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1 Chronic renal failure (CRF) is associated with a decrease in liver cytochrome P450 (P450). The
mechanism remains poorly understood. The present study aimed to investigate the e�ects of the
serum of rats with CRF on liver P450.

2 Normal rat hepatocytes were incubated for 24 h with serum (concentration of 10%) from rats
with CRF and from control animals in order to measure (1) total P450 level, (2) protein expression
and mRNA levels of major P450 isoforms, and (3) some of their speci®c metabolic activities (N-
demethylation of erythromycin). Time-course experiments (incubation time from 12 to 48 h) and
dose-response curves (concentration of serum ranging from 1 to 30%) have been conducted.

3 In normal hepatocytes incubated for 24 h with serum (concentration of 10%) from rats with
CRF, total P450 level, protein expression and mRNA levels of several P450 isoforms (CYP2C6,
2C11, 3A1 and 3A2) were decreased by more than 35% (P50.001) compared to serum from control
animals. The protein expression as well as the mRNA levels of CYP2D were similar in hepatocytes
incubated with serum from either control or CRF rats. The N-demethylation of erythromycin was
decreased by more than 35% (P50.001) in hepatocytes incubated with serum from rats with CRF.
The inhibitory e�ect of serum from rats with CRF tended to peak at 48 h of incubation and was
maximum at a concentration of 20%.

4 In conclusion, uremic serum contains mediator(s) that down-regulate the cytochrome P450 of
normal hepatocytes secondary to reduced gene expression.
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Introduction

Several studies have shown that the metabolic clearance of
various substrates is reduced in patients with CRF (Matzke
& Frye, 1997; Talbert, 1994; Touchette & Slaughter, 1991).

The decrease in drug biotransformation is mainly secondary
to alteration in drug metabolism by the liver (Touchette &
Slaughter, 1991). Indeed, in rats with experimental renal
failure, CRF inhibits liver cytochrome P450 (P450) as well as

cytosolic enzymes (Leber et al., 1978; Leber & Schutterle,
1972; Patterson & Cohn, 1984; Uchida et al., 1995; van Peer
& Belpaire, 1977). Recently, we have con®rmed that in the

rat, CRF induces a marked decrease in liver total P450
activity secondary to reduced protein expression of selective
P450 isoforms, namely CYP2C11, 3A1 and 3A2 (Leblond et

al., 2001). This down-regulation is produced by a reduction
in gene expression (Leblond et al., 2001). The repercussions
on the in vitro metabolism of drugs by the liver is important,

since we observed a 50% reduction of erythromycin
biotransformation mediated by the CYP3A family. Further-
more, we also demonstrated that the in vivo metabolism of
some drugs (namely aminopyrine and erythromycin) was

markedly reduced in CRF rats (Leblond et al., 2000).

The mechanism underlying the down regulation of liver
P450 in CRF remains poorly understood. Leber & Schutterle
(1972) have shown that in CRF, the reduction of liver P450

induced by CRF could be reversed in part by l-aminolevulinic
acid but these results have not been con®rmed. It appears
excluded that chronic protein malnutrition, as seen in CRF,
could be responsible for reduced P450 synthesis in the liver

(Leblond et al., 2001). On the other hand, an attractive
hypothesis for the liver P450 down-regulation is the presence
of endogenous inhibitors in the uremic blood. In fact some

studies have shown that the extraction of propranolol by
perfused rat liver was reduced in the presence of uremic
blood (Terao & Shen, 1985). Supporting the presence of

inhibitors, it has been shown that serum of patients with
CRF could down-regulate the in vitro hepatic metabolism of
midazolam and tolbutamide (Taburet et al., 1996). However,

no study has directly evaluated the e�ects of CRF serum on
liver P450 activity and expression.
The objectives of this study were to determine the e�ects

of CRF serum on liver P450 and to de®ne the mechanisms

leading to its down-regulation. For this purpose, we
incubated normal rat hepatocytes with serum from CRF
and control rats in order to measure (1) cytochrome P450

total level, (2) some of the P450 isoforms involved in drug
metabolism (e.g. CYP2C6, 2C11, 2D, 3A1 and 3A2) as well
as some of their speci®c metabolic activities, and (3) the
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mRNA encoding for these speci®c isoforms. Finally,
experiments have been done to evaluate the molecular
weight of the potential inhibitory factors present in uremic

serum.

Methods

Experimental model

Male Sprague-Dawley rats (Charles River, Saint-Charles,
PQ), weighing 200 ± 300 g were housed in the Research
Centre animal care facility and maintained on Purina rat

pellets and water ad libitum. An acclimatization period of at
least 3 days was allowed to the animals before any
experimental work was undertaken. All the experiments were

conducted according to the Canadian Council on Animal
Care guidelines for care and use of laboratory animals.
Studies were performed using three groups of rats: normal

(n=30), CRF (n=70) and control (n=60). Hepatocytes were

isolated from normal rat and the sera used for incubation
experiments were obtained from either CRF or control rats.
Chronic renal failure was induced by two-stage ®ve-sixth

nephrectomy as previously published (Leblond et al., 2001;
Leblond et al., 2000). After surgery, CRF animals were fed
Purina rat chow and water ad libitum. Rats from control

group also underwent two sham laparotomies (day 1 and 8).
Control rats were paired-fed the same amount of rat chow
that was ingested by the CRF rats on the previous day. At

day 41 after the nephrectomy, the rats were housed in
metabolic cages and urine was collected for 24 h to determine
the clearance of creatinine. Rats were sacri®ced by decapita-
tion at 42 days. Blood was collected and rapidly stored on

ice. After coagulation, serum was recovered by centrifugation
(600 g for 10 min) and samples were kept for the measure-
ment of serum creatinine and urea. The remaining sera were

stored at 7808C.

Hepatocyte isolation and culture

Hepatocytes were isolated according to the two-step liver
perfusion method of Seglen (Seglen, 1976). Laparotomy was
done on anaesthetized normal rats and the portal vein and

inferior vena cava were cannulated. The liver was perfused in
situ with a Hank's solution (mM: NaCl 120, KCl 5, 1%
glucose, KH2PO4 0.4, Na2HPO4 0.2, NaHCO3 25, pH 7.4), in

a two-stage period. During the ®rst period, the liver was
perfused with Hank's supplemented with 0.1 u ml71 heparin
and 0.5 mM EGTA to remove blood. Thereafter, Hank's

containing 1.2 mM MgSO4, 1.8 mM CaCl2, 7.5 mg ml71

trypsin inhibitor and 5 mg ml71 collagenase D was perfused
to digest hepatic tissue. After in situ perfusion, the liver was

removed and placed on ice in Williams E medium. The
capsule was stripped away from one side of the liver, and the
cells were detached by brushing the liver with a plastic comb
and ®ltered through nylon ®lter (80 mm). Living cells were

puri®ed on a 40% Percoll gradient. Viability was 590% as
assessed by trypan blue exclusion. The cell concentration was
adjusted to 0.56106 cells ml71 with Williams E medium,

supplemented with 10% foetal calf serum, and 1 mM insulin.
Aliquots of 3 ml of hepatocytes suspensions were transferred
into each well of a 6-well plastic culture plate coated with

type I rat tail collagen. A pre-incubation of 4 h was done at
378C in an atmosphere of 95% O2 and 5% CO2.

After pre-incubation, the medium was changed for 2 ml of

William E medium containing 10% of serum from rats with
CRF or from control animals. The serum of one rat was used
for one experiment. Thereafter, the hepatocytes were
incubated for another 24 h. Hepatocytes were then harvested

by scraping in phosphate-bu�ered saline. For mRNA
analysis, cells were harvested in RLT bu�er. Samples were
stored at 7808C up to analysis.

Time-course experiment

After pre-incubation, normal hepatocytes were incubated
with William E medium containing 10% of serum from rats
with CRF or from control animals (as described above).

Various incubation times were studied: 12, 24 and 48 h.
Culture medium was changed after 24 h. Since the volume of
serum used for this experiment exceeded the one obtained
from one rat, the serum of 3 ± 5 di�erent rats of the same

group (CRF or control) were pooled to perform one time-
course experiment. Hepatocytes were then harvested as
described above, and stored at 7808C up to analysis.

Dose-response experiment

To assess whether the down-regulation of P450 produced by
serum mediator(s) was dose-dependent, dose-response curves
were obtained by measuring the ability of a wide range of

serum concentration (1 ± 30% ) to depress the P450 of normal
hepatocytes. Incubation time was 24 h. Similar to the time-
course experiment, we pooled the serum of 3 ± 5 CRF or
control rats to perform one dose-response curve. Hepatocytes

were then harvested as described above, and stored at 7808C
up to analysis.

Serum fractionation experiment

In order to evaluate the molecular weight of serum

mediator(s), serum proteins from rats with CRF were
separated by ultra®ltration using two di�erent molecular
weight cut-o�: 10 kDa and 30 kDa. Brie¯y, a pool of CRF
serum (10 ml) was sequentially ®ltered in Centricon 10 and

Centricon 30 (Millipore, Nepean, Ontario, Canada) to obtain
three fractions: 510 kDa, between 10 ± 30 kDa and
430 kDa. Since the ultrafuiltrate was used to test the

fraction 510 kDa, we assume that some proteins over
8 kDa were still retained by the membrane. Normal
hepatocytes were then incubated with these serum sub-

fractions at a concentration of 10% for 24 h. Control serum
was treated the same way. Hepatocytes were then harvested
as described before, and stored at 7808C up to analysis.

Microsome preparation from hepatocytes

Microsomes were isolated by di�erential centrifugation

(Tindberg et al., 1996). Pelleted hepatocytes were homo-
genized (using a Potter-Elvehjem tissue grinder, Wheaton) in
0.5 ml of homogenization bu�er (10 mM Tris-HCl pH 7.4,

0.153 M KCl, 0.2 mM EDTA, 0.1 mM DTT, 20% Glycerol,
0.1 mM PMSF) and sonicated for 10 s on ice, and then
centrifuged at 12,0006g for 5 min at 48C. The supernatant
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was further centrifuged at 100,000 g for 60 min at 48C. The
pellet containing the microsomes was resuspended in 0.154 M

NaCl and stored at 7808C up to the analysis.

Determination of total cytochrome P450 activity

Protein content was determined by the method of Lowry et

al. (1951) using bovine serum albumin as standard protein.
Total cytochrome P450 activity was measured from the
di�erence spectrum of the reduced protein according to

previously published method (Omura & Sato, 1964).

Western blot analysis

Some of the major cytochrome P450 isoforms implicated in
the metabolism of drugs were assessed by Western blot

analysis: CYP2C6, CYP2C11, CYP2D, CYP3A1 and
CYP3A2, as described elsewhere (Leblond et al., 2001).
Brie¯y, 25 mg of protein were electrophoresed in a 7.5%
polyacrylamide gel containing 0.1% SDS (Laemmli, 1970).

CYP2C6, 2C11, 3A2 were detected using polyclonal goat
anti-rat 2C6, 2C11 and 3A2, respectively. CYP2D was
detected using a rabbit anti-human 2D6. CYP3A1 was

detected using a monoclonal mouse anti-rat 3A1. Immune
complexes were revealed by secondary antibody, swine anti-
goat IgG and goat anti-rabbit IgG as well as goat anti-

mouse IgG coupled to peroxidase and the Luminol
derivative of Lumi-Light Western blotting substrate. Im-
mune reaction intensity was determined by computer-assisted

densitometry on exposed Biomax MR ®lm (Eastman Kodak,
Rochester, NY, U.S.A.). In order to test linearity between
densitometric signal and protein, we used three di�erent
protein loadings: 5, 12.5 and 25 mg. In this experiment we

assessed CYP3A1 and 3A2 protein expressions.

RNA isolation and quantitative RT ±PCR analysis

At the end of the culture period, cells were harvested directly
in RLT bu�er with scraper. Samples were kept a 7808C until

RNA extraction. Total RNA was extracted from frozen
samples with RNeasy kit (Qiagen, Mississauga, Ontario,
Canada). RNA concentrations were determined by measuring
absorbance at 260 nm.

One microgram of total RNA was used to prepare cDNA
by reverse transcription using Omniscipt RT kit from Qiagen
and random primer from Invitrogen (Burlington, Ontario,

Canada). Quantitative PCR was performed using Taq DNA
polymerase from Qiagen and the QuantumRNA Classic 18S
kit from Ambion (Austin, TX, U.S.A.). This enabled the

comparison of control and CRF samples by normalization
with the 18S ribosomal RNA content. Speci®c primer sets
were designed for each of the three tested isoforms and are

reported in Table 1. The PCR reactions were performed in a
GeneAmp PCR system 2400 (Perkin-Elmer) with a 15-s
incubation at 948C, a 15-s incubation at 558C and a 30-s
incubation at 728C. PCR products were fractionated on 1.5%

agarose gel and visualized by ethidium bromide staining.

In vitro metabolism of erythromycin

In order to evaluate the metabolic activity of CYP3A in
microsome of treated hepatocytes, erythromycin N-demethy-

lation was determined as described previously (Leblond et

al., 2001). Erythromycin was incubated with 1.5 mg of rat
hepatocyte microsomal protein at 378C for 15 min, in the
presence of a NADPH-generating system consisting of:

10 mM glucose 6-phosphate, 1 mM NADP and 0.35 units of
glucose-6-phosphate dehydrogenase in a total volume of
0.5 ml. Reactions were quenched with 0.05 ml of 0.87 M

ZnSO4 and 0.05 ml of 0.3 N Ba(OH)2. The samples were
then centrifuged at 14,0006g for 10 min, and 0.35 ml of
the supernatant was transferred and mixed with 0.15 ml of

Nash reagent. The mixture was incubated at 568C for
30 min and samples were analysed by spectrophotometry
(absorbance 405 nm) to determine the formation of
formaldehyde.

Blood and urine chemistries

Blood (urea, creatinine) and urine (creatinine) chemistries
were determined with a Hitachi 717 autoanalyser (Boehringer
Mannheim Canada, Laval, QueÂ bec, Canada).

Drugs and chemicals

Heparin, glucose, EGTA, trypsin inhibitor, William E

medium, Percoll, Insuline, erythromycin were purchased from
Sigma chemicals (Sigma, St-Louis, MO, U.S.A.). Collagenase
D was provided by Roche Diagnostics (Laval, QueÂ bec,

Canada). Foetal calf serum was acquired from Biosources
International (Camarillo, CA, U.S.A.). Culture plates coated
with type I rat tail collagen were purchased from BD

(Oakville, Ontario, Canada). RLT bu�er was provided by
Qiagen (Mississauga, Ontario, Canada). Primers used for
PCR quanti®cation were obtained from Sigma.

Polyclonal goat anti-rat 2C6, 2C11 and 3A2 as well as
rabbit anti-human 2D6 were acquired from Gentest Corpora-
tion (Woburn, MA, U.S.A.). Monoclonal mouse anti-rat 3A1
was obtained from Oxford Biochemical Research (Oxford,

MI, U.S.A.). Secondary antibodies (swine anti-goat IgG and
goat anti-rabbit IgG) as well as goat anti-mouse IgG were
provided by Biosources International (Camarillo, CA,

U.S.A.) and by Sigma Chemicals, respectively. Lumi-Light
Western blotting substrate was purchased from Roche
Diagnostics.

Table 1 Nucleotide sequences of PCR primers

P450 Predicted
isoform Primer sequence (5'-3') product size

2C11* TCATTCCCAAGGGTACCAATG 664 bp
GGAACAGATGACTCTGAATTCT

2D{ ACCAATGCTGTCATCCATGAGG 211 bp
CATGAAGGCCTCATGCTTCAC

3A2* ATCCAGAAAGGTTTAGCAAGG 589 bp
GGACGAGGACATGGTTACTATC

*Primers for CYP2C11 and 3A2 were synthesized according
to Leblond et al. (2001). {Primers for CYP2D were designed
based on published cDNA sequences with the aid of the
Jelly®sh computer program. The resulting PCR product was
sequenced on an ABI Prism 3100 analyzer (Applied
Biosystems, Foster City, CA, U.S.A.) to con®rm the
speci®city of the primers for CYP2D.
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Statistical analysis

The results are expressed as mean+s.e.mean. Di�erences

between groups were assessed by using an unpaired Student's
t-test or an ANOVA test. Signi®cant ANOVA was followed
by Fisher LSD multiple comparisons procedure. The thresh-
old of signi®cance was P50.05.

Results

Biochemistry parameters and body weight in control and
CRF rats

Table 2 presents the biochemicals and body weights of the
two groups of animals from whom sera were obtained.

Compared to control animals, CRF rats had higher levels of
plasma creatine and urea and lower values of creatine
clearance (reduced by 71% (P50.001)). There was no
di�erence in body weight between control and CRF rats.

Total cytochrome P450 level in hepatocytes incubated
with serum from CRF or control rats

Total P450 level in hepatocytes incubated for 24 h with 10%
of control rat serum was 0.17+0.11 nmol mg71 of proteins.

Following 24 h of incubation of normal hepatocytes with
serum (10%) from rats with CRF, total P450 level decreased
by 35% (P50.01).

Protein expression of liver cytochrome P450 isoforms in
hepatocytes incubated with serum from CRF or control
rats

Following 24 h of incubation of normal hepatocytes with
serum (10%) from rats with CRF, several P450 isoforms

decreased, compared to hepatocytes incubated with serum
from control animals (Figure 1). The levels of CYP2C6,
2C11, 3A1 and 3A2 were reduced by 38, 43, 37 and 57%

(P50.01) respectively, whereas the levels of CYP2D were
similar in the two groups of hepatocytes. The same di�erence
in CYP3A1 and 3A2 protein expressions was observed
between control and CRF groups when the protein loading

is reduced as shown in Figure 2. A correlation of more than
0.7 (P50.05) was observed between protein loading and
signal intensity for both tested isoforms. Similar decrease in

CYP2C11, 3A1 and 3A2 protein expressions were obtained

with hepatocytes cultured for 7 days and then incubated for

24 h with serum from control or CRF rats (data not shown).

mRNA encoding liver cytochrome P450 isoforms in
hepatocytes incubated with serum from CRF or control
rats

In order to determine whether the down-regulation in the

protein expression of hepatic cytochrome P450 isoforms was
secondary to a decrease in their synthesis or an increase in
their degradation, mRNA encoding some of these isoforms

(CYP2C11, 2D and 3A2) were measured by quantitative
RT ±PCR analysis. Following 24 h of incubation of normal
hepatocytes with serum (10%) from rats with CRF, mRNA

encoding CYP2C11 and 3A2 isoforms were reduced by 27
and 36% (P50.005) respectively, compared to serum from
control animals (Figure 3). Levels of mRNA encoding for

CYP2D were similar in both groups (Figure 3). Thus, the
decrease in protein expression of P450 isoforms mediated by
serum from rats with CRF is secondary to reduced gene
expression.

In vitro metabolism of erythromycin in hepatocytes
incubated with serum from CRF or control rats

To determine the repercussion of cytochrome P450 reduction
on the metabolism of drugs, the in vitro N-demethylation of

Table 2 Characteristics of the control and CRF rats

Control CRF
(n=60) (n=70)

Body weight (g) 321+8 307+10
Serum creatinine (mmol l71) 55+1 173+10*
Creatinine clearance (ml 100 g71 of
body weight min71) 385+10 113+7*

Serum urea (mmol l71) 6.8+0.4 42.2+4.5*

Data are the mean+s.e.mean. Measurements were made at
the time of sacri®ce. Urinary collection was begun the day
before. *P50.001 compared to control animals.

Figure 1 Protein expression of hepatic cytochrome P450 isoforms in
hepatocytes incubated with serum from control and CRF rats.
Protein bands are expressed in densitometry units (%). The
densitometry units of control rats were arbitrarily de®ned as 100%.
Data are the mean+s.e.mean of eight experiments in each group.
*P50.01 as compared to serum from control. Representative blots
are also shown.

Figure 2 Protein expression of hepatic cytochrome P450 3A1 and
3A2 in hepatocytes incubated with serum from control and CRF rats.
Three protein loadings have been used: 5, 12.5 and 25 mg. The
di�erence in protein expression of CYP3A1 and 3A2 between control
and CRF was the same for each protein loading.
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erythromycin have been assessed in microsomes prepared
from hepatocytes previously incubated for 24 h with serum
(10%) from CRF or control rats. This enzymatic reaction is

mediated primarily by the CYP3A family. The N-demethyla-
tion of erythromycin was decreased by 52% in hepatocytes
incubated with serum from rats with CRF, compared to
serum from control animals (P50.01) (Figure 4).

Time-course of P450 down-regulation by CRF serum

To study the down-regulation of P450 as a function of time
of incubation, normal hepatocytes were incubated for 12, 24
and 48 h in Williams E medium containing 10% of serum

from rats with CRF or from control rats. Only protein
expression of CYP2D and 3A2 were measured. This
experiment showed a progressive decline in CYP3A2

expression in hepatocytes incubated with CRF serum
compared to control (Figure 5). There was no change in
CYP2D expression between both groups (data not shown).

Dose-response curves of P450 down-regulation by CRF
serum

The reduction in P450 induced by CRF serum was closely
related to the concentration of serum used (Figure 6). There
was a progressive increase in the reduction of CYP3A2
expression when hepatocytes were incubated with increasing

concentration of serum from CRF rats (from 2.5 to 30%),
compared to serum from control animals. There was no
further signi®cant inhibition of CYP3A2 expression beyond a

serum concentration of 20%. The di�erence in the expression
of CYP3A2 between serum from control and CRF rats was
present in each of the concentration of serum tested except

for the concentration of 1%. There was no change in CYP2D
expression between both groups (data not shown).

Figure 3 mRNA encoding hepatic cytochrome P450 isoforms
(CYP2C11, CYP2D and 3A2) in hepatocytes incubated with serum
from control and CRF rats. mRNA bands are expressed in
standardized densitometry units (%). The densitometry values for
cytochrome P450 isoforms were standardized by dividing these values
by the values for 18S ribosomal RNA. The standardized densito-
metry units of control rats were arbitrarily de®ned as 100%. Data are
the mean+s.e.mean of eight experiments in each group. *P50.005 as
compared to serum from control rats. Representative blots are also
shown.

Figure 4 In vitro metabolism of erythromycin in microsomes
prepared with hepatocytes incubated with serum from control and
CRF rats. Data are the mean+s.e.mean of eight experiments in each
group. *P50.01 as compared to serum from control rats.

Figure 5 Level of CYP3A2 protein expression in hepatocytes
incubated with serum from control and CRF rats, in function of
the time of incubation. Hepatocytes were incubated for 12, 24 and
48 h with serum (10%) from control and CRF rats. Protein bands
are expressed in densitometry units (%). The densitometry units of
control rats were arbitrarily de®ned as 100%. Data are the
mean+s.e.mean of three experiments. *P50.01 as compared to
serum from control.

Figure 6 Level of CYP3A2 expression as a function of the
concentration of serum used for the incubation of hepatocytes.
Hepatocytes were incubated for 24 h with progressive concentration
of serum from control and CRF rats. Protein bands are expressed in
densitometry units (%). The densitometry units of control rats were
arbitrarily de®ned as 100%. Data are the mean+s.e.mean of six
experiments. *P50.01 as compared to serum from control rats.
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Fractionation of serum

In order to characterize the mediator(s) in the serum of CRF

rats that down-regulate the P450, sera from rats with CRF
were separated in three fractions containing proteins with the
following molecular weight: less than 10 kDa, between 10 to
30 kDa and over 30 kDa. The reduction of CYP3A2

expression (40%, P50.01) was only observed in the fraction
of 10 ± 30 kDa, and was similar to that observed in
unfractionated CRF serum.

Discussion

This study demonstrates that in the rat, the serum of animals
with CRF contains mediator(s) able to induce a marked

decrease in hepatic total cytochrome P450 activity secondary
to a reduction in the protein expression of several cytochrome
P450 isoforms. The mechanism underlying this down-
regulation is a reduction in the concentration of mRNA

encoding these proteins. The repercussions on the hepatic
metabolism of drugs is important, since we observed a
reduction in erythromycin biotransformation (mediated by

the CYP3A family).
Renal failure has been generally thought to decrease only

the renal clearance of drugs (Cantu et al., 1992). However,

several studies have demonstrated that animals with CRF
also present decreased hepatic drug metabolism (Gibson,
1986). Since the P450 is the major enzymatic system involved

in drug metabolism, most studies have focused on liver P450.
The results of these studies show that in CRF rats there is a
19 ± 47% decrease in liver total P450 (Leber et al., 1978;
Leber & Schutterle, 1972; Leblond et al., 2001; Patterson &

Cohn, 1984; Uchida et al., 1995; van Peer & Belpaire, 1977).
Several P450 isoforms are decreased in the liver, namely
CYP2C6, 2C11, 3A1 and 3A2 (Leblond et al., 2001; Uchida

et al., 1995). Furthermore, important reductions in enzymatic
reactions normally carried by the liver P450 have been
reported: N-demethylation of aminopyrine and ethymor-

phine, O-demethylation of codeine, hydroxylation of aniline
and N-demethylation of erythromycin (Gibson, 1986;
Leblond et al., 2001). Recently, we have demonstrated that
in rats with CRF, liver mRNA of CYP2C11, CYP3A1 and

CYP3A2 were signi®cantly decreased, suggesting that there is
reduced gene expression (Leblond et al., 2001).
However, the mechanisms underlying liver P450 down-

regulation remain poorly known. Previously, Terao & Shen
(1985) reported that when livers from healthy rats were
perfused with plasma of uremic rats, the extraction of l-

propranolol was reduced. Although this study was done in
rats using an acute renal failure model and reported no data
on drug metabolizing enzyme, it nevertheless provided the

®rst evidence for the presence of an inhibitory factor in the
uremic blood that could modify the biotransformation of
drugs. In the present study, we used a standard experimental
model of CRF. The results clearly demonstrate that uremic

serum contains mediator(s) able to down-regulate hepatic
P450. Interestingly, our results also closely mimic what has
already been published in vivo in rats with CRF (Leblond et

al., 2001). Indeed, we found a decrease of 35% in total
hepatic P450 and a marked decrease in several P450 isoforms
protein expressions (mainly CYP2C6, 2C11, 3A1 and 3A2).

In humans, there is also some data supporting the presence
of hepatic P450 inhibitors in CRF serum. It has been shown
that serum of patients with CRF could down-regulate the in

vitro hepatic metabolism of midazolam and tolbutamide,
which are biotransformed by P450 (mainly CYP3A4 and
2C9) (Taburet et al., 1996). Human CYP3A4 corresponds to
CYP3A1/3A2 in rats. Interestingly, in the present study we

demonstrated a marked decrease in this isoform. Further-
more, we showed that the in vitro metabolism of erythromy-
cin (a speci®c substrate for CYP31/3A2) was signi®cantly

reduced as reported for midazolam in humans. Knowledge of
which isoform is reduced by CRF is critical in order to
predict which drugs are at risk for accumulation when used

in CRF. Since CYP3A4 is responsible for the metabolism of
several drugs commonly used in CRF, patients with CRF
could be at risk for drug accumulation and toxicity.

Our results demonstrate that there is an association
between lower levels of mRNAs and protein for CYP2C11
and 3A2 isoforms (Figure 3) in hepatocytes incubated with
serum from rats with CRF. This suggests that gene

expression is reduced by mediator(s) present in uremic serum.
These results are similar to those reported in in vivo
experiments (Leblond et al., 2001). Although the mechanisms

responsible for the diminished hepatic gene expression in
CRF are not known, the present study suggests that uremic
mediator(s) could a�ect P450 promoters.

A number of studies indicate that animals with CRF
display impaired protein synthesis, by reduced gene expres-
sion, in the liver, the skeletal muscle and the cardiomyocytes

(Klin et al., 1996; Ding et al., 1996; Qing et al., 1999). For
instance, the mRNA of hepatic lipase and insulin-like growth
factor 1 receptor are decreased in hepatocytes and skeletal
muscle respectively, of rats with CRF (Klin et al., 1996; Ding

et al., 1996; Qing et al., 1999). CRF is associated with
sustained elevations in calcium in many cell types, including
the hepatocytes, and this high intracellular calcium seems to

be a major factor underlying cell reduced protein synthesis
(Klin et al., 1995; Massry & Fadda, 1993). It has been
suggested that the increase in basal [Ca2+]i of hepatocytes

was secondary to excess in PTH that accompanies CRF (Klin
et al., 1994). The predominant pathway for the PTH-induced
increase in [Ca2+]i is the stimulation of a G protein-adenylate
cyclase-cAMP system which then leads to stimulation of a

calcium transport system (Klin et al., 1994). On the other
hand, cAMP has been shown to down-regulate P450 (Sidhu
& Omiecinski, 1995). Interestingly, the present study

demonstrates that the molecular weight of the mediator(s)
is superior to 8 kDa, and since rat PTH molecular weight is
around 10 kDa, it could be a potential mediator of hepatic

P450 down-regulation in CRF.
Other potential mediators are cytokines, since their

molecular weight averages 20 kDa. Several studies have

demonstrated that CRF is associated with a chronic
activation of in¯ammatory response (Bistrian, 1998; Stenvin-
kel et al., 1999). Patients with CRF present an increase in
plasma levels of many cytokines, such as interleukin-1 (IL-1),

monocyte chemotactic and activating factor, interleukin-6
(IL-6), granulocyte inhibitory protein and transforming
growth factor (Akahoshi et al., 1995; Higuchi et al., 1997;

Oettinger et al., 1994; Sunder-Plassmann et al., 1994; Ziesche
et al., 1994). On the other hand, cytokines are able to down-
regulate hepatic P450 in vitro and in vivo (Abdel-Razzak et
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al., 1993; 1994; 1995). These observations support the
hypothesis that the mediators contained in the plasma of
CRF rats which down-regulate the hepatic P450 could be

some speci®c cytokines which are increased in CRF.
There seems to be a correlation between the decrease in the

metabolism of drugs and the severity of renal failure in
human (Konishi, 1986). In the rat, we recently reported in

vivo a signi®cant correlation between the decrease in renal
function and the reduction in liver cytochrome P450 but also
with the reduction in the in vitro N-demethylation of

erythromycin (Leblond et al., 2000; 2001). These results
suggest that as CRF worsens, patients are at risk of drug
accumulation and toxicity secondary to reduction in their

metabolism. Interestingly, in the present study we found a
strong correlation between the dose as well as the incubation
time of mediator(s) and the inhibition of P450.

In conclusion, the serum of rats with CRF contains
mediator(s) that down-regulate the cytochrome P450 of

normal hepatocytes. The serum mediator(s) decrease the
protein expression of several P450 isoforms (mainly CYP2C6,
2C11, 3A1 and 3A2), secondary to reducing mRNA levels.

Drug metabolism, assessed by the biotransformation of
erythromycin, was greatly reduced by serum mediator(s).
The depression of P450 induced by CRF rat serum was
similar to that produced by CRF in in vivo model, suggesting

that uremic mediator(s) are responsible for the reduction in
drug metabolism in vivo.
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