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Abstract

Background and aim Impaired fatty liver regeneration
has already been reported in many genetic modification
models. However, in diet-induced simple hepatic steatosis,
which showed similar phenotype with clinical pathology,
whether liver regeneration is impaired or not remains
unclear. In this study, we evaluated liver regeneration in
mice with diet-induced simple hepatic steatosis, and
focused on excess lipid accumulation occurring during
liver regeneration.

Methods Mice were fed high fat diet (HFD) or control
diet for 9-10 weeks. We analyzed intrahepatic lipid accu-
mulation, DNA replication, and various signaling pathways
including cell proliferation and ER stress during liver
regeneration after partial hepatectomy. In addition, some of
mice were pretreated with tauroursodeoxycholic acid
(TUDCA), a chemical chaperone which alleviates ER
stress, and then we estimated TUDCA effects on liver
regeneration.

Results The peak of hepatocyte BrdU incorporation, the
expression of proliferation cell nuclear antigen (PCNA)
protein, and the expressions of cell cycle-related genes
were observed in delayed time in HFD mice. The expres-
sion of phosphorylated Erk1/2 was also delayed in HFD
mice. The amounts of liver triglyceride were at least two-
fold higher in HFD mice at each time point. Intrahepatic
palmitic acid was increased especially in HFD mice. ER
stress induced during liver regeneration was significantly
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higher in HFD mice. In HFD mice, pretreatment with
TUDCA reduced ER stress and resulted in improvement of
delayed liver regeneration.

Conclusion In simple hepatic steatosis, lipid overloading
occurring during liver regeneration might be caused ER
stress and results in delayed hepatocyte DNA replication.
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Abbreviations

NAFLD Non-alcoholic fatty liver disease

PHx Partial hepatectomy

FFAs Free fatty acids

BrdU Bromodeoxyuridine

TUDCA Tauroursodeoxycholic acid

ER Endoplasmic reticulum

ALT Alanine aminotransferase

TG Triglycerides

TC Total cholesterol

GRP78  Glucose-regulated protein of 78-kDa

sXBP-1  Spliced form of X-box binding protein 1

PCNA Proliferation cell nuclear antigen

EGFR Epidermal growth factor receptor

ATF6 Activating transcription factor 6

IREla Inositol-requiring enzyme 1o

PERK PKR-like ER kinase

CHOP CCAAT/enhancer-binding protein homologous
protein

UPR Unfolded protein response

JAK Janus kinase

STAT Signal transducers and activators of transcription

IKKp IkappaB kinase beta

JNK c-Jun NH, terminal kinase

MAPK  Mitogen-activated protein kinase
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is a hepatic
component of metabolic syndrome and is closely associ-
ated with insulin resistance and dyslipidemia [1]. Recently,
the prevalence of NAFLD has reached up to 20-30 % of
the healthy population [2, 3], and NAFLD is a very com-
mon problem in the world. Nowadays, it is estimated that
more than 20 % of the patients who plan for liver resection
have various degrees of fatty liver [4]. Liver resection is
the most curative treatment option for patients with
malignant hepatic tumors. Postoperative mortality was
decreased by advances in hepatic surgery technique,
improvements in patient selection criteria, and accurate
perioperative management. However, postoperative com-
plications still remain as important problems in patients
with fatty liver [5-7]. It is clinically significant to elucidate
the difference between fatty liver regeneration and normal
liver regeneration.

The liver has a remarkable capacity to recover from
injury. Liver regeneration is highly orchestrated by the
activation of multiple pathways, such as cytokines, growth
factors, intracellular signaling events, transcription factors,
and metabolic networks [8—10]. Fatty liver might be con-
sidered as one of major risk factors for impaired liver
regeneration [11-16], but others have mentioned that mild
fat infiltration has no influence on liver regeneration
[17-19]. Many studies have demonstrated that fatty liver
regeneration is based on genetically modified models,
which are considerably influenced by their own genetic
abnormalities on the hepatocyte proliferation process, or on
a methionine—choline deficient diet-induced fatty liver
model which showed various degrees of inflammation
without obesity. These models significantly differed from
clinical pathology. Recently, several studies have reported
about impaired liver regeneration in diet-induced fatty liver
models which were similar in clinical conditions [11, 12],
but the regeneration process of fatty liver has not been fully
elucidated.

Intrahepatic lipid accumulation occurring from the early
regeneration phase in partial hepatectomy (PHx) rodent
models seemed to be an essential process [20]. The most
important source of lipids that accumulated in the regen-
erating liver was considered to be mainly free fatty acids
(FFAs) supplied from adipose tissue, indeed de novo
hepatic fatty acid synthesis also has been reported [21-24].
Lipids were consumed as energy for hepatocyte DNA
replication and materials for phospholipids synthesis [25,
26]. However, the influence of excess lipid accumulation
during liver regeneration is not clearly understood.
Therefore, in this study, we evaluated the relation between
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liver regeneration and excess lipid accumulation in mice
with high fat diet (HFD)-induced simple hepatic steatosis.

Materials and methods
Animals

Eight-week-old male C57BL6/J mice were purchased from
Clea Japan (Tokyo, Japan). Mice were housed in a temper-
ature- and humidity-controlled environment with 12/12 h
light/dark cycle. Mice were divided into two groups. The
control group (CD) was fed a standard mice chow (MF:
Oriental Yeast, Osaka, Japan), and the other group (HFD)
was fed a high-fat diet (HFD60: Oriental Yeast) ad libitum
for 9—10 weeks. Two-thirds PHx, according to Higgins and
Anderson [27], was performed at the same time of the day.
Four to eight mice were killed at several time points after
PHx. Mice received intraperitoneal injection of bromode-
oxyuridine (BrdU) (100 pg/g body weight, Sigma Aldrich,
Tokyo, Japan) 4 h before killing for evaluation of hepatocyte
DNA replication. Moreover, some mice received intravenous
injection of tauroursodeoxycholic acid (TUDCA) (75 pg/g
body weight, Sigma Aldrich) 1 h before PHx to alleviate
endoplasmic reticulum (ER) stress. Blood was collected
aseptically from the inferior vena cave and centrifuged
(2,000 g, 10 min, 4 °C) and plasma was collected. The
remnant liver was removed en bloc and weighed. The liver
was either fixed with 10 % buffered formaldehyde or
embedded in compound and frozen at —80 °C for histolog-
ical examination, or immediately frozen in liquid nitrogen
and stored at —80 °C for protein, mRNA, and lipid extrac-
tion. The experimental protocols and animal maintenance
procedures used in this study were approved by the Ethics
Review Committee for Animal Experimentation of Osaka
University Graduate School of Medicine.

Analysis procedures

The concentrations of plasma alanine aminotransferase
(ALT), triglycerides (TG), total cholesterol (TC), and
glucose were measured using the transaminase CII-test
Wako kit, TG E-test Wako kit, TC E-test Wako kit, and
glucose ClI-test Wako kit (Wako Pure Chemical Industries,
Tokyo, Japan). The concentration of plasma FFAs was
measured using the NESCAUTO NEFA Kit-U (Alfresa-
phama, Osaka, Japan), insulin was measured using the
insulin ELISA kit (Morinaga Institute of Biological Sci-
ence, Yokohama, Japan), total bilirubin was measured by
the bilirubin oxidase method, and albumin was measured
by BCG method (Oriental Yeast).
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Measurement of hepatic lipid contents

We performed oil red O staining on liver sections of
unfixed freshly frozen tissue to assessed hepatic lipid
contents visually. Total lipids were extracted from the liver
as described previously [28]. Hepatic TG contents and
components of hepatic FFAs were measured by using TG
E-test Wako kit and Gas-chromatograph (SRL Inc, Tokyo,
Japan).

Immunohistological analysis

For detection of hepatocyte DNA replication, liver sections
were subjected to BrdU immunohistochemical staining
using BrdU IHC Kit (Kamiya Biomedical Company, WA,
USA). In each section, we counted the number of BrdU
positive nuclear cells and calculated the BrdU labeling
index (percentage of BrdU-positive cell). To assess ER
stress, we also demonstrated immunohistochemical stain-
ing on liver sections using anti-BiP/glucose-regulated
protein of 78-kDa (GRP78) antibody (Cell Signaling
Technology Inc., Tokyo, Japan) and anti-spliced form of
X-box binding protein 1 (sXBP-1) antibody (Santa Cruz
Biotechnology Inc., CA, USA). These sections were heated
under pressure with Target Retrieval Solution (pH9)
(DakoCytomation, Kyoto, Japan) before incubation with
primary antibody. We used goat anti-rabbit secondary
antibody and avidin-biotin complex (VECTASTAIN ABC
Rabbit IgG Kit, Vector Laboratories, Inc., CA, USA).
These sections were visualized by diaminobenzidine tetr-
ahydrochloride (DAB Kit, Vector Laboratories) and hae-
matoxylin (Wako Pure Chemical Industries).

Western blotting

Total extracts prepared from liver tissues were separated on
SDS-PAGE and transferred onto PVDF membrane as
described previously. We used primary antibodies specific
to proliferation cell nuclear antigen (PCNA) (Dako
Cytomation), phospho-Met (Thy'***1%3%) ¢-Met, phospho-
epidermal growth factor receptor (EGFR) (Tyr'%®®), total
EGFR, phospho-Erk1/2 (Thr***/Tyr**), total Erk1/2,
phospho-Akt (Ser*”), total Akt, GRP78 (Cell Signaling
Technology Inc.), sXBP-1 (Santa Cruz Biotechnology
Inc.), and GAPDH (Trevigen, MD, USA). Immunoreactive
bands were visualized on film by using ECL detection
reagent (GE Healthcare, WI, USA), and quantitative den-
sitometric analysis of each band was performed using Fluor
Chem IS-8000 (Alpha Innotech Corp., CA, USA). Addi-
tionally, total extracts prepared from BNL-CI2 cells treated
for 10 h with or without tunicamycin (5 pg/ml, Sigma
Aldrich), a chemical inducer of ER stress, were used as a
positive or negative control of sXBP-1.

Determination of gene expression levels

Total RNA was extracted from whole livers with QIA-
shredder and an RNeasy Mini Kit according to the
instructions provided by the manufacturer (Qiagen, Hilden,
Germany), and then transcribed into complementary DNA
with a ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan). Quantitative real-time RT-PCR was performed
with a THUNDERBIRD SYBR qPCR Mix (Toyobo) using
specific primers on a LightCycler according to the
instructions provided by the manufacturer (Roche Diag-
nostics, IN, UAS). The Quantitect gene assay kit was used
for analysis of murine cyclin D1 (QT12443), cyclin E2
(QT12448), Foxml (QT14235), cyclin A2 (QT12428),
cyclin B1 (QT268697), GRP78 (QT14828), activating
transcription factor 6 (ATF6) (QT226641), inositol-
requiring enzyme lo (IREla) (QT78943), PKR-like ER
kinase (PERK) (QT13666), CCAAT/enhancer-binding
protein homologous protein (CHOP) (QT13198), and
GAPDH (QT14433) (Qiagen). For analysis of sXBP-1, we
used the customized primer (sense: CTGAGTCCGAATC
AGGTGCAG:; antisense: GTCCATGGGAAGATGTTCT
GG). The mRNA expression levels were normalized rela-
tive to GAPDH mRNA expression level and expressed in
arbitrary units.

Statistical analysis

Statistical analysis was conducted using JMP 9.0 software
(SAS Institute Inc., NC, USA). Continuous variables were
expressed as mean =+ standard error (SE) by analysis of
variance (ANOVA). ANOVA for the groups was per-
formed by Wilcoxon test. Statistical significance was
defined as p < 0.05.

Results

High fat diet induced simple hepatic steatosis
and metabolic disorders

HFD mice significantly gained body weight, but not
resulted in increasing liver weight (Table 1). Although
micro- and macrovesicular lipid accumulation in hepato-
cyte were clearly visible by oil red O staining in HFD mice
liver (Fig. 3a), there was no sign of inflammatory change
by hematoxylin—eosin staining (data not shown). More-
over, there was no significant difference in plasma ALT
levels in both groups. Plasma TC, TG, FFA, glucose, and
insulin levels were significantly higher in HFD mice than
in CD mice (Table 1). In this study, HFD mice showed
dyslipidemia and insulin resistance.
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Table 1 Physiological and biochemical characteristics

Control HFD
Body weight (g) 272 £ 0.5 342 £ 0.1*
Liver weight (g) 1.17 £ 0.02 1.09 £ 0.02
ALT (IU/) 163 £ 2.7 179 £ 22
TG (mg/dl) 83.8 £ 89 149.6 £+ 11.4*
TC (mg/dl) 89.8 £ 11.8 133.4 £ 9.1*
FFA (mEq/1) 700.0 + 139.2 1301.3 & 106.3*
Blood glucose (mg/dl) 1122 £ 7.7 143.1 £ 9.1*
IRT (ng/ml) 032 £ 0.1 1.47 £ 0.4*

Data were mean + SE
* p < 0.05 vs. Control by ANOVA and Wilcoxon test

Liver regeneration was delayed in mice with simple
hepatic steatosis

At 36 h after PHx the BrdU positive hepatocytes were rap-
idly increased in CD mice, but there were few in HFD mice.
At 48 h after PHx in HFD the BrdU positive hepatocytes
were increased and BrdU labeling index of HFD mice was
similar to that of CD mice at 36 h after PHx (Fig. 1a). The
expression of PCNA protein was also observed in delayed
time in HFD mice compared with in CD mice (Fig. 1b).
Next, we investigated the expression of cell cycle-regulated
genes, such as cyclin D1, cyclin E2, Foxm1, cyclin A2, and
cyclin B1 (Fig 1c). The mRNA levels of cyclin DI and
cyclin E2 were slightly higher in HFD mice than in CD mice
before PHXx, but the expression levels of these were similar in
both groups during liver regeneration. The mRNA levels of
Foxml1, cyclin A2, and cyclin B1 were significantly lower at
36 h after PHx in HFD mice than in CD mice. These results
indicated that the remnant liver of HFD mice showed delayed
hepatocyte DNA replication and cell cycle progression.

Growth factor receptors and downstream pathways

Among several growth factor receptors, phosphorylation of
EGFR was detected from 24 h after PHx in both groups
(Fig. 1d). We observed its downstream pathways such as
Akt and Erk1/2 (Fig. 1d). Akt was well phosphorylated
during liver regeneration, and there were no differences
between both groups. Although phosphorylation of Erk1/2
was detected from 24 h and lasted to 48 h after PHx in CD
mice, it could not be detected in HFD mice at 24 h after
PHx. Phosphorylation of Erk1/2 during liver regeneration
was delayed in HFD mice compared with in CD mice.

Liver volume and liver function examinations

We calculated liver mass regeneration ratio at several time
points (Fig. 2a). Liver mass regeneration ratio in HFD
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mice at 48 h after PHx was slightly higher compared with
in CD mice, but it was similar in both groups at the early
phase (within 3 days after PHx). At a later phase (such as
6-8 days after PHx), the liver mass regeneration ratio of
HFD mice was significantly lower than that of CD mice. At
the early phase, plasma ALT levels were dramatically
increased in both groups, and were significantly higher in
HFD mice than in CD mice from 12 to 36 h after PHx. In
contrast, plasma total bilirubin levels were slightly
increased, but there was no significant difference in both
groups. Plasma albumin levels showed no remarkable
change in both groups before and after PHx (Fig. 2b).

Lipid accumulation and FFA components during liver
regeneration after PHx

Lipid accumulation into hepatocytes was shown during
liver regeneration in both groups. Micro- and macrove-
sicular lipid accumulation were shown at 24 h after PHx in
both groups by oil red O staining (Fig. 3a). In HFD mice,
the amounts of liver TG were at least twofold higher than
in CD mice at each time point (Fig. 3b). This significant
increase in hepatic lipid contents of HFD mice after PHx
might affect the liver mass regeneration ratio at the early
phase. In each group, hepatic lipid extracts from the same
time points were mixed together for measurement of FFA
components, and the results were shown in Table 2.
Among the FFAs, the amounts of palmitic acid and oleic
acid were dramatically increased during liver regeneration
in HFD mice compared with in CD mice (Table 2).

ER stress was occurred during liver regeneration
in mice with simple hepatic steatosis

Recently, some studies have reported that palmitic acid
induced ER stress in a dose dependent manner in vitro [29,
30]. In this study, the amount of intrahepatic palmitic acid
was increased during liver regeneration (Table 2). We
investigated ER stress during liver regeneration. At first we
observed the mRNA levels of ER stress related genes, such as
GRP78, IREla, ATF6, PERK, sXBP-1, and CHOP (Fig. 4a).
Before PHx, the mRNA level of sXBP-1 in HFD mice was
significantly higher than in CD mice, and the other mRNA
levels showed no significant difference in both groups. In this
study, we suggested that simple hepatic steatosis itself did not
induce ER stress. The mRNA level of GRP78 was increased
at 12 h after PHx and subsequent time points in both groups,
and was significantly higher in HFD mice than in CD mice.
Among three unfolded protein response (UPR) pathways, the
mRNA level of PERK was increased in only HFD mice, and
the others were not increased in both groups. Additionally,
the mRNA level of sXBP-1 was remarkably increased from
12 to 24 h after PHx in both groups, and was significantly
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Fig. 1 Delayed liver regeneration after PHx in simple fatty liver.
a BrdU immunohistochemical staining (original magnification x200),
and BrdU labeling index. b The expression of PCNA protein detected
by Western blotting. ¢ The mRNA levels of cell-cycle related genes,
cyclin D1, cyclin E2, Foxm1, cyclin A2, and cyclin B1 measured by

higher in HFD mice than in CD mice. The mRNA level of
CHOP was also increased in both groups, and further
increased in HFD mice compared with in CD mice. Next, we
investigated the protein expressions of GRP78 and sXBP-1
during liver regeneration. The expression of GRP78 protein
was increased from 12 to 24 h after PHx in both groups, and
was significantly higher in HFD mice than in CD mice at 24 h
after PHx (Fig. 4b). Immunohistochemical analysis also
confirmed the increased expression of GRP78 protein in HFD
mice compared with in CD mice at 24 h after PHx (Fig. 4b).
By Western blotting, the expression of sXBP-1 protein was

real-time RT-PCR. d The activations of Akt and Erk1/2 evaluated by
Western blotting (black squares Control, white squares HFD,
n = 5-8; mean = SE, *p <0.05, **p < 0.01, and ***p < 0.005
HFD mice vs. CD mice in each time point by ANOVA and Wilcoxon
test)

detectable only in HFD mice at 24 h after PHx (Fig. 4c).
Immunohistochemical staining demonstrated that the number
of sXBP-1 positive nuclear cells was increased in HFD mice
compared with in CD mice at 24 h after PHx (Fig. 4c).

The effects of TUDCA pretreatment for liver
regeneration in mice with simple hepatic steatosis

We established a hypothesis that delayed liver regeneration
shown in HFD mice is related with ER stress. To evaluate

the influence of ER stress, both groups received
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Fig. 2 Liver mass regeneration
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intravenous injection of TUDCA 1 h before PHx. The
mRNA levels of sXBP-1 and CHOP were significantly
reduced in HFD mice with TUDCA pretreatment at 24 h
after PHx (Fig. 5a). The mRNA level of GRP78 at 24 h after
PHx showed no change with or without TUDCA pretreat-
ment in both groups (Fig. 5a). However, the expression of
GRP78 protein was remarkably reduced at 24 h after PHx in
both groups with TUDCA pretreatment (Fig. 5b). The
expression of sXBP-1 protein was not detectable in HFD
mice with TUDCA pretreatment at 24 h after PHx (Fig. 5c¢).
Phosphorylated Erk1/2 was detected at 24 h after PHx in HFD
mice with TUDCA pretreatment (Fig. 6a). At 36 h after PHx,
the BrdU labeling index and the expression of PCNA protein
in HFD mice with TUDCA pretreatment were reached up to
similar degree of those in CD mice at same time point (Fig. 6b,
¢). TUDCA pretreatment improved Foxml and cyclin A2
gene expressions in HFD mice at 36 h after PHx (Fig. 6d).
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TUDCA prevented ER stress and improved delayed liver
regeneration in HFD mice. These results suggest that ER stress
might be an important risk factor of delayed liver regeneration
in fatty liver.

Discussion

We demonstrated delayed liver regeneration in mice with
HFD-induced simple hepatic steatosis. In this model, the
expression levels of hepatic ER stress markers before PHx
were similar to those of non-steatotic liver in control mice.
We thought this model was suitable to evaluate the asso-
ciation of ER stress with excess lipid accumulation
occurring during liver regeneration.

Many previous studies which reported impaired fatty
liver regeneration have used models induced by genetic
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Table 2 The comportment of FFAs of liver lipid extracts

FFAs Control HFD
Pre-PHx 24 h after PHx 48 h after PHx Pre-PHx 24 h after PHx 48 h after PHx

C12:0 0.056 0.080 0.056 0.063 0.148 0.100
C14:0 0.404 0.504 0.262 0.349 1.202 0.766
C16:0 9.842 17.652 10.684 15.465 33.478 29.782
Cle:1 0.652 2.496 0.730 1.216 5.702 3.492
C18:0 6.964 7.972 7.816 7.976 10.566 10.394
C18:1 ®9 4.266 13.600 5.602 15.061 46.372 38.826
C18:2 w6 7.164 22.450 10.430 7.398 22.942 18.284
C18:3 06 0.092 0.204 0.128 0.171 0.350 0.396
C18:3 ®3 0.192 0.946 0.230 0.252 1.440 0.922
C20:0 0.164 0.236 0.168 0.240 0.276 0.354
C20:1 ®9 0.146 0.418 0.246 0.368 0.890 0.858
C20:2 06 0.084 0.224 0.120 0.130 0.348 0.258
C20:3 @9 0.022 0.020 0.000 0.085 0.132 0.116
C20:3 06 0.504 0.626 0.516 0.500 0.836 0.814
C20:4 06 3.182 3.300 2.972 5.225 6.200 5.252
C20:5 ®3 0.476 0.700 0.370 0.106 0.530 0.296
C22:0 0.188 0.198 0.156 0.236 0.204 0.218
C22:4 ©6 0.050 0.140 0.088 0.248 0.614 0.484
C22:5 @3 0.268 0.686 0.356 0.286 0.832 0.750
C22:6 o3 0.120 0.116 0.116 0.059 0.080 0.104
C24:0 3912 6.900 5.268 3.814 5.406 6.776
C24:1 ©9 0.160 0.168 0.162 0.081 0.092 0.110

Values are expressed as mg FFA/g LW. In each group, hepatic lipid extracts from same time points were mixed together for measurement of FFA

components. C16:0; palmitic acid, C18:1; oleic acid

alteration. For instance, ob/ob mice and KK-A?Y mice failed
to induce cell progression G1 phase to S phase because of
alteration in innate immune response and abnormal Janus
kinase (JAK)-signal transducers and activators of tran-
scription (STAT) signaling [14, 15]. Additionally, several
studies have reported impaired liver regeneration in diet-
induced fatty liver models [11, 12, 19]. One of them, fed
HFD, reported that TkappaB kinase beta (IKK[) overex-
pression and high leptin level resulted in G1 arrest [12].
Most of them failed in cyclin D1 expression and showed
severe mortality. However, in this study, the mRNA
expressions of G1 related-genes, such as cyclin D1 and E2,
were similar in both groups. Additionally, both groups
showed high survival rate (date not shown). Therefore, we
suggested that delayed hepatocyte DNA replication in mice
with simple hepatic steatosis was induced by another fac-
tors, which have not been reported previously.

ER is the cellular organelle where proteins and lipids are
synthesized and modified. ER stress is caused by various
insults, such as oxidative stress, chemical toxicity, viral
infection, and metabolic disorders. The UPR, induced by
ER stress, is mediated by three primary signal transducer

molecules: IREla, ATF6, and PERK [31]. It has been
reported that NAFLD patients have shown various degrees
of UPR [32], and a rat model fed saturated FFAs rich
diet also showed hepatic ER stress [33]. To evaluate the
influence of lipid overaccumulation for liver regeneration,
we at first analyzed the change of intrahepatic FFA com-
ponents during liver regeneration. Interestingly, intrahe-
patic FFA components increasing during liver regeneration
were similar in both groups, not influenced by their nutri-
tional conditions. Among FFAs, the amount of intrahepatic
palmitic acid was dramatically increased during liver
regeneration, especially in mice with simple hepatic stea-
tosis. Several studies have reported the changes of FFA
components after PHx. These authors described the roles of
unsaturated FFAs as signal transducers, but did not men-
tion saturated FFAs [34, 35]. Recently, many studies have
reported the cytotoxic effects of saturated FFAs, such as
stearic acid and palmitic acid, and the cytoprotective
effects of unsaturated FFAs, such as oleic acids and linoleic
acid. In in vitro studies, some authors demonstrated that
saturated FFAs induced ER stress in a dose-dependent
manner and promoted cell death, mainly by apoptosis, and
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others reported that unsaturated FFAs protected cell from
saturated FFAs-induced lipotoxicity by lipid droplets for-
mation [29, 30]. In this study, the mRNA expressions of
GRP78, a major ER chaperone, and of UPR pathways were
not different in both groups before PHx. During liver
regeneration, the expression of GRP78 protein was
increased significantly higher in mice with simple hepatic
steatosis. The mRNA overexpressions of sXBP-1 and
CHOP, downstream molecule of UPR, were detected
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pre

post PHx 24hr

especially in mice with simple hepatic steatosis. sXBP-1
protein was detected in mice with simple hepatic steatosis
only at 24 h after PHx. These results suggested that various
levels of ER stress was induced not only in fatty liver but
also in normal liver during liver regeneration after PHX,
however the trigger level might be higher in fatty liver than
in normal liver. We also obtained c-jun NH, terminal
kinase (JNK) activity and TUNEL staining, but there was
no evidence of phosphorylation of JNK and TUNEL
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Fig. 5 TUDCA pretreatment
prevented ER stress induces
during liver regeneratin in
simple fatty liver. a The mRNA
levels of GRP78, sXBP-1, and
CHOP at 24 h after PHx with or
without TUDCA pretreatment
measured by real-time RT-PCR.
b The expression of GRP78
protein at 24 h after PHx with or
without TUDCA pretreatment
detected by Western blotting
and immunohistochemical
staining (original magnification
% 100). ¢ The expression of
sXBP-1 protein at 24 h after
PHx with or without TUDCA
pretreatment detected by
Western blotting and
immunohistochemical staining
(original magnification x200)
(black squares Control, dark
gray squares Control with
TUDCA, white squares HFD,
light gray squares HFD with
TUDCA, n = 4-6; mean *+ SE,
*p < 0.05 mice with TUDCA
pretreatment vs. mice without
TUDCA pretreatment fed the
same diet at each time point by
ANOVA and Wilcoxon test)

mRNA expression relative ratio ©
GRP781 GAPDH

o

sxeP-1 . SRR

GAPDH

positive cell in both groups (data not shown). In this study,
the trigger level would not be enough to induce hepatocyte
apoptosis even after PHx of simple fatty liver. We sug-
gested that intrahepatic palmitic acid accumulation occur-
ring during liver regeneration might be overloaded with
simple hepatic steatosis, and result in induction of ER
stress.

TUDCA, a hydrophilic bile acid, causes concentration-
dependent decreases in intracellular calcium, and acts as a
chemical chaperone to enhance protein folding and protect
cells against ER stress [36]. Recently, many studies have
reported that TUDCA has been approved for clinical use as a
protective agent in various diseases, for instance, improved
insulin resistance by reduced ER stress [37, 38]. In the
ischemia/reperfusion liver injury model, severe ER stress
was induced and resulted in hepatocyte apoptosis, TUDCA
pretreatment improved liver damage [39, 40]. To investigate
whether ER stress induced during liver regeneration had
influence on hepatocyte DNA replication or not, we also
performed PHx with TUDCA pretreatment. As a result,
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TUDCA abolished ER stress induced during liver regener-
ation in mice with simple hepatic steatosis and ameliorated
hepatocyte DNA replication remarkably. Moreover, delayed
phosphorylation of Erkl/2 and the expression of Foxml
were also improved by TUDCA pretreatment. Therefore, we
suggested that Erk1/2 and Foxm1 might be key molecules
influenced by ER stress in this model.

Erkl1/2, a member of the mitogen-activated protein
kinase (MAPK) family, is known as an essential molecule
in growth factor signaling pathways, and regulates G1/S
transition [41]. Erk1/2 also down-regulates anti-prolifera-
tive genes including CHOP and Gadd45a during G1 phase,
and sustained activation of Erk1/2 is needed for successful
S phase entry [42, 43]. Akt and MAPK pathways are
considered major cell proliferation and survival signaling
cascades. Recently, several studies reported a cross-talk
relation between these pathways under ER stress induced
by drugs in vitro [44, 45], but these cascades during liver
regeneration under ER stress were not clearly understood.
It was also reported that Foxm1 activation, which is related
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Fig. 6 TUDCA pretreatment
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to regulations of DNA replication and mitosis [46, 47],
might be regulated by Erkl/2 [48]. However, the mecha-
nism of Foxml regulation was not fully understood. In
addition, Foxm1 was up-regulated in several stress condi-
tions such as oxidative stress and hypoxia [49, 50], but
there was no report discussed Foxm1 expression under ER
stress. In this study, unfortunately, we could not make
direct effect of ER stress on Foxml activation clear. Fur-
ther investigation is needed to make mechanism of ER
stress induced delayed liver regeneration clear.

In conclusion, we demonstrated that simple hepatic
steatosis itself might be an important risk factor of delayed
liver regeneration. ER stress induced during liver regen-
eration resulted in delayed hepatocyte DNA replication in
fatty liver. Intrahepatic lipid accumulation occurred during
liver regeneration might be an important trigger of ER
stress. We suggested that management of ER stress might
have a possibility of improvement on delayed fatty liver
regeneration.
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