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Abstract A first gas chromatography—tandem mass spec-
trometry (GC—MS/MS) method was designed for analysis of
four tetrahydroxylated benzo[a]pyrene metabolites (benzo[a]-
pyrene-r-7,t-8,t-9,c-10-tetrahydrotetrol, benzo[a]pyrene-r-7,¢-
8,1-9,t-10-tetrahydrotetrol, benzo[a]pyrene-r-7,t-8,c-9,¢-10-
tetrahydrotetrol, and benzo[a]pyrene-r-7,¢-8,c-9,t-10-
tetrahydrotetrol) in hair. Hair powder extract was submitted
to liquid—solid extraction, followed by C,g solid-phase purifi-
cation. The analytes were derivatized with use of N-methyl-
N-(trimethylsilyl)trifluoroacetamide and then analyzed by
GC-MS/MS in negative chemical ionization mode. The cali-
bration curve was linear from the limit of quantification
(LOQ) to 20 pg/mg in hair. The coefficient of determination
of the calibration curve was more than 0.975 for all the
analytes investigated. The LOQs ranged from 0.075 to
0.2 pg/mg in hair. The method was afterward applied to the
analysis of hair of 16 rats randomly allocated to experimental
groups receiving 16 polycyclic aromatic hydrocarbons solu-
bilized in oil at 0 or 0.8 mg/kg body weight by oral adminis-
tration three times per week for 90 days. The analysis of
monohydroxylated and dihydroxylated benzo[a]pyrenes was
conducted in parallel by GC—MS/MS on the same samples.

Parts of this work were presented at the 20th Meeting of the Society of
Hair Testing, Sao Paulo, 2015.
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All tetrahydroxylated benzo[a]pyrene isomers were detected
in hair samples collected from rats exposed to polycyclic aro-
matic hydrocarbons. Benzo[a]pyrene-r-7,¢-8,¢-9,c-10-
tetrahydrotetrol, the most abundant isomer in hair of treated
rats, was also the principal isomer released in DNA adduct
hydrolysis in humans. Moreover, the benzo[a]pyrene-r-7,£-8,
t-9,c-10-tetrahydrotetrol concentrations in hair were signifi-
cantly greater than those of 2-hydroxybenzo[a]pyrene, 1-
hydroxybenzo[a]pyrene, 7-hydroxybenzo[a]pyrene, and 4-
hydroxybenzo[a]pyrene and similar to those of 9-
hydroxybenzo[a]pyrene and 3-hydroxybenzo[a]pyrene. The
method was also sufficiently sensitive to monitor environmen-
tal levels of exposure because two hair specimens in the eight
analyzed from smokers were above the LOQ for benzo[a]-
pyrene-r-7,t-8,t-9,c-10-tetrahydrotetrol and benzo[a]pyrene-
r-7,t-8,¢-9,t-10-tetrahydrotetrol. This study therefore demon-
strated that tetrahydroxylated benzo[a]pyrenes in hair might
be a useful biomarker for the assessment of both the general
population and occupationally exposed workers.

Keywords Polycyclic aromatic hydrocarbons -
Tetrahydroxylated benzo[a]pyrenes - Hair analysis - Rat
model - Gas chromatography—tandem mass spectrometry

Introduction

Since exposure to polycyclic aromatic hydrocarbons (PAHs)
is suspected to be responsible for several health issues (such as
cancer, cardiovascular diseases, and neurological disorders),
significant efforts have gone into the development of efficient
strategies for the assessment of human exposure to these ubig-
uitous pollutants. Alongside the analysis of urinary metabo-
lites and DNA adducts, which are traditional biomarkers of
PAH exposure, the possibility of detecting PAHs as well as
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their metabolites in hair has also recently been demonstrated
[1-3]. In addition to the easiness of its sampling, hair offers
wider windows of detection than most biological fluids (up to
several months depending on sample length) and therefore
provides an average value of the individual level of exposure.
Moreover, in contrast to urine, the persistence of chemicals in
hair even after exposure has stopped increases the likelihood
of positive detection, which limits the influence of sampling
time on the results. Although the risk of result misinterpreta-
tion due to possible external deposition of chemicals on the
hair surface has been pointed out [3], it has been overcome by
the development of methods focused on PAH metabolites [1,
4], which are for the most part absent from air [5] and there-
fore are only incorporated in hair through biological path-
ways. Naphthols are an exception, because they were detected
in the air in areas where coal combustion is an important
source of energy production [5—8]. In this context, a method
based on gas chromatography (GC)—-tandem mass spectrome-
try (MS/MS) was recently developed for the analysis of 52
monohydroxylated PAHs in hair [4]. The analysis of hair col-
lected from animals exposed to PAHs confirmed the incorpo-
ration of PAH metabolites in hair and demonstrated that the
method was sensitive enough to highlight low levels of expo-
sure to PAHs [4]. The separate analysis of white and black hair
collected from the same animals also demonstrated that unlike
other for chemicals [3], PAH metabolite incorporation was not
affected by pigmentation. In addition to the latter results, the
relevance of hair analysis for human biomonitoring of expo-
sure to PAHs was highlighted in preliminary work in which
exposure to PAHs was assessed simultaneously with the
smoking status of 105 individuals by the determination of 12
monohydroxylated PAHs and nicotine [9]. All the hair sam-
ples tested positive for nicotine, with an estimated median
concentration of 0.5 ng/mg for nonsmokers and 10.7 ng/mg
for smokers. In the analysis of hydroxylated PAHs in hair,
70 % of the samples tested positive. The commonest metabo-
lite was 2-naphthol (61 %), with concentrations significantly
higher in smokers than in nonsmokers (median 111 pmol/g vs
70 pmol/g, p<0.01). 2-Hydroxybenzo[c]phenanthrene and 6-
hydroxychrysene were only detected once, in a hair from a
nonsmoker. Only six samples tested positive for more than
two different metabolites [9]. To obtain even more compre-
hensive information on individuals’ global exposure, the
range of hydroxlated PAHs used as biomarkers of human ex-
posure was widened so as to include the study of
tetrahydroxylated PAH isomers in hair. Under the assumption
that these metabolites allow quantitative evaluation of
the internal dose, they appear more relevant than
monohydroxylated forms for the measurement of heavy com-
pounds (more than four aromatic rings) and supply informa-
tion about the toxicity of the parent compound linked to the
individuals’ own metabolism; they could constitute suitable
biomarkers for the assessment of human exposure to PAHs. In
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this context, recent work by Yuan et al. [10] has indeed
underlined the interest in the analysis of r-1,¢-2,3,c-4-
tetrahydroxy-1,2,3,4-tetrahydrophenanthrene (tetra-OH-Phe)
in urine as a new indicator of the internal dose of PAHs and
of metabolism. Because the urinary levels of tetra-OH-Phe
were greater than those measured for the tetrahydrotetrols de-
rived from benzo[a]pyrene (B[a]P), Zhong et al. [11] sug-
gested that tetra-OH-Phe could be a pertinent biomarker of
PAH exposure and metabolic activation through the formation
pathway of diol epoxide, which is known to be involved in
DNA adduct formation. Interest in urinary tetra-OH-Phe
has also been highlighted by correlations with urinary
tetrahydroxylated B[a]P and with an increase in lung cancer
risk in smokers [10]. The concentrations of tetrahydroxylated
B[a]Ps measured in these smokers were similar to those re-
cently evaluated for 3-OH-B[a]P in urine of smokers in anoth-
er cohort and were around 0.02 nmol per mole of creatinine
[12]. Although urinary tetrahydroxylated B[a]P has been used
for the biomonitoring of PAH exposure, no study has yet
been undertaken to measure the concentrations of these
tetrahydroxylated isomers in hair.

The present study was therefore aimed at developing a
method for the determination of tetrahydroxylated B[a]Ps in
hair as new biomarkers of long-term exposure to B[a]P. The
applicability of the method was firstly tested on hair samples
collected from rats under controlled exposure to B[a]P alone
or to a mixture of PAHs. To evaluate the suitability of analysis
of tetrahydroxylated B[«]P in hair as a biomarker of B[a]P
exposure, the concentrations of the target analytes were
compared with those obtained for monohydroxylated and
dihydroxylated B[a]Ps in the same hair samples. Finally,
the method was tested on hair collected from human
volunteers.

Material and methods
Chemicals

(¥)-Benzo[a]pyrene-r-7,t-8,¢-9,c-10-tetrahydrotetrol (B[a]P-
RTTC), (*+)-benzo[a]pyrene-r-7,-8,¢-9,¢-10-tetrahydrotetrol
(B[a]P-RTTT), (£)-benzo[a]pyrene-r-7,t-8,c-9,c-10-
tetrahydrotetrol (B[a]P-RTCC), and (+)-anti-r-7,t-8-dihy-
droxy-2-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene-Dg
[(£)anti-B[a]PDE-Dg] were obtained from MRIGlobal
(Kansas City, MO, USA). (£)-Benzo[a]pyrene-r-7,t-8,c-9,t-
10-tetrahydrotetrol (B[a]P-RTCT) was obtained from
Toronto Research Chemicals (North York, Canada). The pu-
rity of B[a]P-RTTC and B[a]P-RTTT was more than 99 %,
whereas the purity of B[a]P-RTCC and B[a]P-RTCT was
91 % and 92.3 %, respectively. The level of purity was taken
into consideration for the preparation of the standard solu-
tions. Tetrahydroxylated B[a]P standard stock solutions were
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prepared by dissolving 2 mg of each compound in 2 mL of a
60:40 acetonitrile—dimethyl sulfoxide (DMSO) solution. The
hydrolysis of anti-B[a]PDE-Dg (0.5 mg) was performed with
1 mL methanol-water—DMSO (80:5:15) as previously de-
scribed [13]. The reaction mixture at 10 mg/L was diluted
by successive tenfold dilutions in acetonitrile. This hydrolysis
allows the formation of two compounds used as internal stan-
dards: (1) B[a]P-RTTC-Dg used for the quantification of
B[a]P-RTTC and B[a]P-RTCC and (2) B[a]P-RTTT-Dg used
for the quantification of B[a]P-RTTT. The percentage of each
internal standard was determined by use of the calibration
curve of the respective standard and was estimated at 29.6 %
for B[a]P-RTTC-Dg and 70.4 % for B[a]P-RTTT-Dg All B[a]P
metabolites, including 1-OH-B[a]P, 2-OH-B[a]P, 3-OH-BJ[«]P,
4-OH-BJ[a]P, 5-OH-B[a]P, 6-OH-B[a]P, 7-OH-B[«]P, 8-OH-
B[a]P, 9-OH-B[a]P, 10-OH-B[a]P, 11-OH-B[«a]P, and 12-OH-
B[a]P, and 1-hydroxybenz[a]anthracene-'>Cs were purchased
in powder form from MRIGlobal (Kansas City, MO, USA).
Working solutions were prepared in acetonitrile by successive
tenfold dilutions at concentrations ranging from 1000 pg/L to
10 pg/L and were stored at -20 °C.

Bond Elut C;g (50 mg) and ENVI-Chrom P (100 mg) solid-
phase extraction columns were purchased from Agilent
Technologies (Diegem, Belgium) and Chromoptic
(Courtaboeuf, France), respectively. The derivatization
agents N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA; purity 96 % or greater) and N-methyl-N-tert-
butyldimethylsilyltrifluoroacetamide (MTBSTFA; purity 97 %
or greater) containing 1 % fert-butyldimethylchlorosilane were
obtained from Macherey-Nagel (Filterservice, Eupen, Belgium)
and Sigma-Aldrich (Diegem, Belgium), respectively. Sodium
dodecyl sulfate was also supplied by Sigma-Aldrich. The quality
“Dioxins, Pesti-S” was chosen for methanol, DMSO, ethyl ace-
tate, and cyclohexane, and the quality “ULC-MS” was selected
for acetonitrile and water. All solvents were supplied by
Biosolve (Dieuze, France). Ultrapure water was produced by
means of an AFS-8 system from Millipore (Brussels, Belgium).

Animal experimental designs

The development of the extraction and purification procedure
was firstly conducted with hair specimens collected from rats
exposed to B[a]P alone. The experimental design was ap-
proved by the institutional ethics committee of the
University of Lorraine in France (authorization number
B54-547-13). The latter experiment consisted in exposure
of ten rats (Wistar, males, Harlan, Gannat, France) to a high
concentration of B[a]P (daily intraperitoneal injection of
B[a]P at 10 mg/kg body weight for 28 days) plus ten control
rats which received the vehicle only.

Secondly, the applicability of the method was evaluated
with hair specimens collected from Long Evans female rats
exposed to a mixture of 16 PAHs at a level of exposure more

representative of human PAH exposure [14]. Sixteen adult
female Long Evans rats were randomly allocated to experi-
mental groups receiving a mixture of 16 PAHs solubilized in
fresh vegetable oil (Isio 4, Lesieus; Coudekerque-Branche,
France) at 0 or 0.8 mg/kg body weight by oral administration
three times per week for 90 days. This oil was a combination
of sunflower, rapeseed, and grape seed oils and had been
checked previously for the absence of contamination with
PAHs [15]. Control rats received the vehicle only. The animal
experiment protocols were approved by both the Luxembourg
Ministry of Health and the Ministry of Agriculture, and the
official agreement was received on October 2, 2012.

In both studies, rats were housed under controlled condi-
tions (22 +3 °C; relative humidity 50420 %; 12-h light—dark
cycle, light on at 7:00 p.m., food and water provided ad
libitum). They were shaved before the beginning of the exper-
iment to ensure that the hair collected at the end of the exper-
iment represented only the period of exposure. Hair was col-
lected from both exposed and control rats and stored in alu-
minum foil at -20 °C until analysis. To avoid external contam-
ination of hydroxylated PAHs in hair by urine excretion, spe-
cial bedding with high absorption capacity (7099 TEK-Fresh,
Harlan) was used and was replaced every 2 days. This bedding
is known to be nontoxic if eaten by rats and was tested to be
PAH free. All animal experimental procedures were conduct-
ed in compliance with the rules of the European Union
(Directive 2010/63/EU) and the French Government (Decree
2013-118, February 1, 2013).

Human hair collection

The subjects in this study consisted of four children (younger
than 14 years) and 12 adults (age ranging from 21 to 62 years),
including six nonsmokers and six smokers (more than ten
cigarettes per day). The volunteers or the guardians (in the
case of children) were fully informed about the procedure
and the objectives of the study and signed an informed consent
form. Before any sampling was performed, the protocol was
reviewed and approved by the National Research Ethics
Committee (CNER; agreement no. 201303/06). A strand of
hair (100 mg) was collected from each volunteer and stored in
aluminum foil at -20 °C until analysis.

GC-MS/MS analysis of monohydroxylated B[a]Ps in hair

Decontaminated hair specimens were supplemented with
20 uL of 1-hydroxybenz[a]anthracene-'*Cy (at 1 mg/mL) as
an internal standard and hydrolysis was performed with 1 mL
of 1 N NaOH overnight at 40 °C. The extraction and purifi-
cation were performed in accordance with the method de-
scribed by Grova et al. [4]. Hair extracts were reconstituted
in 50 uL of MTBSTFA. Derivatization of target analytes was
completed after 30 min at 60 °C, and 2 pL of the extract was
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injected into the GC—MS/MS system. Analyses were per-
formed with an Agilent 7890A gas chromatograph equipped
with an HP-5 ms capillary column (30 m, 0.25-mm inner
diameter, 0.25-pm film thickness) coupled to an Agilent
7000B triple quadrupole mass spectrometer operating in elec-
tron impact ionization mode and a CTC PAL autosampler. The
analytical conditions used for chromatography and MS/MS
detection were as previously described [4]. Calibration curves
were obtained with hair specimens supplemented with in-
creasing concentrations of hydroxylated B[a]P from the limit
of quantification (LOQ) to 1 ng/mg for all the hydroxylated
B[a]Ps tested. The LOQs ranged from 3 to 30 pg/mg for the
12 hydroxylated B[a]Ps.

GC-MS/MS analysis of tetrahydroxylated B[a]Ps in hair
Extraction and purification

To eliminate the dust present on the hair, a strand of hair
was washed with two successive 5-min baths of a solution
of sodium dodecyl sulfate at 5 % and of methanol at 100 %
as described by Duca et al. [16]. The sample was then dried
with absorbent paper before being pulverized for 5 min in a
mixer mill (MM200, Retsch, Aarselaar, Belgium). The de-
velopment of the extraction method for tetrahydroxylated
B[a]Ps in hair was based on the one implemented for the
analysis of B[a]P adducts in DNA isolated from white blood
cells [13]. Briefly, 50 mg of hair powder (homogenized at
approximately 10 um) was placed into a 4-mL screw-cap
glass vial supplemented with 10 pL of a solution of each
internal standard B[a]P-RTTC-Dg and B[a]P-RTTT-Dg at
0.1 mg/L. The liquid—solid extraction was performed by
addition of 2 mL of an acetonitrile-water mixture (50:50,
v/v) and stirring of the resultant mixture at 350 rpm over-
night at 40 °C. The day after, the sample was centrifuged for
10 min at 2800g. The supernatant was collected and then
evaporated under a nitrogen flow. Phosphate buffer (0.1 M)
at pH 7.1 (2 mL) was added to the dry residue. The sample
was then laid on a previously conditioned (1 mL of metha-
nol, 1 mL of water) C;g solid-phase extraction column. The
tubes were rinsed and the columns were washed successive-
ly twice with 1 mL of water. The elution of the analytes was
conducted twice with 0.5 mL of methanol. The eluate was
collected in a glass tube. The solvent was removed by evap-
oration under a nitrogen flow, and then the dry extract was
diluted in 80 uL of the same solvent, transferred to a vial
with an insert, and then evaporated again under nitrogen.
Before analysis, the extracts containing the tetrahydroxylated
B[a]Ps were derivatized by means of MSTFA, with a view
to obtaining the trimethylsilyls of tetrahydrotetrols of B[a]P,
which are analyzable by GC. The derivatization was
achieved at 60 °C for 2 h by addition of 10 pL of
MSTFA. The sample was then analyzed by GC-negative
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chemical ionization (NCI) MS/MS. The chromatograms ob-
tained for a mixture of tetrahydroxylated B[a]P standards
and their respective internal standards added to a hair matrix
are shown in Fig. 2.

Instrumentation

Analyses were performed with an Agilent 7890B gas chro-
matograph coupled to an Agilent 7000A triple quadrupole
mass spectrometer and a CTC PAL autosampler.

Gas chromatography

The GC conditions were similar to those described by Grova
et al. [13]. Briefly, the inlet was at 260 °C. Two microliters of
extract was injected in pulsed splitless mode with a pressure
of 47 psi for 1.5 min. Chromatographic separation was done
with an HP-5 ms capillary column (30 m, 0.25-mm inner
diameter, 0.25-pum film thickness). Helium was used as the
carrier gas at 1.2 mL/min. The oven temperature program was
as follows: the temperature was kept at 100 °C for 2 min,
increased to 235 °C at a rate of 40 °C/min, raised to 280 °C at
10 °C/min and maintained at this temperature for 3 min, and
finally after the temperature had been increased at 10 °C/min,
it was maintained at 300 °C for 3 min. After each run, the
temperature was set at 300 °C for an additional 4 min in
backflush mode to remove high-boiling-point compounds
through the split vent.

Mass spectrometry

The spectrometer was operated in NCI mode with multiple
reaction monitoring. The source temperature was set at
230 °C. Helium and nitrogen were used as the quench gas
in the collision cell (2.25 mL/min) and the collision-
induced-dissociation gas (1.5 mL/min), respectively.
Methane was used as the reagent gas at a flow of 40 %
(2 mL/min).

The fragmentation pattern and relative intensity in the
daughter ion spectrum of m/z 446 obtained with the NCI
source were similar to those previously described [11, 13].
The transition m/z 446 — m/z 284 (corresponding to the loss
of [HO-trimethylsilyl + trimethylsilyl]) was used as the quan-
tification transition for the analysis of tetrahydroxylated B[a]P
isomers, whereas the transitions m/z 446 — m/z 255 and m/z
446 — m/z 89 were used as confirmation transitions (MS/MS
detection parameters are given in Table S1).

Selectivity
Detection by MS/MS allows great selectivity because in addi-

tion to compound identification by the retention time, the
presence is confirmed by multiple reaction monitoring
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transitions, which are much more compound specific than
single ion monitoring transitions. Regarding the specificity
of the method presented here, in addition to the quantification
transition, two confirmation transitions were used to ensure
the presence of each target compound (Table S1). To confirm
the presence of the target compound, the ratio of the “quanti-
fication transition” to the “confirmation transition” had to be
less than 20 % different from the ratio obtained with standard
compounds. Finally, the specificity of the method is also in-
creased by use of NCI mode, allowing particularly low back-
ground noise and therefore clearly reducing the potential
interferent peaks.

Validation parameters

Peaks were identified by the retention time and quantifier and
qualifier ion peak area ratios. The transition yielding the
highest signal-to-noise ratio for each analyte was used for
quantification; the second and third transitions were used as
qualifiers. Details on the chromatography and mass spectrom-
etry parameters were provided previously [13]. Quantification
was based on the ratio of the target analyte peak area to the
peak area of internal standards.

For each analytical procedure, matrix-matched calibration
curves were obtained by supplementation of hair samples
(50 mg) free of tetrahydroxylated B[a]Ps (not detected) with
increasing concentrations of tetrahydroxylated B[a]Ps: 0,
0.075, 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 pg/mg hair. The
latter concentration range was based on the concentrations
detected in the analysis of monohydroxylated B[a]Ps in hu-
man hair and in hair of animals under controlled exposure to
Bla]P [1, 4, 9]. Six replicates were analyzed at each con-
centration. Interday variability and accuracy were deter-
mined on hair samples supplemented with all
tetrahydroxylated B[a]Ps at 0.5, 5, and 20 pg/mg hair. The
accuracy was calculated as the percentage of the relative
error from the target concentration. Interday accuracy was
determined on six replicates of each concentration.
Considering the complex composition of hair or other bio-
logical matrices [17], 25 % of the target concentration was
considered as acceptable accuracy. Similarly to accuracy and
for the same concentrations (0.5, 5, and 20 pg/mg hair),
interday repeatability was measured for six repetitions per
concentration. Repeatability was calculated as the ratio of
the standard deviation of the values considered (n=6) to
the average of the said values. Repeatability (relative stan-
dard deviation) is expressed as a percentage.

The LOQ, which corresponds to the lowest concentration
of the calibration curve, was established on the basis of the
quantification transition by use of six supplemented hair sam-
ples and determination of the accuracy and repeatability
(Table 1). Recovery was evaluated for three concentrations
(0.5, 5, and 20 pg/mg) by comparison of five samples of hair

supplemented and then treated as described in “Extraction and
purification” and five samples treated similarly but supple-
mented before the derivatization step.

Data analysis

Statistical analysis was then performed on the concentrations
detected for monohydroxylated and tetrahydroxylated B[a]Ps
in the hair of the rats exposed to B[a]P and that of controls.
Given that the data did not follow a Gaussian distribution, the
concentrations of tetrahydroxylated and monohydroxylated
B[a]Ps were analyzed by a nonparametric Kruskal-Wallis
procedure with B[a]P metabolites as an independent factor,
followed by Dunn’s procedure for post hoc comparisons.
Differences were considered significant at the level of p <0.05.

Pertaining to the choice of the extraction solvent, for which
the data followed a Gaussian distribution, both the ¢ test
(Fig. 1b) and analysis of variance (Fig. 2b) were applied by
use of the percentage of solvent as an independent factor. A
Dunnett procedure for post hoc comparison was then per-
formed by use of the condition acetonitrile—water (50:50, v/v)
as a control. The statistical analysis was performed with
SigmaPlot (Systat Software Erkrath, Germany).

Safety considerations

The general guidelines for working with organic solvents,
acids, and alkalis were duly respected. All standard com-
pounds were designated as chemical carcinogens. This does
not necessarily imply that the sample is a known carcinogen,
but merely that it is intended for use in research involving
chemical carcinogens and that it should be treated as a
carcinogen.

Results and discussion
Development and validation of the method

This study describes the first GC—-MS/MS method allowing
the quantification of tetrahydroxylated B[a]P isomers in
hair samples collected from B[a]P- or PAH-treated rats as
well as from human volunteers. The analytical sensitivity
necessary to reach environmental concentrations was ob-
tained by use of GC-MS/MS and NCl-triple quadrupole
detection. The quantity of hair used (50 mg) for the mea-
surement of tetrahydroxylated B[a]Ps was in accordance
with the methods usually used and recommended for drugs
of abuse in hair by the Society of Hair Testing [18]. To
obtain a homogeneous sample aliquot, the hair was pulverized
before extraction. Hydrolysis of the hair matrix was then eval-
uated by use of acidic (1 N HCI, overnight, at 40 °C), alkaline
(1 N NaOH, overnight, at 40 °C [4]), and enzymatic (50 units
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Table1 Tetrahydroxylated benzo[a]pyrenes (B[«]Ps) in hair determined by gas chromatography—tandem mass spectrometry: calibration results, limit
of quantification (LOQ), accuracy, precision, and recovery

Compound R’ Equation Linearrange LOQ Recovery (%) Interday accuracy (% of the target) Interday repeatability (%)
(n=5) (n=06) (n=06)
05 5 20 0.5 5 20 0.5 5 20
(pg/mg) (pg/mg) (pg/mg) (pg/mg)
B[a]P-RTCT 0.990 »p=090x 0.1-20 0.1 619 585 622 999 90.2 86.6 254 12.7 23.1
B[a]P-RTTC 0992 y=126x 0.075-20 0.075 660 64.8 705 113.5 103.3 100.9 22.7 12.6 6.3
B[a]P-RTTT 0975 y=132x 0.5-20 0.5 67.0 595 653 769 106.7 101.5 21.9 11.9 11.8
B[a]P-RTCC 0997 y=131x 0.2-20 0.2 65.1 595 648 1032 104.1 104.5 24.3 12.2 2.1

Recovery, interday accuracy and interday precision (relative standard deviation) were determined on hair samples supplemented with the four isomers of
tetrahydroxylated B[a]Ps at 0.5, 5, and 20 pg/mg.

B[a]P-RTCC (+)-benzo[a]pyrene-r-7,t-8,c-9,c-10-tetrahydrotetrol, B/a]P-RTCT (+)-benzo[a]pyrene-r-7,t-8,¢-9,t-10-tetrahydrotetrol, B/a]P-RTTC (+)-

benzo[a]pyrene-r-7,t-8,t-9,c-10-tetrahydrotetrol, B/a]JP-RTTT (+)-benzo[a]pyrene-r-7,t-8,t-9,t-10-tetrahydrotetrol
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Fig. 1 Influence of the solvent on the tetrahydroxylated benzo[a]pyrene
(B[a]P) extraction efficiency. a Comparison of two solid extractions with
a mixture of methanol and water (50:50, v/v) and a mixture of acetonitrile
(ACN) and water (50:50, v/v) conducted on a pool of hair supplemented
with tetrahydroxylated B[a]Ps at 2 pg/mg. The results are expressed as the
means of triplicates. Three asterisks p<0.001, two asterisks p<0.01, ¢
p<0.07 statistically significant difference between pairs of treatments (¢
test). b The percentage of acetonitrile added to the acetonitrile-water
mixture to allow suitable extraction. The results are expressed as the
means of quadruplicates. Given that the data follow a Gaussian
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®ACN-Water (50:50)

% %k

* %k %k

Bla]P-RTTT Bla]P-RTCC

m ACN-Water (50:50)

Bla]P-RTTT

B[a]P-RTCC
m ACN-Water (70:30)

u ACN-Water (60:40) m ACN-100%

distribution, the results were analyzed by the analysis of variance
procedure with the percentage of solvent as an independent factor,
followed by a Dunnett procedure for post hoc comparison by selection
of the condition acetonitrile—water (50:50, v/v) as a control. Three
asterisks p<0.001, two asterisks p<0.01, one asterisk p<0.05 for the
percentage of acetonitrile. B/a/P-RTCC (£)-benzo[a]pyrene-r-7,t-8,c-
9,¢-10-tetrahydrotetrol, B/aJP-RTCT (£)-benzo[a]pyrene-r-7,t-8,c-9,t-
10-tetrahydrotetrol, B/a/P-RTTC (+)-benzo[a]pyrene-r-7,t-8,t-9,c-10-
tetrahydrotetrol, B/aJP-RTTT (+)-benzo[a]pyrene-r-7,t-8,-9,t-10-
tetrahydrotetrol
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Fig. 2 Chromatograms obtained from the analysis of tetrahydroxylated
B[a]Ps in hairs of a rat supplemented with each isomer at 2 pg/mg, a hair
sample collected from a control rat, and a hair sample collected from a

of purified sulfatase and 635 units of purified glucuronidase
from Helix pomatia juice at 37 °C [19]) conditions for speci-
mens supplemented with tetrahydroxylated B[a]Ps at 2 pg/mg.
The results demonstrated that acidic and alkaline condi-
tions induce a change in the proportion of each isomer,
unlike with enzymatic hydrolysis. Although the different
hydrolysis conditions resulted in satisfactory responses
(peak area) for most of the metabolites investigated, the
results highlighted higher responses of tetrahydroxylated
B[a]Ps in enzymatic hydrolysis conditions (see Fig. S1).
A second test, with or without enzymatic hydrolysis, was
then performed on hair samples (n=35) collected from
Bla]P-treated rats (10 mg/kg body weight) to evaluate
the percentage of tetrahydroxylated B[a]Ps in conjugated
forms. The results demonstrated that 100 % of these me-
tabolites in hair were unconjugated because no difference
was found between the two conditions tested (see
Fig. S2). This hydrolysis step was therefore removed from
the method.

Bl[a]P-treated rat (10 mg/kg body weight, intraperitoneal injection five
times per week for 28 days)

The next step in the development of the method focused
on solvent extraction. Due to the hydrophilic character of
tetrahydroxylated B[a]Ps, two solid extractions with a mix-
ture of methanol and water (50:50, v/v) and mixture of
acetonitrile and water (50:50, v/v) were compared. The
highest responses (peak area) and the highest signal-to-
noise ratios were obtained for the four isomers investigated
with an acetonitrile-water mixture (Fig. 1a). The percentage
of water in the mixture was then tested; Fig. 1b shows that
a 50:50 ratio allows suitable extraction. Regarding the pu-
rification and derivatization conditions, procedures similar
to those developed for the analysis of tetrahydroxylated
Bl[a]Ps released from DNA were applied, and the details
are described by Grova et al. [13]. Since tetrahydroxylated
B[a]Ps are hydrophilic compounds, they cannot be extract-
ed in the organic layer, unlike monohydroxylated,
dihydroxylated, and trihydroxylated B[a]Ps (the recovery
determined for the four tetrahydroxylated B[a]Ps ranged
from 10.8 to 16.1 %; see Fig. S3). Moreover, the extraction
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and purification procedures (enzymatic hydrolysis, C;g pu-
rification, and MSTFA derivatization) used for their analy-
sis are incompatible with those used for the extraction and
purification of all the other metabolites of B[a]Ps investi-
gated (NaOH hydrolysis, ENVI-Chrom P purification, and
derivatization with MTBSTFA containing 1 % fert-
butyldimethylchlorosilane; see Fig. S3). The extraction
procedure envisaged for monohydroxylated metabolites in
hair was therefore not used for tetrahydroxylated analogs [4].

Fair linearity was observed along the entire calibration
curve for each target compound (R*>0.997). The validation
parameters are given in Table 1. The method allows suitable
degrees of sensitivity to be obtained for the four
tetrahydroxylated B[«a]Ps investigated because the LOQs were
between 0.075 and 0.5 pg/mg (Table 1). Regardless of the
compound and concentration tested, both interday accuracy
and interday repeatability were systematically lower than
25 % for all concentrations evaluated (0.5, 5, and 20 pg/mg
hair) (Table 1) [20]. The average recovery determined for the
three concentrations tested was 61 % for B[a]P-RTCT, 67 %
for B[a]P-RTTC, 64 % for B[a]P-RTTT, and 63 % for B[a]P-
RTCC (Table 1).

Analysis of hair samples collected from rats and human
volunteers

Hair samples from B[a]P- or PAH-treated rats

In hair analysis and on comparison of the chromatograms
obtained from the analysis of blank and supplemented hair
samples (tetrahydroxylated B[a]Ps at 2 pg/mg) and hair
specimens collected from rats exposed to B[a]P, the four
tetrahydroxylated B[«]P isomers investigated were detected
(Fig. 1). B[a]P-RTTC was the most abundant isomer in the
treated rats, followed by B[a]P-RTCT (Fig. 2; p<0.01).
B[a]P-RTTC was detected in all the rats exposed to
B[a]Ps (n=10; average concentration 7.8+3.0 pmol/g) but
in only two of the ten control ras (0.04+0.02 pmol/g). The
detection of the latter isomer in the control rats demonstrated
that this method was sufficiently sensitive to highlight environ-
mental levels of B[a]P exposure. Besides, the results obtained
from the experiment conducted on PAH-treated rats were in line
with those of the experiment relying on B[a]P exposure only
(four isomers of tetrahydroxylated B[a]P detected with a similar
tetrahydroxylated B[a]P distribution profile in hair matrix).
B[a]P-RTTC, which was the most abundant isomer in
hair, was also proved to be the principal isomer released
in DNA adduct hydrolysis in humans [13, 21]. In contrast,
the analysis of tetrahydroxylated B[a]|Ps in DNA isolated
from white blood cells of the same rats demonstrated that
B[a]P-RTCC was the most susceptible isomer released in
DNA adduct hydrolysis, followed by B[a]P-RTTC. These
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results were supported by those obtained by Islam et al.
[22], who also demonstrated that B[a]P-RTCC was the
major isomer of tetrahydroxylated B[a]P released in albu-
min hydrolysis in rats following a single intraperitoneal
injection of B[a]P at concentrations ranging from 40 to
100 mg/kg body weight.

The data obtained from the B[a]P-treated rats are linked to
the short exposure (28 days), which allows the simultaneous
detection of both monohydroxylated and tetrahydroxylated
B[a]Ps in hair. The exposure time seems to play an important
role in the incorporation of tetrahydroxylated B[a]Ps in hair
because the rats that were treated with a mixture of PAHs at
doses 12.5 times lower (10 mg/kg body weight vs 0.8 mg/kg
body weight) over a period three times longer (28 days vs
90 days) exhibited concentrations similar to those obtained
for the B[a]P-treated rats (Table 2). For instance, the median
concentration of B[¢]P-RTTC was 7 and 2.5 pmol/g in B[a]P-
and PAH-treated-rats, respectively (Table 2).

The B[a]P-RTTC concentrations in hair were significant-
ly greater than those of 2-OH-B[a]P and 1-OH-B[a]P and
similar to those of 9-OH-B[a]P and 3-OH-BJ[«]P, the latter
being classically analyzed in urine (Table 2). These results
were also confirmed by those obtained from the experiment
conducted on rats exposed to a mixture of PAHs because
the statistical analysis revealed that the concentrations of
B[a]P-RTTC were similar to those obtained for 9-OH-
B[a]P and 3-OH-B[a]P and significantly greater than those
obtained for all the other monohydroxylated and
tetrahydroxylated forms (Table 2), supporting the relevance
of B[a]P-RTTC as a biomarker for human exposure to
B[a]P. A discrepancy related to the concentrations of 4-
OH-B[«]P and 7-OH-B[«]P was nevertheless found between
the two animal experimental designs. Both metabolites were
detected in the rats treated with the mixture of PAHs and
were absent from the rats exposed to B[a]P only. As these
two metabolites were co-eluted with 3-hydroxybenzo[k]-
fluoranthene and 9-hydroxybenzo[k]fluoranthene, respec-
tively, which exhibit the same quantification and confirma-
tion transitions, the signals observed could be the result of
benzo[k]fluoranthene’s metabolites. This hypothesis has
been partially confirmed by treating two rats (0.8 mg/kg,
28 days) with benzo[k]fluoranthene and B[a]P separately
since hair samples collected from rats treated with benzo[k]-
fluoranthene were positive for 3-hydroxybenzo[k]-
fluoranthene (0.53+0.03 pmol/g of hair), whereas those ex-
posed to B[a]P did not show any signal for both metabo-
lites. Finally, the comparison of the chromatograms corre-
sponding to the control rats, PAH-mixture-treated rats
(PAHs at 0.8 mg/kg), and a hair sample supplemented with
tetrahydroxylated B[a]Ps at 2 pg/mg allowed the determina-
tion of three unknown isomers (1, 2, and 3 in Fig. 3), which
could correspond to tetrahydroxylated benzo[k]fluoranthene
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Table 2 Concentrations (pmol/g
hair) of tetrahydroxylated
polycyclic aromatic hydrocarbons
(PAHSs) in hair of rats under
controlled exposure to B[a]Ps
(10 mg/kg body weight,
intraperitoneal injection five
times per week for 28 days) and
rats under controlled exposure to
a mixture of PAHs (0.8 mg/kg
body weight, oral administration
three times per week for 90 days)

and/or tetrahydroxylated benzo[b]fluoranthene isomers. The
analysis concomitantly conducted on hair of rats exposed to

8000

7000

6000

5000

4000

3000

Abundance (area units)

2000

Concentration B[a]P-treated rats PAH-treated rats
(pmol/g of hair) (10 mg/kg body weight; 28 days) (0.8 mg/kg body weight; 90 days)
B[a]P-RTCT 1.0 (0.9 -2.0) 0.4 (0.3-0.5)
B[a]P-RTTC 7.0 (4.6 -9.8)* 252.1-2.8)*
B[a]P-RTTT 0.3 (0.3-0.8) 0.3(0.2-0.3)
B[a]P-RTCC 0.7 (0.5 -0.9) 0.3(0.2-0.3)
4-OH-B[a]P + 3-OH-B[k]F nd 0.7 (0.5 -0.8)
7-OH-B[a]P + 9-OH-BJ[k]F nd 0.3(0.3-0.4)
2-B[a]P + 1-OH-B[a]P 2.1(1.9-22) 0.8 (0.7-0.9)
9-OH-B[a]P 4532-62)* 0.3(0.3-0.3)
3-OH-B[a]P 6.0 (4.9 -6.9)* 4.5 (3.7 -4.9)*

The results are expressed as medians (n=10 and n =8 respectively) and quartiles. Given that the data do not
follow a Gaussian distribution, the concentrations of tetrahydroxylated B[a]P isomers in hair were analyzed by a
nonparametric Kruskal-Wallis procedure with metabolites as an independent factor, followed by a Dunn proce-

dure for post hoc comparisons.
B[K]F benzo[k]fluoranthene
*p <0.05 for metabolites.

each compound (1 mg/kg, oral administration, 28 days) sep-
arately clearly allowed the identification of these unknown

{1 B[a]P-RTTC-D,

B[a]P-RTTC

B[a]P-RTCT

1000

[1]

15.0

15.5

[2]

B[a]P-RTTT

Time (min)

Supplemented sample (2 pg/mg)

Internal standards

Fig. 3 Chromatograms obtained from the analysis of tetrahydroxylated
B[a]Ps in hairs of a rat supplemented with each isomer at 2 pg/mg, a hair
sample collected from a control rat, and a hair sample collected from a

| Bla]P-RTTT-D, B[a]P-RTCC
314
j\/\ s T
17.0 17.5 18.0 18.5

Rat under controlled exposure to PAHs

polycyclic aromatic hydrocarbon (PAH)-treated rat (0.8 mg/kg body
weight, oral administration three times per week for 90 days)
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Table 3 Concentrations (pmol/g

hair) of tetrahydroxylated B[a]Ps Concentration Sex Status B[a]P-RTCT B[a]P-RTTC B[a]P-RTTT B[a]P-RTCC
in hair samples collected from (pmol/g of hair) (LOQ 0.16 (LOQ 0.12 (LOQ 0.82 (LOQ 0.33
volunteers from the general pmol/g) pmol/g) pmol/g) pmol/g)
population by gas
chromatography—negative Infant 1 F ND ND 0.12 0.12
chemical ionization tandem mass Infant 2 M ND 0.04 0.13 ND
spectrometry Infant 3 M ND ND ND ND
Infant 4 M 0.1 0.07 0.07 0.08
Adult (18-50 years) 5 F Nonsmoker ~ ND ND ND ND
Adult (18-50 years) 6 F Nonsmoker ~ ND ND 0.13 0.08
Adult (18-50 years) 7 F Nonsmoker ~ ND ND ND ND
Adult (18-50 years) 8 F Nonsmoker ND ND ND ND
Adult (18-50 years) 9 F Nonsmoker ~ ND ND 0.04 ND
Adult (>60 years) 10 F Nonsmoker ~ ND 0.11 ND ND
Adult (18-50 years) 11 F Smoker ND ND ND ND
Adult (18-50 years) 12 M Smoker ND ND ND ND
Adult (18-50 years) 13 M Smoker 0.3 0.22 0.25 0.22
Adult (18-50 years) 14 M Smoker ND ND ND ND
Adult (18-50 years) 15 M Smoker ND ND ND ND
Adult (18-50 years) 16 F Smoker ND ND ND ND
Adult (>60 years) 17 M Smoker 041 ND 0.12 ND
Adult (>60 years) 18 M Smoker ND ND ND ND
Number of positives 3/18 5/18 7/18 4/18
Number > LOQ 2/18 1/18 0/18 0/18

Values in italics are greater than the LOQ.

F female, M male, ND not detected

peaks as isomers of tetrahydroxylated benzo[k]fluoranthene
(see Fig. S4).

Analysis of human hair

In an attempt to confirm the suitability of the method for the
assessment of human exposure, the method was applied to the
analysis of 16 hair samples collected from volunteers with no
self-reported occupational exposure (Table 3). Only the
smokers exhibited values above the LOQ for B[a]P-RTCT
and B[a]P-RTTC. Before an attempt is made to interpret the
findings, the difference between smokers and nonsmokers
first remains to be confirmed with a greater number of analy-
ses, the statistical power still being limited as it is by the
limited size of the human samples considered. In the evalua-
tion of the exposure of young children, although all the values
were below the LOQs, three of the four hair samples analyzed
were positive for at least two of the four isomers.

The presence of target compounds in hair was confirmed by
the ratio of the “quantification transition” to the “confirmation
transition,” which had to be less than 20 % different from the
ratio obtained with standard compounds. There was therefore
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no doubt as to the presence of the target tetrahydroxylated
B[a]Ps in hair of young children. The latter results demonstrated
that these new biomarkers might be particularly interesting for
the evaluation of exposure of young children, in whom me-
tabolism specificity may favor the formation of diol epoxide
B[a]Ps and consequently tetrahydrotetrols.

Conclusion

This study has described the development of a sensitive method
for the determination of tetrahydroxylated B[a]Ps in hair by
GC-NCI-MS/MS. We have reported a validated, highly sensi-
tive, and selective method for the determination of very low
concentrations of four tetrahydroxylated B[«]Ps in rat hair rang-
ing from 0.2 to 50 pg/mg. The application of the method de-
veloped here to samples collected from rats proved the transfer
of B[a]P metabolites in hair and supported the relevance
of these new biomarkers of exposure. Moreover, their de-
tection in hair samples collected from human volunteers
demonstrated the possibility of highlighting environmental
levels of exposure.
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