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Abstract
Phenobarbital is a lipophilic molecule used as a sedative and antiepileptic drug that elicits a multitude
of effects in the liver, including gross liver enlargement, hepatocyte hypertrophy, and induced
expression of drug-metabolizing enzymes and other liver-specific genes. The constitutive androstane
receptor (CAR; NR1I3) and to a lesser extent the pregnane X receptor (PXR; NR1I2) are responsible
for mediating induction of many phenobarbital-responsive genes. However, CAR-mediated
transcriptional control of some genes is critically dependent on hepatocyte nuclear factor 4 alpha
(HNF-4α; NR2A1), which itself regulates multiple liver-specific genes involved in hepatic growth,
metabolism, and differentiation. We studied the effects of phenobarbital on HNF-4α expression in
hepatocytes and provide evidence that HNF-4α nuclear expression is regulated in response to
phenobarbital. Real-time polymerase chain reaction analyses revealed that HNF-4α mRNA is
modestly up-regulated by phenobarbital. In addition, nuclear expression of HNF-4α protein is
significantly elevated 3 hours after the administration of phenobarbital in wild-type, CAR−/−, and
CAR−/−/PXR−/− mice. In vitro analysis revealed that phenobarbital-induced HNF-4α expression is
both time- and dose dependent. In addition, the phosphatase inhibitor okadaic acid and the Ca2−/
calmodulin-dependent protein kinase II inhibitor KN62 block nuclear induction of HNF-4α by
phenobarbital. Furthermore, HNF-4α nuclear expression is enhanced by inhibition of cyclic AMP–
dependent protein kinase A. In conclusion, induced nuclear expression of HNF-4α and CAR is an
integral part of the phenobarbital response, aimed at coordinated regulation of genes involved in drug
metabolism and detoxification as well as maintenance of liver function.

Abbreviations
CAR, constitutive androstane receptor; PXR, pregnane X receptor; HNF-4α, hepatocyte nuclear
factor 4 alpha; PB, phenobarbital; CYP, cytochrome P450; PCR, polymerase chain reaction

Phenobarbital (PB) is an antiepileptic drug and is the prototype of a large family of lipophilic
PB-like compounds that have profound effects in the liver. Its effects on liver physiology are
typified by hepatic hypertrophy, hyperproliferation of the smooth endoplasmic reticulum, and
induction or repression of numerous genes, especially the genes of cytochrome P450 enzymes.
1–3 Hepatic hypertrophy induced by PB is mediated by a moderate increase in hepatocyte
DNA synthesis and dramatic enlargement of individual hepatocytes.4,5 Hepatic enlargement
subsides after PB withdrawal and this decrease in liver size is mediated by hepatocyte
apoptosis.6 Liver regeneration in response to partial hepatectomy is markedly diminished in
PB-treated rat and mouse livers.7,8 PB is also one of the most effective liver tumor promoters
in both rats and mice. The mechanism of liver tumor promotion by PB is not understood;
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however, there is evidence that PB affects EGF signaling.9. Furthermore, TGFβ1 receptors I,
II, and III are specifically down-regulated in early neoplastic lesions following treatment with
PB.10,11 It has been hypothesized that the inhibition of DNA synthesis in normal hepatocytes
gives a proliferative advantage to initiated cells.

The complex effects of PB on hepatocytes are also seen in primary cultures. Typically,
hepatocytes in primary culture lose characteristic gene expression markers. Treatment of the
cultures with PB results in stabilization of the differentiated hepatocyte phenotype, as assessed
by many differentiated functions including expression of albumin and cytochrome P450 family
members and metabolic activities.12 PB treatment in culture also is associated with decreased
response to hepatocyte mitogens, including TGFα and HGF.13

The mechanisms by which PB exerts all these complex effects in hepatocytes are not clear.
The same pathways involved in changes in PB-induced gene expression may mediate these
diverse effects. PB induces changes in expression of several cytochrome P450s and conjugation
enzymes. Regulation of these genes is part of an integrated cellular defense response aimed at
detoxification of potentially harmful endo- and xenobiotics.14,15 The constitutive androstane
receptor (CAR) is responsible for phenobarbital-induced expression of many cytochrome
P450s and other genes involved in detoxification such as glucuronosyl transferases.16 CAR is
a liver-enriched nuclear receptor that, in the absence of signaling, is retained in the cytoplasm
in an inactive state, complexed with HSP90. PB treatment results in translocation of CAR to
the nucleus through a phosphorylation-dependent mechanism and subsequent activation,
leading to transcriptional regulation of PB-responsive genes.17

Interestingly, hepatocyte nuclear factor 4 (NR2A1; HNF-4α) also has a role in the regulation
of many P450 genes that have HNF-4α-binding sites.18,19 HNF-4α is an orphan nuclear
hormone receptor expressed in liver, kidney, intestine, and pancreas and regulates expression
of numerous liver enzymes involved in glucose, cholesterol, and fatty acid metabolism, as well
as in apolipoprotein and urea biosynthesis. Recently it has been shown that HNF-4α is critical
to CAR- and pregnane X receptor (PXR)-mediated induction of CYP3A4 and CYP2C9.20,21
Furthermore, HNF-4 regulates expression of UGT1A9, which is involved in catabolism and
elimination of endo-and xenobiotics.22 From these and other studies, it is evident that
HNF-4α plays a crucial role in regulating expression of many hepatic genes; however, little is
known about if and how HNF-4α expression is regulated in response to phenobarbital and other
drugs. In the present study, we showed that PB treatment results in increased nuclear expression
of HNF-4α protein in hepatocytes. This induction is independent of the xenobiotic-sensing
CAR and PXR nuclear receptors and occurs at both the mRNA and protein levels. In vitro
analysis of cellular phosphatase and kinase pathways involved in PB signaling revealed their
roles in regulating HNF-4α expression. These data suggest that regulation of HNF-4α protein
expression is a distinct part of a coordinated mechanism mediating the hepatic response to PB.

Materials and Methods
Animals

Male Fisher 344 rats were used for rat hepatocyte isolation. Male wild-type C57 black, PXR-
null, and CAR-null mice were used for in vivo studies. All animals received humane care and
were treated according to protocols approved by the University of Pittsburgh’s institutional
animal care and use committee (IACUC).

Isolation and Culture of Hepatocytes
Rat hepatocytes were isolated by two-step collagenase perfusion, as previously described23
and then seeded at 3 × 106 cells per 100 mm of a collagen-coated dish in minimal essential
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media containing insulin. After 1 hour, the medium was changed to serum-free hepatocyte
growth medium containing ITS and dexamethasone as described elsewhere.24 After 18–20
hours, cells were treated with PB (2 mmol/L unless otherwise indicated) and harvested at
various times thereafter. When indicated, okadaic acid (10 nmol/L), KN62 (5 μmol/L), and RP
isomer of 8-bromo-cyclic adenosine monophosphate (RP-8Br-cAMP; 10 μmol/L) were added
30 minutes prior to administration of PB.

RNA Isolation and Real-Time PCR Analysis
Total RNA was isolated using RNA-B solution (Tel-Test, Friendswood, TX), then treated with
Turbo DNA-Free (Ambion, Austin, TX) according to the manufacturer’s instructions. Two
micrograms of total RNA was reverse-transcribed with SuperScript II (Invitrogen, Carlsbad,
CA). Forty nanograms of the resulting cDNA was used for Sybr Green real-time polymerase
chain reaction (PCR) analysis (Applied Biosystems, Foster City, CA), along with mouse
HNF-4α (SuperArray Biosciences, Frederick, MD) or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) primers.25 Real-time PCR analysis was performed using an ABI
Prism 7000 sequence detection system. Results were compiled from two independent
experiments with assays performed three times with each sample in triplicate. Data presented
are based on the comparative CT method and reflect relative quantitation to GAPDH as the
internal control. Statistical significance was determined using the Student t test.

Immunofluorescence Staining
Hepatocytes grown on collagen-coated coverslips were washed with (PBS), fixed with cold
2% paraformaldehyde in PBS for 15 minutes, permeabilized with 0.1% TritonX-100 in PBS
for 15 minutes, washed five times in 0.5% BSA solution (PBS containing 20 mmol/L glycine
and 0.5% BSA), then blocked for 1 hour with 2% BSA solution. Following five washes with
0.5% BSA solution, coverslips were incubated overnight with goat anti-HNF-4α, 1:500 (Santa
Cruz Biotechnology, Santa Cruz CA), in 0.5% BSA solution. Cells were washed five times
with 0.5% BSA solution, then incubated for 1 hour with donkey antigoat CY3 in 0.5% BSA
solution. Following five washes in 0.5% BSA solution and then PBS, coverslips were incubated
with Hoescht stain (30–45 s), washed with PBS, and mounted on slides. Fluorescence was
visualized using an Olympus Provis fluorescence microscope at 60× magnification.

Protein Isolation
Cells from one 100-mm plate or 100 mg of liver tissue was lysed by sonication in RIPA buffer
containing protease and phosphatase inhibitor cocktails (Sigma, St. Louis, MO), then incubated
on ice for 30 minutes and centrifuged at 14,000g for 30 minutes. Supernatants were saved as
total cell lysate.

For nuclear protein isolation, cells from 3–5 plates were washed and harvested in 40 mmol/L
Tris (pH 7.6), 14 mmol/L NaCl, and 1 mmol/L EDTA, then pooled and centrifuged (5 min,
100g). Cell pellets were suspended in 2 mL of hypotonic buffer [10 mmol/L Hepes (pH 7.9),
10 mmol/L NaH2PO4, 1.5 mmol/L MgCl2, 1 mmol/L DTT, 0.5 mmol/L spermidine, and 1
mol/L NaF with protease and phosphatase inhibitor cocktails (Sigma, St. Louis, MO)].
Following 10 minutes of incubation on ice, samples were homogenized in a Dounce
homogenizer and then centrifuged (5 min, 800g). Cell lysis was monitored with trypan blue
stain. Supernatants were saved as cytoplasmic extracts. The nuclei pellets were washed two
additional times in the same buffer. Mouse liver tissue (0.2–0.3 g) was directly homogenized
in 5 mL of hypotonic buffer and then centrifuged (5 min, 100g). The pellets were resuspended
in 2 mL of hypotonic buffer and processed as above.

Nuclear proteins were extracted in 50–100 μL of hypertonic buffer [30 mmol/L Hepes, (pH
7.9), 25% glycerol, 450 mmol/L NaCl, 12 mmol/L MgCl2, 1 mmol/L DTT, and 0.1 mmol/L
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EDTA with protease and phosphatase inhibitor cocktails (Sigma, St. Louis, MO)] for 45
minutes at 4°C with continuous agitation. Extracts were centrifuged at 30,000g, and the
supernatants were collected and dialyzed for 2 hours against the same solution but containing
150 mmol/L NaCl. Protein concentration was determined by the Bicinchoninic Acid assay
(Sigma, St. Louis, MO).

Western Blot Analysis
Nuclear proteins (20 μg), cytoplasmic extract (50 μg), or total cell lysate (100 μg) were
separated by SDS-PAGE in 4%–12% NuPage Bis-Tris gels with 1× MOPS Buffer (Invitrogen,
Carlsbad, CA), then transferred to Immobilon-P membranes (Millipore, Bedford, MA) in
NuPAGE transfer buffer containing 0.005% SDS and 10% methanol. Membranes were stained
with Ponceau S to verify loading and transfer efficiency. Membranes were probed with
antibodies in TBST containing 5% nonfat milk, then processed with SuperSignal West Pico
chemiluminescence substrate (Pierce, Rockford, IL) and exposed to blue X-ray film (Lab
Product Sales, Rochester, NY). The primary antibodies used were: rabbit anti-HNF-4α N1.14
(F. Sladek, UC Riverside), 1:5,000; goat anti-HNF-4α C-19, rabbit anti-CAR H-150, and goat
anti-PXR R14 (Santa Cruz Biotechnology, Santa Cruz CA), 1:500; and mouse anti-actin
MAB150 (Chemicon, Temecula, CA) 1:2000. HRP-conjugated secondary antibodies were
used at a 1:80,000 ratio (Chemicon, Temecula, CA). Protein expression was normalized to β-
actin for total cell lysate or total protein per lane from Ponceau S stain of membrane for nuclear
extracts.

Results
Phenobarbital Induces HNF-4α Protein Expression in the Nucleus

Our laboratory has previously shown that PB induces or maintains differentiation and high
levels of HNF-4α DNA-binding activity as well as cytochrome P450s in cultured rat
hepatocytes.12 To determine whether HNF-4α induction was physiologically relevant in
vivo, we analyzed its expression in mouse liver following a single injection of PB (100 mg/kg,
i.p.). Western blot analysis of liver nuclear protein extracts revealed a dramatic elevation in
HNF-4α protein expression 2–4 hours post-PB in wild-type mice (Fig. 1A). Peak HNF-4
nuclear protein expression occurred after 3 hours and was, on average, at least threefold higher
than untreated liver. This pattern of induced expression paralleled that of CAR, the primary
mediator of PB-induced transcription and was consistent with previous reports of peak CAR
induction by PB occurring after 3 hours.26 Levels of both the HNF-4α and CAR nuclear
proteins remained elevated compared with those in untreated liver through 6 hours post-PB
(data not shown). However, PXR protein levels increased slightly from 2 to 4 hours and then
fell to normal levels. These results reveal the temporal regulation of HNF-4α expression by
PB; however, they do not rule out CAR or PXR as potential mediators of this regulation.

Phenobarbital-Induced HNF-4α Nuclear Expression Is Independent of CAR and PXR
To examine whether PB-induced HNF-4α protein expression is dependent on CAR and/or
PXR, we analyzed the response in knockout mice. Western blot analysis of nuclear extracts
from CAR−/− mice treated with PB revealed a marked induction of HNF-4α protein between
2 and 4 hours, reaching a threefold increase after 3 hours (Fig. 1B). This pattern of expression
is very similar to that seen in wild-type mice; however, because PXR expression was slightly
increased in CAR−/−mice after 2–3 hours, and to rule out the possibility that PXR may
compensate for the absence of CAR in mediating HNF-4α induction, we examined the response
to PB in double-knockout mice (Fig. 1C). Again, HNF-4α nuclear protein expression was
significantly induced in CAR−/−/PXR−/− mice 3–4 hours after the administration of PB,
confirming HNF-4α nuclear protein induction by PB is independent of CAR and PXR.
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To determine whether PB-induced HNF-4αexpression is regulated at the mRNA level, we
performed real-time PCR analysis on RNA isolated from control and PB treated livers of wild-
type and CAR−/− mice (Fig. 2). Real-time PCR analysis revealed that HNF-4α mRNA
expression was consistently induced up to 1.6-fold at 2 hours post-PB. The mRNA change was
modest but statistically significant (P < .01) and levels remained slightly elevated through 4
hours post PB treatment, consistent with higher levels of HNF-4α protein seen from 3 to 6
hours. To verify that HNF-4α mRNA induction is independent of CAR, we performed an
analogous experiment in CAR−/− animals (Fig. 2). Again HNF-4α mRNA levels were modestly
but significantly increased at 2 hours post-PB (P < .05) and remained slightly elevated through
4 hours. This result parallels that of the wild type mice, thus indicating that HNF-4α mRNA
induction by PB occurs through a CAR-independent mechanism.

HNF-4α Nuclear Protein Induction Is Dose- and Time Dependent
To further characterize PB-induced HNF-4α protein expression, we studied the response in
vitro using primary rat hepatocytes cultured in the presence of PB. Analysis of nuclear protein
extracts from PB-treated hepatocyte cultures showed a temporally regulated induction of
HNF-4α expression similar to that seen in vivo (Fig. 3A). HNF-4α nuclear protein levels had
increased by 3 hours and remained elevated through 6 hours.

We next treated hepatocytes with increasing amounts of PB to determine the dose dependence
of this response. Western blot analysis revealed that HNF-4α nuclear protein expression was
induced in a dose-dependent manner, increasing two- to fivefold with doses from 0.1 to 1 mmol/
L PB (Fig. 3B). Together these results reveal a direct association between PB signaling and
induced expression of HNF-4α and validate this model system as appropriate for studying the
hepatic response to PB.

Cellular HNF-4α protein is primarily in the nucleus; however, a small portion may also be in
the cytoplasm, as seen by immunofluorescence, discussed later. Therefore, we sought to
determine whether PB-induced expression of HNF-4α nuclear protein was a result of an overall
increase in HNF-4α protein resulting in part from increased mRNA expression, or possibly
from secondary modifications as a consequence of increased localization in the nucleus,
comparable to that seen with CAR. We isolated cytoplasmic and nuclear extracts from PB-
treated hepatocytes and performed Western blot analysis. Figure 3C shows that both the
cytoplasmic and nuclear fractions of cultured hepatocytes contain detectable amounts of
HNF-4α protein, which increased proportionally three-to fivefold in response to PB treatment.
Hence, PB signaling results in an increase in total cellular levels of HNF-4α protein, which is
primarily in the nucleus to begin with, and not an increase in nuclear translocation. We were
unable to detect HNF-4 protein expression in cytosolic fractions from whole liver, and the
levels observed in cytoplasmic extracts of hepatocyte cultures were mainly a result of
contaminating nuclear protein from the protein isolation procedure.

Signaling Pathways Regulating HNF-4α Nuclear Expression in Response to PB
It is well documented that PB signaling causes nuclear translocation of CAR via a
phosphorylation-sensitive event that can be blocked by treatment with the phosphatase
inhibitor okadaic acid. We treated primary hepatocyte cultures with 10 nmol/L okadaic acid
and then stimulated them with PB for 3 hours to see if HNF-4α protein induction was affected.
Western blot analyses of total cell lysates and nuclear protein extracts revealed detectable levels
of HNF-4α protein, which increased approximately twofold after 3 hours of PB treatment,
much like in vivo (Fig. 4). However, okadaic acid treatment alone resulted in a dramatic 80%
reduction in nuclear HNF-4α expression while only minimally changing total HNF-4α protein
levels. Furthermore, okadaic acid treatment blocked induction by PB of HNF-4α protein
expression. These Western blot data were also confirmed by HNF-4α immunofluorescence
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(Fig. 5). Untreated hepatocytes showed predominantly nuclear HNF-4α immunoreactivity with
minor cytoplasmic staining. Following PB treatment HNF-4α protein level increased
significantly in the nuclei compared with that in untreated cells, whereas cytoplasmic staining
was still weak. On the other hand, okadaic acid treatment caused a dramatic reduction in nuclear
HNF-4α immunoreactivity, whereas the cytoplasmic level increased slightly with a punctate
staining pattern. PB treatment was unable to induce HNF-4α expression, nuclear or otherwise,
in the presence of okadaic acid. Taken together, these data indicate that HNF-4α nuclear
expression and PB inducibility require a phosphatase activity that is inhibited by okadaic acid.

To further characterize the signaling pathways governing HNF-4α protein induction by PB,
we analyzed inhibitors of protein kinases known to be involved in PB signaling. Other studies
have shown that Ca2−/calmod-ulin-dependent protein kinase (CaM-PK) and cAMP-dependent
protein kinase A (PKA) are involved in PB-induced cytochrome P450 expression in mouse
and rat hepatocytes.27,28 We investigated the potential role of these kinases in regulation of
PB-induced HNF-4α expression by treating cultured hepatocytes with the kinase-specific
inhibitors KN62 and RP-8Br-cAMP. As seen in Fig. 4, inhibition of CaM-PK with KN62 alone
caused a modest increase in total but not in nuclear HNF-4α protein. This cytoplasmic increase
was negated by PB treatment, and nuclear levels were sharply reduced. These data were
confirmed by immunofluorescent staining, which showed that blockage of CaM-PK with
KN62 in conjunction with PB treatment resulted in significant reduction in nuclear HNF-4α
immunoreactivity (Fig. 5). Together, these data show that CaM-PK activity is necessary for
nuclear induction of HNF-4α by PB.

Inhibition of PKA with the inhibitor RP-8Br-cAMP resulted in a modest increase in total and
nuclear HNF-4α protein, which was not significantly changed by PB treatment, indicating that
PKA activity negatively regulates endogenous expression of HNF-4α; however, its role in PB
induction is not clear.

Discussion
The present study provides insight into molecular events mediating the pleiotropic response
of liver to phenobarbital. PB is commonly used in clinical medicine and causes liver
enlargement in humans and rodents. PB is also the prototype of liver tumor promoters,
dramatically increasing tumor numbers when chronically administered after initial genotoxic
carcinogen treatment. Because of the dramatic effects of PB signaling in liver, elucidating the
mechanisms involved has been the subject of numerous studies, leading to the discovery of
CAR as a major mediator of PB-induced gene expression. Several recent studies using
HNF-4α −/− mice and antisense-HNF-4α adenovirus also found that many CAR- and PXR-
regulated genes require HNF-4α for efficient induction by PB and other drugs or xenobiotics.
However, regulation of HNF-4α in response to PB has not been previously demonstrated. To
our knowledge, we are the first to show that increased nuclear expression of HNF-4α is a
distinct part of the PB response in liver and a likely mediator of PB-induced gene regulation
in concert with CAR.

The present study showed the temporal pattern of induced HNF-4α expression to be similar to
but independent of CAR, indicating they may be part of a coordinated mechanism of PB
signaling. Specifically, HNF-4α and CAR expression in the nucleus are dramatically increased
3 hours post-PB administration. The kinetics of induction observed are consistent with those
of others who observed peak CAR nuclear localization after 3 hours and subsequent PB-
induced gene transcription.26 This study also has shown that HNF-4α protein induction occurs
in both mouse and rat hepatocytes and that it is time- and dose dependent, indicating
HNF-4α induction by PB is a specific and direct result of PB signaling. Preliminary findings
with human hepatocytes also indicate that PB induces HNF-4α protein expression, although
only a modest 1.5-fold induction was observed (A. Bell, unpublished observation).
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Furthermore, HNF-4α induction by PB is also independent of PXR because it occurred in the
CAR−/−/PXR−/− mice and PXR nuclear expression was not significantly affected after 3 hours
in wild-type animals treated with PB. These findings concur with those of Squires et. al., who
showed that PXR nuclear translocation is not significant in PB-treated mice after 6 hours of
treatment.29 However, we did see minor increases in PXR nuclear expression after 4 hours of
treatment (Fig. 1A), possibly a result of increased HNF-4α, which has been shown to regulate
expression of PXR in fetal hepatocytes, and an HNF-4α-binding site has been identified in the
PXR promoter.30 In addition, HNF-4α induction by PB in CAR−/−/PXR−/− mice was
diminished, although a statistically significant nearly twofold induction does occur in these
animals. These findings suggest that PXR may augment PB induction of HNF-4α expression
and vice versa, but neither PXR nor CAR is a necessary component of HNF-4α induction by
PB.

The increase in HNF-4α protein expression is regulated, at least in part, at the mRNA level.
We showed that in vivo, PB modestly induced HNF-4α mRNA expression 1.7-fold after 2
hours of treatment in wild-type and CAR−/− mice, which preceded the induction of significant
protein expression observed after 3 hours and beyond. This indicates a likely increase in
HNF-4α transcription; however, we cannot rule out mRNA stabilization accounting for the
increase. Ueda et. al. showed through microarray analysis using CAR−/− mice that PB induces
expression of some genes independently of CAR, although HNF-4α was not reported as such.
31 Our results suggest that one possible explanation for this is that HNF-4α mRNA induction
is time sensitive and occurs within 2 hours of treatment, then falls to slightly elevated levels.
The microarray analysis was done after 12 hours of PB treatment, a time when the HNF-4α
mRNA increase would not have been seen. It is possible that some of the CAR-independent
gene induction seen in the microarray analysis may be mediated in part by HNF-4α.
Nevertheless, our observed mRNA increase is consistent with the subsequent increase in
protein expression observed.

The mRNA increase was modest and may not account for the threefold increase in protein
expression; therefore, posttranscriptional modifications that stabilize HNF-4α protein
expression may be involved. HNF-4α is known to be phosphorylated, and its DNA-binding
and transactivation potential are tightly governed by its state of phosphorylation and
acetylation.32–34 However, it is not known whether these modifications actually stabilize
nuclear levels of HNF-4α protein. In the present study we found that inhibition of cellular
phosphatases with okadaic acid greatly diminished endogenous and PB-induced nuclear levels
of HNF-4α protein. Clues to the identity of the phosphatase activity governing HNF-4α nuclear
localization and PB induction may come from investigations of CAR activation. Interestingly,
PB signaling results in recruitment of protein phosphatase 2A to the CAR-Hsp90 complex in
the cytoplasm leading to CAR nuclear translocation, which can be blocked by okadaic acid.
35 It is likely that PP2A or another phosphatase is required for PB induction of HNF-4α
expression because okadaic acid blocks the increase in total HNF-4α protein.

HNF-4α induction by PB is likely regulated by kinases as well. One phosphorylation pathway
implicated in PB signaling involves the CaM-PK. Several studies have shown that inhibition
of CaM-PK resulted in inhibition of PB-induced CYP expression.27,28 Yamamoto et. al. also
showed that inhibition of CaM-PK with KN-62 can block TCPOBOP-induced CYP expression,
but CAR nuclear translocation still occurs. Thus, other factors or events requiring CaM-PK
activity are necessary for induced CYP expression by PB-like inducers. Our results show that
inhibition of CaM-PK with KN62 blocks PB induction of HNF-4α nuclear expression.
Therefore, CaM-PK activity is required for PB-induced HNF-4α nuclear expression, which
may play a complementary role in induction of CYP gene expression.
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The PKA phosphorylation pathway has also been implicated in PB signaling. Our results
demonstrate that PKA activity negatively regulates endogenous HNF-4α nuclear expression.
With regard to PB signaling, our findings also indicate that inhibition of PKA results in only
minor inhibition of PB-induced HNF-4α expression and nuclear accumulation. Interestingly,
the DNA-binding domain of HNF-4α is a direct target of PKA serine-phosphorylation, and the
phosphorylation of this domain results in decreased HNF-4α DNA-binding affinity.36 PKA
activation is known to block CYP3A induction by PB, whereas PKA inhibitors enhance
induction.27 It is reasonable to think that increased CAR in the nucleus and increased
HNF-4α DNA-binding affinity resulting from decreased PKA activity leads to coordinated
induction of CYP 3A and other target genes.

Although we show no direct evidence of induction of a CAR- and HNF4-dependent target gene
in response to PB, the circumstantial evidence of increased nuclear HNF-4α accumulation
coincident with CAR and of similarities in regulation by phosphatase and kinase pathways is
compelling. This is further supported by findings that HNF-4α is required for full inducibility
of CAR- and PXR-regulated genes, many of which have HNF-4α-binding sites like CYP2C9
and CYP3A4.19–22 In conclusion, it is apparent that regulation of HNF-4α protein expression
by PB is a distinct part of the PB response that occurs via a complex phosphorylation-sensitive
mechanism.

We propose that induction of HNF-4α is part of a coordinated response to PB-like inducers
and possibly other xenobiotics, acting as a key regulator of hepatic gene expression separately
or in concert with CAR and PXR. It is likely that hepatocytes maintain CAR-independent
mechanisms of gene regulation to confer adaptive responses to PB and other xenobiotics.
Identifying CAR-independent mechanisms by which PB and PB-like molecules regulate gene
expression will strengthen our understanding of how hepatocytes and other cell types respond
to such agents and give insight into the fundamental mechanism mediating the dramatic whole-
tissue response of liver to PB.
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Fig. 1.
Effect of PB on nuclear expression of HNF-4α, CAR, and PXR in vivo. Representative Western
blot analyses of liver nuclear protein from (A) wild-type, (B) CAR−/−, and (C) CAR−/−/
PXR−/− mice given a single intraperitoneal injection (100 mg/kg) of PB (NL, normal liver
[saline injection]), Locations of molecular-weight standards are indicated on the left;
HNF-4α (~54 kd); CAR (~40 kd); PXR (~49 kd). Note the significant increase in HNF-4α
expression after 3 hours compared to that of normal liver in each mouse strain. β-Actin is shown
for approximation of sample loading. (D) Graphical representation of HNF-4αexpression
following PB treatment. Expression levels were normalized to total protein/lane, and the
combined results from three independent experiments are presented as a mean ± SEM.
Statistical significance was determined using the Student t test. (*P < .05; **P < .01.)

Bell and Michalopoulos Page 11

Hepatology. Author manuscript; available in PMC 2007 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Semiquantitative real-time PCR analysis of HNF-4α expression in wild-type and CAR−/− mice.
Real-time PCR analysis was performed by the Sybr Green method in an ABI Prism 7000
sequence detection system, using mouse HNF-4α and GAPDH primers. Results were compiled
from two independent experiments with assays performed three times with each sample in
triplicate. Data presented are based on the comparative CT method and reflect relative
quantitation to GAPDH as the internal control. Statistical significance was determined using
the Student t test. (*P < .01; **P < .05)
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Fig. 3.
Characterization of HNF-4α protein induction by PB in vitro. Rat hepatocytes cultured for 20
hours were treated with PB and subjected to Western blot analysis as described in the Materials
and Methods section. (A) Time course of HNF-4α expression in nuclear proteins from 2 mmol/
L PB-treated hepatocytes. (B) Dose response of HNF-4α expression in nuclear proteins from
hepatocytes treated with PB (0.1–1 mmol/L) for 3 hours. (C) Expression profile of HNF-4α
protein in cytoplasm and nucleus with and without PB treatment. β-Actin is shown for
approximation of sample loading. Representative blots of at three independent experiments are
depicted, and the locations of molecular-weight standards are indicated on the left.
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Fig. 4.
Effects of phosphatase and kinase pathways on PB induction of HNF-4α. Rat hepatocytes were
cultured for 20 hours, then treated with 2 mmol/L PB for 3 hours with and without phosphatase
or kinase inhibitors and subjected to Western blot analyses for HNF-4α. (A) Representative
Western blot analysis of HNF-4α expression in total cell lysates from PB-treated hepatocytes.
(B) Graphical representation of total HNF-4α expression normalized to β-actin with combined
results from three independent experiments presented as a mean ± SEM. (C) Representative
Western blot analysis of HNF-4α expression in nuclear extracts from PB-treated hepatocytes.
(D) Graphical representation of HNF-4α nuclear expression normalized to total protein/lane
with combined results from three independent experiments presented as a mean ± SEM. Where
indicated, the inhibitors okadaic acid (10 nmol/L), KN62 (5 μmol/L), or Rp-8Br-cAMP (10
μmol/L) were added 30 minutes prior to PB. The locations of molecular-weight standards are
indicated on the left.
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Fig. 5.
PB induction of HNF-4α protein in vitro. Rat hepatocytes cultured on coverslips and treated
with 2 mmol/L PB for 3 hours were analyzed by immunofluorescent staining with HNF-4α
antibody as described in the Materials and Methods section. HNF-4α is visualized with CY3
fluorescence (red). (A and B) PB treatment resulted in increased nuclear expression of
HNF-4α (compare A and B). (C and D) Okadaic acid treatment alone caused marked loss of
nuclear HNF-4α and inhibited nuclear induction by PB. (E and F) KN62 treatment caused a
modest increase in overall HNF-4α expression, but nuclear levels were repressed when
combined with PB treatment.
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