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Abstract

Objectives—Menthol is often added to cigarettes and e-cigarette solutions for its cooling and 

anti-irritant effects, and may contribute to development of nicotine dependence, particularly in 

vulnerable populations such as adolescents, and among African Americans. Menthol is rapidly 

metabolized to menthol glucuronide (MG) with little or no unconjugated menthol measurable in 

venous blood. Human challenge studies of the effects of inhaled menthol, and of its interactions 

with nicotine, would benefit from a quantitative measure of acute menthol exposure. Our objective 

was to determine whether plasma MG concentrations might be a suitable quantitative biomarker of 

acute menthol exposure following its inhalation.

Methods—We performed a secondary analysis of plasma MG concentrations obtained during a 

study of the effects of inhaled menthol on behavioral responses to intravenous nicotine. MG 

concentrations were followed over time in venous plasma from 48 participants following 
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inhalation of aerosols from e-cigarettes employing solutions containing either of 2 menthol 

concentrations or placebo.

Results—Whereas plasma MG concentrations were variable, they showed a dose-dependent 

increase following menthol inhalation.

Conclusions—Measurement of plasma MG may be useful to assess inter-individual differences 

in acute menthol exposure in human challenge studies involving menthol inhalation.
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Menthol is a common additive to electronic nicotine delivery systems (ENDS) as well as 

conventional cigarettes, that is preferred by youth and African Americans.1-3 Data suggest 

that menthol vapors also may cause inhalation cytotoxicity when produced by high voltage 

output ENDS.4 Although menthol’s cooling and anti-irritant effects5 are thought to be 

mediated primarily by peripheral TRP channels,6-8 menthol also has been reported to bind to 

nicotinic receptors.9 Human challenge studies of menthol’s behavioral effects and 

interactions with nicotine, including the latter’s reinforcing properties and risk for 

developing addiction10-12 would benefit from a quantitative, real-time biomarker of menthol 

exposure to control for inter-individual differences in intake and disposition.

Menthol is rapidly metabolized to menthol glucuronide (MG) (approximately half of the 

menthol dose) and various oxidative metabolites, and unchanged menthol has not been 

measurable in human venous plasma following its administration by oral routes.13 Urinary 

MG has been shown to be a biomarker for menthol exposure following cigarette smoking,
14,15 and MG concentrations in plasma have been reported following various forms of oral 

menthol administration.13 Relative changes in plasma MG were reported to correlate with 

those of various metabolome constituents in smokers, but actual MG concentrations were 

not reported.16,17

In this report, we present a secondary analysis of plasma MG concentrations measured in 

conjunction with a study of the effects of inhaled menthol on behavioral responses to 

intravenous nicotine. Plasma MG levels were quantified at multiple time-points following 

inhalation (in 3 separate test sessions) of aerosols from e-cigarettes containing either of 2 

different menthol concentrations or placebo.

METHODS

Participants

A total of 48 non-treatment-seeking cigarette smokers, 39 men and 9 women, ages 18-30 

(mean = 24.3, SD = 3.63) who were medically healthy participated. The breakdown by race 

was 27 Caucasians and 21 African Americans. Preference for ‘menthol’ (N = 25) or ‘non-

menthol’ cigarettes (N = 23) was by self-report. Smoking status was defined as at least one 

cigarette per day for the past year, and verified by urinary cotinine measurements. Criteria 

for exclusion included history of drug or alcohol abuse, unstable psychiatric conditions, 

regular use of psychotropic medications, and pregnancy.
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Study Design

Participants were asked to avoid mentholated products such as mouthwashes, toothpaste, and 

mints for 24 hours prior to test sessions, and provided with non-mentholated tooth paste. A 

tanktype e-cigarette, the Joyetech eGo-C™, with a single coil atomizer (2.2-ohm), 2-ml 

tank, and a 650-mAH battery operating at 3.7 volts (6.2 W) was employed. Prior to 

participation in the test sessions, participants familiarized themselves with the e-cigarette 

during a practice session. At the start of each test session, a 20-gauge indwelling venous 

catheter was placed for blood sampling and nicotine delivery.

In each of 3 test sessions, on different days, participants were assigned, in random sequence, 

to one of 3 different e-cigarette conditions (0.5% menthol, 3.2% menthol or placebo), each 

containing control tobacco flavor. The 3 e-liquid solutions containing the designated 

weighed-in concentrations of menthol were prepared by Pace Engineering Concepts 

(Delafield, WI, 53018) in a matrix comprised of 70/30 propylene glycol/vegetable glycerin 

and checked by in-house analysis. The doses of menthol selected were derived from a 

published dose-finding study employing solutions from the same source.18 The high 

menthol dose produced a cooling effect comparable to that of a commercial solution 

(AmericaneLiquidStore™) of comparable concentration; the lower dose produced a 

minimally discernable effect when inhaled from a nicotine free solution. Commercial 

suppliers of e-cigarette solutions rarely indicate menthol concentrations. The limited 

published data report concentrations in the range of 0.5% - 2.2%.19,20

Each session was composed of 3 bouts of inhalation, each consisting of 6 puffs, one every 15 

seconds. Although not a focus of this secondary analysis, participants also received, in 

random order, intravenous delivery of saline, nicotine 0.25 mg, or nicotine 0.5 mg/70kg, 

immediately following each of the 3 bouts of menthol or control inhalation.

Blood Sampling

Samples were collected into heparinized Vacutainer® tubes without separator gel, and stored 

at −70°C. Eleven samples were drawn during each 4-hour session. Samples were drawn at 

baseline, and at 10, 30, and 60 minutes following each puffing bout. An additional sample 

was drawn 2 hours following the last puffing bout.

Plasma MG Assay

MG was measured by LC/MS/MS employing MG-d4 (Cambridge Isotopes) as an internal 

standard. The assay was adapted to plasma from that reported for urine14 with the following 

change: a protein precipitation/extraction step with methanol rather than simple dilution was 

used for sample preparation, and all standards and controls were prepared in MG-free 

plasma.

The following ion transitions were monitored:

MG: 331 → 85 (quantifier ion); 331 → 75 (qualifier ion)

MG d4: 335 → 85 (quantifier ion)
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The lower limit of quantitation (LLOQ) was 4 ng/mL and between-day reproducibility 

(CV’s) at 4ng/ml (LLOQ), 10 ng/mL and 40 ng/ml were 17, 10 and 8% respectively.

Data Analysis

The area under the MG concentration versus time curve (AUC) was determined by the linear 

trapezoidal rule. We restricted AUC calculations to the 5 time-points (2 hours) which 

followed the last bout of smoking in each session to minimize possible contributions of 

baseline MG levels. For the same reason, we restricted AUC analyses to sessions with 

baseline MG concentrations of less than 11 ng/mL. Thus, 23 sessions out of 134 were 

excluded. Assuming exponential decay and a 50-minute MG half-life,13 extrapolation 

indicated that a baseline of 11 ng/mL or less would contribute negligibly to the AUC 

estimated from the time-points following the last puffing bout.

Apart from the high-menthol dose, the distributions of the AUC and peak change measures 

were highly skewed with floor effects, and hence, the non-parametric method for repeated 

measures analysis21 was used. Menthol was a within-subject factor with 3 levels (high, low 

and placebo) and history of type of cigarettes smoked was a between-subject factor with 2 

levels (mentholated vs non-mentholated). Interactions between menthol and cigarette 

preference were also tested. We considered session order effects and nicotine sequence 

effects within session as factors, but because they were non-significant, these were dropped 

from the models. Mixed models were fit to the ranked data with method of moments 

variance estimators and unstructured variance-covariance matrix within subject. ANOVA-

type statistics (ATS) were used to assess statistical significance of the effects in the models. 

Separate models were fit for AUC and Cmax. Post hoc comparisons were used to interpret 

statistically significant effects.

RESULTS

Forty-one of 48 participants completed all 3 test sessions, 4 completed 2 sessions, and 3 

completed one test session. Peak plasma MG concentrations and AUC values following each 

of the menthol conditions are shown in Table 1 and AUCs are compared in Figure 1. Plasma 

concentrations (AUC values and Cmax) at each of the 2 doses were significantly different (p 

< .001) from one another and from placebo respectively (all pairwise p-values < .001). There 

was no statistically significant effect on AUC or peak concentration of prior smoking 

preference for mentholated versus non-mentholated cigarettes, p > .20. The change in the 

mean values of the AUC and peak MG concentrations (5.7-fold and 5.6-fold respectively) 

following the high/low menthol doses was dose proportional, closely approximating the 6.4 

ratio of the high/low menthol e-liquid concentrations.

Controlling for within-session order of nicotine dose and between-session sequence of 

menthol dose did not alter these outcomes. Peak MG concentrations most often occurred at 

130 minutes (first sample after the third puffing bout) following the high dose. There were 

no statistically significant sex effects on MG concentrations. There was a 9.6-fold and 8.5-

fold difference between the highest and lowest values for plasma AUC and Cmax following 

the highest dose. In several participants, MG concentrations did not exceed the LLOQ 

following the low dose.
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DISCUSSION

Our intent was to explore the usefulness of plasma MG measurements as a quantitative 

biomarker of acute menthol exposure during menthol inhalation challenges as, for example, 

in studies of its interactions with nicotine. Our data demonstrate that plasma MG may serve 

as a measure of acute menthol exposure following its inhalation via e-cigarettes, and by 

inference, mentholated conventional cigarettes. With its short half-life, however, plasma 

measurements are not likely to be useful for quantifying chronic or intermittent menthol 

exposure. For identification of prior menthol intake or for estimation of chronic menthol 

exposure, quantifying of MG’s urinary excretion should be more useful.14

Following inhalation of 2 doses of menthol, mean peak MG concentration and AUC showed 

dose dependency. Although the proportional change in mean AUC values following the 2 

menthol doses approximated that of the menthol solution concentrations, there was 

considerable inter-subject variability. Thus, measurement of plasma MG should allow 

consideration of inter-subject differences in menthol exposure during data analysis following 

human challenge studies.

Inter-subject differences in menthol’s disposition consequent to polymorphisms of the UGT 

isoform(s) responsible for menthol conjugation may, in part, explain the range of MG 

concentrations observed.22,23 Whereas menthol has been shown to affect nicotine 

disposition,24 we know of no reports of the effect of nicotine on menthol’s disposition. 

Nevertheless, we verified that the sequence of nicotine doses had no effect on observed MG 

concentrations.

Inter-individual differences in puffing/inhalation technique and variable performance of the 

e-cigarette model employed undoubtedly contributed to the range of MG concentrations 

seen at each dose despite regulated puffing frequency. Moreover, different e-cigarette models 

may differ in menthol delivery. Thus, quantitation of e-liquid consumption by each 

participant and evaluation of the menthol content of the vapor produced would have allowed 

a more accurate estimate of menthol dosage than e-liquid menthol concentrations alone and 

should be addressed in future studies.

Whereas plasma MG concentrations may reflect menthol exposure, they are not route 

specific. Intake from mouthwash, toothpaste, tea, and candies is common. Measures were 

taken to avoid this confounder, and to minimize its impact during data analysis.

Additional caveats need to be considered in the interpretation of plasma MG concentrations. 

As is the case with most, although not all, glucuronide metabolites, MG is presumably 

inactive. Thus, caution is indicated regarding attempts to correlate plasma concentrations 

directly with behavioral effects or possible toxicity. Menthol’s cooling and anti-irritant 

effects are mediated through local TRP channel subtypes,6-8 that occurs prior to menthol’s 

absorption, although some effects may be mediated by brain receptors. The bioavailability of 

unconjugated menthol to central nervous system receptor sites is uncertain, but analogous to 

such other inhaled drugs as nicotine and cocaine25,26 rapid access to the brain is likely. 

These concerns should not preclude the use of plasma MG measurements as a quantitative 

biomarker of the parent compound, menthol, for evaluating differences in exposure between 
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individuals, experimental groups and different delivery systems in challenge studies 

involving menthol inhalation.

IMPLICATIONS FOR TOBACCO REGULATION

Menthol is a common additive to tobacco products, including ENDS, and is the only 

characterizing flavor permitted in cigarettes other than tobacco flavor.27 Adolescents 

particularly favor mentholated products, and scientific evidence indicates that menthol likely 

promotes development of nicotine addiction in young smokers.1,3 Smokers of mentholated 

products have been reported to have more difficulty quitting.28 Objective evidence regarding 

the effects of menthol and the need to regulate menthol in tobacco products can be derived 

from human behavioral studies of menthol/nicotine interactions. Interpretation of such drug 

challenge studies might be enhanced by obtaining objective information regarding 

differences between participants in acute menthol exposure through measurement of plasma 

MG.

Human Subjects Statement

Participants provided written consent prior to participation. The Human Subjects 

Committees of the VA Connecticut Healthcare System and Yale University approved this 

study. Participants were paid for participation.
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Figure 1. Plasma Menthol Glucuronide Concentrations (AUC) for each Menthol Condition
Note:

*Indicates a statistically significant difference from placebo.
#Indicates a statistically significant difference from the 0.5% menthol condition (all pairwise 

p values < .001).

Error bars = SEM
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