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Abstract—Pregnane X receptor (PXR) is a member of the nuclear receptor superfamily that regulates target gene

transcription in a ligand-dependent manner. The in vivo effects of lipopolysaccharide (LPS) on expression of PXR and its

target gene cytochrome P450 3A (CYP3A) in mouse liver were investigated in this study. Mice were injected

intraperitoneally with different doses of LPS (0.1–5.0 mg/kg). PXR and CYP3A11 mRNA levels were measured using

reverse transcription polymerase chain reaction. Results indicate that LPS significantly inhibits the expression of PXR

mRNA in a dose-dependent manner, followed by suppression of CYP3A11 mRNA in mouse liver. LPS also represses the

upregulation ofCYP3A11mRNA levels and erythromycinN-demethylase (ERND) catalytic activity inmice pretreated with

PXR ligands dexamethasone, rifampicin, mifepristone, and phenobarbital. LPS-induced downregulation of PXR and

CYP3A11mRNA in liver was significantly attenuated in mice pretreated with gadolinium chloride, a selective Kupffer cell

toxicant. Pretreatment with a single dose of gadolinium chloride (10 mg/kg) also significantly attenuated LPS-induced

downregulation of dexamethasone-, rifampicim-, mifepristone-, and phenobarbital-inducible,CYP3A11mRNA expression

and ERND activity in mouse liver. Furthermore, LPS-induced downregulation of PXR and CYP3A11 mRNA was

significantly attenuated in mice pretreated with allopurinol, an inhibitor of xanthine oxidase, and diphenyleneiodonium

chloride, an inhibitor of NADPH oxidase. Allopurinol and diphenyleneiodonium chloride pretreatment also attenuated the

repressive effects of LPS on dexamethasone-, rifampicin-, mifepristone-, and phenobarbital-inducible CYP3A11 mRNA

expression and ERND catalytic activity in mouse liver. However, aminoguanidine, a selective inhibitor of inducible nitric

oxide synthase, has no effect on LPS-induced downregulation of PXR and CYP3A11 mRNA. Finally, LPS-induced

downregulation of PXR and CYP3A11 mRNAwas prevented in mice pretreated with either N-acetylcysteine or ascorbic

acid. These antioxidants also prevented the repressive effects of LPS on dexamethasone-, rifampicin-, mifepristone-, and

phenobarbital-inducible CYP3A11 mRNA expression and ERND catalytic activity in mouse liver. These results indicate

that Kupffer cells contribute to LPS-induced downregulation of PXR and CYP3A in mouse liver. Reactive oxygen species,

produced possibly by NADPH oxidase and perhaps by xanthine oxidase, are involved in LPS-induced downregulation of

nuclear receptor PXR and its target gene CYP3A in mouse liver. D 2004 Elsevier Inc. All rights reserved.
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INTRODUCTION

Cytochrome P450 3A (CYP3A) is a member of the

cytochrome P450 monooxygenase superfamily, which

is responsible for the oxidative metabolism of numerous

clinically used drugs [1]. CYP3A expression in liver is
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highly regulated by development, tissue-specific factors,

hormonal influences, xenobiotics, and pathophysiologi-

cal mechanisms [2,3]. Recent studies have reported that

pregnane X receptor (PXR), a member of the nuclear

receptor superfamily, regulates CYP3A gene transcription

in a ligand-dependent manner [4–6]. CYP3A inducers,

such as dexamethasone, rifampicin, mifepristone, and

phenobarbital, activate PXR and upregulate expression

of the CYP3A gene [7,8].

On the other hand, numerous studies have indicated

that inflammation and infection reduce cytochrome P450

levels in various species including human, rat, and mouse

[9,10]. Lipopolysaccharide (LPS)-induced downregula-

tion of CYP3A has also been demonstrated in a mouse

model [11,12]. Furthermore, recent studies have shown

that LPS-induced downregulation of CYP3A is associated

with a marked reduction in PXRmRNA and protein levels

[13,14].

In vivo and in vitro studies have shown that pro-

inflammatory cytokines, such as IL-1, IL-6, and TNF-a,

as well as IFN, can mimic the downregulation of P450

gene products seen during infection or inflammation [15–

17], so pro-inflammatory cytokines might be responsible

for LPS-induced downregulation of cytochrome P450

gene expression. Moreover, Kupffer cells are the resident

macrophages of the liver. When activated by LPS, Kupffer

cells produce and release numerous mediators, including

reactive oxygen species (ROS) and pro-inflammatory

cytokines [18]. Therefore, Kupffer cells may play an

important role in LPS-induced downregulation of PXR

and CYP3A.

On the other hand, Warren et al. [19] tested the role

of TNF-a in P450 downregulation by LPS in mice,

using animals deficient in both the p55 and p75 recep-

tors for this cytokine. The results indicated that LPS

caused similar decreases in hepatic microsomal CYP1A,

-2B, -3A, and -4A proteins and activities in both wild-

type and TNF-a receptor-deficient animals. Siewert et

al. [20] also observed a similar lack of effect of IL-6

gene deletion on suppression of CYP1A2, -2A5, -2E1,

and -3A11 mRNAs after LPS administration to mice.

These results suggest that multiple cytokines released

during LPS-induced inflammation are involved in down-

regulation of cytochrome P450. Moreover, ROS are

known to influence the expression of a number of genes,

including pro-inflammatory cytokines. Therefore, we

hypothesized that ROS may be involved in LPS-induced

downregulation of nuclear receptor PXR and its target

gene CYP3A in mouse liver.

In present study, we investigated the in vivo effects of

LPS on PXR and CYP3A expression in mouse liver. Our

results found that Kupffer cells and ROS mediate, at least

partly, the LPS-induced downregulation of PXR and

CYP3A in mouse liver.
MATERIALS AND METHODS

Chemicals

Lipopolysaccharide (Escherichia coli LPS, serotype

0127:B8), dexamethasone (Dex), rifampicin (RIF), mif-

epristone (RU486), phenobarbital (PB), gadolinium

chloride (GdCl3�6H2O2), allopurinol (ALL), diphenyle-

neiodonium chloride (DPI), aminoguanidine (AG),

ascorbic acid (AA), and N-acetylcysteine (NAC) were

purchased from Sigma Chemical Company (St. Louis,

MO, USA).

Animals and treatments

Female 8- to 10-week-old ICR mice, weighing 20–

22 g, were purchased from Beijing Vital River, whose

foundation colonies were all introduced from Charles

River Laboratories, Inc. The animals were allowed free

access to food and water at all times and were maintained

on a 12-h light/dark cycle in a controlled temperature

(20–25jC) and humidity (50 F 5%) environment for 1

week before use. The present study comprised several

separate experiments. The doses of GdCl3, allopurinol,

DPI, AG, NAC, and AA used in the present study were

referred to others [21–25].
Experiment 1. To investigate the effects of LPS on the

constitutive PXR and CYP3A11 mRNAs, all mice

except controls received a single of LPS (0.1–5.0

mg/kg, i.p.). To investigate the effects of LPS on

inducible CYP3A11 mRNA and erythromycin N-deme-

thylase (ERND) activity, all groups except the control

were administered Dex (40 mg/kg, i.p.), RIF (50 mg/

kg, i.g.), RU486 (50 mg/kg, s.c.), or PB (75mg/kg,

i.p.) for 3 days. On the fourth day, mice were treated

with LPS (1.0 mg/kg, i.p.) or saline. Two hours later,

mice were administered Dex (40 mg/kg, i.p.), RIF (50

mg/kg, i.g.), RU486 (50 mg/kg, s.c.), or PB (75 mg/

kg, i.p.). All control mice were injected with saline.

Mice were sacrificed 12 and 18 h after LPS treatment.

Mouse livers were excised for total RNA extraction

and microsome isolation.
Experiment 2. To investigate the effects of GdCl3 on TNF-

a, IL-1b, IL-6, PXR, and CYP3A11 mRNA expression,

mice were administered a single dose of GdCl3 (10 mg/kg,

i.v.), followed by an intraperitoneal injection of LPS (1.0

mg/kg) 24 h after GdCl3 treatment. Control mice (saline

and GdCl3) were administered either saline or GdCl3 (10

mg/kg, i.v.). Mice were sacrificed 1, 3, 6, and 12 h after

LPS treatment. Mouse livers were excised for total RNA

extraction. To investigate the effects of GdCl3 on LPS-

induced downregulation of inducible CYP3A11 mRNA

and ERND activity, all groups except the control were
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administered Dex (40 mg/kg, i.p.), RIF (50 mg/kg, i.g.),

RU486 (50 mg/kg, s.c.), or PB (75 mg/kg, i.p.) for 3 days.

On the third day, mice were administered a single dose of

GdCl3 (10 mg/kg, i.v.). On the fourth day, mice were

treated with LPS (1.0 mg/kg, i.p.) or saline. Two hours

later, mice were administered Dex (40 mg/kg, i.p.), RIF

(50 mg/kg,i.g.), RU486 (50 mg/kg, s.c.), or PB (75 mg/kg,

i.p.). Mice were sacrificed 12 and 18 h after LPS treatment.

Mouse livers were excised for total RNA extraction and

microsome isolation.

Experiment 3. To investigate the effects of ALL, DPI,

and AG on LPS-induced downregulation of PXR and

CYP3A11 mRNAs, mice were administered ALL (100

mg/kg, i.g.), DPI (1.0 mg/kg, s.c.), or AG (150mg/kg, i.p.)

48, 24, and 2 h before LPS treatment. Mice were then

administered LPS (1.0 mg/kg, i.p.), followed by two doses

of ALL (100 mg/kg, i.g.), DPI (1.0 mg/kg, s.c.), or AG

(150 mg/kg, i.p.) 2 and 6 h after LPS treatment. Control

mice were administered saline, ALL (100 mg/kg, i.g.),

DPI (1.0 mg/kg, s.c.), or AG (150 mg/kg, i.p.). Mice were

sacrificed 12 h after LPS treatment. Mouse livers were

excised for total RNA extraction. To investigate the effects

of ALL, DPI, and AG on LPS-induced downregulation of

inducible CYP3A11 mRNA and ERND activity, all

groups except control were administered Dex (40 mg/

kg, i.p.), RIF (50 mg/kg, i.g.), RU486 (50 mg/kg, s.c.), or

PB (75mg/kg, i.p.) for 3 days before LPS treatment. Mice

were administered ALL (100mg/kg, i.g.), DPI (1.0 mg/kg,

s.c.), or AG (150 mg/kg, i.p.) 48, 24, and 2 h before LPS

treatment. On the fourth day, mice were injected with LPS

(1.0 mg/kg, i.p.) and CYP3A inducers, followed by two

doses of ALL (100 mg/kg, i.g.), DPI (1.0 mg/kg, s.c.), or

AG (150 mg/kg, i.p.) 2 and 6 h after LPS treatment. Mice

were sacrificed 12 and 18 h after LPS treatment. Mouse

livers were excised for total RNA extraction and micro-

some isolation.

Experiment 4. To investigate the effects of NAC and

AA on LPS-induced downregulation of PXR and

CYP3A11 mRNAs, mice were administered NAC

(150 mg/kg, i.v.), or AA (400 mg/kg, i.v.) 48, 24

and 2 h before LPS treatment. Mice were then injected

with LPS (1.0 mg/kg, i.p.), followed by two doses of

NAC (150 mg/kg, i.v.) or ascorbic acid (400 mg/kg,

i.v.) 2 and 6 h after LPS treatment. Control mice were

administered either saline, NAC, or AA. Mice were

sacrificed 12 h after LPS treatment. Mouse livers were

excised for total RNA extraction. To investigate the

effects of NAC and AA on LPS-induced downregula-

tion of Dex-inducible CYP3A11 mRNA and ERND

activity, all groups except the control were adminis-

tered Dex (40 mg/kg, i.p.), RIF (50 mg/kg, i.g.),

RU486 (50 mg/kg, s.c.), or PB (75 mg/kg, i.p.) for
3 days before LPS (1 mg/kg i.p.) treatment. Mice were

pretreated with NAC (150 mg/kg, i.v.) or AA (400

mg/kg, i.v.) 48, 24, and 2 h before LPS administration.

On the fourth day, mice were administered LPS (1.0

mg/kg, i.p.) and CYP3A inducer, followed by two

doses of NAC (150 mg/kg, i.v.) or AA (400 mg/kg,

i.v.) 2 and 6 h after LPS treatment. Mice were

sacrificed 12 and 18 h after LPS treatment. Mouse

livers were excised for total RNA extraction and

microsome isolation.

All procedures on animals followed the guidelines for

humane treatment set by the Association of Laboratory

Animal Sciences and the Center for Laboratory Animal

Sciences at Anhui Medical University.

Analysis of plasma nitrite and nitrate concentration

Mice were administered AG (150 mg/kg, i.p.) 48,

24, and 2 h before LPS administration. Mice were

then injected with LPS (1.0 mg/kg, i.p.), followed by

repeated doses of AG at 4 h intervals. The stable end

products of L-arginine-dependent nitric oxide synthesis,

nitrate and nitrite, were measured in plasma using a

colorimetric method based on the Griess reaction

[26,27]. Briefly, aliquots of plasma were added to

35% sulfosalicylic acid and vortexed every 5 min for

30 min to deproteinize samples. The samples were

then centrifuged at 10,000g at 4jC for 15 min. An

aliquot of the supernatant was taken for nitrite and

nitrate analysis. Twenty microliters of plasma sample

was mixed with 20 Al of 0.31 M phosphate buffer,

pH 7.5, 10 Al of 0.1 mM FAD, 10 Al of 1 mM

NADPH, 10 ml of nitrate reductase (10 units/ml), and

30 Al of water in a 96-well plate. The reaction was

allowed to proceed for 1 h in the dark. The percent-

age conversion of nitrate to nitrite was 98%. To each

sample, 1 Al of lactate dehydrogenase (1500 units/ml)

and 10 Al of 100 mM pyruvic acid were added and

incubated for 15 min at 37jC. The samples were then

mixed with an equivalent volume of Griess reagent

and incubated for an additional 10 min at room

temperature. Nitrite levels were determined colorimet-

rically at 550 nm with a Universal microplate reader

(Bio-Tek Instruments, Inc.) and a sodium nitrite stan-

dard curve.

Isolation of total RNA and RT

Fifty milligrams of liver tissue was collected from

each mouse. Total cellular RNA was extracted using

TRIzol reagent (Invitrogen, Carlsbad, CA, USA),

according to the manufacturer’s instructions. RNase-

free DNase (Promega) was used to remove genomic

DNA. The integrity and concentration of RNA were

determined by measuring absorbance at 260 nm fol-

lowed by electrophoresis on agarose gels. Total RNA
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was stored at �80jC. For the synthesis of cDNA, 2.0

Ag of total RNA from each sample was resuspended in

a 20 Al final volume of reaction buffer, which con-

tained 25 mM Tris–HCl, pH 8.3, 37.5 mM KCl, 10

mM dithiothreitol, 1.5 mM MgCl2, 10 mM of each

dNTP, and 0.5 mg oligo(dT)15 primer (Promega). After

the reaction mixture reached 38jC, 400 units of

reverse transcriptase (Promega) was added to each

tube and the sample was incubated for 60 min at

38jC. Reverse transcription was stopped by denaturing

the enzyme at 95jC.

PCR amplification

The final PCR mixture contained 2.5 Al of cDNA,

1� PCR buffer, 1.5 mM MgCl2, 200 AM dNTP

mixture, 1 U of Taq DNA polymerase, 1 AM sense
Fig. 1. Effects of LPS on PXR and CYP3A11 mRNA levels in mouse
were excised and total RNAwas extracted at 6, 12, 18, and 24 h after
pooled on each treatment. PXR and CYP3A11 mRNA levels were de
CYP3A11 mRNAs was performed on four individual mouse liver RNA
normalized to the GAPDHmRNA level in the same samples. The PXR
compared with 0 h group. (C) Mice were injected with different doses o
was extracted 12 h after LPS treatment. Total RNA extracted from four
mRNA levels were determined using RT-PCR. (D) Quantitative ana
individual mouse liver RNA samples at each point. PXR and CYP3A11
the same samples. PXR and CYP3A11 mRNA levels of the control were
**p < .01 as compared with control group.
and antisense primers, and sterile water to 50 Al.
The reaction mixture was covered with mineral oil.

PCR for glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was performed on each individual sample

as an internal positive-control standard. The following

primers were synthesized by Shanghai Sangon Biolog-

ical Engineering Technology and Service Company

(Shanghai, China), according to sequence designs pre-

viously described by others [28–31]. GAPDH, 5V-GAG
GGG CCA TCC ACA GTC TTC-3V and 5V-CAT CAC

CAT CTT CCA GGA GCG-3V; PXR, 5V-GCG CGG

AGA AGA CGG CAG CAT C-3V and 5V-CCC AGG

TTC CCG TTT CCG TGT C-3V; CYP3A11, 5V-CTC
AAT GGT GTG TAT ATC CCC-3V and 5V-CCG ATG

TTC TTA GAC ACT GCC-3V; TNF-a, 5V-GGC AGG

TCT ACT TTG GAG TCA TTG C-3V and 5V-ACA
liver. (A) Mice were injected with LPS (1.0 mg/kg, i.p.). Livers
LPS treatment. Total RNA extracted from four mouse livers was
termined using RT-PCR. (B) Quantitative analysis of PXR and
samples at each point. PXR and CYP3A11 mRNA levels were

and CYP3A11 mRNA levels at 0 h were set at 100%. **p < .01 as
f LPS (0.1–5.0 mg/kg, i.p.). Livers were excised and total RNA
mouse livers was pooled on each treatment. PXR and CYP3A11
lysis of PXR and CYP3A11 mRNAs was performed on four
mRNA levels were normalized to the GAPDH mRNA level in
set at as 100%. The number of mice at each point is 4. *p < .05,



Fig. 2. Effects of LPS on inducible CYP3A11 mRNA levels and ERND
catalytic activity in mouse liver. Mice were administered Dex (40 mg/
kg, i.p.), RIF (50 mg/kg, i.g.), RU486 (50 mg/kg, s.c.) or PB (75 mg/kg,
i.p.) for 3 days before LPS (1 mg/kg i.p.) treatment. (A). Total RNA in
mouse livers was extracted 12 h after LPS treatment. CYP3A11 mRNA
level was analyzed quantitatively on four individual mouse liver RNA
samples at each point. The CYP3A11 mRNA level was normalized to
the GAPDH mRNA level in the same samples. The CYP3A11 mRNA
level of the control was assigned as 100%. zzp < .01 as compared with
the control; **p < .01 as compared with inducer-treated group. (B)
Livers were excised and microsomes were isolated from livers 18 h
after LPS treatment. ERND catalytic activity was measured as described
under Materials and Methods. Data are expressed as means F SEM of
nine mice. §§p < .01 as compared with the control; **p < .01 as
compared with inducer-treated group.
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TTC GAG GCT CCA GTG AAT TCG G-3V; IL-1h,
5V-TCA TGG GAT GAT GAT GAT AAC CTG CT 3V
and 5V-CCC ATA CTT TAG GAA GAC ACG GAT T-

3V; IL-6, 5V-CTG GTG ACA ACC ACG GCC TTC

CCT A-3V, 5V-ATG CTT AGG CAT AAC GCA CTA

GGT T-3V. The sizes of amplified PCR products were

340 bp for GAPDH, 254 for PXR, 423 bp for

CYP3A11, 307 bp for TNF-a, 502 bp for IL-1h, and
600 bp for IL-6, respectively. Number of cycles and

annealing temperature were optimized for each primer

pair. For GAPDH, amplification was initiated by 3 min

of denaturation at 94jC for 1 cycle, followed by 30

cycles at 94jC for 30 s, 56jC for 30 s, and 72jC for

1 min. For PXR, amplification was initiated by 3 min

of denaturation at 94jC for 1 cycle, followed by 45

cycles at 94jC for 30 s, 68jC for 30 s, and 72jC for

1 min. After the last cycle of amplification, samples

were incubated for 10 min at 72jC. In preliminary

experiments, PXR for 45 cycles was shown to lie in

the linear portion of the curve for the amount of

PCR products. For CYP3A11, number of cycles was

distinguished between the constitutive and inducible

expression. For constitutive expression of CYP3A11,

amplification was initiated by 3 min of denaturation at

94jC for 1 cycle, followed by 30 cycles at 94jC for

30 s, 56jC for 30 s, and 72jC for 1 min. For

inducible expression of CYP3A11, amplification was

initiated by 3 min of denaturation at 94jC for 1 cycle,

followed by 25 cycles at 94jC for 30 s, 56jC for 30

s, and 72jC for 1 min. In preliminary experiments,

constitutive expression of CYP3A11 for 30 cycles and

inducible expression for 45 cycles was shown to lie in

the linear portion of the curve for the amount of PCR

products. For TNF-a and IL-1h, amplification was

initiated by 3 min of denaturation at 94jC for 1 cycle,

followed by 30 cycles each of denaturation at 94jC for

45 s, annealing of primer and fragment at 60jC for 45

s, and primer extension at 72jC for 1 min. For IL-6,

amplification was initiated by 3 min of denaturation at

94jC for 1 cycle, followed by 35 cycles each of

denaturation at 94jC for 45 s, annealing of primer

and fragment at 60jC for 45 s, and primer extension at

72jC for 1 min. A final extension of 72jC for 10 min

was included. The amplified PCR products were sub-

jected to electrophoresis at 75 V through 1.5 %

agarose gels (Sigma) for 45 min. pBR322 DNA

digested with AluI was used as a molecular marker

(MBI Fermentas). Agarose gels were stained with 0.5

mg/ml ethidium bromide (Sigma) TBE buffer.

Preparation of liver microsomes

Microsomes were isolated from livers by differen-

tial centrifugation [32]. All procedures were conducted

at 4jC. Tissue was homogenized in 4 vol of Tris–
chloride buffer, pH 7.4, containing 150 mM potassium

chloride and 1 mM EDTA, with a Polytron homog-

enizer and centrifuged at 10,000g for 20 min. The

supernatant was collected and centrifuged at 211,000g

for 40 min. The microsomal pellet was resuspended

and washed in sodium pyrophosphate buffer, pH 7.4,

containing 1 mM EDTA and centrifuged again at

211,000g for 40 min at 4jC. The washed microsomal



Fig. 3. Effects of GdCl3 on LPS-induced TNF-a, IL-1b, and IL-6 mRNA levels in mouse liver. Mice were administered a single dose of
GdCl3 (10 mg/kg, i.v.) 24 h before LPS (1 mg/kg, i.p.) treatment. Livers were excised and total RNAwas extracted 1, 3, 6, and 12 h after
LPS treatment. Total cellular RNA extracted from four mouse livers was pooled at each time point. TNF-a, IL-1b, and IL-6 mRNA levels
in mouse livers were determined using RT-PCR.

Fig. 4. Effects of GdCl3 on LPS-induced downregulation of PXR and
CYP3A11mRNA levels. Mice were administered a single dose of GdCl3
(10 mg/kg, i.v.) 24 h before LPS (1.0 mg/kg, i.p.) treatment. (A) Livers
were excised and total RNA was extracted 12 h after LPS treatment.
Total RNA extracted from four mouse livers was pooled on each
treatment. PXR and CYP3A11 mRNA levels were determined using RT-
PCR. (B) Quantitative analysis of PXR mRNA was performed on four
individual mouse liver RNA samples at each point. PXR and CYP3A11
mRNA levels were normalized to the GAPDH mRNA level in the same
samples. The PXR and CYP3A11 mRNA levels of the control were set at
100%. **p < .01 as compared with LPS-treated group.
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pellet was resuspended in Tris–chloride buffer, pH

7.4, containing 20% glycerol, with a ground-glass

tissue grinder and stored at �80jC. Protein concen-

trations of microsome samples were measured accord-

ing to the method of Lowry et al. [33], using bovine

serum albumin as a standard.

CYP3A catalytic activity

ERND was used as an indicator of CYP3A catalytic

activity in this study. ERND was measured according to

the method of Werringloer [34] with a 45-min incubation

containing 4 mM erythromycin in the presence of 0.5

mM NADPH and 0.4 mg of microsomal protein in a total

assay volume of 1 ml. The rate of formaldehyde forma-

tion was determined spectrophotometrically at 412 nm

using the Nash reagent. Measurements of ERND cata-

lytic activity were repeated twice for three separately

prepared liver microsome samples.

Statistical analysis

The PXR and CYP3A11 mRNA levels were normal-

ized to the GAPDH mRNA level in the same samples.

PXR and CYP3A11 mRNA levels of the control was set

at 100%. Quantified data from analysis of plasma nitrite

and nitrate concentration, RT-PCR, and ERND assay

were expressed as means F SEM at each point. ANOVA

and the Student–Newmann–Keuls post hoc test were

used to determine differences between the treated ani-

mals and the control and statistical significance.

RESULTS

Effects of LPS on constitutive expressions of PXR and

CYP3A11 mRNAs

The effects of LPS on the constitutive expression of

PXR and CYP3A11 mRNA are shown in Fig. 1. As



Fig. 5. Effects of GdCl3 on LPS-induced downregulation of inducible
CYP3A11 mRNA levels and ERND catalytic activity. Mice were
administered Dex (40 mg/kg, i.p.), RIF (50 mg/kg, i.g.), RU486 (50 mg/
kg, s.c.), or PB (75mg/kg, i.p.) for 3 days. On the third day, mice were
administered a single dose of GdCl3 (10 mg/kg, i.v.). On the fourth day,
mice were treated with LPS (1.0 mg/kg, i.p.) or saline. Two hours later,
mice were administered Dex (40 mg/kg, i.p.), RIF (50 mg/kg,i.g.),
RU486 (50 mg/kg, s.c.), or PB (75 mg/kg, i.p.). (A) Livers were excised
and total RNA was extracted at 12 h after LPS treatment. CYP3A11
mRNA levels were analyzed quantitatively on four individual mouse
liver RNA samples at each point. The CYP3A11 mRNA level was
normalized to the GAPDH mRNA level in the same samples. The
CYP3A11 mRNA level of the control was set at 100%. **p < .01 as
compared with LPS/inducer-co-treated group. (B) Livers were excised
and microsomes were isolated from livers 18 h after LPS treatment.
ERND catalytic activity was measured as described under Materials and
Methods. Data are expressed as meansF SEM of nine mice. *p < .05 as
compared with LPS/inducer-co-treated group.

Fig. 6. Effects of ALL, DPI, and AG on LPS-induced downregulation
of PXR and CYP3A11 mRNA levels. Mice were administered
allopurinol (100 mg/kg, i.g.), DPI (1.0 mg/kg, s.c.), or AG (150 mg/
kg, i.p.) as described under Materials and Methods. (A) Livers were
excised and total RNA was extracted 12 h after LPS treatment. Total
RNA extracted from four mouse livers was pooled on each treatment.
PXR and CYP3A11 mRNA levels were determined using RT-PCR. (B)
Quantitative analysis of PXR mRNAwas performed on four individual
mouse liver RNA samples at each point. The PXR mRNA level was
normalized to the GAPDH mRNA level in the same samples. The PXR
mRNA level of the control was set at 100%. **p < .01 as compared
with LPS-treated control group. (C) Quantitative analysis of CYP3A11
mRNAwas performed on four individual mouse liver RNA samples at
each point. The CYP3A11 mRNA level was normalized to the GAPDH
mRNA level in the same samples. The CYP3A11 mRNA level of the
control was assigned as 100%. **p < .01 as compared with LPS-treated
control group.
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expected, LPS significantly inhibited the constitutive

expression of PXR mRNA. LPS downregulated PXR

mRNA levels 6 h after LPS treatment, followed by

suppression of CYP3A11 mRNA in mouse liver. LPS-

induced downregulation of PXR and CYP3A11 mRNA

levels lasted at least 24 h (Figs. 1A and 1B).



Fig. 7. Effects of ALL, DPI, and AG on LPS-induced downregulation
of inducible CYP3A11 mRNA levels and ERND catalytic activity. All
groups except the control were administered Dex (40 mg/kg, i.p.), RIF
(50 mg/kg, i.g.), RU486 (50 mg/kg, s.c.), or PB (75mg/kg, i.p.) for 3
days before LPS treatment. Mice were administered either ALL (100
mg/kg, i.g.), DPI (1.0 mg/kg, s.c.), or AG (150 mg/kg, i.p.) 48, 24, and
2 h before LPS treatment. On the fourth day, mice were injected with
LPS (1.0 mg/kg, i.p.) and CYP3A inducers, followed by either ALL
(100 mg/kg, i.g.), DPI (1.0 mg/kg, s.c.), or AG (150 mg/kg, i.p.) 2 and 6
h after LPS treatment. (A) Livers were excised and total RNA was
extracted 12 h after LPS treatment. CYP3A11 mRNA levels were
analyzed quantitatively on four individual mouse liver RNA samples at
each point. The CYP3A11 mRNA level was normalized to the GAPDH
mRNA level in the same samples. The CYP3A11 mRNA level of the
control was assigned as 100%. **p < .01 as compared with LPS/
inducer-co-treated group. (B) Livers were excised and microsomes were
isolated from livers 18 h after LPS treatments. ERND catalytic activity
was measured as described under Materials and Methods. Data are
expressed as means F SEM of nine mice. *p < .05 as compared with
LPS/inducer-co-treated groups.

Fig. 8. Effects of AG on LPS-evoked plasma NO levels. Mice were
administered AG (150 mg/kg, i.p.) 48, 24, and 2 h before LPS
administration. Mice were then injected with LPS (1.0 mg/kg, i.p.),
followed by repeated doses of AG at 4-hr intervals. Plasma
concentrations of nitrite plus nitrate were analyzed via the Griess
reaction, as described under Materials and Methods. Data are expressed
as means F SEM of six mice at each point. *p < .01 versus LPS-treated
control.
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To explore whether a dose– response relationship

existed, mice were injected with different doses of LPS

(0.1–5.0 mg/kg, i.p.). PXR andCYP3A11mRNA levels in

liver were determined 12 h after LPS treatment. Results

showed that LPS significantly downregulates PXR and

CYP3A11 mRNA levels in a dose-respondent manner

(Figs. 1C and 1D).
Effects of LPS on inducible CYP3A11 mRNA and ERND

catalytic activities

The effects of LPS on the inducible expression of

CYP3A11 mRNA are shown in Fig. 2A. Results

indicate that Dex, RIF, RU486, or PB alone caused

a 2.5- to 4.0-fold induction of CYP3A11 mRNA levels.

LPS repressed the upregulation of CYP3A11 mRNA

levels in mice pretreated with the PXR ligands Dex,

RIF, RU486, and PB.

ERND was used as an indicator of CYP3A catalytic

activity in this study. As shown in Fig. 2B, RU486

induced about a 2-fold increase in ERND activity.

Dex, RIF, or PB alone caused a 5- to10-fold induction

of ERND catalytic activity. Such an induction, how-

ever, was significantly reduced by the administration of

LPS.

Effects of GdCl3 on TNF-a, IL-1b, IL-6, PXR, and

CYP3A11 mRNA expression and ERND catalytic activity

As further verification of the efficacy of GdCl3, pro-

inflammatory cytokine mRNA levels for TNF-a, IL-1b,
and IL-6 in liver of LPS-treated and LPS/ GdCl3-co-

treated mice were determined 1, 3, 6, and 12 h after LPS

treatment. As shown in Fig. 3, mRNA levels for TNF-a,
IL-1b, and IL-6 significantly increased in livers of LPS-

treated animals. GdCl3 pretreatment blocked LPS-medi-

ated TNF-a, IL-1b, and IL-6 mRNA expression in mouse

livers.
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The effects of GdCl3 on LPS-induced downregula-

tion of constitutive PXR and CYP3A11 mRNA levels

were analyzed. As shown in Fig. 4, GdCl3 pretreat-

ment significantly attenuated LPS-induced downregula-

tion of PXR and CYP3A11 mRNA levels. Effects of

GdCl3 on LPS-induced downregulation of inducible

CYP3A11 mRNA levels and ERND catalytic activity

were then evaluated. As shown in Fig. 5A, GdCl3
significantly attenuated LPS-induced downregulation of

Dex-, RIF-, RU486- and PB-inducible CYP3A11

mRNA in mouse liver. GdCl3 also significantly atten-

uated LPS-induced downregulation of Dex-, RIF-,

RU486-, and PB-inducible ERND catalytic activity in

mouse liver (Fig. 5B).

Effects of ALL and DPI on LPS-induced downregulation

of PXR and CYP3A11 mRNA expression and ERND

catalytic activity

The effects of ALL and DPI on LPS-induced

downregulation of constitutive PXR and CYP3A11

mRNA levels are shown in Fig. 6. Results indicate

that LPS-induced downregulation of constitutive PXR

and CYP3A11 mRNAs was significantly attenuated in

mice pretreated with either ALL or DPI.

The effects of ALL and DPI on LPS-induced

downregulation of inducible CYP3A11 mRNA levels

and ERND catalytic activity were analyzed. As

shown in Fig. 7A, ALL and DPI pretreatments

significantly attenuated LPS-induced downregulation

of Dex-, RIF-, RU486-, and PB-inducible CYP3A11

mRNA levels. In addition, ALL and DPI pretreat-

ments also attenuated LPS-induced downregulation of

ERND catalytic activity in mouse liver (Fig. 7B).

Effects of AG on plasma NO levels, PXR and CYP3A11

mRNA expression and ERND catalytic activity

As verification of the efficacy of AG, plasma NO

levels in LPS-treated and LPS/AG-co-treated mice were
Fig. 9. Effects of NAC and AA on LPS-induced downregulation of PXR
and CYP3A11 mRNA levels. Mice were injected with either NAC (150
mg/kg, i.v.) or AA (400 mg/kg, i.v.) 48, 24, and 2 h before LPS
treatment. Mice were then injected with LPS (1.0 mg/kg, i.p.), followed
by either NAC (150 mg/kg, i.v.) or AA (400 mg/kg, i.v.) 2 and 6 h after
LPS treatment. (A) Livers were excised and total RNAwas extracted 12
h after LPS treatment. Total RNA extracted from four mouse livers was
pooled on each treatment. PXR and CYP3A11 mRNA levels were
determined using RT-PCR. (B) Quantitative analysis of PXR mRNA
was performed on four individual mouse liver RNA samples at each
point. The PXR mRNA level was normalized to the GAPDH mRNA
level in the same samples. The PXR mRNA level of the control was
assigned as 100%. **p < .01 as compared with LPS-treated control
group. (C) Quantitative analysis of CYP3A11 mRNAwas performed on
four individual mouse liver RNA samples at each point. The CYP3A11
mRNA level was normalized to the GAPDH mRNA level in the same
samples. The CYP3A11 mRNA level of the control was set at 100%.
**p < .01 as compared with the LPS-treated control group.
determined 2, 6, 12 and 24 h after LPS treatment. As

expected, plasma NO levels significantly increased 6 and

12 h after LPS treatment. AG inhibited the LPS-evoked

increase in NO levels (Fig. 8).

The effects of AG on LPS-induced downregulation

of constitutive PXR and CYP3A11 mRNA levels are

illustrated in Fig. 6. Results show that AG has no

effects on LPS-induced decreases in PXR and

CYP3A11 mRNA levels. The effects of AG on LPS-

induced downregulation of inducible CYP3A11 mRNA

levels and ERND catalytic activity are illustrated in
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Figs. 7A and 7B. Results show that AG has no effect

on LPS-evoked downregulation of Dex-, RIF-,

RU486-, and PB-inducible CYP3A11 mRNA levels

and ERND catalytic activity in mouse liver.
Fig. 10. Effects of NAC and AA on LPS-induced downregulation of
inducible CYP3A11 mRNA and ERND catalytic activity. Mice were
administered Dex (40 mg/kg, i.p.), RIF (50 mg/kg, i.g.), RU486 (50 mg/
kg, s.c.), or PB (75mg/kg, i.p.) for 3 days. Mice were pretreated with
NAC (150 mg/kg, i.v.), or AA (400 mg/kg, i.v.) 48, 24, and 2 h before
LPS administration. On the fourth day, mice were administered LPS
(1.0 mg/kg, i.p.) and CYP3A inducers, followed by either NAC (150
mg/kg, i.v.) or AA (400 mg/kg, i.v.) 2 and 6 h after LPS treatment. (A)
Livers were excised and total RNA was extracted 12 h after LPS
treatment. CYP3A11 mRNA levels of four individual mouse liver RNA
samples at each point were analyzed quantitatively. The CYP3A11
mRNA level was normalized to the GAPDH mRNA level in the same
samples. The CYP3A11 mRNA level of the control was set at 100%.
**p < .01 as compared with the LPS/inducer-co-treated group. (B)
Livers were excised and microsomes were isolated from livers 18 h
after LPS treatment. ERND catalytic activity was measured as described
under Materials and Methods. Data are expressed as means F SEM of
nine mice. *p < .05 as compared with LPS/inducer-co-treated groups.
Effects of NAC and AA on LPS-induced downregulation

of PXR and CYP3A11 mRNA levels and ERND catalytic

activity

The effects of two antioxidants, NAC and AA,

on LPS-induced downregulation of PXR and

CYP3A11 mRNA levels and ERND catalytic activity

were analyzed. As shown in Fig. 9, LPS-induced

downregulation of constitutive PXR and CYP3A11

mRNA was significantly attenuated in mice pretreated

with either NAC or AA. These antioxidants also pre-

vented LPS-evoked downregulation of Dex-, RIF-,

RU486-, and PB-inducible CYP3A11 mRNA expres-

sion (Fig. 10A) and ERND catalytic activity (Fig.

10B) in mouse liver.
DISCUSSION

Pregnane X receptor is a member of the nuclear

receptor superfamily that regulates target gene transcrip-

tion in a ligand-dependent manner. The in vivo effects of

LPS on expressions of PXR and its target gene CYP3A in

mouse liver were investigated in this study. Results

indicate that LPS significantly inhibits the constitutive

expression of PXR mRNA in a dose-respondent manner,

followed by suppression of CYP3A11 mRNA and ERND

catalytic activity in mouse liver. LPS also reverses the

upregulation of CYP3A11 mRNA levels in mice pre-

treated with PXR ligands Dex, RIF, RU486, and PB.

These results are in agreement with earlier work by

Beigneux et al. [13]. It has been demonstrated that mouse

liver CYP3A is the major enzyme catalyzing erythromy-

cin N-demethylation [37]. Thus, ERND was used as an

indicator of CYP3A catalytic activity in this study. The

present results indicate that LPS significantly represses

the upregulation of ERND catalytic activity in mouse

liver microsomes.

Numerous studies have demonstrated that pro-inflam-

matory cytokines, such as TNF-a, IL-1h, and IL-6, are

involved in LPS-induced downregulation of cytochromes

P450 [35,36]. Kupffer cells, the resident macrophages of

the liver, are the main sources of pro-inflammatory

cytokines and produce TNF-a, IL-1h, and IL-6 after

LPS challenge [38,39]. Therefore, Kupffer cells might

play an important role in LPS-induced downregulation of

cytochromes P450 in liver. In accordance with this view,

an in vitro study by Milosevic et al. [40], comparing the

responses of hepatocytes co-cultured with Kupffer cells

with those of hepatocytes alone, showed that LPS-

induced suppression of PB-inducible CYP2B1 mRNA

was mediated by TNF-a released from the Kupffer cells.

It has been demonstrated that GdCl3 pretreatment has an

effect on preventing LPS-evoked release of O2�, NO, and

pro-inflammatory cytokines from Kupffer cells [41–44].
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In the present study, to determine the in vivo role of

Kupffer cells in LPS-induced downregulation of CYP3A

expression, mice were treated with GdCl3, a selective

Kupffer cell toxicant, to inactivate Kupffer cells. Results

indicate that GdCl3 pretreatment almost blocks LPS-

mediated TNF-a, IL-1b, and IL-6 mRNA expression in

mouse livers. Interestingly, LPS-induced downregulation

of PXR and CYP3A11 mRNA levels in liver is signifi-

cantly attenuated in mice pretreated with GdCl3. A single

dose of GdCl3 (10 mg/kg) also significantly attenuates

the repressive effects of LPS on Dex-, RIF-, RU486-, and

PB-inducible CYP3A11 mRNA expression and ERND

activity in mouse liver. These results demonstrate in vivo

the role of Kupffer cells in LPS-induced downregulation

of nuclear receptor PXR and its target gene CYP3A in

mouse liver.

Reactive oxygen species are known to influence the

expression of a number of genes and signal transduction

pathways [45,46]. Kupffer cells are the main sources of

ROS in liver. LPS, a potent activator of macrophages,

stimulates Kupffer cells to generate ROS, such as O2�

and NO [47,48]. Elevated levels of O2� and NO in

Kupffer cells are responsible for activation of nuclear

factor-kB and release of pro-inflammatory cytokines

[49,50]. Therefore, the relationship between ROS, espe-

cially Kupffer cell-derived ROS, and LPS-induced down-

regulation of nuclear receptor PXR and its target gene

CYP3A is especially interesting. Two of the important

sources of ROS in Kupffer cells are xanthine oxidase and

NADPH oxidase [51–53]. To determine the role of ROS

on LPS-induced downregulation of PXR and CYP3A,

ALL, an inhibitor of xanthine oxidase and an antioxidant,

and DPI, an inhibitor of NADPH oxidase, were used to

inhibited LPS-induced ROS production. Interestingly,

LPS-induced downregulation of PXR and CYP3A11

mRNA was significantly attenuated in mice pretreated

with either DPI or ALL. Either DPI or allopurinol

pretreatment also partially attenuated LPS-induced down-

regulation of Dex-, RIF-, RU486-, and PB-inducible

CYP3A11 mRNA levels and ERND catalytic activity in

mouse liver. Moreover, NAC and AA, two well-known

antioxidants, significantly attenuated LPS-induced down-

regulation of PXR and CYP3A11 mRNA levels. Either of

these antioxidants also prevented the repressive effects of

LPS on Dex-, RIF-, RU486-, and PB-inducible CYP3A11

mRNA and ERND catalytic activity in mouse liver. These

results suggest that ROS are involved in LPS-induced

downregulation of nuclear receptor PXR and its target

gene CYP3A in mouse liver.

The role of nitric oxide (NO) in LPS-evoked

downregulation of PXR and CYP3A was also investigat-

ed. AG, a selective inhibitor of inducible nitric oxide

synthase (iNOS), was used to inhibit the release of NO in

LPS-treated mice. Interestingly, this iNOS inhibitor has
no effect on LPS-induced downregulation of PXR and

CYP3A11 mRNA, which is in agreement with the earlier

work by Sewer et al. [11], suggesting that LPS-induced

downregulation of nuclear receptor PXR and its target

gene CYP3A in mouse liver is independent of NO

production.

As noted above, however, GdCl3 did attenuate but did

not completely block LPS-induced downregulation of

PXR and CYP3A, suggesting that Kupffer cells only

partially contribute to LPS-induced downregulation of

PXR and CYP3A. Indeed, NADPH oxidase is also

present in hepatocytes. Recent studies found that hep-

atocytes express CD14 and TLR-4 [54,55]. CD14 mRNA

and protein levels on hepatocytes increase rapidly during

endotoxemia [56]. Therefore, our results do not exclude

the involvement of other mechanisms. Additional work is

required to determine whether LPS can act directly on

hepatocytes to downregulate PXR and its target gene

CYP3A.

In summary, the present results allow us to reach the

following conclusions. First, LPS significantly inhibits

the expression of PXR and its target gene CYP3A in

mouse liver. Second, Kupffer cells partially contribute to

LPS-induced downregulation of PXR and CYP3A in

mouse liver. And third, LPS-induced downregulation of

PXR and CYP3A in mouse liver is mediated, at least in

part, by ROS.
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ABBREVIATIONS

AA—ascorbic acid

AG—aminoguanidine

ALL—allopurinol

cDNA—complementary DNA

CYP3A— cytochrome P450 3A

Dex—dexamethasone

DPI—diphenyleneiodonium chloride

ERND—erythromycin N-demethylase

GAPDH—glyceraldehyde-3-phosphate dehydrogenase

GdCl3—gadolinium chloride

IFN—interferon

IL—interleukin

iNOS—inducible nitric oxide synthase

LPS—Lipopolysaccharide

NAC—N-acetylcysteine

NF-nB—nuclear factor nB
PB—phenobarbital

PXR—pregnane X receptor

RIF—rifampicin

ROS—reactive oxygen species

RT- PCR — reverse transcription polymerase chain

reaction

RU486—mifepristone

TNF-a—tumor necrosis factor a
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