Belushkin ez al. reported
acrolein levels in a broad range of e-cigarette device emis-
sions under a wide variety of conditions (21). Li et al.
studied the impact of e-liquid composition, coil temperature,
and puff topography on the aerosol chemistry of e-cigarettes
and demonstrated that vegetable glycerin is a major pre-
cursor to acrolein (22). Zhou et al. reported increased levels
of acrolein with increasing voltage and the effects of voltage

and e-liquid on the deposition of nicotine in the oral region
of a human oral-trachea cast model (23). Collectively, these
results demonstrate that use of e-cigarettes exposes the oral
cavity to acrolein (24).

Several biomarker studies have evaluated levels of
3-hydroxypropyl mercapturic acid (3-HPMA), an es-
tablished biomarker of acrolein exposure, in the urine
of e-cigarette users versus non-users of any tobacco or
nicotine-containing product. In general, mixed results
have been obtained with some studies showing increases in
3-HPMA in e-cigarette users versus non-users while others
found no difference, as recently reviewed by Hiler et al.
(25). Some specific results were as follows. Shahab ef al.
reported similar levels of 3-HPMA in e-cigarette-only users
and nicotine replacement therapy-only users, both signifi-
cantly lower than in cigarette smokers (26). Lorkiewicz et
al. did not detect a difference in 3-HPMA levels between
e-cigarette users and non-users (27). Dawkins et al. exam-
ined the effects of different power settings and nicotine
concentrations on 3-HPMA excretion in e-cigarette users
and found no significant effects (28). Rubinstein ez al.
found significantly higher levels of 3-HPMA in the urine
of adolescent e-cigarette users versus non-user controls
(29). Keith et al. and De Jesus et al. reported significantly
higher levels of 3-HPMA in e-cigarette users versus non-
users of tobacco (30,31). The mixed results of these studies
with respect to 3-HPMA levels probably result from the
multiple sources of acrolein exposure including use of
cooking oils at high temperatures, exposure to vehicle ex-
haust and other sources of polluted air, intake from the
diet, and endogenous processes, which may not have been
fully controlled (6). On the other hand, multiple studies,
as exemplified by the Population Assessment of Tobacco
and Health (PATH) and National Health and Nutrition
Examination Survey (NHANES), clearly and consistently
demonstrate that 3-HPMA levels in the urine of cigarette
smokers are 3—4 times higher than in nonsmokers (32,33).
Cigarette smoking entails a far greater exposure to acrolein
than does e-cigarette use.

Our data demonstrating much higher levels of y-OH-Acr-
dGuo in oral cell DNA of smokers compared to nonsmokers
suggested that this DNA adduct could be a highly sensitive
and selective biomarker of acrolein exposure with possible
applicability to e-cigarette users in whom acrolein exposure
would be considerably lower than in cigarette smokers (11).
Therefore, we have performed a clinical study in which
samples were collected from e-cigarette users, non-users of
e-cigarettes or any tobacco product, and cigarette smokers at
monthly intervals.
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Materials and methods

Chemicals

Standards and internal standards for the analysis of y-OH-
Acr-dGuo in oral cell DNA were obtained as described, as
were other reagents and chemicals for the DNA adduct ana-
lysis (11).

Clinical study design and sample collection

This study was approved by the University of Minnesota
Institutional Review Board. Buccal cell brushings and urine
samples were collected and analyzed from 8 smokers, 20
e-cigarette users, and 20 nonsmokers. All participants were
recruited through the Tobacco Research Programs, University
of Minnesota. Inclusion criteria were as follows: age >18, in
stable and good physical and mental health, excellent oral
health, no current infection as determined by medical history
and investigator assessment, and no current use of medicinal
nicotine products or any tobacco products other than those
required for the specified groups. Subjects avoided the use of
marijuana for at least 2 days before study visits and had no
current use of antibiotics or anti-inflammatory agents. They
had a body mass index <40 kg/m?, consumed less than 21 al-
coholic drinks per week, and were not pregnant, nursing or
planning on becoming pregnant while enrolled in the study.
e-Cigarette users were required to have exclusively used
e-cigarettes for at least 3 months and at least 4 days per week
and have exhaled CO <6 ppm. Smokers were required to have
a stable smoking pattern of at least five cigarettes per day for
a minimum of four days per week for the past year and have
exhaled CO >8 ppm. Neither e-cigarette users nor smokers
intended to quit using these products in the next 6 months.
Nonsmokers were required to have smoked no more than
100 cigarettes in their lifetime and have exhaled CO <6 ppm,
and not to have used any other tobacco product including
e-cigarettes. Average urinary total nicotine equivalents (TNE,
the molar sum of nicotine, cotinine, and 3’-hydroxycotinine
and their glucuronides) and cyanoethyl mercapturic acid
(CEMA) were quantified to confirm e-cigarette use (TNE >
3 nmol/ml, range 1.5-388 nmol/ml and CEMA < 27 pmol/
ml) or nonsmoking, non-user status (TNE < 0.1 nmol/ml
and CEMA < 27 pmol/ml) (33,34). One e-cigarette user had
average TNE 0.18 nmol/ml for the monthly visits and an-
other had CEMA 206 pmol/ml at one visit; exclusion of these
subjects from the statistical analysis presented below had no
effect on the conclusions. Cigarette smokers had TNE >3
nmol/ml and CEMA >27 pmol/ml (Supplementary Table 1).
Participants visited the clinic once monthly for 6 consecu-
tive months. For this study, we analyzed y-OH-Acr-dGuo in
oral cells from 3 monthly visits because of the high cost of the
LC-NSI-HRMS/MS methodology employed. The participants
were asked to visit in the morning before eating breakfast or
after at least a 4-h fast, and not to have ingested alcohol, or
used cigarettes or any other tobacco product or e-cigarettes
immediately before the clinic visit. At each visit, participants
provided a spot urine sample and buccal brushings. The urine
sample was collected in a 100 ml sterile specimen cup, ali-
quoted, and immediately frozen at -20°C. For the oral sam-
ples collection, the subjects were asked to brush their teeth
15 min before giving a buccal cell sample, which was col-
lected by brushing the oral mucosa inside one cheek with a
clean ‘Cytobrush’ and swirling the brush for 20 s in a sterile
polypropylene centrifuge tube prefilled with 5 ml of saline
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to transfer the collected buccal cells from the brush into the
liquid. The process was then repeated on the other cheek
with a new brush and a new tube. Buccal cells rather than
mouthwash samples were collected in this study because they
potentially provide a cleaner source of exposed tissue DNA.
After the collection, the samples were centrifuged at 2500g
for 15 min at 4°C to pellet cells; the pellets were washed twice
with 1 ml of phosphate buffered saline (pH 7.4), pipetted into
2 ml DNA Lo-bind tubes, and stored at —-20°C until DNA
isolation and analysis. Buccal cell samples were collected at
the clinic visit both prior to e-cigarette or cigarette use and
immediately after having vaped or smoked using their own
e-cigarette devices and e-liquids at the clinic visit. Specifically,
at each clinic visit, e-cigarette users and cigarette smokers
were invited to use their products in the smoking lab. The
participants were instructed to take a puff of their cigarette
or e-cigarette every 30 s, for a total of 10 puffs. Upon com-
pletion of the 10th puff, another oral brushing sample was
immediately collected.

Samples were selected for this study based on availability,
e.g. not having been used in other studies of the larger project.
Fourteen of the 20 subject samples were collected on con-
secutive months, e.g. months 2, 3 and 4 of the study, while
the other 6 were not collected on consecutive months, e.g.
months 2, 3 and 5 of the study. There was no significant dif-
ference in the results between these two groups. Samples col-
lected from the right and left cheek were combined for DNA
extraction for nonsmokers, smokers and for the analysis
of e-cigarette users when comparing levels before and after
e-cigarette exposure. The remaining samples from e-cigarette
users were analyzed by combining the samples from the right
cheek collected before and after the exposure.

DNA isolation from buccal cells, hydrolysis and
sample purification, and analysis of y-OH-Acr-dGuo
by LC-NSI-HRMS/MS

These were carried out as described previously, using
[ZC,,"N,]Acr-dGuo as internal standard (11). Samples were
dissolved in 20 pl 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
(NSI). The UPLC was equipped with a 5 pl loop and the sep-
aration was performed using a capillary column (75 pm ID,
20 cm length, 15 um orifice) prepared by hand packing a
commercially available fused-silica emitter (New Objective,
Woburn MA) with Luna C18 5p bonded separation media
(Phenomenex, Torrance, CA). The mobile phase consisted
of 2 mM NH,OAc and CH,CN. The gradient started at 1%
CH,CN for 6 min at a flow rate of 0.9 pl/min, increased to
13% CH,CN in 20 min at a flow rate of 0.3 pl/min and then to
30% CH,CN in 1 min, holding at this composition for 4 min.
The gradient was then returned to 1% CH,CN in 1 min and
the system was re-equilibrated at this mobile phase compos-
ition 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 300 ms and the normalized automatic gain control
(AGC) was set at 1000%. The precursor ions were isolated
by the quadrupole with an isolation width of m/z 1.5 and
fragmented by higher energy collisional dissociation (HCD)


http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgac026#supplementary-data

440

at 20% and the fragment ions were detected by the Orbitrap
detector at a resolution of 60 000. The ion transitions moni-
tored with accurate mass extracted were: m/z 324.1 — m/z
208.0829 ([M+H]* — [BH]*) and m/z 324.1 — m/z 164.0542
for y-OH-Acr-dGuo, and m/z 339.1 — m/z 218.0849 and m/z
339.1 — m/z 174.0560 for [C, “N,]y-OH-Acr-dGuo. To
monitor the possible artifactual formation of the Acr-dGuo
adducts in the samples, ["'N]DNA was added to the samples
before the enzymatic hydrolysis, and the following ion transi-
tions were included in the method: 72/2 329.1 — m/2 213.0681
for [“N,]y-OH-Acr-dGuo. Calibration curves were prepared
using standard solutions of the adduct in increasing concen-
trations (5-500 amol/ul) added to a constant concentration
of the isotopically labeled internal standard (200 amol/ul).

Quantitation of dGuo

Quantitation of dGuo was similar as that reported previously
for the abasic site determination in oral cells (35), and was
performed using a TSQ Vantage triple-quadrupole mass spec-
trometer (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 C, column (5§ pm, 150 x 0.5 mm, Phenomenex) at
a flow rate of 10 pl/min at room temperature. Sample injec-
tion volume was 4 pl. The mobile phase consisted of § mM
NH,OAc and CH,CN with a linear gradient from 3 to 40%
CH,CN over 20 min, followed by ramping to 90% CH,CN
within 1 min and holding at this composition for 4 min. The
gradient was then returned to 3% CH,CN 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/z
152.1 [CHN.O]J* for dGuo and the corresponding transi-
tion m/z 283.1 — 162.1 for [“C, “N ]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.

Statistical analysis

For the samples from the first visit, in which oral cells were
collected before and after using an e-cigarette, the values for
v-OH-Acr-dGuo were averaged since there was no statis-
tical difference between them based on the non-parametric
Wilcoxon signed rank test for paired samples. Then the
amounts of y-OH-Acr-dGuo for each subject at the 3 time
points were averaged, with not detected (ND) values being
replaced by 5 fmol/ml, which was half the detection limit. The
medians were calculated, and the non-parametric Wilcoxon
rank sum test was used for statistical comparison of y-OH-
Acr-dGuo in e-cigarette users versus non-users of e-cigarettes
or any tobacco product. Statistical analysis was performed
using SAS version 9.4 (SAS Institute Inc., Cary, NC) and
P-values <0.05 were considered statistically significant.

Results

Analysis of y-OH-Acr-dGuo in oral cell DNA

Our LC-NSI-HRMS/MS method can quantify y-OH-Acr-
dGuo as well as 1,N%etheno-dAdo and 3,N*-etheno-dCyd
(11). However, the latter two DNA adducts and a-OH-Acr-
dGuo were not detected in most samples. In the first round
of analyses of DNA adducts in buccal cells of 20 e-cigarette
users, we collected cells both before and immediately after
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e-cigarette use in the clinic. As shown in Table 1, there was no
significant difference between the levels of y-OH-Acr-dGuo
in buccal cell DNA collected prior to and after e-cigarette
use in the clinic (P = 0.09). Therefore in the two subsequent
rounds of analyses of monthly buccal cell samples collected
from these 20 subjects, we combined the “prior and post use”
buccal cell samples, thus providing more DNA for a more
sensitive analysis (an average of 400 ng of DNA were used for
each sample analysis). Characteristics of the subjects and their
e-cigarette brands are presented in Supplementary Table 1.

A typical LC-NSI-HRMS/MS chromatogram obtained
upon analysis of buccal cell DNA from an e-cigarette user is
illustrated in Figure 2. The results of the analyses are summar-
ized in Table 1 (e-cigarette users) and Table 2 (non-users of
e-cigarettes or any tobacco product).

Table 1. Levels of y-OH-AcrdGuo in the DNA of oral cells collected from
e-cigarette users who made 3 monthly visits to the clinic

Participant  Visit 1 Visit 2 Visit 3
number Pre-exposure Post-exposure Pre-post Pre-post
exposure  exposure
samples samples
combined  combined
y-OH- y-OH- y-OH- v-OH-
Acr-dGuo Acr-dGuo Acr-dGuo  Acr-dGuo
(fmol/pmol  (fmol/pmol (fmol/pmol  (fmol/pmol
dGuo) dGuo) dGuo) dGuo)
1 336 454 529 165
2 223 205 132 320
3 85 1851 162 226
4 52 91 471 281
5 ND 409 ND 172
6 ND 403 ND 380
7 137 1256 108 127
8 95 197 224 173
9 284 575 158 375
10 ND 72 144 348
11 ND ND ND ND
12 ND ND ND ND
13 67 42 ND 261
14 50 ND ND 149
15 ND 224 86 654
16 41 104 83 274
17 67 48 ND 317
18 839 ND 527 1430
19 ND 56 ND 150
20 211 ND ND 246
Median 59.5 97.5 84.5 254
(range) (5/839) (5/1851) (5/529) (5/1430)

At Visit 1, samples were collected before and after e-cigarette use, as
described in Materials and methods. At subsequent visits, only a single
sample was collected because there was no significant difference in DNA
adduct levels between samples collected before and after product use.
Samples collected from the right and left cheek were combined for DNA
extraction for nonsmokers and for the analysis of e-cigarette users when
comparing levels before and after e-cigarette exposure. The remaining
samples from e-cigarette users were analyzed by combining the samples
from the right cheek collected before and after the exposure. Further
subject characteristics are presented in Supplementary Table 1.
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Figure 2. LC-NSI-HRMS/MS chromatograms obtained upon analysis of human oral cell DNA obtained from an e-cigarette user. SRM was carried
out monitoring the transitions: m/z324.1 — 164.0542 (A) and m/z 324.1 — 208.0829 (B) for y-OH-Acr-dGuo, and m/z 339.1 — 174.0560 (C) and m/z
339.1 — 218.0849 (D) for [*C,"*N,ly-OH-Acr-dGuo. Panel D includes the 2 peaks corresponding to [*C, *N Ja-OH-AcrdGuo, that were included in the

isotopically labeled OH-Acr-dGuo internal standard mix.

Product use was confirmed by urinary TNE and CEMA as
described in Materials and methods. CEMA and TNE data
are presented in Supplementary Table 1.

The average median value and range of y-OH-Acr-dGuo
for e-cigarette users was 178.8 fmol/pmol dGuo (range 5.0-
793.1) while that for non-users was 21.0 fmol/pmol dGuo
(range 5.0-538.7), a significant 9-fold difference (P = 0.001).
There was no significant difference between median levels of
samples collected from subjects in consecutive months (N =
14 subjects) versus those collected in nonconsecutive months
(N = 6), P = 0.364. We also determined y-OH-Acr-dGuo
levels in buccal cells of 8 cigarette smokers participating in
this study, who provided samples during the first visit. The
median value was 446 fmol/pmol dGuo (range 158-5830),
significantly higher than that in e-cigarette users (P < 0.001)
and essentially consistent with the results of our previous
study in which we observed a mean value + S.D. of 259 =+ 540
adducts/10° nucleotides in buccal cell brushings from 19 cig-
arette smokers (11). Therefore, cigarette smokers’ DNA sam-
ples were not further analyzed in this study.

We also investigated the relationship of gender and
increasing age to levels of y-OH-Acr-dGuo in DNA. Gender
had no significant effect but we did observe a correlation of ad-
duct levels with age in both e-cigarette users (non-parametric
Spearman correlation coefficient, 0.66 (P = 0.002), and non-
users, 0.47 (P = 0.036). There was no significant interaction
between age and study group (P = 0.234).

Analysis of bacterial DNA

Oral cells could contain bacterial DNA. Using a primer set
reported by Maeda et al. (36) which has been used to de-
tect bacteria in dental plaque via qPCR, we analyzed total
bacterial DNA by amplification of 16S rDNA in Escherichia
coli, genome position 1048-1194, using qPCR for buccal cell
samples from five e-cigarette users and five non-users. By as-
suming that the 16s rDNA gene copy is the same across all
bacteria, the target region of a variety of which was shown to
be very conservative (37), we estimated the range of contri-
butions of bacterial DNA to the analyzed DNA was 0.002—
2.7% for e-cigarette users and 0.006-4.4% for non-users.
The bacterial content of oral cells in our recently published
paper also fell into this range (35).

Discussion

This is the first study to demonstrate DNA adduct forma-
tion in any tissue of e-cigarette users. The use of a validated
LC-NSI-HRMS/MS method for its analysis leaves little doubt
regarding the amounts or identity of y-OH-Acr-dGuo in
buccal brushing DNA of e-cigarette users. Our results show
that its levels were 9 times greater in e-cigarette users than in
non-users of e-cigarettes or any tobacco product. DNA ad-
ducts are central to the carcinogenic process because they can
cause miscoding in DNA resulting in activation of oncogenes
and inactivation of tumor suppressor genes, processes that are
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Table 2. Levels of y-OH-AcrdGuo in the DNA of oral cells from non-users
of e-cigarettes or any tobacco products who made 3 monthly visits to the
clinic

Participant Visit 1 Visit 2 Visit 3

number
y-OH-Acr-dGuo y-OH-Acr-dGuo y-OH-Acr-dGuo
(fmol/pmol) (fmol/pmol) (fmol/pmol)

1 65 ND ND

2 33 124 ND

3 ND ND ND

4 72 ND 226

5 47 ND ND

6 567 128 128

7 ND ND ND

8 ND ND ND

9 40 ND 1571

10 24 50 37

11 ND ND ND

12 259 38 68

13 ND ND ND

14 ND ND ND

15 55 ND ND

16 1006 85 123

17 124 ND ND

18 51 ND ND

19 ND ND ND

20 ND ND ND

Median(range) 36.5 (5/1006) 5.0 (5-128) 5.0 (5/1571)

well established in the etiology of cancers occurring in cigar-
ette smokers and nonsmokers (38,39). Site-specific mutagen-
esis studies of y-OH-Acr-dGuo in E. coli demonstrate that
it can cause low frequencies of G-T transversion mutations
(10). While the potential consequences of y-OH-Acr-dGuo
with respect to oral pathologies in e-cigarette users remain to
be determined, our results present a warning signal. Increased
DNA adduct formation from acrolein in the oral cavity could
suggest possible elevated cancer risk. We note that two cases
of oral cancer in chronic exclusive e-cigarette users with no
other apparent risk factors have been reported (40).

Exposure to acrolein from cigarette smoking is greater
than from e-cigarette use, but it is difficult to compare them
because of the many different conditions used in e-cigarette
studies. In one recent study, levels of acrolein in mainstream
cigarette smoke under I1SO conditions ranged from 30.8 to
82.6 pg per cigarette (41). Farsalinos and Gillman estimated
that acrolein levels from consuming 5 g of e-liquid with a
puffing regime of 50 ml volume, 5 s duration, and 30 s inter-
puff interval, would be 94-99% lower than from smoking
20 cigarettes per day (24). Our data in this study, although
limited for cigarette smokers, indicate that levels of y-OH-
Acr-dGuo were 2.5 times higher in buccal cell DNA of cigar-
ette smokers compared to e-cigarette users.

The recent IARC monograph concluded that ‘there is
consistent and coherent evidence that acrolein exhibits key
characteristics of carcinogens’ (6). It is a strongly electro-
philic enal that easily reacts with DNA and protein in vivo
and in vitro (6,10,42). They note that the adduct detected
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here, y-OH-Acr-dGuo, has also been detected in various
human DNA samples including those isolated from lung,
liver, brain, urothelial mucosa, and saliva (6). Published
data demonstrate that, in acrolein-treated human lung cells,
its DNA adducts were formed at hotspots of TP53 muta-
tions in lung cancer (43). Acrolein is genotoxic and induced
DNA strand breaks and DNA protein crosslinks in human
primary cells. It also induced mutations and micronucleus
formation in cultured human cell lines (6). Acrolein is mu-
tagenic in Salmonella strains without metabolic activation,
inducing both base pair substitution and frameshift muta-
tions (6). Acrolein alters multiple DNA repair pathways
and causes genomic instability (44). It decreases glutathione
concentration in studies of cultured cells, both human and
rodent, and causes oxidative stress. It is also immuno-
suppressive, induces chronic inflammation, and alters cell
proliferation and cell death. It may also induce epigenetic
changes (6).

The oral mucosa is the first site of exposure of e-cigarette
users to acrolein. Thus, acrolein-DNA adducts in oral cells,
in addition to their potential biological effects, also serve
as an excellent biomarker of acrolein exposure. Formation
of these DNA adducts does not require metabolism and in-
volves the direct reaction of acrolein with dGuo. Thus, the
DNA adduct biomarker is distinguished from the urinary
biomarker 3-HPMA, which requires reaction with gluta-
thione, most likely in the liver, followed by metabolic
processing of the initially formed adduct and excretion in
the urine. There are endogenous processes such as lipid
peroxidation that generate acrolein and also contribute to
urinary 3-HPMA (45). This can partially explain why oral
cell DNA adducts of acrolein are 27 times higher in cigar-
ette smokers than nonsmokers, while 3-HPMA is only 3-4
times higher.

While our data raise a warning flag regarding the po-
tential health risk of e-cigarette use, it should be empha-
sized that cigarette smoking is far worse. Cigarette smoking
entails not only higher exposure to acrolein, but also to
multiple other carcinogens such as tobacco-specific nitrosa-
mines and polycyclic aromatic hydrocarbons that are gen-
erally not present in e-cigarette vapor. The NASEM report
concluded that the net public health effect of e-cigarettes
depends not only on their intrinsic toxicity, which is the
topic of this study, but also on their effects on youth initi-
ation and adult cessation of combustible tobacco products,
which could outweigh any effects of intrinsic e-cigarette
toxicity (5).

Conclusion

This study clearly demonstrates exposure of e-cigarette users
to the toxic and carcinogenic compound acrolein by analysis
of the corresponding oral cell DNA adduct levels, which were
significantly elevated compared to non-users of these prod-
ucts. This is the first study to demonstrate DNA adduct for-
mation in e-cigarette users, and indicates the need for further
research on the potential toxic and carcinogenic effects of
e-cigarette use.

Supplementary material

Supplementary data are available at Carcinogenesis online.
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