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Hepatic steatosis is a key feature of non-alcoholic fatty liver disease (NAFLD). While storage of lipid droplet-bound
triglycerides in simple steatosis is physiologically inert, non-alcoholic steatohepatitis (NASH) is associated with hepatocyte
damage and apoptosis. Mitochondrial oxidation of free fatty acids (FFA), derived from lipid droplets and hepatocellular
uptake, is a rapid and effective way of energy supply for proliferating cells and FFA esterification provides substrates for
lipid synthesis and cell proliferation. Thus, we investigated whether simple steatosis induced by western diet (WD)
improves liver regeneration after partial hepatectomy (PHx). WD feeding for 6 weeks caused simple steatosis with hepatic
lipid droplet and triglyceride accumulation accompanied by induction of fatty acid transport proteins (FATP), death
receptors (DR), pro- and anti-apoptotic genes, hepatocyte growth factor (Hgf ) as well as increased serum leptin levels
in a mouse model. After PHx, liver cell proliferation was higher in WD-fed mice and associated with FATP and Hgf
induction. In addition, Erk1/2 (extracellular-related MAP kinase 1/2) dephosphorylation observed in standard diet (SD)
mice was reduced in WD animals. PHx in steatotic livers did not affect hepatocyte apoptosis, despite DR upregulation.
WD-induced steatosis enhances liver cell proliferation, which is accompanied by increased Hgf and leptin signaling as well
as Erk1/2 phosphorylation. Induction of mild steatosis may therefore be beneficial for surgical outcome of hepatectomies.
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Non-alcoholic fatty liver disease (NAFLD) and obesity are as-
sociated with chronically elevated levels of serum-free fatty
acids (FFA),1,2 increased fatty acid uptake and lipid synthesis
resulting in accumulation of triglycerides (TAG) within lipid
droplets in hepatocytes.3 Insulin resistance and FFA abundance
promote lipotoxicity, ROS formation and induce hepatic
inflammation and hepatocyte apoptosis, which facilitates
progression to non-alcoholic steatohepatitis (NASH). In addi-
tion, NASH patients show increased hepatic fatty acid transport
protein (FATP) expression, which is associated with extrin-
sically and intrinsically induced apoptosis and death receptor
(DR) upregulation.4 Thus, FFA-induced lipotoxicity rather
than TAG accumulation in hepatocytes accounts for liver injury
and susceptibility to liver damage.5 It is not clear, though,
whether simple steatosis affects vulnerability of hepatocytes.

In cadaveric and living donor liver transplantation,
organs with severe steatosis (430%) are excluded from liver

transplantations, as steatohepatitis was identified as a signi-
ficant risk factor for postoperative complications.6 The
increasing prevalence of NAFLD and in particular NASH in
prospective donors diminishes the availability of organs
in future.7 Apparently 15–20% of the western population is
obese, with up to 80–90% obese patients affected with
NAFLD. Approximately 10–25% of these NAFLD patients
develop NASH, whereas about 2–3% of the general popula-
tion is estimated to have NASH.8,9 However, some studies
demonstrated that the risk for complications in transplan-
tation utilizing organs with mild steatosis was overestimated
and this may enlarge the pool of potential donor organs.10,11

Additionally, liver regeneration after partial hepatectomy
(PHx) in mice and rats is associated with hepatic lipid
accumulation and includes activation of inflammation-
related signaling molecules, such as interleukin 6 (IL-6),
nuclear factor kappa B (nFkB) and signal transducer and
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activator of transcription-3 (STAT3).12–15 Therefore, we
aimed to investigate if steatosis alone (i) enhances vulner-
ability of the liver to damage, (ii) impairs proliferation and
regeneration after PHx and (iii) which mechanisms are
involved in this enhanced susceptibility.

The regenerative response and mRNA expression of FATP
and DR in a model of liver regeneration in the steatotic liver
were analyzed. In this model, hepatic TAG accumulation
improved hepatocyte proliferation following PHx in mice, which
was accompanied by induction of hepatocyte growth factor
(Hgf ) and enhanced postoperative Erk1/2 phosphorylation.

MATERIALS AND METHODS
Cell Preparation from Human Tissue and Sample
Handling
Liver tissue was obtained from patients undergoing resection
for removal of liver tumors or resected segments from
whole livers obtained from transplantation recipients. Cells
were isolated from seven patients with liver resection due to
various ethiologies. All patients gave written informed con-
sent to this and all procedures conformed to the revised
Declaration of Helsinki (Edinburgh 2000) and were reviewed
by the ethics committee of the University Hospital Essen.

All cell preparations were conducted from macroscopically
tumor-free material. For isolation of human primary hepato-
cytes, resected liver segments were perfused with HBSS (PAA,
Pasching, Austria) with EGTA to wash out remaining blood
followed by HBSS with 240–250U/ml collagenase
type IV (Sigma-Aldrich, Steinheim, Germany) to digest con-
nective tissue. The obtained cell suspension was filtered
through a 4-mm mesh and washed three times in HBSS. The
cell pellet was resuspended in cell culture medium (DMEM/
Ham’s F-12 with 10% heat-inactivated FCS, 100U/ml peni-
cillin, 0.1mg/ml streptomycin and 2mM L-glutamine; PAA,
Pasching, Austria). To ascertain cell viability, cell suspension
was stained by trypan blue and seeded at a viability of
95–99% and a density of B1� 106 cells/cm2. At 1 h after
seeding and periodically gently shaking culture medium was
changed to remove non-adherent or non-attached as well as
dead cells. On the next day, culture medium was changed
again and 2 days after isolation, cells were used for perfor-
mance of the experiment. For mimicking a steatosis-like state,
cells were incubated for 24–96 h with 0.5 and 1mM mixed
long-chain FFA, ie, 2:1 oleate: palmitate (Sigma-Aldrich).
Controls were kept without FFA. Total RNA from cultured
cells was isolated with the RNeasy Mini kit (Qiagen, Hilden,
Germany). To obtain total protein extracts, hepatocytes were
lysed for 30min at 4 1C in lysis buffer (50mM Tris-HCl,
pH 7.5, 150mM NaCl, plus protease inhibitors). Lysates were
centrifuged at 13 000 g for 30min at 4 1C. Protein concentra-
tions were determined by BCA assay (Pierce, Bonn, Germany).

Animals and Surgical Procedures
Four- to six-week-old C57Bl/6 mice were fed a standard
(n¼ 4/group) or western diet (WD) (n¼ 6/group)

(TD.88137, Harlan; Madison WI, USA) for 6 weeks. Before
surgical intervention, animals were anesthetized, 70% PHx
was performed by removing the left and median lobes of
the liver.16 Mice were killed on postoperative days 1, 2 and
7 (PHxþ 1, PHxþ 2 and PHxþ 7). Total blood was drawn
from the vena cava, centrifuged and serum was stored at
� 80 1C. Total protein, albumin, total bilirubin, glucose, AST,
ALT and LDH were measured using Spotchem II-system
(Akray; Kyoto, Japan). All mice were bred and housed in
the animal facility of the University Hospital Essen (ZTL),
University of Duisburg-Essen, Germany according to the
recommendations of the Federation of European Laboratory
Animal Science Association (FELASA). All procedures
were approved by the Landesamt für Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen (LANUV NRW).

Histopathology and Sample Handling
Liver tissue was stored in 4.5% formalin solution, paraffin
embedded and sectioned. Samples for Oil-Red-O staining
were embedded in Tissue-Tek OCT Compound cryo medium
(Sakura Finetec Europe; Alphen aan den Rijn, Netherlands)
and sectioned. Stainings were performed using standard
protocols; Ki67-antibody was purchased from DCS Biogenex
(Hamburg, Germany), phospho histone H3-antibody was
purchased from Abcam (Cambridge, UK), F4/80-antibody
was purchased from AbD Serotec (Oxford, UK). TUNEL
staining was performed using In Situ Cell Death Detection
Kit Flourescein from Roche (Mannheim, Germany).
Quantification of Oil-Red-O staining was performed using
Axiovision 4.8 (Carl Zeiss, Jena, Germany). Liver tissue
for RNA and protein isolation was frozen in liquid
nitrogen. Total RNA was isolated by TRIzol extraction
(Invitrogen, Darmstadt; Germany) and purified utilizing
RNeasy Mini Kit (Qiagen). Reverse transcription was
performed with the QuantiTect RT kit (Qiagen) using 1mg of
total RNA.

Quantitative Real-Time PCR
Gene expression levels were measured by quantitative
real-time PCR using succinate dehydrogenase complex sub-
unit A (Sdha) as housekeeping gene; primer sequences are
given in Supplementary Table S1.

Western Blotting
Protein lysates were prepared using lysis buffer (50mM
Tris-HCl; 150 nM NaCl; 0.1% NP-40; 1% desoxycholic acid)
containing complete mini EDTA-free protease inhibitor
cocktail and phosphostop (Roche, Mannheim, Germany). In
all, 30 mg of total protein were separated using SDS-PAGE,
immunoblotting was performed using standard procedures
with the following primary antibodies from Cell Signaling
Technology (Danver, MA, USA): phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) (197G2); b-Actin (13E5).
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Biochemical Assays and ELISAs
Biochemical assays for TAG and FFA in serum or tissue were
performed using Triglyceride Quantification Kit and Fatty Acid
Quantification Kit from Biovision/BioCat GmbH (Heidelberg,
Germany). Serum leptin was determined using Bio-Plex Pro
Diabetes Assay (Bio-Rad, Munich, Germany). Adiponectin
serum levels were quantified using mouse adiponectin/Acrp30
Quantikine Kit from R&D Systems (Minneapolis, MN, USA).
Serum cytokines and chemokines were determined using
Bio-Plex Pro Mouse Cytokine, Chemokines and Growth
Factors Assay (Bio-Rad). Hepatic ATP levels were measured
using ATP bioluminescent somatic cell assay kit from Sigma
(St Louis, MO, USA). The apoptosis marker M30 was assessed
in protein lysates from cultured hepatocytes using the M30-
Apoptosense ELISA kit (Peviva, Bromma, Sweden).

Statistical Analysis
Statistical significance was determined using an unpaired
(or paired, when applicable), two-tailed t-test, performed
with GraphPad Prism 5 (GraphPad Software, La Jolla, CA,
USA). Significance was assumed at Pp0.05. If not stated
otherwise, all data is presented as mean±s.e.m.

Relative gene expressions were calculated from the
threshold cycles in relation to the housekeeping gene and to
untreated controls.

RESULTS
Upregulation of Fatty Acid-Binding Protein 1 and DRs
in Steatotic Hepatocytes does not Induce Apoptosis
To evaluate the effect of FFA on human primary hepatocytes,
the mRNA expression of FATP and DR was quantified after
incubation with FFA for 24–96 h. Fatty acid-binding protein
1 (FABP-1) expression was induced after treatment with FFA

for 24, 48 and 72 h (Figure 1a). The treatment with 1mM
FFA did not affect the expression of TNFR1, whereas after
24 h, incubation with 0.5mM FFA TNFR1-expression was
increased (Figure 1b). The treatment with 1mM FFA merely
activated CD95/Fas-expression after 24, 48 and 72 h but
incubation with 0.5mM FFA activated the expression of
CD95/Fas after 24, 48, 72 and 96 h (Figure 1c). Surprisingly,
the incubation with FFA for 24–96 h with or without the
CD95/Fas-agonist CH11 did not affect apoptosis induction
in primary human hepatocytes, as shown by measurement
of cleaved cytoceratin-18 fragments by M30-ELISA in cell
lysates of human primary hepatocytes (Figure 1d).

Hepatic Steatosis Induces Fatty Acid Transporters,
Pro- and Anti-Apoptotic Genes and Hgf in Mice
As we did not observe enhanced apoptosis or cellular damage
in vitro, we tested liver cell damage in an in vivo model of
steatosis. HE staining showed increased lipid droplet accu-
mulation of a microvesicular type in hepatocytes in WD
animals (Figure 2a). Serum FFA and TAG in liver tissue were
significantly elevated after 6 weeks of WD compared with
standard diet (SD) mice (Table 1). F4/80 immunostaining
showed augmented agglomeration of activated macrophages
in liver tissue of WD animals indicating a slight tissue inflam-
mation after 6 weeks of WD (Figure 2b). Additional ASDCL
staining to designate neutrophil granulocytes did not show
noticeable differences between the two feeding groups
(Supplementary Figure 1). Fibrotic collagen deposition,
visualized by Sirius-Red staining, was not found in SD or
WD livers (Supplementary Figure 2). Serum AST, ALT, LDH
and leptin were slightly increased after 6 weeks WD, whereas
bilirubin, serum protein, albumin and adiponectin remained
unchanged (Table 1). These findings reveal that feeding WD

Figure 1 mRNA expression of CD95/Fas, TNFR1 and fatty acid-binding protein (FABP)-1 as well as apoptosis marker M30 in human primary

hepatocytes after free fatty acids (FFA) treatment. FFA incubation for 24–96 h increased CD95/Fas and FABP-1 expression in primary hepatocytes

(a and c) but did not alter vulnerability to CD95/Fas-induced cell death shown by measurement of apoptosis marker M30 (d). TNFR1 expression was

activated only after stimulation with 0.5mM FFA for 24h (b). PCR data represent relative expression vs untreated cells (fold change) as mean±s.e.m.

of n¼ 7, *Po0.05 vs untreated control cells. Quantification of M30 shown as mean±s.e.m. of n¼ 3.
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for 6 weeks impact liver histology and suggest modest liver
injury. These metabolic features resemble those found in
most overweight patients, though pro-inflammatory serum
cytokines and chemokines were not changed significantly in
WD-fed animals (Table 2).

As previously shown by our group in steatotic patients and
others in rats,1,17 expression levels of Fabp-1 and Fatp-5 were
significantly upregulated in WD-fed mice (Figure 3b and c).
Cd36/Fat expression was slightly increased in WD-fed mice
(Figure 3a). Expression levels of Ppara and corresponding
target genes Acox1 and Pdk1 were not changed (Figure 3e–g).
Ppara has a crucial role within FFA and TAG metabolism and
its target genes Acox1 and Pdk1 catalyze fat and carbohydrate
degradation.

DR-mRNA expression (Figure 4a and b) and the pro-
apoptotic molecule Noxa (Figure 4c) were upregulated in
steatotic livers. Interestingly, expression levels of anti-apop-
totic molecules (Figure 4d–f) and the regeneration-associated
factor Hgf (Figure 3d) were also elevated after 6 weeks of WD
feeding. To elucidate the susceptibility of the liver to apop-
tosis, the ratio of anti-apoptotic Bcl-2 expression to pro-
apoptotic Bax expression levels was determined (Figure 4g).
Before PHx, this ratio was slightly elevated in WD-fed
animals. After PHx, no significant differences were seen. To
evaluate if the functional effects of pro- and anti-apoptotic

signaling pathways as well as a slight tissue inflammation
alter hepatocellular death, a TUNEL assay was performed.
Apoptosis was not increased in liver tissue of WD-fed mice
(Figure 4h), suggesting that WD-induced DR upregulation is
compensated by induction of anti-apoptotic genes in mice
with simple steatosis.

WD Induces Hepatocyte Proliferation after PHx
To elucidate the impact of WD-induced steatosis on liver
regeneration, 70% PHx was performed. The preoperatively
elevated serum FFA were maintained in WD-fed mice,
though an increase of FFA in SD animals neutralized the
differences between SD and WD after 70% PHx (Table 1).
TAG and leptin levels were significantly elevated in liver
tissue of WD-fed mice before and on PHxþ 1, 2 and 7
(Table 1). On PHxþ 1, serum parameters for liver injury
(ALT, AST, LDH) were elevated (Table 1), with a stronger
increase in SD-fed mice. On PHxþ 2 and þ 7, AST, ALT and
LDH concentrations were marginally elevated. In pre-OP
livers of SD-fed mice, no obvious fat droplets were found,
though HE (Figure 2a) and Oil-Red-O staining (not shown)
revealed enhanced fat accumulation in liver tissue on
PHxþ 1 and PHxþ 2. This effect was also seen in WD-fed
animals with further lipid droplet accumulation in the liver,
leading to no observable differences between SD and WD on

Figure 2 HE- and F4/80 staining of liver tissue from mice before and after 70% hepatectomy. HE staining (a) of liver tissue from mice with standard

diet (SD) and western diet (WD) demonstrated solid accumulation of fat droplets of microvesicular type after 6 weeks of WD feeding. F4/80 staining

(b) did not show altered inflammation comparing SD- and WD-fed animals. Panels i, iii and v show representative images of SD-fed mice, panels ii, iv

and vi of WD-fed mice. Panels i and ii show images before 70% hepatectomy (pre-OP), iii and iv on postoperative day 1 (PHxþ 1), v and vi show

images of liver tissue on postoperative day 2 (PHxþ 2); 200-fold magnification.
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PHxþ 1 and PHxþ 2 (Figure 2a). One week (PHxþ 7) after
70% PHx, there were no obvious fat droplets in the liver of
SD-fed mice, whereas WD animals retained a substantial fat
content.

Ki67 staining showed increased liver cell proliferation in
WD mice after PHx (Figure 5a and b). On PHxþ 1, only few
proliferating cells were detected in WD-fed mice and almost
no proliferating cells in SD-fed mice. In line with previous

Table 1 Serum-derived parameters and liver triglycerides of
animals fed a standard (SD) or western diet (WD) before PHx
(pre-OP) or on postoperative days 1, 2 and 7 (PHx þ )

Parameter Time

point

SD WD P-valuea

FFA (nmol) Pre-OP 5.3±0.21 9.85±0.14 o0.0001a

PHxþ 1 9.05±0.66 9.26±0.47 n.s.

PHxþ 2 8.19±1.16 8.81±0.65 n.s.

PHxþ 7 8.78±0.64 9.04±0.61 n.s.

Triglycerides (liver Pre-OP 41.27±5.60 78.98±8.52 0.0008a

tissue) (mmol/mg) PHxþ 1 32.93±7.09 99.27±16.36 0.04a

PHxþ 2 63.17±1.44 113.7±18.26 0.03a

PHxþ 7 25.05±11.85 103.3±19.52 0.03a

AST (IU/l) Pre-OP 26.75±8.0 46.25±13.7 n.s.

PHxþ 1 4480.0±18 2038.0±169.3 n.s.

PHxþ 2 113.0±10.54 114.7±16.88 n.s.

PHxþ 7 68.33±33.22 72.83±28.78 n.s.

ALT (IU/l) Pre-OP 17.5±4.91 63.0±29.85 n.s.

PHxþ 1 2269.0±389.1 1099.0±154.4 0.012a

PHxþ 2 99.33±8.69 68.33±9.04 n.s.

PHxþ 7 90.0±56.87 47.17±31.34 n.s.

LDH (IU/l) Pre-OP 732.5±201.1 2002.0±161.7 n.s.

PHxþ 1 30 610.0±3676.0 18 201.0±2311.0 0.02a

PHxþ 2 2319.0±559.1 1368.0±374.1 n.s.

PHxþ 7 2344.0±832.2 2578.0±345.4 n.s.

T-protein (g/dl) Pre-OP 4.13±0.08 4.33±0.21 n.s.

PHxþ 1 3.73±0.10 3.67±0.15 n.s.

PHxþ 2 3.03±0.38 1.97±0.18 n.s.

PHxþ 7 3.73±0.18 3.48±1.13 n.s.

Albumin (g/dl) Pre-OP 2.0±0.06 1.33±0.33 n.s.

PHxþ 1 1.85±0.09 1.92±0.06 n.s.

PHxþ 2 1.25±0.25 1.0±0.04 n.s.

PHxþ 7 2.0±0.06 1.67±0.07 n.s.

Bilirubin (mg/dl) Pre-OP 0.48±0.08 0.3±0.04 n.s.

PHxþ 1 2.05±0.92 2.17±0.82 n.s.

PHxþ 2 0.3±0.06 0.37±0.08 n.s.

PHxþ 7 0.47±0.07 0.38±0.03 n.s.

Leptin (pg/ml) Pre-OP 983.4±170.9 36 416.0±21 377.0 n.s.

PHxþ 1 5242.0±1042.0 17 260.0±2431.0 0.01a

PHxþ 2 1087.0±355.7 6717.0±695.4 0.002a

PHxþ 7 975.5±190.1 4650.0±412.6 0.001a

Adiponectin (ng/ml) Pre-OP 2.72±0.84 2.11±1.19 n.s.

PHxþ 1 4.06±0.51 5.44±0.75 n.s.

PHxþ 2 1.98±0.42 1.96±0.61 n.s.

PHxþ 7 4.27±0.94 3.02±0.68 n.s.

aP-value is given for SD vs WD for each timepoint.
n.s.: not significant.

Table 2 Serum-derived cytokines and chemokines of animals
fed a standard (SD) or western diet (WD) before PHx (pre-OP)
or on postoperative days 1, 2 and 7 (PHx þ )

Cyto-/chemokine
(pg/ml)

Time point SD WD P-valuea

IL-1a Pre-OP 94.9±57 50.6±24.9 n.s.

PHxþ 1 141.6±51.9 69.7±29.6 n.s.

PHxþ 2 163.5±41.6 34.8±28.1 0.03a

PHxþ 7 32.9±26.2 76.2±30.8 n.s.

IL-1b Pre-OP 261.4±24.4 209.5±21.2 n.s.

PHxþ 1 238.2±16.3 208.2±15.9 n.s.

PHxþ 2 191.0±32.1 191.0±9.7 n.s.

PHxþ 7 270.1±97.3 231.9±33 n.s.

IL-6 Pre-OP 29.2±10.7 23.0±12.8 n.s.

PHxþ 1 86.0±29.2 92.7±28.0 n.s.

PHxþ 2 51.9±14.5 18.0±3.8 n.s.

PHxþ 7 36.8±14.3 26.1±6.7 n.s.

IL-12 (p40) Pre-OP 142.1±78.4 116.9±41.6 n.s.

PHxþ 1 139.2±48.0 79.5±22.7 n.s.

PHxþ 2 101.6±18.5 77.1±27.3 n.s.

PHxþ 7 154.3±20.0 175.7±49.4 n.s.

IL-12 (p70) Pre-OP 92.9±48.2 47.0±21.3 n.s.

PHxþ 1 130.4±47.9 48.5±21.8 n.s.

PHxþ 2 143.5±37.6 41.8±22.8 0.046a

PHxþ 7 107.0±71.3 104.8±32.8 n.s.

MCP-1 Pre-OP 13.8±0.31 69.6±37.0 n.s.

PHxþ 1 230.5±85.5 137.1±19.8 n.s.

PHxþ 2 114.7±87.6 56.8±27.0 n.s.

PHxþ 7 238.7±224.8 104.2±90.4 n.s.

TNF-a Pre-OP 45.9±3.1 28.7±9.9 n.s.

PHxþ 1 79.1±38.9 53.4±14.7 n.s.

PHxþ 2 39.4±18.3 31.8±13.5 n.s.

PHxþ 7 317.7±80.8 125.3±80.6 n.s.

Rantes Pre-OP 52.1±2.7 32.2±12.5 n.s.

PHxþ 1 119.6±55.2 58.4±27.7 n.s.

PHxþ 2 63.8±15.4 27.6±12.3 n.s.

PHxþ 7 48.9±17.2 52.5±18.7 n.s.

aP-value is given for SD vs WD for each timepoint.
n.s.: not significant.
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studies, highest proliferation rates were observed in SD- as well
as WD-fed mice on PHxþ 2, whereas there were significantly
more proliferating cells in WD liver tissue (Figure 5b).
Slightly reduced numbers of Ki67-positive cells were found in
WD livers and even lower cell numbers in SD animals on
PHxþ 7. Mitosis rate was determined by phospho histone H3
staining (Figure 5c) and WD-fed mice showed more mitotic
cells on PHxþ 2 and PHxþ 7 compared with SD-fed animals.

On PHxþ 1, there were no phospho histone H3-positive cells
in liver tissue of both groups.

Hepatocyte Proliferation after PHx is Associated with
Cd36/Fat and Hgf Induction
As both groups exhibited a further increase of fat content
in the liver, involvement of FATP was analyzed. Indeed,
70% PHx resulted in a significant upregulation of Cd36/Fat

Figure 3 mRNA expression of fatty acid transport proteins in liver tissue of mice with dietary steatosis after 70% hepatectomy. Increased expression of

Cd36/Fat (a) was observed on postoperative days (PHxþ ) 1 and 2. Fatty acid-binding protein (Fabp-1) expression (b) was elevated on PHxþ 2 and

Fatp-5 expression (c) on PHxþ 2 and 7. Expression of the crucial regenerative factor hepatocyte growth factor (Hgf) (d) was increased on PHxþ 1 in

standard diet (SD)- and on PHxþ 1 and 2 in western diet (WD)-fed mice. Expression of the fat-metabolism-related transcription factor Ppara (e) was not

changed significantly, Acox1 (f) and Pdk1 (g) (both target genes of Ppara) were elevated on PHxþ 2 in WD-fed animals. Data represent relative

expression vs SD-fed animals (fold change) as mean±s.e.m., *Po0.05 vs SD pre-OP. PHx: 70% hepatectomy.
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in WD-fed animals on PHxþ 1 and PHxþ 2 and only a
slight increase on PHxþ 7 (Figure 3a) compared with pre-
operative levels. This effect was less pronounced in SD-fed
mice on PHxþ 1 and PHxþ 2. Expression of Fatp-5 was
further elevated in WD animals on PHxþ 2 and to a lower
extent on PHxþ 7 (Figure 3c). Fabp-1 expression was in-
creased on PHxþ 2 in WD animals, although this did not
reach significance (Figure 3b). Metabolic factors, such as

Ppara, Acox1 and Pdk1, were not changed on PHxþ 1 and
PHxþ 7; solely mRNA expression of Acox1 and Pdk1 were
slightly elevated on PHxþ 1 (Figure 3e–g).

Enhanced expression of Hgf was detected on PHxþ 1 in
both dietary groups with a stronger increase in WD-fed mice
(Figure 3d), though the difference was not significant. In WD
animals, this elevation continued until PHxþ 2, which did
not occur in the SD group.

Figure 4 Cell death and apoptosis-related gene expression in steatotic murine liver tissue after 70% hepatectomy. Partial hepatectomy (PHx) led to

increased death receptor (DR) expression (a, b) in liver tissue of standard diet (SD)- and western diet (WD)-fed mice on postoperative days (PHxþ ) 1, 2

and 7, which was more prominent in WD animals. A similar effect of PHx was present for Noxa expression (pro-apoptotic, c). mRNA expression of the

anti-apoptotic molecules Bcl-2 (d) and Bcl-xl (e) were elevated on PHxþ 1 and 2 in both groups, whereas Mcl-1 expression (f) was only raised on

PHxþ 1. Determination of Bcl-2/Bax ratio showed a surplus of anti-apoptotic Bcl-2 expression (g). Data of mRNA expression are depicted as

mean±s.e.m. of the relative expression vs SD-fed animals (fold change), *Po0.05 vs SD pre-OP (a–g). Cell death was quantified by TUNEL staining,

though no differences between SD and WD feeding were observable. Shown are TUNEL-positive cells per visual field as mean±s.e.m. ***Po0.001 vs

SD pre-OP (Figure 3h).
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PHx in Steatotic Livers Induces DR Expression without
Induction of Apoptosis
As we and others have shown previously, DR expression is
increased in steatotic livers. It is not known however, if this
effect enhances the vulnerability of hepatocytes in liver sur-
gery. Expression levels of DR were notably upregulated after
70% PHx in WD-fed mice on PHxþ 1, PHxþ 2 and PHxþ 7
(Figure 4a and b). The pro-apoptotic molecule Noxa was
upregulated in SD- and WD-fed mice (Figure 4c) with a
more prominent increase in the WD groups postoperatively.
At the same time, expression of anti-apoptotic molecules
Bcl-2, Bcl-xl and Mcl-1 was increased on PHxþ 1 and
PHxþ 2 (Figure 4d–f), again with a higher increase in
WD animals. Evaluation of Bcl-2/Bax ratio demonstrated
a surplus of the anti-apoptotic molecule Bcl-2 versus

pro-apoptotic Bax and therefore demonstrates a pro-survival
potential of the liver cells in WD-fed animals (Figure 4g).
Compared with preoperative numbers, TUNEL staining
revealed more positive cells after 70% PHx in liver tissue,
though no significant differences between the two groups
were observed (Figure 4h).

70% PHx Leads to Dephosphorylation of Hgf
Downstream Target Erk1/2 in SD-Fed Mice
To further elucidate the role of Hgf in the regenerating
steatotic liver, we analyzed the phosphorylation status of
Erk1/2 (Figure 6a–d), which is a downstream target of Hgf
signaling. SD mice exhibited enhanced Erk1/2 phosphory-
lation before PHx, which was diminished on PHxþ 1 and
PHxþ 2. In contrast, Erk1/2 phosphorylation was low in the

Figure 5 Proliferation of liver cells in a dietary steatosis model after 70% hepatectomy. Ki67 immunochemistry (a and b) shows that western diet (WD)

enhanced the numbers of Ki67 and phospho histone H3-positive cells (c) compared with standard diet (SD)-fed mice, in particular on postoperative

days (PHxþ ) 2 and 7. Quantification shows mean±s.e.m. of Ki67-(b) or phospho histone H3-positive cells (c) per total cells (20-fold magnification).

PHx: 70% hepatectomy; pHH3: phosphor-histone H3.

Influence of steatosis on partial hepatectomy

S Sydor et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 93 January 2013 27

http://www.laboratoryinvestigation.org


majority of WD-fed mice before surgery but increased after
PHx, though differences between the groups did not reach
significance. As the lower preoperative phosphorylation
status of Erk1/2 in WD-fed mice might be due to lower
energy supply within the liver tissue, ATP activity in liver
tissues of SD- and WD-fed animals was measured. But no
significant differences between dietary groups were
recognized before PHx and on PHxþ 1 and PHxþ 2. Only
on PHxþ 7, ATP levels were slightly decreased in liver tissues
of WD-fed animals (Figure 6e).

DISCUSSION
With increasing prevalence of obesity and associated co-
morbidities, surgical complications linked to the metabolic
syndrome are on the rise. The aim of this study was to elu-
cidate the effects of simple steatosis as hepatic manifestation
of the metabolic syndrome on liver regeneration. WD feeding
for 6 weeks led to hepatic TAG and macrophage accumula-
tion, increased serum FFA in combination with elevated liver
enzymes and leptin in serum compared with SD littermates.
After 70% PHx, liver TAG content did not change, though
elevated serum FFA levels were observed in both groups on
PHxþ 1 and hepatic lipid accumulation occurred in SD-fed
mice. Enhanced liver regeneration was found in WD-fed mice
after 70% PHx, which was associated with DR and FATP
upregulation as well as activation of Hgf signaling in asso-
ciation with altered Erk1/2 phosphorylation.

Previous studies have shown that liver regeneration after
PHx was accompanied by hepatic fat accumulation caused by
increased circulating cytokines stimulating the release of fatty

acids from adipose tissue. In the liver, these fatty acids are
stored as triacylglycerols within intracellular fat droplets
determined for b oxidation or reconstruction of cell mem-
branes.13 Elevated FATP expression after PHx may thus
contribute to FFA uptake in hepatocytes in support of hepatic
regeneration. The importance of FATP for liver regeneration
has been implied previously,17 which is in line with our data,
as the already TAG- and fat-laden hepatocytes exhibited
earlier and stronger proliferation after PHx. In the opposite
mechanisms, blocking hepatic fat accumulation or FABP
decreases liver regeneration after PHx.13,18–20

We and others have previously published a direct corre-
lation between hepatic steatosis and upregulation of FATP
and DR, which is associated with increased vulnerability
to cell death and liver damage, a hallmark of NAFLD.1,21

Although expression levels of FATP and DR were significantly
higher in the WD group and activation of macrophages
indicate a slight inflammation, no evidence for enhanced
liver cell damage and apoptosis was detected. DR stimulation
can not only activate the induction of apoptosis but may
also enhance expression of cytokines, growth factors, anti-
apoptotic and proliferative molecules22,23 and is essential for
liver regeneration.24 For example, TNFR stimulation can
activate nFkB, exerting a proliferative effect25 and IL-6
protects against Fas-mediated cell death by increasing anti-
apoptotic protein expression (cFlar, Bcl-2, Bcl-xl).26 Here we
found that cFlar and IL-6 expression levels (data not shown)
as well as serum levels of different cytokines and chemokines
were not changed by WD neither before PHx nor in SD- and
WD-fed mice after 70% PHx. The expression of the

Figure 6 Western blot analysis of Erk1/2 phosphorylation and measurement of ATP in steatotic liver tissue before and after 70% hepatectomy.

70% hepatectomy (PHx) causes dephosphorylation of Erk1/2 in regenerating liver tissue in standard diet (SD)-fed mice. The majority of western diet

(WD)-fed animals exhibited converse development with enhanced Erk1/2 phosphorylation postoperatively. Quantification of bands detected by

phosphoErk1/2 antibody normalized to b-actin bands on PHxþ 1 (a), PHxþ 2 (b) and PHxþ 7 (c). White bars represent mice fed a standard diet;

black bars refer to animals receiving WD. Representative western blot showing two individual mice each, fed SD or WD (d). (Quantification shown

of n¼ 4 animals per group as relative intensity of bands normalized to b-actin±s.e.m.). ATP levels are depicted as RLU/mg liver tissue and did not

show significant differences between SD and WD liver tissue.
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anti-apoptotic molecules Bcl-2 and Bcl-xl was elevated by
feeding WD and even higher after PHx in WD-fed animals.
Thus, increased DR expression in WD mice and upregulation
of Puma and Noxa may have been countered by parallel
activation of anti-apoptotic proteins, such as Bcl-2, Bcl-xl and
Mcl-1, known to suppress apoptosis induction.27 Determi-
nation of Bcl-2/Bax ratio could show that the rate of the anti-
apoptotic molecule Bcl-2 was in excess of the pro-apoptotic
molecule Bax, suggesting an overall pro-survival status of
the cells.

Steatotic mouse and rat models induced by various
disorders in fat and glucose metabolism show impaired and
decreased liver regeneration.13,28–33 In contrast, solely a mild
hepatic inflammation and no evidence of enhanced cell death
or the development of insulin resistance was found in our
model. Neither glucose nor insulin levels were altered and no
relevant differences indicating development of diabetes in
our model was observed in the diabetes assay. Moreover,
dietary-induced steatosis was associated with elevated cell
proliferation after 70% PHx compared with normal liver
tissue. The limited time of feeding and the composition of
high fat/high calorie diet may account for a rather mild
steatosis and inflammation, beneficial to regeneration. Other
models elicit steatosis, accompanied by manifest inflam-
mation or severe cell damage. A novel dietary model caused
characteristics similar to our model, including microvesicular
steatosis but without evidence of severe inflammation after
receiving a fast food diet,34 though no data on resection or
regeneration are available for this model yet. In our model,
6 weeks of WD feeding did not change cytokine release or
induce severe inflammation and hepatic cell death before and
after PHx.

Severe consequences occur in genetic mouse models with
deficient leptin signaling, metabolic syndrome or insulin
resistance, resulting in increased mortality after PHx and
impaired liver regeneration in surviving animals.29–32 In
contrast, in our model no insulin resistance was observed
under WD feeding and leptin levels were elevated before
surgical intervention, which is a hallmark of human obesity.35

Leptin, which is a factor released from adipose tissue, may
also have an important role within hepatic regeneration and
can act pro-proliferative by activating Erk1/2.35–37 Addi-
tionally, Hgf/c-met signaling is essential for liver regenera-
tion,38–41 having a crucial role by activating the MEK/Erk
pathway. Upon activation by various stress factors or
cytokines, Erk is phosphorylated at threonine and tyrosine
residues. Cell-cycle progression and regenerative mechanisms
are controlled by Erk activity via suppressing apoptosis and
regulation of DNA replication.42,43 Our findings demonstrate
elevated serum leptin and increased Hgf expression,
associated with an altered Erk1/2 phosphorylation pattern
in WD-fed mice after PHx. Whereas SD-fed mice showed
strong Erk1/2 phosphorylation preoperatively diminishing
on PHxþ 1 and PHxþ 2, phosphorylated Erk1/2 was only
marginally present in WD mice before surgery and increased

after surgery. This suggests a mechanism of enhanced hepato-
cyte proliferation mediated by Hgf signaling, possibly in
concert with raised leptin levels, and subsequent Erk1/2
activation.

Many authors suppose that not steatosis itself impairs
liver regeneration, but metabolic disorders, serious hepatic
inflammation and liver damage may disturb proper liver
regeneration.29,44–47 In ob/ob mice, for example, hepatocytes
are arrested in G1 after PHx due to reduced ATP levels.32

Therefore, energy supply in the WD model was analyzed,
though no alterations in ATP content were observable
between SD and WD feeding.

Here, we could show that feeding WD for 6 weeks
enhances liver regeneration after 70% PHx. This was
accompanied by elevated expression of DR and FATP as well
as increased leptin levels, Hgf and Erk1/2 signaling. WD-fed
mice were not overly susceptible to liver cell death or hepatic
injury, which might be due to elevated expression of anti-
apoptotic and proliferative molecules. Further experiments
are needed to elucidate the exact mechanisms involved in the
pro-proliferative effect of mild steatosis as shown here.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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