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Abstract

Introduction: One of the preferable flavors in oral nicotine delivery systems is menthol which
masks the harshness of tobacco. However, possible interactions between oral menthol and
nicotine on intake and preference remain unclear. Therefore, we aimed to determine the impact of
menthol on oral nicotine consumption.

Methods: Adult Sprague Dawley female and male rats (n = 8 per group) were given a choice of
water or drug solution by using two-bottle free choice paradigm for 2 weeks: vehicle (5% ethanol),
nicotine (20 mg/L), menthol (1 g/L) and mentholated nicotine groups. At the end of the study,
plasma nicotine levels were determined.

Results: When rats were given a choice of nicotine or water, nicotine intake was similar between
female and male rats. Menthol addition to nicotine solution significantly increased nicotine intake
and preference in male but not female rats without a considerable effect on total fluid intake and
body weight change in either sex. The average nicotine intake in male rats was 0.5 + 0.05 and 1.4 =
0.12 mg/kg/day for nicotine and menthol-nicotine combination (p < .05), respectively.The average
nicotine intake in female rats was 0.6 = 0.05 and 0.6 + 0.03 mg/kg/day for nicotine and menthol-
nicotine combination (p > .05), respectively. Plasma nicotine levels were not significantly different
between the groups in either male (nicotine group: 20.8 + 4.9, mentholated nicotine group: 31.9 +
3.2 ng/mL) or female (nicotine group: 24.0 + 3.3, mentholated nicotine group: 17.8 + 2.9 ng/mL) rats
(p>.05).

Conclusions: Menthol increases oral nicotine consumption in male, but not female, rats.
Implications: This study may provide data on the co-use of menthol and nicotine in smokeless
tobacco, particularly oral dissolvable tobacco products.

© The Author(s) 2019. Published by Oxford University Press on behalf of the Society for Research on Nicotine and Tobacco. All rights reserved.
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Introduction

Nicotine addiction continues to be a major health problem causing an
estimated annual 435000 premature deaths in the United States and
5 million deaths worldwide.! Nicotine is the main active ingredient
in tobacco smoke that leads to and maintains tobacco addiction.?
Although the rate of smoking has decreased in the last 10 years, the
smoke-free laws in the United States has encouraged the smokeless
tobacco market. Indeed, a new generation of smokeless tobacco
products has entered the US market, and grown in popularity, over
the past several years.

The use of recent oral nicotine delivery systems such as snus
products and dissolvable tobacco products is on the rise.”™
Dissolvable tobacco products are finely ground tobacco compressed
into sticks, strips, and tablets (orbs) that dissolve in the mouth and
do not require spitting.*” These products deliver nicotine between
0.5 and 6 mg as they dissolve or melt in the consumer’s mouth.**%°
Dissolvable tobacco products usually contain various flavors (eg,
menthol) and sweeteners to mask the harshness of tobacco and
nicotine. There is an increasing interest in trying these flavored
products.’

One of the preferable flavors in oral nicotine products is
menthol due to its minty taste, cooling sensation and anesthetizing
properties. Menthol, a monocyclic terpene alcohol, is found
naturally in peppermint and corn mint plant oils. The typical
menthol cigarette contains 2.9-19.6 mg of menthol,'’ and ~1 (0.03-
2.3) mg of nicotine.!" Smokeless pouched products have a menthol
content of 1.6-5.1 mg/pouch and a nicotine content of 2-10 mg/
pouch.” Another source of oral nicotine is nicotine replacement
therapy products: gums and lozenges. Menthol flavored gum
contains menthol (30 mg) and nicotine (2-4 mg) from the chewing
gum.'> While oral nicotine and menthol are subjected to first-pass
metabolism, smoked menthol is not, because of systemic delivery.'

Menthol is not only a flavor additive; it is a potent ligand for
transient receptor potential (TRP) cation channels, including
TRPMS (cold-sensitive).!s In addition, menthol modulates other ion
channels, such as nicotinic acetylcholine receptors (nAChRs).!¢-18
Because menthol has sensory effects (eg, cooling), it may interact
with nicotine and make it much easier to consume."” Menthol is
preferred by ~30% of US smokers with ~80% of Black smokers
consuming menthol cigarettes primarily? and it appeals to young
inexperienced smokers.?! There is growing evidence that smokers
find harder to quit mentholated cigarettes versus non-mentholated
cigarettes.” Menthol may serve as a conditioned stimulus by its
effects as a sensory stimulant that reinforces the rewarding effects
of nicotine.?

However, the menthol-nicotine interaction has not been fully
clarified yet, particularly, the impact of menthol on oral nicotine
consumption and preference remain unclear. A recent report has
suggested that menthol can reduce the aversive effects of oral nicotine
through TRPMS receptors dependent sensory mechanisms in mice.>*
For this reason, in the present study, we determined the effects of
oral menthol on oral nicotine consumption and preference using the
two-bottle free choice paradigm in rats. The effect of oral menthol
on plasma nicotine levels was also examined at the end of the study.

Materials and Methods

Animals
The study was performed on total 64 adult (10-12 weeks of age
at the beginning of experiment) female and male Sprague Dawley

rats (supplied by the Experimental Animals Breeding and Research
Center, Uludag University). Animals were housed in conventional
cages with 1 rat per cage in a temperature- and humidity-controlled
room (21 = 2°C, 50 = 5%) on a 12-hour light/dark cycle. The
rats were provided free access to food and received their water as
drinking solutions from two bottles at all times. The study was
approved by the Local Ethics Committee for Animal Experiments,
Uludag University (approval number: 2015-12/02).

Drugs and Chemicals

(-)-Menthol was purchased from Sharp Mint Limited (India) and
(-)-Nicotine hydrogen tartrate salt [(-)-1-Methyl-2-(3-pyridyl)
pyrrolidine (+)-bitartrate salt] was purchased from Sigma-Aldrich
(St. Louis, MO). All doses are expressed as the free base of the
drug. Menthol and nicotine solutions were prepared by dissolving
(-=)-menthol (100-1000 mg/L) and/or (-)-nicotine (3 and 20 mg/L) in
distilled water containing 5% alcohol (ethanol, Fisher Scientific). All
drug solutions were prepared fresh daily.

Two-Bottle Choice Test

The two-bottle free choice paradigm, which allows for free access
to nicotine in a drinking solution, has been used to study chronic
nicotine exposure in rodents.”>*” Therefore, this method was used
to assess the impact of menthol administration on nicotine intake in
male and female rats. The rats were given a choice of water or drug
solution using a two-bottle choice procedure. The rats were divided
into four equally sized groups for both sexes (1 = 8 per group):

- The first group of rats received a nicotine solution versus water.
On the first and the second day, the animals received 3 mg/L of
nicotine followed by 20 mg/L of nicotine for 14 days.

- The second group of rats received a menthol plus nicotine
solution versus water. The effect of menthol on nicotine intake
was evaluated by exposing the rats to mentholated nicotine
solution at the same nicotine dosing schedule as in the first
group. In addition, the rats received 100 mg/L on the first and
the second day followed by 1 g/L menthol for 14 days. The range
of nicotine and menthol doses were selected based on previous
nicotine research with rats.?%%

- The third group of rats were given a menthol solution versus
water. Rats received on the first and the second day 100 mg/L
and followed by 1 g/L menthol for 14 days.

- The final fourth group of rats were exposed to a vehicle (5%
ethanol) solution versus water to evaluate the preference to the
vehicle that was used in this study.

Tests were performed on individually housed rats who had been
acclimated to their respective housing for 1 week and presented
with two 250 ml dark blue plastic graded bottles containing metal
spouts. One bottle contained tap water, while the other bottle
contained the drug solution. During the test, the drug solution and
water bottles positions were changed daily to avoid any potential rat
bias for bottle placement. All groups were studied under the same
experimental conditions. During the period of the test, female and
male rats were housed in two separated rooms according to their
sex under the same conditions. Daily water and drug intake were
measured by reading the volume intake. The reduced volume was
replaced with the same solution. The data was recorded every 24
hours as a daily dose (mg/kg/day) and total daily fluid intake was
recorded as water and drug intake volume. Nicotine preference was
calculated as the volume of nicotine consumed as a percentage of
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the total fluid consumed. To minimize the effect of handling-stress
on behavior, the rats were weighed every other day and the average
mass (in kg) of each rat was used for their daily drug intake dose
calculation.

Plasma Nicotine Levels Measurement

To determine plasma nicotine levels in the first and second group
of rats, blood samples were drawn by cardiac puncture under light
sevoflurane anesthesia at the end of the study on day 16 after the last
measured volume of drinking solutions taken between 10 AM to 4 PM.

Drug Extraction

To a 200 pl aliquot of whole blood, 50 ul of internal standard (ISTD)
containing 50 ng of nicotine-d4 in methanol was added with mixing.
Then 100 pl of 5 M ammonium hydroxide was added to each sample
followed by 2 ml methylene chloride. The samples were mixed for 2
minutes and then centrifuged for 5 minutes at 3000 rpm (1811%*g) at
a temperature of 4°C. The organic layer was transferred to a clean
test tube. The aqueous phase was extracted twice more with 2 ml of
methylene chloride. The organic phases were combined and 500 pl
of 25 mM hydrochloric acid in methanol was added. The samples
were then evaporated until dry under a gentle stream of nitrogen.
They were reconstituted with 100 pl of mobile phase and placed in
auto-sample vials for analysis.

An Agilent technology 1200 series HPLC system (Agilent
Technologies, Boeblingen, Germany) with a binary pump, degasser,
an auto sampler, a thermostat column compartment, and a UV
detector was used. Chromatography was performed on a reversed-
phase C-18 column (Agilent Technologies) of 150x3mmi.d.
dimensions and 3.5 pm particle size. The mobile phase consisted of
15 mM ammonium formate in water, pH adjusted to 10.5 with TEA
(solvent A) and acetonitrile (solvent B). Gradient elution used was:
0-5 minutes from 9% to 10% solvent B; 5-13 minutes from 10%
to 13% solvent B; the flow rate was 0.8 mL/minute. The column
temperature was set at 25°C.

Statistical Analysis

The data obtained were analyzed using the GraphPad software,
version 7.04 (GraphPad Software, Inc., La Jolla, CA) and expressed
as the mean = SEM. A three-way analysis of variance test (ANOVA)
with repeated measures (RM) was used to determine the overall
interaction of the three factors: time, sex, nicotine/menthol+nicotine
treatment (Supplementary Figure 2). In addition, two subsequent
two-way RM ANOVA, followed by the Bonferroni post hoc test
were used to determine treatment x sex and time x sex interactions.
Two-way RM ANOVA, followed by the Bonferroni post hoc
correction was used to evaluate impact of menthol on nicotine
intake and preference (Figure 1), to test effects of treatments on body
weight and total fluid intake (Supplementary Figure 1) in separate
sexes, to analyze menthol intake and preference (Figure 2), and to
compare preference to the vehicle between male and female rats
(Supplementary Figure 3). Ordinary two-way ANOVA, followed by
the Bonferroni post hoc correction was used to assess the differences
in plasma nicotine levels with sex (male, female) and treatment
(nicotine, menthol+nicotine) as factors (Figure 3). Before ANOVA,
the data were first assessed for the normality of the residuals and
equal variance. Variances were similar between groups and were
assessed using either the F-test or the Brown-Forsythe test and the
Bartlett’s test. All data passed these tests. The p values < .05 were
considered significant.

Results

Effects of Drugs on Body Weight Change and Total
Fluid Intake

Nicotine, menthol-nicotine combination, menthol and vehicle
solutions did not differentially affect body weight gain in male

rats (F_, o 5o = 0083, p = 968 and F, ., = 2.256, p < .05;
Supplementary Figure 1a). Similarly, the female groups showed no
significant differences in body weight (F . .., = 3.046,p = .06
and F,_ ., = 58.38, p <.05; Supplementary Figure 1c).

Opverall, the average of total fluid intake in male group of rats was
75.9 = 1.8 (vehicle), 67.5 = 1.7 (nicotine), 76.2 = 2.1 (menthol), and
72.6 + 2.3 ml (menthol plus nicotine). The average of total fluid intake
in female group of rats was 61.7 = 2.2 (vehicle), 65.2 + 2.7 (nicotine),
63.7 = 1.9 (menthol), and 58.33 = 2.1 ml (menthol plus nicotine).

treatment (3,21) 4.04,p
<.05and F, s 05 = 6.759, p < .001; Supplementary Figure 1b) and
female (F, . o = 1.579, p = 2243 and F,._ ;s = 1441, p <
.001; Supplementary Figure 1d) were similar except on certain days.
The total fluid intake of the nicotine group was lower than the vehicle

Total fluid intake of treatment groups in male (F

group at certain time points (on days 7, 8,9, 11, and 16) in male rats.
Total fluid intake in nicotine group of female rats was higher on day
2 and lower on day 7 than vehicle group.

Effects of Menthol on Nicotine Intake

As seen in Figure 1, menthol addition to nicotine solution substantially
=19.53, p < .001 and F
, = 53.19, p < .001; Figure 1a) and preference (ane(lS,lOS) =3.881,p
, = 26.88, p < .01; Figure 1b) across most days
in the male rats. Menthol significantly increased the nicotine intake in

a time-related manner until day 8. The effect of menthol on nicotine

increased nicotine intake (Fyme (15.108)

(1,7

<.001 and F

treatment (1,74

intake gradually reduced after that day, but remained significant
(Figure 1a). The average nicotine intake in male rats was approximately
0.5 + 0.05 and 1.4 = 0.12 mg/kg for nicotine and menthol-nicotine
combination, respectively. In contrast to male rats, nicotine intake did
not increase in the menthol-nicotine combination group in female rats
(Fyensi0=22-16,p<.001and F_  =0.0444,p = .839; Figure lc).
Similarly, menthol addition did not induce a distinctive overall change
in nicotine preference in female rats. Female rats only showed a modest
increase in nicotine preference on days 7, 9, and 13 in mentholated
nicotinegroup (F, s 105, =4.547,p <.001 and F imenciny = 19-8,p <.01;
Figure 1d). The average nicotine intake in female rats was approximately
0.6 = 0.05 and 0.6 = 0.03 mg/kg for nicotine and menthol-nicotine
combination, respectively.

In order to determine sex differences in menthol’s effects, the results
shown in Figure 1 were re-evaluated by three-way ANOVA. Significant
effects of menthol on nicotine intake were found for all factors (time, sex,
andtreatment) (Fy . ccumenrisads = 3+ 79>P < -.001; Supplementary Figure
2a). Male rats had statistically higher menthol + nicotine consumption on
days 4, 6,7, 8, 9,10, 11, 12, and 16 than female counter parts. Female
rats in nicotine groups had higher nicotine consumption on days 3, 4,
and 10 than males (Supplementary Figure 2a). Although there was no
significant interaction between the three factors on nicotine preference by
menthol (F o isaay = 1-203, p = .2656; Supplementary Figure
2b), we found that menthol resulted in a significant time x sex interaction
=2.749, p < .001) and treatment x sex interaction (F

(ane x sex (15,448) time x

wxxtreament (1ads) = 24-07, p < .001). Male rats in menthol + nicotine group
showed higher preference on days 5, 6,7, 8,9, 10,11, 12, 14, 15, and 16
than female counter parts. On days 7 and 9, male rats in nicotine groups
had higher preference than females (Supplementary Figure 2b).
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Menthol Intake and Preference in Male and

Female Rats

To evaluate menthol intake and preference in rats, third group of
animals were given a choice of menthol or water (Figure 2). Female
and male rats were exposed to menthol 100 mg/L concentration for

a b

2 days and followed by 1 g/L. menthol for 14 days. Two-way ANOVA
revealed significant effects on some time points for menthol intake
(o sa0s) = 15:35,p <001 and F_ , , = 2.276, p = .1751; Figure
2a) and preference (F,,_ 505 = 3-342, p < .00l and F__ . = 4.5,
p = .071; Figure 2b) in female and male rats. While male rats drank
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Figure 1. Effects of menthol on oral nicotine intake (a, c) and preference (b, d) in rats. Graphs in (a) and (b) indicate the results from male rats where (c) and (d)
from female rats. Rats received either mentholated nicotine solution and water or nicotine solution and water as in two-bottle choice paradigm. Nicotine group
received 3 mg/L nicotine in their drug solution at first and second days, and followed by 20 mg/L nicotine concentration for 14 days. Effect of menthol on nicotine
intake was evaluated by exposing the rats to mentholated nicotine solution with same doses in a separate cohort of rats. Mentholated nicotine group received
100 mg/L menthol plus 3 mg/L nicotine at first and second days and followed by 1 g/L menthol plus 20 mg/L nicotine for 14 days. Each time point shows the
average consumption of day. Data are presented as the mean + SEM of eight rats. *p < .05.
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Figure 2. Menthol intake (a) and preference (b) in male and female rats. Animals received menthol solution and water as in two-bottle choice paradigm. Menthol
was given as 100 mg/L concentration at first and second days and followed by 1 g/L concentration for 14 days. Data are presented as the mean + SEM of eight

rats. *p < .05.
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more menthol on day 7 (p <.001) and day 8 (p <.001), female rats
drank more on day 13 (p < .05). Similarly, male rats showed higher
preference on day 4 (p <.05),day 5 (p <.05),day 7 (p <.001), day 8
(p < .001) while female rats preferred menthol more than the males
on day 13 (p < .05). Overall, when rats were given menthol solution
(1 g/L) or water, average menthol intake was approximately 41.8 =
4.4 mg/kg for males and 34.8 = 1.7 mg/kg for females (p = .149).
Furthermore, average menthol preference was 17.7% = 1.7 for male
and 12.9% = 0.9 for female rats from day 3 to 16 (p = .025).

In order to evaluate whether the vehicle of menthol alters
consumption, a fourth group of animals were exposed to 5% ethanol
(vehicle) or water in a two-bottle choice test and the preference of
vehicle was evaluated. As seen in Supplementary Figure 3, no significant
difference on preference for the vehicle was seen between male and
,=1.688,p =.064 and F ,=0.7714, p = .408).

sex (1,7)

female rats (F, (15,105

Effects of Menthol on Plasma Nicotine Levels

In order to determine if menthol addition alters plasma nicotine levels,
blood was collected at the end of the experiment. Two-way ANOVA
showed that there was no significant effects on plasma nicotine levels
between treatments and sexes (F_ (25 = 0436, p = 515 and
F a5 = 2:183,p = .152; Figure 3). As seen in Figure 3, we observed
a 1.5-fold increase in nicotine plasma levels in the menthol plus
nicotine-treated male rats when compared with the nicotine alone
group. However, this increase did not reach statistically significant
levels (p = .0861). No differences were detected in nicotine plasma
levels of female rats between mentholated and non-mentholated
nicotine groups (p = .1896).
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Figure 3. Impact of menthol on plasma nicotine levels. Blood samples
were drawn by cardiac puncture at the end of the study on day 16 after last
measurement of volume of drinking solutions. Nicotine group received
3 mg/L nicotine in their drug solution at first and second days, and followed
by 20 mg/L nicotine concentration for 14 days. Mentholated nicotine group
received 100 mg/L menthol plus 3 mg/L nicotine at first and second days
and followed by 1 g/L menthol plus 20 mg/L nicotine for 14 days. Data are
presented as the mean + SEM of seven to eight rats.

Discussion

This study examined the effect of menthol on oral nicotine intake
and preference in adult rats. Using a free choice oral nicotine
consumption procedure, our results showed that menthol addition
to nicotine solution increased nicotine intake and preference in male
but not female rats without a significant effect on total fluid intake
or body weight changes.

When rodents are exposed to a voluntary choice of water or
nicotine solution, individual consumption varies with age and
sex also possibly influencing consumption.?¢2$3-3% As seen in
Supplementary Figure 2a and b, female rats showed higher amount
of nicotine intake than male rats on certain days (3, 4 and 10), but
the preference ratio was not different between the groups. Overall,
20 mg/L concentration of nicotine in our studies showed a modest
stable drinking behavior and intake level in each sex which is
consistent with previous reports in adult rats.?®* This dose is also
below nicotine concentrations (>50 mg/L) reported to decrease
ingestive responses and to increase aversive type taste reactivity
responses in rats.*

As seen in Figure 1, the addition of menthol to nicotine solution
resulted in a significant increase of nicotine consumption in males
but not in females. Consistent with our results, a recent study showed
that menthol enhanced the reinforcing actions of nicotine. Systemic
menthol pretreatment resulted in a leftward shift of the inverted
U-shaped nicotine dose-response curve on intravenous nicotine
self-administration in male rats. Additionally, oral menthol cue
facilitated intravenous nicotine self-administration via its cooling
effect in adolescent female rats.?” It has recently been reported that
menthol (100 pg/mL) can reduce the aversive effects of oral nicotine
(200 pg/mL) in two-bottle choice paradigm in male mice through
TRPMS receptor involvement.** Moreover, oral 0.005% menthol
reversed nicotine (50 and 100 pg/mL) aversion in male rats using a
modified 1 hour two-bottle choice test.** While these reports support
the hypothesis that menthol facilitates nicotine reinforcement and
increases nicotine consumption, sex differences were not studied.
Therefore, the effect of menthol on nicotine intake in both sexes
were compared in this study under the same experimental conditions
and it was found that menthol enhanced nicotine consumption in
male but not female rats. Three-way ANOVA revealed a significant
effect of menthol on nicotine intake in time, sex, and treatment
factors. Male rats significantly had higher mentholated nicotine
consumption than female rats (Supplementary Figure 2). In a recent
study, mice were given nicotine, menthol, or mentholated nicotine
solution as their sole source of fluid.’” Consistent with our results,
menthol addition induced greater consumption in adult male mice
but not in female mice. Sex- and age-dependent differences were
found in menthol’s effect.’” Male and female rodents may exhibit
different sensitivities to noxious and cooling sensitivity. For example,
prolactin has been found to alter TRPMS8 channel activity during
inflammatory noxious stimulus.’® Recent human data have also
shown gender differences in menthol-induced enhancement in the
rate of brain nicotine accumulation during mentholated cigarettes
smoking in men but not women compared to non-mentholated
ones.”” However, epidemiological studies have emphasized that
women smokers prefer mentholated cigarettes more than men.*#
Different mechanisms may explain the contradictions between oral
dosing paradigm and inhalation.

Several distinct mechanisms may underlie menthol’s effects in
male rats. Sensory effects of menthol may lead to an increase in
nicotine intake through a “cooling” effect and/or masking the taste

€20z fienuer g uo Jasn Aysiaaiun Bepnin esing Aq 0815 L £S/96 L/2/2Z/a10n4./u/woo dno olwapeoae//:sdiy Woll papeojuMo(]


http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz019#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz019#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz019#supplementary-data
http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntz019#supplementary-data

Nicotine & Tobacco Research, 2020, Vol. 22, No. 2

201

of nicotine. The sensory effects of menthol may partially explain
the results that were observed on nicotine consumption. Male rats
showed higher menthol preference (average increase of 1.35-fold)
and consumption (average increase of 1.2-fold) on certain days than
female rats (Figure 2). However, the magnitude of this enhancement
was modest and much less substantial than the intake and preference
found in menthol-nicotine combination group (preference average
increase of 2.83-fold and consumption average increase of 2.90-
fold). Menthol may also work by altering nicotine pharmacokinetics
and metabolism. Menthol has been shown to increase the transbuccal
permeability and penetration of nicotine.?* Menthol has been
found to either slow or not alter the nicotine metabolism after
mentholated cigarette smoking or nicotine exposure in humans*#
and rodents.*** In addition, Ghazi et al.* reported that effect of oral
mint drinks increased urine nicotine/cotinine ratio in adult Jordanian
male volunteers, suggesting an impact on decreasing nicotine
metabolism to cotinine. Even though one possible mechanism
underlying effects of oral menthol seen in our studies can result from
slowed nicotine metabolism by menthol in rats, different enzymes
mediate nicotine metabolism in humans. The enzymes CYP2B1/2,

30 are different

which primarily metabolize nicotine to cotinine in rats
from CYP2A6 that metabolizes nicotine in humans.’! In addition,
sex hormones may influence nicotine metabolism. For example,
nicotine metabolism has been found faster in women than in men.*
However, female rats generally have three- to fivefold lower rate
of hepatic drug metabolism than male rats.”® Nicotine’s half-life
is longer in female versus male rats.’® In this study, similar plasma
nicotine levels were found in female and male rats with the current
dose of nicotine. On the other hand, menthol slightly (~1.5-fold)
increased plasma nicotine levels compared to nicotine alone in male
rats, which is consistent with previous data obtained from male mice
and rats.”* Nonetheless, oral menthol may have different effects on
nicotine metabolism in rats compared to human.

Menthol may have differentially impacted the underlying
neurobiology of nicotine dependence in male and female rats.
Recently, data have emerged to suggest that menthol allosterically
modulates nAChR function.'*"* Menthol is a negative allosteric
modulator of a4p2 nAChRs'® and 0334 nAChRs." Besides, chronic
administration of menthol alone or combination with nicotine is
sufficient to upregulate brain nAChRs involved in reward in male
mice.*$*5% Although some reports showed that menthol and nicotine
by itself or combination induce nAChRs upregulation without
sex differences in mice,***> other report showed that nicotine
administration for 10 days induces greater nAChR upregulation

in male mice compared to females.*

Similarly, male but not
female human smokers upregulate brain B2*-nicotinic receptors
compared to nonsmokers.”” Menthol may also influence dopamine
signaling in central nervous system. Menthol enhances nicotine
reward by increasing nicotine-induced TH+/dopamine-neuron
firing frequency.”> Menthol itself,’* but also menthol+nicotine
combination upregulates 04a6* nAChR number and function on
midbrain dopamine neurons (menthol+nicotine more than nicotine
alone).”* Therefore, menthol may alter nicotine-induced dopamine
signaling in the brain. However, when male rats were given intraoral
menthol (0.005%), phasic dopamine concentrations remained
similar to water control groups.*® The concentration of menthol may
play a role in different dopamine signaling outcome by menthol.
Moreover, GABAergic neurons play an important role in nicotine’s
effects.’® Dopaminergic neuron activity in the ventral tegmental
area is regulated by glutamatergic and GABAergic interneurons,

where nAChRs modulate synaptic activity.”” It has been shown
that menthol enhances tonic inhibition in rat hippocampal cultures,
which is mediated by slowly desensitizing GABA, receptors.®” Since
menthol is a positive allosteric modulator of GABA, receptors,*!
the enhanced nicotine intake observed in male rats treated with
mentholated nicotine may be due to GABAergic mechanisms.

Lastly, TRPMS, the primary menthol sensor,’> may show a
possible mechanism underlying menthol’s effects on oral nicotine
intake. The expression of TRPMS8 ion channels on the trigeminal
neurons innervating the oral cavity and tongue are similar in humans
and rodents. It has been suggested that these neurons activate
inhibitory circuits in the trigeminal nucleus that depress the input
from nicotine-activated nociceptors and lead to a reduction of oral
irritation and pain.?*

In summary, menthol increases nicotine drinking behavior in
male but not in female rats. Sensory, central, and/or metabolism
mechanisms of menthol may be the underlying reasons for preference
in menthol-containing oral smokeless tobacco products.
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Supplementary data are available at Nicotine and Tobacco Research
online.

Funding

This study was supported by Research Fund of Uludag University to MSG
(grant no. KUAP (T) 2016/15). Dr. Bagdas was supported by the Training
and Education Core of the National Institute on Drug Abuse of the National
Institutes of Health (NIH) under Award Number PSODA036105 and the
Center for Tobacco Products of the US Food and Drug Administration (FDA).
The content is solely the responsibility of the authors and does not neces-
sarily represent the views of the NIH or the FDA. We acknowledge a Canada
Research Chair in Pharmacogenomics (RFT) and CIHR Foundation grant
(FDN-154294).

Acknowledgments

The authors would like to thank Tala Khalefa for her effort in editing the
language of this article. DB and BC contributed equally to this article. DB,
MID, RLB, and MSG conceived and designed the experiments. DB, BC,and ZG
performed the experiments. DB, MID, MSG Analyzed the data. Contributed
reagents/materials/analysis tools: MID, RLB, MSG. DB, MID, MMS, RFT, and
MSG wrote the article.

Declaration of Interests

None of the other authors declared a conflict of interest. RFT has consulted for
Apotex and Quinn-Emmanual on unrelated matters.

References

1. Thorne S, Malarcher A, Maurice E, Caraballo R. Cigarette smoking
among adults--United States, 2007. MMWR Morb Mortal Wkly Rep.
2008;57(45):1221-1226.

2. Benowitz NL. Emerging nicotine delivery products. Implications for public
health. Ann Am Thorac Soc. 2014;11(2):231-235.

3. Cabrera-Nguyen EP, Cavazos-Rehg P, Krauss M, Kim Y, Emery S.
Awareness and use of dissolvable tobacco products in the United States.
Nicotine Tob Res. 2016:18(5):857-863.

4. Stepanov I, Jensen J, Hatsukami D, Hecht SS. New and traditional smoke-
less tobacco: comparison of toxicant and carcinogen levels. Nicotine Tob
Res. 2008;10(12):1773-1782.

€20z fienuer g uo Jasn Aysiaaiun Bepnin esing Aq 0815 L £S/96 L/2/2Z/a10n4./u/woo dno olwapeoae//:sdiy Woll papeojuMo(]



202

Nicotine & Tobacco Research, 2020, Vol. 22, No. 2

10.

11.

12.

13.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

. Sherkheli

Mishina EV, Hoffman AC. Clinical pharmacology research strategy for
dissolvable tobacco products. Nicotine Tob Res. 2014;16(3):253-262.
Borgerding ME Bodnar JA, Curtin GM, Swauger JE. The chemical compos-
ition of smokeless tobacco: a survey of products sold in the United States in
2006 and 2007. Regul Toxicol Pharmacol. 2012;64(3):367-387.

Lawler TS, Stanfill SB, Zhang L, Ashley DL, Watson CH. Chemical
characterization of domestic oral tobacco products: total nicotine, pH,
unprotonated nicotine and tobacco-specific N-nitrosamines. Food Chem
Toxicol. 2013;57:380-386.

Rainey CL, Conder PA, Goodpaster JV. Chemical characterization of dis-
solvable tobacco products promoted to reduce harm. | Agric Food Chem.
2011;59(6):2745-2751.

Rickert WS, Joza PJ, Trivedi AH, Momin RA, Wagstaff WG,
Lauterbach JH. Chemical and toxicological characterization of commer-
cial smokeless tobacco products available on the Canadian market. Regu!
Toxicol Pharmacol. 2009;53(2):121-133.

Ai ], Taylor KM, Lisko JG, Tran H, Watson CH, Holman MR. Menthol con-
tent in US marketed cigarettes. Nicotine Tob Res. 2016;18(7):1575-1580.
Rodgman A, Perfetti TA. The Chemical Components of Tobacco and
Tobacco Smoke. 2nd ed. CRC Press, Taylor & Francis Group, Boca Raton,
FL; 2013.

Chen C, Isabelle LM, Pickworth WB, Pankow JF. Levels of mint and
wintergreen flavorants: smokeless tobacco products vs. confectionery
products. Food Chem Toxicol. 2010;48(2):755-763.

Arendt Nielsen T, Nielsen BP, Wang K, Arendt-Nielsen L, Boudreau SA.
Psychophysical and vasomotor responses of the oral tissues: a nico-
tine dose-response and menthol interaction study. Nicotine Tob Res.
2016;18(5):596-603.

. Benowitz NL, Porchet H, Sheiner L, Jacob P III. Nicotine absorption and

cardiovascular effects with smokeless tobacco use: comparison with cigar-
ettes and nicotine gum. Clin Pharmacol Ther. 1988;44(1):23-28.

MA, Vogt-Eisele AK, Bura D, Beltrin Mairques LR,
Gisselmann G, Hatt H. Characterization of selective TRPMS ligands and
their structure activity response (S.A.R) relationship. | Pharm Pharm Sci.
2010;13(2):242-253.

Hans M, Wilhelm M, Swandulla D. Menthol suppresses nicotinic acetyl-
choline receptor functioning in sensory neurons via allosteric modulation.
Chem Senses. 2012;37(5):463-469.

Ashoor A, Nordman JC, Veltri D, et al. Menthol binding and inhibition of
a7-nicotinic acetylcholine receptors. PLoS One. 2013;8(7):e67674.

Ton HT, Smart AE, Aguilar BL, Olson TT, Kellar KJ, Ahern GP. Menthol
enhances the desensitization of human a3[34 nicotinic acetylcholine recep-
tors. Mol Pharmacol. 2015;88(2):256-264.

Yerger VB. Menthol’s potential effects on nicotine dependence: a tobacco
industry perspective. Tob Control. 2011;20(suppl 2):ii29-i36.

TPSAC FTPSAC. Tobacco Products Scientific Advisory Committee -
Menthol Report: Overview. Center for Tobacco Products, FDA; 2011.
https://www.fda.gov/AdvisoryCommittees/CommitteesMeetingMaterials/
TobaccoProductsScientificAdvisoryCommittee/ucm247605.htm. Accessed
June 11, 2017.

Caraballo RS, Asman K. Epidemiology of menthol cigarette use in the
United States. Tob Induc Dis. 2011;9(suppl 1:51):1-14.

Foulds J, Hooper MW, Pletcher MJ, Okuyemi KS. Do smokers of menthol
cigarettes find it harder to quit smoking? Nicotine Tob Res. 2010;12(suppl
2):102-109.

Ahijevych K, Garrett BE. Menthol pharmacology and its potential im-
pact on cigarette smoking behavior. Nicotine Tob Res. 2004;6(suppl
1):517-528.

Fan L, Balakrishna S, Jabba SV, et al. Menthol decreases oral nicotine
aversion in C57BL/6 mice through a TRPMS8-dependent mechanism. Tob
Control. 2016;25(suppl 2):1i150-ii54.

Renda A, Nashmi R. Chronic nicotine pretreatment is sufficient to
upregulate 04* nicotinic receptors and increase oral nicotine self-
administration in mice. BMC Neurosci. 2014;15:89.

Dadmarz M, Vogel WH. Individual self-administration of nicotine by rats.
Pharmacol Biochem Behav. 2003;76(3-4):425-432.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Rowell PP, Hurst HE, Marlowe C, Bennett BD. Oral administration of
nicotine: Its uptake and distribution after chronic administration to mice.
J Pharmacol Methods. 1983;9(4):249-261.

Nesil T, Kanit L, Collins AC, Pogun S. Individual differences in oral nico-
tine intake in rats. Neuropharmacology. 2011;61(1-2):189-201.

Wang T, Wang B, Chen H. Menthol facilitates the intravenous self-
administration of nicotine in rats. Front Behav Neurosci. 2014;8(DEC):437.
Adriani W, Macri S, Pacifici R, Laviola G. Peculiar vulnerability to
nicotine oral self-administration in mice during early adolescence.
Neuropsychopharmacology. 2002;27(2):212-224.

Biondolillo KD, Pearce AR. Availability influences initial and continued
ingestion of nicotine by adolescent female rats. Neuropsychobiology.
2007;55(2):73-80.

Flynn FW, Webster M, Ksir C. Chronic voluntary nicotine drinking en-
hances nicotine palatability in rats. Behav Neurosci. 1989;103(2):356-364.
Nesil T, Kanit L, Pogun S. Bitter taste and nicotine preference: Evidence for
sex differences in rats. Am | Drug Alcobol Abuse. 2015;41(1):57-67.
Gozen O, Nesil T, Kanit L, Koylu EO, Pogun S. Nicotinic cholinergic
and dopaminergic receptor mRNA expression in male and female rats
with high or low preference for nicotine. Am | Drug Alcobol Abuse.
2016;42(5):556-566.

Biswas L, Harrison E, Gong Y, et al. Enhancing effect of menthol
on nicotine self-administration in rats. Psychopharmacology (Berl).
2016;233(18):3417-3427.

Wickham RJ, Nunes EJ, Hughley S, et al. Evaluating oral flavorant effects
on nicotine self-administration behavior and phasic dopamine signaling.
Neuropharmacology. 2018;128:33-42.

Fait BW, Thompson DC, Mose TN, et al. Menthol disrupts nicotine’s
psychostimulant properties in an age and sex-dependent manner in
C57BL/6] mice. Behav Brain Res. 2017;334:72-77.

Patil M]J, Ruparel SB, Henry MA, Akopian AN. Prolactin regulates
TRPV1, TRPA1, and TRPMS in sensory neurons in a sex-dependent
manner: Contribution of prolactin receptor to inflammatory pain. Am |
Physiol Endocrinol Metab. 2013;305(9):E1154-E1164.

Zuo Y, Mukhin AG, Garg S, et al. Sex-specific effects of cigarette
mentholation on brain nicotine accumulation and smoking behavior.
Neuropsychopharmacology. 2015;40(4):884-892.

Cubbin C, Soobader MJ, LeClere FB. The intersection of gender and race/
ethnicity in smoking behaviors among menthol and non-menthol smokers
in the United States. Addiction. 2010;105(suppl 1):32-38.

D’Silva J, Boyle RG, Lien R, Rode P, Okuyemi KS. Cessation outcomes
among treatment-seeking menthol and nonmenthol smokers. Am | Prev
Med. 2012;43(5)(suppl 3):5242-5248.

Shojaei AH, Khan M, Lim G, Khosravan R. Transbuccal permeation of
a nucleoside analog, dideoxycytidine: effects of menthol as a permeation
enhancer. Int | Pharm. 1999;192(2):139-146.

Squier CA, Mantz MJ, Wertz PW. Effect of menthol on the penetration
of tobacco carcinogens and nicotine across porcine oral mucosa ex vivo.
Nicotine Tob Res. 2010;12(7):763-767.

Clark PI, Gautam S, Gerson LW. Effect of menthol cigarettes on
biochemical markers of smoke exposure among black and white smokers.
Chest. 1996;110(5):1194—1198.

Heck JD. Smokers of menthol and nonmenthol cigarettes exhibit similar
levels of biomarkers of smoke exposure. Cancer Epidemiol Biomarkers
Prev. 2009;18(2):622-629.

Benowitz NL,Herrera B, Jacob PIII. Mentholated cigarette smoking inhibits
nicotine metabolism. | Pharmacol Exp Ther. 2004;310(3):1208-1215.
Abobo CV, Ma ], Liang D. Effect of menthol on nicotine pharmaco-
kinetics in rats after cigarette smoke inhalation. Nicotine Tob Res.
2012;14(7):801-808.

Alsharari SD, King JR, Nordman JC, et al. Effects of menthol on nico-
tine pharmacokinetic, pharmacology and dependence in mice. PLoS One.
2015;10(9):e0137070.

Ghazi AM, Salhab AS, Arafat TA, Irshaid YM. Effect of mint drink on me-
tabolism of nicotine as measured by nicotine to cotinine ratio in urine of
Jordanian smoking volunteers. Nicotine Tob Res. 2011;13(8):661-667.

€20z Aenuer og uo Jasn Alsiaaiun Bepnin esing Aq 08%S 1 £S/96 |/2/Z2/3191118/1u/woo dnoolwepese//:sdiy woll papeojumod


https://www.fda.gov/AdvisoryCommittees/CommitteesMeetingMaterials/TobaccoProductsScientificAdvisoryCommittee/ucm247605.htm
https://www.fda.gov/AdvisoryCommittees/CommitteesMeetingMaterials/TobaccoProductsScientificAdvisoryCommittee/ucm247605.htm

Nicotine & Tobacco Research, 2020, Vol. 22, No. 2

203

50.

S1.

52.

53.

54.

55,

Nakayama H, Okuda H, Nakashima T, Imaoka S, Funae Y. Nicotine
metabolism by rat hepatic cytochrome P450s. Biochem Pharmacol.
1993;45(12):2554-2556.

Hukkanen J, Jacob P III, Benowitz NL. Metabolism and disposition kin-
etics of nicotine. Pharmacol Rev. 2005;57(1):79-115.

Benowitz NL, Lessov-Schlaggar CN, Swan GE, Jacob P III. Female sex
and oral contraceptive use accelerate nicotine metabolism. Clin Pharmacol
Ther. 2006;79(5):480-488.

Kyerematen GA, Owens GF, Chattopadhyay B, deBethizy JD, Vesell ES.
Sexual dimorphism of nicotine metabolism and distribution in the rat.
Studies in vivo and in vitro. Drug Metab Dispos. 1988;16(6):823-828.
Henderson BJ, Wall TR, Henley BM, et al. Menthol alone upregulates
midbrain nachrs, alters nachr subtype stoichiometry, alters dopamine
neuron firing frequency, and prevents nicotine reward. | Newurosci.
2016;36(10):2957-2974.

Henderson BJ, Wall TR, Henley BM, Kim CH, McKinney S, Lester HA.
Menthol enhances nicotine reward-related behavior by potentiating
nicotine-induced changes in nachr function, NACHR upregulation,and DA
neuron excitability. Neuropsychopharmacology. 2017;42(12):2285-2291.

56

57.

58.

59.

60.

61.

62.

. Mochizuki T, Villemagne VL, Scheffel U, et al. Nicotine induced

up-regulation of nicotinic receptors in CD-1 mice demonstrated with an in
vivo radiotracer: gender differences. Synapse. 1998;30(1):116-118.
Cosgrove KP, Esterlis I, McKee SA, et al. Sex differences in availability
of B2*-nicotinic acetylcholine receptors in recently abstinent tobacco
smokers. Arch Gen Psychiatry. 2012;69(4):418-427.

Dehkordi O, Rose JE, Millis RM, Dalivand MM, Johnson SM. GABAergic
neurons as putative neurochemical substrate mediating aversive effects of
nicotine. | Alcohol Drug Abus. 2018;6(2):1-7.

Mansvelder HD, Keath JR, McGehee DS. Synaptic mechanisms
underlie nicotine-induced excitability of brain reward areas. Neuron.
2002;33(6):905-919.

Zhang XB, Jiang P, Gong N, et al. A-type GABA receptor as a central
target of TRPMS agonist menthol. PLoS One. 2008;3(10):¢3386.

Lau BK, Karim S, Goodchild AK, Vaughan CW, Drew GM. Menthol en-
hances phasic and tonic GABA A receptor-mediated currents in midbrain
periaqueductal grey neurons. Br | Pharmacol. 2014;171(11):2803-2813.
Yin Y, Yin Y, Wu M, et al. Structure of the cold- and menthol-sensing ion
channel. Science. 2018;359(6372):237-241.

€20z Aenuer og uo Jasn Alsiaaiun Bepnin esing Aq 08%S 1 £S/96 |/2/Z2/3191118/1u/woo dnoolwepese//:sdiy woll papeojumod



