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ABSTRACT

Menthol, which creates mint flavor and scent, is often added to
tobacco in both menthol and nonmenthol cigarettes. A potent
tobacco carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK), is extensively metabolized to its equally carcinogenic
metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL)
as (R)- or (S)-NNAL enantiomers. NNAL is detoxified by UDP-
glucuronosyltransferase (UGT) enzymes, with glucuronidation
occurring on either NNAL’s pyridine ring nitrogen (NNAL-N-Gluc)
or the chiral alcohol [(R)- or (S)-NNAL-O-Gluc]. To characterize
a potential effect by menthol on NNAL glucuronidation, in vitro
menthol glucuronidation assays and menthol inhibition of NNAL-
Gluc formation assays were performed. Additionally, NNAL and
menthol glucuronides (MG) were measured in the urine of smokers
(n 5 100) from the Southern Community Cohort Study. UGTs 1A9,
1A10, 2A1, 2A2, 2A3, 2B4, 2B7, and 2B17 all exhibited glucuronidating
activity against both L- and D-menthol. In human liver microsomes,
both L- and D-menthol inhibited the formation of eachNNAL-Gluc,with
a stereospecific difference observed between the formation of (R)-
NNAL-O-Gluc and (S)-NNAL-O-Gluc in the presence of D-menthol but

not L-menthol. With the exception of three nonmenthol cigarette
smokers, urinary MG was detected in all menthol and nonmenthol
smokers, with L-MG comprising >98% of total urinary MG. Levels of
urinary NNAL-N-Gluc were significantly (P < 0.05) lower among
subjects with high levels of total urinary MG; no significant changes
in free NNALwere observed. These data suggest that the presence of
menthol could lead to increases in alternative, activating metabolic
pathways of NNAL in tobacco target tissues, increasing the
opportunity for NNAL to damage DNA and lead to the develop-
ment of tobacco-related cancers.

SIGNIFICANCE STATEMENT

High levels of the major menthol metabolite, menthol-glucuronide,
wasobserved in the urine of smokers of eithermenthol or nonmenthol
cigarettes. The fact that a significant inverse correlationwasobserved
between the levels of urinary menthol-glucuronide and NNAL-N-
glucuronide, a major detoxification metabolite of the tobacco carcin-
ogen, NNK, suggests that menthol may inhibit clearance of this
important tobacco carcinogen.

Introduction

Tobacco use is considered by theWorld Health Organization to be the
leading cause of preventable premature death in adults worldwide (Saika
and Machii, 2012). Tobacco-specific nitrosamines (TSNAs), including

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), are among the
most potent carcinogens found in both tobacco smoke and smokeless
tobacco. NNK is rapidly metabolized in smokers by carbonyl reduction
to both the (R)- and (S)-enantiomers of the equally potent carcinogen,
4-(methylnitrosamino-1-(3-pyridyl)-1-butanol (NNAL) (Nemzek et al.,
1998). The glucuronidation of NNAL by the UDP glucuronosyltransferase
(UGT) family of enzymes is considered an important mechanism for NNK
detoxification (Upadhyaya et al., 1999), forming an O-glucuronide
(O-Gluc) on the alcohol within the NNAL side chain or an
N-glucuronide (N-Gluc) on the nitrogen of the NNAL pyridine
ring. UGTs 1A9, 1A10, 2B7, and 2B17 have been shown to form
NNAL-O-Gluc (Ren et al., 2000; Wiener et al., 2004a; Balliet et al.,
2010; Chung et al., 2013; Gruber et al., 2013; Wassenaar et al.,
2015), with UGTs 2B7 and 2B17 primarily responsible for the
stereospecific formation of (S)-NNAL-O-Gluc and (R)-NNAL-
O-Gluc, respectively (Kozlovich et al., 2015). Although both UGTs
2B10 and 1A4 have been shown to form NNAL-N-Gluc in vitro
(Wiener et al., 2004a,b; Chen et al., 2008b; Kozlovich et al., 2015),
UGT2B10 is responsible for .90% of NNAL-N-Gluc formation in
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human liver microsomes (HLMs) and in the urine of smokers (Chen
et al., 2008b, 2016; Murphy et al., 2018b).
Menthol is a flavor additive in many brands and types of tobacco

products. It is listed by the Food and Drug Administration as
“generally regarded as safe” but is regulated as a drug when it is
the active ingredient in a medication and subsequently has required
dosage labeling in these situations; however, when used as a flavor
additive in tobacco products, there are no labeling requirements for
the amount of menthol added Tobacco Products Scientific Advisory
Committee, 2011) TPSA. Whereas a cohort study reported an increased
risk of developing lung cancer for male menthol smokers compared with
nonmenthol smokers (Sidney et al., 1995), other epidemiologic inves-
tigations have not found similar trends (Kabat andHebert, 1991; Carpenter
et al., 1999; Brooks et al., 2003; Stellman et al., 2003; Murray et al., 2007;
Blot et al., 2011; Rostron, 2012; Munro et al., 2016). Indeed, epidemi-
ology data from the entire Southern Community Cohort Study (SCCS),
from which the urine samples in the present analysis were drawn, show
a significantly lower tisk of lung cancer, by about 30%, among menthol
than among nonmenthol smokers for both black and white racial groups
(Blot et al., 2011; Munro et al., 2016), and two meta-analyses likewise
show lower rather than higher risks of lung cancer among menthol
compared with nonmenthol smokers (Lee, 2011; Jones et al., 2013). With
the presence of menthol in many edible and topical products in the United
States, however, the presence of either L- or D-menthol metabolites in the
urine of smokers could be from menthol sources other than tobacco.
Previously, urinary menthol was not previously found to be associated
directly with levels of dietary menthol (Benowitz et al., 2010) and
potentially could arise from a complex mix of exposures from edible,
topical, and tobacco products in both menthol and nonmenthol smokers.
Since the underlying mechanism to determine menthol’s impact for health
risk in smokers is currently unknown, an understanding of the molecular
basis of menthol clearance and the mechanism of inhibition within the
clearance pathway of tobacco carcinogens may aid in understanding the
health disparities for the racial groups with the highest rate of menthol
cigarette use.
Menthol is a chiral aliphatic alcohol, existing as either the D- or

L-menthol, and the racemic mixture is referred to as DL-menthol. The
only naturally occurring enantiomer, the one found in and isolated from
a variety of mint plant species, is L-menthol. The other enantiomer,
D-menthol, is a product of the Haarmann & Reimer (Holzminden,
Germany) industrial synthesis process, which yields a DL-menthol
mixture (Oertling et al., 2007). It has been long known that D-menthol
does not produce the same smell and taste profile normally associated
with naturally occurring menthol and that its analgesic properties are
greatly reduced compared with L-menthol (Eccles et al., 1988; Bhatia
et al., 2008; Lawrence et al., 2011). When menthol is the active
ingredient in over-the-counter pharmaceuticals, such as lozenges,
only the L-menthol enantiomer tends to be present (US FDA, 2018);
however, the same may not be true for tobacco products (TPSAC,
2011). Studies have examined the total menthol content in both
menthol and nonmenthol cigarettes, which can range from 1.0% to
0.3% wt/wt with as low as 1.5 mg menthol per cigarette in menthol
cigarettes (Celebucki et al., 2005) and up to 0.03%wt/wt with an upper
level of 0.07 mg menthol/cigarette in nonmenthol cigarettes (Giovino
et al., 2004). Whereas DL-menthol has previously been identified as an
inhibitor of bothNNAL-O-Gluc andNNAL-N-Gluc production inHLMs
(Muscat et al., 2009), no studies have been performed to determine which
UGT enzymes are being inhibited or which menthol enantiomer is
driving the inhibition.
The racial groups in the United States with the highest rate of menthol

smokers, African Americans (Sidney et al., 1995) and Native Hawaiians
(TPSAC, 2011), also have the highest rate of tobacco-related cancers

among smokers (Coultas et al., 1994; Haiman et al., 2006; Daraei and
Moore, 2015; Xie et al., 2017; Murphy et al., 2018a). Although African
Americans smoke fewer cigarettes per day than smokers in other racial
groups (Caraballo et al., 1998; Benowitz et al., 2009; Benowitz et al.,
2011), they may be exposed to more toxins per cigarette (Clark et al.,
1996; Perez-Stable et al., 1998). Native Hawaiians have a higher rate
of tobacco-related DNA damage compared with white and Japanese
Americans (Park et al., 2018). Genetic differences in the tobacco
addiction pathway do not seem to account for the differences in cancer
risk observed between these populations (Murphy et al., 2018a).
The underlying mechanism or interaction of menthol within the

tobacco carcinogen pathway has yet to be fully elucidated. L-menthol
exhibits inhibition of CYP2A6 and CYP2A13 carcinogen activation and
nicotine metabolism (Kramlinger et al., 2012), but cytochrome P450s do
not directlymetabolizementhol. It is known thatmenthol is rapidly cleared
from the body as a menthol glucuronide (MG) (Kaffenberger and Doyle,
1990; Gelal et al., 1999), the same clearance pathway as the TSNAs. Yet,
no previous research has described the complete clearance pathway of
menthol enantiomers. The goal of the present study was to identify the
enzymes responsible for the metabolism of both L- and D-menthol to their
respective glucuronides, as both could possibly be found in tobacco
products (TPSAC, 2011), and to investigate the potential impact of each
menthol enantiomer on NNAL glucuronide formation in vivo.

Materials and Methods

Chemicals and Materials. rac-NNAL (M325740), NNAL-N-Gluc
(M325745), NNAL-O-Gluc (M325720), NNAL-13C6 (M325741), L-MG
(M218880), L-MG-d4 (M218882) NNAL-N-Gluc-d3 (M325747), NNAL-O-
Gluc-d5 (M325722), creatinine (C781500), and creatinine-d3 (C781502) were
purchased from Toronto Research Chemicals (Toronto, ON, Canada). L- and
D-menthol (W266523, 224464), UDP glucuronic acid, alamethicin, methanol, and
acetonitrile were purchased from Sigma (St. Louis, MO). Dulbecco’s modified
Eagle’s medium, fetal bovine serum, geneticin, and penicillin-streptomycin were
purchased from Life Technologies (Carlsbad, CA). The Pierce BCA protein assay
kit, ammonium acetate, and formic acid were purchased from Fisher Scientific
(Fair Lawn, NJ).

Subjects and Biospecimens. Urine and subject demographics were obtained
from 100 self-identified current smokers upon recruitment into the SCCS,
a prospective cohort of more than 84,000 participants recruited between 2002
and 2009 (Signorello et al., 2010). One-time spot urine samples (;60 ml) were
collected from SCCS participants at community health centers beginning in 2004.
Samples were refrigerated onsite and shipped overnight to Vanderbilt Medical
Center, where urine was mixed with a small amount of ascorbic acid and stored
at 280�C.

Urine specimens (150 ml each) were randomly chosen from 50 menthol
smokers and 50 nonmenthol smokers, and were received at Washington State
University College of Pharmacy and Pharmaceutical Sciences for analysis by
overnight shipment and subsequently stored at 280�C. Smoking preference for
menthol cigarettes was self-identified at the time of urine sample collection.
Subjects were 34% white, 60% black, 1% Hispanic, and 5% mixed race, and
comprised 56% women.

Pooled (n 5 200) HLMs and pooled (n 5 10) human intestinal microsomes
(HIMs) were purchased from Xenotech (Lenexa, KS).

Cell Lines and Microsomal Preparation. Individual human embryonic
kidney cell line 293 (HEK293) cell lines overexpressing 18 human UGTs (1A1,
1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9, 1A10, 2A1, 2A2, 2A3, 2B4, 2B7, 2B10,
2B11, 2B15, and 2B17) have been described previously (Ren et al., 2000;
Dellinger et al., 2006; Sun et al., 2006). The parent HEK293 cell line used in this
study was obtained before 2000 and was most recently authenticated by the
American Type Culture Collection using short tandem repeat analysis in
December 2017. The individual HEK293 UGT overexpressing cell lines were
verified to contain the UGT clone of interest by Sanger sequencing in August
2016 byGeneWiz, LLC (South Plainfield, NJ). All HEK293 cell lineswere grown
in 150-mm plates to 80% confluence in 30 ml of Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum andmaintained in 400mg/ml
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of geneticin in a humidified incubator atmosphere of 5%CO2. For the preparation
of cell microsomal fractions, cells were suspended in PBS and subjected to five
rounds of freeze/thaw before gentle homogenization. The cell homogenate was
centrifuged at 9000g for 30 minutes at 4�C, and the supernatant was further
centrifuged at 105,000g for 60 minutes at 4�C. The microsomal pellet was
resuspended in PBS and stored at 280�C. Total microsomal protein concentrations
were determined using the BCA protein assay.

L- and D-Menthol Glucuronidation Assay. L- and D-MG formation was
determined in HLMs (10 mg protein), HIMs (20 mg of protein), and UGT-
expressing cell microsomes (15–20 mg of protein) after preincubation with
alamethicin (50 mg/mg of protein, resulting in pores within the microsomal
membrane) for 10 minutes on ice. Incubations (20 ml, final volume) included
50 mM Tris-HCl (pH 7.4), 10 mM MgCl2, 4 mM UDP glucuronic acid,
2% bovine serum albumin, and either D- or L-menthol. Screening assays used
1.0 mM D- or L-menthol as substrate, and kinetic analysis used a range of
0.02–2.5 mM D- or L-menthol. Reactions were carried out at 37�C for 30 minutes
and terminated by the addition of an equal volume of cold methanol and spiked
with 2 ml of L-MG-d4 (1 ppm). The precipitate was removed by centrifugation at
16,000g for 10 minutes at 4�C, and the supernatant was analyzed by liquid
chromatography tandem mass spectroscopy (LC-MS/MS) as described below.
The rate of menthol glucuronidationwas linear for up to 60minutes. Each analysis
was performed in triplicate.

NNAL-Gluc Inhibition Assay. L- and D-menthol inhibition of NNAL-Gluc
formation in HLMs and UGT-overexpressing cell microsomes was performed as
described previously using rac-NNAL (1 mM) as substrate and either the D- or
L-menthol enantiomers (1.0–2500mM) as inhibitors. Reactionswere performed at
37�C for 60 minutes, terminated by the addition of an equal volume of cold
methanol, and spiked with 2 ml of NNAL-Gluc internal standard mix (NNAL-
N-Gluc-d3 and NNAL-O-Gluc-d5, 2 ppm each). Precipitate was removed by
centrifugation at 16,000g for 10 minutes at 4�C, and the supernatant was analyzed
by LC-MS/MS as described below. As described previously for in vitro NNAL
glucuronidation assays, NNAL glucuronidation rates were linear for up to 2 hours
(Chen et al., 2008a). Each analysis was performed in triplicate.

LC-MS/MS Analysis. For in vitro activity assays with HLMs, HIMs, or
HEK293 UGT-overexpressing cell microsomes, LC separation of NNAL
metabolites was achieved using an Acquity H class ultraperformance liquid
chromatography [UPLC; Waters, Milford, MA]. NNAL-Gluc peaks were
analyzed essentially as described previously (Kozlovich et al., 2015), with an
HSS T3 1.8-mm column (2.1 � 100 mm; Acquity; Waters) at 30�C by gradient
elution at a flow rate of 0.35 ml/min using the following conditions: 0.5 minute
with 99% buffer A (5 mM ammonium formate with 0.01% formic acid) and
1% buffer B (100% MeOH), followed by a linear gradient for 3.0 minutes to
20% buffer B, and a subsequent linear gradient for 1.0 minute to 95% buffer B.
The columnwas subsequentlywashedwith a linear gradient to 1%buffer B for 1.0
minute and re-equilibrated for 1.0 minute in 1% buffer B.

MG peaks were analyzed using the same LC-MS/MS system with the column
at 30�C with gradient elution at 0.30 ml/min using the following conditions: 0.5
minute with 95% buffer A (5 mM ammonium acetate); 5% buffer B
(100% acetonitrile), followed by a linear gradient for 9.5 minutes to 25% buffer
A, and a subsequent linear gradient for 3 minutes to 5% buffer A. Equilibriumwas
re-established after a 1-minute linear gradient to 95% buffer A.

The Waters Xevo TQD tandem mass spectrometer (MS) was equipped with
a Zspray electrospray ionization interface operated in the positive ion mode for
in vitro NNAL-Gluc detection, with capillary voltage at 0.6 kV. Nitrogen was
used as both the cone gas and desolvation gas at 50 and 800 l/h, respectively.
Ultra-pure argon was used for collision-induced dissociation. The desolvation
temperature and the ion source temperaturewere 500 and 150�C, respectively. For
the detection of NNAL glucuronides, theMSwas operated in themultiple reaction
monitoring mode (MRM) with the following transitions: NNAL-N-Gluc, MS
transition of 386.2 m/z. 180.1 m/z with cone voltage, and collision energy at 15
and 20 V, respectively; NNAL-O-Gluc, MS transition of 386.2 m/z . 162.1 m/z
with the cone voltage and collision energy each at 15 V.

MG detection was performed on the same Xevo TQD instrument with the
electrospray interface operated in the negative-ion mode with capillary voltage at
2.0 kV. Nitrogen was used as both the cone gas and desolvation gas at 50 and 800
l/h, respectively. Ultrapure argon was used for collision-induced dissociation, and
the desolvation temperature and the ion source temperature were 500 and 150�C,
respectively. For the detection of MGs, the MS was operated in the MRM mode

with a transition of 331.0m/z. 84.9m/zwith cone voltage and collision energy at
46 and 24 V, respectively.

For analysis of urine specimens, 2 � 10-ml aliquots of each specimen were
spiked with either 5ml of an internal standard mixture that included NNAL-13C6,
NNAL-N-Gluc-13C6, and NNAL-O-Gluc-13C6 [NNAL-Gluc-13C6 was biosyn-
thesized from NNAL-13C6 using a previously published method (Chen et al.,
2016)], 0.1 ppm each, or 5 ml of L-MG-d4 (3 ppm). After the addition of 10 ml of
0.5 M ammonium formate, the mixture was vortexed thoroughly. All precipitate
was removed by centrifugation at 16,000g for 10 minutes at 4�C. The supernatant
was transferred into 350 ml conical glass sample vials for LC-MS/MS analysis.
MGs were detected and quantified using the same LC-MS/MSmethods described
above. Urinary NNAL and its metabolites were detected and quantified with
minor changes from a previously described method (Chen et al., 2016) using an
Acquity UPLCwith an HSS T3 (100� 2.1 mm, 1.8mm) UPLC column (Waters)
and a Xevo G2-S quadrupole time-of-flight (QTOF) MS. The LC method was
performed using a 5-ml sample injection volume, a 25�C column temperature and
a flow rate of 0.20 ml/min using the following conditions: a 1-minute linear
gradient of 100% buffer A (5 mM ammonium formate with 0.01% formic acid) to
99% buffer A: 1% buffer B (100% acetonitrile), a subsequent isocratic gradient of
1% buffer B for 9 minutes, followed by a linear gradient for 8 minutes to
3% buffer B. After an additional 8 minutes at 3% buffer B, the column was
cleaned with 95% buffer B and re-equilibrated to the initial conditions before the
next sample injection.

The Waters Xevo G2-S Qtof MS was operated in positive electrospray
ionizationMS/MS-sensitive mode, with capillary voltage at 0.6 kV. Nitrogen was
used for both cone and desolvation gases at 50 and 800 l/h, respectively. Ultrapure
argonwas used as the collision gas, with a flow rate of 0.1 l/h for collision-induced
dissociation. The source temperature was 120�C, desolvation gas temperature was
500�C, and the dwell time for each ion was 0.1 second. The cone voltage was 15,
25, and 15 V; the collision energies were 10, 20, and 15 V for NNAL, NNAL-N-
Gluc, and NNAL-O-Gluc, respectively. The MS transition for quantification for
NNAL-N-Gluc, NNAL-O-Gluc, NNAL, and respective internal standards (IS) are
386.2. 180.124 (IS: 392.2. 186.144), 386.2. 162.115 (IS: 392.2. 168.135)
and 210.1 . 180.124 (IS: 216.2 . 186.144), respectively.

The MS transitions and LC retention times for each molecule were compared
with purchased NNAL-O-Gluc, NNAL-N-Gluc, NNAL, and MG standards. The
levels of NNAL-O-Gluc, NNAL-N-Gluc, free NNAL, and MG were quantified
against a standard curve made from authenticated standards for NNAL-O-Gluc,
NNAL-N-Gluc, free NNAL, or MG of known quantity (Toronto Research
Chemicals). Each NNAL and NNAL-Gluc standard curve was linear from 10 to
0.005 ppm; MG standard curves were linear from 50 to 0.005 ppm. Free NNAL
andNNAL glucuronides were measured simultaneously, as were L- and D-MG, as
described above.

Urinary creatinine levels were determined as previously described (Chen et al.,
2016). Briefly, 2 ml of each urine specimen was diluted 1000-fold in water, with
10 ml of the diluted sample mixed with 10 ml of 0.1 ppm for LC-MS/MS analysis
using the same QToF LC-MS/MS system described above. The creatinine-d3
internal standard was also mixed into urine before dilution before LC-MS/MS
analysis for a set of five randomly chosen urine specimens, and comparable results
were obtained. The MS trace for quantification of creatinine is 114.06 (IS:
117.08), with a linear range of detection from 2 to 20,000 ppm.

A stable isotope dilution method was used for method validation and accuracy.
The specificity of all LC-MS/MS methods were validated using positive and
negative control samples, as well as by comparing peaks with those observed for
purchased standards and isotope-labeled internal standards. Linearity was
validated by r2 . 0.997 for all standard curves. Assay precision was validated
by repeated (three to five times) sample quantification, with a coefficient of
variation less than 10%. Since isotope-labeled internal standards were used in all
LC-MS/MS analyses, matrix effects on analyte quantification was minimal. For
quantification of urinary MG, NNAL, and NNAL-Glucs, urine specimens were
directly spiked with IS and then analyzed by LC-MS/MS without sample
extraction. Therefore, recovery or dilution effects were not a concern. Analyte
quantification was based on the ratio of signal peak area versus the peak area of the
IS. Range and median analyte levels were consistent with previous publications
(Benowitz et al., 2010; Chen et al., 2016).

Statistical Analysis. Kinetic and inhibition constants, nonparametric
ANOVA (Kruskal-Wallis) with Dunn’s post-test, Student’s t test, and
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Spearman correlations were determined using Prism version 7.0 (GraphPad
Software, San Diego, CA).

Results

To develop a separation and detection method for L- and D-MG, DL-
menthol was incubated with HLMs. As shown in Fig. 1, efficient
separation of D- and L-MG peaks was observed using the LC-MS/MS
method described in this study. This method produced two distinct
peaks: L-MG with a retention time of approximately 5.76 minutes
and D-MG with a retention time of approximately 5.85 minutes
(Fig. 1A). The L-MGpeakwas confirmed by comparisonwith commercial
L-MG-d4 IS (retention time 5 5.75 minutes; Fig. 1B). Whereas pure
deuterated D-MG was not available as an IS, the second peak exhibited

a different retention time with the same mass transition, suggesting that
this peak corresponds to D-MG. The coefficient of variation for the
detection of L-MG and/or D-MG from assays with DL-menthol, L-menthol,
and D-menthol were 12%, 9%, and 15%, respectively.
To determine which UGTs form the glucuronide for either L- or

D-menthol, 18 human UGTs were screened for glucuronidation activity
using UGT-overexpressing cell microsomes. UGTs 1A9, 1A10, 2A1,
2A2, 2A3, 2B4, 2B7, and 2B17 exhibited detectable levels of
glucuronidation activity for both menthol enantiomers (summarized in
Supplemental Table 1). Whereas UGT1A7 exhibited detectable glucur-
onidating activity for L-menthol, no detectable activity was observed for
D-menthol for this enzyme. UGTs 1A1, 1A3, 1A4, 1A5, 1A6, 1A8,
2B10, 2B11, and 2B15 all exhibited no detectable activity for either
menthol enantiomer. UGT2B7 exhibited the lowest apparent KM

Fig. 1. Separation and detection of L- and D-MG. Representative LC-MS/MS chromatograms are shown for a representative in vitro DL-menthol (1 mM) incubation with
HLMs (A) and a representative urine specimen from a menthol cigarette smoker (B). Bottom panels show the LC-MS/MS of the L-menthol glucuronide-d4 internal standard.
Internal standard was spiked into the (HLM) assay before quenching the reaction and was spiked directly into 10 ml of the urine specimen before loading onto the LC-MS/MS
system.

TABLE 1

Kinetics for L- and D-menthol with UGT-expressing human embryonic kidney cell line 293 (HEK293)a,b

Enzyme
L-menthol D-menthol

KM (mM) Vmax
c (pmol·mg protein21.min21) Vmax/KM

c (nl·mg protein21.min21) KM (mM) Vmax
c (pmol·mg protein21.min21) Vmax/KM

c (nl·mg protein21.min21)

UGT1A9 2.1 6 2.0 3.1 6 2.2 1.7 0.80 6 0.43 8.6 6 2.3 12
UGT1A10 4.1 6 0.9 16 6 3.3 3.9 1.9 6 1.2 16 6 7.0 8.9
UGT2A1 1.8 6 0.9 28 6 7.2 16 0.37 6 0.12 42 6 3.6 120
UGT2B7 0.35 6 0.03 54 6 6.2 155 0.33 6 0.12 48 6 7.5 154
UGT2B17 0.70 6 0.24 4.0 6 1.3 5.9 0.76 6 0.09 10 6 1.7 14
HLMs 0.89 6 0.13 4167 6 326 4802 0.54 6 0.22 2805 6 293 5721
HIMs 1.7 6 1.1 1.8 6 0.90 1.1 0.99 6 0.18 2.3 6 0.25 2.3

HIM, human intestinal microsome; HLM, human liver microsome; UGT, UDP-glucuronosyltransferase.
aData are expressed as the mean 6 S.D. of three independent experiments.
bSeventeen human UGTs were screened for L- D-menthol activity. UGTs 1A1, 1A3, 1A4, 1A5, 1A6, 1A8, 2B10 and 2B11 exhibited no activity when incubated with either L- or D-menthol.

Whereas UGTs 2A2, 2A3, and 2B4 exhibited glucuronidation activity against menthol enantiomers, it was too low to determine enzyme kinetics for both L- and D-menthol; UGT1A7 exhibited no
detectible activity for D-menthol, and its L-menthol glucuronidation activity was too low to determine enzyme kinetics.

cUnits are expressed per milligram total microsomal protein.
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(0.35 mM) for L-menthol, followed by UGT2B17 , UGT2A1 ;
UGT1A9 , UGT1A10 (Supplemental Fig. 1; Table 1). A similar
pattern was observed for D-menthol, with UGTs 2B7 and 2A1
exhibiting the lowest apparent KM values (0.33 and 0.37 mM, respec-
tively), followed by UGT2B17;UGT1A9,UGT1A10. The apparent
KM values observed by kinetic analysis for active UGT-overexpressing
cell microsomes ranged from 0.35 to 4.1 mM for L-menthol and
0.22–1.9 mM for D-menthol and were comparable to that observed for
HLMs (0.89 and 0.54 mM for L- and D-menthol, respectively) and HIMs
(1.7 and 0.99 mM for L- and D-menthol, respectively) (Table 1). Kinetic
parameters could not be obtained for UGTs 1A7, 2A2, 2A3, and 2B4
because of low overall activity. Except for UGT2B7, all the UGTs, as
well as HLMs and HIMs, exhibited higher turnover rates (Vmax/KM) for
D-menthol than L-menthol (Table 1), suggesting that active UGTs have
a higher clearance for D-menthol as a substrate. There was a 1220- and
2315-fold higher Vmax/KM observed for HLMs than HIMs for D- and
L-menthol, respectively.
To determine the potential impact of menthol on the inhibition of

NNAL glucuronidation, assays were initially performed with HLMs,
1 mM rac-NNAL, and each menthol enantiomer ranging in concentra-
tion from 1.0 mM to 2.5 mM, with individual NNAL glucuronides
detected by LC-MS/MS as described in theMaterials andMethods. IC50

values were similar when inhibition assays were performed at either
30 minutes (data not shown) or 60 minutes. Both L- and D-menthol
showed some level of inhibition for the formation of each NNAL
glucuronide product in HLMs, with the strongest inhibition exhibited for
NNAL-N-Gluc formation (IC50 values of 100 and 50 mM, respectively;
Fig. 2 and Table 2). The IC50 values were 6.6- and 13.8-fold higher for
(S)-NNAL-O-Gluc versus NNAL-N-Gluc formation and 7.5- and 25.4-
fold higher for (R)-NNAL-O-Gluc versus NNAL-N-Gluc formation, for
L- and D-menthol, respectively, in HLMs.Whereas the IC50 value was 2-
fold higher for L- versus D-menthol for NNAL-N-Gluc formation,
D-menthol exhibited a 1.7-fold higher IC50 value compared with
L-menthol for (R)-NNAL-O-Gluc formation; no difference was observed
between L- and D-menthol for the formation of (S)-NNAL-O-Gluc (IC50

values 5 660 and 690 mM, respectively).
The formation of NNAL-N-Gluc by UGT2B10 was similarly

inhibited by both L- and D-menthol (IC50 values 5 236 and 202 mM,
respectively); consistent with that observed in previous studies
(Muscat et al., 2009), no NNAL-N-Gluc formation was detected
for cell microsomes overexpressing UGTs 1A9, 1A10, 2B7, and
2B17 (with or without the addition of D- or L-menthol). The highest
levels of inhibition of NNAL-O-Gluc formation by menthol

enantiomers was observed for UGT2B7 for (S)-NNAL-O-Gluc
(IC50 values 5 163 and 343 mM for L- and D-menthol, respectively).
Less inhibition was observed for menthol enantiomers of UGT1A9-
and UGT2B17-induced NNAL-O-Gluc formation; neither menthol
enantiomer exhibited strong inhibition of the extrahepatic
UGT1A10.
To examine the potential effect of menthol inhibition on NNAL-Gluc

formation in vivo, a panel of 100 urine specimens was examined from
smokers recruited into the Southern Community Cohort Study. As
shown in Table 3, 50% of the subjects indicated that they were
smokers of mentholated cigarettes; subjects smoked an average of 15
cigarettes/day. Each specimen was analyzed for levels of D-MG,
L-MG, (R)-NNAL-O-Gluc, (S)-NNAL-O-Gluc, NNAL-N-Gluc, and
free NNAL. MG was detected in all 50 menthol smokers and in 47 of
the 50 nonmenthol smokers. The fact that three of the nonmenthol
smokers exhibited no detectable level of MG suggested method
specificity. Identification of the MG peak was verified by compar-
ison with the retention time of the heavy isotope-labeled IS and
a purchased analytical standard (Fig. 1). Blank samples were
analyzed by LC-MS/MS immediately after individual urine samples
and showed no sample carryover (data not shown). Total urinary MG
levels ranged from 0 to 255 mg/mg creatinine. L-MG was the most
prevalent menthol metabolite in these urine specimens. Urinary
L-MG and D-MG were detected in 97 and 44 of the subjects,
respectively, with L-MG detectable in specimens from 50 menthol
smokers and 47 nonmenthol smokers and D-MG detectable in 18
menthol smokers and 26 nonmenthol smokers. In only three speci-
mens from nonmenthol smokers was no MG (L- or D-) detected.
When detectable (n 5 44 specimens), urinary D-MG comprised an
average of 2.8% of total MG. For the 97 specimens with detectable
MG (either L- and/or D-menthol), D-menthol comprised an average of
1.3% of total MG. The range in the ratio of D-MG:total MG in the 44
specimens with detectable D-MG was 0.0010–0.20. No significant
differences in MG levels were observed for specimens from smokers
who self-reported being menthol versus nonmenthol smokers
(Fig. 3A). In addition, no significant differences in urinary MG
levels were found between specimens from white versus black menthol
smokers (P 5 0.25) or white versus black nonmenthol smokers (P 5
0.51; data not shown). When stratifying specimens based on levels of
total urinary MG (Fig. 3B), there were more specimens from non-
menthol smokers versus menthol smokers in the two lowest groups (0–5
and 6–10 mg MG/mg creatinine) but also in the highest group (761 mg
MG/mg creatinine). Although the levels of MG in specimens from
menthol smokers had a wider distribution, the curve was skewed to the
lower MG levels, with a small number of specimens exhibiting high
MG levels. A large gap in distribution was observed with no

TABLE 2

L- and D-menthol inhibition constants (IC50) for HLM and UGT-expressing cell
microsomes for NNAL glucuronide formationa

NNAL-N-Gluc
(mM)

(R)-NNAL-O-Gluc
(mM)

(S)-NNAL-O-Gluc
(mM)

L-menthol

HLM 100 750 660
UGT1A9 NAb 632 689
UGT1A10 NA 2309 .2500
UGT2B7 NA NA 163
UGT2B10 236 NA NA
UGT2B17 NA 927 NA

D-menthol

HLM 50 1265 690
UGT1A9 NA 1480 1215
UGT1A10 NA 1419 .2500
UGT2B7 NA NA 343
UGT2B10 202 NA NA
UGT2B17 NA 995 NA

aData are expressed as the mean of three independent experiments.
bNA, not applicable (reaction not expected to produce the product).

TABLE 3

Study subject demographics

All Subjects (N 5
100)

Nonmenthol Smokers
(n 5 50)

Menthol Smokers
(n 5 50)

Age, mean 49 y 52 y 47 y
Age, range 40–66 y 40–66 y 40–61 y
Sex 56% Female 58% Female 54% Female
Race/ethnicity 34% White 62% White 6% White

60% Black 28% Black 92% Black
1% Hispanic 2% Hispanic

5% Mixed race 10% Mixed race
Cigarettes/day,

mean (range)
15 (3–40) 20 (5–40) 11 (3–30)

Pack-years, mean
(range)

25 (1–98) 35 (6–98) 15 (1–41)
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specimens within the MG levels ranging from 46 to 70 mg MG/mg
creatinine.
To assess more completely the potential interaction between menthol

andNNAL detoxification, NNAL and its glucuronides weremeasured in
all 100 urine specimens (Table 4). NNALmetabolites were detectable in
all the urine specimens analyzed, with one specimen falling below the
limit of quantification for (R)-NNAL-O-Gluc. The levels of total urinary
NNAL were positively correlated with the number of cigarettes per day
(r 5 0.4). No significant differences were found between specimens
from white and black smokers for (S)-NNAL-O-Gluc (P 5 0.28), (R)-
NNAL-O-Gluc (P 5 0.51), NNAL-N-Gluc (P 5 0.82), or free NNAL
(P 5 0.77), suggesting that race was not a factor when assessing the
levels of these urinary metabolites. The levels of each urinary metabolite
(MG, free NNAL, and each NNAL-Gluc) were similar between smokers
of menthol and nonmenthol branded cigarettes (Table 5). No significant
correlations were observed for any of the urinary NNAL glucuronides
(or for free NNAL) compared with total urinary MG in the 100
specimens (Spearman coefficient test; data not shown). No significant
difference was observed in the levels of free NNAL between MG tertile
groups when examining free NNAL alone (Supplemental Table 2) or as
a ratio with total NNAL (results not shown). To normalize individual
NNAL metabolite levels between individuals, each of the urinary
NNAL-Glucs was determined as a ratio with free NNAL as the
denominator. When specimens were stratified by tertiles based on levels
of total urinary MG (termed low, intermediate, and high), significantly
lower levels of urinary NNAL-N-Gluc (as a ratio with free NNAL) were
observed in both the intermediate (P , 0.01) and high (P , 0.05)
urinary MG groups compared with the low urinary MG group (Fig. 4).
Specimens with intermediate and high urinary MG levels exhibited
similar NNAL-N-Gluc levels. Whereas a trend toward lower

(R)-NNAL-O-Gluc levels was also observed in the higher MG tertile
groups, these differences were not significant (Fig. 4). No significant
difference was observed for (S)-NNAL-O-Gluc between different
urinary MG groups. No significant differences in the levels of any of
the NNAL-Glucs were observed when using total NNAL as the
denominator (results not shown).

Discussion

In the present study, the metabolism of menthol was explored
by using a panel of 18 human UGTs that were screened for MG
formation activity. UGTs 1A9, 1A10, 2A1, 2B7, and 2B17 all exhibited
relatively high glucuronidation affinity for both L- and D-menthol, with
KM values similar to those observed in HLMs and HIMs. The activity
observed for UGT2B7 in the present study (KM 5 0.35 mM) is
consistent with that observed previously for UGT2B7 against L-menthol
(Bhasker et al., 2000). The fact that UGT1A3 exhibited no activity
against menthol enantiomers in the present study is also consistent with
the lack of activity against menthol shown in previous studies (Green
and Tephly, 1996). UGTs 2A1 and 1A10 are extrahepatic enzymes that
are expressed in digestive tract tissues (Zheng et al., 2002; Dellinger
et al., 2006; Bushey et al., 2011) and likely contribute to the MG
formation observed in HIMs. UGTs 1A9, 2B7, and 2B17 are hepatically
expressed enzymes (Zheng et al., 2002; Jones and Lazarus, 2014) that
could all be playing a role in MG formation in HLMs. UGTs 2A1 and
2B7 exhibited the highest affinity for D-menthol, whereas UGTs 2B7
and 2B17 exhibited the highest affinity for L-menthol. Whereas previous
studies suggested that UGT1A4 exhibited glucuronidation activity
against menthol enantiomers (Green and Tephly, 1996), no detectable
activity was observed for this enzyme in the current study. This

Fig. 2. Inhibition of NNAL-Gluc formation by L- and D-menthol in human liver microsomes. Inhibition of NNAL glucuronides by L- and D-menthol were measured by
incubation of NNAL (1 mM) in HLMs in the presence of varying concentrations of each menthol enantiomer (1.0 mM–2.5 mM). Representative IC50 curves are shown for
the inhibition of each NNAL glucuronide formation by L-menthol (x) and D-menthol (•).

TABLE 4

Urinary NNAL and NNAL glucuronide levels in smokers by racea

Nanograms per Milligram Creatinine

(S)-NNAL-O-Gluc (R)-NNAL-O-Gluc NNAL-N-Gluc Free NNAL
White smokers

Mean 0.64 6 0.062 0.18 6 0.020 0.29 6 0.026 0.16 6 0.019
Range 0.074–1.66 0.22–0.47 0.076–0.69 0.050–0.51

Black smokers
Mean 0.54 6 0.15 0.16 6 0.053 0.30 6 0.14 0.21 6 0.092
Range 0.051–8.90 0–3.2 0.017–8.5 0.009–5.6

All smokers
Mean 0.56 6 0.090 0.16 6 0.033 0.29 6 0.085 0.19 6 0.056
Range 0.051–8.90 0–3.2 0.017–8.5 0.009–5.6

aValues are expressed as mean 6 S.E.
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difference in activity may be due to differences in assay sensitivity
between studies.
Racemic, DL-menthol was previously shown to inhibit the formation

of both NNAL-N-Gluc and NNAL-O-Gluc formation in HLMs (Muscat
et al., 2009). NNAL-O-Gluc formation is catalyzed by several of the
same UGTs (i.e., 1A9, 1A10, 2B7, and 2B17) (Balliet et al., 2010;
Kozlovich et al., 2015, 2019) that are also most active against menthol
enantiomers. In the current study, the individual L- and D-menthol
enantiomers were further studied as potential inhibitors of these UGTs,
as well as UGT2B10, which is known to be the primary enzyme
involved in NNAL-N-Gluc formation (Chen et al., 2008b, 2016;
Kozlovich et al., 2015) and is expressed in several tobacco-related
cancer tissues (Jones and Lazarus, 2014; Kozlovich et al., 2019).
Whereas L- and D-menthol exhibited the strongest inhibition potential for
formation of NNAL-N-Gluc in HLMs, each enantiomer also exhibited

some level of inhibition for HLM formation of (R)- and (S)-NNAL-
O-Gluc. When each UGT enzyme was individually assayed for
inhibition, both menthol enantiomers exhibited high inhibition potential
for UGT2B7-mediated formation of (S)-NNAL-O-Gluc. These data are
similar to those from other studies in which menthol and other
mercaptoid alcohols have been associated with the inhibition of
UGT2B7 activity (Ishii et al., 2012). A similarly high inhibition potential
was observed for UGT2B10-mediated formation of NNAL-N-Gluc.
This inhibition of the hepatically expressed UGT2B7 and UGT2B10 is
consistent with the inhibition of NNAL-O-Gluc and NNAL-N-Gluc
observed previously in HLMs (Muscat et al., 2009).
Many studies have examined menthol versus nonmenthol smokers

in an attempt to determine the impact of menthol on tobacco-related
diseases, with several studies measuring MG as a potential bio-
marker for identification of menthol or nonmenthol cigarettes
smokers. For example, one study indicated that the levels of urinary
menthol (measured as MG) were not correlated with the use of
menthol versus nonmenthol cigarettes (Benowitz et al., 2010),
whereas another study found significantly higher MG levels in
the blood of menthol versus nonmenthol smokers (Hsu et al., 2017).
Consistent with these studies, results from the present study
indicated that the levels of urinary MG were not correlated with
subjects self-identifying as menthol or nonmenthol cigarette smok-
ers. These studies are consistent with the hypothesis that menthol
branding is not an accurate method of examining the effects of
menthol on tobacco-induced diseases.
The analysis of potential menthol-induced inhibition of NNAL-

Gluc formation in vivo was performed in the present study by
stratifying smokers into groups based on quantified levels of urinary
MG rather than by menthol versus nonmenthol cigarette-branding type.

TABLE 5

Urinary NNAL, NNAL glucuronides, and menthol glucuronides in menthol and
nonmenthol smokersa

Urinary Metabolitesb Nonmenthol Smokers Menthol Smokers

NNAL-N-Gluc 0.25 6 0.020 0.33 6 0.17
(R)-NNAL-O-Gluc 0.16 6 0.015 0.17 6 0.064
(S)-NNAL-O-Gluc 0.55 6 0.043 0.57 6 0.18
Free NNAL 0.15 6 0.017 0.22 6 0.11
Total NNAL 1.1 6 0.083 1.3 6 0.52
L-MG 11.7 6 5.5 15.8 6 2.8
D-MG 0.15 6 0.065 0.062 6 0.043
Total-MG 11.9 6 5.50 15.9 6 2.8

aValues are expressed as mean 6 S.E.
bMetabolite values are in units of micorgrams per milligram of creatinine.

Fig. 3. Levels of menthol glucuronides stratified by menthol and
nonmenthol cigarette smokers. Levels of L- and D-menthol
glucuronides were quantified in the urine of smokers from menthol
(n 5 50) and nonmenthol (n 5 50) cigarette smokers. Menthol
glucuronides were analyzed by LC-MS/MS and were normalized to
levels of creatinine. Subjects were stratified by menthol versus
nonmenthol smoker groups based on cigarette brand labeling. (A)
Menthol and nonmenthol branded smoking groups were analyzed
for levels of urinary L- and D-menthol glucuronide and normalized
based on levels of urinary creatinine. Bars represent mean
(6S.E.M.). (B) Histogram showing the number of menthol versus
the number of nonmenthol smoking subjects (based on cigarette
branding) at different total urinary MG levels. Subjects (non-
menthol, n 5 3) with MG concentrations below the limit of
quantification are included in the 0–5 mg/mg creatinine bar. Bars
represent the number of subjects in each category.
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Interestingly, the levels of urinary D-MG were relatively low compared
with the levels of urinary L-menthol, comprising, on average, 1.3% of
the total menthol exposure for specimens from smokers with detectable
urinary menthol. The group with the lowest urinaryMG levels exhibited
the highest levels of urinary NNAL-N-Gluc, suggesting a potential
interaction between menthol and NNAL-N-Gluc formation, likely
mediated by UGT2B10 based on the inhibition of UGT2B10 by
menthol enantiomers in vitro. These data are consistent with the
inhibitory effects observed with DL-menthol in HLMs in previous
studies (Muscat et al., 2009). A similar but nonsignificant trend was
observed for (R)-NNAL-O-Gluc formation, an effect potentially result-
ing from menthol inhibition of the (R)-NNAL-O-Gluc-forming enzyme,
UGT2B17. A possible confounder was that UGT2B17, which plays an
important role in (R)-NNAL-O-Gluc formation (Kozlovich et al., 2015;
Chen et al., 2016), has a prevalent copy number variant (minor allele
frequency 5 0.30 in white subjects) (Geer et al., 2010)] that was not
examined in this population. To examine more completely the potential
inhibitory effects of menthol on (R)-NNAL-O-Gluc formation, a larger
smoking population is required.
Interestingly, the inhibition of (S)-NNAL-O-Gluc formation was

observed for menthol enantiomers using UGT2B7-expressed cell
microsomes in the current study. Although this could be due in part to
the large variability in (S)-NNAL-O-Gluc formation observed between
subjects, it is also likely that, consistent with other studies (Kozlovich
et al., 2015; Chen et al., 2016), other UGTs involved in (S)-NNAL-
O-Gluc formation that are not as inhibited by menthol, including
UGT1A9, may be important in hepatic (S)-NNAL-O-Gluc formation in
addition to UGT2B7. Whereas a trend toward lower (R)-NNAL-O-Gluc
levels were also observed in the higher MG tertile groups in the present
study, these differences were not significant, suggesting that larger
studies are required to examine fully this potential effect.
Although at lower levels than in menthol-branded cigarettes, menthol

is also present in cigarettes classified as “nonmenthol” (TPSAC, 2011).
The levels of menthol in nonmenthol cigarettes may still be at levels
which could inhibit NNAL detoxification, especially in cases where the
levels of menthol in nonmenthol cigarettes still far exceed the levels of
NNK per cigarette. Nonmenthol cigarettes can contain up to 0.07 mg of
menthol per cigarette (Ai et al., 2016), whereas NNK levels are more
than 10-fold lower (Ding et al., 2008; Rickert et al., 2008). Therefore,
menthol content in nonmenthol cigarettes could have been important
confounders in previous epidemiologic studies examining the role of
menthol as a factor in lung cancer risk (comparing “menthol” vs.
“nonmenthol” smokers); however, menthol is an additive in many edible

and topical products and may have been consumed by some of the
nonmenthol (aswell asmenthol) cigarette-smoking subjects for whom urine
was analyzed in this study, potentially affecting the levels of urinary MG
detected in these subjects. A confounder when considering edible menthol
products as an inhibitor of NNALmetabolism is the potential for differential
glucuronidation of menthol by extrahepatic UGTs that are expressed in the
digestive tract (i.e., UGTs 1A7, 1A8, 1A10). Limitations of the present
study include the fact that no information regarding recent menthol
consumption or exposure from other sources was collected from recruited
subjects at the time of urine collection. Additionally, there could be racial
and/or gender variation in creatinine formation; the sample size used in the
present study was not large enough to separate by either race or gender.
In summary, both menthol and NNAL are metabolized by some of

the same UGT enzymes. Higher levels of urinary MG were correlated
with decreases in urinary NNAL-N-Gluc in smokers, suggesting that the
presence of menthol could potentially lead to NNAL being metabolized
by different metabolic pathways, which could subsequently increase the
opportunity for NNAL to result in increased DNA damage and increase
the potential of tobacco-related cancers. The data presented in this study
suggest that additional studies are required to delineate more clearly the
relationship between menthol, tobacco carcinogen detoxification, and
cancer risk.
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