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a b s t r a c t

Fipronil is a widely used phytosanitary product and insecticide for pets. In the rat, fipronil can disrupt
thyroid function by decreasing plasma concentrations of total thyroxine (T4) likely through increased
T4 clearance. However, the mechanism of fipronil action on thyroid function remains unclear. The goals
of the present study were to evaluate the effects of fipronil on thyroid hormone (TH) concentrations
and elimination in the rat under well characterized plasma exposure to fipronil and its main metabo-
lite fipronil sulfone. In thyroid-intact female rats, fipronil treatment (3 mg/(kg day) per os for 14 days)
decreased both total and free TH plasma concentrations concomitantly to increased thyroid stimulat-
ing hormone plasma concentrations. A T4-free euthyroid-like model consisting of thyroidectomized rats
treated with tri-iodothyronine (12 �g/(kg day), sc) was developed to evaluate both total and free T4 clear-
ances. In this model, fipronil treatment induced a twofold increase in total and free T4 clearances. The
DPGT
ipronil
-Amino-1-[2,6-dichloro-4-
trifluoromethyl)phenyl]-4-
trifluoromethylsulfinyl)-1H-pyrazole-3-
arbonitrile

same fipronil treatment increased antipyrine clearance in thyroid-intact rats suggesting an increase in
the activity of cytochrome P450 enzymes. Finally, this treatment was also associated with an increase in
hepatic microsomal 4-nitrophenol UDP-glucuronosyltransferase activity involved in T4 glucuronidation.
Thus, fipronil-induced thyroid disruption results from an increased rate of T4 elimination likely medi-
ated by increased hepatic enzyme activity. Plasma concentrations of fipronil sulfone were at least 20-fold
higher than those of fipronil. This highlights the need to further investigate the contribution of fipronil
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. Introduction

Fipronil is a pesticide of the phenylpyrazole family widely
sed as a phytosanitary product and as an insecticide in pets
Tingle et al., 2003). To date, the only available data on fipronil
oxicology are non-peer reviewed results of studies performed
n rats by the pharmaceutical industry for legal requirements
FAO/WHO, 1997; AFSSA, 2005). These studies have shown that

pronil exhibits thyroid disrupting properties in rats. Indeed, in
his species, fipronil treatment (17 mg/(kg day) po for 91 weeks)
as associated with a significant increase in the incidence of

hyroid gland tumors concomitant with increased plasma con-

∗ Corresponding author at: UMR181 Physiopathologie et Toxicologie Expérimen-
ales, INRA, ENVT, 23 Chemin des Capelles, BP 87614, 31076 Toulouse Cedex 3, France.
el.: +33 561193913; fax: +33 561193917.

E-mail address: c.viguie@envt.fr (C. Viguié).
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entrations of thyroid stimulating hormone (TSH) and decreased
hyroxine (T4) concentrations (FAO/WHO, 1997). Decreased total
4 plasma concentrations were also observed at fipronil doses
s low as 0.078 mg/(kg day) and after as little as 7 days of treat-
ent. In addition, fipronil (10 mg/(kg day) for 14 days) increased

125I]T4 body clearance at least in part through increased T4 bil-
ary elimination (FAO/WHO, 1997; Hurley, 1998). The following
ypothetical pathophysiological scheme was put forward to explain
hese results: fipronil would induce hepatic enzymes responsible
or T4 catabolism resulting in increased T4 clearance which would
ccount for the reduced plasma concentrations of total T4. This
ecrease in T4 plasma concentrations would be responsible for an

ncrease in TSH secretion due to a suppressed T4 negative feed-

ack on TSH secretion. In rats, prolonged exposure of the thyroid to
levated TSH levels has been shown to favour the development of
ollicular tumors (Williams, 1995; Hurley, 1998; Hood et al., 1999).

However, the diverse effects and mechanisms of action of
pronil on thyroid function were studied under different condi-

http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:c.viguie@envt.fr
dx.doi.org/10.1016/j.tox.2008.09.026
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ions of treatment in terms of dose and duration and the validity of
his pathophysiological scheme is therefore open to question. The
ecrease in T4 plasma concentrations was actually observed at a

ower dose and shorter duration than the increased T4 clearance
0.078 mg/(kg day) vs. 10 mg/(kg day) and 7 days vs. 14 days) so
hat a cause–effect relationship between these two observations
annot definitely be established. Moreover, as T4 clearance was
etermined with radiolabeled T4, the effect of fipronil on the
learance of free T4, the form of T4 accessible to cells, could not
e assessed (Abend et al., 1991). Another major limit of all these
oxicological evaluations is that exposure to fipronil, i.e. plasma
oncentrations of fipronil and its main metabolite fipronil sulfone
Tang et al., 2004), was never characterized. Thus, the relevance
f rat fipronil exposure to possible human exposure could not
e evaluated. Indeed, detailed quantitative characterization of
he exposure is the only way to determine whether the exposure
bserved in animal experiments is similar to that encountered in
xposed human populations. Finally, the proposed pathophysio-
ogical scheme assumed that fipronil could act as a hepatic enzyme
nducer that would increase T4 hepatic catabolism although most
n vitro or ex vivo data concerning this point are conflicting. In vitro,
pronil increases CYP1A1 and 3A4 activities in human hepatocytes
Das et al., 2006) which is consistent with a possible induction
ffect of fipronil on hepatic enzymes. In contrast, no clear effect
f fipronil was evidenced on the activities of microsomes obtained
rom fipronil-treated rats, rabbits or mice (1.2 or 5 mg/(kg day) for
or 14 days) (AFSSA, 2005).

The goals of this study were to document the pathophysiological
cheme of action of fipronil as a thyroid disruptor in the rat under
ell characterized conditions of exposure to fipronil and fipronil

ulfone. The effect of fipronil on both free and total T4 clearances
as specifically investigated in an original T4-free euthyroid-like
odel and the possibility that fipronil could increase the activity

f both phase I and UDP-glucuronosyltransferases (UDPGT) hepatic
nzymes was tested.

. Methods

.1. Animals – surgery – blood samples

The study was performed on 9-week-old Wistar female rats (250 g body weight
BW)) purchased from Janvier (Le Genest Saint Isle, France) or Charles River
L’Arbresle, France). The rats were housed 2–3 per cage at room temperature with
n inversed 12 h light/dark cycle (lights off at 10:00 a.m.) and were acclimated for at
east 2 weeks before the beginning of the experiments. The rats had free access to
ood (Harlan, T2016, Gannat, France) and tap water and were weighed twice a week.

Serial blood samples were collected through cannulae surgically inserted in
he left femoral vein under ketamine/medetomidine (Imalgene® 1000, Merial
AS, Villeurbanne, France/Domitor®, Pfizer, Paris, France) anaesthesia (50 and
.2 mg/kg, respectively) at least 3 days before the experiments. When the rats
ere thyroidectomized (THX), thyroidectomy and vein cannulation were performed

imultaneously 1 week before the beginning of fipronil treatment. During the post-
urgical stage, THX rats received a daily sc injection of Ringer lactate solution
5 ml/day, B Braun Medical, Boulogne, France) for 1 week and a daily sc injection
f sulfadoxine (7.5 mg/kg) and trimethoprime (1.5 mg/kg) (Borgal®, Intervet S.A.,
ngers, France) for 2 days.

After each serial blood sample, a volume of physiological saline equivalent to the
ollected blood volume was administered, followed by 200 �l of heparinized saline
50 IU/ml). Blood samples were centrifuged at 3000 × g for 15 min at 4 ◦C and plasma
as stored at −20 ◦C until assayed. For the first three experiments, the fipronil and
pronil sulfone plasma concentrations were determined in blood samples collected
bout 25 h after the last fipronil administration in experiment 1, and 7 h after the
ast fipronil administration in experiments 2 and 3.

All animal procedures were conducted in accordance with accepted standards
f humane animal care under the agreement number 31–242 for animal experimen-

ation from the French Ministry of Agriculture.

.2. Test material, chemicals and fipronil treatment

Chemicals were purchased from Sigma–Aldrich (Saint-Quentin Fallavier, France)
nless otherwise specified. Tri-iodothyronine (T3) and T4 concentrated solutions
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1 mg/ml) were prepared by dissolution in NaOH 0.4 M–ethanol 60%. The final T3
olution (10 �g/ml) used for sc injections was obtained by diluting 100-fold in saline
ontaining 49.4 mg/ml of sodium bicarbonate. The T4 solution used for the kinetic
rial (10 �g/ml) was prepared by 100-fold dilution of the concentrated solution in
0 mM phosphate buffered saline pH 7.4 containing 0.1% (w/v) of bovine serum
lbumin. Antipyrine was extemporaneously dissolved in conditioned sterile water
o obtain a final concentration of 30 mg/ml.

Fipronil (lot no. B20050318, purity 95.6%) was purchased from 3B Medical
ystems Inc. (Libertyville, IL, USA). The same fipronil treatment based on daily intra-
astric administration of a fipronil suspension was used for all the experiments of
his study. The vehicle consisted of an aqueous methyl cellulose (0.5%, w/w) and
ween 80 (0.01%, w/v) solution. The fipronil suspension (1.5 mg/ml) was stirred
rotected from light before each administration. The rats received a daily admin-

stration of vehicle or fipronil (3 mg/(kg day)) through feeding needles for 14 days
nd, in experiment 1 only, for 28 days. The volume of suspension to be administered
as adjusted to the most recently recorded BW.

.3. Experiment 1: effect of fipronil on thyroid hormone (TH) and TSH plasma
oncentrations

This experiment was performed on 28 adult female rats with an average BW
±S.D.) of 255 ± 8 g at the beginning of the experiment. The animals were allocated
o four groups (n = 7 each). Two groups were treated with fipronil as described above
or 14 and 28 days, respectively. The two other groups were controls and received
ehicle for the same durations. The animals were rapidly euthanized by decapitation
5–25.5 h after the last fipronil administration and total blood was collected. The
lood sample was collected from the first rat 45 min after the beginning of the dark
hase and blood sampling of control and fipronil-treated animals was alternated.

.4. Experiment 2: effect of fipronil on T4 pharmacokinetic (PK) parameters

Twenty rats received from the supplier were allocated to control (n = 10) or
pronil-treated (n = 10) groups. Two fipronil-treated rats died during surgery. A T4-

ree euthyroid-like model was developed to evaluate the effect of fipronil on total and
ree T4 clearances. THX rats were treated with daily T3 injections (12 �g/(kg day),
c) starting 24 h after thyroidectomy and repeated every day until the end of the
xperiment to restore a T3 concentration as close as possible to the physiological
ne. Twenty-four hours after the last fipronil administration, rats received an i.p.
olus of T4 (10 �g/kg). Blood (250 �l) was collected the day before, 0.25, 1, 2, 4, 8,
3 and 28 h after T4 administration to monitor the time course of the disposition of
4 plasma concentrations.

.5. Experiment 3: effect of fipronil on antipyrine PK parameters

The in vivo effect of fipronil on the phase I hepatic enzymes was assessed by
tudying the effect of fipronil treatment on the PK parameters of antipyrine, a probe
idely used to test the oxidative capacity of the liver (Tanaka et al., 1985) and more

enerally the activity of cytochrome P450 enzymes (Matthew and Houston, 1990).
Twenty rats received from the supplier were allocated to control (n = 10) or

pronil-treated (n = 10) groups. Two controls and one fipronil-treated rat died dur-
ng surgery. Twenty-four hours after the last fipronil administration, antipyrine PK
arameters were evaluated by monitoring the disposition of antipyrine plasma con-
entrations after an i.p. administration of antipyrine (30 mg/kg). Blood (250 �l) was
ollected the day before, 0.5, 1, 2, 3, 5, 7, and 9 h after the administration of antipyrine.

.6. Experiment 4: effect of fipronil on UDPGT activity toward 4-nitrophenol

As UDPGT enzymes responsible for glucuronidation of 4-nitrophenol are also
nvolved in T4 glucuronidation (Visser et al., 1993a), the effect of fipronil treat-

ent on UDPGT activity toward 4-nitrophenol was investigated. Twenty rats
andomly allocated to two groups of 10 rats were administered vehicle or fipronil
3 mg/(kg day), po) for 14 days. The day after the end of treatment, the rats were killed
y CO2 followed by exsanguination. Three pieces of liver were immediately removed
nd stored at −80 ◦C after rapid freezing in liquid nitrogen. Microsomes were
repared as previously described (Zalko et al., 2006) and protein content was deter-
ined by the method of Lowry et al. (1951) with bovine serum albumin as a standard.

-nitrophenol UDPGT activity was assayed as previously described (Burchell and
eatherill, 1981). Briefly, 4-nitrophenol (250 nM) was incubated at 37 ◦C with 2 mg

f microsomal protein in a final solution concentration of Tris–maleate 0.25 M pH
.4; MgCl2 5 mM and UDP glucuronic acid 4 mM. The reaction was stopped after
h with 1 ml of trichloroacetic acid 0.5 M. Eight hundred �l of the supernatant
as mixed with the same volume of NaOH 2 M and 4.4 ml of distilled water. The

lucuronidation of 4-nitrophenol was quantified by the decrease in absorbance at
05 nm.
.7. Thyroid hormone assays

Total and free T4 and T3 plasma concentrations were determined using radioim-
unoassay kits from Diagnostic Products Corporation (Los Angeles, CA, USA). The
aximal binding of radiolabeled T4 measured in the plasma of vehicle or fipronil-

reated thyroidectomized rats from experiment 2 was identical to the maximal
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inding at point 0 of the standard curve. This implies that the potential presence
f fipronil and/or its metabolites did not cause major interference in the T4 assay.
SH plasma concentrations were measured by RIA kit (GE Healthcare, Buc, France).
ll assays were performed according to the manufacturer’s instructions. Samples

rom experiment 2 were assayed in duplicate. The samples from the kinetic studies
ere assayed without replicates. The mean intra-assay coefficients of variation for
quality control (QC) pools were less than 8% for total T4, free T4, total T3 and TSH

oncentrations. The mean inter-assay coefficients of variation for 3 QC pools were
ess than 13% for total T4, free T4, total T3 and TSH concentrations. The limit of quan-
ification of the total T4 assay was 5 ng/ml. The limit of quantification for the other
ssays was set at the lowest value of the standard curve.

.8. Fipronil and fipronil sulfone assay

Fipronil and fipronil sulfone plasma concentrations were determined by HPLC
oupled with a UV detection method after solid phase extraction of 150 �l of
lasma spiked with 75 ng of Internal Standard (IS) (2-(4-chlorophenyl)-5-methyl-
H-pyrazol-3-ylamine, 1 �g/ml) on a SPE cartridge (Bond Elut C8 Varian® 100 mg,
es Ulis, France). The cartridge was washed with 1 ml of water–acetonitrile (95/5,
/v) and the analytes were eluted with 1 ml of methanol. The extract was dried at
0 ◦C under nitrogen vapour and reconstituted in 75 �l of water–methanol (50:50,
/v). The analyses were performed on a Kontron (Paris, France) chromatographic
ystem. The mobile phase (methanol–acetic acid 0.005N (67:33, v/v)) was pumped
t a flow rate of 0.4 ml/min. The column (Nucleosil® C18, 3 �m, 125 mm × 4 mm with
C18 10 �m guard column, Bischoff, Germany) was maintained at 40 ◦C. Peaks were
onitored by UV absorbance at 275 nm. Mean recovery calculated for IS was 86%.

he standard curve (from 100 to 2500 ng/ml) was obtained by fitting the data (ratio
rea peak/area IS vs. theoretical concentrations) according to a linear equation using
linear regression model with 1/(concentrations)2 as weighting factor.

Three QC pools of 160, 800 and 1600 ng/ml were used for the validation run.
he mean within-day precisions for these 3 QC were less than 8.5% for fipronil
nd fipronil sulfone, and the mean between-day precisions were less than 7.5% for
pronil and 10% for fipronil sulfone. The accuracy was 97.09 ± 1.75% for fipronil and
01.86 ± 8.66% for fipronil sulfone. The limit of detection was set at the first point of
he standard curve, i.e. 100 ng/ml for both fipronil and fipronil sulfone.

.9. Antipyrine assay

Antipyrine plasma concentrations were determined by HPLC coupled with a
V detector method after solid phase extraction of 150 �l of plasma spiked with
�g of IS (acetophenetidin, 10 �g/ml) on an SPE cartridge (Bond Elut C8 Varian®

00 mg). Analytes were eluted with 1 ml of dichloromethane–methanol (85:15,
/v). The extract was dried at 40 ◦C under nitrogen and reconstituted in 100 �l of
ater–methanol (50:50, v/v). After centrifugation, 50 �l of the supernatant were

njected into a Kontron (Paris, France) chromatographic system. The mobile phase
as a mixture of acetonitrile and phosphate buffer 25 mM, pH 7.2 (25:75, v/v),
umped at a flow rate of 0.6 ml/min through the column (Inertsil ODS3® C18, 3 �m,
50 mm × 4 mm with an Inertsil ODS3® 10 mm × 4 mm guard column) at 40 ◦C.
eaks were monitored by UV absorbance at 254 nm. Data (ratio area peak/area
S vs. theoretical concentrations) were fitted with a linear regression model with
/(concentrations)2 as weighting factor. Standard concentrations ranged from 0.3 to
0.0 �g/ml. The calculated recovery for IS was 86%. The mean within- and between-
ay precisions for the 3 QC pools were less than 5%. The accuracy was 98.3 ± 0.67%.
he limit of detection was set at the lowest concentration of the standard curve, i.e.
.3 �g/ml.

.10. Pharmacokinetic analysis

The pharmacokinetic analyses were performed by least-squares regression anal-
sis using WinNonlin® software (WinNonlin® 5.2, Pharsight Corporation, CA, USA).
ntipyrine, total and free T4 plasma concentrations over time were fitted using a

onoexponential model with a first-order absorption phase according to Eq. (1):

(t) = F × D × K01

V × (K01 − K10)
× (exp(−K10 × t) − exp(−K01 × t)) (1)

here C(t) is the plasma concentration at time t, F is the bioavailability of the drug,
is the drug dose, V is the volume of distribution (ml/kg), K01 (h−1) is the first-order

T
p
M
i
c

able 1
ean (±S.D.) fipronil and fipronil sulfone plasma concentrations at the end of the fiproni

Experiment 1, day 14, n = 7

ipronil plasma concentration (ng/ml) <100
ipronil sulfone plasma concentration (ng/ml) 2544 ± 219

n the first three experiments, fipronil-treated animals were treated with fipronil at 3 m
ulfone plasma concentrations were assayed in blood samples collected on average 25 h
dministration in experiments 2 and 3.
255 (2009) 38–44

ate constant of absorption and K10 (h−1) is the first-order rate constant of elimina-
ion. V/F, K10 and K01 were estimated. The data were weighted by the inverse of the
quared-fitted value. The terminal half-life (T1/2) was defined as ln(2)/K10 and Tmax,
ime at the maximal concentration (Cmax) as ln(K01/K10)/(K01 − K10). The area under
he concentration curve vs. time (AUC) from time zero to the last detectable concen-
ration was calculated as AUC = D/((V/F) × K10) with (V/F) × K10 being the apparent
learance (clearance/F).

.11. Statistical analysis

For experiment 1, the effect of fipronil treatment on mean TH and TSH plasma
oncentrations was analyzed using a two-way ANOVA with treatment and dura-
ion as fixed-effect factors. This was performed using R software (version 2.4.1, R
evelopment Core Team, Vienna, Austria). The effect of fipronil treatment on mean
ntipyrine, free and total T4 PK parameters and UDPGT activities was analyzed by
tudent’s t-test.

. Results

.1. Characterization of fipronil and fipronil sulfone exposure

The plasma concentrations of fipronil and fipronil sulfone
bserved at the end of the first three experiments are listed in
able 1. Fipronil levels were below the limit of quantification of the
ssay in all the experiments. The animals appeared to be much more
xposed to the sulfone metabolite than to the parent compound
pronil (at least 20-fold).

.2. Experiment 1: effect of fipronil on TH and TSH concentrations

The body weights of rats in the control and fipronil-treated
roups at the end of the experiment were similar (mean BW ± S.D.:
67 ± 14 g vs. 269 ± 8 g for the control and fipronil-treated groups,
espectively). Fig. 1 shows the mean (±S.D.) TSH, total and free
4 and T3 plasma concentrations in control and fipronil-treated
roups after 14 and 28 days of treatment. Fipronil treatment was
ssociated with a significant decrease in total T4 and T3 plasma
oncentrations (treatment effect p < 0.02 and p < 0.01 for T4 and T3,
espectively). T3 and T4 plasma concentrations were 23 and 26%
ower in fipronil-treated animals as compared to the control group
fter 14 days of treatment. Free TH concentrations were also sig-
ificantly decreased by fipronil treatment. Fipronil treatment was
ssociated with an increase in plasma TSH concentrations (p < 0.05).
here was no significant interaction between the treatment and its
uration (p > 0.27 for total and free TH and TSH) indicating that
he fipronil effect had already occurred during the first 14 days of
reatment.

.3. Experiment 2: effect of fipronil on T4 PK parameters

Fig. 2 depicts the time course of the mean (±S.D.) total and free
4 plasma concentrations in control and fipronil-treated groups.
isual inspection of the graphs shows that the mean total and free

4 concentrations are higher in the control group for each time
oint. Estimated T4 PK final parameters are presented in Table 2.
ean total T4 AUC, T1/2 and Cmax were significantly lower (p < 0.01)

n the fipronil-treated group. Tmax did not differ between groups. In
ontrast, the apparent clearance in the fipronil-treated group was

l treatment in the first 3 different experiments.

Experiment 1, day 28, n = 7 Experiment 2, n = 8 Experiment 3, n = 9

<100 <100 <100
2482 ± 296 1445 ± 132 1974 ± 274

g/(kg day), po for 14 days or 28 days for experiment 1 only. Fipronil and fipronil
after the last fipronil administration in experiment 1 and 7 h after the last fipronil
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ig. 1. Effect of 14 and 28-day fipronil treatments on TH and TSH plasma concentra
ays. Mean (±S.D.) plasma concentrations of total T4 (A), free T4 (B), total T3 (C), fre
he last fipronil administration. Significantly different from control: *p < 0.05, **p < 0
wofold higher than in the control group. The same results were
ound for the free T4 PK parameters.

Total and free T4 plasma concentrations measured in blood
amples collected before T4 administration were undetectable con-

able 2
ffect of fipronil on mean (±S.D.) total and free T4 PK parameters.

Control n = 10 Fipronil n = 7

otal T4
AUC (ng h/ml) 1131 ± 263 459 ± 142**

Apparent clearance (ml/(min kg)) 0.16 ± 0.04 0.40 ± 0.13**

Terminal half-life (h) 11.3 ± 2.4 7.6 ± 2.5**

Cmax (ng/ml) 58.9 ± 6.9 33.1 ± 4.1**

Tmax (h) 2.6 ± 0.7 2.4 ± 0.7

ree T4
AUC (ng h/ml) 287 ± 70 123 ± 42**

Apparent clearance (ml/(min kg)) 618 ± 170 1460 ± 389**

Terminal half-life (h) 9.6 ± 1.8 6.8 ± 1.6**

Cmax (ng/ml) 16.7 ± 3.2 9.2 ± 2.1**

Tmax (h) 2.8 ± 0.7 2.8 ± 1.1

3-treated (12 �g/(kg day), sc) THX rats were treated with vehicle (n = 10) or fipronil
3 mg/(kg day), po; n = 8) for 14 days. One day after the last fipronil administration,
otal and free T4 concentrations were measured in blood samples collected at 0.25,
, 2, 4, 8, 23 and 28 h after a single T4 i.p. administration (10 �g/kg). Total and free
4 PK parameters were calculated with a monoexponential model for each animal.
** Significantly different from control: p < 0.01.

fi
p
i
w
1
p

3

a
g
a
c
p
l
c
t

3
4

fi

Groups of 7 rats received vehicle (�) or fipronil (�; 3 mg/(kg day), po) for 14 or 28
D) and TSH (E) in each group were measured in blood samples collected 25 h after

rming the T4-free status of the animals. Mean (±S.D.) total T3
lasma concentrations measured on the day of the T4 kinetics,

.e. 6 h after T3 sc injection and 5 h after T4 i.p. administration
ere significantly lower in the fipronil-treated group (0.9 ± 0.3 and

.4 ± 0.3 ng/ml for fipronil-treated and control groups respectively,
< 0.01).

.4. Experiment 3: effect of fipronil on antipyrine PK parameters

Fig. 3 depicts the time course of the mean (±S.D.) plasma
ntipyrine concentrations in the control and fipronil-treated
roups. Visual inspection of the graph shows that the mean plasma
ntipyrine concentrations are higher for each time point in the
ontrol group. The estimated final antipyrine PK parameters are
resented in Table 3. Mean AUC, T1/2 and Cmax were significantly

ower (p < 0.01) in the fipronil-treated group whereas the apparent
learance was about twofold higher in the fipronil-treated group
han in the control group.
.5. Experiment 4: effect of fipronil on UDPGT activity toward
-nitrophenol

Mean UDPGT activity (±S.D.) toward 4-nitrophenol in the
pronil-treated group was 71 ± 13 vs. 56 ± 8 nmol/(h mg) for the
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Fig. 2. Effect of fipronil on the time course of the disposition of total and free T4
plasma concentrations. T3-treated (12 �g/(kg day), sc) thyroidectomized rats were
administered vehicle (©; n = 10) or fipronil (�; 3 mg/(kg day), po; n = 8) for 14 days.
One day after the last fipronil administration, total and free T4 concentrations were
measured in blood samples collected at 0.25, 1, 2, 4, 8, 23 and 28 h after a single T4
i.p. administration (10 �g/kg). (A) Mean (±S.D.) total T4 concentrations vs. time; (B)
mean (±S.D.) free T4 concentrations vs. time.

Fig. 3. Effect of fipronil on the time course of disposition of mean (±S.D.) plasma
antipyrine concentrations. Rats were treated with vehicle (©; n = 8) or fipronil (�;
3 mg/(kg day), po; n = 9) for 14 days. One day after the last administration, plasma
antipyrine concentrations were monitored 0.5, 1, 2, 3, 5, 7 and 9 h after a single
antipyrine i.p. administration (30 mg/kg).

Table 3
Effect of fipronil on mean (±S.D.) antipyrine PK parameters.

Control n = 8 Fipronil n = 9

Antipyrine
AUC (�g h/ml) 166 ± 28 95 ± 19**

Apparent clearance (ml/(min kg)) 3.1 ± 0.7 5.4 ± 1.0**

Terminal half-life (h) 2.4 ± 0.5 1.5 ± 0.2**

Cmax (�g/ml) 41.5 ± 2.5 35.6 ± 7.1**

Rats were treated with vehicle (n = 8) or fipronil (3 mg/(kg day), po; n = 9) for 14 days.
One day after the last administration, plasma antipyrine concentrations were mea-
sured in blood samples collected at 0.5, 1, 2, 3, 5, 7 and 9 h after a single antipyrine
i.p. administration (30 mg/kg). Antipyrine PK parameters were calculated with a
monoexponential model.

** Significantly different from control: p < 0.01.
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ontrol group showing a significant 28% increase (p < 0.01) of 4-
itrophenol UDPGT activity in fipronil-treated group.

. Discussion

Our study clearly demonstrated that fipronil decreases T4 con-
entrations by increasing T4 clearance. We showed that fipronil
reatment decreases total T4 plasma concentrations and increases
SH plasma concentrations, which is in agreement with results of
revious non-peer reviewed toxicological studies (FAO/WHO, 1997;
urley, 1998; Tingle et al., 2003). In addition, we also showed that
pronil decreases total T3 and free TH plasma concentrations in
hyroid-intact rats. Our results indicate that the decrease in total
nd free TH plasma concentrations are associated with an increase
n both total and free T4 clearances. Moreover, it seems likely
hat fipronil can induce phase I and phase II hepatic enzymes, a
ypothesis supported by the twofold increase in antipyrine clear-
nce in vivo and the increased microsomal UDPGT activity toward
-nitrophenol. Further work using mRNA analyses is required to
efinitely validate this hypothesis and clearly identify the enzymes

nduced. Altogether, our results are consistent with the general
athophysiological scheme of action of fipronil proposed from ear-

ier toxicological studies, but the present study is the first in which
ll these results were obtained under the same conditions of fipronil
reatment.

To determine the effect of fipronil on both total and free T4 clear-
nces, a T4-free euthyroid-like model was developed to monitor
imultaneously the decrease of free and total T4 concentrations
ollowing a single i.p. administration of exogenous T4. All sources
f endogenous T4 were removed by thyroidectomy and daily sc
njections of T3 were administered in order to obtain T3 concentra-
ions as close as possible to physiological T3 concentrations. In this

odel, it was critical to maintain a euthyroid-like state for two main
easons. First, fipronil is a substrate of CYP enzymes, mainly CYP3A4
Tang et al., 2004), which are regulated in part by TH, particularly T3
Liddle et al., 1998; Oinonen and Lindros, 1998). The maintenance
f a physiologically relevant thyroid status was therefore a sine
ua non condition to obtain comparable fipronil and fipronil sul-
one exposures in all experiments. Secondly, a euthyroid-like state
as critical to prevent re-expression of thyroxine-binding globu-

in (TBG), the major transport protein of TH in humans (Schussler,
000), not expressed in the adult rat (Savu et al., 1991) but re-
xpressed in THX rats (Vranckx et al., 1994). As TBG is assumed
o play a protective role against TH disruption resulting from an
ncrease in TH catabolism (Hard, 1998; Hurley, 1998), this lack of
BG is considered as a major limit of the rat model for the evaluation
f potential thyroid disruptors for human health. Total T3 plasma
oncentrations in the T3-treated THX control group were slightly
igher than those observed in the thyroid-intact control group of
xperiment 1. These values remained however within the physio-
ogical range. Furthermore, apparent clearance of T4 in the control
roup was consistent with values from previous studies (DiStefano
nd Feng, 1988; Yamada et al., 1996) showing the physiological rele-
ance of our model. In experiment 2, total T3 plasma concentrations
ere higher in the control group than in the fipronil-treated group
hich is consistent with the effect of fipronil observed on T3 plasma

oncentrations in thyroid-intact rats (experiment 1) and suggests
hat T3 clearance might also be increased by fipronil treatment.

The ex vivo and in vitro data concerning the ability of fipronil to

nduce hepatic enzymes are conflicting. In vitro, fipronil increases
YP1A1 and 3A4 activities in human hepatocytes (Das et al., 2006)
hereas no clear effect of fipronil was evidenced on the activi-

ies of microsomes obtained from fipronil-treated rats, rabbits or
ice (1.2 or 5 mg/(kg day) for 4 or 14 days) (AFSSA, 2005). In this
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tudy, we evaluated the effect of fipronil on the activity of both
hase I and of some UDPGT involved in T4 glucuronidation. The
ffect of fipronil on the activity of phase I hepatic enzymes was
tudied in vivo by assessing the effect of fipronil on antipyrine clear-
nce which is considered as a relevant biomarker to evaluate the
ctivity of phase I hepatic enzymes in different species (St Peter
nd Awni, 1991; Carcillo et al., 2003; Chan and Yeung, 2006). The
wofold in vivo increase in antipyrine apparent clearance observed
n experiment 3 is consistent with an increase in the activity of CYP
nzymes implicated in antipyrine metabolism (Szakacs et al., 2001;
alani et al., 2002). Such an increase in CYP enzyme activity might
e due to a direct induction of gene expression as demonstrated
ith human hepatocytes in which fipronil induces an increase in

oth gene expression and activities of CYP1A1 and 3A4 isoforms
Liddle et al., 1998; Das et al., 2006). Several CYP enzymes involved
n xenobiotic and hormone metabolism are regulated by the preg-
ane X-receptor (PXR) and/or the constitutive androstane receptor
CAR) (Kretschmer and Baldwin, 2005). Fipronil has been shown to
e a ligand of the human PXR in vitro (Lemaire et al., 2006). Fur-
her investigations are required to determine the involvement of
he CAR/PXR pathway in fipronil-mediated thyroid disruption and
YP induction.

We also investigated the effect of fipronil on one type of UDPGT
ctivity involved in T4 glucuronidation: UDPGT activity toward
-nitrophenol. The response of 4-nitrophenol UDPGT activity to
everal microsomal enzyme inducers is representative of T4 UDPGT
ctivity (Visser et al., 1993b). 4-Nitrophenol UDPGT activity was
ncreased in microsomal hepatic fractions from rats treated with
pronil indicating an increased activity of UGT1 isoforms, in par-
icular UGT1A6 (Ikushiro et al., 2002). Such an increase in UDPGT
ctivity could explain, at least in part, the increase in T4 clearance
videnced in our study and is consistent with the increased T4 bil-
ary elimination demonstrated in toxicological studies (FAO/WHO,
997). The involvement of other pathways of T4 elimination such
s sulfation, deiodination or increased excretion of unconjugated
4 (Wong et al., 2005) cannot be excluded. Furthermore, it would
e interesting to evaluate the potential impact of increased activity
f CYP enzymes on T4 clearance.

In the present study, fipronil sulfone rather than fipronil was
he major substance to which rats were exposed during fipronil
reatment. Fipronil sulfone is the main fipronil metabolite in both
umans and rats. However, the rate of fipronil sulfone formation

s about fourfold higher in rat liver microsomes than in human
nes (Tang et al., 2004). A very high rate of fipronil metabolism
n rats is consistent with our results (unpublished data) show-
ng that fipronil sulfone appears in blood within 2 h after fipronil
ral administration. Accidental human exposure to fipronil has
ndicated that the ratio of fipronil sulfone/fipronil plasma con-
entrations at 24 h post-ingestion is about 0.25–0.5 (Mohamed et
l., 2004). In our conditions, this value was higher than 20 in the
at after 14 days of exposure. Quantitative differences in fipronil
etabolism might therefore exist between the two species. This

uestions the relevance of using the rat model, as is generally
equired by regulatory authorities, to evaluate the risk of human
xposure to this toxicant. Further investigations are required to
etermine the contribution of fipronil sulfone to the toxicological
ffects observed which underlines the importance of characteriz-
ng the exposure to the toxicant and its metabolites in toxicological
tudies.

In conclusion, fipronil treatment leads to thyroid disruption

n the rat characterized by a decrease in TH plasma concentra-
ions resulting from a large increase in TH clearance. However,
he relevance of these results in the context of human risk is not
traightforward because TBG is expressed in humans but not in
dult rats and the relative exposure to fipronil and fipronil sulfone

O
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ight differ between the two species. Confirmation or invalidation
f the risk of fipronil as a thyroid disruptor in humans would require
urther investigations in a species in which thyroid regulation and
pronil metabolism are similar to those of humans.
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