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Abstract

Nicotine is one of the major components of electronic cigarette (e-cigarette) emissions. Nicotyrine
is a product of nicotine dehydrogenation in e-vapor and is a known inhibitor of human cytochrome
P450 enzyme, which mediates nicotine metabolism. However, the emission of nicotine and
especially nicotyrine from e-cigarettes has not been studied under real-world vaping patterns. This
study examined the impact of e-liquid composition, e-cigarette device power output, and vaping
topography on nicotine and nicotyrine concentrations under real-world vaping patterns. The
amount of nicotine emitted from e-cigarettes vaped at high e-liquid nicotine levels, high device
power, and large puff volumes ranged from 0.365 pg/puff to 236 wg/puff and was comparable to
the amount of nicotine emitted from regular cigarettes. e-cigarette coil temperatures (200-300 °C)
favored the formation of nicotyrine: e-cigarette vaping generated 2- to 63-fold more nicotyrine per
unit nicotine emission than conventional cigarette smoking. High nicotyrine emission from e-
cigarettes indicates that nicotine metabolism could be potentially interrupted, which could lead to
reduced e-cigarette usage, and result in lower exposures to toxic chemicals (e.g., formaldehyde
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and acetaldehyde). However, higher serum nicotine levels might increase cancer risks by
stimulating nicotinic acetylcholine receptors (nAchRs).
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1. INTRODUCTION

The use of electronic cigarettes (e-cigarettes) has rapidly increased, particularly among
established smokers who turn to e-cigarettes as an alternative to and means for quitting
cigarette smoking.1=3 Nicotine, a principal tobacco alkaloid, is one of the major constituents
of the aerosol produced by e-cigarettes (e-vapor). The presence and delivery of nicotine in
e-cigarettes are important in making e-cigarette use a satisfactory smoking alternative and
cessation aid. However, the amount of nicotine delivered from e-cigarettes to the human
airways can be variable. Personal vaping patterns that affect the levels of nicotine emitted
from e-cigarettes include the choice of e-liquid, e-cigarette coil type, device power output
setting, and vaping topography.® Furthermore, a user’s plasma nicotine level is affected by
the metabolism of nicotine, which can be altered by nicotyrine.®

Nicotyrine is a dehydrogenation product of nicotine that may form through the hydrogen
abstraction reaction of nicotine during e-cigarette vaping.” In addition, oxidation of nicotine
during storage can also form nicotyrine.8 Nicotyrine could inhibit nicotine metabolism
through binding to the cytochrome P450 isoforms (i.e., CYP2A6 and CYP2A13), resulting
in higher plasma nicotine levels.® e-cigarette vaping is expected to deliver significantly
higher amounts of nicotyrine than conventional cigarette products because the coil
temperatures of e-cigarettes (200-300 °C) are more favorable to the formation of nicotyrine
than the temperatures of burning cigarettes (i.e., ~ 900 °C).”

Although a few studies have reported nicotine and nicotyrine levels in e-vapor, these studies
did not reflect the wide range of real-world vaping patterns, that is, the diversity of e-liquid
composition, e-cigarette power output, and vaping topography.19-11 Therefore, nicotine and
nicotyrine emissions under real-world vaping patterns are still not well understood. This
study evaluated nicotine and nicotyrine emissions under a wide range of real-world vaping
patterns.
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MATERIALS AND METHODS

E-Cigarette Device and E-Liquids Preparation.

A refillable tank type of e-cigarette (The Council of Vapor, Walnut, CA, USA) consisting of
adjustable Nichrome heating coils (0.8-2.0 Q, dual bottom-coil) was used to measure
nicotine and nicotyrine. Two types of battery boxes, an Apollo Valiant battery (Apollo e-
cigarette, Concord, CA, USA) and a Sigelei-100W battery (Sigelei US, Pomona, CA, USA),
were used to provide a wide range of heating power from 3 to 100 W. The e-cigarette
devices and battery boxes used in this study were also capable of generating high power
outputs at stable wattage for many large volume puffs. All e-liquids were freshly prepared in
our lab using propylene glycol (PG, USP grade, Sigma, St. Louis, MO, USA), vegetable
glycerin (VG, USP grade, J.T. Baker, Phillipsburg, NJ, USA), and (—)-nicotine (=99%,
Sigma, St. Louis, MO, USA).

E-Vapor Generation and Collection.

e-vapor generation conditions for this study (i.e., power output, vaping topography, and e-
liquid composition) were established based on the e-cigarette use patterns obtained from a
convenience sample of 23 current e-cigarette users, recruited with the approval of Rutgers
IRB (Pro20140000589). Study participants were healthy adults (18-65 years old), who had
used e-cigarettes daily for a total of at least 50 days at the time of the study and had not used
any other forms of combusted tobacco products in the past 30 days.

The vaping topographies of each study participant were measured using a CReSS pocket
device (Borgwaldt KC Incorporated, Hamburg, Germany) during a 30 min ad lib vaping
session in an office setting, using his/her own e-cigarettes and e-liquids. Table S1 lists the
demographic details of the 23 study participants. The observed e-cigarette vaping patterns
(i.e., device power output, vaping topography, and e-liquid composition) of the 23 study
participants are presented in Table S2.

To evaluate the impact of the e-liquid composition on nicotine and nicotyrine emissions, a
wide range of nicotine concentrations (0—36 mg/mL) in three base materials (100% PG,
100% VG, and PG&VG mixture [v/v = 1:1]) was used.

To evaluate the impact of e-cigarette power settings on nicotine and nicotyrine emissions,
three power output levels (6.4, 14.7, and 31.3-W) were used for e-vapor generation. The
selected power outputs represented the median, mean, and 95th percentile of the observed
power output used by the 23 study participants. These selected power output levels have
been characterized as “safe”, “hot”, and “extremely hot” on a popular consumer Web site
that provides users with “vaping tutorials”.12

To evaluate the impact of vaping topography on nicotine and nicotyrine emissions, three puff
volumes and two puff durations were used. One puff volume (35 mL) was based on the
standard regime used for cigarette smoking topography studies,3 and the other two
represented the median and the 95th percentile of the puff volumes (90 and 170 mL,
respectively) obtained from the 23 study participants. For the two puff durations, one was
adopted from cigarette smoking topography regime standards (2 s),13 and the other was
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based on the median puff duration (3.8 s) from the study subjects. The observed and selected
vaping topographies in our study were consistent with the vaping topographies reported in
the literature: puff volumes ranged from 51 to 133 mL, with a median of 91 mL; and puff
durations ranged from 3.0 s to 4.3 s, with a median of 3.8 5.14719 Square shape topographies,
instead of bell shape topographies commonly observed for cigarette smoking, were observed
from our study subjects (Figure S1) and were used to generate e-vapor.13

Under each experimental condition (Table S3), e-vapor was generated using an LX1
smoking machine (Borgwaldt KC Incorporated, Hamburg, Germany). Twenty puffs of e-
vapor were collected on a 47 mm Teflon filter (2.0 zm pore size, Pal life sciences, Port
Washington, NY, USA). During each sampling, the Teflon filter was placed in a holder
submerged into an ice bucket to increase the condensation of the particle phase e-vapor
because nicotine was found to be in particle phase, not in gas phase e-vapor.20 Nicotyrine
was also expected to be presented as particle phase due to the similar chemical properties.
The weight of the collected e-vapor was measured by weighing the Teflon filter while in the
filter holder before and after each sampling.

Nicotine and Nicotyrine Measurement.

The collected e-vapor was extracted from the Teflon filter using 5 mL of acidified ethanol,
prepared by adding 3.75 mL of concentrated hydrochloric acid (37%, Sigma, St. Louis, MO,
USA) to 1 L of ethanol (=99.8%, Sigma, St. Louis, MO, USA). Acidified ethanol
significantly increased UV absorption of nicotine and nicotyrine, and the samples were
stable during the analysis.2122 All samples were analyzed within 1 h to avoid their
decomposition. UV absorption of nicotine and nicotyrine was stable during the analysis.
Filter extracts were analyzed by UV absorbance (GENESYS 10 UV-vis spectrophotometer,
Thermo Scientific, Waltham, MA, USA) at two wavelengths: 260 and 310 nm, for nicotine
and nicotyrine, respectively.2! Nicotine did not interfere with nicotyrine measurement, but
nicotyrine showed weak absorbance at 260 nm.21 However, the interference of nicotyrine
was negligible since nicotyrine was at much lower concentrations than nicotine in the e-
vapor. Base materials (VG and PG) might also interfere with the UV absorbance of nicotine
and nicotyrine. To deal with the matrix effect, VG, PG&VG, and PG e-vapors without
nicotine (20 puffs) were collected. Standards were prepared by adding known amounts of
nicotine and nicotyrine (Toronto Research Chemicals, North York, ON, Canada) into the e-
vapor extracts containing different base materials (Figure S2). The limit of detection (LOD)
of nicotine was 290, 303, and 296 ng/mL for VG, PG&VG mixture, and PG-based e-vapor,
respectively; and the LOD for nicotyrine was 64, 59, and 45 ng/mL for VG, PG&VG
mixture, and PG-based e-vapor, respectively.

The UV spectroscopy method for nicotine and nicotyrine measurement was validated by a
GC/MS/MS method described in the Supporting Information. In brief, 20 puffs of e-vapor
were generated using VG based e-liquid containing 12 mg/mL nicotine under two different
power output conditions (6.4 and 31.3-W). The generated e-vapor was collected on the
Teflon filter, and 2 gL quinolone (98%, Sigma, St. Louis, MO, USA) was spiked on the filter
as an internal standard. Quinoline-spiked filters were extracted using 4 mL methanol (HPLC
grade, = 99.9%, Sigma, St. Louis, MO, USA) and analyzed by GC/MS/MS. The internal
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standard extraction efficiency was over 99%. The difference in measured nicotine and
nicotyrine concentrations between the two methods was <10% and 6.5%, respectively
(Figure S4).

Sampling Artifact.

Nicotyrine can be formed during e-liquid storage and sampling processes due to the
oxidation of nicotine.19 Solvent blanks were always checked on the same day of sample
collection. The formation of nicotyrine during the sampling process was examined by
spiking 50 4L of VG based e-liquid containing 3.0, 12, 24, and 36 mg/mL nicotine on a
Teflon filter and introducing 20 or 50 puffs (35, 90, and 170 mL puffs) of clean air through
the spiked filter. Nicotine and nicotyrine on the filter were measured before and after
introducing air to the filter.

e-Vapor pH Measurement.

The acidity of e-vapor can affect the gas/particle partitioning and the absorption of nicotine
in the human respiratory system.23:24 Therefore, 20 puffs of e-vapor collected on a Teflon
filter were dissolved in 5 mL of DI water, and the acidity was measured using an OAKTON
pH 110 instrument (OAKTON instrument, Vernon Hills, IL, USA).

Statistical Analyses.

RESULTS

Two-tailed Student’s t tests were conducted using R 3.4.3 (R Development Core Team,
Vienna, Austria) to compare the means across different e-cigarette vaping conditions.

Sampling Artifact.

Nicotine and nicotyrine concentrations and the nicotyrine/nicotine ratio (mass/mass) of the
prepared e-liquids are summarized in Table 1. The high-purity nicotine solution (=99%)
contained 87 % 23 ng nicotyrine per 10 g of nicotine. e-liquids with higher nicotine content
showed significantly higher nicotyrine concentrations and nicotine/nicotyrine ratios. The
nicotyrine/nicotine ratios for e-liquids containing 12, 24, and 36 mg/mL nicotine were 1.6-,
1.9-, and 2.2-fold higher than the ratio for e-liquids containing 3.0 mg/ mL nicotine,
respectively.

Nicotyrine artifacts during the sampling process were assessed by comparing the amount of
nicotryine formed with different amounts of air pulled through the filter containing the
known amounts of nicotine and nicotyrine to determine if additional oxidation of nicotine
occurred during collection. Exposure to air during sampling facilitated the conversion of
nicotine to nicotyrine on the filter (Figure 1a). Nicotyrine levels increased by 60.6% after
introducing 20 puffs of 170 mL air (p < 0.001), while 20 puffs of 35 or 90 mL air did not
significantly increase nicotyrine levels (p> 0.451). The percentage of nicotine converted to
nicotyrine was inversely related to its concentration in the e-liquid with the introduction of
the same amount of clean air, though the actual amount of nicotyrine increased with
increasing e-liquid nicotine levels (Figure 1b). The average nicotyrine levels after
introducing 50 puffs of 90 mL air were 230%, 50%, 38%, and 15% higher than originally
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present in fresh e-liquids containing 3.0, 12, 24, and 36 mg/mL nicotine, respectively (p <
0.007). In this study, the reported nicotyrine concentrations are corrected for the artifacts
identified during the sampling process. The correction method is detailed in the Supporting
Information.

Factors Affecting E-Vapor Nicotine and Nicotyrine Levels.

VG-based e-liquids emitted 8.0- and 10-fold more nicotine and nicotyrine, respectively, than
PG based e-liquids (p < 0.001) (Figure 2). In general, the amount of nicotine in e-vapor was
proportional to the e-liquid nicotine concentration. e-liquids containing 12 mg/mL nicotine
generated a significantly higher amount of nicotyrine than e-liquids containing 3.0 mg/mL
nicotine (p < 0.001), while e-liquids with 12, 24, and 36 mg/mL nicotine showed similar
nicotyrine production. On average, the nicotyrine/nicotine ratio for e-vapor was 5.7-fold
higher than that for the corresponding e-liquid.

Compared with the 6.4 W condition, high e-cigarette device powers (14.7 or 31.3 W)
significantly increased e-vapor nicotine and nicotyrine concentrations (p < 0.001) (Table 2).
The 31.3 W power output generated 15 and 1.7-fold higher amounts of nicotine in e-vapor
than the 6.4 and 14.7 W conditions, respectively (p < 0.001). The 14.7 and 31.3 W power
outputs generated 6.0 and 5.5 times more nicotyrine than the 6.4 W power output (p <
0.001). The nicotyrine/ nicotine ratio in e-vapor was 0.049 under 31.3 W, and significantly
increased under 6.4 W (ratio = 0.129) and 14.7 W (ratio = 0.092) (p < 0.001).

A longer puff duration increased e-vapor nicotine and nicotyrine levels (Figure 3). A 3.8 s
puff generated 3.3 to 6.9-fold higher nicotine and 9.6 to 12-fold higher nicotyrine
concentrations than a 2 s puff (< 0.001). A higher puff volume also increased e-vapor
nicotine and nicotyrine concentrations. Compared with a 35 mL puff, a 170 mL puff (3.8 s)
increased nicotine and nicotyrine concentrations by 126% and 21.0% (p < 0.020).

pH Measurements.

The pH value of e-vapor ranged from 8.09 to 9.52. For e-liquids containing 3.0, 12, 24, and
36 mg/ mL nicotine, the e-vapor pH values were 8.67 £ 0.02, 9.11 £ 0.01, 9.26 £ 0.02, and
9.51 + 0.01, respectively, for PG and VVG-based e-liquids; 8.65 + 0.02, 9.11 + 0.02, 9.28
+0.02, and 9.52 + 0.02, respectively, for VG-based e-liquids; and 8.09 + 0.02, 8.47 + 0.01,
8.56 + 0.01, and 8.98 + 0.01, respectively, for PG-based e-ligiuds. Higher nicotine levels led
to higher pH values. Under the same nicotine content, PG and VG mixture and VVG-based e-
liquids showed higher pH values than PG-based e-liquids (p < 0.001).

DISCUSSION

This study evaluated the impact of e-liquid composition, e-cigarette device settings, and
vaping topography on nicotine and nicotyrine concentrations in e-vapor. Nicotyrine is a
major thermal reaction product of nicotine which could inhibit nicotine metabolism, increase
serum nicotine level, and, as a result, potentially decrease e-cigarette craving. The inhibited
nicotine metabolism might also reduce craving for regular cigarettes, resulting in lower risks
for relapse among those using e-cigarettes to quit smoking (or maintain smoking cessation).
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This study contributes to the literature on this limited topic by examining nicotine and
nicotyrine formation under a variety of real-world e-cigarette use patterns.

Impacts of Sampling Artifacts.

First of all, it should be noted that future research studies quantifying nicotyrine
concentrations in e-vapor should consider sampling artifacts. Nicotyrine can be formed
during e-liquid preparation through the reaction between nicotine and air. In our study, we
found that the nicotyrine/nicotine ratio of high-purity nicotine solution was <0.01, and the
nicotyrine/nicotine ratio was 0.01-0.02 for freshly made e-liquids in our lab. Another study
indicated that exposing e-liquids (PG:VG mixture with 18 mg/ mL nicotine with tobacco
flavor) to air increased nicotyrine/ nicotine ratio from 0.03 to 0.04 to 0.08-0.09 after 65
days.10 The air flowing through the sample filters facilitated nicotyrine formation, and we
observed a linear relationship (r? = 0.802) between the nicotyrine formation and the volume
of air introduced (Figure S5). Sampling artifacts contributed from 6.6 to 37% of the
measured nicotyrine. Therefore, investigators should carefully consider the levels of the
nicotyrine present in the e-liquids being used and formed during sample collection.

Impacts of Vaping Patterns on E-Vapor Nicotine and Nicotyrine.

We found that the nicotine and nicotyrine concentrations in the e-vapor were determined by
e-liquid base materials and nicotine levels in e-liquid. E-liquids with higher nicotine
contents resulted in higher nicotine and nicotyrine concentrations in e-vapor. VG and PG
and VG-based e-liquids generated significantly higher amounts of nicotine and nicotyrine
than PG-based e-liquid. VG and nicotine have similar evaporation rates due to their similar
boiling points: 247 °C for nicotine and 290 °C for VG. However, PG has a much lower
boiling point (188.2 °C) than nicotine and can be quickly evaporated, which can decrease the
vaporization of nicotine. Kosmider et al.25 reported that PG-based e-liquids delivered more
nicotine than VG e-liquids under low power outputs (4.3-6.7 W), while there was no
difference at higher power output conditions using the single top-coil device. The different
impact of PG and VVG-based e-liquid on nicotine delivery reported here and in the previous
study might be due to the e-cigarette construction and vaping topography. This study used a
dual bottom-coil device which has higher coil temperatures and better e-liquid supply to the
coil than the top-coil device.28 A higher coil temperature could help to facilitate VG
evaporation. Vaping topography was also shown to have a significant impact on nicotine
delivery.® The vaping volume (50 mL) and puff duration (2 s) used in the previous report2>
was much lower than those actually used by e-cigarette users}4-19 and the vaping
topography used in this study (90 mL and 3.8 s puff duration). It is likely that the shorter
puff duration (2 s) was not sufficient to increase coil temperature?’ to effectively evaporate
the VG-based e-liquid. Future studies are needed to further assess nicotine delivery under
real-world relevant vaping conditions with different e-cigarette coil settings.

Nicotine delivery ratios were calculated using the ratios between the nicotine concentrations
of e-vapors (mg/mL) and the e-liquid nicotine concentrations (mg/mL). E-vapor nicotine
concentrations in mg/mL were calculated using the measured nicotine concentration and the
collected e-vapor mass and density (Table S6). The average nicotine delivery ratio of PG
(0.92) was much higher than that of VG (0.72) and PG:VVG (0.86) e-liquids. More particle
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phase VG might be expected than nicotine because the vapor pressure of VG (0.01 Pa) is
much lower than nicotine (5 Pa). In contrast, PG tends to be present in the gas phase due to
its higher vapor pressure (20 Pa). Geiss et al.28 also reported lower nicotine delivery ratio for
VG-based e-liquid collected on a filter paper than PG and VG mixed e-liquid. Despite the
higher nicotine delivery of PG-based e-liquid, our findings suggest that users may perceive
greater nicotine delivery and satisfaction from VVG-based e-liquid, which may, therefore,
better aid in smoking cessation attempts. In addition, VG-based e-liquid may help to
promote public health since VG-based e-liquids generate much less toxic chemicals (e.g.,
formaldehyde and acetaldehyde) than PG e-liquids.28

Larger puff volumes increased e-vapor nicotine and nicotyrine concentrations. More air
flowing through e-cigarette coils facilitates the evaporation of e-liquids.® In contrast, we
observed that lower puff volumes facilitated nicotyrine formation by changing the retention
time within the cartomizer. Increasing retention time provides a longer reaction time
between nicotine and the air around the cartomizer, leading to higher levels of nicotyrine
formation.

Higher device power outputs also increased nicotine levels in e-vapor. Higher device power
increases the coil temperature which promotes e-liquid and nicotine evaporation.® Our study
also showed that higher power output resulted in more nicotyrine formation. The thermal
decomposition of nicotine to nicotyrine is temperature dependent.” Between 200 and

400 °C, the nicotine to nicotyrine conversion efficiency is proportional to temperature
increase. However, above 400 °C, the nicotyrine yield is significantly decreased with
increasing temperature.” The coil temperature in our study was measured using a K-type
thermocouple (130.6 °C, 199.1 °C, and 223.9 °C at 6.4, 14.7, and 31.3 W, respectively), and
the measured temperature was lower than the optimal nicotine to nicotyrine reaction
temperature of 400 °C. In addition, the 14.7 W condition showed slightly higher nicotyrine
formation than the 31.3 W condition. Higher nicotyrine concentration at the 14.7 W
condition indicates that the presence of oxygen with heat catalyzed nicotine to nicotyrine
conversion at a lower temperature than 400 °C. However, the coil temperature measurements
in our study might underestimate the actual temperature due to the inherent systemic bias of
thermocouples, which have been reported to be biased toward low up to 300 °C.29 Further
research with more precise temperature control and measurement devices should be
conducted to study the nicotyrine formation during e-cigarette vaping.

E-Vapor pH Levels.

The pH value is a critical factor that changes gas/particle partitioning of nicotine and its
absorption. The measured e-vapor pH values were between 8.09 and 9.52. This coincides
with reported pH values that ranged from 7.3 to 9.3 for e-liquids containing 6.0-24 mg/mL
nicotine and other flavors, while e-liquids without nicotine showed much lower pH values
(5.1-6.4).30 At basic conditions (pH = 8), nicotine (pK; = 8.02) is predominantly present in
its unprotonated form (Nic), which facilitates the absorption of nicotine through biological
membranes.23 In addition, only unprotonated nicotine can be vaporized into the gas phase,
which increases deep lung deposition.24 In contrast, the pH of cigarette smoke extract is
slightly lower than that of e-vapor. The reported cigarette smoke pH values ranged between
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5.8 and 7.8 for 11 brands of commercial cigarettes and the 1R4F “Kentucky reference
cigarette”.24 Monoprotonated nicotines (NicH*) dominate under this pH range and are
mainly present in the particle phase.23 Most of the particle phase nicotine is deposited in the
upper respiratory track due to the cloud effect, which significantly increases submicron
particle deposition in the proximal airways.3! However, the absorption of NicH* through the
lung epithelium was less efficient than Nic.23

Health Implications.

e-cigarettes and combustion-based tobacco products could deliver comparable amounts of
nicotine per puff. We observed nicotine concentrations in e-vapor ranging from 0.365 g/
puff to 236 g/puff depending on e-liquid compositions, device power settings, and vaping
topographies. The reported nicotine concentrations in e-vapor ranged from 0.107 wg/puff to
530 ug/puff,4510.11.32 which is in the same order of magnitude as our measurements. For
comparison, nicotine concentrations in cigarette smoke has been reported to be up to 232 g/
puff.33.34

It is likely that e-cigarette vaping could deliver a significantly higher amount of nicotyrine
than conventional cigarette smoking. Previous studies reported that experienced e-cigarette
users change their vaping patterns (e.g., number of puffs, e-liquid nicotine concentration,
device power output, and vaping topography) to achieve similar levels of plasma nicotine as
conventional cigarette smokers.3> Given the same nicotine intake, e-cigarette users can be
exposed to 2-63 times more nicotyrine than conventional cigarette smokers because the
nicotyrine/nicotine ratio for e-vapor and the combustion tobacco smoke ranged from 0.025
to 0.202 and from 0.003 to 0.013, respectively,10:11.33,36

Nicotyrine in e-vapor might indirectly help e-cigarette users to take fewer puffs to satisfy
their nicotine craving, leading them to inhale fewer potentially harmful chemicals emitted
from e-cigarettes. Nicotyrine inhibits human cytochrome P450 isoforms (i.e., CYP2A13 and

CYP2AG6) slowing serum nicotine metabolism, thus increasing nicotine’s biological half-life.
37,38

Consequently, e-cigarette users might feel satisfied with a fewer number of vaping sessions,
resulting in lower harmful chemical exposures such as formaldehyde and acetaldehyde.® The
nicotyrine dose delivered in e-vapor could result in higher serum nicotine levels potentially
helping make e-cigarettes an effective alternative to regular cigarettes to satisfy nicotine
cravings. As a result, nicotyrine might decrease lung cancer risks associated with the
tobacco-specific nitrosamines (TSNAS) by inhibiting the bioactivation of TSNAs.39:40

On the other hand, delayed nicotine metabolism could potentially facilitate exposure to some
level of cancer risk through the stimulation of nicotinic acetylcholine receptors (nAchRs).4!
nAchRs have been shown to bind with nicotine, A~nitrosonornicotine (NNN), or 4—
(methylInitrosamino)-1—(3- pyridyl)-1-butanone (NNK).42 Bindings of the nAchRs with
these ligands can increase cell growth, inhibit apoptosis, and thus promote malignant cell
growth.*3 Therefore, nicotine and/or TSNAS can act as tumor promoters with nAchRs
facilitating an outgrowth of cells.41
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To better understand the health impacts of nicotyrine, the pharmacokinetics of nicotine and
nicotyrine need to be further evaluated. Measured nicotyrine concentrations in our study
were shown to be 5-40 times lower than that of nicotine. However, the low concentrations of
nicotyrine could out-compete those of nicotine due to their much higher binding affinity to
CYP2A6 (K; = 0.37 4M) compared to nicotine (K; = 4.4 £M).37 Indeed, nicotyrine showed
the highest CYP2A6 inhibition capacity among the nicotine-related alkaloids.3’

Unfortunately, it is not currently possible to determine whether the measured nicotyrine
concentrations in e-vapor are sufficient to inhibit nicotine metabolism because, to the best of
our knowledge, there are no studies on nicotyrine absorption and distribution through the
human airway. Studies of nicotine and nicotyrine concentrations in plasma and liver would
help elucidate the effectiveness of smoking cessation approaches using e-cigarettes.

It is worth mentioning that several flavoring chemicals have been shown to inhibit nicotine
metabolism /n vitro.** Menthol, one of the most popular flavors of both e-cigarettes and
combusted tobacco products can inhibit CYP2A6 and CYP2A13-mediated nicotine
metabolism.38 Other flavoring chemicals including nootkatone, coumarin, and tryptamine
from grapefruit, cinnamon, and acacia, respectively, could also reduce CYP2A6 enzyme
activity.** The impact of flavoring ingredients on nicotine metabolism remains to be
evaluated. Although flavoring chemicals are not a major component of regular tobacco
cigarettes, they are prominently used in e-cigarette products/e-liquids.

In conclusion, this study measured nicotine and nicotyrine concentrations in e-vapor under
real-world vaping patterns. Higher e-liquid nicotine levels, higher device power settings, and
larger puff volumes contributed to higher amounts of nicotine and nicotyrine emissions.
Nicotine levels in e-vapor observed in our study were lower than or comparable to nicotine
levels in cigarette smoke, while the observed nicotyrine concentrations per unit amount of
nicotine emission were significantly greater than that of cigarette smoke. Given that
nicotyrine is a known inhibitor of nicotine metabolism, the results of this study suggest that
the presence of higher nicotyrine in e-vapor may facilitate e-cigarette becoming an effective
alternative to regular cigarettes for cigarette smokers to satisfy nicotine cravings. The
production of nicotyrine during e-cigarette vaping and its impact on nicotine metabolism
need to be further assessed to explore its potential effect on behavior and health outcomes.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CYP2A13 cytochrome P450 2A13 protein

CYP2A6 cytochrome P450 2A6 protein

nAchRs nicotinic acetylcholine receptors

Nic unprotonated nicotine

NicH* monoprotonated nicotine

NNN N-nitrosonornicotine

NNK 4—(meth-ylnitrosamino)—1—-(3-pyridyl)-1-butanone
TSNAs tobacco-specific nitrosamines

PG propylene glycol

VG vegetable glycerin
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Figurel.

Puff number

Nicotyrine concentrations after introducing 20 and 50 puffs of clean air under different
conditions: (a) clean air flowing through a filter spiked with 504 VG-based e-liquids
containing 12 mg/mL nicotine, under different puff volumes and 3.8 s duration, and (b)
clean air flowing through a filter spiked with 50 gL VG-based e-liquids containing various
amounts of nicotine, under 90 mL puff volumes and 3.8 s duration (7=5, and error bars are

standard deviations of 5 independent measurements).
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Figure 2.
Impact of e-liquid compositions on (a) nicotine and (b) nicotyrine concentrations. E-vapors

were generated as 90 mL and 3.8 s puffs with a 24 s puff interval, under 6.4 W power output
(n=5, and error bars are standard deviations of 5 independent measurements).
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Impact of vaping topographies on (a) nicotine and (b) nicotyrine concentrations. E-vapors
were generated under 6.4 W power output and 24 s puff interval with VG-based e-liquid
with 12 mg/mL nicotine (n7=5, and error bars are standard deviations of 5 independent

measurements)
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Table 2.

Nicotine, Nicotyrine, Nicotyrine/Nicotine Ratio, and E-Vapor Mass of e-Cigarette Vapor Generated under
Different E-Cigarette Device Power Outputs (/7= 5, Mean * Standard Deviation)

. a
device power

component 6.4W 147W 31.3W
nicotine (ug/puff) 16.3+1.44 137.+6.72 236.+14.0
nicotyrine (ug/puff) 2.11+051 12.7+0.34 11.6 +0.35
nicotyrine/nicotine  0.129 £0.043  0.092 +£0.030  0.049 + 0.005

aOther conditions were 90 mL puff volume, 3.8 s puff duration, and 24 s puff interval with VG-based e-liquid with 12 mg/mL nicotine.
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