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a  b  s  t  r  a  c  t

In  the  present  study,  we  investigated  the  influence  of diazepam  (DZP)  on  the  excretion  of  TOL  by  exam-
ining  their  urinary  metabolites,  hippuric  acid  (HA) and  ortho-cresol  (o-C). Male  Wistar  rats  were  exposed
to TOL  (20 ppm)  in  a  nose-only  exposure  chamber  (6 h/day,  5  days/week  for  6  weeks)  with  simultane-
ous  administration  of DZP  (10  mg/kg/day).  Urinary  o-C levels  were  determined  by  GC–MS,  while  HA,
creatinine  (CR),  DZP  and  its metabolite,  nordiazepam,  were  analysed  by  HPLC-DAD.  The results  of  a
eywords:
oluene
iazepam
ccupational exposure
-Cresol

Mann-Whitney  U test  showed  that  DZP  influenced  the  urinary  excretion  of  o-C  (p <  0.05).  This  pioneering
study  revealed  that  there  was  an  interaction  between  DZP  and  TOL,  probably  by  the  inhibition  of  the  CYP
isoforms  (CYP2B6,  CYP2C8,  CYP2E1,  and  CYP1A2)  involved  in  the oxidative  metabolism  of  the solvent.
This  is relevant  information  to be  considered  in  the  biomonitoring  of  occupational  toluene  exposure.

©  2016  Elsevier  B.V.  All  rights  reserved.

ippuric acid

. Introduction

Toluene (TOL) is a volatile organic solvent that is largely used
n industry and in a number of commercial products such as
etergents, dyes, paints, adhesives, glues, and pharmaceuticals.

nhalation is the main route of human exposure to TOL, although
t can be absorbed through the skin and the gastrointestinal
ract (EPA, 2005). The occupational exposure limit for TOL is
8 ppm (294.1 mg/m3) in Brazil (MTE, 2014), while the updated
hreshold limit value-time weighted average (TLV-TWA) is 20 ppm
75.4 mg/m3), as recommended by the American Conference of
overnmental Industrial Hygienists in the United States (ACGIH,
015). After inhalation, TOL readily crosses the blood-brain barrier
nd produces neurological effects comparable to those of sedative-
ypnotics such as alcohol and benzodiazepines (Win-Shwe and
ujimaki, 2010). Previous studies have suggested that TOL has anx-
olytic and anticonvulsant effects by modulating �-aminobutyric

cid (GABA) release and GABAA receptor function. It is important
o mention that GABA is the main inhibitory neurotransmitter in

∗ Corresponding author at: Isarita Martins, Laboratory of Toxicant and Drug Analy-
es, Federal University of Alfenas−MG,  Gabriel Monteiro da Silva St. 700, 37130-000,
lfenas, MG,  Brazil.
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382-6689/© 2016 Elsevier B.V. All rights reserved.
the central nervous system (Beckley and Woodward, 2011; Paez-
Martinez et al., 2013).

In the human liver, TOL is metabolized by cytochrome P450
(CYP), predominantly by CYP2E1 (followed by CYP2B6, CYP2C8,
CYP1A2, and CYP1A1) to benzyl alcohol, which is easily converted
to benzoic acid via aldehyde dehydrogenase and is excreted into
urine as hippuric acid (HA). Ortho-cresol (o-C) and para-cresol (p-C)
are formed by the catalytic action of CYP2E1, CYP1A2, and CYP2B6
as minor metabolites from TOL (EPA, 2005; Lee and Yang, 2008;
Nakajima and Wang, 1994; Nakajima et al., 1997). Biological moni-
toring of occupational exposure to this solvent is based on unaltered
urinary and blood TOL and their metabolites, HA and o-C. This
approach has been adopted in most countries. For many years, HA
has been the marker of choice. However, this metabolite is nonspe-
cific and may  arise from other sources, such as certain fruits and
foods, which contain benzoic acid. The HA excreted in urine can-
not be solely attributed to TOL exposure in concentrations below
50 ppm (Cosnier et al., 2013; Fustinoni et al., 2000).

As an alternative, urinary o-C has been adopted as a determinant
both in the biological exposure indices (BEI) and in the biologi-
cal tolerance values for occupational exposures (BAT). A value of
0.3 mg/g of creatinine (CR) for samples collected at the end of the

shift is suggested as a BEI, and a BAT of 1.5 mg/L for samples col-
lected at the end of the shift after long-term exposure are listed
(ACGIH, 2015; DFG, 2015). The “B” notation reported by ACGIH
indicates that o-C is usually present in a significant amount in

dx.doi.org/10.1016/j.etap.2016.10.012
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iological specimens collected from non-occupationally exposed
ubjects (ACGIH, 2015).

According to Truchon et al. (1999), o-C performs similarly to HA
s a marker at high exposure levels. In contrast, o-C appears to out-
erform HA at lower TOL concentrations (below 50 ppm). Urinary
nd blood TOL themselves are more specific to access the expo-
ures; hence, the analysis of TOL in urine is most convenient due to
ts non-invasive sampling and higher volume available (Fustinoni
t al., 2000; Netto et al., 2008). A BEI of 0.02 mg/L in blood and
.03 mg/L in urine has been adopted to monitor TOL exposure
ACGIH, 2015).

Most contemporary regulations and risk assessments regarding
oxic chemicals are still single-compound-oriented, even though
n the general environment most workers are exposed to com-
lex mixtures (Chang et al., 2005). Interactions between ethanol
nd solvents are well-known, but there have been few reports on
he interactions between solvents and drugs (Døssing et al., 1984;
rnstgård et al., 1999; Wang and Nakajima, 1991, 1992). With
he increasing consumption of therapeutic drugs in many coun-
ries, workers are often exposed to occupational chemicals and
rugs. Adequate knowledge and/or sufficient assessment of sit-
ations affecting the levels of bioindicators may  be necessary to
void incorrect interpretations of the results of biological monitor-
ng (Campbell et al., 1988; Døssing et al., 1984).

Diazepam (DZP) has been used in a wide spectrum of disor-
ers due to its anticonvulsant, anxiolytic, sedative, muscle relaxant,
nd amnestic properties. It is also routinely prescribed as the stan-
ard first-line treatment for acute convulsions and prolonged status
pilepticus (Alldredge et al., 2001; Sweetman, 2009). The metabolic
athway of DZP involves a variety of CYPs, which are responsible
or their three major active metabolites: N-desmethyldiazepam or
ordiazepam (NOR), oxazepam (OX), and temazepam (TZ). DZP C3-
ydroxylation is mediated by CYP2C19, 3A4, and 3A5 and leads
o TZ, whereas N-demethylation leading to NOR is mediated by
YP2B6, 2C8, 2C9, 2C18, 2C19, 3A4, and 3A5. NOR and TZ, the
rimary metabolites of DZP, are oxidized further to OX, which is
xcreted mainly in the urine, predominantly as glucuronide con-
ugates. In time, the metabolite NOR is metabolized by CYP3A4,
A5, and 2C19 via C3-hydroxylation to form OX. In contrast, TZ is
emethylated by CYP3A4, 2C19, 3A5, 2C8, 2C9, and 2B6 to create
X (Acikgöz et al., 2009; Yang et al., 1998).

Metabolic interactions may  have implications for biological
onitoring when o-C and HA are used to assess TOL uptake in

xposed workers. Thus, taking into account the high frequency of
ZP utilization in clinical practice and the large number of work-
rs who are exposed to solvents, the present study was conducted
ith rats to investigate the effects of DZP on TOL metabolism by

xamining their metabolites.

. Materials and methods

.1. Chemicals

The study was performed with the following commercially
vailable standards: toluene - 99.% Sigma-Aldrich®, Steinheim,
ermany; isopropylbenzene - 98% Sigma-Aldrich®, Steinheim,
ermany; hippuric acid - 99% Sigma-Aldrich®, Saint Louis, USA;
reatinine - >98% Sigma-Aldrich®, Saint Louis, USA; ortho-cresol-d8

 >98% Sigma-Aldrich®, Steinheim, Germany; ortho-cresol - 99.9%
igma-Aldrich®, Steinheim, Germany; nitrazepam 100 �g/mL -
9.97% Sigma-Aldrich®, Saint Louis, USA; diazepam - 100% União

uímica Farmacêutica Nacional S/A©, Pouso Alegre, Brazil; and nor-
iazepam - 100% União Química Farmacêutica Nacional S/A©, Pouso
legre, Brazil. The following analytical-grade reagents were used:
EG 400 (polyethylene glycol) - Sigma-Aldrich®, Saint Louis, USA;
and Pharmacology 48 (2016) 191–196

carbon disulfide - Sigma-Aldrich®, Saint Louis, USA; potassium
dihydrogen phosphate - Proquímica®, Rio de Janeiro, Brazil; ace-
tonitrile - Lichrosolv®, Darmstadt, Germany; sulfuric acid − Vetec®,
Rio de Janeiro, Brazil; Na2CO3 (sodium carbonate) - CAAL®, São
Paulo, Brazil; diisopropyl ether - Honeywell®, Seelze, Germany;
sodium hydrogen phosphate - Caal®, São Paulo, Brazil; n-hexane
- Honeywell®, Morristown, USA; ethanol - Química Moderna®,
Barueri, Brazil; potassium dihydrogen phosphate - Proquímica®,
Rio de Janeiro, Brazil.Ultra-pure water (18.2 M�/cm) was  obtained
from a Millipore® system.

2.2. Animals

Male Wistar rats weighing approximately 250 g were used for
the study. The animals’ room was  maintained at a temperature of
20 ± 1 ◦C and 60 ± 20% relative humidity, with a 12-h light-dark
cycle. Rat chow (Presence®, Paulínia, Brazil) and tap water were
available ad libitum,  except during exposure procedures. The rats
were divided into 4 groups (5 rats per group): control, GDZP, GTOL,
and GTOL/DZP groups.

2.3. Experimental design

The animals used in this study were handled in accordance with
the Guide for the Care and Use of Laboratory Animals adopted by the
Brazilian Association for Laboratory Animal Science (COBEA). The
protocol that was  followed was approved by the Ethics Commit-
tee for Use of Animals (27/2015) of the Faculty of Pharmaceutical
Sciences, São Paulo State University, Araraquara.

In the first group (GTOL), rats (n = 5) treated with diluent (PEG
400:saline solution - 70:30, vol/vol) were exposed to TOL (99.9%
pure) at 20 ppm (TLV-TWA) in a nose-only inhalation chamber for
6 h/day, 5 days/week for 6 weeks (Cardoso et al., 2015). For the 6-h
exposure period, the rats did not have access to food or water. In the
second group of animals (GTOL/DZP), 20 min  prior to TOL exposure
(as previously mentioned), 10 mg/kg DZP dissolved in diluent was
administered by gavage to rats (n = 5).

In the third group (GDZP), rats (n = 5) were exposed to filtered
air in a nose-only inhalation chamber (6 h/day, 5 days/week for 6
weeks). Additionally, 20 min  before TOL exposure, 10 mg/kg DZP
dissolved in diluent was  administered by gavage. A control group
with unexposed rats (n = 5) was treated with diluent and exposed
to filtered air.

2.4. Nose-only inhalation exposure

The nose-only inhalation chamber consisted of two  planes (top
and bottom) with 24 ports each, as previously described (Cardoso
et al., 2015). Before the exposures, the generation of the con-
trolled atmosphere of TOL was  validated by examining fluctuations
in TOL concentration between doors (homogeneity) and for the
6-h exposure period (stability). Air samples from the inhalation
chamber were collected using glass tubes packed with activated
charcoal Anasorb CSC 100/50 mg  (SKC®, Blandford Forum, UK).
The TOL collected was  desorbed from the activated charcoal with
carbon disulfide. Isopropylbenzene was  added as an internal stan-
dard (IS), and samples were analysed on a Perkin Elmer® Clarus
680 gas chromatograph (GC) (Massachusetts, USA) equipped with
a flame ionization detector. The TOL samples were assayed on a
30 m × 0.25 mm × 1.4 �m film thickness Elite-624 capillary column

(Perkin Elmer®). The column oven temperature was programmed
at 60 ◦C for 1 min, then increased to 110 ◦C at a rate of 20 ◦C/min.
Subsequently, the column temperature was raised to 180 ◦C at a
rate of 10 ◦C/min, then maintained at 180 ◦C for 1 min. The injector
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emperature and detector temperature were maintained at 180 ◦C
nd 200 ◦C, respectively.

.5. Sample collection

Following the conclusion of the final inhalation exposure, the
nimals were placed in individual metabolic cages with free access
o food and water from 4:00 pm to 8:00 am the following day. For
his 16-h period, urine samples were obtained in collection tubes.
he samples were frozen immediately after collection and stored
t -70 ◦C. To account for variability in urine volume, metabolite
oncentrations were expressed relative to CR concentration.

Animals were sacrificed by decapitation 16 h after the last
xposure (steady state), and the whole blood was collected in hep-
rinized tubes. Blood samples were centrifuged, and the plasma
as separated and immediately frozen at - 70 ◦C until the analysis.

.6. HA and CR analysis

HA and CR concentrations were determined as previously
escribed (Antunes et al., 2008). Briefly, the urine and stan-
ard samples were first diluted with ultrapure water (1:10,
ol/vol). Then, each sample was centrifuged (715 g) for 10 min.
n aliquot of 400 �L from the supernatant was transferred to

 high-performance liquid chromatography (HPLC) autosampler
ial, and 20 �L were injected into the chromatographic system.
n HPLC Shimadzu® was coupled to the UV–vis detector set at
25 nm.  Chromatographic separations were performed at a flow
ate of 1 mL/min on a CLC-ODS (M)  column (150 mm × 4.6 mm,

 �m)  (Shimadzu®, Kyoto, Japan). The mobile phase was a mix-
ure of potassium dihydrogen phosphate buffer (50 mmol/L, pH 2.3)
nd acetonitrile (85:15, vol/vol), which was filtered and sonicated
efore use. The column oven temperature was 30 ◦C. Total run time
as 8 min. Standard curves were constructed using rat urine spiked
ith HA and CR to provide a final concentration for each analyte of

50–5000 mg/L of urine. The recoveries of both metabolites were
n the range of 101–106%, regardless of HA and CR concentration.
he relative standard deviation (RSD%) and relative error (E%) for
ntra- and inter-assay precision and accuracy, respectively, were
ess than 15%.

.7. o-C analysis

The concentration of o-C in the rat urine were measured accord-
ng to Cosnier et al. (2013), with slight modifications. Briefly, 50 �L
f sulfuric acid (95%) were added to a 0.6 mL  aliquot of urine to
ydrolyse the cresol conjugates. After it was shaken, the mixture
as heated at 95 ◦C for 2 h and allowed to cool to room temperature.

xcess acidity was neutralized with 1 mL  of Na2CO3 (100 g/L), then
0 �L of a 6-mg/L aqueous solution of ortho-cresol-d8 (o-Cd8, > 98%)
ere added as internal standard (IS). Additionally, the analytes
ere extracted with 500 �L of diisopropyl ether. The mixture was

haken for 15 s. After separation of the two layers by centrifuga-
ion at 715g for 10 min, approximately 300 �L of the upper organic
ayer were collected and analysed. Gas chromatographic-mass
pectrometric (GC–MS) analysis was performed using a GC–MS QP-
010 from the Shimadzu Corporation® (Kyoto, Japan) equipped
ith a ZB-Wax (30 m × 0.25 mm × 0.25 �m film thickness) capil-

ary column (Phenomenex®, Torrance, California, USA) in electronic
mpact mode (70 eV). Pure helium (99.999%) with a column flow of
.0 mL/min was used as the carrier gas. An aliquot of 1 �L from
he standard sample was injected in the splitless mode and ana-

ysed under the following conditions. The oven temperature was
rogrammed at 140 ◦C (8 min), then increased to 225 ◦C at a rate of
5 ◦C/min (maintained for 2.5 min) before finally being increased
o 250 ◦C at 25 ◦C/min (maintained for 1 min). The total run time
and Pharmacology 48 (2016) 191–196 193

was 15.9 min. The injector, interface, and ion source temperatures
were 250 ◦C, 250 ◦C, and 178 ◦C, respectively. The quantitative anal-
yses were completed in selected ion monitoring mode (SIM) with
an event time of 0.1 s for each analyte.

Ion mass-to-charge (m/z) ratios 108 and 115 were used to quan-
tify o-C and o-Cd8, respectively. Ions at m/z  108, 107, and 77 were
employed to confirm the identification of o-C. A standard curve was
constructed using rat urine spiked with o-C to yield a final concen-
tration of 0.06-2.4 mg/L of urine. Quantification was  based on the
ratio of the chromatographic peak area of the analyte to the relative
internal standard. Recovery was in the range of 70%-86%, regard-
less of o-C concentration. The RSD% and E% for intra- and inter-assay
precision and accuracy, respectively, were less than 15%.

2.8. DZP analysis

DZP and NOR concentrations were determined as previously
described (Freire et al., 2005). Aliquots of 500 �L rat plasma were
added to 10 �L of the IS (100 �g/mL nitrazepam) and 2 mL  of
sodium hydrogen phosphate pH 9.0, then extracted with 5 mL  n-
hexane: ethanol (90:10, vol/vol) for 3 min  in a vortex mixer. After
centrifugation at 715g for 10 min, the organic phases were collected
and evaporated to dryness (60 ◦C under nitrogen flow). Further-
more, the residues were dissolved in 400 �L of the mobile phase
and injected into the chromatographic system. A HPLC Shimadzu®

was coupled to the UV–vis detector, which was set at 228 nm.
Chromatographic separations were achieved at a flow rate

of 1.5 mL/min on a CLC-ODS (M)  column (150 mm  × 4.6 mm,
5 �m)  (Shimadzu®, Kyoto, Japan) and a guard column C18
(4.0 mm × 4.6 mm,  5 �m).  The mobile phase was a mixture of
potassium dihydrogen phosphate buffer 10 mmol/L, pH 3.5 and
acetonitrile (69:31, vol/vol), which was filtered and sonicated
before use. The column oven temperature was 35 ◦C. Total run time
was 25 min. Standard curves were constructed using drug-free rat
plasma spiked with DZP and NOR to provide a final concentration
for each analyte of 50–1200 �g/L of plasma.

Quantification was based on the ratio of the chromatographic
peak area of the analytes to the relative internal standard. The
recoveries of both analytes were in the range of 76–93%, regard-
less of DZP and NOR concentration. The RSD% and E% for intra-
and inter-assay precision and accuracy, respectively, were less than
15%.

2.9. Statistical analysis

All statistical analyses were conducted using Prism soft-
ware (version 5.03 for Windows, GraphPad Software, Inc., San
Diego, California, USA). The results are reported as medians,
means ± standard errors (SEs) and 95% confidence intervals (95%
CIs). Statistical comparisons of the experimental groups were
performed using the nonparametric Mann-Whitney U test. The
homogeneity of the TOL exposure atmosphere in the inhalation
chamber was verified via comparisons of their concentrations
between the top and bottom planes using Student’s unpaired t-test.
A difference was considered to be statistically significant when the
p-value was  < 0.05.

3. Results

3.1. Exposure atmospheres
The mean chamber concentrations for each sample collected in
the inhalation chamber are provided in Table 1. The TOL concen-
trations in the inhalation chamber atmospheres were within 7%
of the desired concentration for all treatment groups. The stabil-
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Table 1
Results of the homogeneity and stability tests of the TOL exposure atmosphere in the nose-only inhalation chamber.

Nose port position 1st hour 3rd hour 6th hour

Top Bottom Top Bottom Top Bottom

Sample 1 (mg/m3) 77.0 76.0 77.8 82.0 74.2 77.7
Sample 2 (mg/m3) 74.6 69.7 81.6 79.8 85.5 81.7
Mean  (mg/m3) 74.3 80.3 79.8
RSD%  4.4 2.4 6.2
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a Accuracy = [(Experimental average concentration/TLV-TWA) x 100] − 100.

ty and homogeneity of the two planes in the inhalation chamber
tmosphere were maintained throughout the 6-h exposure period.

.2. HA and CR analysis

The CR-corrected values of urinary HA are presented in Table 2.
he mean level for the control group was equal to 0.21 ± 0.02 g/g CR.
o statistically significant difference between the exposed (GTOL
nd GTOL/DZP) and control groups was observed for rats exposed
o 20 ppm TOL.

.3. o-C analysis

Table 2 shows the CR-corrected values of urinary o-C. A back-
round level equal to 0.05 ± 0.01 mg/g CR was found in both groups
f non-exposed rats (control and GDZP groups). The mean o-C
oncentration excreted in urine in the GTOL group after exposure
o 20 ppm TOL (TLV-TWA) was approximately 0.19 ± 0.03 mg/g
R. Urinary o-C concentration was significantly reduced in the
TOL/DZP group (0.11 ± 0.01 mg/g CR) when compared to the GTOL
roup.

.4. DZP analysis

The plasma concentrations of DZP and NOR are presented
n Table 2. The plasma concentration of DZP was  smaller than
he expected value. The DZP + NOR mean levels for the GDZP
nd GTOL/DZP groups were equal to 165.5 ± 10.80 �g/L and
40.5 ± 11.5 �g/L, respectively. No statistically significant dif-
erence was observed when the aforementioned groups were
ompared.

. Discussion

Toxic effects arising from exposure to solvents and such effects
n drug metabolism have been described in the literature (Cardoso
t al., 2015; Mateus et al., 2008). However, studies on the pos-
ible influences of drugs on the solvents’ metabolism are scarce.
ecreased toxicity (antagonism) or increased toxicity (synergism)
re expected and can result from pharmacokinetic and/or phar-
acodynamic interactions (Chang et al., 2005). The present study

eports for the first time the influence of DZP on urinary o-C
xcretion when rats were exposed up to 20 ppm TOL (6 h/day,

 days/week for 6 weeks) concomitantly with the drug.
In light of the obtained results, it can be concluded that the nose-

nly inhalation chamber was adequate to maintain homogeneity
nd stability in TOL concentration for the entire experiment. In
ddition to preventing the absorption of solvents by oral and der-
al  routes, the use of less solvent and better control over the

nhalation atmosphere resulted in greater uniformity (Cardoso

t al., 2015; Dorato, 1990).

The dose of DZP in our study represented a dose of 0.2 mg/kg
n humans, which is comparable to the dose used in status epilep-
icus (0.2–0.3 mg/kg) (Walker et al., 1998). In a study conducted
7.1 6.5

by Silvério et al. (2008), a mean plasma DZP concentration of
249.5 ng/mL was  reported in patients who ingested 10 mg/day
(≈0.2 mg/kg) in long-term treatment. The DZP and NOR  plasma
levels obtained were somewhat lower than those in humans, pos-
sibly due to interspecies pharmacokinetic variability. However, the
diazepam and nordiazepam levels in rat plasma were measured to
confirm the intake and absorption of the drug as part of therapeutic
drug monitoring.

Based on the urinary HA levels of all studied groups, it was not
possible to state that DZP affects HA excretion. It is well-known
that HA levels can be found in individuals who were not exposed
to TOL in the range of g/g CR. In a study conducted by Cosnier et al.
(2013), there was no significant elevation in HA level in rats after
exposure at lower TOL concentrations (below 20 ppm). Thus, due
to its non-specificity (as it may  arise from other sources) and lack of
sensibility at low exposure levels, this bioindicator is not trustable
when exposure levels are below 30–50 ppm (Fustinoni et al., 2000).

Our study showed that the values of o-C concentration obtained
in the GTOL group are similar to those recommended for humans
by the ACGIH (BEI: 0.3 mg/g CR, end of shift after several shifts). In a
study conducted by Paiva et al. (2008), a urinary o-C concentration
of 0.21 mg/g CR was  found in workers exposed to solvents in auto-
motive repair shops. Indeed, TOL metabolism is similar in humans
and rats. Although a significant amount of o-C might be present in
urine of non-exposed subjects, it is not usable when they exposure
level is below 2 ppm TOL (Cosnier et al., 2013; Inoue et al., 2008).

The urinary o-C levels measured in the control and GDZP groups
were comparable with those found in humans (Ç ok et al., 2003).
However, in a comparison between the GTOL/DZP and GTOL groups,
a decrease of approximately 50% was found in urinary o-C levels
when rats were co-exposed to TOL and DZP.

It is important to mention that CYP isoenzymes play a central
role in the metabolism of drugs, environmental pollutants, and
other xenobiotics (Hasler et al., 1999). According to Nakajima et al.
(1997), in human liver microsomes, the formation of benzyl alcohol
is mediated by CYP2E1, 2B6, 2C8, and 1A2 isoenzymes. Further-
more, CYP2C8 is involved in the formation of o- and p-C. In the same
study, CYP1A2, 2B6, and 2E1 were the major isoenzymes involved
in o- and p-C formation. Our results, which suggested a decrease in
some CYP isoforms’ activity, already have been discussed by other
authors (Jiménez-Garza et al., 2012). These authors considered a
decrease in CYP2E1 activity in TOL exposure to be a health risk,
since workers are exposed to other substances that are potentially
metabolized by the same CYP isoform. In a study conducted by the
same authors, a possible alteration in CYP2E1 gene expression was
related to co-exposure to tobacco and TOL (Jiménez-Garza et al.,
2015).

Isoform CYP2E1 is in extremely low levels in the brain, how-
ever with relatively high activity, indicate that also occur toluene
biotransformation in that tissue. Some authors suggest that the

enhanced sensitivity of CYP2E1 in specific regions of the brain may
be involved with the free radical induced neurotoxicity (Ferguson
and Tyndale, 2011; Mattia et al., 1993; Yadav et al., 2006).
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Table  2
Results of the measurements of urinary HA and o-C levels as well as plasma concentrations of DZP and NOR in different treatment groups.

Controla GTOLa GTOL/DZPa GDZPa

HA (g/g CR) 0.22 0.23 0.28 0.24
0.21 ± 0.02 0.23 ± 0.01 0.25 ± 0.04 0.26 ± 0.02
(0.16 to 0.25) (0.20 to 0.26) (0.15 to 0.36) (0.21 to 0.32)

o-C  (mg/g CR) 0.05 0.22 0.11 0.05
0.05 ± 0.01 0.19 ± 0.03c 0.11 ± 0.01d 0.05 ± 0.01
(0.03 to 0.07) (0.12 to 0.26) (0.08 to 0.15) (0.03 to 0.07)

DZP  (�g/L) UDb UDb 66.07 81.93
64.14 ± 5.34 86.01 ± 10.66
(49.31 to 78.97) (56.42 to 115.6)

NOR  (�g/L) UDb UDb 68.14 85.04
73.85 ± 7.67 79. 45 ± 8.38
(52.56 to 95.15) (56.18 to 102.7)

DZP  + NOR (�g/L) UDb UDb 134.2 168.9
140.5 ± 11.5 165.5 ± 10.80
(108.5 to 172.4) (135.5 to 195.4)

a n = 5. Data are expressed as medians, means ± SE and 95% CI. Significantly different results are displayed in bold.
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i
i
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U

A
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b Undetected (UD).
c p < 0.05 vs. control group (Mann-Whitney test).
d p < 0.05 vs. GTOL group (Mann-Whitney test).

As with TOL, the metabolism of diazepam involves a variety of
YPs, but basically CYP2B6, 2C8, 2C9, 3A4, and 3A5 isoenzymes are
ble to oxidize DZP, NOR, and TZ. Primarily CYP2C and 2B6 isoforms
re related to N1-hydroxylation reactions, while CYP3A is involved
n C3-hydroxylation of DZP (Acikgöz et al., 2009; Yang et al., 1998).
ccording to Yang et al. (1998), CYP2E1 and 1A2 show weak but
easurable activity in the oxidation of NOR and TZ.
In summary, our results suggested that possible enzymatic inhi-

ition involving CYP isoenzymes (CYP2B6, CYP2C8, CYP2E1, and
YP1A2) affecting the metabolism of TOL and DZP and related to o-

 formation could be responsible for the decrease in the excretion
f this metabolite in urine and could result in a significant underes-
imation in a toluene occupational exposure assessment. Thus, this
nding is relevant information to be considered in the biomoni-
oring of occupational toluene exposure when urinary o-C is the
iological indicator adopted.

. Conclusion

In conclusion, exposure to TOL (6 h/day, 5 days/week for 6 days)
t a concentration of 20 ppm, which is equivalent to the TLV-TWA,
n rats treated with 10 mg/kg/day DZP (by gavage) showed that DZP
nfluences o-C excretion, reducing its urinary levels, probably via
nhibition of CYP isoforms (CYP2B6, CYP2C8, CYP2E1, and CYP1A2)
nvolved in the oxidative metabolism of TOL.
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