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Abstract

1,3-Butadiene (BD) is a known human carcinogen found in cigarette smoke, automobile exhaust,
and urban air. Workers occupationally exposed to BD in the workplace have an increased incidence
of leukemia and lymphoma. BD undergoes cytochrome P450-mediated metabolic activation to
3,4-epoxy-1-butene (EB), 1,2,3,4-diepoxybutane (DEB) and 1,2-dihydroxy-3,4-epoxybutane (EBD),
which form covalent adducts with DNA. We have previously reported a quantitative nanoLC/ESI*-
HRMS?® method for urinary N7-(1-hydroxy-3-buten-2-yl) guanine (EB-GIl) adducts as a mechanism-
based biomarker of BD exposure. In the present study, the method was updated to include
high throughput 96-well solid phase extraction (SPE) and employed to establish urinary EB-GII
biomarker stability and association with smoking. Urinary EB-GII levels were measured bimonthly
for 1 year in 19 smokers to determine whether single adduct measurement provides reliable levels
of EB-GII in an individual smoker. In addition, association of EB-GIl with smoking was studied in
17 individuals participating in a smoking cessation program. EB-GII levels decreased 34% upon
smoking cessation, indicating that it is associated with smoking status, but may also originate
from sources other than exposure to cigarette smoke.
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(14-16). The International Agency for Research on Cancer classi-
fies BD as a “known human carcinogen” based on the evidence for
increased occupational cancer risk in humans and carcinogenicity
studies in laboratory animals (17).

The high prevalence of BD in tobacco smoke and urban en-
vironments and the significant potential for BD-mediated health
effects warrant investigations into genetic factors that govern
an individual’s susceptibility to butadiene-induced cancer (6, 7,
18, 19). BD is metabolised to reactive epoxides 3,4-epoxy-1-
butene (EB), 1,2,3,4-diepoxybutane (DEB) and 1,2-dihydroxy-
3,4-epoxybutane (EBD) by cytochrome P450 monooxygenases
(20-22). BD epoxides are detoxified by glutathione S transfer-
ases to form monohydroxybutenyl mercapturic acid (MHBMA)
and dihydroxybutyl mercapturic acid (DHMBA) from EB and
trihydroxylbutyl mercapturic acid (THBMA) from EBD, which are
excreted in urine (23-25). BD-mercapturic acids have previously
been investigated as urinary biomarkers of exposure to BD (3, 18,
23-36). Urinary MHBMA levels decreased 80-90% upon smoking
cessation, confirming its association with smoking status (3, 24). In
contrast, DHBMA was unaffected by smoking status, suggesting
that it is not associated with smoking (3, 24).

Unlike BD-mercapturic acids, which represent the metabolically
inactivated dose of butadiene (19), BD-DNA adducts can be con-
sidered as mechanism-based biomarkers of exposure to BD. They
can serve as useful indicators of a biologically relevant dose since
they reflect the formation of reactive intermediates available for
binding to DNA and other biomolecules (37, 38). EB reacts with
the N7 position of guanine to form N7-(2-hydroxy-3-buten-1-yl)
guanine (EB-GI) and N-7-(1-hydroxy-3-buten-2-yl)guanine (EB-GII)
adducts (39, 40). The formation of EB-GII is illustrated in Figure 1.
BD-DNA adducts such as EB-GI and EB-GII represent the biologic-
ally relevant carcinogen dose which is available for binding to DNA.
DNA-DNA cross-links such as 1,4-bis-(guan-7-yl)-2,3-butanediol
(bis-N7G-BD)  and  1-(guan-7-yl)-4-(aden-1-yl)-2,3-butanediol
(N7G-N1A-BD) and stable adducts such as 1,N°-(2-hydroxy-3-
hydroxymethylpropan-1,3-diyl)-2’-deoxyadenosine are thought to
be responsible for the carcinogenicity of BD, as they can lead to
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Figure 1. Formation of EB-GII adducts from 1,3-butadiene.
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DNA polymerase errors during replication (41, 42). In contrast, the
highly abundant N7-(2-hydroxy-3-buten-1-yl)guanine (EB-GI) and
N-7-(1-hydroxy-3-buten-2-yl)guanine (EB-GII) adducts are not ex-
pected to be mutagenic, but can be used as biomarkers of risk associ-
ated with BD exposure (39, 43-45). These adducts are hydrolytically
labile and are excreted in urine, and have been previously detected in
current smokers belonging to several ethnic groups (45).

Many large-scale epidemiological studies in smokers, for prac-
tical reasons, utilise a single urine sample from each individual. It is
therefore important to characterise any variability in urinary EB-GII
levels in the same smoker over time. We have previously developed a
nanoLC-isotope dilution accurate mass spectrometry-based method
for EB-GII in human urine (45). In the present study, we quantified
EB-GII in 19 smokers who provided urine samples every 2 months
over the course of one year in order to evaluate the use of a single
measurement as typical butadiene adduct load in a given individual.
Furthermore, EB-GII adduct levels were quantified in urine sam-
ples from 17 subjects participating in a smoking cessation study to
examine the association of urinary EB-GII adducts with smoking
and to determine its endogenous concentrations in humans.

Experimental section

Materials

LC-MS grade water, methanol and acetonitrile were purchased
from Fisher Scientific (Pittsburgh, PA). Strata X polymeric reversed
phase SPE cartriges (30 mg/1 ml) were purchased from Phenomenex
(Torrance, CA). EB-GII and “N-EB-GII standards were prepared
as previously reported (46, 47). 96-well plates were purchased from
Analytical Sales and Services, Inc. (Ledgewood, NJ). All other chem-
icals and solvents were obtained from Sigma-Aldrich (Millwaukee,
WI; St. Louis, MO) unless otherwise specified.

Human urine samples
Urine samples for temporal stability study were obtained as described
elsewhere (4). Subjects (N = 19) were asked to collect their first void
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of the morning before each clinic visit. 60.9% were Caucasian,
31.9% African American, 1.5% Asian and 5.8% other ethnicity.
They reported smoking 24.1 = 10.5 (range 10-50) cigarettes per day.

Human urine samples for smoking cessation study were
obtained from a previously described study (3). Baseline 24 h urine
samples were collected 14 and 7 days before smoking cessation.
The urine collection started with the second void on the morning
of their visit and continued through the first void of the next day.
Twenty-four—hour urine samples were also collected on 3, 7, 28
and 56 days after smoking cessation at clinic visits on each of those
days. Seventeen (11 female) subjects participated in the study.
Sixteen subjects were Caucasian, one was African American. Their
mean age was 43.9 = 11.0 years (range: 23-58). Subjects had been
smoking an average of 17.3 = 12.3 years and smoked 21.8 = 6.7
cigarettes per day.

Urine sample processing and EB-GIl adduct
enrichment

Urine (200 pl) was centrifuged at 10 000g for 15 min to remove
any particulate matter. The supernatants were spiked with "N _-EB-
GII (5 fmol, internal standard for mass spectrometry) and subjected
to solid phase extraction (SPE) on Strata X cartridges (30 mg/1 ml;
Phenomenex). SPE 96-well plate was conditioned with 2 ml of
methanol, followed by 2 ml of Milli-Q water. Urine samples (200 pl)
were loaded onto prepared 96-well plates, and each well was washed
with 1 ml of water followed by 1 ml of 10% methanol in water.
EB-GII and its internal standard were eluted with 60% methanol in
water, dried under vacuum and reconstituted with 102 pl of 0.4%
formic acid in water containing a 2’-deoxythymidine (dT) as an
HPLC retention time marker (2.1 nmol). Offline HPLC purification
of SPE-enriched EB-GII and its internal standard was achieved on
an Agilent 1100 series HPLC system equipped with a UV detector
and an automated fraction collector (Agilent Technologies, Santa
Clara, CA). A Zorbax Eclipse XDB-C18 column (4.6 mm x 150 mm,
5 pm; Agilent Technologies, Santa Clara, CA) was eluted at a flow
rate of 1 ml/min with a gradient of 0.4% formic acid in Milli-Q
water (A) and HPLC-grade acetonitrile (B). Solvent composition
was maintained at 0% B for 5 min and then linearly increased to
3% B in 15 min and further to 40% B in 5 min. Solvent compos-
ition was returned to 0% acetonitrile in 5 min and held at 0% for
15 min for column equilibration. UV absorbance was monitored at
254 nm. dT was used as a retention time marker. Under these con-
ditions, dT eluted at ~17.4 min, and the retention time of EB-GII
was ~15.6 min. HPLC fractions containing EB-GII and its internal
standard (14.1-16.1 min) were collected into 2 ml 96-well plates
(Analytical Sales and Services, Inc., Ledgewood, NJ), concentrated
under vacuum, and redissolved in LC/MS grade water containing
0.01% acetic acid (30 pl) for nanoHPLC/nanoESI*-HRMS? analysis.
The injection volume was 5 pl. HPLC blanks were injected in the
beginning of each sequence and after every 20 runs to detect any
analyte carryover.

NanoLC/ESI*-HRMS? analysis of urinary EB-GlII

All nanoLC/ ESI*-HRMS® analyses were conducted on a Dionex
UltiMate 3000 RSLCnano HPLC system (Thermo Fisher Scientific
Corp., Waltham, MA) fitted with a 5 pul injection loop and interfaced to
an LTQ Orbitrap Velos instrument equipped with a nanospray source
(Thermo Fisher Scientific Corp.) using a method previously reported by
our laboratory (45). Gradient elution was achieved using LC/MS-grade
water containing 0.01% acetic acid (A) and LC/MS-grade aceto-
nitrile containing 0.02% acetic acid (B). Samples were loaded onto a

nanoLC column (0.075 mm x 200 mm) manually packed with Synergi
Hydro-RP 80 A (4 um) chromatographic packing (Phenomenex). The
initial flow rate was maintained at 1 pl/min (with 2% B) for 5 min,
followed by flow rate decrease to 300 nl/min solvent composition at
2% B for 1 min. The percentage of solvent B was linearly increased to
25% B for 9 min and further to 50% B in 10 min at a flow rate of 300
nl/min. The flow rate was increased to 1 pl/min, and solvent B was re-
turned to 2% in 1 min, followed by 5 min column equilibration. Under
these conditions, EB-GII eluted as a sharp peak at 13 min. Tandem
mass spectrometry analysis was performed by fragmenting [M + H]*
ions of EB-GII (m/z 222.1) via collision induced dissociation (CID) in
the linear ion trap portion of the instrument using the collision energy
(CE) of 25 and an isolation width (IW) of 1.0 amu. MS/MS fragment
ions at m/z 152.1 [Gua + HJ* were subjected to further fragmentation
in the high collision dissociation (HCD) cell of the instrument using
nitrogen as a collision gas (CE = 75 units, IW = 1.0 amu). The re-
sulting MS® fragment ions at m2/z 135.0301 ([Gua - NH,]*) and m/z
153.0411 ([Gua - NH, + H,0]*) were detected in the mass range of
m/z 50-270 using the Orbitrap mass analyzer (HRMS) at a mass reso-
lution of 25 000. The N labeled internal standard (["*N,]-EB-GII)
was detected using an analogous MS? scan event consisting of frag-
mentation of 7/z 227.1 (IM + HJ*) to m/z 157.1 ([*N,-Gua + H]*) and
further to /2 139.0183 ([N -Gua - NH,]) and /2 157.0283 ([N -
Gua - NH, + H,OJ"). Neutral gain of water has been previously shown
to occur in the MS collision cell due to the presence of residual water
(48). Extracted ion chromatograms corresponding to the sum of m/z
135.0301 ([Gua - NH,]*) and m/z 153.0411 ([Gua - NH, + H,0J*)
were used for quantitation of EB-GII, whereas fragment ions at m/z
139.0183 ([N -Gua - NH,J) and m/z 157.0283 ([*N-Gua ~ NH,
+ H,0]") at 5 ppm were used for quantitation of [N ]-EB-GIIL. A full
scan event was also performed over the mass range of m/z 100-500
at a resolution of 15 000 to monitor for any co-eluting matrix com-
ponents. EB-GII amounts were determined by comparing the areas
of the nanoLC/ESI*-HRMS? peaks corresponding to the analyte and
its internal standard using standard curves generated by analysing
known analyte amounts. The final EB-GII urine concentrations were
normalised to urinary creatinine levels (determined separately, data not
shown) to account for interindividual variability in urine flow rate and
dilution.

Quality control

Internal QC samples (pooled smoker urine) were included after
every 10 samples onto 96-well plates. Statistical analyses were con-
ducted to determine coefficient of variation, and data from plates
exhibiting variation >20% were discarded.

Statistical analyses

For the cessation study, a paired #-test was used to compare the ini-
tial change from baseline to Day 3. 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.

For the stability study, EB-GII measurements for each subject
were plotted against time to examine the data for variability over
time. Means, medians, standard deviations and coefficients of vari-
ation (CV) were computed for each time point across individuals,
CV were computed for each individual over time. To examine the
reliability of individual measurements of EB-GII over time, we esti-
mated the intraclass correlation coefficient (p1) for the logarithm of
the measurements, where o2, is the within-subject variance and o7 is
the between-subject variance:
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It is estimated by
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where MS, = mean-square between subjects, MS = mean-square
within subjects and k = number of measurements per subject.

Results

High throughput 96-well plate method development
and validation

Our previous nanoLC-ESI-MS/MS methodology (45) had a relatively
low throughput (<20 samples at a time) due to the use of traditional
solid phase extraction as the first step in sample processing. Since the
current study includes a large number of samples, we have developed
a high throughput 96 well SPE (Strata™-X 33 pm polymeric reversed
phase, 30 mg/well, 96-well plates) methodology using True-taper
96-well, 2 ml Polypropylene Square Tapered 100 pl Tear-Bottom
plate. This new method is illustrated in Figure 2.

For initial method validation, 200 pl aliquots of water, synthetic
urine, or pooled nonsmoker urine (in triplicate) were spiked with
5 fmol of EB-GII and 5 fmol of “N-EB-GII (isotopically labeled
internal standard) either before or after performing SPE. These

~

Urine Processing

HO \

Centrifuge 200 pL urine
\_ Add ISTD for quantification )

4 LCMS Analysis R

EB-GII

"N,-EB-GII
- J

samples were then dried, HPLC purified and analysed by nanoLC-
ESI-MS/MS on a Thermo LTQ Quantiva to determine the analyte
recovery. SPE recovery was determined by comparing the observed
and theoretical *N,-EB-GIL:EB-GII peak area ratios. The analyte re-
covery from 96 well SPE plates was determined to be 83% in water
and 75% in synthetic urine.

Method standard curves were constructed by analysing aqueous
solutions containing “N-EB-GII (5 fmol) and EB-GII (0.5-
10.0 fmol) in triplicate. Method validation curves were constructed
by analysing synthetic urine spiked with "N_-EB-GII (5 fmol) and
EB-GII (0.5-7.5 fmol) in triplicate, followed by the sample prep-
aration steps described above. The observed EB-GII values were
plotted against the actual values. Standard curves in water produced
linear curves (y = 0.859x, R* = 0.997) (Figure 3). A linear correlation
was also observed between the actual and observed EB-GII amounts
in the synthetic urine matrix (y = 0.8791x, R* = 0.9968) (Figure
4). A representative nanoLC/ESI'HRMS? chromatogram of EB-GII
quantitation in a smoker sample is shown in Figure 5.

Accuracy ranging 90-110% was observed with internal QC
samples analysed in the cessation sample batch. The coefficient
of variation among internal QC samples analysed in the stability
batch was 7.3%.

Determination of urinary EB-GII biomarker stability
and intra-individual variation

To evaluate temporal biomarker stability, sensitive and specific
isotope dilution nanoLC/ESI*-HRMS? methodology was utilised
to quantify EB-GII concentrations in urine of 19 smokers over
time. Urine was sampled bimonthly over a period of a year for

Solid Phase Extraction
Urine

Wasy wute

Impurities EB-GII

Strata X polymeric C18 96-well plate SPE

/

4 Offline HPLC R

i

Collection of fractions containing EB-GII

J

Figure 2. Sample preparation procedure for high-throughput nanoLC/ESI*-HRMS? analysis of EB-GIl in urine.
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Figure 3. NanoLC/ESI*HRMS® method validation: correlation between the
added and observed amounts of EB-GII spiked into 30 ul water.
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Figure 4. NanoLC/ESI*HRMS® method validation: correlation between the
spiked and observed amounts of EB-GII spiked into 200 pl of synthetic urine.
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each smoker. The median, mean, SD, 95% confidence levels and
range of EB-GII levels at each time point in the study are given
in Table 1. Overall, urinary EB-GII concentrations ranged be-
tween 0.02 and 7.08 pg/mg creatinine among individuals and
time points across the study. This illustrates the typical range
of values for urinary EB-GII (45), as well as the inter-individual
variation in urinary EB-GII levels.

The results for intra-individual variation in urinary EB-GII
levels are presented in Table 2. The coefficient of variation was
calculated and averaged for each subject’s urinary EB-GII levels
to obtain the overall mean coefficient of variation. The mean
coefficient of variation for EB-GII was 79% when normalised
to urinary creatinine levels and 82% for urinary EB-GII de-
scribed as fmol/ml urine. The intraclass correlation coefficient
for urinary EB-GII as 68% when normalised to creatinine and
59% if expressed as fmol/ml urine.

Association of EB-GII with smoking status

To examine the association of urinary EB-GII adducts with
smoking, they were quantified in urine samples from seven-
teen subjects participating in a smoking cessation study at the
University of Minnesota (3). These subjects had been smoking
12.3 years and smoked 21.8 + 6.7 cig-
arettes per day. Urinary metabolites of butadiene were quantified

for an average of 17.3 =

in samples before smoking cessation and 3, 7, 28 and 56 days
after smoking cessation using the nanoLC/ESI*-HRMS? method-
ology described above. Abstinence from smoking was confirmed
by total NNAL analyses (3).

Smoking cessation data are summarised in Figure 6. Baseline
urinary EB-GII adduct load in smokers was 1.63 = 0.64 pg/ml urine.
Following smoking cessation, urinary EB-GII levels rapidly dropped
to 1.073 = 0.558 pg/ml at day 3. This change was statistically signifi-
cant. (P = 0.006). After the initial decline at 3 days. Further decrease
on Days 7,28, and 56 was not statistically significant.

15.41

45001 15
40004 ~Ns-EB-GII
35004

227.1 = 157.1 = 139.0183, 157.0288
3000+

2500- /~_;§
2000+ HO

1500 zN
1000~ N
5004

Intensity

P 139.0180
| A

156.42

1
14 16 18 20 22 24 26

Time (min)

Figure 5. Representative nanoLC/ESI*HRMS?® detection of EB-GII in urine of a smoker. Top and bottom panels show extracted ion chromatogram MS? spectra

from EB-GIl and "*N.-EB-GII (internal standard), respectively.
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Table 1. Urinary EB-GII levels (pg/mg creatinine) over the course of the study

Sampling month N Median Mean SD 95% LCL 95% UCL Minimum Maximum
0 18 0.19 0.64 1.33 -0.02 1.3 0.03 5.67
2 19 0.21 0.81 1.73 -0.03 1.64 0.06 7.08
4 17 0.19 0.37 0.59 0.07 0.68 0.02 2.52
6 15 0.19 0.3 0.32 0.12 0.47 0.06 1.37
8 13 0.37 0.63 0.97 0.05 1.22 0.09 3.62
10 13 0.43 0.9 1.36 0.08 1.73 0.05 4.86
12 11 0.57 1.25 1.83 0.02 2.47 0.02 6.19

Table 2. Average coefficient of variation (CV) within subjects and within- and between-subject variance and intraclass correlation coeffi-

cient for log-transformed urinary EB-GII

Urinary EB-GII in log scale N Average CV within

subjects (CV x 100%) (%)

Intraclass correl-
ation coefficient (%)

Within sub-
ject variance

Between sub-
ject variance

In(fmol/ml) 19 82 0.6834 0.4818 59
In(pg/mg creatinine) 19 79 0.9482 0.4555 68
39 Unlike urinary mercapturic acids, which represent metabolically

[ -

TT

1 =

EB-GIl pg/mL urine

11

T T T T

T
Baseline 3 7 28 56
Days past smoking cessation

Figure 6. Urinary EB-GII levels (pg/ml urine) in subjects participating in
a smoking cessation program. EB-GIl levels decrease significantly from
baseline to Day 3. Further decreases are not statistically significant.

Discussion

Smokers are exposed to a wide range of toxins and carcinogens in
cigarette smoke. Exposure to tobacco smoke results in an increased
risk of lung cancer development (2-5). Reliable measurements of
carcinogen-DNA adducts in smokers are vital for the understanding
of their exposure and cancer risk.

Toxicological risk assessments have identified BD as having a
relatively high cancer risk index among all chemicals present in to-
bacco smoke (7). This rating is a result of high abundance of BD
in cigarette smoke, its ability to induce malignant lung tumors in
laboratory mice at concentrations as low as 6.25 ppm and increased
cancer incidence in occupationally exposed workers (12-16).

We have previously quantified mercapturic acid metabol-
ites of BD in urine of current smokers belonging to four dif-
ferent ethnic groups from the Multiethnic Cohort (18, 19).
These studies had revealed that White smokers excreted the
highest amounts of MHBMA, followed by African American,
Native Hawaiian and Japanese smokers (18, 19). These results
are consistent with low susceptibility of Japanese individuals
to smoking-induced lung cancer, but cannot explain high lung
cancer incidence in African Americans and Native Hawaiians
(18, 19, 49, 50).

inactivated butadiene, nucleobase adducts such as N7-(2-hydroxy-
3,4-epoxybut-1-yl)guanine (EB-GII) can be used as true biomarkers
of risk associated with exposure to BD as they reflect the amount of
carcinogen bound to cellular DNA. N7-(2-hydroxy-3,4-epoxybut-
1-yl)guanine (EB-GII) adducts are formed when 3,4-epoxy-1-butene
(EB) alkylates the N7 position of guanine in DNA. EB-GII adducts
undergo spontaneous hydrolysis (depurination) under physiological
conditions, followed by excretion in urine as free base adducts. We
have developed ultra-sensitive analytical methodologies for quanti-
tation of butadiene-DNA adducts in human urine and have shown
that White smokers excrete 3-fold higher levels of EB-GII than
African Americans (45).

The main focus of the present study was to validate EB-GII as a
non-invasive biomarker of exposure to BD and to examine its asso-
ciation with smoking. To achieve this goal, our previous mass spec-
trometry method for urinary EB-GII (45) was updated to include
high-throughput sample processing utilising 96-well plate solid
phase extraction. EB-GII adducts were quantified in urine of 19
smokers over a period of a year. The intraclass correlation coefficient
quantifies the amount of total variability that is caused by variability
within subjects; the smaller the variance of measurements within
subjects relative to between subjects will have an intraclass correl-
ation coefficient closer to 100% (4). We found that the intraclass
correlation coefficient for EB-GII was greater than 50%, indicating
that EB-GII adducts are less variable within an individual than be-
tween individuals. These results for the first time validate the use of
single point measurements of urinary EB-GII as representative of an
individual’s overall EB-GII adduct load. We also found that while
EB-GII is stable when described as fmol/ml urine (intraclass correl-
ation coefficient = 59%), the variability in urinary EB-GII further
decreases upon normalisation to creatinine values (intraclass correl-
ation coefficient = 68%).

To establish their association with smoking status, urinary EB-GII
adducts were quantified in 17 smokers participating in a smoking
cessation study. A significant reduction in EB-GII levels were ob-
served as early as 3 days after smoking cessation (Figure 4). These
results indicate that smoking is a significant source of exposure to
1,3-butadiene and a significant factor in EB-GII DNA adduct forma-
tion. However, they also reveal the presence of endogenous, environ-
mental or dietary sources of EB-GII in humans. Our ongoing studies
will evaluate the contributions of these other sources to BD-DNA
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adduct formation by exploring potential dietary/endogenous sources
of THBG and EB-GII adducts following the incorporation of stable
isotope labeled butadiene-d, in animals and the incorporation of
13C-labeled cellular metabolites into human cells. These experiments
will elucidate the quantity of endogenous (unlabeled) and exogenous
(labeled) BD-DNA adducts and identify their metabolic/dietary
sources.

In summary, our results described here show that urinary EB-GII
adducts are associated with smoking and are stable in human
subjects over time, validating their use as a biomarker of cigarette
smoke-induced DNA damage. Urinary EB-GII levels can be reliably
measured from point urine samples and are associated with smoking
status. Therefore, studies measuring EB-GII levels from point urine
samples can provide reliable estimates of the associations between
urinary EB-GII with lung cancer risk. Future studies are required to
investigate the associations between EB-GII adduct levels and lung
cancer development.
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