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BACKGROUND AND PURPOSE
Chronic hepatic inflammation results in liver fibrosis. As effective anti-fibrogenic agents are lacking, we investigated
ursodeoxycholyl lysophosphatidylethanolamide (UDCA-LPE), a synthetic bile acid–phospholipid conjugate with
anti-inflammatory and anti-apoptotic properties for tis effects on hepatic fibrogenesis.

EXPERIMENTAL APPROACH
To stimulate fibrogenesis, LX2 hepatic stellate cells were cultured with conditioned medium from CL48 liver cells after
exposure to stress-inducing conditions – methionine–choline-deficient (MCD) medium or TNFα/cycloheximide (CHX) – with
or without UDCA-LPE preincubation. Anti-fibrogenic effects of UDCA-LPE were further studied in CL48 and LX2 cells and in
primary human hepatic stellate cells (HHStec) directly exposed to TGF-β1. To test UDCA-LPE in vivo, C57BL/6 mice were fed a
MCD diet for 11 weeks followed by 30 mg·kg−1 UDCA-LPE 3× per week for 2.5 weeks.

KEY RESULTS
Expression of α-smooth muscle actin (α-SMA), α1-collagen, vimentin and TGF-β1 was down-regulated by up to 93% by
UDCA-LPE in LX-2 cells cultured with conditioned medium. Also, UDCA-LPE inhibited Smad3 phosphorylation in CL48 cells
incubated with MCD medium or TNFα/CHX and in LX2 cells exposed to conditioned medium. UDCA-LPE also decreased
phosphorylated Smad3 and Smad2 directly induced by TGF-β1. Inhibition of TGF-β1/Smad2/3 signalling with
down-regulation of target genes was confirmed in HHStec. In vivo, UDCA-LPE decreased hepatic α-SMA, α1-collagen and
TGF-β1 expression and markedly lowered α-SMA protein and collagen deposition in MCD mice.

CONCLUSIONS AND IMPLICATIONS
By blocking TGF-β1/Smad2/3 signalling, UDCA-LPE suppressed key mediators of hepatic fibrogenesis. Thus, UDCA-LPE could
be suitable for prevention of fibrotic progression of chronic liver disease.

Abbreviations
CHX, cycloheximide; CTGF, connective tissue growth factor; ECM, extracellular matrix; EMT, epithelial-to-
mesenchymal transition; HHStec, primary human hepatic stellate cells; MCD, methionine–choline-deficient; NAFLD,
non-alcoholic fatty disease; UDCA, ursodeoxycholic acid; UDCA-LPE, ursodeoxycholyl lysophosphatidylethanolamide;
NASH, non-alcoholic steatohepatitis; PC, phosphatidylcholine; α-SMA, α-smooth muscle actin; Smurf2, Smad
ubiquitination regulatory factor 2
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This Table lists key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Liver fibrosis generally evolves from persisting inflammatory
conditions of the liver independent of their underlying
causes. Chronic liver injury leads to an activation of hepatic
stellate cells with subsequent extracellular matrix (ECM) pro-
duction resulting in a replacement of liver parenchymal cells
by scar tissue, which finally ends in irreversible organ dys-
function (Bataller and Brenner, 2005). With increasing inci-
dence of chronic inflammatory liver diseases such as non-
alcoholic fatty disease (NAFLD) (Angulo, 2002; Clark and
Diehl, 2003), new therapeutic approaches to prevent fibrotic
progression are urgently needed. As inflammation is the fuel
perpetuating fibrogenesis, potential anti-fibrogenic com-
pounds capable of dampening the inflammatory response
within the liver in addition to the ability to inhibit ECM
deposition and organ remodelling would be desirable.

Acknowledging the strong anti-apoptotic and anti-
inflammatory properties of certain phospholipids such as
phosphatidylcholine (PC) (Oneta et al., 1999; Treede et al.,
2007), and its earlier-described anti-fibrogenic functions (Li
et al., 1992; Lieber et al., 1994; Ma et al., 1996), we designed
the bile acid–phospholipid conjugate ursodeoxycholyl
lysophosphatidylethanolamide (UDCA-LPE) consisting of
ursodeoxycholic acid (UDCA) coupled to lysophosphatidyle-
thanolamine (LPE) (Chamulitrat et al., 2009). The bile acid
UDCA has been used for hepatic drug targeting and improve-
ment of bioavailability in earlier studies (Fiorucci et al., 2001;
Goto et al., 2001). We have already shown that UDCA-LPE
exerts potent anti-apoptotic and anti-inflammatory effects
against TNFα-induced cytotoxicity in vitro and further con-
firmed its hepatoprotective functions in mouse models of
endotoxin-mediated fulminant hepatitis and NAFLD in vivo
(Chamulitrat et al., 2009; Pathil et al., 2011; 2012).

In our present work, we aimed to study the effects
of UDCA-LPE on hepatofibrogenesis. We analysed anti-
fibrogenic functions of the conjugate in experimental models
of stellate cell activation in vitro. We used LX2 hepatic stellate
cells cultured with conditioned medium from liver cells
exposed to agents such as TNFα/cycloheximide (CHX)
causing acute hepatotoxicity or chronic injurious conditions
such as methionine–choline-deficient (MCD) medium. The
MCD medium induces chronic hepatocellular inflammation
by an impairment of hepatic lipid metabolism with a dis-
turbed β-oxidation of fatty acids and an inhibition of the
normal secretion of very low density lipoprotein (George
et al., 2003; Rinella et al., 2008). In order to assess immediate

anti-fibrogenic properties of UDCA-LPE, primary human
hepatic stellate cells (HHStec) were analysed after exposure to
the pro-fibrogenic master cytokine TGF-β1. Finally, for evalu-
ation of the in vivo efficacy of the conjugate, we further
studied the anti-fibrogenic effects of UDCA-LPE in a mouse
model of advanced non-alcoholic steatohepatitis (NASH)
with fibrosis induced by long-term MCD diet.

Methods

Cell culture
Human embryonic liver cell line CL48 (WRL-68) was from
American Type Culture Collection (Manassas, VA, USA) and
was cultured in DMEM containing 10% FCS. Human hepatic
stellate cell line LX2 (a gift from S. Friedman) was maintained
in DMEM containing 2% FCS. Media and supplements were
from PAA Laboratories GmbH (Cölbe, Germany). Customized
MCD DMEM was from PAA. UDCA-LPE as well as the other
compounds UDCA, LPE and PC were solubilized in PBS con-
taining 5% ethanol. Control cells were treated with PBS with
ethanol correspondingly. For generation of conditioned
medium CL48 liver cells were either cultured in control
medium (DMEM without FCS), MCD medium and
MCD medium + 90 μM UDCA-LPE for 48 h or in control
medium, TNFα/CHX (15 ng mL−1; 40 μM respectively) and
TNFα/CHX + 90 μM UDCA-LPE for 4 h or in control medium,
ethanol (50 mM) and ethanol + 90 μM UDCA-LPE for 24 h.
LX-2 cells were incubated with medium supernatant from
CL48 cells (conditioned medium) for fibrogenic activation.
HHStec (Innoprot, Biscay, Spain; Cat.-Ref.: P10653) were
maintained in HHStec medium (Innoprot; Cat.-Ref.: P60126)
and cultured in poly-L-lysine-coated flasks according to the
manufacturer’s protocol.

Animal model
All animal care and experimental procedures were in compli-
ance with ethical guidelines of the institution and were
approved by the Animal Care and Use Committee of the
University of Heidelberg. Furthermore, all studies involving
animals are reported in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010).

A total of 24 male C57BL/6 mice (Charles River Labora-
tories, Sulzfeld, Germany) were used, at 8 weeks of age. The
animals were housed in the animal facility for 2 weeks before
beginning the experimental procedures and the median body
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weight of the mice was approximately 23 g when starting the
experiment. Food and water were provided ad libitum. For
induction of fibrosis, mice were fed an MCD diet (Research
Diets, Inc., New Brunswick, NJ, USA) for 11 weeks, control
mice received a standard diet containing 10% fat. All diets
were γ-irradiated. Development of liver injury was followed
by i.p. injections of 30 mg·kg−1 UDCA-LPE, which was solu-
bilized in PBS with 0.5% carboxymethylcellulose (CMC),
three times a week for the last 2.5 weeks on diet in MCD mice.
Control mice and MCD mice without UDCA-LPE treatment
received CMC and PBS. At the end of the feeding period mice
were anesthetized and killed by cardiac puncture. Livers were
harvested, a portion of fresh tissue was fixed in 10% buffered
formalin, the remaining liver tissue was snap frozen in liquid
nitrogen and stored at −80°C. Blood samples were allowed to
clot and subsequently centrifuged at 1000× g for 15 min.
Serum was collected and stored at −80°C.

Sirus red staining and immunohistochemistry
Paraffin-embedded liver sections were stained with 0.1%
Sirius red for evaluation of hepatic collagen deposition.
Immunohistochemistry staining was performed with anti-α-
smooth muscle actin (α-SMA) antibody (Epitomics, Inc.,
Burlingame, CA, USA). Antigens were visualized with HRP-
conjugated secondary antibody (Abcam, Cambridge, UK) and
Diaminobenzidine solution (42 Life Sciences GmbH & Co.
KG, Bremerhaven, Germany).

Western blotting
Cell lysates (20 μg protein) were separated by gel electropho-
resis and transferred onto a PVDF membrane. Blots were
stained with dilutions of primary antibodies overnight at 4°C,
washed and stained with secondary antibodies for 1 h at room
temperature. Protein bands were visualized using Luminata
Forte ECL system (Merck Millipore, Darmstadt, Germany). As
recommended by the manufacturer, the HRP substrate was
added to the blot and incubated for 5 min at room tempera-
ture. After draining excess substrate the blot was exposed to an
X-ray film for different exposure times. The following antibod-
ies were used at specified concentrations: monoclonal rabbit
antibody to α-SMA at 1:15000 (Epitomics, Inc.); monoclonal
rabbit antibody to phospho-Smad3 (pSmad3) at 1:10000 (Epi-
tomics, Inc.); monoclonal rabbit antibody to Smad3 1:1000
(Epitomics, Inc.); polyclonal rabbit antibody to pSmad2
(Ser245/250/255) at 1:1000 (Cell Signaling, Danvers, MA, USA);
polyclonal rabbit antibody to pSmad2 (Ser455/465) at 1:10000
(Cell Signaling); monoclonal rabbit antibody to Smad2 at
1:1000 (Epitomics, Inc.); polyclonal rabbit antibody to ERK1/2
(Thr202/Tyr204) at 1:1000 (Cell Signaling); monoclonal rabbit
antibody to Smad ubiquitination regulatory factor 2 (Smurf2)
at 1:1000 (Epitomics, Inc.) and monoclonal rabbit antibody to
GAPDH 1:50000 (Cell Signaling). Secondary goat anti-rabbit
antibody was used at 1:10000 (BioRad, Munich, Germany)
Density of protein bands was quantified using Image J software
(W. Rasband, NIH; http://rsb.info.nih.gov/ij/).

Gene expression analysis by quantitative
real-time PCR
TaqMan Gene Expression AssaysTM (Applied Biosystems,
Darmstadt, Germany) were used as recommended by the

manufacturer and were employed to relatively quantify the
expression of following genes in LX2 hepatic stellate cells,
CL48 liver cells and mouse liver samples. We used α-SMA
(Hs00426835_g1), α1-collagen (Hs00164004_m1), vimentin
(Hs00185584_m1), TGF-β1 (Hs00998133_m1), connective
tissue growth factor(CTGF; Hs01026927_g1), Smad7
(Hs00998193_m1), GAPDH (Hs99999905_m1), α-SMA
(Mm01204962_gH), α1-collagen (Mm00801666_g1), TGF-β1
(Mm01178820_m1) and GAPDH (Mm99999915_g1) assays.
Total RNA from liver tissue samples was extracted employing
the RNAqueous® Kit (Ambion, Darmstadt, Germany). RNA
concentration and purity was assessed spectophotometrically
at 260 nm in relation to the absorbance at 280 nm. We
removed genomic DNA contamination in the RNA with the
Turbo DNA-freeTM kit (Ambion). cDNA was synthesized from
2 μg of total RNA using the SuperScript Double-Stranded
cDNA Synthesis Kit (Life Technologies, Carlsbad, CA, USA)
and Oligo(dT)(12–18) as suggested by the manufacturer. Real-
time RT-PCR was carried out using a 7500 Fast Sequence
Detector System (Applied Biosystems) and TaqMan Universal
PCR Master Mix 2X (Applied Biosystems). Universal PCR con-
ditions recommended by the manufacturer were followed. All
samples were processed in quadruplicate. We analysed
TaqMan gene expression data based on normalized expres-
sion values. GAPDH was used as housekeeping gene to nor-
malize mRNA levels. The relative change of expression was
calculated using the 2-ΔΔCT method.

Data analysis
Results are presented as mean ± SEM unless stated otherwise.
Data were analysed with Prism Software version 4.0 (Graph-
Pad, La Jolla, CA, USA). The significance of differences
between two groups was determined by unpaired two-tailed
Student’s t-test. For comparison of multiple groups, we
applied one-way ANOVA with Dunnett’s post test. A P value <
0.05 was considered significant.

Materials
Custom synthesis of UDCA-LPE was performed by ChemCon
(Freiburg, Germany). All other chemicals were obtained from
Sigma (Munich, Germany) unless stated otherwise.

Results

UDCA-LPE reduces MCD- and TNFα-induced
pro-fibrogenic gene expression in the hepatic
stellate cell line LX2
In order to stimulate fibrogenic activation, LX2 hepatic stel-
late cells were exposed to different stress-inducing condi-
tions. Incubation of LX2 cells for 48 h with conditioned
medium from MCD-cultured CL48 liver cells induced the
expression of crucial pro-fibrogenic genes such as those for
α-SMA, α1-collagen, vimentin and TGF-β1 (Figure 1A–D)
with an almost 50-fold increase in the mRNA for TGF-β1
(Figure 1D).

In contrast, preincubation with UDCA-LPE down-
regulated expression of these genes by 47–93% with the most
pronounced effect on TGF-β1 (Figure 1D). We previously
showed that treatment of CL48 liver cells with TNFα and
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CHX induced apoptosis (Pathil et al., 2011). As hepatocellular
apoptosis is an important trigger for stellate cell activation,
we next analysed the effect of conditioned medium from
TNFα/CHX-treated CL48 liver cells on fibrogenic gene expres-
sion in hepatic stellate cells. The results showed that incuba-
tion with conditioned medium from apoptotic liver cells led
to a marked fibrogenic activation of LX2 cells followed by
a strong up-regulation of markers of ECM deposition
(Figure 2A–D) with a more than 200-fold increase of α-SMA
expression (Figure 2A) and a 7.5-fold rise of α1-collagen
mRNA transcripts (Figure 2B). As observed earlier, pretreat-
ment with UDCA-LPE significantly reduced the expression of
pro-fibrotic genes by up to 86–89% (Figure 2A–D).

Stress-induced and TGF-β1-mediated
phosphorylation of Smad3 is suppressed
by UDCA-LPE
Because of the fundamental role of TGF-β1/Smad signalling
for fibrogenesis in the liver, we evaluated the influence of
UDCA-LPE on components of the signalling pathway down-
stream of TGF-β1. Exposure of hepatic stellate cells to condi-
tioned medium from MCD-cultured CL48 liver cells increased
phosphorylated Smad3 (pSmad) protein, without changing
levels of unphosphorylated Smad3 (Figure 3A,C). Accumula-
tion of pSmad3 was even more pronounced in LX2 cells

cultured with conditioned medium from TNFα/CHX-treated
CL48 cells (Figure 3B,D). Treatment with UDCA-LPE reduced
protein levels of pSmad3 under both conditions (Figure 3A–
D), the amount of phosphorylated Smad3 was even below
levels of controls in LX2 cells cultured with conditioned
medium from TNFα/CHX-exposed liver cells. Additionally,
reduction of pSmad3 following UDCA-LPE was also observed
in LX2 cells exposed to conditioned medium from ethanol-
treated CL48 liver cells (Supporting Information Fig. S1).
Notably, CL48 cells cultured with stress-inducing agents, such
as MCD medium or TNFα/CHX, displayed a similar activa-
tion of Smad3, which was almost totally blocked by UDCA-
LPE treatment (Figure 3E–H). Thus, the results showed that
UDCA-LPE markedly decreased activation of Smad3, as
shown by the extent of phosphorylation, in hepatic stellate
cells and liver cells. To confirm that the impaired activation
of Smad3 by the conjugate was not only a consequence of
reduced TGF-β1 expression, but was caused by the inhibition
of downstream-signalling events, liver cells and hepatic stel-
late cells were directly exposed to TGF-β1. Incubation with
the pro-fibrogenic master cytokine resulted in an activation
of Smad3 in LX2 hepatic stellate cells (Figure 4A,C) and CL48
liver cells (Figure 4B,D). As noted previously, UDCA-LPE
reduced pSmad3 in both cell lines below baseline levels of
control cells (Figure 4A–D) with the most pronounced effect

Figure 1
UDCA-LPE reduces MCD-induced pro-fibrogenic gene expression in hepatic stellate cells. (A–D) LX2 cells were cultured for 48 h with conditioned
medium from CL48 liver cells exposed to control medium, MCD medium or MCD medium + 90 μM UDCA-LPE for 48 h. Expression levels of (A)
α-SMA, (B) α1-collagen, (C) vimentin and (D) TGF-β1 in LX2 cells were quantified by qRT-PCR (N = 4). ##P < 0.01, ###P < 0.001 versus Con;
**P < 0.01, ***P < 0.001 versus MCD.
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in CL48 liver cells (Figure 4B,D). Moreover, UDCA-LPE sup-
pressed Smad3 phosphorylation more than its separate com-
ponents (UDCA or LPE) or other phospholipids such as PC,
which had either no or rather limited inhibitory effect on
Smad3 phosphorylation (Supporting Information Fig. S2).

Reduction of TGF-β1-induced pSmad2
by UDCA-LPE
In addition to the effects on Smad3 activation, we next
studied the effect of UDCA-LPE on Smad2 in hepatic stellate
cells and liver cells. Fibrogenic activation following incuba-
tion with TGF-β1 resulted in a marked C-terminal phospho-
rylation of Smad2(at Ser465) in both cell types (Figure 5A–D).
As observed with pSmad3, Western blot analysis revealed that
UDCA-LPE decreased the amount of pSmad2 protein in LX2
hepatic stellate cells and CL48 liver cells (Figure 5A–D). Inter-
estingly, in contrast to pSmad3, these lower levels of pSmad2
were accompanied by decreased levels of unphosphorylated
Smad2 protein (Figure 5A–F). Therefore, Western blot analysis
of Smurf2 was performed, which showed that the lower
Smad2 levels were not related to changes in Smurf2 (Support-
ing Information Fig. S3A,B). Analysis of the phosphorylation
status of the linker region in LX2 cells showed a similar
increase of pSmad2(Ser245) after TGF-β1, which was again
subsequently reduced together with the level of unphospho-

rylated Smad2 on treatment with UDCA-LPE (Figure 5E,F).
TGF-β1-dependent ERK activation was reported to be medi-
ated by linker-phosphorylated Smad2 (Li et al., 2009).
However, impaired phosphorylation of Smad2 at the linker
region after UDCA-LPE was not accompanied by decreased
ERK1/2 activation, on the contrary, the conjugate slightly
increased pERK1/2 protein levels in LX2 cells (Figure 5E,F).

Impairment of TGF-β1-induced Smad
signalling and repression of TGF-β1 target
genes in HHStec
In order to analyse further the direct effects of UDCA-LPE on
TGF-β1 signalling in hepatic stellate cells, culture-activated
primary HHStec were exposed to TGF-β1 after varying days of
culture on plastic. Incubation with TGF-β1 led to an increased
expression of α-SMA and α1-collagen with a stronger
up-regulation of these genes in earlier days of culture activa-
tion (Figure 6A,B). In contrast, UDCA-LPE was able to signifi-
cantly down-regulate the expression of these ECM markers in
HHStec irrespective of their activation stage (Figure 6A,B).
TGF-β1 also induced a pronounced accumulation of pSmad3
at different stages of HHStec culture activation, whereas
UDCA-LPE almost abolished TGF-β1-mediated phosphoryla-
tion of Smad3 at any time (Figure 6C,D). Furthermore, a
strong activation of Smad2 was found in HHStec upon

Figure 2
Reduction of TNFα-induced pro-fibrogenic genes in hepatic stellate cells by UDCA-LPE. (A–D) LX2 cells were cultured for 48 h with conditioned
medium from CL48 liver cells exposed to control medium, TNFα/CHX (15 ng·mL−1·per 40 μM) or TNFα/CHX + 90 μM UDCA-LPE for 4 h.
Expression levels of (A) α-SMA, (B) α1-collagen, (C) vimentin and (D) TGF-β1 in LX2 cells were quantified by qRT-PCR (N = 4). ##P < 0.01,
###P < 0.001 versus Con; ***P < 0.001 versus TNFα/CHX.
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Figure 3
Inhibition of stress-induced pSmad3 by UDCA-LPE. (A,B) Representative Western blot analysis of pSmad3 and Smad3 in LX2 hepatic stellate cells (A)
cultured for 12 h with conditioned medium from CL48 liver cells exposed to control medium, MCD medium or MCD medium + 90 μM UDCA-LPE
for 12 h or (B) incubated for 1 h with conditioned medium from CL48 liver cells exposed to control medium, TNFα/CHX (15 ng·mL−1 per 40 μM)
or TNFα/CHX + 90 μM UDCA-LPE for 4 h. (E,F) Representative Western blot analysis of pSmad3 and Smad3 in CL48 cells incubated with (E) control
medium, MCD medium or MCD medium + 90 μM UDCA-LPE for 12 h or (F) control medium, TNFα/CHX (15 ng·mL−1 per 40 μM) or TNFα/CHX
+ 90 μM UDCA-LPE for 4 h. GAPDH was used as control for equal protein loading. (C,D,G,H) Graphical presentation of relative protein levels of
pSmad3 and pSmad3/Smad3 ratio as estimated by densitometric analysis, values were relative to GAPDH and normalized to untreated controls,
N = 3. #P < 0.05, ##P < 0.01, ###P < 0.001 versus Con; **P < 0.01, ***P < 0.001 versus MCD; **P < 0.01, ***P < 0.001 versus TNFα/CHX.
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TGF-β1 exposure (Figure 6E–G). Accordingly, incubation with
UDCA-LPE totally blocked C-terminal phosphorylation of
Smad2 and reduced the amount of linker-phosphorylated
Smad2, whereas levels of unphosphorylated Smad2 protein
appeared to be unchanged (Figure 6E–G). Suppression of
TGF-β1 signal transduction was additionally reflected in an
impaired expression of TGF-β1 target genes such as Smad7
and CTGF in UDCA-LPE-treated HHStec (Figure 6H,I). Thus,
the results showed that the anti-fibrogenic effects of UDCA-
LPE were not only the outcome of its anti-inflammatory and
anti-apoptotic actions on liver cells, but reflected an imme-
diate inhibitory effect of UDCA-LPE on TGF-β1 signalling in
hepatic stellate cells.

UDCA-LPE ameliorates fibrotic response in a
murine model of MCD-induced liver fibrosis
To confirm anti-fibrogenic functions of UDCA-LPE in vivo,
mice received a MCD diet for 11 weeks, which induced
advanced NASH with up to fivefold increase of transaminase
values. Establishment of liver injury was followed by treat-
ment with UDCA-LPE at 30 mg·kg−1 three times a week for 2.5
weeks. Decrease of transaminase levels to near normal levels
and improvement of liver histology following UDCA-LPE
treatment have already been shown (Pathil et al., 2012). In
our present experiments, chronic liver injury induced by the
MCD diet was accompanied by an up-regulation of crucial

pro-fibrogenic genes with a 25-fold increase of α-SMA, a
47-fold induction of α1-collagen and a fourfold increase
of TGF-β1 (Figure 7A–C). Nevertheless, administration of
UDCA-LPE was able to significantly down-regulate these
genes by 75% for α-SMA, by 78% for α1-collagen and by 59%
for TGF-β1 (Figure 7A–C). Furthermore, in terms of protein,
treatment with the conjugate achieved a marked reduction of
α-SMA in both liver tissue lysates and in the α-SMA staining
of liver sections (Figure 7D–F). Additionally, liver sections of
MCD mice treated with UDCA-LPE displayed less collagen
deposition as visualized by Sirius red staining (Figure 7G).
The amelioration of fibrotic response because of UDCA-LPE
was further accompanied by a reduction of pSmad3 levels in
liver tissue lysates of MCD mice (Supporting Information
Fig. S4).

Discussion

Liver fibrosis is the frequent result of chronic inflammatory
liver diseases and the prerequisite for end-stage liver cirrhosis.
As effective therapeutic options are lacking to date, novel
compounds suitable for the treatment of hepatofibrogenesis
are urgently needed. In our current work, we report that the
bile acid–phospholipid conjugate UDCA-LPE showed potent
anti-fibrogenic functions in different in vitro models of

Figure 4
UDCA-LPE reduces TGF-β1-mediated phosphorylation of Smad3. (A,B) Representative Western blot analysis of pSmad3 and Smad3 in (A) LX2
hepatic stellate cells or (B) CL48 liver cells incubated with control medium, TGF-β1 (4 ng·mL−1) or TGF-β1 + 90 μM UDCA-LPE for 1 h. GAPDH was
used as control for equal protein loading. (C,D) Graphical presentation of relative protein levels of pSmad3 and pSmad3/Smad3 ratio as estimated
by densitometric analysis, values were relative to GAPDH and normalized to untreated controls, N = 3. #P < 0.05, ##P < 0.01, ###P < 0.001 versus
Con; **P < 0.01, ***P < 0.001 versus TGF-β1.
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Figure 5
Reduction of TGF-β1-induced pSmad2 by UDCA-LPE. (A–C) Representative Western blot analysis of pSmad2 (Ser465) and Smad2 in (A) LX2 hepatic
stellate cells or (C) CL48 liver cells incubated with control medium, TGF-β1 (4 ng·mL−1) or TGF-β1 + 90 μM UDCA-LPE for 1 h. (E) Representative
Western blot analysis of pSmad2 (Ser245), Smad2 and pERK1/2 in LX2 hepatic stellate cells incubated with control medium, TGF-β1 (4 ng·mL−1)
or TGF-β1 + 90 μM UDCA-LPE for 1 h. GAPDH was used as control for equal protein loading. (B,D,F) Graphical presentation of relative protein
levels of pSmad2, Smad2, pSmad2/Smad2 ratio and pERK1/2 as estimated by densitometric analysis, values were relative to GAPDH and
normalized to untreated controls, N = 3–4. #P < 0.05, ##P < 0.01, ###P < 0.001 versus Con; *P < 0.05, **P < 0.01, ***P < 0.001 versus TGF-β1.
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Figure 6
UDCA-LPE inhibits expression of TGF-β1 target genes and Smad phosphorylation in HHStec. (A,B) HHStec were incubated with control medium,
TGF-β1 (4 ng·mL−1) or TGF-β1 + 90 μM UDCA-LPE for 24 h after 4 days and 10 days culture on plastic. Expression of (A) α-SMA and (B)
α1-collagen was quantified by qRT-PCR (N = 4). (C) Representative Western blot analysis of pSmad3 and Smad3 in HHStec incubated with control
medium, TGF-β1 (4 ng·mL−1) or TGF-β1 + 90 μM UDCA-LPE for 1 h after 4 days and 10 days culture on plastic. (E) Representative Western blot
analysis of pSmad2 (Ser245), pSmad2 (Ser465) and Smad2 in HHStec incubated with control medium, TGF-β1 (4 ng·mL−1) or TGF-β1 + 90 μM
UDCA-LPE for 1 h after 4 days culture on plastic. GAPDH was used as control for equal protein loading. (D,F,G) Graphical presentation of relative
protein levels of (D) pSmad3 and pSmad3/Smad3 ratio and (F,G) pSmad2 and pSmad2/Smad2 ratio as estimated by densitometric analysis, values
were relative to GAPDH and normalized to untreated controls, N = 3. #P < 0.05, ##P < 0.01, ###P < 0.001 versus Con; *P < 0.05, **P < 0.01,
***P < 0.001 versus TGF-β1. (H,I) HHStec were incubated with control medium, TGF-β1 (4 ng·mL−1) or TGF-β1 + 90 μM UDCA-LPE after 4 days
culture on plastic. Expression of (H) Smad7 after 1 h TGF-β1 exposure and expression of (I) CTGF after 4 h TGF-β1 exposure quantified by qRT-PCR
(N = 4). GAPDH was used as control for equal protein loading. ###P < 0.001 versus Con; **P < 0.01, ***P < 0.001 versus TGF-β1.
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Figure 7
Reduction of fibrotic response in a murine model of MCD-induced liver fibrosis by UDCA-LPE administration. (A–F) C57BL6 mice were fed an MCD
diet for 11 weeks followed by 30 mg·kg−1 UDCA-LPE 3× per week for the last 2.5 weeks on diet (N = 8). (A–C) Expression levels of (A) α-SMA, (B)
α1-collagen and (C) TGF-β1 in liver tissue were quantified by qRT-PCR. ###P < 0.001 versus Con; ***P < 0.001 versus MCD. (D) Representative
Western blot analysis of α-SMA in liver tissue lysates. GAPDH was used as control for equal protein loading. (E) Graphical presentation of relative
α-SMA protein levels as estimated by densitometric analysis, values were relative to GAPDH and normalized to untreated controls, N = 3.
###P < 0.001 versus Con; **P < 0.01 versus MCD; ***P < 0.001 versus MCD. (F) α-SMA staining of liver sections of two different mice and (G)
representative Sirus red staining of one mouse fed a control diet, MCD diet or MCD diet + UDCA-LPE respectively.
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stellate cell activation with the ability to down-regulate genes
crucial to ECM production. Moreover, UDCA-LPE inhibited
the normal activation of the pro-fibrogenic TGF-β1/Smad
signalling pathway by reducing phosphorylation of Smad3
and Smad2. Administration of UDCA-LPE in vivo further
resulted in an impairment of fibrotic response in a MCD
diet-mediated mouse model of advanced NASH with fibrosis.
Taken together, UDCA-LPE exhibited characteristics very rel-
evant to the prevention of hepatofibrogenesis.

Chronic inflammation and hepatocyte injury are the
major causes for transdifferentiation of hepatic stellate cells
resulting in increased deposition of ECM. Our previous work
demonstrated that UDCA-LPE lowered the susceptibility of
hepatocytes towards apoptosis and inflammation. Culture of
liver cells with MCD medium results in an inflammatory
condition with steatosis because of impaired hepatic lipid
metabolism (Kohli et al., 2007). In addition to chronic
inflammation, phagocytosis of hepatocellular apoptotic
bodies by hepatic stellate cells was described to be another
important stimulus for fibrogenic activation with subsequent
matrix production (Canbay et al., 2003; Malhi and Gores,
2008). Accordingly, we were able to show that conditioned
medium of liver cells exposed to stress-inducing agents pro-
voked a significantly weaker fibrotic response in hepatic stel-
late cells when liver cells were additionally treated with
UDCA-LPE. Thus, the anti-apoptotic and anti-inflammatory
effects of UDCA-LPE on hepatocytes seem to be important to
prevent fibrogenic activation of hepatic stellate cells and to
reduce ECM production in the liver.

Among the different factors able to promote hepatofibro-
genesis, TGF-β1 is the most potent cytokine for the initiation
of fibrogenic signalling in the liver. Binding of TGF-β1 to its
type II receptor is followed by recruitment of the type I
receptor, which subsequently phosphorylates Smad3 and
Smad2, the so-called receptor-activated Smad (R-Smad) pro-
teins. This step is crucial for the intracellular delivery of
TGF-β1-mediated signals to the nucleus and the induction
of pro-fibrogenic gene expression (Wrana et al., 1994;
Moustakas et al., 2001; Derynck and Zhang, 2003; Shi and
Massague, 2003). Accordingly, in chronic fibrotic liver
disease, Smad3 was constitutively phosphorylated and trans-
located to the nucleus (Inagaki et al., 2001). The results of our
current work demonstrated the ability of UDCA-LPE to inter-
fere with this signalling cascade, at the stage of Smad2/3
phosphorylation. Earlier studies employing genetic
approaches suggested that strategies aiming at decreasing
Smad2/3 activation might ameliorate TGF-β1-mediated
hepatofibrogenesis. Knock-down of Smad3 resulted in less
α1-collagen production in mice exposed to CCl4 compared
with wild-type mice (Schnabl et al., 2001). Adenoviral expres-
sion of Smad7, an inhibitory Smad protein, which interferes
with Smad2/3 phosphorylation (Nakao et al., 1997) decreased
ECM components in liver fibrosis induced by bile-duct liga-
tion (Dooley et al., 2003). Moreover, reduction of Smad2
levels by the methylxanthine. Caffeine. inhibited the expres-
sion of CTGF (Gressner et al., 2008), a pro-fibrogenic ampli-
fier of TGF-β1 signalling (Leask and Abraham, 2006),
presumably by enforcing proteosomal degradation of Smad2
depending on the E3 ubiquitin ligase Smurf2 (Lo and
Massague, 1999; Zhang et al., 2001). Our results showed that
UDCA-LPE markedly reduced levels of pSmad2 and unphos-

phorylated Smad2 protein in LX2 cells in a similar fashion.
However, analysis of Smurf2 protein levels revealed no
changes following UDCA-LPE treatment. It is not known at
this time whether UDCA-LPE could accelerate Smad2 ubiqui-
tination and/or activate proteosomal degradation of ubiqui-
tinated Smad2.

In addition to the phosphorylation status at the
C-terminus, recent studies have also focused at the linker
region of Smad proteins (Sapkota et al., 2006; Wrighton et al.,
2009). Among others MAPK family members ERK, JNK and
p38 catalyse regulatory phosphorylation of the linker domain
of R-Smads (Kretzschmar et al., 1997; Furukawa et al., 2003;
Mori et al., 2004; Li et al., 2009). TGF-β1-dependent ERK acti-
vation followed by subsequent collagen synthesis was
reported to be mediated by phosphorylation of the linker
region of Smad2 (Li et al., 2009). In contrast, activated ERK
signalling has also been implicated in the inhibition of type
I collagen expression in fibroblasts (Reunanen et al., 2000).
In our study, UDCA-LPE significantly decreased linker-
phosphorylated Smad2 in LX2 cells, accompanied by slightly
elevated pERK1/2 protein levels. Furthermore, extensive
ERK1/2 activation was detected in CL48 liver cells after incu-
bation with the conjugate (data not shown). Thus, further
experimental studies are needed to elucidate the potential
influence of UDCA-LPE on the crosstalk between TGF-β1/
Smad2/3 and ERK signalling pathways.

Earlier studies proposed that the hepatic stellate cell line
LX2 displays characteristics of fully transdifferentiated myofi-
broblasts (Xu et al., 2005), which have been reported to be
less sensitive towards TGF-β1 (Dooley et al., 2001). However,
our results showed an appropriate response of LX2 cells to
different profibrogenic stimuli within our experimental
setting, most probably because of the early passages of LX2
cells employed in this study. Analysis of HHStec at different
stages of culture activation confirmed a marked suppression
of TGF-β1 signalling by UDCA-LPE with impaired phospho-
rylation of R-Smads and subsequent down-regulation of
TGF-β1 target genes. Taken together, our results strongly
imply that the anti-fibrogenic effects of UDCA-LPE in hepatic
stellate cells are caused by an immediate inhibition of TGF-β1
signal transduction, which add to, but are completely inde-
pendent of, anti-inflammatory and anti-apoptotic actions of
the conjugate in liver cells. Recently, we showed that UDCA-
LPE protected hepatocytes from lipoapoptosis by altering cel-
lular fatty acid pools, which may influence cell membrane
remodelling and stabilization (Chamulitrat et al., 2013).
TGF-β1 signalling can be regulated negatively by enhanced
TGF-β receptor degradation depending on receptor localiza-
tion within certain membrane microdomains such as lipid
rafts (Di Guglielmo et al., 2003; Chen, 2009). As UDCA-LPE
may influence membrane composition, ongoing studies will
have to address whether the conjugate thereby interferes with
the intracellular delivery of TGF-β1-mediated signals.

Apart from the anti-fibrogenic effects of UDCA-LPE on
non-parenchymal cells, our results further indicate beneficial
effects of the conjugate on hepatocytes during the epithelial-
to-mesenchymal transition (EMT). This cellular process,
which is characterized by the loss of epithelial functions and
the acquisition of mesenchymal properties in epithelial cells
(Thiery and Sleeman, 2006), plays an important physiological
role during embryonic development, but is also tightly linked
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to fibrotic disorders and carcinogenesis (Kalluri and Neilson,
2003). EMT can contribute to the pool of matrix-producing
cells in the liver and TGF-β1 was shown to induce EMT in
hepatocytes (Blobe et al., 2000; Kaimori et al., 2007). Analysis
of pSmad3 and pSmad2 in CL48 liver cells exposed to stress-
inducing conditions or directly cultured with TGF-β1
revealed an almost complete suppression of Smad3 phospho-
rylation as well as reduced pSmad2 content because of UDCA-
LPE. Thus, it seems reasonable that UDCA-LPE may block
TGF-β1-mediated EMT during fibrogenesis and tumour pro-
gression. Based upon ongoing experimental work employing
primary liver cells the potential effects of UDCA-LPE on EMT
have to be addressed in the future.

In summary, the results of the current study have yielded
evidence that the bile acid–phospholipid conjugate UDCA-
LPE exhibits excellent anti-fibrogenic properties with the
ability to interfere with the TGF-β1/Smad2/3 signalling
pathway. By modifying key mediators of fibrotic response in
the liver, UDCA-LPE qualifies as a promising compound suit-
able for the prevention of fibrogenic progression of chronic
liver disease.
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Figure S1 UDCA-LPE decreases ethanol-induced pSmad3 in
hepatic stellate cells. (A) Representative Western blot analysis
of pSmad3 and Smad3 in LX2 hepatic stellate cells cultured
for 4 h with conditioned medium from CL48 liver cells
exposed to control medium, ethanol 50 mM (Eth) or ethanol
+ 90 μM UDCA-LPE for 24 h. (B) Graphical presentation of
relative protein levels of pSmad3 and pSmad3/Smad3 ratio as
estimated by densitometric analysis, values were relative to
GAPDH and normalized to untreated controls, N = 3. ###P <
0.001 versus Con; ***P < 0.001 versus Eth.
Figure S2 Reduction of pSmad3 by UDCA-LPE was greated
than that after UDCA, LPE or PC separately. (A) Representa-
tive Western blot analysis of pSmad3 and Smad3 in CL48 liver
cells incubated with control medium, TGF-β1 (4 ng·mL−1),
TGF-β1 + 90 μM UDCA, TGF-β1 + 90 μM LPE, TGF-β1 + 90 μM
PC or TGF-β1 + 90 μM UDCA-LPE for 1 h. GAPDH was used as
control for equal protein loading. (B) Graphical presentation
of relative protein levels of pSmad3 and pSmad3/Smad3 ratio
as estimated by densitometric analysis, values were relative to
GAPDH and normalized to untreated controls, N = 3. ###P <
0.001 versus Con; ***P < 0.001 versus TGF-β1.

Figure S3 Smurf2 protein levels are not changed by UDCA-
LPE treatment. (A,B) Representative Western blot analysis of
Smurf2 in (A) LX2 hepatic stellate cells and (B) CL48 liver
cells incubated with control medium, TGF-β1 (4 ng·mL−1) or
TGF-β1 + 90 μM UDCA-LPE for 1 h. GAPDH was used as
control for equal protein loading. (C,D) Graphical presenta-
tion of relative Smurf2 protein levels in (C) CL48 cells and (D)
LX2 cells as estimated by densitometric analysis, values were
relative to GAPDH and normalized to untreated controls,
N = 3.
Figure S4 Reduction of pSmad3 in livers of MCD mice by
UDCA-LPE. (A) Representative Western blot analysis of
pSmad3 in liver tissue lysates of C57BL6 mice fed a MCD diet
for 11 weeks followed by 30 mg·kg−1 UDCA-LPE 3× per week
for the last 2.5 weeks on diet. GAPDH was used as control for
equal protein loading. (B) Graphical presentation of relative
protein levels of pSmad3 and pSmad3/Smad3 ratio as esti-
mated by densitometric analysis, values were relative to
GAPDH and normalized to untreated controls, N = 3. ###P <
0.001 versus Con; ***P < 0.001 versus MCD.
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