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Abstract

Background—Tobacco products containing menthol are widely used by youth. We used
ecigarettes to conduct an experimental evaluation of the independent and interactive effects of
menthol and nicotine among youth.
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Procedures—Pilot chemosensory experiments with fourteen e-cigarette users identified low
(barely perceptible, 0.5%) and high (similar to commercial e-liquid, 3.5%) menthol
concentrations. Sixty e-cigarette users were randomized to a nicotine concentration (0 mg/ml, 6
mg/ml, 12 mg/ml) and participated in 3 laboratory sessions. During each session, they received
their assigned nicotine concentration, along with one of three menthol concentrations in random
counterbalanced order across sessions (0, 0.5%, 3.5%), and participated in three fixed-dose, and an
ad-lib, puffing period. Urinary menthol glucuronide and salivary nicotine levels validated menthol
and nicotine exposure. We examined changes in e-cigarette liking/wanting and taste, coolness,
stimulant effects, nicotine withdrawal and ad-lib use.

Results—Overall, the high concentration of menthol (3.5%) significantly increased e-cigarette
liking/wanting relative to no menthol (p<0.001); there was marginal evidence of nicotine* menthol
interactions (p=0.06), with an increase in liking/wanting when 3.5% menthol was combined with
12 mg/ml nicotine, but not 6 mg/ml nicotine. Importantly, both 0.5% and 3.5% menthol
concentrations significantly improved taste and increased coolness. We did not observe nicotine or
menthol-related changes in stimulant effects, nicotine withdrawal symptoms or ad-lib use.

Conclusions—Menthol, even at very low doses, alters the appeal of e-cigarettes among youth.
Further, menthol enhances positive rewarding effects of high nicotine-containing e-cigarettes
among youth.

Keywords
Youth; Menthol; Nicotine; Electronic cigarettes

1. INTRODUCTION

Use of tobacco products remains a significant health concern worldwide. Regulatory
measures need to focus on reducing the appeal of tobacco products (WHO-FCTC). Flavors
may enhance the appeal of tobacco products, and facilitate progression from initiation to
nicotine dependence (Samet et al., 2016). Scientific evidence about the influence of flavors
on the appeal of tobacco products is critically needed to support regulatory efforts.

Menthol-containing tobacco products are very popular, especially among young users (Rock
et al., 2010). Menthol is also a common flavor used in e-liquids (Yingst et al., 2017). Recent
evidence suggests that while cigarette smoking rates are going down, use of menthol
cigarettes is increasing, especially among young smokers (Villanti et al., 2016), suggesting
that the presence of menthol cigarettes may be impeding decreases in cigarette use (Giovino
etal., 2015).

Menthol is an organic compound that not only has a characterizing aroma but also has
pharmacological effects which may interact with nicotine/tobacco. For example, menthol
produces analgesic and cooling sensations via activation of the TRPM8 receptors (Hatem et
al., 2006; Wasner et al., 2004), and alters irritant responses via the TRPA1 receptor, which
also mediates irritant responses to nicotine (Fan et al., 2016; Karashima et al., 2007; Xiao et
al., 2008). Menthol also modulates nicotinic receptor (nAChR) function (Hans et al., 2012;
Ton et al., 2015). Up-regulation of nAChRs has been observed in mice following chronic
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exposure to menthol concentrations comparable to those in cigarette smoke (Henderson et
al., 2016) and in human menthol cigarette smokers (Brody et al., 2013). Menthol may also
slow nicotine metabolism (Alsharari et al., 2015; Benowitz et al., 2004; Fagan et al., 2016).

A report from the FDA’s Tobacco Product Scientific Advisory Committee (Samet et al.,
2011) which concluded that menthol cigarette smoking was a risk factor for development of
nicotine dependence, was challenged by tobacco industry representatives (Heck et al., 2011)
who argued that there was no scientific evidence to support such causal relationships. The
clinical evidence on the role of menthol in nicotine addiction is limited, and at times
inconclusive. For example, while some studies suggest that menthol cigarette smokers may
be more dependent and find it harder to quit smoking (Ahijevych and Garrett, 2010; Fagan
et al., 2010; Foulds et al., 2010) this is not consistently observed (Hyland et al., 2002;
Muscat et al., 2009).

We aimed to conduct a clinical experiment to examine if menthol has independent rewarding
effects, and whether it interactively alters the reward from nicotine. We used ecigarettes
which provide an ideal system for examining the inhaled effects of menthol. To achieve
adequate increases in nicotine levels we adapted an e-cigarette exposure paradigm
(Vansickel et al., 2010). Since menthol has been shown to disproportionately influence use
by younger smokers, we conducted this study in older adolescents. Because even tobacco
products that are not labeled as being mentholated may contain small concentrations of
menthol (Giovino et al., 2004; Reid, 1994), we examined concentrations of menthol that
were either barely perceptible or similar to levels in commercial menthol e-liquids. We
hypothesized that menthol would have independent, concentration-dependent effects on
liking/wanting ecigarettes, and would also interact with nicotine to alter liking/wanting e-
cigarettes. Secondarily, we examined whether menthol independently or interactively (with
nicotine) altered stimulant effects, nicotine withdrawal, and taste and coolness. Finally, we
explored whether menthol altered e-cigarette value as well as e-cigarette use during an ad-
libitum period.

2. METHODS

2.1: General Procedures

Experimental procedures were approved by the Yale School of Medicine Human
Investigations Committee and followed National Advisory Council on Drug Abuse
guidelines for substance use research in children and adolescents, and administration of
drugs for research purposes (NACDAa&, 2006; NACDAb, 2012)

Participants were recruited from local high schools, colleges, and through online
advertisements and flyers. Participants had to be between 16-20 years of age, have used
ecigarettes with nicotine for the past year (at least 10 days in the past month), with baseline
urinary cotinine levels of > 500 ng/ml, not currently trying to quit smoking or e-cigarette
use, not have any physical or psychological conditions which would increase risk of
participation, and report having tried menthol-flavored tobacco products (58 of the 981
participants screened had never tried menthol products). Participants who were > 18 years
old provided informed consent. Parental permission and minor assent was obtained for those
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< 18 years old. Participants received a physical examination (by an APRN) and a clinical
evaluation (by a licensed clinical psychologist) to rule out concerning physical or
psychological conditions, and substance use disorders (other than nicotine use disorder).
Eligible youth participated in laboratory sessions at the John B. Pierce Laboratory in a
temperature controlled and ventilated room (with air exchange 11 times/hour). Participants
were asked to abstain from cigarette (confirmed by breath CO levels <10 ppm, Micro Direct,
Inc., Lewiston, ME) and e-cigarette use for at least 10 hours before each session. At the end
of the study participants met with a licensed clinical psychologist who encouraged them to
rethink their tobacco use and explore quitting options.

2.2: Pilot Chemosensory Experiment

Fourteen participants participated in one session (See Table 1 for demographics). We™ used
V2 Cigs (VMR Products LLC) with refillable cartridges which were filled with
AmericaneLiquidStore® Tobacco Flavor e-liquids containing 70/30 propylene glycol (PG)/
vegetable glycerin (VG) and varying concentrations of L-menthol (obtained from
SigmaAldrich, USP). Two commercial American Liquid Store® menthol e-liquid flavors
were also tested and concentrations of menthol in these e-liquids were determined using
liquid chromatography/mass spectrometry (LC/MS/MS).

Cartridges were filled with 500 pL of e-liquid and were used only in a single session. During
each session, presentation of a non-menthol control trial was followed by the presentation of
5 increasing concentrations of menthol (0.5%, 1.5%, 2.5%, 3.5%, 5%, a commercial
menthol flavor, and a commercial mint flavor, with 5 min breaks between trials to reduce
sensitization/desensitization of menthol’s sensory effects (Cliff and Green, 1994). At the end
of each trial, participants rated coolness and overall flavor intensity.

2.3: Main Study Procedures

Sixty participants who reported e-cigarette use, with or without concurrent cigarette use, (31
females, 29 males) participated in 3 laboratory sessions separated by at least 48 hours (see
Table 1 for demographics).

Using randomization stratified by gender, we first assigned each participant to a single
nicotine concentration [0 mg/ml, low (6 mg/ml), high (12 mg/ml)]. Combined with their
assigned nicotine concentration), participants received, all three menthol concentrations [no
menthol (NM)=0%, low menthol (LM)=0.5%, high menthol (HM)=3.5%], each during a
separate session, in counterbalanced order. Nicotine concentrations were chosen to represent
those commonly used by youth (Morean et al., 2016). The research assistants and the
participants were blind to the treatment condition.

V2 Cigs™ (VMR Products LLC) with refillable tanks, and e-liquids purchased from Pace
Engineering Concepts (Delafield, W1 53018), containing 70/30 PG/VG with the required
combinations of nicotine and menthol (as specified above and verified using LC/MS/MS),
were used. On the day of each session, the tanks were filled with 750 pL of e-liquid
(delivered from the YNHH Investigational-Pharmacy). Prior to the first session, participants
were trained on the puffing schedule (using tanks filled with only 70/30 PG/VG) and on
completion of assessments.
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Each session consisted of a half hour fixed-dose period followed by a half-hour ad-lib
period. The fixed-dose period included 3 fixed puffing bouts, each separated by 10 mins. In
each puffing bout, participants were asked to take 10 puffs with a 30 sec inter-puff interval
[adapted from (Vansickel et al., 2010)]. Puff behavior and inter-puff interval were monitored
by a research assistant who was in the room with a timer during the fixed-dose period, but
not during the ad-lib period. During the ad-lib period participants were told to freely puff
from the ecigarette and behavior was video-taped.

Saliva nicotine samples were obtained at baseline, after each fixed dose bout, and at the end
of the ad-lib period. Urine samples for determination of menthol glucuronide (MeG) levels
and creatinine were obtained at baseline and at the end of each session.

2.3: Assessments

E-cigarette Liking/Wanting, Stimulant effects and Nicotine Withdrawal—A
modified version of the Drug Effects Questionnaire (Morean et al., 2013; Soria et al., 1996)
was used in which participants rated acute responses to the e-cigarette on a 0 to 100 mm
scale, from “not at all” to “extremely.” Following each fixed dose bout, we assessed E-
cigarette Liking/Wanting (average of “I feel good e-cigarette effects”, “I want more of that e-
cigarette I received”, “| feel the ecigarette strength” and “I like the e-cigarette effect”). At
baseline and following each fixed-dose bout, we also assessed Stimulant effects (average of
“| feel energized” and “I feel high”), and Nicotine Withdrawal (average of “I feel sleepy”, “I
feel angry”, “I feel irritable”, “I am having difficulty concentrating”, “I feel restless” and “I

feel hungry™).

E-cigarette Taste—Following each fixed-dose bout, we assessed how much participants
liked/disliked the taste of the e-cigarette using the Labeled Hedonic Scale (LHS) (Lim et al.,
2009), a category ratio scale that ranges from —100 (most disliked) to 100 (most liked).

E-cigarette Overall Intensity and Coolness—~Participants rated overall intensity (pilot
study only) and coolness “right now” on the Labeled Magnitude Scale [gLMS; (Bartoshuk et
al., 2003; Green et al., 1993)], following each fixed-dose bout. The gLMS is a category ratio
scale with 7 semantic labels: “no sensation”, “barely detectable”, “weak”, “moderate”,
“strong”, “very strong”, and “strongest imaginable”, positioned quasi-logarithmically per

their empirically determined semantic magnitudes, with responses coded on a 0-100 scale.

E-cigarette Value—At the end of the fixed-dose period, participants were asked to make
discrete hypothetical choices between 10-puffs of the e-cigarette they had just used or a
series of 44 monetary values [$0.25-$15.06; adapted Multiple Choice Procedure; MCP
(Griffiths et al., 1993)]. The primary outcome was the minimum monetary value at which
money was chosen over the e-cigarette puffs which provides a contingency-based estimate
of e-cigarette value.

Puffing Behavior during Ad-Lib Period—Two research assistants independently coded
the video-tapes to determine number of puffs taken, which was then averaged across raters.
Interrater reliability was high (1CC=0.85).
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Biochemical Analyses (for Main Study only)—Urine MeG was determined by
LC/MS/MS employing a deuterated internal standard (Benowitz et al., 2010) and urine
creatinine was determined using the Jaffe reaction to correct for urine dilution.

For salivary nicotine samples, participants rinsed their mouths with water, chewed on a
sterile dental cotton roll (Salivette; Sarstedt AG and Co, Nimbrecht Germany) for 30
seconds and deposited it into a plastic tube. These tubes were centrifuged to extract the
saliva and nicotine levels were determined by LC/MS/MS employing a deuterated internal
standard (Sofuoglu et al., 2012) and pH was also determined.

2.4: Data analyses

After preliminary review, if needed, the raw data were log- or square-root-transformed to
remove skewness.

For the chemosensory pilot study, the primary outcomes were log-transformed gLMS ratings
of overall intensity and coolness. We used a repeated measures analysis of variance with
Menthol (6 menthol concentrations plus 2 commercial menthol e-liquids) as the independent
variable and Sensation Intensity (Overall intensity and Coolness) as the dependent variable.
Post-hoc (Tukey HSD) tests investigated sources of significant interactions between the
dependent variables and menthol concentrations.

For the main study, the primary outcome was fixed-dose period changes in E-cigarette
Liking/Wanting. Secondary outcomes were fixed-dose period changes in e-cigarette taste,
coolness, stimulant and nicotine withdrawal effects. Exploratory outcomes were MCP scores
and number of puffs during the ad-lib period. We used a separate linear mixed-effects
regression model for each outcome. We started with models that included categorical fixed
effects for nicotine, menthol concentration, session sequence (15t, 2", or 37d), time of
assessment, two-way interactions of these four variables, three-way interactions of
menthol*nicotine*lab and menthol*nicotine*time, and the stratification variable (gender).
Cigarette use was used as a covariate. For MCP time within session was not used. The
models used a random effect for each participant to model the correlations among
observations obtained from the same participant, and a repeated lab-within-subject effect to
model the correlations between repeated measurements. We selected the correlation
structure according to BIC from the following structures: unstructured, AR(1), compound
symmetry and Toeplitz. We then performed backward elimination to remove interactions
that were not significant at the 0.05 level (nicotine*menthol interaction was retained to test
the primary hypothesis).

We added order of menthol dose to all our models (as a 6-level categorical variable) and did
not observed any significant order effects (all p’s > 0.15). For parsimony, we did not to
retain this variable in our final models.

Urine MeG levels (corrected for creatinine) were examined using similar regression models.
Observations with creatinine values less than 20 (23 out of 356) were excluded to correct for
urine dilution. For saliva nicotine levels, the 0 mg nicotine concentration (with
84%=102/122 of values below detection limits) was excluded. The average nicotine levels
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obtained after puff bouts with the other doses was highly skewed and not amenable to
transformations, so we used a nonparametric method for repeated measures based on the
ranks of the measurements (Brunner et al., 2002); nicotine did not alter salivary pH levels.

We used a significance level of a=0.05 for the primary outcome (liking/wanting), a
Bonferroni corrected a=0.0125 for the secondary outcomes (taste, stimulant effects,
nicotine withdrawal, coolness), and an uncorrected a=0.05 for the exploratory outcomes and
the biochemical measures.

3. RESULTS

3.1: Pilot Chemosensory Experiment

We observed a significant interaction between Menthol Concentration and Sensation
Intensity (overall intensity, coolness; [F(7, 91)=5.00), p<0.0001]); there was a main effect of
menthol on both overall intensity [F(7, 91)=27.4), p<0.0001] and coolness [F(7, 91)=42.9,
p<0.0001]. Posthoc Tukey HSD analyses suggested that coolness increased in response to
incremental increases in menthol concentration from 0% to 0.5%,1.5% and 2.5% (p’s <
0.001). The coolness of 0.5% menthol was rated as “weak” on the gLMS, therefore, it was
chosen as the low menthol concentration. Coolness did not increase significantly more
among the 2.5%, 3.5% and 5% concentrations of menthol, and also did not differ from
coolness ratings observed with the commercial menthol e-liquids (all p’s >0.05).
Additionally, because analyses indicated that the commercial e-liquids had menthol
concentrations of 2.9% and 3.1%, we chose 3.5% as the high menthol concentration.

3.2: Main study

3.2.a: Primary Outcome

E-cigarette Liking/Wanting: As summarized in Figure 1, we observed a significant main
effect of menthol [(F(2,109)=5.46, p=0.006] and a trend for a nicotine*menthol interaction
[(F(4,109)=2.33, p=0.06)]. Pairwise comparisons showed that, overall, liking/wanting was
more for HM (43.36+3.05) than NM [34.28+3.05; t(108)=3.3; p=0.001; effect size estimate
d=0.37], while LM (38.63+3.03) was not significantly different from either HM [t(109)=
-1.73; p=0.09; d=0.19] or NM [t(109)=1.59; p=0.11; d=0.23]. Post hoc comparisons to
explore the trend in the nicotine*menthol interaction indicated that menthol altered liking/
wanting at 12 mg nicotine [F(2,108)=5.39, p=0.006] and 0 mg nicotine [F(2,110)=3.48,
p=0.03], but not at 6 mg nicotine [F(2,108)=0.90, p=0.41]. At 12 mg nicotine, liking/
wanting was significantly higher in the presence of HM (56.04+5.67) when compared with
LM [40.61+5.67, t(108)=3.06; p=0.003; d=0.64] and NM [43.05+5.68; t(108)=2.56; p=0.01;
d=0.50]; there were no significant differences between LM and NM [(t(108)= -0.48:
p=0.63; d=0.15]. Further, at 0 mg nicotine, liking/wanting in the presence of NM
(27.27+5.18) was significantly lower than LM [36.83+5.10; t(110)= —2.06; p=0.04; d=0.48]
and HM [38.77+5.19; t(110)= -2.46; p=0.02; d=0.58]; no differences were observed
between HM and LM [t(110)=0.42; p=0.68; d=0.10]. Finally, at 6 mg, no significant
differences were observed between NM (32.51+4.98) and LM [38.46+4.98; t(108)= -1.34;
p=0.18; d=0.26] or HM [35.28+4.97; t(108)= -0.62; p=0.54; d=0.11] or between HM and
LM [t(108)= -0.72; p=0.48; d=0.21]. Since 70% (42/60) of participants reported current or
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past use of menthol products, we explored the influence of being a menthol user but did not
find any influence of this variable on the results (p for interaction=0.68, p for main
effect=0.26).

3.2.b: Secondary Outcomes

E-cigarette Taste: We observed a significant main effect of menthol [(F(2,111)=5.39,
p=0.006]; compared to NM (5.07+4.11) both HM (18.52+4.11, p=0.013) and LM
(21.40+4.12, p<0.001) improved taste (see Figure 2). With the Bonferroni correction
(=0.0125) the nicotine*menthol interaction [(F(4,111)=2.94, p=0.02)] was a trend; post hoc
comparisons indicate that menthol had a significant effect on taste at 12 mg nicotine
[F(2,111)=6.21, p=0.003 for 12 mg; F(2,111)=3.22, p=0.04 for 0 mg; F(2,110)=1.17, p=0.31
for 6 mg)]. At 12 mg nicotine, taste was improved in the presence of LM (22.85+7.83; trend
at p=0.02) and HM (33.62+7.59; p<0.001) when compared with NM (—0.28+7.68).

Stimulant effects, Nicotine Withdrawal: We did not observe any main effects, or
interactions, of nicotine or menthol. We did observe a significant main effect of time on
nicotine withdrawal (F(3,170)=19.54, p<.0001); post hoc comparisons indicate that
withdrawal improved from baseline (baseline: 17.19+1.45; puffing period 1: 12.76+1.33;
puffing period 2: 12.03+1.32; puffing period 3: 11.71+1.32; compared to baseline all p’s <.
0001).

E-cigarette Coolness (square-root transformed): We observed a significant main effect of
menthol [F(2,112)=208.14, p<.0001] and a significant menthol*time interaction
(F(4,268)=4.60, p=0.001), but no nicotine main effect or a nicotine*menthol interaction.
Overall, coolness increased with increasing concentrations of menthol (Figure 3; p<.0001
for all pairwise comparisons). The effect of HM on coolness was more pronounced during
the first puffing period.

3.2.c. Exploratory Outcomes

E-cigarette Value (MCP; log-transformed): We did not observe any main effects of
nicotine (F(2,54)=0.85, p=0.43) or menthol (F(2,101)=0.61, p=0.55), or nicotine*menthol
interactions (F(4,101)=0.45, p=0.78).

Number of puffs taken during Ad-Lib Period (square-root transformed): We did not
observe any main effects of nicotine (F(2,56)=2.01, p=0.14) or menthol (F(2,106)=2.23,
p=0.11), or menthol*nicotine interactions (F(4,106)=0.71, p=0.59).

3.2.d.: Biochemical Measures

Urine MeG (log-transformed): MeG levels were low at baseline and then showed menthol
concentration-dependent increases (Figure 4). We observed a significant main effect of
menthol (F(2,92.4)=31.16, p<.0001) and a significant menthol*time interaction
(F(2,165)=59.32, p<.0001). MeG levels did not change following NM condition (p=0.30),
but significantly increased following LM and HM (p<.0001).
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Salivary Nicotine: Nicotine levels were low at baseline and evidenced nicotine-
concentrationdependent increases (Figure 5). We observed a significant main effect of
nicotine concentration (Anova Type Statistic ATS(1)=22.49, p<.0001) and a significant
nicotine*time interaction (ATS(1.39)=8.44, p=0.001). While there were no baseline
differences between 6 mg and 12 mg nicotine concentrations (p=0.12), significantly higher
values were observed in the 12 mg group) at the other two time points (p<0.0001 for post-
bout; p=0.001 for post ad-lib).

4. DISCUSSION

We examined the independent and interactive effects of inhaled menthol and nicotine, on
rewarding responses among older adolescents. On our primary outcome of liking/wanting,
we found that the high concentration of menthol (similar to the concentration in commercial
menthol e-liquids) independently improved e-cigarette liking/wanting relative to no menthol.
We also found marginal evidence of menthol interacting with nicotine (p=0.06) to improve
ecigarette liking/wanting, particularly for the combination of high concentrations of menthol
(3.5%) and nicotine (12 mg/ml). Our findings are strengthened by using a global measure of
e-cigarette liking/wanting which assesses positive effects and liking, as well as wanting
more. Prior research in humans has focused primarily on the effects of menthol on nicotine
harshness and irritation from nicotine (Dessirier et al., 2001) rather than rewarding effects,
and only one study has previously tested the menthol and nicotine through an inhaled route
(Rosbrook and Green, 2016). The results of our study in youth suggest that high
concentrations of menthol increase the rewarding effects of higher concentrations of
nicotine, which we hypothesize could promote the development of nicotine dependence.
Consistent with our findings, pre-clinical research has demonstrated that menthol enhances
nicotine-induced reward in a conditioned place-preference test in mice (Henderson et al.,
2017), perhaps via nicotine-induced upregulation of nicotinic receptors on midbrain
dopamine neurons, and can also become a conditioned cue that reinforces nicotine use
(Wang et al., 2014).

Menthol produced concentration-dependent improvements in the taste of e-cigarettes and
cooling sensations, with improvements observed even at the low, barely perceptible
concentration of menthol. Recent evidence (Paschke et al., 2017) suggests that activation of
the menthol-specific receptor, TRPMBS, is observed at levels of menthol that were far below
the “typical” levels present in mentholated tobacco products. Taken together, these findings
suggest that even a low concentration of menthol may have sufficient pharmacological
effects to increase appeal of tobacco products.

There was marginal evidence of an interaction between menthol and nicotine on ecigarette
liking/wanting (p=0.06). Liking/Wanting for the 12 mg nicotine concentration was
significantly increased in the presence of high concentration menthol. Similar effects were
not observed for the 6 mg nicotine concentration. Interestingly, menthol-related changes in
liking/wanting were accompanied by improvements in taste of the e-cigarettes. Higher
concentrations of nicotine are likely harsher, and the cooling effects of menthol may be
needed to improve palatability and pleasure from high concentration nicotine. For example,
Rosbrook and Green (2016) observed that similar high concentrations of menthol reduced
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irritation from a 24 mg concentration of nicotine. Interestingly, recent evidence from Perkins
and colleagues (Perkins et al., 2017) also observed that menthol cigarette smokers had
discrimination thresholds at higher nicotine concentrations, relative to non-menthol smokers,
suggesting that menthol smokers may need higher nicotine concentrations for experience
reward.

Menthol has also been shown to increase self-administration of nicotine (Biswas et al.,
2016). However, we did not observe any menthol or nicotine-related differences in puffing
behavior during the ad-lib period. This lack of effect may be related to the fact that we
initiated our ad-lib period right after the end of the fixed-dose period when participants may
have been satiated. Moreover, the ad-lib period was only half-hour in duration which may
not have been sufficient to detect differences in use behaviors. Future studies need to be
designed appropriately to study self-administration behaviors.

Our evidence also suggests that menthol’s effects are not related to changes in feeling
stimulated or in nicotine withdrawal. Interestingly, although we observed
concentrationdependent increases in salivary nicotine levels over the fixed-dose periods, we
did not observe any nicotine effects on withdrawal or stimulation. Participants had high
nicotine withdrawal at baseline which improved significantly during the fixed-dose period,
suggesting that perhaps the behavior of using e-cigarettes alone was sufficient to reduce
withdrawal, at least in this setting.

Finally, we did not observe menthol or nicotine-related changes in the value of the
ecigarette, as measured using the MCP. The MCP has been used as a demand task to
investigate reinforcement from many drugs in humans (Griffiths et al., 1993). However,
determining the appropriate unit of measurement for each drug is critical in such demand
tasks. The measurement of e-cigarette use behaviors is complex and unresolved, and other
investigators have raised concerns with the use of number of puffs to quantify e-cigarette use
in the development of an e-cigarette purchase task (Cassidy et al., 2017). Future studies need
to develop appropriate e-cigarette quantification measures for use in demand tasks.

This study has some limitations that should be considered. While the pilot study included
some 16-17 year old adolescents, we were unable to include younger adolescents in the
main study due to the passing of a CT state law that disallowed the administration of
ecigarettes to minors. However, since the pilot chemosensory experiment did not find
differences in results between younger and older adolescents, we feel confident that our
findings will generalize to a younger age group. We also cannot draw conclusions about how
menthol may influence initiation of tobacco use behaviors since we studied regular e-
cigarette users; exposure studies in younger non-users would be difficult to conduct due to
ethical considerations. However, the adolescents in our study were not heavy users, and had
only been using tobacco products for a few years (2.9 years), and therefore we can conclude
that tobacco use behaviors among these less dependent users is influenced by menthol.
Further, we used e-cigarettes since they could be easily manipulated to conduct
concentration-ranging inhalation studies. We anticipate that the cooling and taste enhancing
effects of menthol may be even more important to the appeal of combustible tobacco
products, like cigarettes and cigars, that are inhaled but are harsher than e-cigarettes;
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however, parallel experiments using combustible products would strengthen this conclusion.
Moreover, while we used structured instructions to ensure the timing and duration of puffs
during the fixed-puff periods, we did not use a topography machine and therefore cannot
rule out variations in e-cigarette inhalation patterns. Finally, as youth also prefer sweet
flavors, the methods employed in this research should be extended to evaluate the effects of
sweet flavors on appeal and reward of nicotine.

In summary, we provide human behavioral evidence that inclusion of menthol, even at very
low concentrations, can increase the appeal of e-cigarettes among youth. Increased appeal
could promote continued use, and transitions to higher, more addicting levels of nicotine,
particularly in combination with higher concentrations of menthol comparable to those
found in commercial e-liquids. Thus, inclusion of menthol alters appeal and reward from e-
cigarettes among youth. Regulations to reduce appeal of e-cigarettes by removing menthol
should be strongly considered.
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Highlights

. Tobacco products containing menthol appeal to youth

. We examined if menthol alters nicotine reward among youth

. Menthol, even at low doses, independently enhanced liking/wanting for e-
cigarettes

. Menthol enhanced positive rewarding effects of high nicotine-containing e-
cigarettes
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Figure 1. Mean “Liking/Wanting” E-cigarette during Fixed-Puffing Period by Nicotine (0, 6
mg/ml, 12 mg/ml) and Menthol Concentration (0, 0.5%, 3.5%)
Note: Main effect of menthol [(F(2,109)=5.46, p=0.006] and a nicotine*menthol interaction

[(F(4,109)=2.33, p=0.06)]. The circles (vertical lines through them) represent LS-means (+
SE).
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Figure 2. Mean “Taste” of E-cigarette in response to No (0%6), Low (0.5%0) and High (3.5%)

menthol

Note: Main effect of menthol [(F(2,111)=5.39, p=0.006]. The bars represent LS-means (+

SE).
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Figure 3. Mean “Coolness” from E-cigarette in response to No (0%), Low (0.5%) and High
(3.5%) menthol

Note: Main effect of menthol [F(2,112)=208.14, p<.0001]. The bars represent LS-means (+
SE) of sgrttransformed coolness.
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Figure 4.
Median (IQR) urine menthol glucuronide (MeG) levels corrected for creatinine (Cr) at

baseline and in pooled urine collected during and upon completion of the laboratory session,
by menthol concentration (0, LM=0.5%, HM=3.5%).
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Median (IQR) salivary nicotine (ng/mL) at baseline and following the 6 and 12 mg/ml
nicotine concentrations at the end of the fixed-bout period and at the end of the adlib period

(no increases were observed in the 0 mg/ml nicotine condition; data not shown)
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Table 1

Demographic information participants in Pilot and Main Study

Pilot Study Main Study
(N=10) (N=60)
0 mg/ml Nicotine | 6 mg/ml Nicotine | 12 mg/ml Nicotine

Variable (N=21) (N=22) (N=17)
Age, M (SD) 18.1 (0.8) 18.8 (0.68) 18.8 (0.81) 18.9 (0.83)
Sex, N (%0)

Male 7 (70%) 10 (47.6%) 11 (50.0%) 8 (47.1%)
Race/Ethnicity, N (%0)

White 9 (90.0%) 16 (76.2%) 19 (86.4%) 14 (82.4%)

Asian 0 (0.0%) 0 (0.0%) 0 (0.00%) 0 (0.00%)

Hispanic 1 (10.0%) 0 (0.0%) 2 (9.09%) 2 (11.8%)

Black 0 (0.0%) 1 (4.76%) 0 (0.00%) 0 (0.00%)

Biracial/Other 0 (0.0%) 4(19.0%) 1 (4.55%) 1 (5.88%)
E-cigarette Use
Days in past month, M (SD) 17.4 (3.3) 24.7 (7.4) 22.8(9.0) 25.6 (5.1)
Menthol in e-cigarette, N (%) 4 (40%) 13 (61.9%) 11 (50.0%) 9 (52.9%)
Cigarette Use
Smokers, N, (%) 10 (100%) 15 (71.4%) 18 (81.8%) 15 (88.2%)
Menthol cigarette smokers N (%) 5 (50%) 11 (52.4%) 10 (45.5%) 9 (52.9%)
Intake cotinine levels (ng/ml); M (SE) | 960.2 (76.2) 1202 (87) 769 (61.8) 847 (65.1)
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