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a b s t r a c t

Occupational toxicology and clinical pharmacology integration will be useful to understand potential
exposure-drug interaction and to shape risk assessment strategies in order to improve occupational
health. The aim of the present study was to evaluate the effect of exposure to ethanol fuel on in vivo
activities of cytochrome P450 (CYP) isoenzymes CYP3A, CYP2C and CYP2D by the oral administration of
the probe drugs verapamil, ibuprofen and fluoxetine. Male Wistar rats exposed to filtered air or to
2000 ppm ethanol in a nose-only inhalation chamber during (6 h/day, 5 days/week, 6 weeks) received
single oral doses of 10 mg/kg verapamil or 25 mg/kg ibuprofen or 10 mg/kg fluoxetine. The enantiomers
of verapamil, norverapamil, ibuprofen and fluoxetine in plasma were analyzed by LC-MS/MS. The area
under the curve plasma concentration versus time extrapolated to infinity (AUC0e∞) was calculated using
the GausseLaguerre quadrature. Inhalation exposure to ethanol reduces the AUC of both verapamil
(approximately 2.7 fold) and norverapamil enantiomers (>2.5 fold), reduces the AUC0e∞ of (þ)-(S)-IBU
(approximately 2 fold) and inhibits preferentially the metabolism of (�)-(R)-FLU. In conclusion, inhala-
tion exposure of ethanol at a concentration of 2 TLV-STEL (6 h/day for 6 weeks) induces CYP3A and
CYP2C but inhibits CYP2D in rats.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Ethanol is among the chemicals of great importance for the
human occupational exposure in terms of volume produced and
the extent of its distribution. It is estimated that more than 650,000
workers are potentially exposed to ethanol mainly by inhalation
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but also by dermal route. Beyond the alcoholic beverages, the major
industrial uses of ethanol are as solvent, as disinfectant, as inter-
mediate in the synthesis of other chemicals and increasingly as
biofuel (Anses, 2013; Bevan et al., 2009). Occupational exposure
limits for ethanol are consistent around the world (Bevan et al.,
2009). The American Conference of Governmental Industrial Hy-
gienists (ACGIH) recommends a threshold limit value e short-term
exposure limit (TLV-STEL) of 1880 mg/m3 (or 1000 ppm) to protect
from respiratory, ocular irritation as well as long-term effects of
ethanol vapor exposure (ACGIH, 2011). Ethanol is classified as a
confirmed animal carcinogen with unknown relevance to humans
(A3) by ACGIH. On the other hand, alcoholic beverages are classified
as category 1 by the International Agency for Research on Cancer
(IARC) due to sufficient evidence for carcinogenicity in humans.
These different classifications are mainly based on different routes
of exposure (inhalation versus oral), frequency and extent of
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exposure. It is estimated that exposure by inhalation to 1000 ppm
for 8 h would be equivalent to the consumption of 12 g orally in 8 h
in terms of amount absorbed, which means negligible increase of
risk carcinogenesis (Bevan et al., 2009; ACGIH, 2011).

Hepatic metabolism is responsible for the elimination of
approximately 90% of ethanol, and is dependent mainly on alcohol
dehydrogenase. Catalase and the microsomal cytochrome P450
(CYP) also contribute to ethanol metabolism, but in a lesser extent.
The contribution of catalase and CYP isoforms to ethanol meta-
bolism can increase in the presence of high amounts of H2O2 and
after chronic alcohol consumption, respectively (Bruckner et al.,
2013). Studies using human liver microsomes reported that
CYP1A1, CYP1A2, CYP1B1, CYP2B6, CYP2C8, CYP2C9*1, CYP2C9*2,
CYP2C9*3, CYP2C19, CYP2D6, CYP2E1, CYP2J2, CYP3A4 and
CYP4A11 convert ethanol in acetaldehyde with apparent Km values
around 10 mM. The selective inhibition of CYP2C9, CYP2C19,
CYP2E1, CYP3A4 e CYP1A2 reduces ethanol oxidation in 8 ± 1.2%,
7.6 ± 1.6%, 11.9 ± 2.1%, 19.8 ± 1.9% and 16.3 ± 3.9%, respectively
(Hamitouche et al., 2006).

The effect of ethanol exposure through inhalation on cyto-
chrome P450 isoenzymes activity is not fully understood. In human
lymphoblastoid microsomes, 0.1e1% ethanol inhibits CYP1A1
(19e69%), CYP2B6 (25e80%), CYP2C19 (28e72%) and CYP2D6
(11e59%) (Busby et al., 1999). Ethanol at 1% inhibited phenacetin O-
deethylation (CYP1A) in rat liver microsomes by >20% (Li et al.,
2010). Ethanol increased the Km and decreased the intrinsic clear-
ance of CYP2B6-mediated bupropion hydroxylation and of CYP2C8-
mediated paclitaxel hydroxylation, in a concentration-dependent
manner in human liver microsomes (Vuppugalla et al., 2007).
Inhalation of ethanol vapors in high concentrations, enough to
produces blood ethanol levels of 1.8 g/L, for 4 weeks, induced
CYP2E1 in rats (Zerilli et al., 1995). The induction of CYP2E1 by
chronically consumers of alcoholic beverages results in accelerated
metabolism of many CYP2E1 substrates, such as paracetamol,
halothane and chlorzoxazone. Thus, decreased drug efficacy of
CYP2E1 substrates or the accumulation of its active metabolites are
usually observed in patients chronically consuming ethanol (Klotz
and Ammon, 1998).

The objective of the present study is to investigate the influence
of exposure to ethanol fuel in a nose-only inhalation chamber on
the pharmacokinetics of the verapamil, ibuprofen and fluoxetine
enantiomers as biomarkers of in vivo activity of CYP3A, CYP2C and
CYP2D, respectively, in rats. The integration of occupational toxi-
cology with clinical pharmacology will be useful to understand the
solventedrug interaction and to shape risk assessment strategies in
Fig. 1. A- Schematic upper view of exposure system. Arrows indicate sampling points for
atmosphere; 2- Inner distribution chamber; 3- exposure ports of the lower plane (dotted l
order to improve occupational health (Flack and Nylander-French,
2012).

2. Material and methods

2.1. Chemicals

Verapamil hydrochloride, norverapamil and ibuprofen were
obtained from SigmaeAldrich (St. Louis, USA). Racemic fluoxetine
was from Toronto Research Chemicals (Toronto, Canada). Acetoni-
trile, hexane, isopropanol and ethanol high-performance liquid
chromatography (HPLC) grade solvents were from Tedia Way
(Fairfield, USA); methanol HPLC grade was fromMerck (Darmstadt,
Germany) and diisopropyl ether was from Acros Organics (New
Jersey, USA). Deionized water used during experiments was ob-
tained from a Milli-Q Plus Purification system (Millipore, Belford,
MA, USA). One single batch of ethanol fuel (92.6e93.8% ethanol)
was purchased from a local gas station.

2.2. Nose-only inhalation chamber

The nose-only inhalation chamber was built in stainless steel
(Fig. 1). The inner chamber receives the experimental atmosphere
upward and distributes it radially toward the doors of exposure.
The outer chamber exhausts the air which was not inhaled by the
animals and the exhaled air. Every door of exposure is coupled to
acrylic containers for the animals to be exposed only through the
nose. The generation of the experimental atmosphere is performed
by a continuous flow device in which compressed air stream is
divided into two streams. The first is directed to a bubbler with
distilled water in order to restore the humidity while second re-
ceives a constant flow of the solvent. These two streams are then
recombined and whirled before entering the exposure chamber.
The chamber has 44 doors, and the samples to monitoring the
experimental atmosphere were collected at two diametrically
opposed doors, one for each of the two planes of the chamber (top
and bottom). The flow of ethanol fuel in the infusion pump was
adjusted in order to produce a controlled atmosphere of ethanol of
2000 ppm, which corresponds to 2-fold the TLV-STEL recom-
mended by ACGIH. Before experiments, the generation of the
controlled atmosphere of ethanol was validated by checking the
fluctuations of ethanol concentration between doors (homogenei-
ty) and over time during a cycle of 6-h exposure (stability). Air
samples were collected during initial 15 min in the first, third and
sixth hours of ethanol exposure.
concentration check. B- Sectional view by vertical plan. 1- entry of the experimental
ine); 4- exposure doors of the upper plane (solid line); 5- exhaust.
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2.3. Analysis of ethanol by gas chromatography-flame ionization
detector

Ethanol concentrations in air samples were analyzed by gas-
chromatography with flame ionization detection according to
NIOSH Method 1400, with little modification (Niosh, 1994). Briefly,
samples were collected in tubes 100 � 50 mg of active charcoal,
using sampling pumps (SKC® Inc, Eighty Four, PA, USA) and des-
orbed in carbon disulfide (Merck, Rio de Janeiro) containing n-
butanol (1 ml/ml) as internal standard. Samples were injected into a
gas chromatograph equipped with CG500 Carbowax 20 M column
with Chromossorb WHP 1.8 m (Scientific Instruments Ltd. CG), and
flame ionization detector. The temperatures of column oven,
vaporizer and detector were 120 �C (isothermal mode), 200 �C and
220 �C, respectively.

2.4. Animals

The experimental study was approved by the Ethics Committee
for the Use of Animals of the Faculdade de Ciências Farmacêuticas
de Araraquara, Universidade Estadual Paulista (Araraquara, SP,
Brazil, protocol FCF/CAr 39/2008). The animals were treated in
accordance with the Guide for the Care and Use of Laboratory
Animals adopted by the Brazilian Association for Laboratory Animal
Science. Male Wistar rats, provided by the University Central Ani-
mal House, in Botucatu, Brazil, weighting 250 ± 10 g were kept at
20 ± 1 �C, 60 ± 20% relative humidity and a 12-h lightedark cycle.
The animals had free access to rat chow and water, except 12 h
before the administration of the investigated drugs.

Animals were divided in 6 groups: three groupswere exposed to
filtered air (control groups) and three groups exposed to 2000 ppm
ethanol fuel, equivalent to 2-fold TLV-STEL in a nose-only inhala-
tion exposure chamber for 6 h/day, 5 days/week during 6 weeks.

On the last day of exposure, the animals received a single oral
administration of racemic verapamil, ibuprofen or fluoxetine con-
trol, according to the following experimental protocol. The drug
concentration in the solution administered to each animal was
adjusted in order to achieve administration equivalent to 1 ml/kg of
body weight. The maximum of three blood samples were collected
at different times from each rat (n ¼ 8, for each sampling time), by
excision of about 2 mm from the distal portion of the tail, after
localized vasodilation by heating at 42 �C. After centrifugation,
plasma samples were stored at �20 �C until analysis.

2.4.1. Verapamil treatment control group (VER control) and group
exposed to ethanol fuel þ verapamil

Before the last exposure to air (VER Control) or ethanol fuel
(VER þ EtOH), animals (n ¼ 32 per group) were fasted for 12 h and
were orally treated by gavage with 10 mg/kg racemic verapamil
dissolved in water by gavage (Mateus et al., 2007). Blood samples
were collected at times 0.33, 0.67,1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5 and 6 h
after the administration of the drug.

2.4.2. Ibuprofen control group (IBU control) and group exposed to
ethanol fuel þ ibuprofen (IBU þ EtOH)

Before the last exposure to air (IBU Control) or ethanol fuel
(IBU þ EtOH), animals (n ¼ 22 per group) were fasted for 12 h and
received orally 25 mg/kg racemic ibuprofen dissolved in poly-
ethylene glycol:saline solution (70:30 v/v) by gavage (Teng et al.,
2003; Newa et al., 2008). Blood samples were collected at 0.25,
0.5, 1, 2, 4, 6, 7 and 8 h.

2.4.3. Fluoxetine control group (FLU control) and group exposed to
ethanol fuel þ fluoxetine (EtOH þ FLU)

Before the last exposure to air (FLU Control) or ethanol fuel
(FLU þ EtOH), animals (n ¼ 22, per group) were fasted for 12 h and
received orally10 mg/kg racemic fluoxetine dissolved in poly-
ethylene glycol:saline solution (70:30, v/v) by gavage (Hui et al.,
2007; Upreti and Eddington, 2007). Blood samples were taken at
times 0.25, 0.5, 1, 2, 3, 4, 6 and 12 h.

2.5. LC-MS/MS analysis of verapamil and norverapamil
enantiomers in rat plasma

The analysis of verapamil (VER) and norverapamil (NOR) en-
antiomers in plasma was performed according to the method
validated by Mateus et al. (Mateus et al., 2007). The lower limit of
quantification was 1 ng/ml for verapamil and norverapamil enan-
tiomer, and the calibration curves showed good linearity in the
range 1e250 ng/ml for verapamil and norverapamil enantiomers.
The coefficients of variation and relative errors were less than 15%.

2.6. LC-MS/MS analysis of ibuprofen enantiomers in rat plasma

The enantioselective analysis of ibuprofen (IBU) enantiomers in
plasmawas performed according themethod recently published by
our research group (Cardoso et al., 2014). The method was linear in
the range 0.025e50 mg/ml for each ibuprofen enantiomer, and the
lower limit of quantification was 0.025 mg/ml. The coefficients of
variation and percentage of inaccuracy were less than 15%.

2.7. LC-MS/MS analysis of fluoxetine enantiomers in rat plasma

The separation of fluoxetine (FLU) enantiomers in plasma was
performed in an Astec Chirobiotic® V column (250 � 4.6 mm, 5 mm
particles) and mobile phase consisted of ethanol: 15 mM ammo-
nium acetate (85:15%, v/v), eluting at a flow rate of 1 ml/min
(Cardoso et al., 2013). Calibration curves were constructed in the
interval 0.5e500 ng of each enantiomer per mililiter of rat plasma
and the lower limit of quantificationwas 0.5 ng/ml. The coefficients
of variation and percentage of inaccuracy were less than 15%.

2.8. Pharmacokinetic and statistical analysis

The area under the curve plasma concentration versus time over
the infinite time interval (AUC0e∞) was calculated using the
GausseLaguerre quadrature. The corresponding concentrations at
times that do not coincide with the nodes of the quadrature were
estimated by polynomial interpolation (Amisaki, 2001). The
apparent total clearance (Cl/F) was calculated by the equation Cl/
F ¼ dose/AUC0e∞ (Ritschel and Kearns, 1998).

Confidence intervals at 95% level for the difference between the
AUC0e∞ and Cl/F values were built for comparisons between en-
antiomers of each racemic drug and between groups (control
versus ethanol exposed groups). The variances were estimated
considering that the sampling is sparse, that is, samples may be
collected from the same animal, but not at all sampling times
(Capela et al., 2012).

3. Results and discussion

Interindividual variability in drug efficiency and drug safety
remains a challenge in clinical pharmacology. The induction or
inhibition of enzymes involved in metabolism due to physiological
conditions, diseases, drugedrug interaction or occupational expo-
sure to chemical agents are among the main causes of variability in
drug response. The environmental or occupational exposure to
chemicals can modulate the activity of cytochrome P450 isozymes.
The enzyme induction and inhibitionmay affect the enantiomers of
a chiral drug in different proportions when enantiomers are
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metabolized by different enzymes or the same enzyme at different
rates. Although exposures to solvents are very frequent, in vivo
studies that evaluate the influence of these exposures on phar-
macokinetics are scarce (Karin, 1996; Kroemer et al., 1996; Mehvar
and Reynolds, 1996; Ingelman-Sunderberg, 2001; Hutzler and
Tracy, 2002).

The present study reports for the first time the influence of
ethanol fuel inhalation (6 h/day, five days a week for 6 weeks) on
the in vivo activities of CYP3A, CYP2C and CYP2D using verapamil,
ibuprofen and fluoxetine, respectively, as probe drugs in rats. The
level of exposure of 2000 ppm of ethanol in the air chamber, which
corresponds to 2-fold the TLV-STEL is not high enough to observe
respiratory or ocular adverse effects in rats. Long-term effects of
ethanol in animals (liver cirrhosis, impaired fertility and offspring
development) were observed only at exposure concentrations
greater than 10,000 ppm (18.8 g/m3). Ethanol concentration in the
air that causes respiratory irritation in mice is estimated to be
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concentrations between the individual chambers did not differ
significantly, neither the mean concentrations calculated for 15-
min intervals during the 6 h of the experiments (data not
shown). The advantages of nose-only exposure compared towhole-
body exposure chambers is the use of less solvent and greater
control over exposure, resulting in greater uniformity, and prevent
the absorption of vapors automotive fuel in by oral or dermal routes
(Hol€ander, 1988; Kennedy and Valentine, 1994).

Ethanol blood concentrations were not determined due to the
limited blood sampling to the available analytical capacity and this
is the main limitation of the present work. However, a physiolog-
ically based pharmacokinetic study in rats showed that steady state
concentrations equivalent to 3.7 mg/L (80 mM) in blood were
observed within the first 30 min and remained constant up to the
6 h exposure to 600 ppm ethanol by inhalation (Pastino et al., 1997).
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Table 1
Kinetic disposition of (�)-(S)-verapamil, (þ)-(R)-verapamil (�)-(S)-norverapamil
and (þ)-(R)-norverapamil in rats exposed to ethanol by inhalation and controls
(n ¼ 8, per sampling time). Data presented as means ± standard deviation.

AUC0e∞ (ng h ml�1) Cl/F (l h�1 kg�1) AUC(�)/AUC(þ)

Control
(�)-(S)-verapamil 333.95 ± 54.39 14.97 ± 2.44 3.64
(þ)-(R)-verapamil 91.84 ± 23.86 54.44 ± 14.14
Ethanol group
(�)-(S)-verapamil 122.81 ± 24.54* 40.71 ± 8.14* 3.64
(þ)-(R)-verapamil 33.77 ± 8.04* 148.05 ± 35.27*

Control
(�)-(S)-norverapamil 246.00 ± 42.64 e 2.30
(þ)-(R)-norverapamil 106.97 ± 21.78 e

Ethanol group
(�)-(S)-norverapamil 80.20 ± 16.24* e 1.85
(þ)-(R)-norverapamil 43.39 ± 7.99* e

*p < 0.05 (control vs. ethanol group).
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Thus, assuming linear pharmacokinetics, concentrations of around
6.1 mg/L (133 mM) and 12.3 mg/L (267 mM) would be observed after
exposures to 1000 and 2000 ppm ethanol in rats, respectively.
These results are consistent with blood levels of 3 ± 0.6 mg/L
ethanol observed in men after 4 h exposure to ethanol 1050 ppm
(Dumas-Campagna et al., 2014).

Verapamil (VER), a calcium channel antagonist used in the
treatment of arrhythmia, angina and hypertension, is a chiral
compound marketed as a racemic mixture of the (þ)-(R)- and
(�)-(S)-VER. In man, verapamil is essentially eliminated by N-
demethylation and N-dealkylation, with formation of norverapamil
(NOR) and D-617, respectively. CYP3A4 is primarily responsible for
N-demethylation and N-dealkylation with formation of (R)-NOR
and (S)-NOR and (R)-D-617 and (S)-D-617, although the CYP1A2
and CYP3A5 also contribute in a lesser extent (Tracy et al., 1999)
(Fig. 2).

The enantiomeric S/R ratios of verapamil and norverapamil in
VER Control group with plasma accumulation of (�)-(S)-VER and
(�)-(S)-NOR, are opposite to those observed in human studies.
Accumulation of (þ)-(R)-VER and (þ)-(R)-NOR with AUC0e∞ ratio
(R/S) of 3.8 ± 0.5 for VER and 2.7 for NOR were observed after the
administration of a single dose of 120 mg racemic verapamil to
healthy volunteers (Ho et al., 2000). The inconsistency between
human and experimental data is due to the opposite stereo-
selectivity in plasma protein binding which results in opposite
stereoselective unbound fractions in human (S > R) and rats (R > S)
for both VER and NOR (Robinson and Mehvar, 1996; Bhatti and
Foster, 1997).

Inhalation exposure to ethanol fuel reduces the AUC0e∞ and
increases the clearance of both verapamil enantiomers by approx-
imately 2.7 times compared to the control group. Plasma accu-
mulation of the eutomer (�)-(S)-VER with AUC0e∞ ratio S/R of 3.64
(AUC0e∞ 122.81 vs 33.77 ng h ml�1) was observed in the group
exposed to ethanol fuel, similar to that observed for the control
group (Fig. 3). These data suggest CYP3A induction whereas
CYP3A4 is primarily responsible for N-dealkylation, although
CYP1A2 and CYP3A5 also contribute in lesser extent (Tracy et al.,
1999, Fig. 2). Our results are in agreement with in vitro studies
using human CYP3A4 supersomes™ which showed that 1e4%
ethanol induced CYP3A4 activity about 1.5-fold (Rokitta et al.,
2013). Moreover, the AUC0e∞ of both norverapamil enantiomers
was smaller in ethanol exposed group compared to the control
Fig. 3. Change in AUC of verapamil (VER), ibuprofen (IBU) and fluoxetine (FLU) enantiomer
(6 h/day, 5 days/week) in rats. Data presented as averages.
(Table 1). It is noteworthy that norverapamil is an intermediate
metabolite, whose AUC value reflects not only its CYP3A-dependent
formation as well as the consecutive metabolism to D-620
metabolite by CYP3A4, CYP3A5 and CYP2C8, or PR-22metabolite by
CYP2C8 (Tracy et al., 1999). In vitro experiments using HepG2 cell
lines and in vivo studies in rats fed with ethanol-containing diet
showed that ethanol induced CYP3A activity and content (Feierman
et al., 2003). However, at 3%, ethanol significantly inhibited cDNA-
expressed CYP3A4 activity in human lymphoblastoid cell micro-
somes (Busby et al., 1999).

Ibuprofen (IBU) is a drug of the group of nonsteroidal anti-
inflammatory drugs marketed in racemic form (Itoh et al., 1997).
The unidirectional chiral inversion of (�)-(R)-IBU to (þ)-(S)-IBU
occurs in humans, rats and other animal species (Kaiser et al., 1976;
Knihinicki et al., 1989; Rudy et al., 1991; Sattari and Jamali, 1994).
The metabolism of ibuprofen in humans occurs in two ways, that is
CYP2C-mediated oxidation and conjugation with glucuronic acid
and (Glowka and Karazniewicz, 2007).

Rats treated with ibuprofen (IBU Control) showed AUC0e∞ S/R
ratio of 6 (Table 2), while Teng et al. (2003) and Sattari and Jamali
(1994) reported S/R ratios of 3.27 and 3.62, respectively, in ani-
mals not subjected to the same stress conditions as the ones in the
present study. The stereoselectivity might be related to the ab-
sorption rate following oral administration in rats, whereas the
s after exposure to ethanol 2000 ppm in a nose-only exposure system during 6 weeks



Table 2
Kinetic disposition of (þ)-(S)-ibuprofen and (�)-(R)-ibuprofen in rats exposed to
ethanol by inhalation, and controls (n ¼ 8, per sampling time). Data presented as
means ± standard deviation.

AUC0e∞(mg h ml�1) Cl/F (l h�1 kg�1) AUC(þ)/AUC(�)

IBU Control
(þ)-(S)-ibuprofen 140.98 ± 13.21 88.67 ± 3.32 6.00
(�)-(R)-ibuprofen 23.48 ± 4.43 532.31 ± 40.16
IBU þ EtOH
(þ)-(S)-ibuprofen 72.45 ± 10.09* 172.54 ± 9.62* 2.92
(�)-(R)-ibuprofen 24.81 ± 3.71 503.76 ± 30.13

*p < 0.05 (control vs ethanol group).

J.L. Cavalcanti Cardoso et al. / Food and Chemical Toxicology 84 (2015) 99e105104
presystemic unidirectional inversion of (�)-(R)-IBU to (þ)-(S)-IBU
can occur in the intestinal cells (Sattari and Jamali, 1994).

The AUC0e∞ and apparent total clearance observed in the con-
trol or in animals exposed ethanol fuel corroborate the unidirec-
tional inversion of (�)-(R)-IBU to (þ)-(S)-IBU (Table 2). Inhalation
exposure to ethanol fuel significantly reduced the AUC0e∞ of the
enantiomer (þ)-(S)-IBU and increased by 2-fold its apparent
clearance compared to control (Fig. 3). Considering that CYP2C9
accounts for 49e70% of (þ)-(S)-IBU total clearance but only 20e30%
of (�)-(R)-IBU total clearance (Tornio et al., 2007; Chang et al.,
2008), our findings suggest that inhalation exposure to ethanol
fuel induces CYP2C9. In agreement with the present findings, evi-
dences from clinical studies also show that the clearance of
tolbutamide and phenytoin, both CYP2C9 substrates, were signifi-
cantly increased in heavy consumers of ethanol during ethanol
withdrawal (Iber, 1977; Sandor et al., 1981; Miners and Birkett,
1998).

Fluoxetine (FLU) is a selective serotonin reuptake inhibitor
available as a racemic mixture for the treatment of depression
(Wong et al., 1985; Margolis et al., 2000). In human liver micro-
somes, CYP2D6 and CYP2C9 contribute to the formation of the N-
demethylated metabolites (�)-(R)- and (þ)-(S)-norfluoxetine (Ring
et al., 2001). Plasma accumulation (AUC0e∞ 650.91 vs
386.48 ng h ml�1) and lower apparent clearance (7.68 vs
12.93 L h�1 kg�1) were observed for (þ)-(S)-FLU compared to the
(�)-(R)-FLU in the FLU control group (Table 3). The plasma accu-
mulation favoring (þ)-(S)-FLU is in agreement with the study re-
ported by Guo et al. (2002), although in the present study the
animals were subjected to a stress condition by repeated restraint
(6 h/day) for six weeks. The exposure to ethanol fuel did not alter
the enantioselectivity of fluoxetine kinetic disposition maintaining
the faster elimination of (R)-isomer than the (S)-isomer (Table 3).
However, ethanol fuel inhalation preferentially inhibits the meta-
bolism of the enantiomer (�)-(R)-FLU, probably due to CYP2D in-
hibition (Fig. 3). The intrinsic clearance for (R)-FLU and (S)-FLU are
greater for CYP2D6, with secondary contributions of CYP2C9,
CYP3A4 and CYP2C19 (Margolis et al., 2000). The clearance values
of (�)-(R)-FLU and (þ)-(S)-FLU differ among CYP2D6 extensive
Table 3
Kinetic disposition of (þ)-(S)-fluoxetine and (�)-(R)-fluoxetine in rats exposed to
ethanol by inhalation and controls (n ¼ 8, per sampling time). Data presented as
means ± standard deviation.

AUC0e∞(ng h ml�1) Cl/F (l h�1 kg�1) AUC(þ)/AUC(�)

FLU Control
(þ)-(S)-fluoxetine 650.91 ± 182.54 7.68 ± 4.64 1.68
(�)-(R)-fluoxetine 386.48 ± 130.90 12.94 ± 4.38
FLU þ EtOH
(þ)-(S)- fluoxetine 766.05 ± 103.38 6.52 ± 0.78 1.38
(�)-(R)- fluoxetine 555.09 ± 86.22* 9.01 ± 1.40*

*p < 0.05 (control vs ethanol group).
metabolizers (36 and 40 L/h) and poor metabolizers (3 and 17 L/h)
(Fjordside et al., 1999). Thus, (�)-(R)-fluoxetine clearance is
reduced to a greater extent than the corresponding (þ)-(S)-FLU in
poor metabolizers CYP2D6. In other words, the clearance of the
enantiomer (�)-(R)-FLU appears to rely almost exclusively on
CYP2D. Ethanol at 1% inhibited the CYP2D activity (dextrome-
thorphan O-demethylation) by nearly 36% in rat liver microsomes
(Li et al., 2010).

The experimental data observed in the present work point out
the impact of exposure-drug interaction in the pharmacokinetics of
clinically available drugs. Further work requires epidemiological
approach and/or the physiologically-based pharmacokinetics
approach to confirm the impact of ethanol exposure in the follow-
up of drug administration to workers chronically exposed.

4. Conclusion

In conclusion, ethanol fuel inhalation at a concentration of 2
TLV-STEL (6 h/day for 6 weeks) induced CYP2C in rats by reducing
AUC0e∞ and increasing the apparent clearance of the enantiomer
(þ)-(S)-ibuprofen; CYP2D inhibition indicated by the increased
AUC0e∞ and decreased apparent clearance of (�)-(R)-fluoxetine;
and CYP3A induction as evidenced by reduced AUC0e∞ values and
increased apparent clearances of both verapamil enantiomers.
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