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Abstract

E-cigarettes are popular among adolescents. Given that flavors enhance e-cigarette appeal, this
study examined the influence of flavors on nicotine in e-cigarettes. Youth e-cigarette users
(average 26.2 days [SD = 3.6] in past 28 days) were randomized to use e-cigarettes containing 6
or 12 mg/mL of freebase nicotine and completed 4 test sessions. During the first 3 test sessions,
participants completed 3 fixed puffing bouts (1 puffing bout = 10 puffs, 3 s each, 30-s interval),
using menthol, green-apple, and unflavored e-liquids (50 propylene glycol [PG]/50 vegetable
glycerin [VG]) with their assigned nicotine concentration in a random order using a ~5.5-W V2
e-cigarette device. After each puffing bout, participants assessed subjective effects of nicotine
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and flavor. In the 4th test session, participants used any of the e-liquids they had tried in the

earlier sessions, ad libitum for 60 min and the amount of e-liquid used for each flavor and the
number of puffs was assessed. Participants (7= 49; 6 mg/mL [n=24]; 12 mg/mL [n= 25])

were 63.3% male, 65.3% non-Hispanic White with an average age of 18.7 (SD = 0.9). Mixed
models analysis revealed that green apple and 6 mg/mL of nicotine independently increased

liking of e-cigarette taste. In addition, green apple produced higher ratings of fruitiness, sourness,
sweetness, and menthol produced higher ratings of coolness. We did not observe any interactions
between nicotine and flavor. Youth liked the taste of e-liquids containing green-apple flavor or low
nicotine concentration which highlights the appeal of fruit flavors in e-cigarettes to adolescents.
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Adolescent e-cigarette use is considered a public health concern with more than 5 million
high school and middle school students reporting current e-cigarette use in 2019 (Cullen
et al., 2019). E-cigarette use in adolescents is alarming given the known detrimental
effects of nicotine exposure to the developing brain (Abreu-Villaga et al., 2003; Yuan,
Cross, Loughlin, Leslie, & Yuan, 2015) and recent studies suggest that e-cigarette use

by adolescents may be a risk factor for future use of cigarettes (Barrington-Trimis et al.,
2018; Bold et al., 2018; Soneji et al., 2017). Further, while some evidence suggests that
e-cigarettes appear to appeal to youth who might otherwise not smoke cigarettes (Dutra &
Glantz, 2014; Fulton, Gokal, Griffiths, & Wild, 2018), it has also been suggested that the
relationship between e-cigarette and cigarette use is related to shared risk factors (Kim &
Selya, 2019).

The appeal of e-cigarettes for youth has been linked to the availability of diverse e-liquid
flavors. E-cigarettes are available in thousands of flavors without any regulations (Zhu

et al., 2014), unlike cigarettes where all flavor additives except for menthol are banned
(Food and Drug Administration, 2009). The 2009 flavor ban for cigarettes was prompted by
research suggesting that flavored cigarettes encourage cigarette use in young people (Lewis
& Wackowski, 2006). Indeed, most youth report their first tobacco product (including
cigarettes, e-cigarettes, hookah etc.) was flavored (Ambrose et al., 2015; Harrell et al.,
2017; Villanti et al., 2017) and youth rate appealing flavors as one of their top reasons

for experimenting with e-cigarettes (Kong, Morean, Cavallo, Camenga, & Krishnan-Sarin,
2015; Zare, Nemati, & Zheng, 2018). Adolescents find candy-, fruit-, and menthol-flavored
e-liquids more appealing than tobacco and alcohol flavored (Pepper, Ribisl, & Brewer, 2016)
and trying more flavors is associated with more frequent use of e-cigarettes among youth
(Morean et al., 2018).

Flavors in e-cigarettes may also be attractive to youth because they may alter the e-cigarette
experience and reward. Menthol flavor has been found to improve the taste of e-liquid
aerosol even at very low menthol concentrations and also to enhance wanting for high
concentrations of nicotine (Krishnan-Sarin et al., 2017). The effects of menthol could be
attributed to its cooling and analgesic properties via the transient receptor potential channels
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(Hatem, Attal, Willer, & Bouhassira, 2006; Wasner, Schattschneider, Binder, & Baron,
2004), which may reduce irritation from tobacco smoke and nicotine (Ha et al., 2015;
Rosbrook & Green, 2016).

Given the evidence that both menthol and sweet flavors are liked by youth, the current
study sought to compare the subjective effects of commercially available menthol, green
apple and unflavored e-liquids with two nicotine concentrations (6 mg/mL, 12 mg/mL)
among adolescent e-cigarette users. We conducted this study using an e-cigarette exposure
paradigm that was used in our previous work and has been shown to produce reliable
increases in nicotine levels following e-cigarette exposure (Krishnan-Sarin et al., 2017).
We used green apple as the fruit flavor because it does not contain menthol, is a popular
sweet flavor that has been shown to improve subjective reward from e-cigarettes containing
nicotine (Audrain-McGovern, Strasser, & Wileyto, 2016) and increases the appeal of
nicotine-free e-liquids (Devito et al., 2019). Based on our earlier evidence, we hypothesized
that menthol flavor would enhance liking of e-cigarette taste and liking/wanting for
e-cigarette drug effects at the high nicotine concentration because menthol masks the
potential aversiveness of the high concentration of nicotine via menthol’s cooling flavor
and analgesic effects. However, because green-apple flavor is unlikely to have analgesic
effects, we hypothesized that green apple would increase liking of e-cigarette taste and
liking/wanting for e-cigarette drug effects only at the low nicotine concentration because
the low nicotine concentration would be less aversive. We also explored flavor sensations
(sourness, coolness, fruitiness, sweetness, irritation/harshness), nicotine-specific subjective
effects (craving, withdrawal, stimulation), and ad libitum use of the e-liquid flavors.

Participant Recruitment and Screening

All the experimental procedures were approved by the Yale School of Medicine

Human Investigations Committee (protocol number: 1307012312; title: “Flavors and E-
Cigarette Effects in Adolescent Smokers”), registered on ClinicalTrials.gov (identifier:
NCT03168191) and followed National Advisory Council on Drug Abuse (2012) guidelines
for substance use research in children and adolescents and administration of drugs for
research purposes. Participants were recruited from local high schools and through online
advertisements. Participants had to (a) be between 16 and 20 years of age, (b) currently

use e-cigarettes with nicotine (at least 10 days in the past month), (c) have baseline urinary
cotinine levels of 2150 ng/mL, (d) not currently trying to quit smoking or e-cigarette use,
and (e) report having tried menthol flavored and green-apple-flavored e-liquids and/or were
neutral or liked the menthol- and green-apple-flavored e-liquids and/or flavors.

Participants who were =18 years old provided consent and those <18 years old provided
assent and parental permission. Participants received a physical examination (by an
Advanced Practice Registered Nurse) and a clinical evaluation (by a licensed clinical
psychologist) to rule out concerning physical or psychological conditions and substance

use disorders (other than tobacco use disorder). Eligible youth participated in laboratory
sessions at The John B. Pierce Laboratory (New Haven, CT) in a temperature controlled and
ventilated room (with air exchange 11 times per hour). Participants were asked to abstain
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from cigarettes (confirmed by breath CO levels <10 ppm; Micro Direct, Inc., Lewiston,
ME) and e-cigarettes for at least 12 h before each test session. At the end of the study,
participants met with a licensed clinical psychologist who educated them on the risks
on using tobacco products, provided them with health information regarding all tobacco
products and encouraged them to rethink their tobacco use and explore quitting options.
Participants were compensated $40 for experimental Sessions 1-3, $50 for experimental
Session 4 (longer session), and $40 for completing the study.

The second-generation e-cigarette V2 Cigs (VMR Products LLC, Miami, Florida; ~5.5 W)
with refillable tanks were used. All e-liquids were purchased from AmericaneLiquidStore
(Wauwatosa, WI) and contained 50 propylene glycol (PG)/50 vegetable glycerin (VG) with
the required combinations of freebase nicotine (6 mg/mL and 12 mg/mL), menthol and
green apple. On the day of each session, the e-cigarette tanks were filled with 750 pl of
e-liquid. The nicotine and characterizing flavor ingredients of menthol, green apple and
unflavored e-liquids were characterized using gas chromatography (GC) coupled with mass
spectrometry (Perkin Elmer Clarus SQ8S, Waltham, MA) using a Perkin Elmer Elite-5 MS
column (length 60 m, internal diameter 0.25 mm, 0.25-um film) and the quantification of
selected compounds was carried out by GC-flame ionization detection (Shimadzu GC-2010
Plus, Kyoto, Japan) using an Agilent J&W DB-5 column (Santa Clara, CA; length 60 m,
internal diameter 0.25 mm, 0.25-um film; Erythropel et al., 2019).

GC conditions were as follows: injection volume 1 pl, split ratio 300, injector temperature
250 °C, oven program: 30 °C for 7min, heated to 50 °C at 10 °C/min and held for 20 min,
heated to 310 °C at 10 °C/min and held for 7 min. Helium (Airgas, Radnor, PA) was used
as carrier gas, and the flame ionization detection was operated at 325 °C. E-liquid samples
were weighed (Mettler-Toledo AB204-S, Columbus, OH) and diluted with methanol (high-
performance liquid chromatography grade, Fisher Scientific, Hampton, NH) containing 1,4-
dioxane as internal standard (99.8%, Sigma-Aldrich, St. Louis, MO). Quantification was
achieved using calibration curves generated with commercially available standards: nicotine
(>99%), hexyl-acetate (99%, both Sigma-Aldrich), DL-menthol (99%), and ethyl-2-methyl-
butyrate (99%, both Acros Organics). GC analysis revealed menthol as the principal flavor
component in “menthol” e-liquid, and hexyl-acetate and ethyl-2-methyl-butyrate in “green
apple.” No menthol was found in the green apple e-liquid. Nicotine levels varied slightly
from the label information, but variations did not exceed ~10% (see Table 1).

Experimental Design

Forty-nine participants (18 females, 31 males; see Table 2 for demographics) who reported
e-cigarette use were included in the study and participated in four test sessions separated

by at least 48 hr. Using randomization in blocks of size two stratified by gender, we first
assigned each participant to one of two nicotine concentrations (6 mg/mL or 12 mg/mL)
that represent the most common concentrations used by youth (Morean, Kong, Cavallo,
Camenga, & Krishnan-Sarin, 2016). In this study we did not use a placebo control group

(0 mg/mL nicotine) because the premise of this study was to understand the impact of
menthol in the presence of nicotine in comparison to green-apple flavor. We have previously
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investigated menthol with 0 mg/mL nicotine and found that in the 0 mg/mL nicotine group,
menthol was liked more compared to the no menthol condition and that the coolness of
menthol is concentration dependent (Krishnan-Sarin et al., 2017). Therefore, we did not
include a 0 mg/mL nicotine group in this study. Combined with their assigned nicotine
concentration, participants were randomized in blocks of sizes 6 and 12 to the order in
which they received the three flavors (unflavored, menthol, or green apple e-liquids) during
the first three laboratory sessions (one flavor per session). The research assistants and the
participants were blind to condition. To ensure blinding of the research assistants conducting
the experiments, an independent research assistant who did not conduct experiments did the
following: filled e-cigarette tanks with e-liquids, wrapped a white sticker around the tank

to hide the color of the e-liquid and placed each e-liquid flavor in a sealed plastic bag to
prevent detection of the odor of the e-liquids. Conducting the experiments in a ventilated
chamber designed to remove odors also reduced the likelihood that the experimenter would
detect the odor of the exhaled vapor.

Prior to the first session, participants were trained on puffing behavior by using tanks filled
with only 50 PG/50 VG. In each puffing bout, participants were asked to take ten 3-s puffs
with a 30-s interpuff interval as described previously (Krishnan-Sarin et al., 2017). Puffing
behavior and interpuff interval were monitored by a timer during the fixed-exposure period.
Participants were also trained on how to use the Labeled Magnitude Scale (LMS) and the
Labeled Hedonic Scale (LHS) by rating the intensity and liking/disliking of 15 imagined

or remembered sensations (i.e., the taste of plain bread, the bitter taste of black coffee,

etc.). Sessions 1-3 consisted of a half hour fixed-exposure period that included three fixed
puffing bouts, each separated by 5 min. During the 5-min rest period, participants completed
subjective ratings and assessments (described below) in the following order: LMS (assessed
intensity of coolness, craving, harshness/irritation, fruitiness, sweetness and sourness), LHS
(assessed liking/disliking of taste), and the Drug Effect Questionnaire (DEQ; assessed liking
and wanting of drug effects).

Following completion of the first three sessions, subjects participated in a fourth session

in which they could use any of the e-liquids they had tried in the earlier three sessions ad
libitum. To remind participants of the flavors, they were first instructed to take one puff of
each of the three e-liquid flavors received during the test Sessions 1-3 (unflavored, menthol,
and green apple) separated by 5 min. During the 5-min period, they completed the same
assessments from Sessions 1-3. Following this, participants were left alone in the room

and allowed to freely use all three flavors for 1 hr. The e-cigarette tanks were weighed
before and after the session to determine the amount of each e-liquid used. All sessions were
video-taped. A research assistant coded the video-tapes to determine number of puffs taken.

Subjective Assessments

Liking of e-cigarette taste (primary outcome).—Following each fixed-dose bout, we
assessed how much participants liked/disliked the flavor of the e-cigarette using the LHS
(Lim, Wood, & Green, 2009), a bipolar category-ratio scale that ranges from -100 (most
dislikea) to 100 (most likead), with neither liked nor disliked at the midpoint.

EXxp Clin Psychopharmacol. Author manuscript; available in PMC 2021 August 14.
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Liking/wanting of e-cigarette drug effects (primary outcome).—A modified
version of the DEQ (Morean et al., 2013; Soria et al., 1996) was used in which participants
rated acute responses to the e-cigarette on a scale from 0 mm (not at al/) to 100-mm
(extremely). Following each fixed concentration bout, we assessed e-cigarette liking/wanting
(the average of “I feel good e-cigarette effects,” “I want more of that e-cigarette | received,”
“| feel the e-cigarette strength,” and “I like the e-cigarette effect”).

Flavor intensity.—Immediately following each bout of vaping, participants rated the
sensory effects they experienced (sourness, coolness, sweetness, fruitiness, and harshness/
irritation) “right now” on the general version of the Labeled Magnitude Scale (QLMS;
Bartoshuk et al., 2004; B. Green et al., 1996; B. G. Green, Shaffer, & Gilmore, 1993).

The gLMS is a category ratio scale with seven 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.

LU LI LI}

Nicotine-specific subjective effects: Craving, withdrawal, stimulation.—
Participants rated craving “right now” immediately following each bout of vaping on the
general version of the gLMS (Bartoshuk et al., 2004; B. Green et al., 1996; B. G. Green

et al., 1993) as mentioned previously. Following each fixed concentration bout, the DEQ
(Morean et al., 2013; Soria et al., 1996) was used to assess stimulant effects (the average of
“| feel energized” and “I feel high”) and withdrawal (the average of “ | feel sleepy,” “I feel
angry,” “I feel irritable,” “I am having difficulty concentrating,” “I feel restless,” and “| feel
hungry”).

Biochemical Analyses

Saliva nicotine samples were obtained at baseline and after each fixed dose bout for Sessions
1-3. 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 s

and deposited it into a plastic tube. These tubes were centrifuged to extract the saliva and
nicotine levels were determined by Liquid Chromatography with tandem mass spectrometry
employing a deuterated internal standard (Sofuoglu, Herman, Nadim, & Jatlow, 2012) and
pH was also determined.

Urine samples for determination of menthol glucuronide levels and creatinine were obtained
at baseline and at the end of Sessions 1-3. Urine menthol glucuronide was determined by
Liquid Chromatography with tandem mass spectrometry employing a deuterated internal
standard (Benowitz et al., 2010) and urine creatinine was determined using the Jaffe reaction
to correct for urine dilution.

Statistical Analysis

We used a separate linear mixed model for each outcome. We log-transformed (after adding

1) or square-root-transformed non-normal outcomes. We started with models including fixed
effects for nicotine level (i.e., 6 mg/mL, 12 mg/mL), flavor (i.e., unflavored, menthol, green

apple), lab session (i.e., Session 1, 2, 3), time within session (Puffing Bout 1, 2, 3), all
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two-way interactions of these four variables, the three-way interactions Flavor x Nicotine x
Session and Flavor x Nicotine x Time, and the stratification variable (gender). We used a
subject random effect to model within-subject correlations and a repeated lab-within-subject
effect to additionally model within-subject correlations during a lab session. We used
Bayesian information criterion to select the latter correlation structure from unstructured,
autoregressive (1), compound symmetry, and Toeplitz. After selecting the correlation, we
performed backward elimination to remove nonstatistically significant interactions while
maintaining hierarchically well-formulated models (we kept in the Nicotine x Flavor
interaction to test the primary hypothesis). We used Bonferroni-adjusted a =.025 (0.05/2)
for the two primary outcomes (liking/wanting of drug effects; liking of taste), a = .01
(0.05/6) for the six secondary outcomes (sourness, coolness, sweetness, fruitiness, irritation/
harshness, craving) for which we had a priori hypotheses and unadjusted a = .05 for
exploratory outcomes for which we did not have a priori hypotheses. Results are reported as
adjusted least-squares means and their standard error. Models were fit in SAS 9.4. Following
the CONSORT recommendations, we did not perform any test for baseline differences
between the two groups (6 mg/mL and 12 mg/mL nicotine) because these tests are not
needed in randomized trials (Moher et al., 2010).

Primary Outcomes

Liking/disliking of e-cigarette taste.—There was no significant Nicotine x Flavor
interaction for liking/disliking (Figure 1), A2, 89.9) = 0.05, p = .95, for overall interaction,
and 489.9) = -0.25, p= .81, for the primary hypothesis. However, there was an overall
main effect of flavor, A2, 89.9) = 10.86, p < .0001, and nicotine concentration, A1, 43.9)
=6.40, p=.02. Overall (and at each nicotine concentration), participants liked the taste of
green-apple flavor (overall M= 29.29 [ SE = 5.65]) more than either menthol (M= -1.37
[SE = 5.61]) or the unflavored e-liquids (M= -3.52 [ SE = 5.63]; both p<.001; Cohen’s ¢
= 0.52 for green apple vs. menthol and = 0.88 for green apple vs. unflavored comparison).
Further, participants liked the taste of 6 mg/mL nicotine more than the 12 mg/mL (M=
16.46 [SE=4.68] vs. M=-0.19 [SE=4.72], p= .02, d=0.64).

Liking/wanting of e-cigarette drug effects.—There were no statistically significant
interactions with respect to Nicotine x Flavor, A2, 92) = 0.06, p= .94, and no main effect
of nicotine concentration, A1, 46.9) = 0.77, p= .38, or flavor type, A2, 92) = 0.83, p=.44.
Means were as follows: unflavored 6 mg/mL of nicotine, overall M= 44.93 (SE = 4.36);
unflavored 12 mg/mL of nicotine, M= 41.86 (SE = 4.37); menthol 6 mg/mL of nicotine,

M =46.71 (SEM = 4.38); menthol 12 mg/mL of nicotine, M= 41.29 (SE = 4.35); green
apple 6 mg/mL of nicotine, M= 49.43 (SE = 4.38); green apple 12 mg/mL of nicotine, M/
=45.15 (SE = 4.34). Post hoc analysis with the four items in the drug effect questionnaire
liking/wanting construct separately revealed that for 3 out of the 4 items had no evidence of
a significant interaction between nicotine and flavor or a main effect for nicotine or flavor.
For the “I want more of the e-cigarette | received” item, the main effect of flavor was
significant (p = .02), with green-apple flavor having a higher mean score than both menthol
(o =.01) and no flavor (p=.02).

EXxp Clin Psychopharmacol. Author manuscript; available in PMC 2021 August 14.
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Secondary and Exploratory Outcomes

There were no significant interactions with respect to Nicotine x Flavor for any secondary
and exploratory outcome. Significant main effects are described below.

Sourness.—Flavor was the only significant predictor (Figure 2A), A2, 92) = 27.55, p<
.0001, of sourness ratings. Participants reported greater sourness with green apple compared
to both menthol and unflavored e-liquids (p < .0001).

Coolness.—There was a significant effect of flavor (Figure 2B), A2, 96.4) = 195.86, p
<.0001, with menthol rated as “cooler” than the green apple and unflavored e-liquids (p <
.0001).

Sweetness.—There was a significant main effect of flavor (Figure 2C), A2, 92) = 61.89, p
< .0001. Participants rated green apple as “sweeter” than both menthol and unflavored (p <
.0001). The unflavored e-liquid was rated as “sweeter” than menthol (p = .0002).

Fruitiness.—The effect of flavor was significant (Figure 2D), A2, 92) = 88.85, p < .0001.
Participants reported higher fruitiness scores for the green-apple flavor compared to menthol
and unflavored e-liquids (p < .0001). Ratings of fruitiness of the unflavored e-liquid were
higher than for menthol (p=.0001).

Irritation/harshness.—There was no significant main effect of flavor (Figure 2E), A2,
91.6) = 0.43, p= .65, or nicotine concentration, A1, 45.6) = 0.25, p=.62. Females reported
higher irritation/harshness than males (M= 4.54 [SE = 0.35] vs. M= 3.58 [SE = 0.26] on the
square-root transformed scale), though the difference was not significant at the 0.01 level (p
=.03).

Biochemical Analyses

Urine menthol glucuronide (ng/mg).—There was a significant Flavor x Time
interaction (Figure 3A), A2, 131) = 68.1, p< .0001. As expected, the urine menthol
glucuronide values increased (from baseline to end of lab) when subjects used menthol-
flavored e-liquids (from M= 8.11 [SE=0.19] to M=9.96 [SE = 0.19] on the log-
transformed scale, p < .0001). There was no evidence of a change in urine menthol for fruit
(p=.21) or unflavored e-liquids (p = .24).

Saliva nicotine (ng/ml).—The Nicotene x Time interaction was significant (Figure 3B),
A3, 142) = 16.78, p< .0001. At baseline (prebouts), there was no significant difference in
salivary nicotine levels in the two nicotine groups (3.61 at 12 mg vs. 4.82 at 6 mg on the
square-root transformed scale, p = .21). Salivary nicotine levels increased in both groups
after baseline, with higher levels in the 12 mg group than in the 6 mg group after each puff
bout (p<.0001; M=44.67 [SE=1.78] vs. M= 31.69 [SE = 1.81] after third puffing bout).

Nicotine-Specific Subjective Effects: Craving, Nicotine Withdrawal, and Stimulation

Craving.—The main effect of flavor, A2, 90.8) = 1.47, p= .24, was not significant, but
there was an effect of nicotine, A1, 44.8) = 7.45, p= .01, with participants reporting more
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craving for the 6 mg/mL nicotine versus 12 mg/mL (M= 4.71 [SE=0.26] vs. M=3.71 [SE
= 0.26] on the square-root transformed scale; Figure 2F).

Nicotine withdrawal.—Withdrawal was associated with time within session, A3, 144) =
15.14, p < .0001. Within a session, withdrawal improved from baseline to each one of the
three subsequent postpuffing bout timepoints (all p < .0001). The means for the square-root
transformed data were as follows: baseline (overall A= 4.30 [SE = 0.26]), after Puffing
Bout 1 (M= 3.64 [SE = 0.25]), after Puffing Bout 2 (M = 3.58 [ SE = 0.25]), and after
Puffing Bout 3 (M= 3.58 [SE = 0.26]).

Stimulation.—Stimulation was associated with time within session, A3, 144) = 3.36, p
=.02. Stimulant effects after first puffing bout were higher than stimulant effects after

the second (p = .04) and third (p = .008) puffing bouts in a lab session. The means for
square-root transformed data were as follows: baseline (overall M=5.22 [SE = 0.18]), after
Puffing Bout 1 (M =5.37 [SE = 0.18]), after Puffing Bout 2 (M=5.22 [SEM=0.19]) and
after Puffing Bout 3 (M =5.10 [SE = 0.20]).

Ad Libitum Session

Number of puffs during ad lib session.—The effect of flavor was significant (Figure
4A), A2, 88) = 11.05, p < .0001, for the number of puffs. Participants took more puffs from
the green-apple flavor e-liquid (Madn = 28, interquartile range [IQR] = 11-54) than both
menthol (Mdn =13, IQR = 2-36) and unflavored (Mdn =5, IQR = 2-15), p=.002, p< .0001,
respectively. There was no statistically significant difference in number of puffs between
menthol and no flavor (p=.17). We observed similar results when analyzing puff duration
(data not shown).

Amount of e-liquid used during ad lib session (grams).—Only the effect of
flavor was significant (Figure 4B), A2, 93.9) = 13.66, p < .0001. Participants used more
green-apple flavor e-liquid (A= 0.41 square-root grams [ SE = 0.03]) than both menthol
(M=0.27 [SE = 0.03]) and unflavored e-liquids (M= 0.23 [SE=0.03]; p<.0001, p=
.0002, respectively). There was no statistically significant difference between the amount of
menthol and unflavored e-liquids used (o = .28).

Discussion

This study sought to compare the effects of flavors (menthol, unflavored, and green apple)
on nicotine concentration (6 mg/mL, 12 mg/mL) in commercially available e-liquids using
an e-cigarette exposure paradigm in adolescent e-cigarette users. We primarily hypothesized
that menthol flavor would interact with 12 mg/mL nicotine to enhance e-cigarette taste

and liking/wanting for e-cigarette drug effects and that green-apple flavor would improve e-
cigarette taste and liking/wanting for e-cigarette drug effects at 6 mg/mL nicotine. Contrary
to our hypothesis, we did not find an interaction between nicotine concentration and flavor
on liking e-cigarette taste or on liking/wanting of e-cigarette drug effects. However, we did
observe that green-apple flavor and 6 mg/mL of nicotine independently increased liking of
e-cigarette taste (see Figure 1). In addition, green-apple flavor produced higher ratings of
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fruitiness, sourness, and sweetness, and menthol produced higher ratings of coolness (see
Figure 2).

Interestingly, while we observed that green-apple flavor enhanced the liking of e-cigarette
taste, we found no evidence of a similar effect of green-apple flavor on liking/wanting of
e-cigarette exposure study in young adult cigarette smokers also did not observe significant
effects of a fruit-flavored e-liquid on e-cigarette drug effects (Cobb et al., 2019). Our finding
that youth liked the taste of green apple (fruit) flavor e-cigarettes is consistent with other
studies in young adults (Audrain-McGovern et al., 2016; Goldenson et al., 2016; Leventhal,
Goldenson, Barrington-Trimis, Pang, & Kirkpatrick, 2019) and a recent preclinical study
that demonstrated that a green-apple flavor constituent, farnesol, caused reward-related
behaviors in male mice (Avelar et al., 2019). The sweetness of the green-apple flavor (vs.
menthol and unflavored e-liquids; Figure 2C) may explain the greater liking for this flavor in
our study (Kim et al., 2016). In the ad libitum session (see Figure 4) participants also took
more puffs on the e-cigarette containing green-apple flavor more frequently and consumed
more of the green-apple-flavored e-liquid compared to the menthol and unflavored e-liquids
when they could puff on any of the 3 flavors. The e-liquid flavors contained nicotine (6
mg/mL or 12 mg/mL as assigned); therefore, the greater use of the green-apple flavor very
likely resulted in higher nicotine exposure. Although we did not measure saliva nicotine
levels during the ad libitum session, a previous ad libitum study found that higher use of

a fruit-flavored e-liquid produced higher plasma nicotine levels in comparison to a tobacco-
flavored e-liquid (St. Helen, Dempsey, Havel, Jacob, & Benowitz, 2017).

We also observed a main effect of nicotine concentration on liking of e-cigarette taste.
Specifically, participants liked the taste of the 6 mg/mL of nicotine more than the 12

mg/mL nicotine concentration, While it could be hypothesized that the taste of the 6 mg/mL
concentration was liked more because it was less irritating than the 12 mg/mL concentration,
we did not find any statistically significant differences in harshness/irritation between 6
mg/mL and 12 mg/mL of nicotine (Figure 2E), and biochemical analysis demonstrated that
there were higher saliva nicotine levels in the 12 mg/mL group versus the 6 mg/mL group
(Figure 3B) which is consistent with our previous study (Krishnan-Sarin et al., 2017). The
lack of harshness in the current study is in contrast with our previous study in which 12
mg/mL had higher ratings of harshness/irritation than 6 mg/mL (Rosbrook & Green, 2016).
This may also explain why we did not observe an interactive effect of menthol on e-cigarette
taste liking or drug effects based on nicotine concentration as we observed previously
(Krishnan-Sarin et al., 2017). In that study, menthol enhanced the liking of drug effects at
12 mg/mL of nicotine but not at 6 mg/mL of nicotine. Our previous studies used menthol
e-liquids with a 70 PG/30 VG ratio (Krishnan-Sarin et al., 2017; Rosbrook & Green, 2016),
while the current study used commercial e-liquids with a 50 PG/50 VG ratio. Differential
PG/VG ratios in e-liquids have been shown to alter nicotine delivery (Spindle et al., 2018)
and they may alter sweetness ratings as well. Even though sweetness was not measured in
our previous studies, in the current study the unflavored e-liquid was rated sweeter than the
menthol-containing e-liquid (Figure 2C). The chemical analysis of e-liquids ruled out the
presence of a noncharacterizing but sweet chemical agent (e.qg., vanillin) in the unflavored
e-liquid. The sweetness of 50 PG/50 VG ratio may have affected the perception of harshness
of the nicotine concentrations and in turn altering the impact of menthol flavor. In addition,
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these discrepant findings could also be related to the fact that our earlier study enlisted

more menthol cigarette smokers (30 out of 60) compared to the current study (nine out of
49), suggesting that prior menthol exposure may be an important factor in the effects of
menthol containing e-liquids. These differences highlight the importance of controlling for
other PG/VG levels constituents and subject characteristics when conducting flavor studies
with e-cigarettes. Future studies need to examine the sensory responses to e-liquid flavors in
the presence of different PG/VG levels.

This study only examined two e-liquid flavors of the thousands of e-liquid flavors available.
An additional caveat is that inclusion of flavors that are both sweet and cool (i.e., “vanilla
chill”) and other categories of flavors may have yielded different results. While the tested
nicotine concentrations (6 mg/mL and 12 mg/mL) are used among youth (Morean et

al., 2016), there was a lack of significant differences in irritation between the nicotine
concentrations. Use of higher nicotine concentrations may have resulted in significant
differences in irritation especially considering that our participants reported typically using
high nicotine concentrations in their e-liquids (25.9 mg/mL [SD = 21.3]; Table 2) and may
therefore have not found the lower nicotine concentrations used in our study (6 and 12
mg/mL) to be irritating. Also, it is worth noting that our “high” nicotine condition, was
much lower than the high nicotine concentrations (e.g., > 60 mg/mL) used in some e-liquids.
If there were significant differences in irritation between the nicotine concentrations for

the current study, we may have observed an effect of menthol flavor. Another limitation

to consider is the use of second generation V2 Cigs e-cigarette device which may have

low levels of use among youth, but evidence from 2014-2017 suggests that adolescents

and young adults are currently using second-generation e-cigarettes such as vape pens
(Barrington-Trimis et al., 2018; Krishnan-Sarin et al., 2019). Lastly, there were no attempts
to bio verify e-cigarette abstinence or the use of a “bogus pipeline” in this study. Therefore,
we cannot confirm e-cigarette abstinence before the test sessions in our sample.

In conclusion, this study highlights the significant role fruit flavors play in adolescent
e-cigarette use. Green-apple flavor, a fruit flavor, appears to significantly improve the taste
of e-liquids regardless of the nicotine concentration, suggesting a means by which fruit
flavors may enhance the appeal of e-liquids for youth. Regulatory efforts to reduce/prevent
youth access to fruit-flavored e-liquids may reduce the appeal of e-cigarettes to youth.
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Public Health Significance

This study demonstrated that green-apple flavor and low nicotine concentration was
appealing to youth past-month e-cigarette users. Regulatory efforts to reduce/prevent
youth access to fruit-flavored e-liquids may reduce the appeal of e-cigarettes to youth.
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Figure 1.

Liking of e-cigarette taste (Labeled Hedonic Scale [LHS]) during fixed-puffing bout
sessions. The taste of green-apple-flavored e-liquid was liked more than menthol and
unflavored e-liquids. Six mg/mL of nicotine enhanced the liking of e-cigarette taste

significantly more than 12 mg/mL of nicotine. Error bars represent the standard errors of the
means. Vertical bars represent least squares means. Nic = nicotine. The letters on the right

y-axis represent labels on the LHS: MDI = most dislike imaginable; DE = dislike extremely;
DVM = dislike very much; DM = dislike moderately; DS = dislike slightly; N = neutral; LS
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= like slightly; LM = like moderately; LVM = like very much; LE = like extremely; MLI =
most like imaginable.
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Figure 2.
Mean “coolness,” “sourness,” “sweetness,” “fruitiness,” “irritation/harshness,” and

“craving” rating (general version of the Labeled Magnitude Scale) during fixed-puffing
bout sessions. (A) Green-apple-flavored e-liquid had a higher sourness rating in comparison
to unflavored and menthol e-liquids. (B) Menthol-flavored e-liquid had a higher coolness
rating versus unflavored and green-apple e-liquids. (C) Green-apple-flavored e-liquid had
the highest sweetness rating versus menthol and unflavored e-liquids. Unflavored e-liquid
had a higher sweetness rating than menthol. (D) Green-apple-flavored e-liquid had the
highest fruitiness rating versus menthol and unflavored e-liquids. Unflavored e-liquid had a
higher fruitiness rating than menthol. (E) There were no significant differences in irritation/
harshness. (F) 6 mg/mL of nicotine had higher craving ratings than 12 mg/mL of nicotine.
Sourness was log transformed and all other data was square-root transformed. Vertical bars
represent least squares means. Error bars represent the standard errors of the means. Nic

= nicotine. Letters on the right y~axis denote semantic labels of sensation intensity on the
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general Labeled Magnitude Scale: NS = no sensation; BD = barely detectable; W = weak; M
= moderate; S = strong; VS = very strong; S| = strongest imaginable.
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Figure 3.

Urine menthol glucuronide and salivary nicotine levels during fixed-puffing bout sessions.
(A) Urine menthol glucuronide levels were enhanced at the end of the menthol exposure
session only. (B) Salivary nicotine was enhanced with both e-liquid nicotine concentrations
(6 mg/mL and 12 mg/mL) after each puffing bout compared to baseline. Twelve mg/mL of
nicotine produced higher salivary nicotine levels than 6 mg/mL of nicotine. Data for (A)
were log transformed and for (B) were square-root transformed. Vertical bars represent least
squares (means. Error bars represent the standard errors of the means. PB1 = post-Bout 1;
PB2 = post-Bout 2; PB3 = post-Bout 3). Nic = nicotine.
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Figure 4.
Ad libitum session-number of puffs and amount of e-liquid used. (A) E-cigarettes containing

green-apple-flavored e-liquids had a higher number of puffs versus menthol and unflavored
e-liquids. (B) Green-apple flavor had the highest amount of e-liquid used compared to
menthol and unflavored e-liquids. Vertical bars in (A) represent the median and the error
bars represent the interquartile range. Data in (B) were square-root transformed. The error
bars represent the standard errors of the means. The vertical bar represents least squares
means. Nic = nicotine.
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