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Purpose. This study was designed to examine the effect of Freund’s complete adjuvant (FCA)-induced
inflammation on liver P450 expression and activities in the first 7 days that followed a single FCA
injection in the rat hindpaw.
Methods. Rats were humanely sacrificed at regular time points, plasma and liver samples were collected,
liver mRNA extracted, and liver microsomes prepared.
Results. FCA injection led to the development of an acute inflammatory response evidenced by paw
edema and increased alpha-1-acid glycoprotein (AGP) and total-nitrite (NOx) plasma concentrations.
Plasma IL-6 levels were significantly higher in FCA-treated rats than in controls at 8 h post-FCA. Within
24 h, these changes were accompanied by a rapid decrease in total P450 contents in FCA-treated rat liver
and the selective downregulation of specific CYP isoforms, as illustrated by decreased mRNA levels
(CYP2B, CYP2C11, CYP3A1, and CYP2E1), protein contents (CYP2B, CYP2C11, and CYP2E1) or
catalytic activities (CYP2C6, CYP2C11, and CYP2E1). CYP3A1 mRNA levels were severely decreased
by FCA administration, whereas CYP3A2 mRNA and protein levels remained unchanged.
Conclusions. These early biochemical and metabolic modifications may have pharmacokinetic and
pharmacodynamic consequences when hepatically cleared drugs are administered to FCA-treated rats,
especially within the first 24–72 h post-FCA.
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INTRODUCTION

Cytochromes P450 (P450s) constitute a superfamily of
enzymes that catalyze a variety of oxidative reactions, includ-
ing xenobiotic biotransformation and endogenous substrate
synthesis or catabolism. In mammals, the CYP families pri-
marily involved in drug metabolism include the CYP1, CYP2,
CYP3, and to a lesser extent the CYP4 family. Their expres-
sion and activity are influenced by a variety of events such as

genetic, endogenous, environmental, or pathophysiological
factors (1). For instance, infectious and inflammatory stimuli,
by triggering a series of events collectively called the acute
phase response, can lead to altered drug metabolism and
pharmacokinetics and eventually influence clinical response
(2).

In drug development, designing an effective strategy for
testing new analgesics is highly dependent upon our ability to
develop preclinical pain models that will reproduce persistent
pain conditions in man. For instance, in rodents, a variety of
stimuli can be used to elicit inflammatory conditions but the
extent of tissue damage, inflammation severity and duration
as well the appearance of hyperalgesia and/or allodynia will
vary significantly depending on the model (3). Lipopolysac-
charides (LPS), turpentine, or particulate irritants can trigger
a marked inflammatory reaction but are rarely used as pain
models because of their extreme severity. At lower doses that
are not associated with severe tissue injury, carrageenan-
induced paw edema is a model of inflammation rather than a
pain model. In contrast, a single FCA injection in the rat
hindpaw has been shown to produce a stable and reproduc-
ible thermal hyperalgesia from 24 to 72 h postadministration
with no other macroscopic changes than paw redness and
edema (4,5).

When FCA is administered into the joint or at the tail
base, acute inflammation progresses slowly to a complex ar-
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thritis-like stage in 14 days or more postinjection (6). This
FCA-induced arthritis has been recognized to decrease total
P450 contents in rat liver (7). Despite a broad characteriza-
tion using nonspecific P450 substrates such as aminopyrine
(7), a systematic evaluation of FCA-mediated downregula-
tion of hepatic individual P450 activities/contents has never
been reported in the rat. Moreover, such studies have not
been performed in the FCA-induced hyperalgesia model
when rats are tested in the early days following FCA injection
and do not show arthritis-like symptoms.

Because of the importance of the FCA-induced hyperal-
gesia model in pain research and its widespread use in the
pharmacodynamic characterization of a broad range of anal-
gesics, we characterized the biochemical and metabolic events
that occur during the acute inflammation phase triggered by a
single FCA injection to rats, and assessed their potential im-
pact on drug metabolism and pharmacokinetics. To address
this, we examined the effect of FCA-induced inflammation on
rat hepatic P450 mRNA levels, protein contents, and activi-
ties in the first 7 days that followed FCA administration. In
addition, using a combination of biochemical assays and
highly specific HPLC-UV or HPLC-MS methods, we evalu-
ated the relationships between the observed modifications in
P450 contents/activities with the time-course of selected in-
flammatory mediators.

MATERIALS AND METHODS

Chemicals

Diclofenac (DF), dextromethorphan (DM) hydrobro-
mide, dextrorphan (DEX), p-nitrophenol, p-nitrocatechol,
Tween 20, and Mycobactrium tuberculosis were purchased
from Sigma-Aldrich (Oakville, Ontario, Canada). Andro-
stenedione, testosterone and its hydroxylated metabolites
(2�, 2�, 6�, 7�, 16�, and 16� hydroxytestosterone) were ob-
tained from Steraloids (Wilton, NH, USA). Four-hydroxy-
diclofenac (4-OH-DF) was obtained from BDGentest (Wo-
burn, MA, USA). All other chemicals were obtained from
VWR International (Montréal, Québec, Canada).

Animals and Treatments

The experimental protocol was approved by the Institu-
tional Animal Care and Use Committee of AstraZeneca
R&D Montréal. All procedures were conducted according to
CCAC (Canadian Council on Animal Care) and AAALAC
(Association for the Assessment and Accreditation of Labo-
ratory Animal Care) guidelines. Male Sprague-Dawley rats
(Charles River, St-Constant, Québec), weighing 170–220g,
were housed under standard conditions (light/dark cycle of 12
h; room temperature of ∼20°C) and provided with food and
water ad libitum. FCA was prepared from 1-mg heat killed
Mycobaterium Tuberculosis dissolved in a mixture of 0.85 ml
of paraffin oil and 0.15 ml of mannide oleate. FCA-treated
rats received a single subcutaneous injection of 100 �l of FCA
into the plantar face of the left hindpaw. Control rats were
treated with an equal volume of saline. In a first set of rats,
hindpaw volumes were measured by liquid plethysmometry
(Ugo Basile, Comerio, Italy) 24, 48, 72, and 168 h after the
injection of FCA or saline (n � 6/group). Following isoflu-
rane anesthesia, the same animals were killed by cardiac

puncture (exsanguination) and blood was collected in EDTA
tubes. In addition, livers were removed immediately following
cardiac puncture, washed to remove excess blood, frozen in
liquid nitrogen and stored at −80°C until microsome prepa-
ration. In a second set of rats (n � 6/group), only blood
samples were collected by cardiac puncture under light anes-
thesia, in EDTA tubes 4, 8, and 12 h after the injection of
FCA. Plasma obtained following blood centrifugation (3000 ×
g for 15 min) was stored at −80°C.

Determination of Total Nitrite Levels (NOx)

Nitrite, a stable end product of nitric oxide, was mea-
sured in rat plasma using a commercially available kit (Oxis
International inc, Portland, OR, USA). Plasma (5 �l) was
incubated with nitrate reductase to reduce any nitrates to
nitrites. Following incubation, samples were treated with
Griess reagent and absorbance was measured at 540 nm. The
limit of quantification (LOQ) was 10 �M.

Determination of �1-acid Glycoprotein (AGP) Levels

AGP was measured in rat plasma using a commercially
available radial immunodiffusion kit (Cardiotech service,
Louisville, KY, USA). The LOQ was 100 �g/ml.

Determination of Cytokine Levels

Interkeukin (IL)-1�, IL-6 and tumor necrosis factor
(TNF)-� levels were determined using rat-specific ELISA kits
(Endogen, Woburn, MA, USA; Amersham Bioscience, Baie
d’Urfé, Québec, Canada). The LOQ was 25 pg/ml for IL-1�
and 31 pg/ml for both IL-6 and TNF-�. Cytokines were as-
sayed at all time points.

RNA Isolation

Total RNA from approximately 1 g of rat liver was ex-
tracted using Maxipreps RNEasy kits (Qiagen, Mississauga,
Canada) according to the manufacturer’s instructions. A total
of 20 livers from five treatment groups were processed (n �
4 per group): saline injection controls, 24, 48, 72, and 168 h
following FCA injection. Contaminating genomic DNA was
removed by On-Column DNase digestion (Qiagen) with the
RNase-Free DNase Set (82 Kunitz units of DNase per col-
umn, incubated for 15 min at room temperature according to
the supplier’s recommendations).

Reverse-Transcriptase cDNA Synthesis

Total RNA from each sample was reverse-transcribed
into first-strand cDNA with the 1st Strand cDNA Synthesis
Kit for RT-PCR (Roche, Laval, Canada) according to the
manufacturer’s instructions (1 �g of DNase I-treated total
RNA in a total volume of 20 �l). Poly dT oligonucleotide was
used to prime the synthesis. Before RT-PCR amplification, all
the cDNA sample volumes were adjusted to 40 �l with water.

Real-time PCR Amplification and Quantification

Five pairs of specific primers for rat CYP isoforms
(CYP2B1/B2, CYP2E1, CYP2C11, CYP3A1, CYP3A2) and
one pair of primers for the housekeeping gene (cyclophilin)
were obtained from a Rat Cytochrome P450 Competitive RT-
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PCR Set (Takara Bio Inc., Shiga, Japan, cat. no. 6608). PCR
amplification was performed using the LightCycler instru-
ment (Roche). For each pair of primers optimal MgCl2 con-
centration and annealing temperature were experimentally
determined: the optimal MgCl2 concentration was 5 mM for
CYP2B1/B2, CYP3A2 and cyclophilin, 3 mM for CYP2C11,
and 2 mM for both CYP2E1 and CYP3A1 primers. The an-
nealing temperature was set at 56°C for all primers except
CYP2B1/B2 (59°C). The reaction mixture consisted of 1 �l
cDNA, 0.5 �M each primer, and 2 �l LightCycler FastStart
DNA Master SYBR Green 1 mix containing dNTPs, SYBR
Green I dye in a 10 mM MgCl2 solution (Roche). Final vol-
ume was adjusted to 20 �l with water.

All cDNAs were amplified using the following LightCy-
cler protocol: the FastStart polymerase was activated for 10
min at 96°C and the DNA template was amplified for 45
cycles [including DNA denaturation (10 s at 96°C), annealing
of the primers (5 s at 56°C or 59°C, see above for details) and
DNA polymerization (25 s at 72°C)]. Fluorescence data were
acquired at the end of each extension phase. At the end of the
last cycle, temperature was raised gradually (0.2°C/s) from the
annealing temperature to 96°C to determine the melting point
of PCR products. Product identity was confirmed by gel elec-
trophoresis and melting curve analysis. All amplification sig-
nals were normalized against the cyclophilin mRNA contents
of the sample. Generation of calibration curves and semi-
quantification of specific rat CYP isoform mRNA was per-
formed with the LightCycler software (version 3.5, Roche).
Within the same treatment group, outliers (deviating from
mean values by more than 2 standard deviations) were re-
jected from data analysis.

Preparation of Rat Liver Microsomes

Rat liver microsomes were prepared by differential ul-
tracentrifugation according to the method of Pearce et al. (8).
The final microsomal pellets were resuspended in 0.25 M su-
crose and stored at −80°C. Microsomal proteins were mea-
sured by the BCA protein assay (Pierce, Woburn, MA, USA)
using bovine serum albumin solutions as standards. Cyto-
chrome P450 quantification was carried out according to the
method of Omura and Sato (9).

Gel Electrophoresis and Western Immunoblotting

Protein levels of various CYP isoforms present in rat
liver microsomes were measured by western immunoblotting.
Proteins (samples and standards) were separated by SDS
polyacrylamide gel electrophoresis (10% polyacrylamide)
and transferred onto a nitrocellulose membrane (Invitrogen,
Burlington, Ontario, Canada). Phenobarbital-induced
(CYP2B and CYP3A2) and benzphetamine-induced
(CYP2C11) rat liver microsomes were used as standards and
were provided by the antibodies supplier (BDGentest, Wo-
burn, MA, USA). For CYP2E1, recombinant rat CYP2E1
was used as standard (BDGentest, Woburn, MA, USA). Im-
munoblots were performed in 5% non-fat milk in PBS and
washed in PBS containing 0.1% Tween 20. Membranes were
then incubated with polyclonal goat anti-rat CYP2B1,
CYP2C11, CYP2E1, or CYP3A2 primary antibodies (1:1000;
BDGentest Woburn, MA, USA). Anti-rat CYP2B1 has been
shown to cross-react with CYP2B2 and the 10% polyacryl-

amide gel could not clearly separate the bands. Thus, the
bands recognized by the anti-CYP2B1 antibody were re-
garded as CYP2Bs. Immune complexes were revealed using
rabbit anti-goat IgG (secondary antibody; 1:10,000) coupled
to horseradish peroxydase (Sigma-Aldrich, Oakville, Ontario,
Canada). The binding of all antibodies was detected using
electrochemiluminescence (LumiGLO, Kirkegaard & Perry
Lab, Gaithersburg, MD, USA) onto an Hyperfilm ECL au-
toradiography film (Amersham bioscience, Baie d’Urfé, Qué-
bec, Canada). The product intensities of the immunoblots
were measured with a Hewlett Packard Scanner (Hewlett
Packard, Kirkland, Québec, Canada) equipped with the PC
version of Scion Image/Gel analysis program (Scion Corp,
Frederick, MD, USA). Band intensities were normalized to
that of a standard that was run in the same gel.

Testosterone Hydroxylase Assay

An incubation mixture containing KH2PO4 (0.1 M pH
7.4), testosterone (250 �M) and liver microsomes (0.3 mg/ml
final protein concentration) was pre-incubated for 5 min at
37°C. The enzymatic reaction was initiated by the addition of
NADPH (1 mM final) and was allowed to proceed for 10 min.
The final assay volume was 500 �l and final solvent concen-
tration (methanol) was less than 1%. Control incubations
were performed to ensure product formation linearity against
time and protein concentration. The reaction was stopped
with the addition of an equal volume of ice-cold methanol.
Samples were then vortex-mixed, put on ice for 10 min and
centrifuged (3500 × g for 30 min at 4°C). Supernatants were
frozen until HPLC analysis.

Testosterone and its hydroxylated metabolites were
quantified using an HPLC-UV method adapted from Whalley
et al. (10). Briefly, an aliquot (50 �l) of the supernatant was
injected onto a reversed-phase HPLC column (Hypersil BDS
C-18 analytical column 3 �m, 4.6 × 100 mm; Phenomenex,
Torrance, CA, USA) and eluted with a linear step gradient of
tetrahydrofuran-acetonitrile-water (10:10:80 changing to 14:
14:72 over 10 min) followed by an isocratic hold of 5 min. The
total run time was 15 min. The mobile phase was allowed to
re-equilibrate for 3 min between injections. The flow rate
was 1.25 ml/min. Retention times were 3.1 min for 7�-
testosterone, 3.7 min for 6�-testosterone, 4.2 min for 16�-
testosterone, 5.5 min for 16�-testosterone, 6.2 min 11�-
testosterone, 6.5 min for 2�-testosterone, 6.8 min for 2�-
testosterone, 10.6 min for androstenedione, and 11.3 min for
testosterone. Analytes were detected at 255 nm. The method
was linear between 78 and 40,000 nM for all metabolites (R2

� 0.999), mean accuracy averaged 95%, and intra-day repro-
ducibility was within 10%. The LOQ of the method was 78
nM for all metabolites.

Diclofenac 4-Hydroxylase and Dextrometorphan
O-demethylase Assays

An incubation mixture containing KH2PO4 (0.1 M pH
7.4), DF (25 �M) or DM (10 �M), and liver microsomes (0.3
mg/ml final protein concentration) was pre-incubated for 5
min at 37°C. The enzymatic reaction was initiated by the
addition of NADPH (1 mM final) and was allowed to proceed
for 15 (DM) or 30 min (DF). The final incubation volume was
500 �l and final solvent concentration (DMSO) was less than
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1%. Control incubations were performed to ensure product
formation linearity against time and protein concentration.
Reactions were stopped by the addition of an equal volume of
ice-cold acetonitrile. Samples were then vortex-mixed, put on
ice for 10 min and centrifuged (3500 × g for 30 min at 4°C).
Supernatants were frozen until HPLC analysis.

DEX and 4-OH-DF were quantified using an HPLC/MS
method developed in our laboratory. Supernatants (5–20 �l)
were injected directly into the HPLC/MS system [Agilent
1100/Benchtop MS detector equipped with an electrospray
source (Agilent Technology, Ville St-Laurent, Québec,
Canada)]. Chromatographic separations were achieved on a
reversed-phase HPLC column (Inertsil-ODS-3 C18, 3 �m, 4.6
× 75 mm; Agilent Technology). The mobile phase consisted of
a mixture of 0.1% formic acid in acetonitrile (A) and 0.1%
formic acid in water (B). From 0 to 0.5 min, the mobile phase
was kept at 100% B and from 0.5 to 5 min, a linear gradient
of A into B (5 to 95%) was run. The total run time was 7 min.
The mobile phase was allowed to re-equilibrate for 3 min
between injections. The flow rate was 1 ml/min. Retention
times were 2.88 min for DEX, 5.0 min for 4-OH-DF, 3.25 min
for DM, and 6.0 min for DF. The MS detector was set in
selected ion monitoring (SIM) mode for the quantitative
analysis of DEX and 4-OH-DF (m/z � MH+, M being the
mass of the parent compound; m/z � 296 for DF, m/z � 312
for 4-OH-DF, m/z � 272 for DM, and m/z � 258 for DEX).
Nebulizer pressure was 60 psi while the drying gas (nitrogen)
was delivered at 13 L/min. Capillary voltage was 3500 V and
the fragmentor collision-induced dissociation cell was set at
70 V. Analytes were identified on the basis of their retention
times and mass spectra compared to standard solutions. Cali-
bration curves (4.88–10,000 nM) were constructed by qua-
dratic regression of the analyte peak area vs concentration
curves (using a weighting factor of 1/concentration). Regres-
sion coefficients were always higher than 0.999. Mean intra-
day variation was less than 10%, accuracy averaged 95% and
the LOQ was 4.88 nM.

p-Nitrophenol Hydroxylase Assay

An incubation mixture containing KH2PO4 (0.1 M pH
7.4), p-nitrophenol (100 �M), and liver microsomes (0.3 mg/
ml final protein concentration) was pre-incubated for 5 min at
37°C. The enzymatic reaction was initiated by the addition of
NADPH (1 mM final) and was allowed to proceed for 30 min.
The final assay volume was 500 �l. Control incubations were
performed to ensure product formation linearity against time
and protein concentration. The reaction was stopped with the
addition of 100 �l of trichloroacetic acid (20% v/v). Samples
were then vortex-mixed, put on ice for 10 min and centrifuged
(3500 × g for 30 min at 4°C). Supernatant aliquots (125 �l)
were transferred into a polystyrene 96-well plate and diluted
with 62.5 �l of NaOH (2 mM). The plate was shaken briefly
and absorbance was measured by spectrophotometry at 535
nm.

Data Analysis

Cytochrome P450 protein levels, mRNA contents, total
P450 contents and P450 activities were expressed as percent-
ages of the mean of the control group. Differences between
FCA-treated and control groups were analyzed by one-way

analysis of variance (ANOVA) followed by the Dunnett post
hoc test. The level of significance was set at 0.05.

RESULTS

Inflammatory Mediators in FCA-Treated Rats

In the early days following injection, FCA administration
is associated with local inflammatory signs such as edema,
erythema and hyperalgesia (5). In our study, FCA injection
led to the development of an acute inflammatory response, as
evidenced by paw edema and increased AGP and NOx levels.
Indeed, all FCA-treated rats showed significant paw edema
(measured by paw volume in comparison to control rats) (Fig.
1A). From 24 h to 7 days after FCA treatment, NOx plasma
levels were found to be significantly higher in FCA-treated
than in control rats (Fig. 1B). Peak NOx levels (287 ± 24 �M)
occurred at 72 h post-FCA administration. AGP levels were
also significantly increased in FCA-treated rats between 24
and 72 h post-FCA. AGP levels decreased to control levels 7
days after the FCA injection (Fig. 1B). IL-6 could not be
detected in any plasma samples from control rats (<31 pg/ml).
In FCA-treated animals, IL-6 levels were detectable at 8 h
postinjection (219 ± 70 pg/ml). TNF-� and IL-1� concentra-
tions were found to be below the limit of detection in all
plasma samples (FCA-treated and control rats).

Fig. 1. (A) Volume of liquid displaced by the left hindpaw following
a subcutaneous administration of saline (control; �) or FCA (�) to
rats. (B) Nitrite + nitrate (NOx) and AGP levels in plasma following
a subcutaneous administration of saline (control; �) or FCA (�) to
rats. *p < 0.05: control vs. FCA-treated rats.
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mRNA Levels of Specific CYP Isoforms in Rat Livers

The mRNA levels of CYP2C11, CYP3A1, CYP3A2,
CYP2Bs, and CYP2E1 in livers obtained from rats sacrificed
at different time points following FCA or saline administra-
tion were determined by RT-PCR (Fig. 2). Except for
CYP3A2 mRNA, which appeared unaltered by FCA treat-

ment, all other CYP isoforms were associated with signifi-
cantly decreased mRNA levels at 24 h post-FCA. For
CYP3A1 and CYP2B mRNA, this decrease was still signifi-
cant at 48 and 72 h post-FCA, respectively. At 7 days post-
FCA, all CYP mRNA levels were back to control values ex-
cept for CYP2B1, which remained at 54% of controls. Indeed,
CYP3A1 mRNA appeared to be the most affected by FCA

Fig. 2. CYP2Bs, CYP2C11, CYP2E1, CYP3A1, and CYP3A2 mRNA contents (�) in rat liver following
a subcutaneous administration of saline/FCA to rats. mRNA levels were measured by RT-PCR and
normalized for cyclophilin contents. Total CYP and CYP2Bs, CYP2C11, CYP2E1, and CYP3A2 mi-
crosomal protein levels (�) in rat liver following a subcutaneous administration of saline/FCA to rats.
*p < 0.05: control vs. FCA-treated rats.
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administration, down to 13% of control levels at 24 h post-
FCA, followed by CYP2C11 and CYP2E1 (down 27% of
controls), and by CYP2Bs (down to 46% of controls). Despite
a steep decline at 24h post-FCA, CYP2C11 AND CYP2E1
mRNA were back to control values by 48 h and CYP2C11
levels even transiently increased up to 240% of control values
at 72 h post-FCA.

Total CYP Levels and Individual Protein Contents in Rat
Liver Microsomes

In rats treated with FCA, total P450 contents were sig-
nificantly decreased when compared to controls (Fig. 2). In
agreement with literature values, mean P450 contents were
∼0.6 nmol/mg protein for the control group (11). Weak but
significant correlations were observed between total P450
contents in liver microsomes and NOx or AGP plasma levels
(r � −0.52 and −0.60, respectively; p < 0.01). Western blots of
CYP2C11, CYP3A2, CYP2Bs, and CYP2E1 in liver micro-
somes obtained from rats sacrificed 72 h following FCA or
saline administration are shown in Fig. 3. As with mRNA, all
CYP protein levels except CYP3A2 were significantly de-
creased by FCA treatment, at 24 and 48 h postinjection.
CYP2B levels were decreased to 40% of control values at 72
h post-FCA and were back to control levels after 7 days.
CYP2E1 protein contents were decreased to ∼60% of control
levels at 48 h post-FCA and were also back to baseline after
7 days. CYP2C11 protein levels were the most severely af-
fected by FCA administration, down to 23% of control values
at 48 h. CYP2C11 protein levels were not back to baseline
levels 7 days post-FCA (∼60% of controls).

Testosterone Hydroxylation in Rat Liver Microsomes

In rats, CYP2B, CYP2C11 and CYP3As have been to
shown to catalyze the hydroxylation of testosterone at the
16�, 2�/16� and 6� positions, respectively (12). Up to 72 h
post-FCA, CYP2C11-related activities were lower in micro-
somes from FCA-treated rats than in controls (Fig. 4). At 48
h post-FCA, testosterone 2� and 16�-hydroxylase were se-
verely affected, with a 70% decrease in activity compared to
controls. At 7 days post-FCA, CYP2C11-related activities
were back to control values. FCA did not have any significant
influence on testosterone 6�-hydroxylase (CYP3As) (Fig. 4).
Because constitutive CYP2B expression is very low in livers
from uninduced rats, 16�-hydroxytestosterone levels were be-

low the LOQ in all samples and no activity could be mea-
sured.

Other CYP Activities in Rat Liver Microsomes

DF 4-hydroxylation was significantly altered in rats
treated with FCA when compared to controls (Fig. 5). This
CYP2C6-related activity decreased to a maximum of 65% of
control values at 24 h post-FCA. After 7 days, DF hydroxy-
lase activity was back to control values. In addition, FCA
administration significantly decreased the hydroxylation of
p-nitrophenol (CYP2E1) at 24 and 72 h post-FCA (Fig. 5). In
contrast, DM O-demethylation was not altered in liver micro-
somes obtained from FCA-treated rats compared to controls
(Fig. 5).

Fig. 4. Rates of 6� (�), 16� (�), and 2� (�) hydroxytestosterone
formation in rat liver microsomes following a subcutaneous admin-
istration of saline (control) or FCA to rats. *p < 0.05: control vs.
FCA-treated rats.

Fig. 5. p-Nitrophenol hydroxylase (�), dextromethorphan-O-de-
methylase (�), and diclofenac-4-hydroxylase (�) activities in rat liver
microsomes following a subcutaneous administration of saline (con-
trol) or FCA to rats. *p < 0.05: control vs FCA-treated rats.

Fig. 3. Western blotting analysis of hepatic microsomal CYP iso-
forms obtained from control and FCA-treated (72 h) rats. Micro-
somes were subjected to SDS-PAGE electrophoresis and probed for
different protein CYPs using anti-rat polyclonal antibodies. 625 to
2500 ng (CYP2B1/2, 2C11, 2E1, and 3A2) of microsomal proteins
were loaded in each lane.
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DISCUSSION

In this study, we showed that in rats, a single dose of
FCA initiates an inflammatory reaction characterised by mac-
roscopic changes at the site of injection (paw oedema) and
increases in plasma concentrations of IL-6, NOx, and AGP.
In turn, this inflammatory process triggers the downregula-
tion of hepatic P450 expression in the first days following
FCA administration. The observed decrease in total P450
protein levels (30–45% at 2–3 days post-FCA) appears to be
more modest than that reported in FCA-arthritic rats (85% at
14 days post-FCA) (7), but comparable to that detected 24
and 48 h after the administration of turpentine, another rat
model of acute local inflammation (13). Similarly, the release
of pro-inflammatory cytokines appeared to be more impor-
tant in FCA-arthritic rats (14), where TNF-� and IL-6 were
increased 14 to 25 days after FCA injection, than in our FCA-
treated rats, where only increases in IL-6 could be detected at
8 h postinjection. Our results also demonstrate that FCA-
induced inflammation has a selective influence on CYP ex-
pression and/or activity in rat liver, as illustrated by decreased
mRNA levels (CYP2B, CYP2C11, CYP3A1, and CYP2E1),
protein contents (CYP2B, CYP2C11, and CYP2E1) or cata-
lytic activities (CYP2C6, CYP2C11, and CYP2E1).

Literature findings in other rat models of acute inflam-
mation confirm the major impact of inflammation on
CYP2C11, CYP2E1, and to a lesser extent on CYP2B. In
turpentine-treated rats, liver CYP2C11 contents were se-
verely decreased 24 to 48 h after injection (13). In rats sub-
mitted to peritoneal macrophage stimulation by particulate
irritants, CYP2C11 (mRNA and protein) liver expression was
profoundly suppressed after 24 h (15). In livers from LPS-
treated rats sacrificed at 24 h postinjection, CYP2C11,
CYP2B, and CYP2E1 were diminished (16–18). In this study,
some observations evidence some commonalities between
CYP2B, CYP2E1 and CYP2C11. First, diminutions in protein
levels were always paralleled or even preceded by a fast de-
crease in mRNA contents, suggesting that the effect triggered
by FCA administration takes place mainly at the pre-trans-
lational level. Second, following the rapid initial decrease,
protein levels usually started to increase within 48–72 h after
FCA administration, evidencing the transient effect of the
acute inflammatory response on the contents of some indi-
vidual P450s.

For CYP2C11, the steep decline in mRNA observed at
24 h post-FCA was not only followed by a rapid return to
baseline levels within 48 h but also by a sharp, transient in-
crease in mRNA levels (up to 240% of control values) at 72
h. The mechanism(s) underlying this sudden activation of the
transcriptional machinery following an initial suppression
is(are) still poorly understood. Although any explanation is
still speculative, this phenomenon could result from a redis-
tribution of the same effectors involved in the initial CYP
downregulation in response to the rapid decrease in protein
contents or the clearance of the ligand(s) responsible(s) for
triggering the initial down-regulation. Interestingly, in spite of
this mRNA upregulation, CYP2C11 protein levels did not
return to baseline (remaining at 60% of control levels after 7
days), suggesting that post-translational events are likely to
play an important role in controlling CYP2C11 levels by
modulating protein stability and/or maturation. Because
CYP2C11 protein contents were so severely diminished in

FCA-treated rat liver, even at 7 days post-FCA, and because
this isoform is the major P450 constitutively expressed in male
rat liver (13,19), the significant decrease in total P450 contents
in livers from FCA-treated rats is likely to result from de-
creased CYP2C11 protein levels.

For CYP3A isoforms, literature reports show mixed find-
ings depending on the inflammatory stimulus. Similar to our
results obtained in FCA-treated rats, CYP3A2 mRNA and
protein levels remained unchanged in rats submitted to peri-
toneal macrophage stimulation by particulate irritants (15). In
contrast, in livers from rats treated with high doses of LPS and
sacrificed at 24 h post-injection, CYP3A2 mRNA and/or pro-
tein levels were diminished, probably because of the severity
of the systemic inflammatory reaction (15,16,20). Under our
experimental setting, we were able to show distinct patterns
of expression for two CYP3A isoforms. CYP3A1 mRNA was
profoundly suppressed in FCA-treated rats while CYP3A2
mRNA was not significantly affected. To our knowledge, this
is the first time that important differences between CYP3A1
and CYP3A2 gene regulation are evidenced in a model of
inflammation, in the context of a downregulation. A differ-
ential expression of CYP3A genes is, however, well docu-
mented in the field of induction (21). In fact, CYP3A2 has
been shown to be more refractory to induction following
treatment with classic CYP inducers compared to CYP3A1 or
CYP3A23 (CYP3A1 shows a six-base deletion vs. CYP3A23
and both genes appear to be regulated similarly) (22). Func-
tional studies suggested that the reduced responsiveness of
CYP3A2 to dexamethasone compared to CYP3A23 could be
mediated by selective and preferential binding of nuclear re-
ceptor (PXR/RXR, COUP-TF, and HNF4) and/or ligand ac-
tivating proteins to functional elements such as Dex-RE1,
Dex-RE2 and site A (21). Because a plethora of nuclear re-
ceptors or transcription factors involved in CYP2B, CYP3A,
CYP2C, or CYP2E1 gene functions (23) appear to be down-
regulated or upregulated following an acute inflammatory re-
action (24–26), it is possible that the affinity of these effectors
(nuclear receptors and/or transcription factors) for CYP3A2
regulating elements are responsible for its apparent resistance
to both downregulation and induction.

This paper demonstrates that FCA-induced inflamma-
tion not only affects P450 expression at the message and pro-
tein levels but also P450-mediated oxidative activities. In
male rat liver, testosterone 6-� hydroxylation is thought to be
driven mainly by CYP3A2 activity since the latter represents
the major CYP3A isoform and CYP3A1 protein expression is
low (27). Therefore, consistent with the stability of CYP3A2
mRNA and protein levels, CYP3A-specific activity as mea-
sured by testosterone 6-� hydroxylation remained unchanged
by FCA treatment, throughout the time-course of the experi-
ment. In contrast, testosterone 2�/16�-hydroxylation rates,
which are CYP2C11-specific activities, were severely dimin-
ished in FCA-treated rats, in agreement with the important
downregulation in CYP2C11 protein contents.

CYP2E1 was the only isoform for which the magnitude
of FCA-induced decreases in protein contents did not
completely agree with the reduction in catalytic activity, as
measured by p-nitrophenol hydroxylase activity. Overall,
CYP2E1 activity tended to decrease more than protein con-
tents. Although this could be explained, in part, by inter-
individual variability, this could also be due to the regulation
of CYP2E1, which may involve several mechanisms both at
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the transcriptional and post-translational levels (24). For in-
stance, Oesh-Bartlomowicz and Oesch have shown that some
P450s, in particular CYP2B and CYP2E1, can be inactivated
post-translationally without any decrease in their protein con-
tents, through phosphorylation on a serine residue by cyclic
AMP dependent protein kinases (28). Therefore, it is possible
that the inflammatory processes triggered by FCA activate
mechanisms that decrease CYP2E1 catalytic activity or pro-
tein turnover.

Several lines of evidence suggest that pro-inflammatory
cytokines such as IL-6, IL-1�, and TNF-� are involved not
only in the induction of iNOS and the synthesis of acute phase
proteins such as AGP, but also in mediating CYP downregu-
lation (2,29,30). Since the observed decrease in P450 expres-
sion/activities triggered by FCA administration was accompa-
nied by an increase in NO and AGP production, we pro-
ceeded to characterize the time-course of IL-1�, IL-6, and
TNF-� in plasma obtained from control and FCA-treated
rats. At any time point, there was no significant difference in
IL-1� and TNF-� plasma levels between FCA-treated and
control rats. In contrast, IL-6 was significantly increased in
plasma from FCA-treated rats compared to controls at 8h
post-injection. These findings are in agreement with literature
reports where IL-1� and TNF-� levels were found to be dras-
tically increased locally (in the rat hindpaw) but not systemi-
cally (in plasma) following FCA treatment (5,31). This was
also the case in turpentine-treated rats, where IL-1� and
TNF-� serum concentrations did not change compared to
control rats (32,33). The authors also measured IL-6 circulat-
ing levels and these were found to peak at the same time
postinjection (8 h) as in our study after FCA administration.
Together these findings suggest that IL-6 plays an important
role in selectively altering the expression of hepatic P450s in
FCA-treated rats. However, it does not preclude the involve-
ment of IL-1� and TNF-� as pro-inflammatory cytokines are
often sequentially formed, TNF-� being typically made first,
causing the induction of IL-1�, which in turn causes the in-
duction of IL-6 (34).

Several studies support the role of IL-6 (without exclud-
ing the involvement of TNF-� and IL-1�). Experiments in
turpentine-treated or control rabbits have demonstrated that
serum IL-6 was able to decrease total P450 contents in hepa-
tocytes obtained from the turpentine-treated group (35,36).
In vitro, the incubation of primary cultures of rat hepatocytes
with IL-6 was associated with a decrease in CYP2C11 and
CYP2B mRNA and/or protein levels (37,38). In rat hepatoma
cells, CYP2E1 mRNA and protein were strongly decreased
by IL-6 treatment after 24 and 72h, respectively (24). In
vivo, IL-6 administration decreased CYP2C11 mRNA/
proteincontents, but had no effect on CYP3A2 protein levels
(39). Finally, in IL-6 knockout mice, the mRNA contents of
many P450s (Cyp1a2, Cyp2a5, and Cyp3a11) were not af-
fected by turpentine treatment, which further corroborates
the predominant role of IL-6 in P450 downregulation follow-
ing an inflammatory stimulus (40).

The mechanism(s) by which IL-6 would trigger a de-
crease in CYP expression is likely to involve important
nuclear receptors or liver-enriched transcription factors. In
human hepatocytes, IL-6 downregulated PXR and CAR ex-
pression (41). During inflammation, the effect of IL-6 on
acute phase proteins is thought to be mainly mediated
through signal transducers and activators of transcription and/

or members of the CCAAT/enhancer binding protein family
(42). For example, IL-6 was shown to downregulate the con-
stitutive expression of C/EBP� and enhance the expression of
C/EBP� and C/EBP�-LIP (43). IL-6 is also one of the stron-
gest inducers of STAT3 activation and the increased expres-
sion of STAT3 detected 4h after LPS administration to rats is
thought to be mediated by cytokines such as IL-6 (20,26).
Because different CYPs could be differentially regulated by
one or more of these effectors, the overlapping interplay be-
tween nuclear receptors (e.g., PXR or CAR) and transcrip-
tion factors (e.g., C/EBPs and/or STAT3) may determine the
susceptibility of individual CYPs to pro-inflammatory cyto-
kines or various inflammatory stimuli.

In conclusion, our study demonstrates that a single FCA
injection in the rat hindpaw leads to the development of an
acute inflammatory response, as evidenced by paw edema
and increased AGP, NOx and IL-6 plasma levels in the early
days that follow FCA injection. These changes are accompa-
nied by a rapid decrease in total P450 contents in rat liver and
the selective downregulation of specific CYP isoforms, as il-
lustrated by decreased expression and/or activities in CYP2B,
CYP2C6, CYP2C11, and CYP2E1 in FCA-treated rat liver
microsomes. These early biochemical modifications may have
important consequences when hepatically-cleared drugs are
administered to FCA-treated rats within the first 24–72 h
post-FCA, as it is the case in the FCA hyperalgesia model.
Given the large heterogeneity of pharmacodynamic models
used in pain research, ranging from acute tests with marked
responses to a short-lasting inflammatory stimulus to more
chronic-like conditions, a better biochemical and metabolic
characterization of each model would allow us to explain
pharmacokinetic, and eventually pharmacodynamic variabil-
ity, and improve the pharmacokinetic/pharmacodynamic re-
lationships of new chemical entities.
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