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 Bile acids are detergent molecules that are synthesized 
from cholesterol in the liver hepatocytes. Bile acid synthe-
sis represents one of two main output pathways of choles-
terol from the body, the other being biliary cholesterol 
secretion. Bile acids are conjugated to either glycine or 
taurine before they are actively transported across the he-
patocyte canalicular membrane into the biliary ductule 
system along with cholesterol and phospholipids. Bile salts 
carry out important physical-chemical functions in the 
body by promoting lipid solubilization and absorption in 
the small intestines ( 1 ). 

 Bile acids also function as important regulatory mole-
cules in the liver and intestines. Bile acids are capable of 
activating specifi c nuclear receptors [i.e., farnesoid X re-
ceptor (FXR), pregnane X receptor (PXR), Vitamin D], a 
G �  s -protein-coupled surface receptor (TGR-5), and cell 
signaling pathways (i.e., JNK1/2, ERK1/2, AKT) ( 2–6 ). 
Activation of FXR in the liver results in the increased ex-
pression of a number of target genes, including the bile 
salt export pump ABCB11 and the phospholipid trans-
porter ABCB4. These transporters decrease intracellu-
lar bile salt and lipid levels by increasing transport rates 
into bile. In addition, activation of FXR downregulates 
the genes encoding hepatic cholesterol 7 � -hydroxylase 
(CYP7A1) and sterol 12 � -hydroxylase (CYP8B1), which 
control the rate of bile acid synthesis and the ratio of 
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were from Cell Signaling Technology (Danvers, MA). Anti actin 
was from Cayman Chemicals (Ann Arbor, MI). Anti PKC �  was 
purchased from US Biological (Swampscott, MA). Taurocholate 
was purchased from Sigma. All other antibodies were from Santa 
Cruz (Santa Cruz, CA). 

 Bile fi stula rat 
 Biliary fi stulas and intraduodenal cannulas were placed in 

male Sprague-Dawley rats under brief anesthesia as previously de-
scribed ( 20, 29 ). After surgery, they were placed in individual 
metabolic cages with water and normal chow ad libitum. All ani-
mals received continuous infusion of glucose-electrolyte replace-
ment solution. After 48 h of chronic biliary diversion, taurocholate 
was infused at a rate of 1.05 ml per 100 g rat per h and at a con-
centration of 36  � moles per 100 g rat per h for the time indi-
cated. At the end of the experiment, 0.1g of liver was harvested to 
isolate RNA (see below), and the rest of the liver was fl ash-frozen 
in liquid nitrogen in several pieces. One piece was used to make 
total cell lysates (see Western blot analysis below). Animal re-
search was conducted in conformity with PHS policy and with 
approval of the Institutional Animal Care and Use Committee. 

 Primary rat hepatocytes 
 Primary rat hepatocyte monolayer cultures were prepared 

from male Sprague-Dawley rats by the collagenase-perfusion 
technique of Bissell and Guzelian as described previously ( 30 ). 
Cells were handled as described in fi gure legends. They were 
plated in serum-free Williams E medium containing penicillin, 
dexamethasone (0.1  � M), and thyroxine (1 µM). 

 Measurement of rates of glucose secretion/synthesis in 
primary rat hepatocytes 

 Primary rat hepatocytes were prepared as described above, 
washed without insulin, and plated in a 12-well plate at a concen-
tration of 5 × 10 5  cells in 1 ml of DMEM (no added glucose) 
containing 5% FBS. Cells were incubated overnight at 37°C in 
5% CO 2 , washed 3 times with warm PBS, and the various treat-
ments added with or without 20 mM sodium lactate + 2 mM so-
dium pyruvate in a volume of 400  � l per well. Cells were incubated 
1 h at 37°C followed by the addition of 100  � l of DMEM (without 
glucose) + 20 mM sodium lactate + 2 mM sodium pyruvate with 
or without 100 � M dibutyryl-cAMP + 50 nM dexamethasone and 
incubated for 2.5 h. Culture supernatants were harvested and 
centrifuged for 75 s at maximum speed in a microcentrifuge. Su-
pernatants (100  � l) were then assayed for glucose levels using a 
WAKO Autokit. Each assay contained a blank with media only 
and a standard glucose solution as a positive control. 

 Western blot analysis 
 Total cell lysates were prepared as described previously ( 20 ). 

Thirty µg of protein were resolved on 10% Bis-Tris or 7% Tris-
acetate NuPage gels and transferred to Nitrocellulose mem-
branes. Immunoblots were blocked 1 h at RT with 5% nonfat 
milk in TBS buffer and then incubated with primary antibodies 
in 1% nonfat milk for 40 h at 4°C. Immunoreactive bands were 
detected using horseradish peroxidase-conjugated secondary 
antibodies and the Western Lightning Chemiluminescence Re-
agent Plus (PerkinElmer). The densities of immunoblot bands 
were analyzed using ImageJ computer software (National Insti-
tutes of Health). 

 RNA isolation and RT-PCR 
 RNA was isolated using the SV Total RNA Isolation Kit (Pro-

mega) and quantifi ed using a Victor 3 V plate reader. The reverse 
transcription was accomplished using a High Capacity cDNA 

cholic acid to chenodeoxycholic acid, respectively. How-
ever, repression of CYP7A1 gene by bile acids appears to 
be primarily through the activation of the gene encoding 
FGF15/19 in the ileum ( 7–10 ). FGF15/19 has been re-
ported to bind and activate the tyrosine kinase FGFR4 re-
ceptor in hepatocytes, which then activates the JNK1/2 
pathway, downregulating the gene encoding CYP7A1. Ac-
tivation of the JNK1/2 pathway in primary hepatocytes has 
been shown to repress CYP7A1 mRNA ( 11 ) possibly by 
altering the amount and/or phosphorylation state of he-
patocyte nuclear factor 4 �  (HNF4 � ), a positive acting 
transcription factor that regulates CYP7A1 and CYP8B1 
gene expression in the liver ( 12 ). 

 Our laboratories ( 13–20 ) and others ( 3–6, 21, 22 ) have 
reported that bile acids can activate the JNK1/2, ERK1/2, 
and AKT cell signaling pathways in primary hepatocytes. 
We have reported that conjugated and free bile acids acti-
vate the ERK1/2 and AKT signaling pathways by distinctly 
different mechanisms. Unconjugated hydrophobic bile ac-
ids appear to activate the ERK1/2 and AKT signaling path-
ways via induction of mitochondria-generated reactive 
oxygen species (ROS) ( 18 ). In contrast, conjugated bile 
acids activate the ERK1/2 and AKT pathways in primary 
hepatocytes through pertussis toxin (PTX)-sensitive G �  i -
protein-coupled receptor(s) (GPCR) ( 19, 20 ). 

 There is growing evidence that bile acids may play a role 
in the regulation of glucose metabolism in the liver. We 
have shown that bile acids enhance the activity of the insu-
lin receptor and AKT signaling cascade in primary hepato-
cytes ( 17 ). Activation of this signaling cascade resulted in 
a marked stimulation of glycogen synthase (GS) activity in 
primary hepatocytes via a GPCR-dependent mechanism. 
We have recently shown in the chronic bile fi stula rat 
model that intestinal infusion of taurocholate (TCA) rap-
idly activates the AKT signaling pathway and GS activity 
( 20 ). A number of recent studies indicate that bile acids, 
FXR, and SHP may play a role in the regulation of glucose 
metabolism in the liver ( 23–28 ). However, it is unclear 
how bile acids coordinately regulate cell signaling path-
ways and nuclear receptors that control glucose metabo-
lism. In the present study, we provide evidence that TCA, 
through activation of GPCR(s) and the PI3K/PDK-1/AKT 
pathway (insulin signaling pathway), can regulate gluco-
neogenic genes. Moreover, it appears that activation of the 
PI3K/PDK-1/PKC �  pathway is required for the optimal ac-
tivation of FXR by taurocholate, which induces the gene 
encoding the small heterodimeric partner (SHP). SHP is a 
nuclear receptor protein without a DNA binding domain 
that has been reported to interact with other nuclear re-
ceptors and transcription factors (i.e., HNF4 � , FOX01, 
CEBP � ), inhibiting their function. 

 MATERIALS AND METHODS 

 Materials 
 Wortmannin, pertussis toxin, AKTi-1/2, PKC �  pseudosub-

strate, and Gö6976 were purchased from Calbiochem (San Di-
ego, CA). GW4064 was purchased from Tocris (Ellisville, MO). 
Anti phospho-FOX01/FOX03a antibodies (thr 24 , ser 254 , ser 319 ) 
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(from Invitrogen) using Effectene Transfection Reagent (Qia-
gen). Briefl y, HEK293FT cells were cultured in high-glucose 
DMEM, supplemented with 10% FBS, penicillin/streptomycin 
(100 U/ml), and 500 µg/ml of G418. The subconfl uent cells 
in a 10 cm culture dish were cotransfected with lentiviral vector 
(10  � g), and the lentiviral packaging vectors pRSV-REV (2  � g), 
pMDLg/pRRE (5  � g), and the vesicular stomatitis virus G glyco-
protein (VSVG) expression vector pMD2G (3  � g). The viruses 
were collected from the culture supernatants on day 3 posttrans-
fection, freeze-thawed, and centrifuged at 4000 rpm for 10 min. 
Titers were determined by infecting HEK293FT with serial dilutions 
of concentrated lentivirus, counting EGFP-expressing cells after 
48 h under fl uorescent microscopy. The knockdown effi ciency 
was determined after infecting primary rat hepatocytes by West-
ern blot analysis. Primary hepatocytes were infected with the ap-
propriate amount of lentivirus for 40 h and then treated with 
TCA for 3 h. RNA was harvested, and SHP mRNA levels were de-
termined by QRT-PCR. 

 Statistical analysis 
 Data were analyzed by Student’s  t -test. Level of signifi cance was 

set at  P  < 0.05, N �  3. 

 RESULTS 

 Activation of cell signaling pathways by TCA in the 
chronic bile fi stula rat 

 The chronic bile fi stula rat model has been used in the 
past to study the regulation of bile acid and cholesterol 
synthesis in the liver ( 10, 29, 31 ). In this model, bile is di-
verted for 48 h allowing for equilibration of bile acid, cho-
lesterol, and phospholipid synthesis to a higher steady-state 
in the liver. A single bile acid is then infused into the small 
intestine at a rate that is not toxic to the liver. In the current 

Reverse Transcription Kit (Applied Biosystems). The real-time 
quantitative RT-PCR reactions were done using gene-specifi c 
primers and a Bio-Rad iQ5 Multicolor Real-Time PCR Detection 
System with iQ TM  SYBR Green Supermix as a fl uorescent dye to 
detect the presence of double-stranded DNA. The mRNA levels 
were normalized to internal  � -actin and GAPDH mRNA. The 
primer sequences were the following: rSHP: forward, CCA-
AGGAGTACGCATACC, reverse: AGCCATGAGGAGGATTCG; 
rPEPCK1: forward: GTGTCATCCGCAAGCTGAAG, reverse: 
CTTTCGATCCTGGCCACATC; rG6Pase: forward: CCCAGAC-
TAGAGATCCTGACAGAAT, reverse: GCACAACGCTC TTTTCT-
TTTACC; rABCB11: forward TTCTGTTCTCCACCACTATCG, 
reverse: TTGCTTCTGACCACCACTC; r � -actin: forward: TAT-
CGGCAATGAGCGGTTCC, reverse: AGCACTGTGTTGGCATA-
GAGG; rGAPDH: forward: GACATCAAGAAGGTGGTG, reverse: 
CAGCATCAAAGGTGGAAG. 

 Lentiviral siRNA for downregulating PKC �  
 The sense sequence of the siRNA cassettes specifi cally target-

ing the nucleotides (549-568) of PKC �  was designed through 
siRNA Target Finder (Ambion, Austin, TX). A two-step PCR strat-
egy was performed using two separate reverse primers to gener-
ate a siRNA expression cassette (SEC) consisting of human U6 
promoter and a hairpin siRNA cassette plus terminator and sub-
cloned into pLL3.7 vector, which encodes the CMV-promoted 
EGFP (enhanced green fl uorescent protein) marker as an inter-
nal control. The resulting lentiviral siRNA vector was confi rmed 
by restriction enzyme digestion. The sequence of PKC �  siRNA is 
5 ′ -AGCCAAGCGCTTTAACAGGA-3 ′ . The recombinant lentivi-
ruses were produced by transient transfection of HEK293FT cells 

  Fig.   1.  Taurocholate rapidly activates AKT and ERK1/2 in the 
chronic bile fi stula rat. Bile fi stulas were placed in rats and bile 
drained for 48 h after surgery as previously described ( 20, 29 ). Ve-
hicle (PBS) or taurocholate was infused intraduodenally at a rate of 
1.05 ml/h/100 g rat and a concentration of 36  � mol/h/100 g rat. 
Animals were harvested at times indicated, and liver pieces from 
each animal isolated and snap-frozen. A piece of liver from each 
animal was thawed and homogenized in lysis buffer and ATK, 
ERK1/2, JNK1/2, and p38 MAPK activity was determined by 
Western blot as previously described ( 16 ) (± SEM, N = 4). * P  < 0.05, 
** P  < 0.01 compared with time 0.  # Includes 6 h (N = 4), 7 h, and 
8 h (N = 1 each),  P  < 0.05 compared with time 0. All other points 
are not signifi cant compared with time 0.   

  Fig.   2.  Taurocholate rapidly downregulates PEPCK and G-6-Pase 
mRNA in the chronic bile fi stula rat. Pieces of frozen liver (100 
mg) from the chronic bile fi stula rats, harvested at various time 
points (0–4 h, see  Fig. 1 ), were used to extract total mRNA. This 
mRNA was used for reverse transcription and then for real-time 
quantitative RT-PCR to quantitate PEPCK and G-6-Pase mRNA 
as described in “Materials and Methods.” N = 3 for all points. 
G-6-Pase, glucose-6-phosphatase; PEPCK, phosphoenolpyruvate 
carboxykinase.   
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by bile acids ( 7 ). This hormone has been reported to acti-
vate the FGFR-4 receptor in the liver, which turns on the 
JNK1/2 pathway, resulting in the downregulation of the 
gene encoding CYP7A1. There was no signifi cant activa-
tion of p38 MAPK pathway by TCA in the chronic bile fi s-
tula model over a 6 h period ( Fig. 1 ). 

 Downregulation of PEPCK and G-6-Pase mRNA by TCA 
in the chronic bile fi stula rat and primary rat hepatocytes 

 Bile acids have been reported to regulate the rate-limit-
ing gluconeogenic genes phosphoenolpyruvate carboxy-
kinase (PEPCK) and glucose-6-phosphatase (G-6-Pase) in 
various cell culture and animal models ( 4, 23–28 ). Most, 
but not all ( 32 ), studies report that the rate-limiting gluco-
neogenic genes are downregulated by bile acids or FXR 
agonists. It has been hypothesized that the downregula-
tion of these genes is through induction of SHP, which has 
been reported to physically interact with HNF-4 �  and 
FOX01 to inhibit PEPCK and G-6-Pase gene expression 
( 24, 28 ). In the chronic bile fi stula rat, intestinal infusion 

experiments, we infused taurocholate (TCA) at a rate of 
36 µmol per 100 g rat per h, which has been previously 
shown not to be hepatotoxic ( 29 ). In contrast to other bile 
acids, TCA is not metabolized in the liver. Hence, activa-
tion of cell signaling pathways and nuclear receptors in 
the liver is due solely to TCA and not toxicity or bile acid 
metabolites. Infusion of TCA resulted in the rapid (1 h) 
and dramatic activation of AKT ( � 9-fold) and ERK1/2 (3- 
to 5-fold) pathways (  Fig. 1  ).  We have previously reported 
that activation of the AKT and ERK1/2 pathways by conju-
gated bile acids in primary hepatocytes is through a PTX/
dominant negative G �  i -dependent pathway ( 18–20 ). These 
results suggest the involvement of G �  i -protein-coupled re-
ceptors in hepatocytes that are activated by TCA. The infu-
sion of TCA also activated the JNK1/2 signaling cascade, 
but only after 6 h of TCA infusion. These results may indi-
cate that TCA activation of JNK1/2 in the liver is primarily 
through stimulation of the synthesis of FGF15/19 in the 
intestine (ileum) ( 7 ). The promoter of the gene encoding 
FGF15/19 has a functional FXR element that is activated 

  Fig.   3.  Downregulation of PEPCK and G-6-Pase mRNA in primary rat hepatocytes by taurocholate is inhibited by pertussis toxin. Primary 
rat hepatocytes were prepared as described in “Materials and Methods.” After 20 h, cells were treated with either TCA (50 µM), insulin (50 
nM), or both for a 4 h period, harvested at the same time, mRNA isolated and subjected to RT-PCR analysis to quantitate PEPCK and G-6-
Pase mRNA as described in “Materials and Methods” (panels A and B). In some experiments, cells were treated 4 h after plating with pertus-
sis toxin (300 ng/ml) for 16 h prior to treatment with TCA or insulin (panels C and D). N = 3 for all points. G-6-Pase, glucose-6-phosphatase; 
PEPCK, phosphoenolpyruvate carboxykinase; PTX, pertussis toxin; TCA, taurocholate.   
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 The effects of TCA and insulin on the rates of glucose 
secretion/synthesis were next determined in primary rat 
hepatocyte cultures. The individual addition of either TCA 
or insulin alone only modestly inhibited rates of glucose 
secretion/synthesis under our experimental conditions. In 
contrast, the addition of both TCA and insulin signifi cantly 
inhibited rates of glucose secretion/synthesis (  Fig. 5  ).  

 Induction of SHP mRNA by TCA in the chronic bile 
fi stula rat 

 The small heterodimeric partner (SHP) is a nuclear re-
ceptor without a DNA binding domain. SHP can physically 
interact with other nuclear receptors and transcription fac-
tors to inhibit their function ( 24, 28 ). SHP has been reported 
to be involved in the regulation of hepatic glucose metabo-
lism ( 23–28 ). Specifi cally, SHP has been reported to interact 
with HNF4 � , FOX01 ( 24 ), and C/EBP �  ( 28 ), resulting 
in the downregulation of PEPCK and G-6-Pase. HNF4 � , 
C/EBP � , and FOX01 have been reported to be important in 
regulating gluconeogenic genes ( 24, 28, 33–35 ). The in-
traduodenal infusion of TCA into the chronic bile fi stula rat 
resulted in a dramatic increase ( � 14-fold at 3 h) in the 
steady-state mRNA levels of SHP (  Fig. 6  ).  It was also observed 
that there was about a 30 min lag between the activation of 
the AKT signaling pathway and induction of SHP. 

of TCA rapidly ( � 50%, 30 min) downregulated mRNA 
levels of PEPCK and G-6-Pase (  Fig. 2  ).  

 To further investigate the mechanism of regulation of 
PEPCK and G-6-Pase mRNA by TCA, we used primary rat 
hepatocytes as a model. The addition of TCA alone to pri-
mary rat hepatocytes in culture rapidly (1–2 h) downregu-
lated both PEPCK (  Fig. 3A  ) and G-6-Pase mRNA levels 
( Fig. 3B ).  As expected, the addition of insulin alone to 
primary rat hepatocytes rapidly downregulated PEPCK 
and G-6-Pase mRNA levels. Interestingly, the downregula-
tion of G-6-Pase and PEPCK mRNA by TCA, in the absence 
of insulin, was completely blocked by pretreating primary 
hepatocytes with PTX ( Fig. 3C, D ). PTX alone does not 
affect PEPCK or G6Pase mRNA levels. As we also know 
that PTX does not affect the ability of TCA to enter the 
cell ( 19 ), these results suggest that TCA can regulate G-6-
Pase and PEPCK-1 mRNA through GPCR(s), which we 
have shown to activate the PI3K/PDK-1/AKT signaling 
cascade ( 17–20 ). 

 We next determined if the addition of TCA would result 
in the activation of AKT and phosphorylation of FOX01, a 
transcription factor known to regulate gluconeogenic 
genes. Insulin, TCA, and DCA all signifi cantly activated 
the AKT-1 isoform. In primary hepatocytes, insulin, TCA, 
and DCA induced an increase in FOX01 phosphorylation 
on thr 24  (  Fig. 4  ).  Surprisingly, in these same experiments 
there was no detectable phosphorylation of FOX01 at 
ser 256  or ser 319  following the addition of either insulin or 
TCA (data not shown). A similar pattern of FOX01 phos-
phorylation was seen using liver extracts prepared from 
bile fi stula rats (see supplementary  Fig. I ). 

  Fig.   4.  Taurocholate and insulin increase the phosphorylation of 
FOX01 on thr 24  in primary rat hepatocytes (representative blot). 
Primary rat hepatocytes were prepared without added insulin as 
described in “Materials and Methods.” After 24 h, insulin (50 nM), 
TCA (50 µM), both, or deoxycholate (50 µM) were added and in-
cubated for 10 or 20 min and harvested as cell lysates for Western 
blot analysis. Relative increases in p-FOX01-thr 24  (compared with 
actin) and p-AKT1/2 (compared with total AKT) are indicated. 
N = 3. DCA, deoxycholate; FOX01, forkhead box O1; INS, insulin; 
TCA, taurocholate.   

  Fig.   5.  Insulin and TCA together have a stronger inhibitory ef-
fect on glucose synthesis by rat hepatocytes. Primary rat hepato-
cytes were prepared without insulin as described in “Materials and 
Methods” and plated at 5 × 10 5  cells per 1ml in a 12-well plate in 
glucose-free DMEM with 5% FBS. After 20 h, the cells were washed 
three times with warm PBS and suspended in 400 µl of glucose-free 
DMEM with appropriate treatments (100  � M TCA and/or 50 nM 
insulin) with or without L+P (20 mM lactate + 2 mM pyruvate). Af-
ter 1 h incubation at 37°C, 100 µl of glucose-free DMEM with 500 
 � M dibutyryl-cAMP and 250 nM dexamethasone and/or L+P were 
added. Cells were incubated 2.5 h at 37°C, and supernatants har-
vested and 100 µl assayed for glucose with 1.5 ml of WAKO reagent. 
N = 3, * P  < 0.001 compared with L+P+control. Results are expressed 
as % of control.   
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SHP in primary rat hepatocytes in culture (  Fig. 8A  ). 
 Moreover, siRNA knockdown of PKC �  mRNA and protein 
(see supplementary  Fig. II ) using a recombinant lentivirus 
also signifi cantly blocked the ability of TCA to induce SHP 

  Fig.   7.  Effects of kinase inhibitors on induction of SHP mRNA in 
primary rat hepatocytes. Primary rat hepatocytes were prepared 
without added insulin as described in “Materials and Methods.” Af-
ter 2 h plating, cells were treated with vehicle, Wortmannin (100 
nM), AKTi (1 µM), or PD98059 (50 µM) for 30 min and then TCA 
(50  � M) for 1, 2, or 3 h. Cells were harvested at 3 h, and mRNA 
isolated and used for reverse transcription and then for real-time 
quantitative RT-PCR to quantitate SHP mRNA as described in “Ma-
terials and Methods.”  *  P  < 0.03, ** P  < 0.079, *** P  < 0.018, NS = not 
signifi cant. There was no signifi cant difference when mRNA levels 
were normalized to rGAPDH. Results expressed as % of time 0 con-
trol. N = 4. SHP, small heterodimeric partner; TCA, taurocholate.   

  Fig.   6.  Taurocholate rapidly induces SHP mRNA in the chronic 
bile fi stula rat. Bile fi stulas were placed in rats and bile drained for 
48 h after surgery as previously described ( 20, 29 ). Vehicle (PBS) 
or taurocholate was intraduodenally infused at a rate of 1.05 ml/
h/100 g rat and a concentration of 36  � mol/h/100 g rat as de-
scribed in  Fig. 1 . Animals were harvested at times indicated, and 
the liver of each animal was isolated and snap-frozen. A piece of 
frozen liver (100 mg) from the chronic bile fi stula rats, harvested at 
various time points (0–6 h, see  Fig. 1 ), was used to extract total 
mRNA. This mRNA was used for reverse transcription and then for 
real-time quantitative RT-PCR to quantitate SHP mRNA as de-
scribed in “Materials and Methods.” N = 3 for all points. SHP, small 
heterodimeric partner; TCA, taurocholate.   

 Role of the insulin signaling pathway in TCA induction of 
SHP in primary hepatocytes 

 Because of the time lag between the activation of AKT 
and induction of SHP mRNA in the chronic bile fi stula rat 
model ( Fig. 6 ), we hypothesized that the activation of the 
insulin signaling pathway by TCA might be required for 
maximal activation of FXR and induction of SHP mRNA. 
We used the primary rat hepatocyte model to test this hy-
pothesis. First, we treated freshly prepared primary rat 
hepatocytes with either Wortmannin (PI3K inhibitor), 
PD98059 (an ERK1/2 inhibitor), or AKTi-1/2 (an AKT ki-
nase inhibitor). TCA (50  � M) was then added to the cul-
ture medium, and mRNA levels of SHP, an FXR target 
gene, were determined over a 3 h period. The data (  Fig. 7A  ) 
 show that Wortmannin signifi cantly blocked the ability of 
TCA to induce SHP mRNA in primary hepatocytes in the 
absence of insulin. In contrast, ERK1/2 inhibitor ( Fig. 7C ) 
had no signifi cant effect on the ability of TCA to induce 
SHP mRNA. In contrast, the AKT inhibitor enhanced the 
induction of SHP by TCA ( Fig. 7B ). Finally, a p 38  MAPK 
and a JNK1/2 inhibitor were also used but failed to inhibit 
SHP mRNA induction by TCA (data not shown). These 
results indicated that kinases upstream of AKT signaling 
pathway may be involved in the activation of FXR by TCA. 

 We next tested the hypothesis that PKC � , which is acti-
vated by PDK-1, regulates FXR and alters its ability to in-
duce SHP. In this regard, Frankenberg et al. ( 36 ) has 
reported that PKC �  can phosphorylate FXR, altering its 
cellular location. A specifi c inhibitor of PKC �  (PKC � PS) 
was used to initially test this hypothesis. The addition of 
PKC � PS signifi cantly blocked the ability of TCA to induce 
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mRNA ( Fig. 8B ) and a second FXR target gene ABCB11 
( Fig. 8C ). In contrast, the Ca 2+ -dependent PKC isozyme 
inhibitor Gö6976 failed to block the induction of SHP by 
TCA ( Fig. 8D ). 

 Activation of the insulin signaling pathway inhibits 
induction of SHP by the FXR agonist GW4064 

 When we tested the induction of SHP mRNA by GW4064 
in the presence and absence of added insulin, we discov-
ered that there was a signifi cant decrease in the level of 
SHP mRNA induced by this agonist in the presence of in-
sulin (  Fig. 9  ).  In this regard, note that GW4064 was discov-
ered using a cell-free in vitro screening technique and 
recombinant protein ( 37 ). However, the effect of cell sig-
naling pathways on the ability of GW4064 to activate FXR 
has not been investigated. The addition of insulin had no 
effect on induction of SHP by TCA ( Fig. 9 ). Finally, in pri-
mary rat hepatocytes, TCA induced SHP mRNA in primary 
hepatocytes at concentrations as low as 5 µM (  Fig. 10  ), 
 which is in marked contrast to the in vitro studies that re-
quired >1 mM TCA for activation of FXR ( 37 ). Therefore, 
in primary rat hepatocytes, TCA appears to be a very good 
activator of FXR. 

 DISCUSSION 

 In recent years it has become clear that bile acids are 
important regulatory molecules capable of activating 
specifi c nuclear receptors, G-protein coupled receptors 
(TGR5), and various cell signaling pathways in the liver 
and gastrointestinal tract ( 2–6 ). Bile acids have been re-
ported to activate the AKT pathway (insulin signaling 
pathway) and the nuclear receptor FXR in hepatocytes 
( 18–21, 38–40 ). We have previously reported that conju-
gated (but not unconjugated) bile acids activate the AKT 
and ERK1/2 signaling pathways via unidentifi ed G �  i -
protein-coupled receptor(s) in primary rat hepatocytes 
( 18, 19 ) and in vivo ( 20 ). The activation of ERK1/2 and 
AKT signaling pathways by bile acids in hepatocytes ap-
pears not to involve the GPCR TGR5, because its gene is 
not highly expressed in hepatocytes, is G �  s  coupled, and is 
activated by both conjugated and unconjugated bile acids 
( 3, 41, 42 ). In the current study, we used the chronic bile 
fi stula rat model and primary rat hepatocytes to study 
the regulation of the rate-limiting gluconeogenic genes 
PEPCK and G-6-Pase and the induction of SHP by TCA. 
We wanted to determine if there is a link between bile 
acid-activated cell signaling pathways and FXR activation. 
The SHP promoter has a functional FXR binding site, which 
allows bile acids to induce this gene. In the chronic bile 
fi stula rat, we observed rapid (1 h) activation of the AKT 
( � 9-fold) and ERK1/2 (3- to 5-fold) signaling pathways 

  Fig.   8.  Effect of protein kinase C inhibitors on induction of SHP 
mRNA by TCA in primary rat hepatocytes. Primary rat hepatocytes 
were prepared without insulin as described in “Materials and Meth-
ods.” After 2 h plating, cells were treated with either vehicle (con-
trol) or PKC �  pseudosubstrate (80 µM) for 1.5 h and then TCA (50 
µM) for 3 h (panel A: * P  < 0.005,  #  P  < 0.005). Lentivirus encoding 
siRNA for PKC �  was added to primary hepatocytes in a minimal 
volume for 3 h, media were brought to normal volume, and cells 
incubated for 20 h. Cells were then treated with TCA for 3 h, mRNA 
was isolated and used for reverse transcription, and the DNA was 
used for real-time quantitative RT-PCR to quantitate SHP or 
ABCB11 mRNA as described in “Materials and Methods” (panel B: 
* P  < 0.03,  #  P  < 0.012; panel C: * P  < 0.04 compared with control+TCA). 
In other experiments, after 2 h plating, cells were treated with 
either vehicle (DMSO) or Gö6976 (1 µM) for 1.5 h and then 
TCA (50 µM) for 3 h (panel D: * P  < 0.009 compared with none 

added). DMSO+TCA versus Gö6976+TCA = not signifi cant. 
N = 3 for all experiments. SHP, small heterodimeric partner; TCA, 
taurocholate.   
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long-lasting repression of the rate-limiting gluconeogenic 
genes ( Fig. 5 ). 

 In the chronic bile fi stula rat model, we observed a rapid 
induction of SHP mRNA following the intestinal infusion 
of TCA ( Fig. 6 ). The kinetics of induction showed that 
SHP mRNA levels followed closely ( � 30 min) the activa-
tion of the insulin signaling pathway. In primary rat hepa-
tocytes, Wortmannin signifi cantly inhibited the induction 
of SHP mRNA by TCA ( Fig. 7A ). These results suggest that 
the insulin signaling pathway must be activated to get opti-
mal induction of SHP mRNA by TCA. There was no signifi -
cant inhibition of SHP induction when specifi c chemical 
inhibitors of the ERK1/2 ( Fig. 7C ) or p38 MAPK (data not 
shown) were added to primary hepatocytes in culture. 
Moreover, the inhibition of AKT by a specifi c chemical in-
hibitor failed to inhibit SHP induction by TCA ( Fig. 7B ). 
These results suggest that PDK-1, which is upstream of 
AKT, may be involved in regulating SHP induction by 
TCA, as PKC �  is known to be activated by PDK-1 ( 44 ). In-
hibition of PKC �  by a specifi c chemical inhibitor or siRNA 
signifi cantly blocked the induction of SHP by TCA ( Fig. 
8A, B ). In this regard, it has recently been reported that 
FXR can be phosphorylated by PKC � , and this may allow 
the translocation of FXR to the nucleus ( 36 ). Moreover, 
PKC �  and PKC � I have been recently reported to phos-
phorylate FXR, which promotes transcriptional activity of 
FXR target genes in plasmids in HepG2 cells, possibly by 
recruiting the coactivator PGC1 �  ( 45 ). Our laboratories 
have previously reported that TCA rapidly activates PKC �  
and PKC � I in primary rat hepatocytes at relatively low con-
centrations ( 13, 14 ). However, in primary rat hepatocytes, 
we did not observe any signifi cant inhibition of SHP mRNA 
induction by TCA when the Ca 2+ -dependent PKC isozyme 
inhibitor Gö6976 was used at concentrations reported to 
inhibit FXR-dependent induction in other cells ( 45 )( Fig. 

following the intraduodenal infusion of TCA at a concen-
tration that has been shown not to be hepatotoxic ( 29 ). 

 We measured the effect of TCA on the regulation of 
PEPCK and G-6-Pase in the chronic bile fi stula rat and in 
primary hepatocytes. The data show a very rapid downreg-
ulation of both PEPCK and G-6-Pase mRNA following the 
infusion of TCA in the chronic bile fi stula rat ( Fig. 2 ). 
Consistent with the in vivo data there was also a rapid (1–2 
h) downregulation of PEPCK and G-6-Pase mRNA in pri-
mary rat hepatocytes by either TCA or insulin ( Fig. 3 ). 
Moreover, the downregulation of G-6-Pase and PEPCK 
mRNA by TCA was inhibited by pretreatment of hepato-
cytes with PTX ( Fig. 3C, D ). These data are consistent with 
our previous results showing that TCA activates the AKT 
pathway via G �  i -protein-coupled receptor(s) and suggest 
that bile acids may function much like insulin in helping 
to coordinately regulate glucose metabolism in the liver. 
In this regard, we have previously reported that the addi-
tion of insulin or bile acids to primary hepatocytes results 
in the activation of GS activity ( 17, 20 ). Interestingly, the 
addition of both a bile acid and insulin resulted in an ad-
ditive effect on GS activity ( 20 ) and a stronger repression 
of glucose synthesis ( Fig. 5 ). The addition of TCA or insu-
lin to primary hepatocytes resulted in the rapid phosphor-
ylation of FOX01, a key transcription factor controlling 
PEPCK and G-6-Pase gene expression ( Fig. 4 ). The phos-
phorylated form of FOX01 moves from the nucleus to the 
cytosol and becomes inactive as a transcriptional activator 
of gluconeogenic genes ( 43 ). Finally, SHP has been re-
ported to physically interact with FOX01, CEBP � , and 
HNF4 � , inhibiting their function. All three of these tran-
scription factors have been reported to be involved in the 
upregulation of gluconeogenic genes ( 24, 28 ). Hence, the 
combined effect of activation of the insulin signaling path-
way and induction of SHP by TCA may be a rapid and 

  Fig.   10.  Effect of taurocholate concentration on the induction of 
SHP mRNA in primary rat hepatocytes. Primary rat hepatocytes 
were prepared without insulin as described in “Materials and Meth-
ods.” After 2 h plating, cells were treated with varying concentra-
tions (1, 5, 10, 20, 50, or 100  � M) of TCA for 3 h. mRNA was 
isolated and used for reverse transcription, and the DNA was used 
for real-time quantitative RT-PCR to quantitate SHP mRNA as de-
scribed in “Materials and Methods.” * P  < 0.01, N = 4. SHP, small 
heterodimeric partner; TCA, taurocholate.   

  Fig.   9.  Effect of insulin on the induction of SHP mRNA by TCA 
and GW4064 in primary rat hepatocytes. Primary rat hepatocytes 
were prepared without insulin as described in “Materials and Meth-
ods.” After 2 h plating, cells were treated with TCA (50  � M) or ve-
hicle or GW4064 (5 µM) with or without insulin (50 nM) for 3 h, 
mRNA isolated, and the DNA used for reverse transcription and 
then for real-time quantitative RT-PCR to quantitate SHP mRNA as 
described in “Materials and Methods.” * P  < 0.001,  #  P  < 0.006 com-
pared with DMSO control. N = 3 for all experiments. SHP, small 
heterodimeric partner; TCA, taurocholate.   
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The activation of PI3K and downstream kinases help regu-
late glucose metabolism in a manner similar to insulin by 
repressing gluconeogenic genes and activating GS activity 
( 18–20 ). The activation of the insulin signaling pathway 
and PKC �  appears to be crucial for the optimal induction 
of SHP by TCA. Currently, it is unclear how PKC �  regu-
lates FXR and SHP induction. It has been reported that 
FXR might be phosphorylated by different isoforms of 
PKC ( 36, 45 ); however, we have not been able to confi rm 
this observation by overexpression of the gene encoding 
FXR in primary rat hepatocytes (unpublished observa-
tions). Finally, it has recently been reported that activation 
of the ERK1/2 plays an important role in regulating the 
turnover rate of SHP protein ( 46 ). Therefore, the activa-
tion of ERK1/2 ( Fig. 1 ) by TCA may help stabilize SHP 
protein. The induction of SHP protein may be involved in 
the long term (>3 h) repression of gluconeogenic genes. 

 There are many examples of cell signaling pathways and 
nuclear receptors interacting to produce a highly regu-
lated physiological response ( 47 ). Therefore, the activation 

8D ). The explanation for these results is not clear, but 
they could be due to use of different cell types (i.e., pri-
mary hepatocytes versus HepG2; FXR promoter constructs 
versus FXR genes in chromosome; and chenodeoxycholic 
acid versus TCA as activators of FXR). Additional studies 
will be required to resolve this issue. 

 In vitro studies using recombinant FXR show that TCA 
(EC 50  >1 mM) is a very poor activator of FXR, whereas 
chenodeoxycholic acid (EC 50  10  � M) and GW4064 (EC 50  
70 nM) are excellent activators ( 37–40 ). In the current 
study in primary rat hepatocytes, TCA is a very good in-
ducer of SHP at concentrations as low as 5  � M ( Fig. 10 ). 
Interestingly, inhibition of PI3K or PKC �  markedly re-
duced the ability of TCA to induce SHP ( Figs. 7A and 8A, 
B ). In contrast, activation of the insulin signaling pathway 
signifi cantly reduces the ability of GW4064 to induce SHP 
in primary hepatocytes ( Fig. 9 ). In total, our current inter-
pretation of these data can be summarized by the model 
shown in   Fig. 11  .  In this model, TCA activates the insulin 
signaling pathway via G �  i -protein-coupled receptor(s). 

  Fig.   11.  Cell signaling model for the regulation of glucose metabolism in hepatocytes by taurocholate. TCA can rapidly activate G �  i -
dependent G-protein coupled receptor(s) that activate the AKT (insulin signaling pathway). Activated AKT is known to downregulate 
gluconeogenic genes by phosphorylation of FOX01 and to activate glycogen synthase by phosphorylation of GSK3. PDK-1 in the insulin 
signaling pathway activates PKC � , which increases the ability of TCA to activate the farnesoid X receptor (FXR) and increases the transcrip-
tion of the gene encoding SHP. The induction of SHP protein may play a role in the long term (>3 h) repression of gluconeogenic genes. 
EGFR, epidermal growth factor receptor; GPCR, G-protein-coupled receptor; GSK3, glycogen synthase kinase-3; IR, insulin receptor; NTCP, 
Na + /taurocholate cotransporting polypeptide; PDK-1, phosphoinositide-dependent protein kinase-1; PI 3 K, phosphoinositide-3-kinase; 
PTX, pertussis toxin; Src, Src kinase; SHP, small heterodimeric partner; TCA, taurocholate.   
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of cell signaling pathways and specifi c nuclear receptors by 
bile acids may be considered a coordinate physiological 
response to nutrients. Additional studies are needed to de-
termine if different bile acids produce the same or differ-
ent physiological responses during their enterohepatic 
circulation. Such studies may determine if the bile acid 
pool composition plays an important role in regulating 
the activation of cell signaling pathways and nuclear recep-
tors in the liver and, hence, metabolism.  
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