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The effect of liver growth stimulation [using the rodent PXR (preg-
nane X receptor) activator PCN (pregnenolone-16α-carbonitrile)]
in rats chronically treated with carbon tetrachloride to cause
repeated hepatocyte necrosis and liver fibrogenesis was examined.
PCN did not inhibit the hepatotoxicity of carbon tetrachloride.
However, transdifferentiation of hepatic stellate cells and the
extent of fibrosis caused by carbon tetrachloride treatment was
significantly inhibited by PCN in vivo. In vitro, PCN directly
inhibited hepatic stellate cell transdifferentiation to a profibro-
genic phenotype, although the cells did not express the PXR
(in contrast with hepatocytes), suggesting that PCN acts inde-
pendently of the PXR. Mice with a functionally disrupted PXR
gene (PXR−/−) did not respond to the antifibrogenic effects of

PCN, in contrast with wild-type (PXR+/+) mice, demonstrating an
antifibrogenic role for the PXR in vivo. However, PCN inhibited
the transdifferentiation of PXR−/−-derived mouse hepatic stellate
cells in vitro, confirming that there is also a PXR-independent
antifibrogenic effect of PCN through a direct interaction with
hepatic stellate cells. These data suggest that the PXR is anti-
fibrogenic in rodents in vivo and that a PXR-independent target
for PXR activators exists in hepatic stellate cells that also functions
to inhibit fibrosis.

Key words: collagen, fibrosis, liver, pregnane-X receptor, hepatic
stellate cell, transdifferentiation.

INTRODUCTION

The liver performs many essential functions not performed by any
other tissue within the body. Fulminant hepatic failure therefore
results in death within days, with transplantation the only realistic
option presently available. Human liver disease progression is
mainly associated with chronic non-lethal damage. This causes a
scarring fibrosis to accumulate in the liver that, with increasing
severity, prevents effective liver regeneration and maintenance of
liver function [1,2]. Liver damage of any aetiology causes fibrosis,
and so, in the absence of an available prevention or cure for the
primary injuring agent, a means of reducing fibrosis is likely to
be the most effective therapeutic option for treating a variety of
chronic liver diseases and avoiding the need for transplantation.

Liver fibrosis is dependent on HSCs (hepatic stellate cells)
[1,2]. HSCs reside in the space of Disse between the endothelial
cells lining the liver blood vessels and the main functional
liver cell (hepatocyte). In response to hepatocyte necrosis, HSCs
trans-differentiate from a quiescent to a myofibroblast-like pheno-
type that secretes the majority of the extracellular-matrix proteins
that constitute (e.g. collagen type I) or contribute to (e.g. tissue
inhibitors of metalloproteinases) scar formation [1,2]. The liver,
as a metabolic sieve preventing ingested toxic chemicals from
reaching the rest of the body, has evolved to respond to acute
poisoning by regenerating itself through hepatocyte proliferation
[3,4]. However, fibrosis in its most severe form (cirrhosis) inhibits
effective regeneration and appears to be the cause of death in
chronic liver diseases [5,6]. It might arguably be considered that
liver fibrogenesis is a protective response to excessive hepato-
cyte necrosis. However, research over the last few years clearly

indicates that stimulating the apoptosis of myofibroblast-like (pro-
fibrogenic) HSCs in the livers of rodents with fibrosis promotes
liver recovery [7,8]. Fibrosis is therefore a deleterious response
to liver damage and may be an inappropriate or misregulated
response of the liver to damage (in contrast with regeneration).

Work by others has suggested that stimulating hepatocyte pro-
liferation can protect the liver from otherwise fatal actute hepatic
toxicity [9,10]. We therefore posed the hypothesis that promoting
liver growth could also improve liver pathology in a model of
chronic liver damage. Carbon tetrachloride administration was
used as the liver-damaging agent [11] and PCN (pregnenolone-
16α-carbonitrile) the liver-growth-promoting agent [12] [since the
nuclear receptor mediating the growth effects of this compound,
termed the PXR (pregnane X receptor) is restricted to expression
in the liver and intestine] [13–15]. We show that PCN improved
liver pathology independent of any effect on carbon tetrachloride-
dependent damage. The effects were in part dependent on the
presence of the PXR in the liver, but the data also suggest
an additional PXR-independent antifibrogenic mechanism was
operating within HSCs.

EXPERIMENTAL

Materials and animals

Carbon tetrachloride and PCN were obtained from Sigma Chem-
ical Co. (Poole, Dorset, U.K.). RU486 (mifepristone) was gener-
ously provided by Roussel-Uclaf, Romainville, France. All other
chemicals were of the highest purity available from local com-
mercial sources. Male Sprague–Dawley rats were bred in-house
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at the Biological Services Unit, University of Aberdeen,
Foresterhill, Aberdeen, Scotland, U.K. Heterozygous PXR−/+

mice originally derived by disruption of the PXR gene with a
neomycin-resistance cassette and bred onto a C57Bl6 background
[16] were crossed to generate wild-type (PXR+/+) and knockout
(PXR−/−) mice and then back-crossed with PXR+/+ or PXR−/−

mice respectively to generate sufficient animals of the required
genotype. Mice were also bred and maintained at the Biological
Services Unit, University of Aberdeen, Foresterhill, Aberdeen,
Scotland, U.K. PXR genotype was determined by two separate
PCR reactions to detect wild-type and knockout alleles in DNA
derived from tail tips essentially as outlined in [17]. Mice used
were back-crossed on to a C57Bl6 background for at least ten
generations prior to their use in these studies.

Carbon tetrachloride model of liver fibrosis

Liver damage was caused in rats (250–300 g body weight) and
mice (25–30 g body weight) by administration of 2 ml of carbon
tetrachloride/olive oil (1:1, v/v)/kg body weight by intraperitoneal
injection twice weekly for up to 8 weeks. Control animals received
1 ml of olive oil/kg body weight. PCN was administered as a sus-
pension in olive oil intraperitoneally at up to 100 mg/kg body
weight; controls received olive-oil vehicle. At the end of studies,
animals were killed by CO2 asphyxiation. Blood was collected
from the inferior vena cava, allowed to clot, and serum was col-
lected by centrifugation and analysed for ALT (alanine amino-
transferase) and AST (aspartate aminotransferase) activities as
previously outlined [7]. The liver was excised, divided, and fixed
in formalin or snap-frozen in liquid nitrogen and stored at −80 ◦C
for later analysis. Fixed tissue was embedded in wax and sections
stained with haemotoxylin and eosin, Sirius Red or immuno-
histochemically stained for α-smooth muscle actin essentially as
previously described [7]. Liver damage severity was assessed on
a scale of 0–5 by a researcher blinded to the treatment groups
by visual examination as outlined in Supplementary Table 1(A)
(http://www.BiochemJ.org/bj/387/bj3870601add.htm). For the
detection of α-smooth-muscle actin in mouse tissue, a modified
procedure was used, since the primary antibody is a mouse mono-
clonal. Sections were stained using an FITC-conjugated anti-
(α-smooth-muscle actin) mouse monoclonal antibody (Sigma
Chemical Co.), followed by incubation with rabbit anti-FITC
IgG (Dako, Ely, U.K.). Finally, sections were incubated with a
biotin-conjugated anti-rabbit IgG and horseradish-peroxidase-
conjugated streptavidin and stained as outlined in [7]. Slides were
examined by a researcher blinded to the treatment groups and
severities recorded on a scale of 0–5, as outlined in Supplementary
Table 1 (http://www.BiochemJ.org/bj/387/bj3870601add.htm).

Hepatocyte and HSC isolation and culture

Rat hepatocytes were prepared by collagenase perfusion, essen-
tially as previously described in [17], and cultured in William’s
Medium E supplemented with 1 µg/ml bovine insulin, 10%
(v/v) FCS (fetal-calf serum), 80 units/ml penicillin and 80 µg/ml
streptomycin on collagen type-I coated six-well plates (BD Bio-
sciences). After 2 h, the medium was renewed without FCS and
insulin supplementation and thereafter changed daily with re-
newed media additions where indicated. Rat and mouse HSCs
were isolated by pronase/collagenase perfusion of the liver, fol-
lowed by density-gradient centrifugation and elutriation as pre-
viously outlined [18]. HSCs typically displayed >95% purity at
isolation (as determined by endogenous vitamin A fluorescence).
HSCs were cultured in Dulbecco’s modified Eagle’s medium
containing 4.5 g/l glucose and supplemented with 16 % (v/v)

FCS, 80 units/ml penicillin, 80 µg/ml streptomycin and 32 µg/ml
gentamycin. Cells were seeded on to plastic culture dishes, con-
ditions that result in transdifferentiation to the profibrogenic
phenotype, as evidenced by the expression of α-smooth-muscle
actin in 100 % of cells (as determined by immunohistochemical
staining). Only primary cultures of HSCs were used.

Microsomal CYP (cytochrome P450) enzyme assays

Liver microsomes were prepared essentially as previously out-
lined [19]. Testosterone hydroxylation was determined by HPLC
analysis using authentic steroids as standards as previously out-
lined [17]. CYP2E activity and its inhibition by various com-
pounds was determined using the probe substrate p-nitrophenol
and by measuring the 4-nitrocatechol production spectrophoto-
metrically at 511 nm, essentially as described in [20]. Total CYP
was determined using the CO-reduced-versus-reduced spectrum
in cell extracts as previously outlined [17].

Western blotting

Proteins extracts were subjected to SDS/PAGE under reducing
conditions using a Bio-Rad MiniP2 electrophoresis apparatus.
Protein was then transferred on to nitrocellulose and blocked
overnight with 3% (w/v) dried milk/0.3% (w/v) Tween 20. Anti-
bodies raised against the C-termini of CYP3A1/3A23 (IITGS)
and CYP3A2 (VINGA) were used as described previously
[21]. The anti-α-smooth-muscle actin, anti-desmin and anti-
GFAP [anti-(glial fibrillary acidic protein)] antibodies were
purchased from the Sigma Chemical Co. The anti-β-actin
(cross-reacts with all actin isoforms) antibody was purchased
from Chemicon (Chandlers Ford, Eastleigh, Hants., U.K.). The
anti-CYP2E1 antibody was obtained from Professor Magnus
Ingelman-Sundberg, Karolinska Institutet, Stockholm, Sweden.
After incubation with primary antibodies, blots were incub-
ated with the appropriate horseradish-peroxidase-conjugated
anti-IgG antibody. Detection was accomplished using chemilu-
minescence with the Amersham ECL® (enhanced chemilumin-
escence) kit.

Reverse-transcription PCR for PXR mRNA expression

RNA was isolated from cells or whole tissue using RNeasy
kits (Qiagen, Southampton, U.K.) or TRIzol (Invitrogen, Paisley,
Renfrewshire, Scotland, U.K.) according to manufacturer’s in-
structions and aliquots stored at −20 ◦C. For detection of receptor
mRNA transcripts, the downstream (3′) primer employed in the
PCR reaction was used to prime for first-strand cDNA essen-
tially as described in [22]. PCR reaction mixtures were incubated
at 95 ◦C for 1 min, followed by 1 min at the required annealing
temperature (see Table 1), followed by 2 min at 73 ◦C for elong-
ation for the required number of cycles (see Table 1). Amplified
DNA was analysed on gels containing ethidium bromide.

Statistics

Student’s t test was used to test data for statistical significance.

RESULTS

Rodent PXR activator PCN inhibits fibrogenesis in rats without
modulating carbon tetrachloride hepatotoxicity

PCN administration to rodents causes liver hypertrophy [12] and,
in the rats used in these studies, PCN alone caused a statistically
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Table 1 Primer sequences used in RT-PCR and PCR analysis

RT-PCR or PCR Annealing No. of PCR Size of band
reaction Upstream (5′) primer sequence Downstream (3′) primer sequence temperature (◦C) cycles detected (bp) Comments

rPXR rPXRUS rPXRDS 62 30 475
ACCTGGCCGATGTGTCAACCTACA ATCATGGCTGTCCTCACCGAGCT

mPXR Used rat 5′ upstream primer rPXRUS mPXRDS 60 35 477
GCAGCTCAGTGAGGACGGCCATGATC

PXR+/+ screen PXR-ko + 1 PXR-ko-1 62 35 204
GCTGTACCACACCCCTCAACCC AGACTCCAGTGGATCCCCCACACCTAT

PXR−/− screen PXR-F1 PXR-R3 60 35 265 PXR-R3 hybridizes to
CTGGTCATCACTGTTGCTGTACCA CTAAAGCGCATGCTCCAGACTGC inserted neomicin gene

significant increase in relative liver weight (results not shown).
Carbon tetrachloride is a hepatotoxin through its metabolism by
cytochrome P450 2E (CYP2E) to a trichloromethyl free radical.
Reaction with oxygen produces a highly reactive peroxytrichloro-
methyl radical that initiates a damaging cycle of lipid membrane
peroxidation and cell death [23]. Twice weekly administration
of carbon tetrachloride for 6 weeks caused sustained hepato-
cyte damage, as evidenced by significant increases in serum AST
levels and marked histological changes in liver sections stained
with haematoxylin and eosin (Figures 1a–1c). Administration of
PCN to rats did not result in liver damage or significantly af-
fect the level of liver damage caused by carbon tetrachloride
(Figure 1c). PCN did not therefore interfere significantly with
the metabolism of carbon tetrachloride to toxic metabolites (sup-
ported by an absence of effect on CYP2E expression or CYP2E-
mediated enzyme activity; Figures 1d and 1e). Administration of
carbon tetrachloride over 6 weeks resulted in the development
of a fibrosis within the liver, as judged by extensive intralobu-
lar α-smooth-muscle actin immunostaining (detecting trans-
differentiated profibrogenic HSCs) and intense Sirius Red-stained
bands (detecting collagens) (Figures 2a–2c). Despite lacking a
significant effect on carbon tetrachloride hepatoxicity, Figure 2
demonstrates that PCN administration to carbon tetrachloride-
treated rats significantly decreased both intralobular α-smooth-
muscle-actin immunostaining and intense Sirius Red staining in
liver sections. Thus PCN was antifibrogenic in rat liver through
(a) mechanism(s) independent of any effect on the liver damaging
event.

PCN inhibits the transdifferentiation of rat HSCs in vitro despite
an absence of PXR expression in rat HSCs

Proteolytic digestion of the liver was used to isolate and culture
hepatocytes and quiescent HSCs from rat livers by standard pro-
tocols. Under the culture conditions employed, quiescent HSCs
underwent a spontaneous transdifferentiation to the profibrogenic
myofibroblast expressing desmin and α-smooth-muscle actin
(Figure 3a). The effects of PCN and other known PXR activators
on this process of transdifferentiation were examined using α-
smooth-muscle-actin levels as a measure of fibrogenic potential.
It can be seen that PCN and other PXR activators inhibited trans-
differentiation, indicating that these compounds interacted, at
least in part, directly on the cells (Figure 3b). Figure 3(c) confirms
the functional PXR-activating effects of PCN and other known
PXR activators, since the concentrations employed also induced
the expression of the PXR-dependent gene CYP3A23 [13–15] and
total CYP in cultured hepatocytes. However, rat HSCs did not
contain detectable levels of PXR mRNA and protein, in contrast

with hepatocytes (Figure 3d), suggesting that the effects of the
PXR activators on HSCs in vitro were independent of the PXR.

PCN-dependent antifibrogenesis requires a functional PXR in vivo

To determine if the antifibrogenic effects of PCN in vivo are depen-
dent on the expression of a functional PXR in vivo, the effect of
PCN on carbon tetrachloride-dependent liver fibrosis in PXR+/+

mice and mice with a disruption to the transcriptional function of
the PXR protein (PXR−/−) was examined. The PXR is an orphan
nuclear receptor that is known to regulate the expression
of hepatocyte CYP3A genes in response to a diverse range of
xenobiotics [15]. Mice genotype was routinely monitored by
PCR (Supplementary Figure 1a; http://www.BiochemJ.org/bj/
387/bj3870601add.htm) and PXR−/− mice failed to respond to
PCN administration with respect to CYP3A induction at the level
of microsomal protein and testosterone 6β hydroxylase activity –
in contrast with PXR+/+ mice (Supplementary Figures 1b and 1c;
http://www.BiochemJ.org/bj/387/bj3870601add.htm). In addi-
tion to confirming the absence of a functional PXR transcriptional
response in the PXR−/− mice used in these studies, PCN admin-
istration to either genotype did not affect the levels of expression
of the carbon tetrachloride-activating CYP2E (Supplementary
Figure 1b; http://www.BiochemJ.org/bj/387/bj3870601add.htm).
As observed in rats, PXR+/+ and PXR−/− mice sustained similar
levels of liver damage between the two genotypes (Figure 4a).
Figure 4(b) demonstrates that PCN-dependent reductions in intra-
lobular α-smooth-muscle actin or desmin immunostaining were
lost in PXR−/− mice treated with carbon tetrachloride. Figure 4(c)
shows that PCN-dependent decreases in fibrosis were lost in
PXR−/− mice treated with carbon tetrachloride, as judged by Sirius
Red staining of liver sections. These experiments suggest that the
antifibrogenic effects of PCN in the mouse were dependent – in
part – on the PXR in vivo. However, for the same amount of
liver damage, the extent of intralobular (α-smooth-muscle-actin-
positive) staining HSCs was markedly decreased in PXR−/−

compared with PXR+/+ mice (Figure 4b), although this was not
mirrored by a significant decrease in fibrosis (Figure 4c).

PCN-dependent antifibrogenesis in mice is also dependent
on a PXR-independent direct effect on HSCs

As observed with rat HSCs, mouse HSCs did not express detect-
able levels of PXR mRNA, as determined by reverse-transcription
PCR (Figure 5a). To test the hypothesis that PCN acts directly
on HSCs independently of the PXR, HSCs derived from
PXR+/+ and PXR−/− animals were isolated and cultured, with or
without PCN treatment. It can be seen that HSCs isolated from
PXR+/+ mice took longer to proliferate and transdifferentiate

c© 2005 Biochemical Society



604 C. J. Marek and others

Figure 1 Lack of impact of PCN administration on carbon tetrachloride (‘CCl4’)-mediated hepatotoxicity

Rats were administered carbon tetrachloride and/or PCN (25 mg/kg body weight; one injection/week) as outlined in the Experimental section for 6 weeks. (A) AST levels in serum from the indicated
treatment groups; results are the means +− S.D. for three to five animals/treatment group. (B) Severity scores for liver damage as determined from examination of haematoxylin-and-eosin-stained liver
sections (independently scored for severity on a scale of 0–5 (normal–extensive damage) by an examiner blinded to the treatment groups. Each point represents the score for a section from a single
animal; the number of individual animals is equal to the number of points per treatment group. The mean score is indicated by the line. (C) Representative liver sections from the indicated treatment
groups stained with haematoxylin and eosin. (D) Western-blot immunoquantification of microsomal CYP2E levels from the indicated treatment groups; results are means +− S.D. for three to five
animals/treatment group. (E) Effect of PCN and CYP inhibitors (final concentrations in assay as indicated) on microsomal p-nitrophenol hydroxylase (CYP2E) activities (control levels 450 +− 42 pmol
of 4-nitrocatechol produced/min per mg of microsomal protein; means +− S.D. of three separate determinations). Note the vehicle solvent DMSO is a substrate (not shown) for CYP2E and therefore
markedly inhibits p-nitrophenol hydroxylase activities. Accordingly, all potential inhibitors of this assay were dissolved directly into the assay buffer. PCN was used from a saturated stock (actual
concentration determined through UV–visible absorbance spectroscopy at 248 nm). * Indicates significantly different activity versus control (P > 95 %) using Student’s t test.
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Figure 2 PCN inhibits the carbon tetrachloride (‘CCl4’)-dependent liver
fibrosis

Rats were administered carbon tetrachloride and/or PCN (25 mg/kg body weight; one injection/
week) as outlined in the Experimental section for 6 weeks. (A) Representative liver sections from
the indicated treatment groups immunostained for α-smooth-muscle actin. (B) Representative
liver sections from the indicated treatment groups and stained with Sirius Red. (C) Severity
scores for α-smooth-muscle actin and Sirius Red. Liver sections were independently scored for
severity on a scale of 0–5 (normal–extensive staining/fibrosis) by an examiner blinded to the
treatment groups. Each point represents the score for a section from a single animal, the number
of individual animals being equal to the number of points per treatment group. The mean score is
indicated by the line. * Indicates significantly lower damage versus carbon tetrachloride-treated
group, P > 95 % using Student’s t test.

Figure 3 Effect of PCN on the transdifferentiation of Rat HSCs in vitro

(A) Time course for the expression of α-smooth muscle actin (‘α-SMA’) and desmin in rat HSC
primary culture. Freshly isolated (IC) rat HSCs and cells cultured for the indicated time were
harvested and cell extracts (10 µg/lane) probed for the indicated protein by Western blotting. Std,
standard. (B) Effect of PXR activator addition to rat HSC primary culture on the transdifferen-
tiation of HSCs in vitro. Abbreviations: UT, vehicle control only (<0.5 %, v/v, DMSO); RU,
10 µM RU486; PCN, 20 µM PCN; PB, 1 mM phenobarbital; DEX, 1 µM dexamethasone; MET,
500 µM metyrapone). The levels of α-smooth muscle actin were determined by Western blotting
(5 µg of protein/lane) after 9 days of continuous treatment. (C) Effect of PXR activator treatment
on the levels of total spectrophotometrically detectable cytochrome P450 and CYP3A1/3A23
levels in primary cultures of rat hepatocytes. The concentration of PXR activators was as given
in (B), except that treatment time was 48 h. (D) Reverse-transcription PCR analysis of RNA
from rat hepatocytes and HSCs. Total RNA was subjected to reverse-transcription PCR analysis
for PXR expression as outlined in the Experimental section. PCR control, no 1st-strand cDNA
control; RT-control, no RNA control; HC, freshly isolated hepatocyte RNA (template levels as
indicated); pSG5-rPXR, a plasmid encoding the rat PXR cDNA as template (input: template
plasmid in PCR reaction; output: amplified fragment after PCR reaction); HSC, 2-day quiescent
HSC or profibrogenic 14-day transdifferentiated HSC RNA (template levels as indicated). The
lower band corresponds to a fragment of amplified PXR mRNA (sequenced confirmed; results
not shown); the upper band amplified from rat hepatocytes was cloned and sequenced and was
found to be unrelated to the PXR.
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Figure 4 Antifibrogenic effects of PCN in the liver are lost in PXR−/− mice

Mice were administered carbon tetrachloride (‘CCl4’) for 8 weeks and/or PCN (100 mg/kg body weight; one injection/week for the last 4 weeks of treatment) as outlined in the Experimental section
for 8 weeks. (A) ALT levels in serum from the indicated treatment groups; results are means +− S.D. for three to five animals/treatment group. (B) Liver sections stained for either α-smooth-muscle
actin or desmin were independently scored for severity on a scale of 0–5 (normal–extensive staining/fibrosis) by an examiner blinded to the treatment groups. Each point represents the score for a
section from a single animal, and the number of individual animals is equal to the number of points per treatment group. The mean score is indicated by the horizontal line. * Indicates significantly
lower transdifferentiation versus carbon tetrachloride-treated group; P > 95 % using Student’s t test. (C) Representative liver sections from the indicated treatment groups and stained with Sirius
Red. Severity scores are given in the right-hand panel. * Indicates significantly lower fibrosis versus carbon tetrachloride-treated group; P > 95 % using Student’s t test.

compared with HSCs isolated from PXR−/− mice. However,
PCN inhibited both the proliferation and transdifferentiation of
mouse HSCs irrespective of the PXR genotype (Figures 5b and
5c). Interestingly, HSCs isolated from PXR−/− mice became, or
were outgrown by, α-smooth-muscle-actin-negative cells with
passaging. This is consistent with the apparent low number of α-
smooth-muscle-actin-positive cells in liver sections from carbon
tetrachloride-treated PXR−/− mice, despite high levels of fibrosis
(Figure 4b and 4c) and suggests that, under certain conditions, it
may be possible to generate α-smooth-muscle-actin-negative pro-
fibrogenic HSCs.

DISCUSSION

PCN is an antagonist of the glucocorticoid receptor [24,25] and
agonist of rat and mouse PXR [13,14,26] (note that there are
species differences in the ligand selectivity of the PXR; notably
PCN does not activate the human PXR [13]). An antagonism
of the glucocorticoid receptor by PCN is unlikely to play a role
in inhibiting fibrosis. Glucocorticoids inhibit the inflammatory
response [27], which plays a role in promoting fibrosis progression
in general and in the carbon tetrachloride model [1,2,28]. There-

fore PCN might be expected to have either no effect or to
exacerbate fibrogenesis through an inhibition of glucocorticoid
signalling. The decrease in fibrogenesis observed in this study
with PCN and the loss of this effect in mice with a disrupted PXR
gene indicates that PCN was acting – at least in part – through an
activation of the PXR to achieve an inhibition of fibrogenesis.

The PXR is an orphan nuclear receptor that has been shown
to mediate the inducible expression of CYP3A enzymes in liver
and intestine [13–15]. However, the antifibrogenic effect of PCN
is likely to be dependent on its liver-growth-promoting properties
[12]. The liver contains four subfamilies of xenobiotic-meta-
bolizing enzymes (CYP1A, CYP2B, CYP3A and CYP4A), and
expression of genes within each subfamily is controlled by a
xenobiotic receptor transcription factor [the aryl hydrocarbon
receptor, the constitutive androstane receptor, the PXR and
the PPAR (peroxisome-proliferator-activated-receptor)-α respect-
ively] [29]. In addition to modulating the expression of their
respective CYP genes in response to receptor–agonist interaction,
potent activators of xenobiotic receptor transcription factors
(e.g. dioxin, phenobarbital, PCN and peroxisomal proliferators
respectively) also promote a marked increase in liver size. Gene
knockout studies demonstrate that the xenobiotic receptors medi-
ate both CYP induction and an increase in liver size [28,30–32].
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Figure 5 PXR genotype and mouse HSC transdifferentiation: effect of PCN

(A) RT-PCR analysis for PXR mRNA expression. Primers used are given in Table 1. (B) Western
blot for α-smooth-muscle actin or total actin levels in extracts from transdifferentiating mouse
HSCs. (C) HSCs were isolated from four PXR+/+ or PXR−/− mice, pooled, counted and seeded
at approx. 50 cells/field of view. The number of attached cells per ×20 field were then counted
in eight randomly selected fields to quantify the proliferation of the HSCs. (D) Expression of
α-smooth-muscle actin, total actin and GFAP in extracts from passage-2 HSCs derived from
PXR+/+ or PXR−/− mice.

Specifically, the growth-promoting effect of PCN has been shown
to be dependent on a functional PXR gene [12] and we observed
a similar effect with PCN and other PXR activators (i.e. a loss
of liver growth response in PXR−/− mice) in our studies (results
not shown). The precise mechanisms that result in liver growth
via the PXR have not been elucidated. There is good evidence to
suggest that growth is associated with an increase in hepatocyte
proliferation and a decrease in apoptosis when rodents are treated
with peroxisome proliferators [33]. However, the mechanisms
controlling this altered tissue homoeostasis have not been fully
described, although it could be speculated that many of the

factors which control liver regeneration in response to hepatocyte
necrosis or surgical ablation of the liver may be regulated directly
or indirectly by the xenobiotic receptor transcription factors. Liver
regeneration occurs through existing hepatocyte proliferation and
is controlled by a number of cytokines released from several of the
cell types within the liver [34]. Likely candidates are cytokines
such as tumour necrosis factor-α and interleukin-6 [3,4]. To date,
the role – if any – of the PXR in liver cytokine gene expression
is unknown, although this is under active investigation in our
laboratory.

The results of the present study also indicate that there is a
PXR-independent mode of action of PCN, since the PXR was not
detected in rodent HSCs and yet PCN treatment in an in vitro
model of fibrosis inhibited HSC transdifferentiation to a profibro-
genic phenotype. It is known that rat and human HSCs express
the PPARγ nuclear receptor and that ligands for this receptor
inhibit transdifferentiation of HSCs [35–37]. However, PCN
has not been reported to interact with the PPARγ . Limiting the
numbers of HSCs in the liver is being recognized as an effective
means of combating liver fibrosis. The identification of a protein
that functions to inhibit HSC transdifferentiation/proliferation
and whose ligands also activate hepatocyte growth via the PXR
may be of fortuitous clinical value. This protein remains to be
identified.

There is some debate about the origin of the cells that give rise
to fibrosis in the liver. Two populations of cells have recently been
proposed by one group, namely the HSCs and liver myofibroblasts
[38,39]. Liver myofibroblasts constitutively express α-smooth-
muscle actin and are located at the central and the portal vein
in normal liver [38,39]. The relative absence of an α-smooth-
muscle-actin-positive population of cells in carbon tetrachloride-
treated PXR−/− mice may be associated with a loss of liver myo-
fibroblast proliferation and/or a failure of HSCs to completely
transdifferentiate to cells that express α-smooth-muscle actin.
The absence of α-smooth-muscle actin, but presence of GFAP
in passaged HSCs from PXR−/− mice, support both of these pos-
sibilities (in that it has been suggested that, in vitro, passaged
HSCs are outgrown by liver myofibroblasts) [38].

Clinically, the avoidance or treatment of the primary hepato-
toxic insult is the first approach to liver-disease management.
Fibrosis occurs when the primary hepatotoxic insult cannot be
modulated, and so there is a need to treat the fibrosis as a way
of preventing end-stage chronic liver disease. To clearly test for
a target protein’s antifibrogenic effect, an interaction between the
target protein’s experimental ligand and the primary hepatotoxic
insult must be avoided. We demonstrate that PCN is antifibrogenic
and does not mediate its antifibrogenic effect through a decrease
in the toxicity of carbon tetrachloride (since a decrease in fibro-
sis would likely be the outcome of a treatment that protected
against the primary hepatotoxic agent). The present results clearly
indicate that the administration of PCN inhibits fibrogenesis and
that the target protein (the PXR) is in part responsible for this
effect.
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