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Abstract
An increase of toxic bile acids such as glycochenodeoxycholic acid occurs during warm ischemia reperfusion causing cholestasis

and damage in hepatocytes and intrahepatic biliary epithelial cells. We aim to test antiapoptosis effects of ursodeoxycholyl

lysophosphatidylethanolamide under cholestatic induction by glycochenodeoxycholic acid treatment of mouse hepatocytes

and hypoxia induction by cobalt chloride treatment of intrahepatic biliary epithelial cancer Mz-ChA-1cell line. Such treatments

caused marked increases in apoptosis as evidenced by activation of caspase 3, caspase 8 and poly (ADP-ribose) polymerase-1.

Co-treatment with ursodeoxycholyl lysophosphatidylethanolamide significantly inhibited these increases. Interestingly, ursodeox-

ycholyl lysophosphatidylethanolamide was able to increase expression of antiapoptotic cellular FLICE-inhibitory protein in both

cell types. Ursodeoxycholyl lysophosphatidylethanolamide also prevented the decreases of myeloid cell leukemia sequence-1

protein in both experimental systems, and this protection was due to ursodeoxycholyl lysophosphatidylethanolamide’s ability to

inhibit ubiquitination-mediated degradation of myeloid cell leukemia sequence-1, and to increase the phosphorylation of GSK-3b.

In addition, ursodeoxycholyl lysophosphatidylethanolamide was able to prevent the decreased expression of another antiapop-

totic cellular inhibitor of apoptosis 2 in cobalt chloride-treated Mz-ChA-1 cells. Hence, ursodeoxycholyl lysophosphatidylethano-

lamide mediated cytoprotection against apoptosis during toxic bile-acid and ischemic stresses by a mechanism involving

accumulation of cellular FLICE-inhibitory protein, myeloid cell leukemia sequence-1 and cellular inhibitor of apoptosis 2 proteins.

Ursodeoxycholyl lysophosphatidylethanolamide may thus be used as an agent to prevent hepatic ischemia reperfusion.
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Introduction

Hemorrhagic shock, surgical resection and liver transplant-
ation result in hepatic ischemia-reperfusion (I/R).1 In add-
ition to injury to hepatocytes, this pathological process
causes injury in the intrahepatic vascular and biliary systems
seen as hepatic thrombosis or stenosis2 and biliary stric-
tures.3,4 This leads to a high risk of liver dysfunctions and
failure of liver transplantation. Regarding liver transplant-
ation, the prevention of hepatic I/R injury has been a major
research focus for therapeutic development owing to the scar-
city of donated livers. Hepatic I/R can affect both the hepato-
cytes and biliary epithelial cells with apoptosis as the major
mechanism of injury. Biliary strictures induced by hepatic I/R
results in slower flow rates of bile and with higher proportion
of bile salts than phospholipids,5 and this is a condition seen
as cholestasis in livers with biliary obstruction.6 Toxic

hydrophobic bile acids, such as glycochenodeoxycholic acid
(GCDCA), accumulate in cholestatic livers causing apoptosis
and injury in hepatocytes7 and the bile ducts.8

Protective strategies to prevent hepatic I/R injury
include the use of a single hepatoprotectant such as antioxi-

dant silibinin,9 taurine10 and tauro-ursodeoxycholic acid
(tauro-UDCA)11 as well as the use of therapeutic cocktails.12

Tauro-UDCA which is a hydrophilic bile acid has been

shown to inhibit toxic bile acid-induced apoptosis in pri-
mary hepatocytes.13 In our laboratory, an amphiphilic bile

acid-phospholipid conjugate so-called ursodeoxycholyl
lysophosphatidylethanolamide (UDCA-LPE) was designed
as a hepatoprotective agent in inhibiting TNF-a-induced

apoptosis being superior to its unconjugated metabolites
UDCA and lysophosphatidylethanolamine.14 UDCA-LPE
has been recently shown to be superior to tauro-UDCA
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during palmitate-induced apoptosis.15 In this study, we
evaluated a potential use of UDCA-LPE in amelioration of
I/R-associated apoptosis in two in vitro experimental set-
tings: GCDCA-induced apoptosis in mouse hepatocytes
and hypoxia-induced apoptosis in human intrahepatic bil-
iary Mz-ChA-1 cell line. We herein demonstrated that
UDCA-LPE rendered protection in part by an upregulation
of antiapoptosis genes known to antagonize intrinsic and
extrinsic apoptosis. UDCA-LPE may be useful as a cytopro-
tective agent against hepatic I/R injury.

Materials and methods
Chemicals and antibodies

UDCA-LPE was synthesized by ChemCon (Freiburg,
Germany) according to published procedure.14 GCDCA
and cobalt chloride (CoCl2) were from Sigma (Taufkirchen,
Germany). Anticleaved PARP-1 (clone E51) and b-tubulin
(clone EP1331Y) antibodies were from Epitomics, Hamburg,
Germany. Anticleaved caspase 3 (clone 5A1E), cleaved cas-
pase 8 (clone Asp387), cellular FLICE-inhibitory protein
(cFLIP; catalog #3210), phospho-GSK-3b (clone 5B3) and
GAPDH antibodies were from Cell Signaling Technologies
(Frankfurt, Germany). Anti-Mcl-1 (sc-819) and ubiquitin (sc-
9133) antibodies were from Santa Cruz Biotechnology
(Heidelberg, Germany). Anti-cIAP2 antibody (clone F30-
2285) was from BD Pharmingen (Heidelberg, Germany).
Rabbit and mouse secondary HRP-coupled antibody were
respectively obtained from Epitomics and Santa Cruz
Biotechnology.

Hepatocyte isolation and treatment

Hepatocytes were isolated from 7- to 10-week-old C57/BL6
mice (Charles Rivers Laboratories, Sulzfeld, Germany) by
using a two-step collagenase perfusion technique and pur-
ified by Percoll. Hepatocytes were plated and cultured for
2 h in William’s E medium with GlutaMAXTM (Life
Technologies, Darmstadt, Germany) containing 1% penicil-
lin and streptomycin and 4% neonatal calf serum to allow
adherence. After removal of dead hepatocytes, hepatocytes
were treated with GCDCA with and without UDCA-LPE in
serum-free William’s E medium for 15 h.

Mz-ChA-1 cultures and treatment

Mz-ChA-1 was a human biliary adenocarcinoma cell line16

which was subjected to treatment with hypoxia mimetic
CoCl2. Mz-ChA-1 cells were cultured in DMEM with
4.5 mg/dL glucose (PAA Laboratories GmbH) containing
1% penicillin/streptomycin and 10% FCS. Mz-ChA-1 cells
were plated and cultured in complete medium for 1 day,
and in serum-free medium for further 48 h. Mz-ChA-1 cells
were subsequently treated with 750mM CoCl2 with and
without UDCA-LPE in serum-free medium for 24 h.

Biochemical assays

Following treatment, mouse hepatocytes or Mz-ChA-1 cells
were washed and lyzed with 1% Triton X-100 PBS, and
subjected to determination of caspase 3/7 and caspase 8

activities using CaspaseGlo kits (Promega, Mannheim,
Germany). Caspase activities were measured with a
Fluostars Optima (BMG Labtech GmbH, Germany). Data
presented on caspase activity assays were obtained from
at least three reproducible experiments.

Immunoblotting and immunoprecipitation

Treated cells were lysed and centrifuged at 13,000 g, 4�C for
15 min. Proteins were separated by gel electrophoresis and
transferred onto a PDVF membrane. Blots were probed
with a primary antibody followed by a secondary antibody.
Proteins were visualized using Luminata Forte ECL reagent
(Millipore, Darmstadt, Germany). Image J was used to quan-
tify the density of protein bands of the targets and loading
control GAPDH orb-tubulin. The ratio of protein target/load-
ing control was calculated, and data were normalized to the
ratio of control experiment and reported as % control. For
immunoprecipitation (IP), cell lysates with 250–500mg pro-
teins were treated with 1mg antibody and 20mL protein A/
G agarose (Santa Cruz Biotechnology). Samples were incu-
bated overnight at 4�C with rotation. Beads were washed and
added with sample buffer. Proteins in immunoprecipitates
were separated by electrophoresis followed by immunoblot-
ting (IB) with anti-Mcl-1 or anti-ubiquitin antibody.

Gene expression by RT-PCR

Total RNA was isolated using QIAGEN RNeasy Mini kit
(Qiagen, Hilden, Germany). cDNA was synthesized from
2mg RNA using a Maxima First Strand cDNA synthesis
kit (Fermentas, St. Leon-Rot, Germany). Expression of
cFLIP was analysed by real-time PCR using Applied
Biosystems TaqMan� gene expression assays with
TaqMan� Universal PCR Master Mix, and run on an
Applied Biosystem 7500. The expression level of targets in
quadruplets was calculated using �–Ct transformation
method, and determined as a ratio of target gene normal-
ized to house-keeping gene GAPDH.

Statistical analyses

Data were expressed as the means� SD. A P value <0.05
was considered significant. Significance using ANOVA
with Bonferroni’s test for multiple comparisons was deter-
mined by using Graphpad Prism 5.

Results
UDCA-LPE protects mouse hepatocytes against
GCDCA-induced apoptosis

We utilized toxic bile salt GCDCA to treat mouse hepato-
cytes as a model of cholestasis.7,8 GCDCA treatment
induces apoptosis through the classical intrinsic mitochon-
dria17 and ER stress18 as well as extrinsic Fas death-recep-
tor7 via caspase 818 pathways. Mouse hepatocytes treated
with 50mM GCDCA for 15 h showed cell clumping and
rounding in every cell (Figure 1a). This was prevented by
co-treatment with 60 mM UDCA-LPE as many cells were
still able to adhere on culture plates. Treatment of mouse
hepatocytes treated with 60mM UDCA-LPE alone did not
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cause any morphological changes indicating that UDCA-
LPE was not toxic to mouse hepatocytes. In our studies,
we utilized pro-apoptosis antibodies specific for cleaved
or fragmented proteins. We observed that GCDCA

treatment caused an elevated expression of cleaved cas-
pase 3 (17-kDa and 19-kDa fragments) and cleaved caspase
8 (18-kDa fragment) (Figure 1b) as well as cleaved poly
(ADP-ribose) polymerase-1 (PARP-1; 25-kDa fragment)

Figure 1 Ursodeoxycholyl lysophosphatidylethanolamide (UDCA-LPE) protected against glycochenodeoxycholic acid (GCDCA)-induced apoptosis in mouse

hepatocytes. Mouse hepatocytes were treated with 50mM GCDCA with or without UDCA-LPE for 15 h. (a) Phase contrast pictures were from control, GCDCA, GCDCA

þ 60mM UDCA-LPE and 60 mM UDCA-LPE-treated mouse hepatocytes. (b) Western blot (left) and GAPDH-normalized expression levels (right) of cleaved caspase 3

(17 kDa and 19 kDa) and cleaved caspase 8 (18 kDa) proteins were obtained from control, GCDCA, GCDCA þ 25mM, 45 mM or 60 mM UDCA-LPE-treated mouse

hepatocytes. Densitometric analyses of cleaved caspase 3 of combined 17-kDa and 19-kDa bands were performed. (c) Western blot (left) and GAPDH-normalized

expression levels (right) of cleaved PARP-1 (25 kDa) protein were obtained from control, GCDCA and GCDCA þ 60 mM UDCA-LPE-treated mouse hepatocytes.

(d) Activities of caspase 3 (left) and caspase 8 (right) were obtained from control, GCDCA, and GCDCA þ 60 mM UDCA-LPE-treated mouse hepatocytes. Data were

mean�SD, N¼ 4; *, P<0.05, con versus GCDCA or UDCA-LPE; §, P<0.05, GCDCA versus GCDCA þ UDCA-LPE. (e) Western blot (left) and GAPDH-normalized

expression levels (right) of cFLIP proteins at 55 kDa and 43 kDa were obtained from control, GCDCA, GCDCA þ 60mM UDCA-LPE and 60mM UDCA-LPE-treated

mouse hepatocytes. Western blot data were representatives from at least two independent experiments

254 Experimental Biology and Medicine Volume 240 February 2015
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .



(Figure 1c). By densitometric analyses of the target protein
normalized to GAPDH, we observed that GCDCA-induced
increases of these proteins were inhibited by UDCA-LPE,
particularly when used at 60 mM. Consistently, an elevation
of caspase 3 activity by GCDCA was inhibited by 60 mM
UDCA-LPE co-treatment (§, P< 0.05, GCDCA versus
GCDCA þ UDCA-LPE), while only a trend for an inhib-
ition by UDCA-LPE was observed for caspase 8 activity
(Figure 1d).

We previously reported that UDCA-LPE protection
against tumor necrosis factor-a (TNF-a)-induced apoptosis
in HeG2 cells14 was mediated by its ability to upregulate
cFLIP, which is an inhibitor of caspase 8.19 To a lesser extent
than UDCA-LPE, densitometric analyses revealed that
GCDCA also increased expression of anti-apoptotic cFLIP
proteins detectable at 55 kDa and 43 kDa (Figure 1e).
UDCA-LPE and GCDCA co-treatment caused significant
increases of 43-kDa cFLIP protein to a greater extent than
a single treatment. It has been shown that GCDCA treat-
ment of human hepatocellular cancer cell line Huh-720

decreases protein expression of cFLIP while increasing
cFLIP phosphorylation. Further study is required whether
GCDCA increases cFLIP phosphorylation and whether this
could prevent ubiquitination and proteasomal degradation
of cFLIP.21 It is speculated that the observed increased cFLIP
by GCDCA may reflect a protective mechanism in order to
ameliorate apoptotic injury triggered by GCDCA.

UDCA-LPE protects Mz-ChA-1 cells from hypoxia
mimetic-induced apoptosis

CoCl2 is cytotoxic to a range of cell types via induction
of apoptosis and necrosis by inducing expression of
hypoxia-inducible-factor-1a, therefore CoCl2 is used as an
experimental hypoxia mimetic.22 It is known that apoptosis
induction by CoCl2 occurs with mechanisms involving
mitochondria and death-receptor Fas23 as evidenced by
activation of caspase 3 and 8.24 Because biliary epithelial
cells are target cells for injury induced by hypoxia, we
chose biliary adenocarcinoma Mz-ChA-1 cell line as a
model system. Mz-ChA-1 cells were precultured in com-
plete medium for 3 days and in serum-free medium for
further 24 h. These cells were harvested following hypoxia
mimetic CoCl2 treatment in serum-free medium for 48 h.
Phase-contrast pictures in Figure 2(a) showed that 750mM
CoCl2 caused cell rounding and partial detachment show-
ing floating appearance. There was a significant reduced
number of floating cells during CoCl2 and UDCA-LPE co-
treatment. It was observed that UDCA-LPE with and with-
out CoCl2 co-treatment induced morphological changes
into elongated and spindle shape indicating that UDCA-
LPE itself may have affected expression of cytoskeletal pro-
teins. Concomitant with cell rounding appearance, 750mM
CoCl2 treatment caused increases of caspase 3 activities (*,
P< 0.05, con versus CoCl2) as well as expression of cleaved
caspase 3 and cleaved PARP-1 proteins (Figure 2b). The
increases were suppressed by co-treatment with UDCA-
LPE when used at 60 mM. Treatment of Mz-ChA-1 cells
with UDCA-LPE alone had little or no effects on expression
of these pro-apoptotic proteins.

Under our experimental conditions, hypoxia mimetic
CoCl2 did not alter expression of cFLIP proteins as seen
by densitometric analyses (Figure 2c). Similar to mouse
hepatocytes, UDCA-LPE increased expression of cFLIP pro-
teins in Mz-ChA-1 cells with or without CoCl2 co-treatment.
The ability of UDCA-LPE to increase cFLIP was also found
on the mRNA levels (Figure 2c). CoCl2 decreased cFLIP
mRNA expression (*, P< 0.05, con versus CoCl2), and
UDCA-LPE co-treatment rescued these decreases (y,
P< 0.05, CoCl2 versus CoCl2þUDCA-LPE). The latter was
due to the ability of UDCA-LPE alone to markedly increase
cFLIP mRNA (§, P< 0.05, con versus UDCA-LPE). Similar
to cFLIP protein, we did not observe any marked increases
of cleaved caspase 8 protein or caspase 8 activities by CoCl2
treatment (data not shown). Apparently CoCl2 did not
markedly activate extrinsic apoptosis involving caspase 8.
The discrepancy between cFLIP mRNA and protein expres-
sion by CoCl2 is not clearly understood, and it is speculated
that the observed accumulated cFLIP protein during CoCl2
could be due to prevention of its proteasomal degrad-
ation.21 Unfortunately, our cFLIP antibody was not appro-
priate for pull-down assays to investigate this pathway.
Nonetheless under our experimental conditions, UDCA-
LPE’s ability to increase cFLIP protein alone and in combin-
ation with CoCl2 may have caused an impairment of the
ubiquitin-proteasome system causing increased accumula-
tion of other short-lived proteins,25 such as myeloid cell
leukemia sequence-1 (Mcl-1) and cIAP2.

We have reported previously that UDCA-LPE increases
the levels of cAMP which in part can contribute to protec-
tion against apoptosis.15 cAMP has been shown to upregu-
late expression of cellular inhibitor of apoptosis protein 2
(cIAP2).26 Concurrently, we found that CoCl2 decreased
expression of cIAP2 protein detectable at 72 kDa, and co-
treatment with UDCA-LPE at 15, 30 and 60 mM rescued
these decreases as seen by densitometric analysis (Figure
2d). Under our conditions, CoCl2 did not alter expression
of cIAP1 protein (data not shown). Unlike cFLIP, treatment
with UDCA-LPE alone did not increase protein expression
of cIAP2 (Figure 2d) and cIAP1 (data not shown). Our anti-
bodies against cIAP1 and cIAP2 were specific for humans
and therefore they could not be used to investigate the role
of these proteins during GCDCA-induced apoptosis in
mouse hepatocytes.

UDCA-LPE protection is in part by a mechanism of an
inhibition of Mcl-1 degradation

Mcl-1 is another anti-apoptosis protein which has
been reported to be modulated during cholestasis27 and
hypoxia.28 We explored whether UDCA-LPE could affect
Mcl-1 expression, and whether proteasomal degradation of
Mcl-1 could be modulated by UDCA-LPE.29 Following Mcl-
1 IP and IB with ubiquitin antibody, we measured ubiquiti-
nated Mcl-1 complex (Ubi-Mcl-1), which could be detectable
at the molecular weights of Mcl-1 added with that of ubiqui-
tin (9 kDa) multiple times upon polyubiquitination.

Under apoptosis induction, GCDCA treatment of mouse
hepatocytes decreased expression of Mcl-1 proteins detect-
able at 40 kDa and 32 kDa, and UDCA-LPE co-treatment
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rescued these decreases as seen by densitometric analyses
(Figure 3a). The rescue of Mcl-1 loss due to GCDCA was
due to the ability of UDCA-LPE itself to significantly upre-
gulate Mcl-1 protein. In GCDCA-treated mouse

hepatocytes, Ubi-Mcl-1 complex was detected at 166 kDa
(Figure 3b). For control experiments, IgG used instead of
Mcl-1 antibody for IP did not produce this complex. This
indicated an increased degradation of Mcl-1, thereby

Figure 2 Ursodeoxycholyl lysophosphatidylethanolamide (UDCA-LPE) protected against cobalt chloride (CoCl2)-induced apoptosis in Mz-Cha-1 cells. Mz-ChA-1

cells were treated with 750mM CoCl2 with or without UDCA-LPE for 24 h. (a) Phase contrast pictures were from control, CoCl2, CoCl2 þ 60mM UDCA-LPE and 60 mM

UDCA-LPE-treated Mz-ChA-1 cells. (b) Left-hand figure shows caspase 3 activities obtained from control, CoCl2 and CoCl2 þ 60mM UDCA-LPE-treated Mz-ChA-1

cells. Data are mean�SD, N¼ 4; *, P<0.05, con versus CoCl2 or UDCA-LPE; §, P<0.05, CoCl2 versus CoCl2 þ UDCA-LPE. Western blot (middle) and GAPDH-

normalized expression levels (right) of cleaved caspase 3 and cleaved PARP-1 proteins were obtained from control, CoCl2, CoCl2þ 15 mM, 30mM or 60 mM UDCA-LPE

and 60mM UDCA-LPE-treated Mz-ChA-1 cells. Densitometric analyses of cleaved caspase 3 of combined 17-kDa and 19-kDa bands were performed. (c) Western blot

(left) and GAPDH-normalized expression levels (middle) of cFLIP proteins at 55 kDa and 43 kDa were obtained from control, CoCl2, CoCl2 þ 60 mM UDCA-LPE and

60 mM UDCA-LPE-treated Mz-ChA-1 cells. Right-hand figure shows cFLIP mRNA expression obtained from control, CoCl2, CoCl2þ 15 mM, 30 mM or 60 mM UDCA-LPE

and 60mM UDCA-LPE-treated Mz-ChA-1 cells. (d) Western blot (left) and GAPDH-normalized expression levels (middle) of cIAP2 protein were obtained from control,

CoCl2, CoCl2 þ 15mM, 30mM or 60 mM UDCA-LPE and 60mM UDCA-LPE-treated Mz-ChA-1 cells
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Figure 3 Ursodeoxycholyl lysophosphatidylethanolamide (UDCA-LPE) inhibited Mcl-1 degradation in cholestasis and hypoxia models. (a) Western blot (top) and

GAPDH-normalized expression levels (bottom) of Mcl-1 proteins detectable at 40 kDa and 32 kDa were obtained from control, GCDCA, GCDCA þ 60mM UDCA-LPE

and 60mM UDCA-LPE-treated mouse hepatocytes. (b) Lysates from control, GCDCA, GCDCA þ 60mM UDCA-LPE and 60mM UDCA-LPE-treated mouse hepatocytes

were immunoprecipitated (IP) with Mcl-1 antibody and immunoblotted (IB) with ubiquitin antibody for detection of Ubi-Mcl-1 complex at 166 kDa. IP with IgG instead of

Mcl-1 antibody was used in control experiments. (c) Western blot (left) and GAPDH-normalized expression levels (right-hand plot for 40-kDa Mcl-1) of Mcl-1 proteins

detectable at 40 kDa and 32 kDa were obtained from control, CoCl2, CoCl2þ 15mM, 30 mM or 60 mM UDCA-LPE and 60mM UDCA-LPE-treated Mz-ChA-1 cells. (d) Ubi-

Mcl-1 complexes detectable at 166 kDa, 76 kDa and 40 kDa were obtained from control, CoCl2, CoCl2þ 30 mM or 60mM UDCA-LPE and 60mM UDCA-LPE-treated Mz-

ChA-1cells. IP with IgG instead of Mcl-1 antibody was used in control experiments. (e) Western blot (left) and GAPDH-normalized expression levels of phosphorylated

GSK-3b (Ser9) were obtained from control, CoCl2, CoCl2 þ 15 mM, 30mM or 60mM UDCA-LPE and 60mM UDCA-LPE-treated Mz-ChA-1 cells
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causing a decrease in Mcl-1 protein expression seen in
Figure 3(a). UDCA-LPE co-treatment inhibited GCDCA-
induced increases of 166-kDa Ubi-Mcl-1 complex (Figure
3b). Hence, UDCA-LPE attenuated the degradation of
Mcl-1 resulting in Mcl-1 accumulation and apoptosis inhib-
ition during cholestasis in mouse hepatocytes. In a similar
fashion as mouse hepatocytes, CoCl2 treatment of Mz-ChA-
1 cells decreased expression of 40-kDa and 32-kDa Mcl-1
proteins, and co-treatment of UDCA-LPE at 60 mM rescued
the loss of 40-kDa Mcl-1 as seen by densitometric analyses
(Figure 3c). Following IP, Ubi-Mcl-1 complexes detectable at
�40 kDa, �76 kDa and �166 kDa were increased by CoCl2
treatment indicating increased Mcl-1 degradation (Figure
3d). UDCA-LPE co-treatment inhibited these increases
resulting in Mcl-1 accumulation (Figure 3c) and apoptosis
inhibition (Figure 2). IP with IgG did not produce any
detectable Ubi-Mcl-1 complex in Mz-ChA-1 cells
(Figure 3d). Of note, cIAP2 antibody did not work in pull-
down assays and therefore we could not study possible
proteasomal degradation in this experimental system.

Mcl-1 degradation has been shown to be mediated by
active glycogen synthase kinase-3 (GSK-3).30,31 GSK-3a/b
is among few enzymes where its phosphorylation decreases
the levels of active enzymes.32 We have previously shown
that UDCA-LPE treatment of HepG2 cells increased phos-
phorylation of GSK-3a/b in support of prosurvival function
in the PI3K/Akt signaling pathway.14 We therefore deter-
mined whether UDCA-LPE could affect GSK-3a/b phos-
phorylation in our hypoxia model. Here we utilized a
primary human antibody specific for phosphorylated
GSK-3b. Treatment of Mz-ChA-1 cells with CoCl2 or
UDCA-LPE alone did not increase GSK-3b phosphoryl-
ation, while the combined CoCl2 and UDCA-LPE did in a
dose-dependent manner (Figure 3e). Thus, the observed
increased GSK-3b phosphorylation by UDCA-LPE co-treat-
ment reflected GSK-3b inactivation leading to an attenu-
ation of Mcl-1 degradation (Figure 3c and d), and hence
apoptosis inhibition (Figure 2).

Discussion

UDCA-LPE was herein shown to be effective in apoptosis
inhibition in two cellular models of cholestasis and hypoxia,
both of which are pathological consequence of hepatic I/R.
UDCA-LPE affected both intrinsic mitochondrial and
extrinsic apoptosis pathways in part by an accumulation
of antiapoptotic cFLIP, cIAP2 and Mcl-1. For the latter
case, we showed that UDCA-LPE inhibited the proteasomal
degradation of Mcl-1 protein. Our work warrants the use of
UDCA-LPE as a cytoprotective agent in an in vivo model of
hepatic I/R.

Experimental cellular models of cholestasis and hypoxia
were adopted for testing the efficacy of UDCA-LPE in
mouse hepatocytes and biliary epithelial cells, respectively.
We observed that extrinsic apoptosis contributed signifi-
cantly to overall apoptosis in the GCDCA/cholestasis
model but not in the CoCl2/hypoxia model. UDCA-LPE
itself was able to upregulate cFLIP, and this effect may
have some influence on proteasomal degradation of
other protective proteins.25 We observed that UDCA-LPE

prevented the loss of cIAP2 and Mcl-1 proteins known to
be involved in intrinsic apoptosis. It is known that hypoxic
condition in vivo can induce cholestasis33 in part by upre-
gulating bile acid transport genes.34 An upregulation of
cFLIP and the prevention of the loss of cIAP2 and Mcl-1
by UDCA-LPE would result in the resolution of apoptotic
injury caused by hypoxia, and cholestasis at prolonger time.
In a liver transplantation setting, UDCA-LPE may be given
prophylactic to the donor and the recipient before and after
transplantation in order to prevent early and late onset of
apoptosis due to I/R and cholestasis in a similar manner as
UDCA.35

The mechanisms for UDCA-LPE’s ability to upregulate
antiapoptosis proteins are still elusive. We surmise that
UDCA-LPE may induce survival signals such as NF-kB,
which in turn induces cFLIP36,37 and cIAP237. Long
(55 kDa) and short (43 kDa) isoforms of cFLIP are structural
homologs of caspase 8 by blocking the caspase in the death-
inducing signalling complex (DISC)19, and phosphorylation
of cFLIP stimulated by GCDCA was associated with
decreased binding of cFLIP to DISC.20 Further experiments
are warranted to determine the extent of cFLIP phosphor-
ylation under GCDCA, UDCA-LPE and GCDCA þ UDCA-
LPE treatment in order to dissect the protection versus
damaging effects of the observed increases of cFLIP pro-
teins. The ability of UDCA-LPE to upregulate cFLIP on
mRNA are consistent with a previous study38 showing
the effects of dexamethasone during an inhibition of
TNFa-induced apoptosis by transcriptional regulation of
cFLIP. UDCA-LPE’s ability to upregulate cFLIP mRNA
and protein under hypoxia and cholestasis, respectively,
supports its potential role in inhibition of extrinsic apop-
tosis, which may occur at prolonger time after hepatic I/R
injury.

In both stress models, UDCA-LPE was able to upregu-
late expression of Mcl-1 protein with a mechanism invol-
ving an inhibition of Mcl-1 degradation. We have
previously shown that UDCA-LPE activates survival
PI3K/Akt, which inhibits downstream GSK-3a/b signaling
pathway.14 PI3K/Akt activation is suppressed during apop-
tosis, and that low Akt activity releases GSK-3 from inhibi-
tory phosphorylation by Akt thus allowing the active GSK-3
to phosphorylate Mcl-1.30 Phosphorylated Mcl-1 is ubiqui-
tinylated and rapidly degraded during apoptosis. The abil-
ity of UDCA-LPE to increase phospho-GSK-3b would result
in an inhibition of Mcl-1 degradation. An inactivation of
GSK-3b by UDCA-LPE observed in our hypoxia model is
consistent with the use of specific inhibitor39 or silencing40

of GSK-3b in ameliorating the hepatocellular damage due to
I/R injury and acetaminophen toxicity, respectively, by a
mechanism involving preventing the loss of Mcl-1.

In addition to cFLIP and Mcl-1, the protection by UDCA-
LPE was also mediated by preventing the loss of cIAP2
protein during hypoxia. However, unlike cFLIP and Mcl-
1, UDCA-LPE alone did not upregulate cIAP2 protein
expression. The mechanisms for the prevention of cIAP2
loss by UDCA-LPE are not known. cIAP2 normally func-
tions by causing polyubiquitination of receptor-interacting
protein 1 at the DISC thus blocking caspase 8 activation.41

The prevention of cIAP2 loss by UDCA-LPE could
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contribute to a weak inhibition of extrinsic apoptosis
observed in hypoxia model. It is known that cIAP2 is
induced by cAMP26 and NFkB.37,42 cIAP2 may be regulated
by UDCA-LPE by elevating intracellular cAMP levels.15

UDCA-LPE may indirectly activate NFkB by inducing pref-
erential synthesis of n-3 polyunsaturated fatty acids
(PUFA)15 which are activators of peroxisome proliferator-
activated receptor a which enhances cytosolic IkB-a stabil-
ity.42 This pathway is shown to be one of the mechanisms
for protection against I/R injury.43 As we have shown that
UDCA-LPE prevents TNF-a-induced apoptosis by stabiliz-
ing mitochondrial membrane,14 UDCA-LPE may addition-
ally have an effect on the functions of mitochondrial
proteins, such as Smac44 and DIABLO,45 which are known
to bind and antagonize cIAPs.

In conclusion, we herein demonstrated that UDCA-LPE
inhibited apoptosis during cholestasis and hypoxia by a
mechanism of upregulation of antiapoptosis proteins. The
ability of UDCA-LPE to upregulate cFLIP and cIAP2 was
proposed to be via NFkB by which UDCA-LPE causes an
increase of cAMP and preferential syntheses toward n-3
PUFA.15 UDCA-LPE was shown to inhibit proteasomal
degradation of Mcl-1 via PI3K/Akt and GSK-3b signaling
pathways. Our data suggest that UDCA-LPE may be pro-
tective in inhibiting intrinsic and extrinsic apoptosis during
hepatic I/R injury.
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43. Zúñiga J, Cancino M, Medina F, Varela P, Vargas R, Tapia G, Videla LA,

Fernández V. N-3 PUFA supplementation triggers PPAR-a activation

and PPAR-a/NF-kB interaction: anti-inflammatory implications in liver

ischemia-reperfusion injury. PLoS One 2011;6:e28502

44. Du C, Fang M, Li Y, Li L, Wang X. Smac, a mitochondrial protein that

promotes cytochrome c-dependent caspase activation by eliminating

IAP inhibition. Cell 2000;102:33–42

45. Verhagen AM, Ekert PG, Pakusch M, Silke J, Connolly LM, Reid GE,

Moritz RL, Simpson RJ, Vaux DL. Identification of DIABLO, a mam-

malian protein that promotes apoptosis by binding to and antagonizing

IAP proteins. Cell 2000;102:43–53

(Received May 15, 2014, Accepted July 9, 2014)

260 Experimental Biology and Medicine Volume 240 February 2015
. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .


