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Abstract
Background & Aims—Glycochenodeoxycholate (GCDC) and taurolithocholate (TLC) are
hepatotoxic and cholestatic bile salts, whereas tauroursodeoxycholate (TUDC) is cytoprotective and
anticholestatic. Yet they all act, in part, through phosphatidylinositol-3-kinase(PI3K)-dependent
mechanisms (“PI3K-paradox”). Hepatocytes express three catalytic PI3K Class I isoforms (p110α/
β/γ), specific functions of which, in liver, are unclear. In other cell types, p110γ is associated with
detrimental effects. To shed light on the PI3K enigma, we determined whether hydrophobic and
hydrophilic bile salts differentially activate distinct p110 isoforms in hepatocytes, and whether
p110γ mediates bile salt-induced hepatocyte cell death.

Methods—Isoform-specific PI3K activity assays were established to determine isoform activation
by bile salts in rat hepatocytes. Activation of Akt and JNK were determined by immunoblotting.
Following stimulation with hydrophobic bile salts, hepatocellular apoptosis was determined
morphologically after Hoechst staining and by analysis of caspase-3/-7 activity or caspase-3
cleavage. Activity or expression of PI3K p110γ was inhibited pharmacologically (AS604850) or by
knockdown using specific siRNA.

Results—All bile salts tested activated p110β, while p110α was activated by TUDC and GCDC.
Intriguingly, only hydrophobic bile salts activated p110γ. Inhibition of p110γ attenuated GCDC-
induced Akt- and JNK-activation, but did not alter TUDC- or cAMP-induced Akt signaling in rat
hepatocytes. Inhibition or knockdown of p110γ markedly attenuated hydrophobic bile salt-induced
apoptosis in rat hepatocytes and human hepatoma cell lines but did not alter Fas-, tumor necrosis
factor α- and etoposide-induced apoptosis. Depletion of Ca++ prevented GCDC-induced toxicity in
rat hepatocytes but did not affect GCDC-induced Akt- and JNK-activation.
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Conclusions—PI3K p110γ is activated by hydrophobic, but not hydrophilic bile salts. Bile salt-
induced hepatocyte apoptosis is partly mediated via a PI3K p110γ signaling pathway, potentially
involving JNK.
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Apoptosis; PI3K; Akt; JNK; Cholestasis; Glycochenodeoxycholate; Taurolithocholate;
Tauroursodeoxycholate

Introduction
Bile salts are potent signaling molecules involved in the regulation of bile formation and
hepatocellular metabolism and survival. Hepatic accumulation of hydrophobic bile salts in
cholestasis is a major cause of liver damage, is associated with necrotic/apoptotic cell death,
and promotes the development of liver cirrhosis/liver failure [1]. GCDC and TCDC are the
predominant hydrophobic bile salts accumulating in cholestatic patients and exert potent
necrotic/apoptotic and cholestatic effects in experimental models [2,3]. In contrast, hydrophilic
bile salts, such as TUDC and taurocholate (TC), promote cell survival, enhance bile flow, and
reconstitute normal liver function in cholestasis [3–6]. Despite these opposing effects, both
hydrophobic and hydrophilic bile salts activate phosphatidylinositol 3-kinase(PI3K)-
dependent signaling cascades and their effects are, in part, PI3K-dependent (Fig. 1 and
Supplementary Table 1). The mechanism behind this “PI3K paradox” is unknown.

PI3Ks are a family of lipid kinases (Class I, II, III) that phosphorylate phosphatidylinositides
(PtIns) [7]. The Class IA PI3K consists of one of the three catalytic p110 subunits (p110α/
p110β/p110δ) and a regulatory subunit, p85. The catalytic subunit is mainly activated by
binding of p85 to a phosphotyrosyl peptide in tyrosine kinases [7]. Moreover, it has been shown
that p110β can also be activated by G protein coupled receptors (GPCR) [8]. The Class IB
PI3K has a single catalytic isoform, p110γ, which interacts with the regulatory subunit p101,
and is activated by β/γ subunits of G proteins [7,9]. The in vivo substrate for Class I PI3Ks is
PtIns-4,5-diphosphate (PtIns-4,5-P2), which is converted to the signaling molecule PtIns-3,4,5-
P3 (PIP3) [7]. PIP3 serves as a docking site for the binding and activation of downstream
signaling molecules, the best known being the serine/threonine kinase Akt, a downstream
effector of PI3K-mediated survival and hepatobiliary secretion [2,10,11].

Accumulating evidence suggests that different PI3K p110 isoforms are coupled to specific
downstream events. Activation of p110α is implicated in cell survival [11,12], physiologic
cardiac hypertrophy [13], and insulin signaling [14]; while p110β has been associated with de
novo DNA synthesis [12] and carcinogenesis [15]. Both p110α and β are ubiquitously
expressed [16]. In contrast, p110δ, associated with induction of inflammatory responses, is
confined to the hemopoietic system. p110γ, a regulator of inflammatory responses, was long
believed to be restricted to immune cells [17], however, recent studies have shown that
p110γ is present in myocytes, pancreas, vascular endothelium, and hepatocytes [16,18]. In the
heart, endothelium, and pancreas, p110γ function has been associated with detrimental effects
such as development of atherosclerotic lesions [19], loss of cardiac contractility [13], and
induction/mortality of pancreatitis [20,21].

Very little is known about isoform specific functions of PI3Ks in hepatocytes. We have recently
shown that cAMP-guanine exchange factors (GEF)-induced cytoprotection is associated with
activation of p110α/β in hepatocytes [11]. The aim of the present study was to determine
whether hydrophobic and hydrophilic bile salts differentially activate distinct PI3K p110
isoforms and to study the effect of such activation on hepatocyte cell death.
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Materials and methods
Materials

Antibodies against p110α (SC-7174), p110β (SC-602), p110δ (SC-7176), p110γ (SC-7177),
and protein A/G agarose were purchased from Santa Cruz Biotechnology (Santa Cruz,
California), antibodies for p110γ (4252), phospho-AktSer-473, total Akt, phospho-
JNKThr183Tyr185 (9258) and total JNK (4668), and cleaved caspase-3 (7664) from Cell
Signaling Technology (Beverly, MA). Inhibitors AS604850 (p110γ), AS601245 (JNK) and
SP600125 (JNK), and anti-actin from Calbiochem (San Diego, CA), and anti-p110β (05-568)
from Millipore Corporation (Billerica, MA). Bile salts and actinomycin D were from Sigma-
Aldrich (Saint Louis, MO). The PI3K substrates PtIns and PtIns-4,5-P2 from Avanti Polar
Lipids (Alabaster, AL), and [γ-32P]-ATP from Perkin Elmer (Waltham, MA). The caspase-3/-7
assay kit was provided by Promega (Madison, WI), siRNA targeted to p110γ (M-005274-02)
and random oligonucleotide controls (D-001210-01) by Dharmacon (Lafayette, CO).
Oligofectamine and tumor necrosis factor (TNF)α were from Invitrogen (Carlsbad, CA), and
Fas ligand from Axxora (San Diego, CA).

Primary hepatocyte cultures
Hepatocytes were isolated from Wistar rats (200–250 g) as previously described [11], plated
on culture dishes coated with Type I rat tail collagen in MEM with L-glutamine, 100 nM insulin,
and 10% FCS. After 1 hour, medium was changed to insulin free MEM and cells were cultured
for 4 h before experiments were initiated. All animals received humane care according to the
“Guide for the Care and use of Laboratory Animals” by the National Academy of Sciences
(NIH publication 86-23 revised 1985).

Culture of Ntcp-transfected HepG2 and Huh7 cell lines
HepG2-Ntcp [22] and Huh7-Ntcp cells [23], stably transfected with the rat sodium/
taurocholate-cotransporting polypeptide (Ntcp) gene, were maintained in MEM containing
10% FCS, 1% non-essential aminoacids, 4 mM L-glutamine, 1 mM sodium pyruvate, 100 U/
ml penicillin, 100 μg/ml streptomycin, 1mg/ml geneticin.

Determination of Akt- and JNK-phosphorylation levels
Cultured rat hepatocytes were lysed after treatment with diluent (DMSO), 25 μM TLC, 50
μM TUDC, TC or GCDC, or 20 μM of the cAMP-GEF specific cAMP analogue, 4-(4-
chlorophenylthio)-2′-O-methyladenosine-3′-5′-cyclic monophosphate (CPT-2-Me-cAMP) for
the times indicated. In indicated experiments, cells were pretreated with p110γ inhibitor 2.5
μM AS604580 for 30 min or cultured in Ca++ free medium for 2 h prior to stimulation. Cells
were lysed in ice-cold buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1% TritonX-100, 1 mM
Na3VO4, 10 μg/ml aprotinin, leupeptin, and pepstatin, 500 nM okadaic acid). Equal amounts
of protein were separated in SDS–PAGE, transferred to Immobilon-P membranes and probed
with anti-phospho-AktSer-473 or anti-phospho-JNKThr183/Tyr185. Membranes were developed
with chemiluminescence after incubation with a peroxidase-conjugated second antibody.
Stripped membranes were re-probed with anti-total-Akt or anti-total-JNK for loading control.
Blots were digitalized and subjected to densitometric analysis (SigmaGel®).

Expression of PI3K p110 Isoforms
Lysates of cultured hepatocytes and Huh7-Ntcp cells were prepared and subjected to Western
Blotting. Expression of p110α, β, δ, and γ was evaluated with isoform specific antibodies; for
p110γ two different antibodies were used.
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Isoform specific PI3K activity assays
Hepatocyte cultures were treated with diluent (DMSO), 25 μM TLC, 50 μM TUDC, TC, TCDC
or GCDC, for 15 min, and lysates were prepared as previously described [11]. Isoform specific
lipid kinase assays were performed after immunoprecipitation of the catalytic p110 subunits
with antibodies to p110α (SC-7174), p110β (Millipore 05-068) or p110γ (CST 4252 or
SC-7177) using the PI3K substrates PtIns, PtIns-4,5-P2, and [γ-32P]-ATP. The PI3K specific
reaction product PtIns-3,4,5-P3 (PIP3) was isolated by thin layer chromatography and
quantified using liquid scintillation counting. Specificity of the antibodies used for selective
immunoprecipitation of PI3K isoforms has been documented in several cell types including
hepatocytes [11,15,18,24].

Bile salt uptake
The 30 min accumulation of radiolabeled 3H-taurocholate in hepatocyte cultures was
determined as previously described [10] in presence of chemical inhibitors.

Determination of apoptosis
Hepatocyte cultures were treated with diluent (DMSO), 25 μM TLC, 250 μM TCDC, 50 μM
GCDC, or 50 ng/ml Fas for 2–4 h. HepG2-Ntcp and Huh7-Ntcp cells were treated with DMSO,
20 μM TLC, 75 μM TCDC or GCDC, 200 μM etoposide or 200 ng/ml TNFα plus 28 ng/ml
actinomycin D for 2–4 h. In indicated experiments, inhibitors of JNK, AS601245 (10 μM) or
SP600125 (10 μM) or the p110γ inhibitor AS604850 (2.5 μM) were added 30 min prior to
stimulation. Selectivity of AS604850 for p110γ over p110α and β has been demonstrated in
vitro [25]. The number of apoptotic cells was determined morphologically as previously
described using fluorescent staining [10] and expressed as % of cells. Apoptosis was confirmed
in human cell lines by determination of caspase-3/-7 activity and in rat hepatocytes by detection
of the 17kD proteolytic cleavage fragment of caspase-3 by immunoblotting; equal protein
loading was monitored by immunoblotting for actin.

siRNA-mediated gene silencing of p110γ
A pool of four p110γ siRNAs (SMARTpool®) was used to knock down p110γ expression in
Huh7-Ntcp and HepG2-Ntcp cells. At 30–40% confluence, cells were transfected with targeted
siRNA (10–50 nM) or random oligonucleotides using Oligofectamine. At 72 h, down-
regulation of p110γ was confirmed by PCR analysis using sense (ttcctgtgcaggctactgtg) and
antisense (gggttagcacaaatggcact) primers, and immunoblotting using anti-p110γ (SC-7177)
antibody.

Data analysis
All results are expressed as mean ± SD of at least 3 independent experiments. Data were
analyzed using paired student’s t-test with p <0.05 considered significant.

Results
Hydrophilic and hydrophobic bile salts activate PI3K

Phosphorylation of Akt was used as readout of total PI3K activity. All bile salts under study,
independent of their hydrophobicity, increased Akt phosphorylation 2- to 5-fold at 15 and 30
min when administered at 25 μM (TLC) or 50 μM (TC, TUDC, TCDC, GCDC) (Fig. 2). After
5 min, only TLC activated Akt (1.5 ± 0.3-fold vs. control, n = 4, p <0.05). Only TUDC and
GCDC caused a sustained increase in Akt activity at 60 min (2.1 ± 0.9 and 2.4 ± 0.6 vs. control,
n = 4, p <0.05). At lower concentrations (10 μM TC/TUDC/GCDC, 5 μM TLC), Akt-
phosphorylation was also significantly increased (data not shown).
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Hydrophilic and hydrophobic bile salts differentially activate p110 isoforms
PI3K isoforms p110α and p110β are expressed ubiquitously. p110γ has mainly been described
in immune cells but has also been reported in liver [9,18]. We confirmed expression of
p110α, β, and γ in rat hepatocytes and Huh7 cells by immunoblotting (Fig. 3A). The p110δ
isoform was not present in hepatocytes (data not shown). Subsequently, we studied isoform
specific activation of PI3K in rat hepatocytes upon stimulation with hydrophilic and
hydrophobic bile salts. By using PtIns-4,5-P2 as substrate, and detecting the reaction product
PtIns-3-4-5-P3, the assay is highly specific for PI3K activity. Since we saw maximal activation
of Akt at 30 min, we evaluated upstream activation of PI3K at 15 min. Isoform specific lipid
kinase assays revealed that p110α activity was increased 1.5 ± 0.7 and 1.6 ± 0.7 fold in TUDC
and GCDC treated cells, respectively, compared to controls (n = 6, p <0.05 vs. DMSO). In
contrast, p110β was activated 1.5- to 1.9-fold (n = 5, p <0.05 vs. DMSO) by all bile salts tested.
Finally, we found that p110γ was activated by hydrophobic bile salts only. TLC, TCDC, and
GCDC increased p110γ activity 1.5- to 2.0-fold (n = 4, p <0.05; Figures 3B – E). This level of
activation is compatible with that reported previously when PI3K specific formation of PIP3
was used as an endpoint [11]. Thus, all studied bile salts activate PI3K p110β, but differentially
activate p110α and p110γ isoforms in hepatocytes.

Inhibitor of p110γ activity, AS604850, diminishes GCDC-induced Akt-phosphorylation and
apoptosis in rat hepatocytes

Our data show that p110γ is activated only by hydrophobic bile salts, which are known to be
pro-apoptotic. We postulated, therefore, that p110γ might mediate bile salt-induced apoptosis.
To test this hypothesis, the effects of a p110γ inhibitor, AS604850, on hepatocyte survival and
signaling cascades was studied. AS604850 is highly p110γ specific [25] and at the chosen 2.5
μM concentration had no effect on bile salt uptake as determined by 3H-taurocholate
accumulation in hepatocytes (97.7 ± 2.2% vs. 100% in controls, n = 3). Next, we re-evaluated
the p110γ specificity of AS604850 in cultured hepatocytes by determining Akt-
phosphorylation levels following stimulation with GCDC, TUDC, or CPT-2-Me-cAMP, a
known activator of p110α and p110β, but not p110γ [11]. In previous experiments, we have
shown that nonspecific PI3K inhibition with wortmannin completely abrogates bile salt (data
not shown) and CPT-2-Me-cAMP-induced Akt-phosphorylation [10]. Treatment of rat
hepatocytes with GCDC, TUDC or CPT-2-Me-cAMP resulted in a 4.0 ± 0.4, 4.6 ± 0.9, and
4.0 ± 0.4 fold increase in Akt-phosphorylation compared to control. Pretreatment with
AS604850 diminished GCDC-induced Akt-phosphorylation by 50% (n = 3, p <0.05 vs.
control), but left TUDC and CPT-2-Me-cAMP-induced Akt-phosphorylation unchanged (Fig.
4A and B). This is in line with GCDC-induced signaling via p110γ and TUDC-induced
signaling via p110α and p110β.

Next, we evaluated the effect of AS604850 on bile salt-induced apoptosis. Cultured rat
hepatocytes were stimulated with hydrophobic bile salts after preincubation with AS604850.
Cleavage of caspase-3 was determined as readout of apoptosis induction. GCDC, TCDC, and
TLC increased caspase-3 cleavage (Fig. 4C) which was markedly decreased by AS604850.
Morphologic determination of apoptosis confirmed the hepatotoxic effect of GCDC and TCDC
with 24.0 ± 3.7 and 14.6 ± 0.9% apoptotic cells, respectively. Inhibition of p110γ profoundly
diminished this apoptotic effect by 67.5% and 66.4% (n = 3, p <0.05; Fig. 4D). These results
indicate that bile salt-induced apoptosis in rat hepatocytes is mediated, in part, via PI3K
p110γ.

Inhibition of p110γ diminishes bile salt-induced apoptosis in HepG2-Ntcp and Huh7-Ntcp
cells

We then tested whether inhibition of p110γ would also prevent bile salt-induced apoptosis in
human hepatoma cell lines. HepG2-Ntcp and Huh7-Ntcp cells were stimulated with
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hydrophobic bile salts in the presence or absence of the p110γ inhibitor AS604850. In HepG2-
Ntcp cells, all bile salts tested induced marked increase in the percentage of apoptotic cells to
79.5±6.9 (TLC), 36.1 ± 11.5 (TCDC), and 43.2 ± 11.5% (GCDC) (Fig. 5A). Inhibition of
p110γ significantly diminished this apoptotic effect to 35.6%, 31.2%, and 27.2% of the initial
values (n = 4, p <0.05; Fig. 5A). These morphologic results were confirmed by determination
of caspase-3/-7 activity, which was increased after bile salt stimulation to 71.2 ± 16.5 (TLC),
31.5 ± 7.4 (TCDC), and 41.6 ± 18.9 (GCDC) arbitrary units (AU) and was diminished to 38.3%,
39.9%, and 30.2%, respectively, of the initial values after p110γ inhibition (n = 4, p <0.05 vs.
control; Fig. 5B). Comparable effects were observed in Huh7-Ntcp cells (data not shown).
Thus, p110γ may also mediate bile salt-induced apoptosis in human liver cells.

Bile salt independent stimuli of apoptosis are p110γ independent
To test whether the role of p110γ in mediating apoptosis is specific for bile salt-induced cell
death, we evaluated the effect of p110γ inhibition on Fas-, etoposide-, and TNFα/actinomycin
D-induced apoptosis. These pro-apoptotic agents, unlike bile salts, do not activate the PI3K/
Akt pathway. Fas-induced apoptosis in cultured rat hepatocytes was not altered by inhibition
of p110γ (Fig. 5C). Likewise, etoposide- and TNFα-induced caspase-3/-7 activity was
unaffected by AS604850 (Fig. 5D) in HepG2-Ntcp. Thus, PI3K p110γ specifically mediates
bile salt-induced apoptosis.

Knockdown of p110γ by siRNA diminishes bile salt-induced apoptosis
Huh7-Ntcp cells were transfected with siRNA against p110γ or nonsense siRNA for 72 h.
Knock-down of p110γ in Huh7-Ntcp was confirmed by PCR (data not shown) and Western
Blot (Fig. 6A). Expression of the control gene GAPDH and basal cell viability was not affected
(data not shown). Cells transfected with nonspecific siRNA showed a clear apoptotic response
to treatment with hydrophobic bile salts, as expected. In p110γ depleted Huh7-Ntcp cells, the
activity of caspases-3/-7 was decreased to 60.5%, 41.8%, 47.6% respectively, of control
transfected cells (Fig. 6B). Gene silencing experiments in HepG2-Ntcp cells showed similar
results (data not shown). Since primary rat hepatocytes dedifferentiate within days and lose
their capacity for bile salt uptake, this model could not be used for gene silencing techniques.
These results show that silencing of PI3K class I p110γ protects against bile salt-induced
apoptosis in human liver cells.

GCDC-induced apoptosis involves p110γ-dependent activation of JNK
We and others have previously documented a role for JNK activation in the cytotoxic effects
of hydrophobic bile salts in rat hepatocytes [26–28] and Huh7 cells [29]. Treatment of rat
hepatocytes, with 50 μM GCDC for 30 min, induced a 3.1 ± 1.2-fold increase in JNK
phosphorylation (n = 4, p <0.05 vs. DMSO, Fig. 7A and B). Pretreatment with AS604850
prevented this phosphorylation. GCDC induced apoptosis in 27.1 ± 4.6% of cells vs. 1.1 ± 0.3
for DMSO. Pretreatment with JNK inhibitors AS601245 or SP600125 decreased GCDC-
induced apoptosis by 88.0 ± 7.1% and 86.0 ± 6.4%, respectively (Fig. 7C). Inhibition of GCDC-
induced JNK activation in Huh7-Ntcp cells with AS601245 produced comparable results (data
not shown). Thus, p110γ-mediated bile salt-induced apoptosis appears to involve downstream
activation of JNK.

GCDC-induced hepatotoxicity, but not Akt- and JNK-signaling is Ca++ dependent
Several studies have shown that bile salt-induced signaling in hepatocytes is linked to increases
in intracellular calcium [30]. In addition, the action of PI3K p110γ in non-hepatic cells has
been linked to Ca++ signaling [20,31,32]. Therefore, we tested the hypothesis that bile salt-
induced cytotoxicity might be calcium dependent. We cultured rat hepatocytes in Ca++ free
medium for 2 h, an interval considered sufficient to deplete intracellular Ca++ stores [33].
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Subsequently, apoptosis was induced by stimulation with 50 μM GCDC for 2 h. Depletion of
Ca++ reduced the number of apoptotic cells by 92.3 ± 9.0% (n = 4, p <0.05, Fig. 8A) and
blocked GCDC-induced caspase-3 cleavage (Fig. 8B). Similar results were seen in the Huh7-
Ntcp cells (data not shown). Calcium free conditions, however, had no effect on GCDC-
induced PI3K/Akt or JNK phosphorylation in rat hepatocytes (Fig. 8C and D), suggesting that
the Ca++-dependent effect on cell death is downstream of PI3Kp110γ/JNK or that it is involved
in a complementary cell death pathway.

Discussion
While hydrophobic and hydrophilic bile salts exert opposing effects on hepatobiliary secretion
and survival, they all appear to act partly via PI3K (Supplementary Table 1), a paradoxical
finding that has never been explained mechanistically. In light of the emergence of information
on the diverse functions attributed to specific PI3K isoforms in other tissues, we studied
whether distinct catalytic PI3K isoforms might be involved in this PI3K paradox in liver, as
we had speculated in the past [2,24].

In the present study, we observed that hydrophobic and hydrophilic bile salts stimulate distinct
isoforms of the catalytic p110 subunit of class I PI3K in hepatocytes. All bile salts tested
(TUDC, TC, TCDC, TLC, and GCDC) activate p110β, rendering it an unlikely candidate for
the discrimination of bile salt signaling pathways. Only TUDC and GCDC activate p110α, a
finding that cannot explain the PI3K paradox as TUDC is cytoprotective and GCDC is
cytotoxic. However, we found that p110γ is exclusively activated by hydrophobic, hepatotoxic
bile salts (TLC, TCDC, and GCDC). Furthermore, we showed that selective inhibition of
p110γ by chemical inhibitors or gene silencing partially protects rat hepatocytes and human
hepatic cell lines from bile salt-induced apoptosis. We also presented evidence that GCDC-
induced apoptosis is JNK dependent, an observation in line with previous studies in rat
hepatocytes [26–28]. We showed for the first time that bile salt-induced JNK activation is
p110γ-dependent. Collectively, our results support the existence of a bile salt-induced pro-
apoptotic PI3K p110γ-dependent signaling pathway in human and rat hepatocytes, that
involves downstream activation of JNK. This pathway seems to be specific for bile salt-induced
apoptosis, as Fas-, Etoposide- and TNFα-dependent cell death are not affected by inhibition
of p110γ.

We are just beginning to understand the roles of PI3K isoforms in liver. Recently, we reported
that the cytoprotective effect of cAMP-GEF in hepatocytes is associated with PI3K p110α/
p110β activation [11] and p110α is known to be necessary for insulin signaling in liver [14].
A role for PI3K in bile salt signaling has been established using PI3K inhibitors, LY294002
and wortmannin. While both are considered non-selective, LY294002 exhibits a 10- and 23-
fold specificity for p110α and p110β, respectively, over p110γ (Supplementary Table 2). This
is of interest, as studies demonstrating the PI3K-dependence of the hepatoprotective effects of
TUDC used LY294002 (Supplementary Table 1). In light of selectivity data of this inhibitor,
these findings support a role for p110α in TUDC-induced hepatoprotection, in line with the
described p110α/p110β-dependent hepatoprotection by cAMP-GEF. The cytotoxic/apoptotic
effect of GCDC, however, is enhanced when this potentially cytoprotective p110α pathway is
blocked by LY294002 [34]. Administration of wortmannin, which effectively blocks all PI3K
class I isoforms, attenuates GCDC-induced hepatocyte apoptosis in perfused rat livers [2].
These reports are consistent with a role for PI3K p110γ in cytotoxic signaling in hepatocytes,
as identified in this study.

The present finding that bile salt-induced apoptosis is mediated via PI3K p110γ-dependent
signaling is in contrast to the established concept of PI3K/Akt signaling as a promoter of cell
survival in many cell types including hepatocytes [10,11,35]. Although it has been shown that
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PI3K p110γ-mediated Akt-signaling can have detrimental effects in other tissues [36], it is
unlikely that the Akt pathway is the apoptotic downstream effector of p110γ-dependent bile
salt-induced apoptosis. Indeed, we present evidence that p110γ-mediated JNK phosphorylation
may be a major downstream target. This finding is supported by several studies which have
linked hydrophobic bile salt-induced hepatotoxicity to JNK signaling [26–28] and showed that
p110γ can induce JNK mediated signaling cascades in non-hepatic cells [37].

Hydrophobic bile salts stimulate Ca++ mobilization through extracellular calcium influx and/
or calcium release from intracellular organelles [30]. In angiotensin II-induced vascular
toxicity, Ca++ flux is regulated by p110γ [36]. In pancreatic cells, inhibitors of PI3K or genetic
deletion of p110γ prevent both bile salt-induced Ca++ responses and cytotoxicity [20]. In our
study, GCDC-induced toxicity was abolished under Ca++ free conditions. These results are in
line with previous studies demonstrating Ca++ dependence of bile salt-induced death pathways
[34–37]. In contrast, GCDC-mediated PI3K activation, as determined by Akt phosphorylation,
as well as JNK phosphorylation were not altered under Ca++ free conditions. This suggests
that PI3K activation in bile salt-induced hepatotoxicity is independent of bile salt-induced Ca
++ flux. Furthermore, the Ca++-dependent step in transduction of bile salt-induced apoptosis
seems to be a later event, occurring downstream of PI3K/JNK signaling. How hydrophobic
bile salts induce activation of p110γ remains enigmatic. Activation of p110γ is tied to activation
of GPCR [7,9], and some signaling cascades of bile salts involve GPCR [38,39]. Two lines of
evidence, however, suggest that bile salts do not directly activate GPCR. Bile salts need to
enter the cell in order to induce apoptosis [34,40], thus it is unlikely that they mediate their
hepatotoxic effects by directly binding to cell surface GPCR. Moreover, the major bile salt
responsive GPCR identified so far, TGR5, is not present in rat or human hepatocytes [38,41].
TGR5, however, was identified in a hepatoma cell line and mediates deoxycholate-induced
apoptosis and JNK phosphorylation in these cells [42]. It may be possible that bile salt signaling
is differently regulated in primary hepatocytes versus hepatoma cell lines. Alternatively, bile
salts may bind to a yet unidentified GPCR in the liver. However, we speculate that bile salts
may mediate their effects via p110γ activation from an intracellular platform. There is some
evidence to suggest that this platform may involve mitochondrial and/or NADPH oxidase
mediated generation of ROS [30].

In conclusion, we provide experimental evidence that bile salts differentially activate PI3K
class I isoforms. In particular, we showed that activation of the p110γ isoform by hydrophobic
bile salts contributes to their hepatotoxicity. These findings have two potential clinical
implications. First, if in vivo studies substantiate the protective effect of p110γ inhibition in
animal models of cholestatic disease, these compounds may offer a novel approach to
ameliorate liver injury in cholestasis. Second, since PI3K inhibitors are under clinical
development for the treatment of inflammatory disorders (p110γ) [43], cancer (p110α) [44],
and thrombosis (p110β) [45], it will be crucial to understand the implications of PI3K isoform
specific action in the liver, in order to predict potential beneficial or harmful effects in normal
and diseased liver.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CPT-2-Me-cAMP 4-(4-chloro-phenylthio)-2′-O-methyladenosine-3′-5′-cyclic
monophosphate

JNK c-Jun N-terminal kinase

GCDC Glycochenodeoxycholate

GPCR G protein coupled receptors

PtIns phosphatidylinositides

PI3K phosphatidylinositol 3-kinase

PI4K phosphatidylinositol 4-kinase

PI5K phosphatidylinositol 5-kinase

PIP3 PtIns-3,4,5-triphosphate

ROS reactive oxygen species

Ntcp sodium/taurocholate cotransporting polypeptide

TCDC taurochenodeoxycholate

TC taurocholate

TLC taurolithocholate

TUDC tauroursodeoxycholate

TNFα tumor necrosis factor
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Fig. 1. Paradoxical role of PI3K in bile salt signaling
PI3K seems to mediate the opposing effects of both hydrophilic and hydrophobic bile salts,
promoting both cytotoxic and cytoprotective effects. For additional information see
Supplementary Table 1.
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Fig. 2. Hydrophilic and hydrophobic bile salts stimulate Akt-phosphorylation in hepatocytes
Akt phosphorylation levels were determined in lysates of cultured rat hepatocytes by
immunoblotting, after stimulation with 25 μM TLC or 50 μM TC, TUDC or GCDC for 15 and
30 min. Equal loading was confirmed by immunoblotting for total-Akt. (A) Representative
immunoblots. (B) Densitometric analysis, expressed as fold increase in phosphorylation
compared to cells stimulated with DMSO (*p <0.05 vs. DMSO, n = 4).
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Fig. 3. Expression and activation of PI3K p110 isoforms by bile salts in hepatocytes
(A) Expression of p110α, β, and γ in rat hepatocytes and Huh7-Ntcp cells was confirmed by
immunoblotting. Two different antibodies (Cell Signaling Technologies(C):CS and Santa
Cruz(C):SC) were used for p110γ. Rat thymus served as a positive control for p110γ. Rat
hepatocyte cultures were stimulated with bile salts at 25 μM (TLC) to 50 μM (TC, TUDCA,
GCDC, TCDC) for 15 min, and isoforms-specific lipid kinase assays were performed. Lipid
kinase assays after immunoprecipitation of (B) p110α, (C) p110β, and (D) p110γ (mean ± SD,
*p <0.05 vs. DMSO, n = 4–6) are shown. Results represent fold increase in formation of the
specific PI3K reaction product PIP3 compared to DMSO. (E) Summary of kinase assays: “+”
indicates activation of the respective isoform.
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Fig. 4. Inhibitor of p110γ, AS604850, diminishes GCDC-induced PI3K activation and apoptosis
but does not alter TUDC- and CPT-2-Me-cAMP induced signaling in hepatocytes
Rat hepatocytes were stimulated with 50 μM GCDC or TUDC, or 20 μM CPT-2-Me-cAMP,
an activator of p110α and p110β, with and without pre-incubation with 2.5 μM AS604850. (A)
Akt-phosphorylation was determined by immunoblotting for phosphorylated AktSer-473 and
total Akt (representative blots) (B) Densitometric analysis of 3 independent experiments (*p
<0.05 vs. control). (C) Rat hepatocytes were pre-treated with AS604850 and then exposed to
DMSO, 50 μM GCDC or 250 μM TCDC for 2–4 h, respectively, and apoptosis determined by
immunoblotting for the 17 kd cleavage product of active caspase-3 or (D) following staining
with Hoechst 33258 (*p <0.05 vs. control, n = 3). Equal loading was confirmed by
immunoblotting for actin on the same membrane.

Hohenester et al. Page 15

J Hepatol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Inhibition of p110γ selectively inhibits bile salt-induced apoptosis in hepatocytes but does
not alter the effects of independent apoptotic stimuli
HepG2-Ntcp cells were stimulated with DMSO, 20 μM TLC or 75 μM of TCDC or GCDC.
The p110γ inhibitor AS604850 (2.5 μM) was added 30 min prior to stimulation. (A) Apoptotic
cells were quantified morphologically after Hoechst staining. Rate of apoptosis was expressed
as % of apoptotic cells. (B) In separate experiments, apoptosis in identically stimulated HepG2-
Ntcp was determined by caspase-3/-7 activity (*p <0.05 vs. control, n = 3–6). (C) Rat
hepatocyte cultures were treated with 50 ng/ml Fas ligand for 4 hours and apoptotic cells were
determined morphologically. AS604850 was added at 2.5 μM 30 min prior to the addition of
Fas ligand (n = 3). (D) HepG2-Ntcp cells were treated with 200 μM etoposide or 200 ng/ml
TNFα plus 28 ng/ml actinomycin D for 4 h and apoptotic effects were quantified in caspase-3/-7
assays. Prior to stimulation, cells were treated with 2.5 μM AS604850 for 30 min (n = 3).
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Fig. 6. p110γ knockdown inhibits hydrophobic bile acid-induced increases in caspase-3/-7 activity
(A) Transfection with p110γ siRNA effectively silenced protein expression in Huh7-Ntcp as
shown by immunoblots from control transfected cells and cells transfected with specific
p110γ siRNA. (B) p110γ-knockdown cells were stimulated with DMSO, 20 μM TLC or 75
μM TCDC or GCDC. After 4 h, activity of caspases-3/-7 was determined and the data are
expressed as % of caspase-3/-7 activity of control transfected cells (n = 4, *p <0.05/**p <0.005
vs. control).
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Fig. 7. GCDC-induced apoptosis involves PI3K p110γ-dependent activation of JNK
Rat hepatocytes were pretreated for 30 min with 2.5 μM of the p110γ inhibitor AS604850 and
then exposed to 50 μM GCDC for 30 min after which the amount of phosphorylated JNK was
determined by immunoblotting. (A) Representative blot and (B) Densitometric analysis of 4
independent experiments (*p <0.05 vs. DMSO, §p <0.05 vs. GCDC control ). (C) Rat
hepatocytes were pretreated with either of 2 JNK inhibitors, SP600125 or AS-612245 (10
μM, each) for 30 min and then exposed to 50 μM GCDC for 2 h. Apoptosis was determined
morphologically and expressed as % apoptotic cells (n = 3, *p <0.05 vs. DMSO, §p <0.05 vs.
GCDC control).
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Fig. 8. GCDC-induced apoptosis but not Akt- and JNK-signaling is calcium dependent
Rat hepatocytes were cultured in Ca++ free medium for 2 h, stimulated with 50 μM GCDC for
2 h and apoptosis was determined by (A) immunoblotting for the active cleavage fragment of
caspase-3, and by (B) morphologic evaluation of Hoechst stained cells (n = 4, *p <0.05 vs.
DMSO, §p <0.05 vs. control). (C) Rat hepatocytes were cultured in Ca++ free media for 2 h
and then exposed to GCDC for 30 min. The amount of phosphorylated Akt and JNK was
determined by immunoblotting. Representative immunoblots are shown in (C) and the results
of densitometric analysis representing 3 separate experiments are shown in (D). Equal loading
was controlled by immunoblotting for total-JNK or total-Akt.
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