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Abstract

Introduction: Characterizing flavors are widely available in e-cigarettes and motivate initiation and
continued use. Flavors may enhance appeal and facilitate development of addiction to tobacco
products through modulation of tobacco products’ reinforcing or aversive actions. Palatable flavors
(eg, fruit) may increase appeal through primary reinforcing properties. Menthol’s cooling and an-
esthetic effects may increase appeal by counteracting nicotine’s aversive effects. Genetics provide
a method for modeling individual differences in sensitivity to nicotine’s effects. A common poly-
morphism, rs16969968, encoded in the a5 nicotinic acetylcholine receptor subunit gene (CHRNA5),
is a well-recognized marker for smoking risk and reduces sensitivity to nicotine aversiveness.
Methods: This pilot study tested how flavors impacted e-cigarette appeal and self-administration. In
a single testing day, cigarette smokers (N = 32; 94% menthol-smokers) self-administered e-cigarettes
containing e-liquids differing in nicotine level (0 mg/mL, 24 mg/mL) and flavor (unflavored, menthol,
fruit-flavored) within directed and ad libitum e-cigarette paradigms. Subjective drug effects, number
of puffs, rs16969968 genotype, plasma nicotine, and menthol glucuronide levels were collected.
Results: Menthol partially ameliorated nicotine aversiveness; fruit did not. In nicotine’s absence,
fruit flavor increased self-reported preference and ad /ibitum use relative to menthol-containing
or unflavored e-liquids. Individuals with high-smoking-risk rs16969968 genotype (N = 7) reported
greater craving alleviation following directed administration of nicotine-containing e-liquids,
showed a trend rating nicotine-containing e-liquids as less harsh, and self-administered more
nicotine during ad libitum compared to individuals with low-smoking-risk genotype (N = 23).
Conclusions: While menthol countered aversiveness of nicotine-containing e-liquids, fruit flavor
increased appeal of nicotine-free e-liquids. These preliminary findings suggest menthol and fruit
flavor increase e-cigarettes’ appeal through distinct mechanisms.

Implications: This study provides a detailed characterization of the effects of flavors (unflavored, men-
thol, fruit), nicotine (0 mg/mL, 24 mg/mL) and their interactions on the subjective drug effects and ad
libitum self-administration of e-cigarettes. Genetics were used to assess these effects in higher-smoking-
risk (diminished sensitivity to nicotine aversiveness) and lower-risk groups. Findings could inform im-
pact of regulation of flavors or nicotine in e-cigarettes, and their impacts on vulnerable sub-populations.

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Research on Nicotine and Tobacco. All rights reserved. 771
For permissions, please e-mail: journals.permissions@oup.com.


mailto:elise.devito@yale.edu?subject=

772

Nicotine & Tobacco Research, 2020, Vol. 22, No. 5

Introduction

Electronic cigarettes (e-cigarettes) are widely used, often contain
flavors, and can deliver nicotine levels reaching those delivered by
combustible cigarettes.! Nicotine is addictive, and facilitates tobacco
product maintenance (including e-cigarettes) and its negative health
consequences.”™ Nicotine produces aversive actions (eg, harshness,
bitterness) particularly at higher doses,”® and rewarding actions,
which have dissociable neurobiological mechanisms’ and likely
represent separate factors (rather than a single continuous factor),
which may each impact appeal. Sensitivity to nicotine aversiveness
protects against regular tobacco use or high nicotine intake, balance
between drugs’ reinforcing and aversive effects may predict regular
use.>%’ A regulatory challenge is balancing e-cigarettes’ potential
for harm-reduction versus risk.'*"* There are important clinical and
regulatory implications to understanding factors, such as flavors,
impacting the appeal and use of nicotine-containing e-cigarettes.

The sheer number of available e-liquid flavors presents a research
challenge. However, many chemicals used in flavored e-liquids, are
commonly found across a wide range of flavor categories (eg, al-
dehydes and other carbonyl compounds), or are common within
certain flavor categories and contribute to their characteristic fla-
vors, such as menthol (for menthol and minty e-liquids) and “fruity
esters” (for fruit-flavored e-liquids)." Investigating popular flavor
categories, such as menthol and fruit,"” using e-liquids containing
these common characterizing chemicals (eg, menthol, fruity esters)
could identify shared and discernable mechanisms by which different
categories/types of flavors impact nicotine’s appeal and use (eg, by
undermining/masking aversive properties of nicotine-containing
e-cigarettes, increasing rewarding properties, or both).

Flavors are motivating factors for initiation of e-cigarettes, with
“sweet” and “cooling” e-cigarette flavors rated as more liked than
“harsh” or “bitter” flavors.'®'” While fruit flavor increased “sweet-
ness” and nicotine increased “throat hit” ratings, perceived sweet-
ness but not throat hit, was associated with higher appeal (intent to
use, willingness to pay, liking).'® Young adult smokers rated flavored
e-liquids (including green apple) as more rewarding, were willing to
work harder to receive puffs and self-administered more than unfla-
vored e-liquid."”” Therefore, flavors that are perceived as sweet or to
have cooling properties or that counteract nicotine’s aversive sub-
jective effects may make e-cigarettes more palatable and may alter
use behavior.

Flavors, like menthol, may enhance appeal of and facilitate ad-
diction to tobacco products through modulation of tobacco prod-
ucts’ aversive or reinforcing actions, through central and peripheral
mechanisms.? Menthol is a common component in e-liquids, even
many not labeled menthol or mint.?! Menthol has cooling, analgesic,
and counterirritant properties and, even at below-characterizing
levels, can decrease the harshness of nicotine and tobacco smoke,?
which could increase appeal of nicotine-containing products, while
at higher levels, menthol can have its own harshness or bitterness.’
While menthol’s cooling, analgesic and counterirritant properties are
due at least in part to its peripheral actions on transient receptor
potential (TRP) channels,”® it may also impact nicotine’s effects
through central actions.***

Individual differences in sensitivity to subjective nicotine ef-
fects and vulnerability to tobacco dependence are partly genetic-
ally modulated. A common single nucleotide polymorphism (SNP),
rs16969968 (A/G), encodes an amino acid substitution (N>D) in
CHRNAS, the gene for the a5 subunit of nicotinic acetylcholine re-
ceptor (a5 nAChR). The A-allele is more common in US European

ancestry populations (frequency ~0.38) compared to African an-
cestry populations (frequency ~0.07).2° The A-allele of rs16969968
is associated with lower functional response to nicotinic agonists,
greater risk for nicotine dependence, heaviness of smoking (eg,
average cigarettes per day), and negative health outcomes from to-
bacco products*” that are likely due to reduced sensitivity to nico-
tine aversiveness in individuals carrying the risk allele.*® Smokers
with risk allele (rs16969968 *A) rated intravenous nicotine as less
aversive, but not more/less rewarding relative to smokers with no risk
allele.’’ However, no laboratory studies have assessed rs16969968
in humans in response to nicotine delivered by commercial to-
bacco products, or the impact of flavor. The ability to personalize
e-cigarettes (eg, nicotine level, flavor) may enhance the likelihood of
abuse by individuals who may otherwise find the nicotine content or
flavor of other tobacco products not reinforcing or aversive.

This preliminary study used subjective drug effect ratings during
a directed e-cigarette self-administration paradigm and amount of
self-administration during an ad libitum paradigm.

to assess whether menthol, compared to fruit or no flavor, coun-
teracts aversive effects of a high dose of nicotine (24 mg/mL), and/
or undermines a naturally occurring “protective” profile of aversion-
sensitivity in  rs16969968*G homozygotes (henceforth “pro-
tective” [GG]), vs. rs16969968* A allele carriers (henceforth “risk”
(A-carrier)).

Methods

Participants

Smokers were recruited from the New Haven area using advertise-
ments. Inclusion criteria were: aged 18-50; >5 cigarettes/day for the
past year; urine cotinine (>3 NicAlert; 2100 ng/mL); not seeking
smoking-cessation; lifetime e-cigarette use (ie, must have tried
e-cigarettes in lifetime but no specific inclusion/exclusion for cur-
rent or past regularity of use); acceptable birth control for women,
able to read and write English. Subjects were excluded for history
of major or current medical illnesses that the physician investigator
deemed a contraindication for participation; current psychiatric
diagnosis and/or treatment for Axis I disorders; current substance
use disorder, other than nicotine; known allergy to propylene glycol
(PG), vegetable glycerin, menthol, or green apple flavorants; preg-
nant or breastfeeding; inability to fulfill scheduled visits and proced-
ures. For baseline and demographic information see Table 1. The VA
Connecticut Healthcare System and Yale University Human Subjects
Subcommittees approved the study. Participants were paid following
participation in each visit.

Procedures
After written informed consent was obtained, eligibility for study par-
ticipation was determined using demographics, tobacco use, medical
and psychiatric screening, biochemical (urine screens) and physio-
logical (heart rate, blood pressure) measures. A brief e-cigarette
training session introduced eligible subjects to the e-cigarette (eg,
press button to activate then inhale), e-liquids (without nicotine), and
“directed self-administration” puff parameters (described below).
For the Test Day, subjects were asked to refrain from smoking
(10 hours) and menthol-containing products (eg, tea, gum; except
cigarettes) (24 hours) or eating breakfast prior to the ~8AM ses-
sion. After a light standard breakfast, an intravenous catheter was
inserted into a forearm vein for blood draws. The single test day
consisted of a Directed Self-Administration component, followed
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by lunch, then an ad libitum Self-Administration component (see
Figure 1 for test day overview).

“Directed Self-Administration” consisted of blocks of escalating
nicotine levels (block 1 = 0 mg/mL [“ONIC”]; block 2 = 24 mg/mL
[“24NIC”]) and, within each block, two sub-blocks of each flavor
(unflavored, menthol, fruit [green apple]). The order of flavor sub-
blocks was counterbalanced across subjects but held consistent
within subjects across nicotine blocks. Breaks from puffing (10 min-
utes between nicotine blocks; 5 minutes between flavor sub-blocks)
allowed for assessments, subject rest, and acute flavor effects to dis-
sipate. Subjective drug effects were assessed after each sub-block.
Puffing parameters, which were controlled through e-cigarette de-
vice settings (AutoMode), were three puffs of 4-second puff dur-
ation with 15-second inter-puff intervals for each flavor sub-block.
Participants but not the research team were blind to e-liquid condi-
tions. To facilitate subject recall of e-cigarette experiences during dir-
ected self-administration (to inform choices during ad libitum) the
six different e-cigarettes (each containing a different nicotine*flavor
e-liquid condition) were color-coded and displayed throughout the
session.

The “ad libitum Self-Administration” component began fol-
lowing the 30-minute lunch break. Participants had free access to all
six e-cigarettes (six nicotine *flavor combinations) for two 15-minute
ad libitum blocks, separated by a 10-minute break. During both ad
libitum blocks, participants could puff from as many or as few of
the e-cigarettes as they chose (ie, all six options were available sim-
ultaneously for both blocks). During ad libitum, e-cigarettes were
set to Manual Mode (ie, puff duration determined by button press
duration, up to 10 seconds) to enable naturalistic puffing.

Outcome Measures

Subjective drug effects, during directed self-administration, were
measured with an adapted Drug Effects Questionnaire (DEQ)
and Labeled Magnitude Scale, general version (gLMS). Summary
scores were created from means of conceptually-related items. The
primary outcomes were five “aversive effects” summary measures:
(1) “Overall Aversiveness” (mean of “feel bad effects” and “dislike”

items), (2) “Harshness” (mean of “harshness in mouth,” “harshness

in throat,” “harshness in chest/lungs”), (3) “Dislike sensation” (mean
of “dislike sensation in mouth,” “dislike sensation in throat,” “dis-
like sensation in chest/lungs”), (4) “Aversive Flavor/Taste” (mean
of “taste bitter,” “dislike flavor/taste”), and (5) “Other Aversive

» » o«

Symptoms” (mean of “headache,” “nauseous,” “urge to cough”).
Ten secondary outcomes included “aversive nicotine-withdrawal-
related effects” (affect, cognitive, craving for “regular” cigarette),
“rewarding effects” (overall, rewarding nicotine-related, cooling,
rewarding taste/flavor) and “other effects” (overall e-cigarette ef-
fect, strong sensation, other) summary measures (for details see
Supplementary Materials).

“Number of puffs” was derived from built-in manufacturer-
supplied firmware (MyVapors) from each e-cigarette during ad
libitum.

Biochemical measures were collected to characterize the sample
and validate the paradigm. DNA, extracted from peripheral blood
using a commercial kit (PureGene; Gentra, Minneapolis, MN), was
used to genotype CHRNAS (rs16969968) with TagMan method and
primers (Applied Biosystems, Foster City, CA). Plasma cotinine and
3-hydroxycotinine (3HC) and nicotine, were measured employing
LC/MS/MS at session baseline and used to compute the nicotine
metabolite ratio (NMR:3HC/cotinine), a marker of nicotine clear-
ance which impacts heaviness of smoking and subjective nicotine
effects.’>* Menthol glucuronide, a menthol metabolite,** also as-
sayed by LC/MS/MS in plasma, was measured at baseline and after
each block (Figure 1).

E-liquids and E-cigarette Devices

E-liquids (made-to-order by Pace Engineering Concepts LLC) dif-
fered by flavor (unflavored, menthol [3.5%], fruit [green apple])
and nicotine concentration (0 mg, 24 mg nicotine/mL e-liquid)
in a factorial design (ie, 6 flavor*nicotine-level combinations)
(Supplementary Table 1). The nicotine level (24 mg/mL) is in the
upper range of commonly commercially available levels (0-36 mg/
mL for most e-liquid companies) and of levels chosen by younger
e-cigarette users,*® reinforcing to adult cigarette smokers,*” yet suf-
ficiently high to produce aversive symptoms in adults.’ Base liquids
were adjusted to achieve a final propylene glycol (PG) to vegetable

Directed Self-Administration Ad Libitum

51 NO NICOTINE | HIGH NICOTINE 15 min 15 min

g (0 mg/ml) (24 mg/ml) g
El— e — ___I|'=] 6 E-Cigs €6E-Cigs§
2a =l a a "E||All Nicotine| & |All Nicotine 2
2 a 8 é 5 g gé S gj 8 2 -0 mg/ml = -0 mg/ml |+
£ 9IE|E Of| = Elziollgl| Ell o = E < -24 mg/ml |2 -24 mg/ml &
S =B S| S E|S=ElS =8 2] x [¥  *x |
= 5 Zll | <|| & =S 5 Z|| 5 Z| | || o[ All Flavors|| ©|All Flavors |
3= E alls E = All &= E = E E il ([ -Unflav. || -Unflav. g
35 5 Z Z -Menthol Menthol |2

4 — k& T f_u \ Y ;_T T, Fruit T ~Fruit 1

Figure 1. Test Session Overview. The order of flavor sub-blocks was randomized across individuals (example order shown), while nicotine block order was
constant for all individuals (Block 1 = 0 mg nicotine/mL e-liquid; Block 2 = 24 mg nicotine/mL e-liquid). Each flavor sub-block consisted of 3 directed puffs (4 s
puffs; 9 Watts; 15 s inter-puff-interval). There was a 10 min break between the nicotine blocks, and a 5 min break between each flavor sub-block. Arrows indicate
when measures were collected. Black arrows (subjective drug effects); gray arrows (blood draw timepoints to measure cotinine, 3-hydroxycotinine, nicotine,
menthol glucuronide at baseline [blood draw 1] and nicotine and menthol glucuronide at all time-points [blood draw 1-6]).
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glycerin (VG) ratio of approximately 50/50. Since menthol crystals
were dissolved with ethanol to create menthol e-liquids, equivalent
ethanol levels were also added to non-menthol liquids to control for
this variable.*® None of the e-liquids contained added sweeteners.
E-liquids were of similar pH level. Menthol and nicotine concentra-
tions were verified by the Yale TCORS Laboratory Core.

Six separate programmable eVic Supreme e-cigarettes (Joyetech
USA (Irvine, CA)), were used with built-in MyVapors software ver-
sion 1.1. Power was set to 9 Watts.

Statistical Approach

Analyses were carried out in JMP 11.0. Variables were checked
for normality and transformed when necessary. Genotype groups
(A-carrier, GG) were compared on baseline variables using t-tests for
continuous variables and chi-square tests for categorical variables.
Analyses of all outcome measures were performed using mixed ef-
fects models.

Directed Self-administration

Subjective drug effects were assessed after each nicotine*flavor
directed sub-block. Separate mixed-effect models were fit for each
outcome. Analyses included subjective drug effect summary score
ratings from each flavor-by-nicotine sub-block as dependent vari-
ables. Nicotine level (0, 24 mg/mL), flavor (menthol, fruit (apple),
unflavored) and nicotine-by-flavor were included as fixed effects
of interest. Sub-block and nicotine-by-sub-block were included as
fixed effects to evaluate period effects and whether those varied
by nicotine (see Supplementary Materials for detailed results on
sub-block and nicotine-by-sub-block). Subject and block (nested-
within-subject) were included as random effects and a first-order
autoregressive correlation structure of the errors (AR(1)) was used
to account for correlations among repeated measures within indi-
viduals. Bonferroni corrections for multiple comparisons were ap-
orreced = -05/5 = .01) and secondary
(P opsseceed = -05/10 = .005) outcomes. Post hoc comparisons of least
square means explained significant interactions and were Bonferroni-
corrected within comparison type (ie, nicotine effects within flavor:
p =.05/3 flavors = 0.01667; flavor effects within nicotine: p = .05/6
comparisons = 0.00833). p-values reported in the text (in their un-

plied separately for primary (p

corrected format) all survive the relevant Bonferroni-corrected sig-
nificance threshold, unless otherwise specified.

As a manipulation check, to confirm that nicotine and menthol
were delivered in directed blocks and decreased following lunch
break, separate mixed-effect models were fit for each outcome
(plasma nicotine, plasma menthol glucuronide) and included blood
draw timepoint as a fixed effect (four timepoints: prior to e-cigarette
self-administration, post-directed ONIC and 24NIC blocks, post-
lunch-break). Subject and block (nested-within-subject) were in-
cluded as random effects. Post hoc comparisons among blood-draw
timepoints were Bonferroni-corrected.

Ad Libitum Component

The primary outcome for ad libitum was the total number of puffs
on each e-cigarette (ie, each nicotine*flavor condition). The model
included nicotine, flavor, and nicotine-by-flavor as fixed effects and
subject as a random effect.

Secondary outcomes for ad libitum were blood levels of nicotine
or menthol glucuronide. Separate models were fit for each and in-
cluded blood-draw timepoint (post-lunch as ad libitum baseline, and
levels at the end of each ad libitum block) and subject as a random

effect. For significant effects of blood draw timepoint, post-hoc com-
parisons of least square means among timepoints were performed
and Bonferroni-corrected.

Genetics Analyses

Analysis steps were repeated with genotype (A-carrier vs. GG) and
genotype interactions with the other factors in the models (nico-
tine, flavor, nicotine-by-flavor) as fixed effects. To check for poten-
tial skewing by race, the key genetics findings (eg, aversiveness or
craving subjective effects; self-administration of nicotine in the ad
libitum component) were re-run within the African American group
only (1 = 23) and the pattern of findings remained consistent.

Results

Of 47 subjects screened, 35 were eligible and 32 participated in test
day self-administration protocol. For demographics and baseline
data, see Table 1 and Supplementary Figure 1 (additional baseline
e-cigarette use measures). Genotypes groups differed (A-carrier >
GG) on Fagerstrom Test for Nicotine Dependence (FTND) and base-
line cotinine, but not other baseline measures (Table 1).

Directed Self-administration

Nicotine-by-flavor interactions are described below, with significant
main effects of nicotine or flavor generally noted only in absence of
nicotine-by-flavor interactions (see Figure 2A for key findings and
Supplementary Table 2 and Supplementary Figure 2 for full results).

Primary “Subjective Drug Effect” Outcomes:
“Aversive Effects”

“Qverall aversiveness,” “harshness,” and “dislike sensation” were rated
higher for 24NIC versus ONIC within each flavor, and higher for men-
thol than fruit within ONIC (Nicotine-by-flavor “overall aversiveness™:

E, yo1 = 496, p = .008; harshness: F,,,. = 6.14, p = .003; dislike:
Fy i, = 791, p = .0005). Menthol was rated lower “dislike sensa-

tion” than unflavored in 24NIC (24NIC menthol < 24NIC unflavored;
p = .0099, does not survive Bonferroni-correction threshold for flavor
effects within nicotine level: p__ . = .05/6 comparisons = 0.0083).
“Aversive flavor/taste” was higher for 24NIC versus ONIC within each
flavor, and higher for menthol than fruit or unflavored in ONIC (Nicotine-
by-flavor: F = 8.77, p = .0002). “Other aversive symptoms” were

2,257.8
higher for 24NIC versus ONIC (Nicotine: F =50.29,p <.0001).

2,129.1

Secondary “Subjective Drug Effect” Outcomes

Rewarding Effects. Fruit ONIC was higher “overall rewarding”
versus unflavored ONIC, menthol ONIC, or fruit 24NIC (Nicotine-
by-flavor: F, ,,;, = 12.89, p < .0001). “Rewarding flavor/taste” was
higher for fruit ONIC versus unflavored or menthol ONIC, higher for
ONIC versus 24NIC within each flavor, and within 24NIC a trend
(does not survive correction) for higher menthol or fruit versus un-
22030 = 11.57,p <.0001). “Rewarding
nicotine-related effects” showed flavor effects (unflavored < fruit <
menthol) within ONIC (Nicotine-by-flavor: F, ,, , = 5.71, p = .004).
“Cooling effect” showed a main effect of flavor (unflavored < fruit <
menthol; F =30.52,p <.0001).

flavored (Nicotine-by-flavor: F

2,266.0

Nicotine-Withdrawal-Related Aversive Effects. There were no statis-
tically significant main or interactive effects of nicotine and flavor on
nicotine-withdrawal-related aversive effects.
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Figure 2. Key subjective drug effect and self-administration behavior outcomes.

Other effects. “Overall e-cigarette effect” was higher for 24NIC
versus ONIC within each flavor, and flavor differed within ONIC
(unflavoredONIC < fruitONIC < mentholONIC) (Nicotine-by-flavor:
F) g0, = 5.60, p = .004). “Strong sensation” was higher for 24NIC
versus ONIC (nicotine: F, ;. = 48.97,p <.0001) and menthol versus
=14.82,p <.0001).

unflavored or fruit (flavor: F, 50

Genetics
Significant or trend genetics-by-nicotine or -flavor interactions are
noted below (reported results did not survive Bonferroni correction,
unless otherwise noted). There were no trend or significant main ef-
fects of genotype. See Figure 2 for key findings, Supplementary Table
3 for full results and Supplementary Material for more detailed de-
scription of interactions.

CHRNAS (rs16969968) by nicotine or flavor interactions showed
a pattern of effects consistent with, and extending, the “risk” effects
previously reported for the rs16969968 A-allele. A trend genotype-
by-nicotine interaction on “harshness” (F, ,, ;= 2.95, p = .097; Figure
2) reflected that although both genotype groups rated 24NIC as
more aversive than ONIC, “protective” (GG), versus “risk” (A-allele)
rated 24NIC as harsher (24NIC A-Carrier < 24NIC GG; ¢ = 3.23,
p =.002). A genotype-by-nicotine effect on “craving for a ‘regular’
cigarette” survived Bonferroni correction (F ., = 13.07, p = .001;
Figure 2); and reflected reduced self-reported craving following the
24NIC versus ONIC within “risk” genotype (A-carrier) only (24NIC
A-Carrier < ONIC A-Carrier; ¢ = 4.09, p = .0002). A genotype-by-
nicotine interaction on aversive affect (F ,  =4.52,p = .04) reflected
exacerbated aversive affect following nicotine in the “protective”

group (ONIC GG < 24NIC GG; ¢t = 1.8, p = .07). For “dislike sen-
sation,” a genotype-by-nicotine-by-flavor interaction (F, .., = 3.66,
p = .03) reflected lower “dislike sensation” for ONIC versus 24NIC
for all genotype*flavor combinations, and genotype differences of
flavor ratings of ONIC e-liquids. Genotype-by-flavor interactions
were observed for “rewarding flavor/taste” and trends for “aversive
flavor/taste” and “aversive affect” (Supplementary Table 3).

Verification of Nicotine and Menthol Delivery

Within directed blocks, plasma nicotine levels increased post-24NIC
block, versus baseline or ONIC; levels decreased post-lunch, but re-
mained higher than baseline or post-ONIC (timepoint: F, ;;, = 63.89,
p < .0001). Plasma menthol glucuronide increased following both
directed blocks (ONIC, 24NIC both contained menthol) versus base-
line, and decreased post-lunch, but remained higher than baseline
J630 = 19-98,p <.0001). There were no significant geno-
type differences at baseline, following directed blocks or post-lunch
(which served as baseline for ad libitum) or genotype-by-timepoint
effects on nicotine or menthol glucuronide within the directed com-

(timepoint: F

ponent. See Supplementary Table 4 and Figure 3.

Ad Libitum Self-administration

During ad libitum, subjects puffed more ONIC fruit versus 24NIC
fruit, ONIC menthol or ONIC unflavored (nicotine-by-flavor:
F, 1053 = 5:73, p = .004; Figure 2B; Supplementary Table 5), more
ONIC versus 24NIC (nicotine: F ,, . = 25.67, p < .0001), and
more fruit versus unflavored or menthol (flavor: F =13.23,

p <.0001).

2,131.1
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There was no significant change in plasma nicotine (F, ,,, = 2.81,
p =.07) or menthol glucuronide (F, , = 1.49, p = .24) in ad libitum

(Supplemental Table 4; Figure 3).

Genetics: Ad Libitum
Carriers of the rs16969968 risk allele (A-carrier) puffed more fruit
than unflavored or menthol; and the rs16969968 protective geno-
type (GG) puffed more fruit than unflavored while the number of
menthol puffs did not significantly differ from fruit or unflavored
(genotype-by-flavor: F, |, s = 3.44,p = .035; Supplementary Table 5).
Plasma nicotine levels were higher at the end of the ad libitum
period for rs16969968 A-carriers (risk) compared to GG genotype
(protective), and decreased for the GG genotype group post-ad lib-
itum versus ad libitum baseline (post-lunch) (genotype-by-timepoint:
F, 506 = 319, p = .05; Supplementary Table 4; Figure 3), indicating
that A-carriers maintained their nicotine levels during ad libitum
self-administration, while the GG group did not. There were no main
or interactive effects of genotype on menthol glucuronide across ad
libitum.

Discussion

The study had several noteworthy findings. First, nicotine delivery via
e-cigarettes produced aversive effects relative to e-cigarettes without
nicotine, supporting the validity of our model. Second, in the absence
of nicotine, fruit flavor was rated low on aversiveness and high on re-
warding effects. Third, in contrast to fruit flavor, menthol was aver-
sive in the absence of nicotine (eg, harshness), diminished harshness
of the nicotine-containing e-liquids, and had rewarding (eg, cool-
ness) and other (eg, overall sensation) effects in both the nicotine
or no-nicotine conditions. Fourth, nicotine-by-flavor interactions re-
flected a larger impact of nicotine aversiveness in the fruit condition
relative to the menthol condition. For example, the preference for
fruit (higher positive ratings, lower aversiveness ratings) observed
in the no nicotine condition was largely abolished in the presence
of nicotine, while the menthol conditions showed less change in re-
sponse to nicotine and some indications of lower aversiveness than
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other flavor conditions in the presence of nicotine. Lastly, the “risk”
genotype (A-carriers) of rs16969968 reported greater alleviation of
negative abstinence-related symptoms (eg, “craving for regular cigar-
ettes”), a trend towards rating the nicotine condition as less aversive,
and self-administered more nicotine during the ad libitum period
than the GG genotype.

Our findings suggest that menthol partially mitigated nico-
tine aversiveness, potentially increasing nicotine-containing
e-cigarettes’ appeal, while fruit increased appeal of nicotine-free
e-cigarettes with little effect on appeal of high nicotine-containing
e-cigarettes. These dissociable patterns should be investigated in
intermediate nicotine doses. Our results regarding menthol’s effects
on nicotine aversiveness are consistent with prior work,"” for ex-
ample, showing menthol (3.5%) e-cigarettes, versus non-menthol,
were rated as lower in harshness or irritation in the presence of high
nicotine (24 mg/mL), but higher in subjective irritation and harsh-
ness in the presence of low nicotine,’” and that youth e-cigarette
users rated moderate (12 mg/mL) nicotine e-liquids as higher on
“like/wanting” when combined with 3.5% menthol, versus non-
menthol, but did not experience the same effects of menthol at a
lower (6 mg/mL) nicotine.*

The proposed effect of rs16969968 genotype in influencing sen-
sitivity to nicotine aversiveness was supported. Although extensive
prior research has linked rs16969968*A with increased risk for
heavy smoking?” and preclinical research implicated differences

in nicotine aversiveness as a mechanism,*”

only one prior study
in humans linked this genetic variant with differences in nicotine
aversiveness, and in that case nicotine was delivered intravenously.”!
Therefore, the current findings are the first demonstration of differ-
ences in subjective ratings (craving alleviation; aversiveness) or self-
administration behavior (blood nicotine levels following ad libitum)
across CHRNAS genetic variants in humans self-administering nico-
tine via any commercially available tobacco product, and first dem-
onstration in e-cigarettes.

The validity of the paradigm was supported. This study aimed
to characterize aversive subjective effects of high nicotine, while
also capturing rewarding nicotine effects. The nicotine level (24 mg/

Menthol Glucuronide

Genotype

Overall

e Protective (GG)

- Risk (A-Carrier)

Directed Self-Admin

Ad Libitum

Omg NIC 24mg NIC  Post-Lunch  AdLlib1 Ad Lib 2

Figure 3. Validation of Nicotine and Menthol Delivery. (A) Plasma Nicotine and (B) the menthol metabolite Menthol Glucuronide were assessed at six blood
draw timepoints. In order, the timepoints were (1) Baseline (following overnight smoking abstinence and prior to e-cigarette self-administration), (2) 0 mg NIC
(following 0 mg/mL nicotine Directed Self-Administration Block 1), (3) 24 mg NIC (following 24 mg/mL nicotine Directed Self-Administration Block 2), (4) Post-
Lunch (30 min break from e-cigarette administration, including lunch; timepoint also served as a baseline for the Ad Libitum Component), (5 & 6) Ad Lib 1 and
2 (Ad Libitum blocks 1 and 2 [15 min each, separated by 10 min break]). The dotted gray line separates data points included in manipulation-check analyses
validating nicotine and menthol delivery during directed self-administration and expected decreases following lunch (timepoints 1-4) and analyses assessing
volume of nicotine and menthol self-administration during ad libitum (as a secondary outcome measure; timepoints 4-6). Means (standard error [SE]) are
presented for the sample overall (gray) and split by genotype type group (black solid line = ‘Protective (GG)’, black dotted line with square markers = ‘Risk

(A-Carrier)".
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mL) was sufficient to induce significant aversive effects as well as
nonsignificant rewarding effects. As planned, the relative balance
skewed towards aversiveness, as evidenced by higher subjective
ratings and self-administration patterns. Importantly, the e-liquids
used were palatable enough that subjects were willing to complete
the directed self-administration component, and remained well
within safe limits (no adverse events occurred). Subjective ratings
and self-administration patterns were internally consistent (eg,
e-liquid conditions rated as less aversive and more rewarding during
directed self-administration component were self-administered at
higher rates during ad libitum component), indicating internal val-
idity. Plasma nicotine and menthol glucuronide levels rose following
the directed blocks which contained nicotine or menthol, respect-
ively, dropped slightly following the lunch break. Importantly for the
genetics analyses, levels of nicotine and menthol glucuronide did not
differ by genotype at any of the blood draws where the nicotine and
menthol delivery were intended to remain consistent across genotype
groups (ie, overnight abstinence baseline, after directed blocks, after
lunch break), even though they did differ during the ad libitum com-
ponent, where differences in self-administration were the key out-
come. Therefore, genotype group differences on subjective ratings
during the directed administration or other outcomes or nicotine
levels following the ad libitum period are unlikely to be accounted
for by differential levels of nicotine or menthol delivery during the
directed administration or following lunch (which served as baseline
for ad libitum).

This initial study had several limitations which should be ad-
dressed in future studies. First, all but two of the subjects in the
study were menthol cigarette smokers. Since menthol cigarette
smokers may like menthol taste/sensation more and have a dif-
ferent learning history with menthol (as a possible conditioned
cue),***! differ from non-menthol smokers in subjective ratings of
intravenously-delivered nicotine (ie, without accompanying smoking
cues),” menthol and non-menthol smokers could differ in their re-
sponse to menthol or nicotine. Therefore, the current findings from
a predominantly menthol-preferring sample may not apply equally
to non-menthol smokers. Second, only one nicotine (24 mg/mL)
dose was tested versus no nicotine (0 mg/mL). While this nicotine
dose is considered a high level of nicotine and it successfully induced
aversive effects, other nicotine-by-flavor interactions may have
been detected at low or intermediate nicotine levels. Third, a fixed,
escalating nicotine level (0 mg/mL followed by 24 mg/mL) minim-
ized nicotine carryover. This approach limited order and dose ef-
fects from being fully disentangled. Fourth, the sample size (N = 32)
limited power, particularly in the genetics analyses. Findings should
be considered preliminary and warrant future studies with larger
sample sizes that can examine confounding effects of variables such
as sex, age, race, current/former/never cigarette smoker status and
menthol-preferring/non-preferring smoker status.'>** Lastly, the
multiple outcome measures were a strength and limitation. The rela-
tively detailed assessment of subjective response to the e-cigarette
conditions enabled greater characterization of the effects and will in-
form future studies. To minimize the number of comparisons, items
were grouped conceptually; however, with a larger sample size, data
reduction could be accomplished statistically (eg, factor analysis).
Corrections for multiple comparisons lowered type I error risk. To
address resulting increased type II error risk, results not surviving
corrections are clearly labeled in the Supplementary Tables and
Materials.

One notable strength of the study was careful control of
e-liquid conditions. Nicotine and menthol levels were matched and

independently confirmed. The vendor confirmed that no sweet-
eners were added to any e-liquids. Alcohol levels were matched
across e-liquids, and pH was tested and did not significantly differ
across e-liquids. PG/VG ratio was matched for the final PG/VG of
the total e-liquid, rather than PG/VG of the base liquid. This is an
important consideration when comparing across different flavor
conditions (particularly when including an unflavored condition;
Supplementary Table 1), since these factors could influence nicotine
absorption (eg, pH!, PG/VG*), flavor (eg, sweeteners*’), subjective
effects like harshness and throat hit (eg, PG/VG**), or other effects
(eg, psychomotor effects of alcohol®®). Additional strengths include
confirmation of nicotine and menthol delivery, detailed characteriza-
tion of subjective effects, and novel use of genetics to model different
“risk” profiles.

Conclusions

This study addressed an FDA research priority regarding e-cigarette
perceptions and use. Findings suggest that menthol partially mitigated
nicotine aversiveness, potentially increasing nicotine-containing
e-cigarettes’ appeal, while fruit increased appeal of nicotine-free
e-cigarettes with little effect on appeal of high nicotine-containing
e-cigarettes. These dissociable patterns should be investigated in
intermediate nicotine doses. Although some e-liquid flavorants may
increase harm,' flavors (including fruit and menthol) can reduce
perceived harm,'® and menthol can facilitate dependence or worsen
cessation outcomes in some groups of smokers,*! but limiting flavor
options may reduce e-cigarette use.* Flavors’ effects on appeal and
use of e-cigarettes, with or without nicotine, are important factors
when considering regulation of e-cigarettes.

The genetics analysis addresses the FDA research priority re-
garding the impact of tobacco product characteristics, (eg, flavors)
on initiation among vulnerable populations. The “protective” (GG)
genotype found nicotine less reinforcing (rated as more “harsh,” ex-
perienced less craving alleviation from nicotine, self-administered
less). This subgroup may find other aspects of tobacco products re-
inforcing or require more masking of nicotine aversiveness to find a
product appealing. Notably, the “protective” rs16969968 genotype
(GG) occurs at disproportionately higher rates in African Americans,
relative to European Americans, and menthol use is more prevalent
in African American smokers* and e-cigarettes users.”® Regulators
should consider that product characteristics which diminish the
aversiveness of products (ie, lower nicotine levels; flavors that mask
nicotine aversiveness) may disproportionately increase appeal in sub-
groups with more sensitivity to aversiveness (eg, “protective” [GG]).
Furthermore, regulations that aim to reduce addictive potential by
lowering nicotine may have less impact on subgroups that experi-
ence less reinforcement (eg, craving alleviation) from nicotine. These
findings underline the importance of regulatory decision-makers
considering the potential interaction of different product character-
istics (eg, flavors, nicotine) and impact on vulnerable subgroups.

Supplementary Material

Supplementary data are available at Nicotine and Tobacco Research
online.
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