
Effects of Smoking Cessation on Eight Urinary Tobacco Carcinogen
and Toxicant Biomarkers

Steven G. Carmella, Menglan Chen, Shaomei Han, Anna Briggs, Joni Jensen,
Dorothy K. Hatsukami, and Stephen S. Hecht*

Masonic Cancer Center and Transdisciplinary Tobacco Use Research Center,
UniVersity of Minnesota Minneapolis, Minnesota 55455

ReceiVed December 18, 2008

We determined the persistence at various times (3, 7, 14, 21, 28, 42, and 56 days) of eight tobacco
smoke carcinogen and toxicant biomarkers in the urine of 17 smokers who stopped smoking. The
biomarkers were 1-hydroxy-2-(N-acetylcysteinyl)-3-butene (1) and 1-(N-acetylcysteinyl)-2-hydroxy-3-
butene (2) [collectively called MHBMA for monohydroxybutyl mercapturic acid] and 1,2-dihydroxy-4-
(N-acetylcysteinyl)butane (3) [DHBMA for dihydroxybutyl mercapturic acid], metabolites of 1,3-butadiene;
1-(N-acetylcysteinyl)-propan-3-ol (4, HPMA for 3-hydroxypropyl mercapturic acid), a metabolite of
acrolein; 2-(N-acetylcysteinyl)butan-4-ol (5, HBMA for 4-hydroxybut-2-yl mercapturic acid), a metabolite
of crotonaldehyde; (N-acetylcysteinyl)benzene (6, SPMA for S-phenyl mercapturic acid), a metabolite
of benzene; (N-acetylcysteinyl)ethanol (7, HEMA for 2-hydroxyethyl mercapturic acid), a metabolite of
ethylene oxide; 1-hydroxypyrene (8) and its glucuronides (1-HOP), metabolites of pyrene; and
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (9) and its glucuronides (total NNAL), a biomarker of
exposure to 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). These biomarkers represent some
of the major carcinogens and toxicants in cigarette smoke: 1,3-butadiene, acrolein, crotonaldehyde, benzene,
ethylene oxide, polycyclic aromatic hydrocarbons (PAH), and NNK. With the exception of DHBMA,
levels of which did not change after cessation of smoking, all other biomarkers decreased significantly
after 3 days of cessation (P < 0.001). The decreases in MHBMA, HPMA, HBMA, SPMA, and HEMA
were rapid, nearly reaching their ultimate levels (81-91% reduction) after 3 days. The decrease in total
NNAL was gradual, reaching 92% after 42 days, while reduction in 1-HOP was variable among subjects
to about 50% of baseline. Since DHBMA did not change upon smoking cessation, there appear to be
sources of this metabolite other than 1,3-butadiene. The results of this study demonstrate that the tobacco
smoke carcinogen/toxicant biomarkers MHBMA, HPMA, HBMA, SPMA, HEMA, 1-HOP, and NNAL
are related to smoking and are good indicators of the impact of smoking on human exposure to 1,3-
butadiene, acrolein, crotonaldehyde, benzene, ethylene oxide, PAH, and NNK.

Introduction

While cigarette smoking causes 90% of lung cancer, resulting
in over 3,000 deaths per day in the world, only about 15% of
smokers will eventually get lung cancer, and we presently lack
the ability to predict which smoker is susceptible (1). Some
progress has been made in developing models for identifying a
high risk profile for smokers, including terms such as family
history of lung cancer and number of years of smoking (2).
Tobacco carcinogen and toxicant biomarkers, quantitative
measurements of exposure and fate of specific tobacco carcino-
gens and toxicants, could in principle become an important part
of a risk algorithm to identify susceptible smokers, hopefully
at a young age when intervention with appropriate preventive
measures is still feasible. Tobacco carcinogen and toxicant
biomarkers are also important for the evaluation and potentially
the regulation of new and existing tobacco products (3). Our
goal is to develop a panel of tobacco carcinogen and toxicant
biomarkers applicable in these activities.

One validation criterion for a tobacco carcinogen or toxicant
biomarker is its relationship to tobacco use. This can be

determined by comparing levels of the biomarker in people who
use tobacco products compared to those who do not, and by
assessing the decrease in a biomarker level when people stop
using the product. The latter approach is perhaps the most
powerful because each subject serves as his or her own control.
Therefore, in the study presented here, we evaluated the
relationship to cigarette smoking of eight tobacco carcinogen
and toxicant biomarkers (Chart 1): 1-hydroxy-2-(N-acetylcys-
teinyl)-3-butene (1) and 1-(N-acetylcysteinyl)-2-hydroxy-3-
butene (2) [collectively called MHBMA for monohydroxybutyl
mercapturic acid] and 1,2-dihydroxy-4-(N-acetylcysteinyl)butane
(3) [DHBMA for dihydroxybutyl mercapturic acid], metabolites
of 1,3-butadiene (4, 5); 1-(N-acetylcysteinyl)-propan-3-ol (4,
HPMA for 3-hydroxypropyl mercapturic acid), a metabolite of
acrolein (6); 2-(N-acetylcysteinyl)butan-4-ol (5, HBMA for
4-hydroxybut-2-yl mercapturic acid), a metabolite of crotonal-
dehyde (7); (N-acetylcysteinyl)benzene (6, SPMA for S-phenyl
mercapturic acid), a metabolite of benzene (8); (N-acetylcys-
teinyl)ethanol (7, HEMA for 2-hydroxyethyl mercapturic acid),
a metabolite of ethylene oxide (9); 1-hydroxypyrene (8) and its
glucuronides (1-HOP), metabolites of pyrene and a widely
accepted biomarker of exposure to carcinogenic polycyclic
aromatic hydrocarbons (PAH) (10); and 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanol (9) and its glucuronides (total NNAL),
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an established biomarker of exposure to the tobacco-specific
lung carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
(NNK) (10).

These biomarkers represent some of the most important
carcinogens and toxicants in cigarette smoke. 1,3-Butadiene,
acrolein, crotonaldehyde, benzene, and ethylene oxide are found
mainly in the gas phase of cigarette smoke, while PAH and
NNK are particulate phase constituents (1). 1,3-Butadiene
(13-51 µg per cigarette mainstream smoke, FTC/ISO conditions
(11)), a potent multiorgan carcinogen in mice, with weaker
activity in rats, is classified by the International Agency for
Research on Cancer (IARC) as “carcinogenic to humans”, group
1 (12). Acrolein (54-155 µg per cigarette (11)) is highly cilia
toxic and induces mutations in the p53 gene similar to those
caused by PAH diol epoxides and commonly found in lung
tumors from smokers (13, 14). Crotonaldehyde (11-17 µg per
cigarette, FTC/ISO conditions (15)) is mutagenic in various
systems and causes liver tumors in rats (16). Benzene (15-59
µg per cigarette (11)) is a known human leukemogen, while
ethylene oxide (7 µg per cigarette (1)) is associated with
lymphatic and hematopoietic cancers in humans and causes
tumors at various sites in laboratory animals: both are IARC
group 1 carcinogens (17, 18). PAH [6-70 ng per cigarette (total
of 7 carcinogenic PAH)] (11) and NNK (29-270 ng per
cigarette (11)) are generally accepted as causes of lung cancer
in smokers: benzo[a]pyrene, a representative carcinogenic PAH,
and NNK are both IARC group 1 carcinogens (19, 20).

In this study, the 8 biomarkers discussed above were
quantified in the urine of 17 smokers, at baseline, and after 3,
7, 14, 21, 28, 42, and 56 days of smoking cessation.

Experimental Procedures

Chemicals. Mercapturic acid standards 1-7, NNAL, and
internal standards were obtained from Toronto Research Chemi-
cals, Toronto, Ontario. The internal standards were [1,1,2,3,4,4-
hexadeutero]1-hydroxy-2-(N-acetylcysteinyl)-3-buteneand[1,1,2,3,4,4-
hexadeutero]1-(N-acetylcysteinyl)-2-hydroxy-3-butene ([D6]-
MHBMA), [1,1,2,3,3,4,4-heptadeutero]1,2-dihydroxy-4-(N-ace-
tylcysteinyl)butane ([D7]DHBMA), [CD3]1-(N-acetycysteinyl)-
propan-3-ol ([D3]HPMA), [cysteinyl-CD3]2-(N-acetylcysteinyl)-
butan-4-ol [D3]HBMA, [benzene-D5](N-acetylcysteinyl)benzene
([D5]SPMA), and [1,1,2,2-tetradeutero](N-acetylcysteinyl)ethanol
[D4]HEMA. LC-ESI-MS/MS analysis of [D6]MHBMA showed

that it had an impurity, which eluted at 16.1 min (see Figure 1).
The impurity was tentatively identified as [D6]1-(N-acetylcys-
teinyl)-4-hydroxy-2-butene by HPLC analysis as previously
reported (21). Oasis MAX mixed mode reverse phase anion
exchange solid phase extraction cartridges (500 mg) were
obtained from Waters Corp. (Milford, MA).

Analysis of Mercapturic Acids in Urine. All solutions and
buffers were freshly prepared on the same day that the assay was
to be performed. To 2 mL of urine in a 10 mL centrifuge tube was
added the internal standards: [D6]MHBMA (1250 ng), [D7]DHBMA
(2000 ng), [D3]HPMA (100 ng), [D3]HBMA (2000 ng), [D5]SPMA
(50 ng), and [D4]HEMA (100 ng). An Oasis MAX cartridge was
preconditioned with 6 mL of MeOH and 6 mL of 2% aq NH4OH.
The sample was applied, and the cartridge was washed with 6 mL
of MeOH and 6 mL of 2% aq NH4OH. The cartridge was dried by
applying a vacuum for 2 min, then blown dry with N2, and washed
with 6 mL of 2% formic acid. For collection of the fraction
containing MHBMA, DHBMA, HPMA, HBMA, and HEMA, 5
mL of 30% MeOH in 2% aq formic acid was added to the cartridge,
and a 5 mL fraction was collected in a 10 mL glass centrifuge
tube. The cartridge was then washed with 5 mL of 50% MeOH in
2% aq formic acid. The fraction containing SPMA was then
collected in a 10 mL glass centrifuge tube by addition of 5 mL of
90% MeOH in 2% aq formic acid. The two fractions containing
the mercapturic acids were concentrated to dryness with a cen-
trifugal evaporator, operated overnight without heating. The residues
were transferred to 200 µL plastic autosampler vials with two
aliquots of 80/20:CH3CN/MeOH. The solvents were removed on
a Speedvac and the residues stored at -20 °C until analysis. For
LC-APCI-MS/MS analysis, the residues were redissolved in 50 µL
of 95% 15 mM NH4OAc/5% MeOH with sonication.

LC-APCI-MS/MS-SRM analysis was carried out on a TSQ
Quantum Discovery Max instrument (Thermoelectron, San Jose,
CA). The HPLC was equipped with a 250 × 4.6 mm Synergi C12
4 µm, Max-RP, 80 Å pore size column (Phenomenex, Torrance,
CA). For analysis of the fraction containing MHBMA, DHBMA,
HPMA, HBMA, and HEMA, elution was carried out with 15 mM
NH4OAc, pH 6.8 (solvent A) and MeOH (solvent B) at a flow rate
of 0.8 mL/min, using the following gradient (time, % of solvent
B): 0-5 min, 5; 5-10 min, 5 to 10; 10-15 min, 10 to 45; 15-20
min, 45; 20-22 min, 45 to 95; 22 to 25 min, 95; 25 to 27 min, 95
to 5, then reinject. For the fraction containing SPMA, elution was
isocratic for 20 min with 55% solvent A. The APCI ion source
was operated in the negative ion mode with the following settings:
corona discharge needle, 1.8 µΑ (1.5kV); vaporizer temperature,
450 °C; N2 sheath gas pressure, 30 psi; and N2 auxiliary gas
pressure, 5 psi. The capillary temperature was 200 °C with a voltage
of -35 V. Other MS parameters were collision energy, 13V; Ar
collision gas pressure, 1 mTorr; peak width, Q1 (full width at half-
maximum), 0.70; Q3 (full width at half-maximum), 0.70; scan width
(m/z), 0.40; scan time (s), 0.1. Transitions for SRM are summarized
in Table 1.

Accuracy was determined by spiking 2 mL of a pooled smokers’
urine sample with five levels of the 6 mercapturic acids as follows
(ng): MHBMA 4, 8, 16, 32, and 64; DHBMA 500, 1000, 2000,
3000, and 4000; HPMA 500, 1000, 2000, 3000, and 4000; HBMA
4000, 8000, 16000, 32000, and 64000; SPMA 1, 2, 4, 8, and 16;
HEMA 5, 10, 20, 30, and 40, and carrying out the analyses.
Precision was determined by replicate analyses (intraday) of 6-8
aliquots of pooled smokers’ urine.

Analysis of 1-HOP and Total NNAL in Urine. These were
carried out essentially as described (22, 23).

Study Design and Urine Samples. Cigarette smokers wanting
to quit smoking were recruited from the local metropolitan area
using posted brochures in doctors’ offices, advertisements in campus
and metropolitan newspapers, on radio, cable TV, and the Internet,
and by word of mouth. Subjects were included in the study if they
were 18-70 years old, smoked at least 10 cigarettes per day for at
least one year, and were generally in good physical and mental
health. They were excluded if they experienced contraindications
for nicotine replacement use, used any other nicotine containing

Chart 1. Structures of Urinary Biomarkers (8 and 9 Also
Occur As Glucuronides)
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products, used medications that might interact with biomarkers, or
were pregnant or nursing.

Subjects who passed screening were asked to continue to use
their own brand of cigarettes for 2 weeks. They were required to
attend baseline clinic visits once during week 1 (day -14) and once
during week 2 (day -7) of the study, and on these days collected
a 24 h urine sample. The urine collection started with the second
void on the morning of their visit and continued through the first
void of the next day. Urine collections were brought to the clinic
the day after their clinic visit or were frozen in their personal freezer
until the following visit. Subjects quit smoking after this baseline
period and were required to refrain from smoking. They attended
clinic on days 3, 7, 14, 21, 28, 42, and 56 after quitting, and
collected 24 h urine samples on these days. At every clinic visit,
subjects completed questionnaires on health, withdrawal symptoms,
tobacco use, and alcohol use. Vital signs, weight, and expired carbon
monoxide were obtained. Subjects were asked to complete daily

diaries of withdrawl symptoms, cigarettes smoked, study product
used, and number of alcoholic drinks per day.

Subjects received a nicotine patch or nicotine gum, or lozenge
as a smoking cessation aid and chose their preferred product. Those
who had difficulty achieving abstinence on a single nicotine
replacement product were offered combined therapies. Subjects
were paid in increasing amounts contingent on their ability to stay
abstinent. They also received behavioral counseling at each clinic
visit.

Statistical Analysis. Because of a distribution skewed to high
values, all biomarkers were analyzed on the natural log scale. The
paired t-test compared the initial change from baseline to day 3
for each biomarker and the repeated measures analysis of variance
evaluated the rate of change during follow-up, starting from day 3
to day 56. A p-value <0.05 was considered statistically significant.
No p-value adjustments were made for multiple comparisons.

Figure 1. Chromatograms obtained upon LC-ESI-MS/MS-SRM analysis of MHBMA, DHBMA, HPMA, HBMA, SPMA, and HEMA in the urine
of a smoker at baseline (denoted by smoking) and in that subject’s urine after 4 weeks of cessation. Each pair of chromatograms was obtained by
SRM for the analyte (upper) and internal standard (lower), represented by the shaded peaks. For MHBMA, the peak eluting at 14.14 min in the top
chromatogram is one diastereomer of 1, while the peak eluting at 15.51 min is the other diastereomer of 1 and both diastereomers of 2, as determined
by HPLC analysis (21). The same distribution applies to the other MHBMA chromatograms. The two peaks in the HBMA chromatograms are
presumed to be diastereomers.

736 Chem. Res. Toxicol., Vol. 22, No. 4, 2009 Carmella et al.



Results

For the analysis of mercapturic acids, a new combined method
was developed involving solid phase extraction on a mixed mode
anion exchange/reverse phase cartridge followed by LC-APCI-
MS/MS-SRM analysis. Two fractions were collected from the
solid phase extraction cartridge. The first more polar fraction
contained MHBMA, DHBMA, HPMA, HBMA, and HEMA,
and the second contained the more hydrophobic SPMA. These
two fractions were each analyzed for the mercapturic acids using
the transitions summarized in Table 1. In each case, the
transition monitored resulted from cleavage of the S-CH2 bond
with negative charge retention on the fragment containing sulfur.
Typical chromatograms are illustrated in Figure 1. Accuracy,
precision, and detection limits were generally acceptable for
the purpose of this study (Table 1), although the MHBMA
analysis was not optimal, probably due to a trailing peak, which
coeluted partially with the analyte (Figure 1). Recoveries ranged
from 20 -100%.

Seventeen subjects (11 female) completed the study. Their
mean age ((S.D.) was 43.9 ( 11.0 years (range 23-58), 16
were Caucasian, and 1 was African-American. They had been
smoking an average of 17.3 ( 12.3 years and smoked 21.8 (
6.7 cigarettes per day.

Levels of the eight biomarkers at baseline and times after
smoking cessation are summarized in Table 2. Baseline values
of the biomarkers ranged from 1-3 nmol/24 h for NNAL,
1-HOP, and SPMA; 60-100 nmol/24 h for HEMA and
MHBMA; and 1,000-10,000 nmol/24 h for DHBMA, HPMA,
and HBMA.

Relative changes in levels of the eight biomarkers after
cessation are illustrated in Figure 2A-H. Levels of all the
mercapturic acids except DHBMA decreased rapidly after
smoking cessation (Figure 2A, C, D, E, and F). In each case,
the mean reduction from baseline was approximately 80%.
Levels of DHBMA did not change significantly over the course
of the study (Figure 2B). Levels of 1-HOP decreased to about
50% of the baseline values in most subjects, but two subjects

had highly variable levels after cessation, presumably due to
environmental exposures, and these were excluded from Figure
2G. Amounts of NNAL decreased gradually, with reductions
of 57%, 71%, and 86% after 3, 7, and 21 days, respectively
(Figure 2H). With the exception of DHBMA, all decreases in
biomarker levels from baseline to day 3 were significant (P <
0.001), and this was true for 1-HOP when all subjects were
included. After the initial reduction from baseline to day 3, the
rate of decline from day 3 to day 56 was only significant for
NNAL (P < 0.001) and MHBMA (P ) 0.04). The percent
reduction in biomarker levels correlated with cigarettes smoked
per day at baseline for HPMA (P ) 0.012), HBMA (P ) 0.023),
SPMA (P < 0.001), and HEMA (P ) 0.017).

Discussion

The results of this study demonstrate that 7 of the 8 urinary
biomarkers investigated here are definitely related to smoking.
Levels of these urinary biomarkers—5 mercapturic acids,
1-HOP, and total NNAL—decreased significantly after smoking
cessation. Only one biomarker, DHBMA, was unaffected by
smoking cessation. All of the subjects included in this analysis
were confirmed abstainers from smoking after baseline on the
basis of their total NNAL values. These results demonstrate that
smoking is a major source of exposure to 1,3-butadiene, acrolein,
crotonaldehyde, benzene, ethylene oxide, PAH, and NNK. In
this respect, it is noteworthy that 1,3-butadiene, benzene,
ethylene oxide, benzo[a]pyrene (a representative PAH), and
NNK are considered carcinogenic to humans (12, 17-20).

Our data clearly demonstrate different fates of metabolites
of 1,3-butadiene (10, Scheme 1) after smoking cessation:
MHBMA decreased significantly, but DHBMA did not. These
urinary metabolites of 1,3-butadiene have been thoroughly
characterized in rats and mice treated with the labeled compound
(24-26). MHBMA is formed by glutathione conjugation of 1,3-
butadiene monoxide (11, Scheme 1), followed by normal
metabolic degradation of the glutathione conjugates to mercap-

Table 1. Some Characteristics of the Mercapturic Acid Analysis by LC-APCI-MS/MS-SRM

analyte transition monitored (m/z)a expected valueb observed valuec R2 precision (CV, %) assay detection limit (pmol/mL)d

MHBMA 232f 103 4.04 ( 0.64 2.37 0.99 16 3.2
[D6]MHBMA 238f 109
DHBMA 250f 121 300 ( 26.0 326 0.98 8.7 12
[D7]DHBMA 257f 128
HPMA 220f 91 1440 ( 135 1440 0.90 9.4 2.3
[D3]HPMA 223f 91
HBMA 234f 105 2800 ( 170 3190 1.0 6.1 0.21
[D3]HBMA 237f 105
SPMA 238f 109 1.58 ( 0.12 1.52 0.99 7.6 0.013
[D5]SPMA 243f 114
HEMA 206f 77 6.41 ( 0.77 5.99 0.94 12.1 0.24
[D4]HEMA 210f 81

a Results from cleavage of the S-CH2 bond with charge retention on S-containing fragment (see Chart 1). b Based on replicate (N ) 6) analysis of
pooled smokers’ urine; values are ng/mL ( SD. c y intercept from known addition experiment with pooled smokers’ urine; values are ng/mL. d Starting
with 2 mL of urine.

Table 2. Levels of Eight Urinary Biomarkers in Smokers’ Urine at Baseline and at Times after Cessation of Smoking

mean ( SD (N ) 17) amount (nmol/24 h) at day

biomarker baseline 3 7 14 21 28 42 56

MHBMA 66.1 ( 69.4 5.42 ( 4.35 6.12 ( 5.64 6.07 ( 5.10 4.67 ( 2.75 7.49 ( 13.81 5.08 ( 3.68 3.66 ( 2.41
DHBMA 1038 ( 514 875 ( 635 886 ( 558 622 ( 340 769 ( 316 791 ( 382 781 ( 269 662 ( 248
HPMA 10020 ( 5150 1336 ( 923 1362 ( 622 1626 ( 1587 1381 ( 653 1440 ( 741 1847 ( 1083 1500 ( 1005
HBMA 1965 ( 1001 265 ( 113 269 ( 95 270 ( 130 242 ( 83 331 ( 148 269 ( 118 273 ( 153
SPMA 3.20 ( 3.80 0.396 ( 0.345 0.276 ( 0.234 0.165 ( 0.136 0.203 ( 0.163 0.357 ( 0.249 0.254 ( 0.263 0.214 ( 0.214
HEMA 102 ( 47.1 24.0 ( 16.8 20.5 ( 11.3 21.2 ( 16.3 19.9 ( 15.0 38.8 ( 29.6 19.2 ( 18.1 19.2 ( 13.6
1-HOP 1.36 ( 0.776 0.826 ( 1.07 0.750 ( 0.545 1.06 ( 1.87 1.12 ( 1.81 0.783 ( 1.09 0.542 ( 0.224 1.09 ( 1.97
total NNAL 2.70 ( 2.03 0.935 ( 0.496 0.761 ( 0.491 0.433 ( 0.321 0.343 ( 0.223 0.261 ( 0.175 0.199 ( 0.162 0.132 ( 0.113
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turic acids 1 and 2. Since attack can occur at either the 1- or 2-
position of 11, a mixture of two regioisomers (1 and 2) is
produced, and each regioisomer is a mixture of two diastere-
omers (21). The route of formation of DHBMA has been studied
in some detail (Scheme 1). Epoxide 11 undergoes hydration
catalyzed by epoxide hydrolase, producing diol 12. This is
followed by alcohol dehydrogenase catalyzed oxidation of the
secondary hydroxyl group to hydroxymethyl vinyl ketone (13,
Scheme 1). Michael addition of glutathione to 13 is then
followed by reduction of the carbonyl and normal metabolic
processing to give DHBMA (3). This pathway has been
confirmed by administration of the relevant precursors to rats
and mice (27).

GC-MS (28, 29), GC-MS/MS (30, 31), and LC-MS/MS
(4, 5, 32-34) methods have been developed and applied for
the quantitation of MHBMA and DHBMA in human urine after
occupational exposure to 1,3-butadiene (5, 28-31, 33-37) and
in smokers and nonsmokers (4, 29, 32, 38). Consistent with
our results, most of these studies have shown that MHBMA is
related to 1,3-butadiene exposure while DHBMA, which is
present in far higher concentrations, is not related to exposure.
Apparently, there are significant sources of exposure to ketone
13 or other precursors to DHBMA other than metabolism of
1,3-butadiene. In one study of the effects of changes in smoking
on 1,3-butadiene metabolites in urine, MHBMA levels decreased
by 18% when smokers switched from cellulose acetate to
charcoal filtered cigarettes (4), while a second study demon-

strated a decrease of 50-80%, and also reported decreases of
90-95% when smokers stopped (38).

HPMA was characterized as a major urinary metabolite of
acrolein in rats (39). It is believed to arise by initial Michael
addition of glutathione, followed by normal metabolic process-
ing to the mercapturic acid, and reduction. HBMA is similarly
formed in the metabolism of crotonaldehyde (40).

Analyses of HPMA and HBMA by LC-MS/MS have been
reported (6, 7, 41). Our results are consistent with a previous
study in which we showed that HPMA levels decreased
significantly by 78% in smokers who abstained for 4 weeks
(6). In other studies, levels of HPMA were significantly higher
in smokers than in nonsmokers in an investigation of 274
smokers and 100 nonsmokers in Germany (8). Levels of HPMA
and HBMA decreased by 8% and 17%, respectively, when
smokers switched from cellulose acetate to charcoal filter
cigarettes (4), but in a second study, HPMA decreased by
50-75% (38). Small decreases in HPMA were observed in a
study in which smokers switched from full-flavor to light or
ultralight cigarettes (42). A significant 35% decrease in urinary
HPMA was noted in smokers who switched to a second-
generation electrically heated cigarette smoking system com-
pared to those who continued smoking conventional cigarettes
for 12 months (43).

Benzene is metabolized to benzene oxide, which undergoes
glutathione conjugation followed by dehydration to yield
S-glutathionyl benzene. This is converted metabolically to

Figure 2. Percent reduction from the baseline of eight tobacco carcinogen and toxicant biomarkers at various intervals after cessation. Values are
the means ( SD (N ) 17), except for 1-HOP (N ) 15) for which 2 subjects with highly variable data were omitted.

Scheme 1. Metabolism of 1,3-Butadiene (10) to MHBMA (1 and 2) and DHBMA (3)a

a (a) GSH, GSTs; (b) γ-glutamyltranspeptidase; (c) cysteinylglycine dipeptidase; (d) cysteine S-conjugate N-acetyltransferase; EH, epoxide hydrolase;
ADH, alcohol dehydrogenase; CR, carbonyl reductase.
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SPMA. The capture of benzene oxide by glutathione at pH 7 is
inefficient compared to its rearrangement to phenol, accounting
for the fact that SPMA is a minor metabolite of benzene (44).
Nevertheless, SPMA has proven to be a useful and specific
biomarker of benzene exposure (10, 45-49), with LC-MS/MS
being used extensively for quantitation (4, 50-55). Levels of
SPMA are consistently higher in smokers than in nonsmokers
(8, 10, 54, 55). The reported levels in smokers are somewhat
higher than those observed here. We did not use acid hydrolysis,
which converts a premercapturic acid to SPMA, and this could
account in part for the difference (56). Significant decreases in
urinary SPMA were observed when smokers switched from
conventional cellulose acetate to charcoal filter cigarettes (4, 38).
No or modest decreases in SPMA were observed in a study in
which smokers switched from full-flavor to light or ultralight
cigarettes (42).

HEMA is formed by direct conjugation of ethylene oxide
with glutathione, followed by normal metabolic processing
(57, 58). Variable amounts of this metabolite were detected in
workers exposed to ethylene oxide (59). LC-MS/MS has been
used to quantify HEMA in urine (9, 60), with higher levels found
in smokers than in nonsmokers.

Many studies have investigated levels of 1-HOP in the urine
of cigarette smokers, and in general, levels are about twice as
high as those in nonsmokers, although some studies report
greater differences (10, 61, 62). A recent study of smokers and
nonsmokers in Germany reported data (mean 0.90 nmol/24 h
in smokers and 0.46 nmol/24 h in nonsmokers) similar to those
summarized previously and reported here (8). When smokers
switched from their own brand to a second-generation electri-
cally heated cigarette smoking system with lower levels of
combustion products, their 1-HOP levels decreased by 53% (43),
but there was little decrease upon switching from full-flavored
to light or ultralight cigarettes (42), which is consistent with
our previous data (63), or to cigarettes with charcoal filters (38).
In an earlier study, we observed about a 50% decrease in 1-HOP
levels among smokers who abstained for 2 or 4 weeks (64).
All of these results are consistent with those observed here, in
which the overall decrease in urinary 1-HOP levels was about
40-50% depending on whether we included all 17 subjects or
excluded two who clearly had other exposures.

As shown in Figure 2G, levels of total NNAL decreased only
gradually after cessation of smoking. This finding replicates that
of our previous study in which a very similar gradual decrease
of total NNAL was observed (65). This gradual decrease
contrasts markedly with the curves for the mercapturic acids
(except DHBMA), which clearly demonstrate a rapid drop in
urinary concentrations after 3 days of cessation. The slow release
of NNAL also contrasts with data for nicotine plus nicotine
glucuronide and cotinine plus cotinine glucuronide, compounds
of similar molecular weight and polarity, for which curves were
similar to those of the mercapturic acids (65). These data support
our hypothesis that there is a receptor or protein binding site
for NNAL in the body (66).

In summary, the results of this study validate the biomarkers
MHBMA, HPMA, HBMA, SPMA, HEMA, 1-HOP, and NNAL
with respect to cigarette smoking, while DHBMA is clearly not
related to smoking, nor does it appear to be related to
1,3-butadiene exposure. The results also demonstrate and
confirm that cigarette smoking is a major source of exposure
to 1,3-butadiene, acrolein, crotonaldehyde, benzene, ethylene
oxide, PAH, and NNK. The validated biomarkers will continue
to be useful in studies of carcinogen and toxicant uptake in
smokers.
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