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 Despite the initial belief that non-alcoholic fatty liver disease is a benign disorder, it is now recognized that 
fibrosis progression occurs in a significant number of patients. Furthermore, hepatic steatosis has been identified as 
a risk factor for the progression of hepatic fibrosis in a wide range of other liver diseases. Here, we established an in 
vitro model to study the effect of hepatic lipid accumulation on hepatic stellate cells (HSCs), the central mediators 
of liver fibrogenesis. Primary human hepatocytes were incubated with the saturated fatty acid palmitate to induce 
intracellular lipid accumulation. Subsequently, human HSCs were incubated with conditioned media (CM) from 
steatotic or control hepatocytes. Lipid accumulation in hepatocytes induced the release of factors that accelerated 
the activation and proliferation of HSC, and enhanced their resistance to apoptosis, largely mediated via activation 
of the PI-3-kinase pathway. Furthermore, CM from steatotic hepatocytes induced the expression of the profibrogenic 
genes TGF-β, tissue inhibitor of metallo-proteinase-1 (TIMP-1), TIMP-2 and matrix-metallo-proteinase-2, as well 
as nuclear-factor κB-dependent MCP-1 expression in HSC. In summary, our in vitro data indicate a potential 
mechanism for the pathophysiological link between hepatic steatosis and fibrogenesis in vivo. Herewith, this study 
provides an attractive in vitro model to study the molecular mechanisms of steatosis-induced fibrogenesis, and to 
identify and test novel targets for antifibrotic therapies in fatty liver disease.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) has 
emerged as a considerable public health concern as its 
major risk factors, that is, obesity and insulin resistance, 
seem to reach epidemic proportions worldwide. Histolog-
ical studies of biopsies taken from patients with NAFLD 
indicate that a significant number of patients progress to 
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non-alcoholic steatohepatitis (NASH) that leads to liver 
fibrosis and finally cirrhosis [1]. Recent reports about 
cryptogenic cirrhosis most likely representing “burned-
out NASH” further support its potentially progressive 
nature [2]. Once cirrhosis has developed, the mortality 
rate increases significantly due to a high risk of hepatic 
decompensation and hepatocellular carcinoma [3]. 

According to the two-hit-hypothesis of NASH, he-
patic steatosis (“first hit”) is a prerequisite for subsequent 
events (“second hits”), involving environmental and 
genetic factors that lead to liver injury [4]. Free fatty 
acids (FFAs) appear to be the major mediators of exces-
sive hepatic lipid accumulation. The rate of hepatic FFA 
uptake is not regulated, and therefore, is proportional 
to plasma FFA concentrations [5]. In humans with NA-
FLD, circulating FFAs are commonly elevated, and their 
plasma levels correlate with disease severity [6]. Hepatic 
injury may occur when the capacity of hepatocytes to 
safely store excess FFA in form of TGs in lipid droplets 
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is exceeded. Oxidative stress, mitochondrial dysfunction 
and upregulation of pro-inflammatory cytokines (“second 
hits”) have been suggested to be major consequences of 
cellular lipid overload [7-9], potentially contributing to 
inflammatory liver damage and fibrogenesis in NASH.

Of note, hepatic steatosis has been identified as a risk 
factor for the progression of hepatic fibrosis in a wide 
range of liver diseases including alcoholic liver disease, 
chronic hepatitis C and hemochromatosis [10, 11]. 

Current evidence indicates that hepatic stellate cells 
(HSCs) are central mediators of hepatic fibrosis. During 
hepatic injury, HSCs undergo a phenotypic transforma-
tion from a quiescent retinoid-storing cell to a highly 
proliferative myofibroblast-like celltype, a process 
termed activation. Activated HSCs express large amounts 
of extracellular matrix (ECM), including collagen type I, 
fibronectins and proteoglycans. Deposition of ECM is 
further enhanced by the production of tissue inhibitors 
of metalloproteinases (TIMP), which prevent the degra-
dation of ECM, leading to a net accumulation of ECM 
with a gradual disruption of normal liver architecture. 
During liver injury, activated HSCs also release a large 
number of cytokines among which TGF-β is considered 
as the main fibrogenic cytokine. De novo expression of 
pro-inflammatory cytokines and chemokines further en-
hances hepatic fibrogenesis by recruiting leukocytes and 
perpetuating the inflammatory response [12, 13]. Finally, 
it is also generally assumed that soluble mediators, se-
creted by hepatocytes, contribute to the stimulation and 
activation of HSC in chronic liver diseases [10, 14].

 In order to better understand the pathogenesis of 
NAFLD/NASH and to identify factors involved in its 
progression to fibrosis, we aimed to establish an in vitro 
model to study the molecular mechanisms linking he-
patic steatosis to fibrogenesis. 

Results

Palmitate treatment induces cellular lipid accumulation 
in hepatocytes 

Palmitate (C16:0) is the most prevalent long-chain 
saturated FFA found in circulation. It is bound to albu-
min, with a physiological ratio of fatty acid to albumin 
of approximately 2:1. In states of insulin resistance and 
obesity (as major risk factors for NAFLD/NASH), serum 
fatty acid levels are commonly elevated, yielding ratios 
as high as 7.5:1 [15]. 

In order to investigate the effect of hepatic steatosis 
on HSC, we established a palmitate-induced in vitro fatty 
liver model. Palmitate was complexed to BSA in a molar 
ratio of 6.7:1, thereby mimicking hyperlipidemic condi-
tions. Exposure to palmitate induced a dose-dependent 

accumulation of cytosolic lipid droplets in primary 
human hepatocytes (PHHs), as detected by confocal 
microscopy after staining with Oil Red O (Figure 1A). 
These findings were confirmed by colorimetric quanti-
fication of the intracellular TG concentration in hepato-
cytes exposed to 0.1-0.4 mM palmitate (Figure 1B). We 
found a 2.1-fold increase (± 0.13; P = 0.0023) in neutral 
lipid content after incubation with 0.1 mM palmitate 
compared to BSA-treated control cells. Lipid accumula-
tion was even more pronounced after exposure to 0.2 or 
0.4 mM palmitate for 24 h (7.3 ± 0.41-fold and 11.6 ± 
0.6-fold increase over control). 

Measurement of the (residual) palmitate concentration 
in the supernatant revealed a complete uptake of palmi-
tate by hepatocytes incubated for 24 h with palmitate at 
a concentration of 0.1 or 0.2 mM. After 24-h incubation 

Figure 1 Intracellular lipid accumulation and lack of cytotoxic ef-
fects in hepatocytes after stimulation with palmitate. Primary hu-
man hepatocytes (PHHs) were incubated with increasing palmi-
tate concentrations (II: 0.1 mM, III: 0.2 mM, and IV: 0.4 mM) for 
24 h. I: Cells treated with 0.4% (w/v) FFA-free BSA served as 
controls. (A) Oil red O staining. (B) Colorimetric assessment of 
intracellular lipid content. (*P < 0.05 compared to control). (C) 
Phase-contrast images of PHH cultures. (D) Chromatin staining 
(Hoechst) 
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with 0.4 mM palmitate, approximately 85% of the FFA 
was taken up by the hepatocytes (data not shown).

Viability of PHHs was not affected by the stimula-
tion with increasing doses of palmitate (0.1-0.4 mM) as 
judged by microscopical analysis (Figure 1C), and the 
assessment of the release of LDH and transaminases into 
the culture medium (data not shown). Furthermore, nu-
clear staining revealed no significant signs of apoptosis 
(i.e. chromatin condensation and fragmentation) even at 
the highest palmitate concentration (0.4 mM; Figure 1D). 

In contrast to PHH and similarly as reported by Malhi 
et al. [16], HepG2 and Huh7 hepatoma cell lines showed 
signs of lipotoxicity after stimulation with palmitate at 
concentrations higher than 0.2 mM (data not shown). 

Hence, to exclude a direct effect of residual palmitate 

in the supernatant of steatotic hepatocytes and to allow 
the potential substitution of PHH by hepatoma cells 
for the planned in vitro model (see below), we selected 
palmitate at a concentration of 0.2 mM for the subse-
quent studies. 

Here, we generated conditioned media (CM) from 
PHH from the same donor stimulated with either 0.2 mM 
palmitate or BSA as control. Subsequently, the effects of 
both CM on HSCs were compared.

Conditioned medium of steatotic hepatocytes accelerates 
HSC activation and profibrogenic gene expression of 
HSC

Initially, we aimed to analyze the effect of steatotic 
hepatocytes on the in vitro activation process of HSC. 

Figure 2 Conditioned medium from steatotic hepatocytes induced activation and profibrogenic gene expression of activated 
hepatic stellate cells. At 2 days after isolation HSCs were incubated with conditioned medium from palmitate-treated (palmitate) 
or control hepatocytes for 72 h. Subsequently, (A) collagen I and (B) α-sma mRNA expression were analyzed by quantitative 
PCR analysis. Activated HSCs were incubated with conditioned medium derived from palmitate-treated or control hepato-
cytes. Subsequently, (C) MMP-2, (D) TIMP-1, (E) TIMP-2 and (F) TGF-β mRNA expression were analyzed by quantitative 
PCR analysis. (*P < 0.05 compared to control-CM).
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At 2 days after isolation, human HSCs were exposed to 
CM from palmitate-treated or control PHH for 3 days. 
Subsequently, mRNA expression of two established 
markers of HSC activation, namely collagen type I and 
alpha-smooth muscle actin (α-sma), was determined by 
quantitative RT-PCR analysis. HSC exposed to CM from 
steatotic hepatocytes revealed significantly higher col-
lagen type I (2.4 ± 0.2, P = 0.025; Figure 2A) and α-sma 
(2.0 ± 0.1, P = 0.014; Figure 2B) expression than HSC 
treated with CM from control hepatocytes.

Next, we analyzed the effect of CM from steatotic 
PHH on activated human HSC with regards to the ex-
pression of various key fibrosis-related genes. As com-
pared to CM from control hepatocytes, stimulation with 
CM from steatotic hepatocytes induced a significantly 
higher expression of matrix-metallo-proteinase-2 (MMP-
2) (2.6 ± 0.1-fold, P = 0.002; Figure 2C), TIMP-1 (3.4 ± 
0.1-fold, P = 0.0007; Figure 2E) and TIMP-2 (1.7 ± 0.1-
fold, P = 0.007 Figure 2D) in activated HSC. Furthermore, 
TGF-β was significantly increased after stimulation with 
CM from steatotic hepatocytes as compared to CM from 
control cells (2.0 ± 0.1-fold, P = 0.003; Figure 2F).

Here as well as in subsequent experiments, it was 
crucial to demonstrate that soluble factors released by 
steatotic hepatocytes rather than residual palmitate in the 
supernatant were responsible for the profibrogenic ef-
fects observed in HSC upon stimulation with CM from 
palmitate-treated hepatocytes. Therefore, we loaded CM 
derived from steatotic hepatocytes on a 5-kDa cut-off 
spin column before stimulating HSC. Thus, proteins with 
a molecular weight above 5 kDa were removed from CM 
while potential residual FFAs were not retained by the 
column. This purified CM was no longer able to induce 
TGF-β or TIMP-1 mRNA expression in HSC (Supple-
mentary information, Figure S1). 

Conditioned medium of steatotic hepatocytes enhances 
HSC proliferation and resistance to apoptosis

To assess the potential mitogenic effect of steatotic he-
patocytes on HSC in vitro, proliferation of activated HSC 
exposed to CM from either palmitate-stimulated or con-
trol hepatocytes was compared (Figure 3A). Exposure 
to CM from steatotic hepatocytes significantly reduced 
doubling time as compared to activated HSC stimulated 
with CM from control hepatocytes (5.8 ± 0.2 vs. 9.3 ± 0.9 
days; P = 0.017).

In addition to a high mitogenic activity, activated 
HSCs are characterized by high resistance to apoptosis. 
Recent studies indicate that activated human HSCs do 
not undergo spontaneous apoptosis and survive from 
well-established pro-apoptotic stimuli like prolonged 
serum deprivation and exposure to Fas ligand, TNF or 

NGF [17]. Resistance of HSC to apoptosis has therefore 
been proposed to play a key role in the progression of 

Figure 3 Conditioned medium from steatotic hepatocytes en-
hanced proliferation and resistance to apoptosis of activated he-
patic stellate cells. (A) Doubling time of activated HSC incubat-
ed with conditioned medium derived from palmitate-treated or 
control hepatocytes. (*P < 0.05 compared to control CM). Acti-
vated HSCs were pre-incubated for 2 h with CM from palmitate-
treated or control hepatocytes. Subsequently, apoptosis was 
induced by staurosporine (STS) treatment (500 nM; 6 h) either 
in the presence or absence of the PI-3 kinase inhibitor wortman-
nin (WM; 200 nM). (B) The rate of apoptotic cells was analyzed 
by flow cytometry (upper panel). Total number of apoptotic cells 
was determined by calculation of Annexin V+ and PI− cells (re-
flecting early apoptosis) together with Annexin V+ and PI+ cells 
(reflecting late apoptosis / secondary necrosis) (lower panel). (C) 
Caspase-3-like protease activity was measured in cytosolic pro-
tein extracts by cleavage of the fluorigenic substrate Z-DEVD-
Rhodamine-110. Activities are represented as fold increase of 
Rhodamine-110 fluorescence over control. (*P  <  0.05).
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fibrosis in chronic liver disease. 
In order to study the potential anti-apoptotic effect of 

CM from steatotic hepatocytes, we used the potent apop-
tosis inducer staurosporine (STS), a broad-acting kinase 
inhibitor. HSCs were starved overnight and pre-incubated 
for 2 h with CM collected from either palmitate-treated 
or control hepatocytes. Subsequently, STS (500 nM) was 
added and cells were incubated for another 6 h. 

As expected, without STS, no significant apoptosis 
(Annexin-V-positive; PI-negative) was observed in HSC 
exposed to CM from steatotic or control hepatocytes (3.5 ± 
1.4% and 3.5 ± 0.9; Figure 3B). In contrast, STS treat-
ment induced apoptosis in approximately one-third of 
control HSC (36.4 ± 2.0%; P = 0.0002; Figure 3B). CM 
collected from steatotic hepatocytes significantly pro-
tected HSC from STS-induced apoptosis (25.7 ± 4.1%; 
P = 0.026; Figure 3B). Of note, the anti-apoptotic effect 
of CM from steatotic hepatocytes was abrogated in the 
presence of the selective PI-3 kinase inhibitor wortman-
nin (36.4 ± 1.1%), suggesting that the pro-survival effect 
on activated HSC was largely mediated via activation of 
the PI-3 kinase signaling. 

In line with these data, preincubation of activated 
HSC with CM from steatotic hepatocytes significantly 
inhibited STS-induced caspase-3 activation as compared 
to CM from control hepatocytes (1.8 ± 0.3-fold vs. 4.0 ± 
0.3-fold, P = 0.02; Figure 3C). Pharmacological suppres-
sion of growth factor survival signaling by administra-
tion of wortmannin again abrogated the anti-apoptotic 
effect of CM from steatotic hepatocytes (3.6 ± 0.1-fold, 
Figure 3C). 

Conditioned medium of steatotic hepatocytes induces 
NF-κB-dependent proinflammatory gene expression in 
activated hepatic stellate cells

In addition to the expression of pro-fibrogenic genes, 
CM from steatotic PHH stimulated pro-inflammatory 
gene expression in activated HSC. Thus, activated HSC 
exposed to CM from palmitate-treated hepatocytes 
showed significantly higher MCP-1 mRNA (2.0 ± 0.03-
fold, P = 0.002; Figure 4A) and protein (Supplementary 
information, Figure S2) levels than HSC exposed to CM 
from control hepatocytes. The expression of MCP-1 in 
HSC is highly regulated via activation of the transcrip-
tion factor nuclear-factor κB (NF-κB), and accordingly, 
preincubation with the proteasome inhibitor MG132 (10 
µg/ml) reduced MCP-1 expression in both HSC stimulat-
ed with CM from steatotic and HSC stimulated with CM 
from control hepatocytes to similar levels (Figure 4A). 

In line with these findings, nuclear extracts from HSC 
stimulated with CM from steatotic hepatocytes showed 
significantly higher NF-κB activity than cells incubated 

Figure 4 Conditioned medium from steatotic hepatocytes in-
duced MCP-1 expression and NF-κB activity in activated hepatic 
stellate cells. (A) MCP-1 mRNA expression of activated HSC af-
ter incubation with conditioned medium derived from palmitate-
treated or control hepatocytes either in the presence or absence 
of the proteasome inhibitor MG-132 (10 µg/ml; or the solvent 
DMSO as control). Subsequently, MCP-1 mRNA expression 
was analyzed by quantitative PCR analysis. (B) NF-κB activity 
in nuclear extracts of activated HSC after 2 h incubation with 
conditioned medium derived from palmitate-treated or control 
hepatocytes. (*P < 0.05 compared to control CM).

with CM from control hepatocytes (1.5 ± 0.1-fold, P = 
0.04; Figure 4B).

Conditioned medium of steatotic hepatoma cells induces 
profibrogenic effects on an activated hepatic stellate cell 
line 

Our analysis performed with primary human cells sug-
gests in vitro stimulation of HSC by CM from steatotic 
hepatocytes as a new in vitro model to study steatosis-
induced fibrogenesis. However, primary cell cultures of 
human hepatocytes and HSC do have difficulties because 
of the limited access, their finite lifespan and the specific 
culture techniques. Therefore, we analyzed whether the 
model could be reproduced with hepatoma and HSC 
lines, as they are available in infinite reproducible quan-
tities. For these experiments we used the hepatoma cell 
lines HepG2 and HUH-7 and an immortalized non-ma-
lignant HSC cell line (hTERT-HSC). The latter has been 
generated by stable transfection of primary human HSC 
with human telomerase reverse transcriptase (hTERT) 

A

B 2.0

1.5

1.0

0.5

0.0

M
C

P
-1

 m
R

N
A

(c
on

t-C
M

 s
et

 1
)

*

Cont-CM   Palm-CM     Cont-CM    Palm-CM

*

2.5

2.0

1.5

1.0

0.5

0.0

N
F-

κ B
 a

ct
iv

ity
(c

on
t-C

M
 s

et
 1

)

Cont-CM   Palm-CM  

MG-132



www.cell-research.com | Cell Research

Hella Wobser et al.
1001

npg

± 0.1-fold, P = 0.023; Figure 5B) and MCP-1 (2.3 ± 
0.1-fold, P = 0.0023; Figure 5C) mRNA expression in 
hTERT-HSC. Of note, these effects of steatotic hepatoma 
cells on hTERT-HSC were comparable to the profibro-
genic effects of steatotic PHH on primary HSC (Figure 
4A and Figure 2F). In summary, these data indicate that 
hepatoma and HSC lines are suitable to serve as an in 
vitro model to study profibrogenic effects of hepatic ste-
atosis.

Discussion

In the present study, we aimed to establish an in vitro 
model to investigate the effect of hepatocellular lipid ac-
cumulation on HSCs, which play a critical role in hepatic 
fibrogenesis [12, 13].

Until recently, hepatic steatosis was regarded as a 
benign condition, but increasing evidence suggests that 
lipid accumulation sensitizes the liver to events that lead 
to inflammation and fibrosis [4]. In humans, the sever-
ity of hepatic steatosis correlates with the stage of liver 
fibrosis in a wide range of liver diseases. Additionally, 
weight reduction has been shown to significantly reduce 
HSC activation and fibrosis [20]. However, it remains 
unclear if hepatocytic lipid accumulation per se can initi-
ate inflammation and fibrogenesis. Our results strongly 
suggest that steatotic hepatocytes release soluble factors 
that enhance pro-inflammatory and profibrogenic gene 
expression in HSC, and furthermore, induce their activa-
tion, proliferation and resistance to apoptosis.

“Activation” of HSC referring to the conversion of 
HSC from quiescent to highly proliferative and fibrogen-
ic cells is a key event of liver fibrogenesis [12, 13]. The 
activation process is classically recognized by the modu-
lation of the cytoskeletal filament, primarily the enhanced 
expression of contractile α-sma filaments [21]. We found 
a significantly increased expression of α-sma in freshly 
isolated human HSC cultured in CM from steatotic hepa-
tocytes as compared to CM from control cells. Another 
key feature of activated HSC is the production of large 
amounts of collagen type I, the most abundant ECM pro-
tein in cirrhotic livers [12, 13]. Of note, transcript levels 
of collagen type I showed a significant increase in HSC 
treated with CM from steatotic hepatocytes. These data 
clearly indicate that lipid accumulation in hepatocytes in-
duces the secretion of factors accelerating the activation 
process of HSC. 

The observed upregulation of collagen production was 
accompanied by an increased expression of TIMP-1 and 
TIMP-2 in activated HSC; both are known inhibitors of 
matrix degradation. In addition, expression of MMP-2 was 
upregulated by CM from steatotic hepatocytes. MMP-

Figure 5 Conditioned medium of steatotic hepatoma cells in-
duced MCP-1 and TGF-β expression in an activated hepatic 
stellate cell line. (A) Intracellular lipid accumulation in Huh7 cells 
after incubation with palmitate (0.2 mM for 24 h). (B) MCP-1 and 
(C) TGF-β mRNA expression in an immortalized non-malignant 
HSC cell line after incubation with conditioned medium derived 
from palmitate-treated or control Huh7 cells. (*P < 0.05 com-
pared to control CM).

and has been previously characterized in detail [18, 19].
Similarly as observed in PHH, we found a significant 

increase in neutral lipid content in hepatoma cells after 
incubation with 0.2 mM palmitate compared to BSA-
treated control cells (4.3 ± 0.5-fold; P = 0.0035; Figure 
5A). 

CM from steatotic HUH7 cells and HepG2 cells (data 
not shown) induced a significant increase in TGF-β (1.7 
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2 is considered as a profibrogenic MMP, as it regulates 
the degradation of basal lamina allowing replacement by 
fibrillar collagens during fibrogenesis [13]. 

Among the numerous profibrogenic mediators, TGF-β 
is regarded as the most potent in liver fibrosis. Overex-
pression of TGF- β in the liver has been shown to induce 
severe liver fibrosis [22], whereas disrupting its synthe-
sis or signaling pathway markedly decreased fibrosis 
in experimental models [23]. In HSC, TGF-β promotes 
the activation process, stimulates the synthesis of ECM 
proteins and inhibits their degradation [24]. In the pres-
ent study, CM from steatotic hepatocytes induced a pro-
nounced increase of TGF-β expression in activated HSC.

Together these findings strongly suggest that hepatic 
steatosis promotes fibrogenesis by increasing the number 
of activated HSC through enhanced proliferation, accom-
panied by a fibrogenic gene expression pattern clearly 
favoring ECM accumulation.

Activated human HSC have been shown to survive 
well-established pro-apoptotic stimuli or culture condi-
tions. Caspase-dependent apoptotic cell death of acti-
vated human HSC was only observed when protein syn-
thesis or transcription was inhibited by cycloheximide 
or actinomycin A [17]. In the present study, we provide 
evidence that inhibition of cell cycle progression by the 
kinase inhibitor STS is sufficient to reliably induce apop-
tosis in activated human HSC. It is commonly believed 
that the observed protection from apoptosis in activated 
HSC is at least in part mediated via an increased expres-
sion of the anti-apoptotic proteins bcl-2 or bcl-xL [17, 
25]. In addition, direct interactions with ECM compo-
nents leading to activation of the FAK/PI-3K-dependent 
survival pathway [26], and the secretion of TIMP-1 
thereby preventing MMP-dependent matrix degradation 
[27] may promote the survival of activated HSC. Finally, 
autocrine stimulation by cytokines like TGF-β or IGF-1 was 
regarded as a potential protective mechanism [28, 29]. In 
the in vitro model presented here, co-incubation of HSC 
with CM of steatotic hepatocytes significantly reduced 
STS-induced apoptotic cell death. 

As STS induced apoptosis in HSC efficiently within a 
few hours, we conclude that the protective effect of CM 
from steatotic hepatocytes was caused by pro-survival 
mediators secreted from hepatocytes rather than auto-
crine mechanisms originating from HSC. Suppression of 
apoptosis by CM from steatotic hepatocytes was lost in 
the presence of the selective PI-3 kinase inhibitor wort-
mannin, suggesting that the pro-survival effect of CM 
from steatotic hepatocytes was largely mediated via acti-
vation of the PI-3 kinase signaling. 

PI-3 kinase activation is known to be important for 
HSC activation, migration, cell attachment, as well as 

PDGF-induced cell proliferation and profibrogenic gene 
expression [12, 13, 30]. Further, we and others have 
shown that activation of the transcription factor NF-κB 
plays a central role in HSC activation, proinflammatory 
gene expression and resistance to apoptosis [12, 13, 31, 
32]. Of note, CM from steatotic hepatocytes induced 
both PI3K and NF-κB activity in HSC. Based on these 
findings, our results provide strong evidence that the re-
lease of soluble mediators by steatotic hepatocytes and 
the concomitant induction of key signaling cascades of 
fibrogenic activation of HSC play a crucial part in the 
progression of simple steatosis to NASH and fibrosis.

In addition to PI-3 kinase and NF-κB, several other 
factors and signaling cascades have been shown to play 
a crucial role in the activation of HSC and in the associ-
ated pathophysiological changes. Thus, AT1 receptors 
are expressed on activated HSC, which themselves were 
shown to generate Angiotensin II (Ang II) de novo [12, 
33]. Ang II enhances liver fibrosis, while Ang II recep-
tor antagonist (ARB) are capable of inhibiting fibrosis 
in murine NASH models and patients [34, 35]. Further, 
growing evidence suggests that peroxisome proliferator-
activated receptors (PPARs) are implicated in NASH-
induced fibrosis. Thus, PPAR-γ agonists (“glitazones”) 
have been demonstrated to substantially improve liver 
histology in patients with NASH [36]. It remains to be 
determined whether ARB or PPAR-γ agonists are capable 
of affecting the profibrogenic effect of CM from steatotic 
hepatocytes, but regardless, we would like to propose 
the idea to study these and other questions in our in vitro 
model.

Currently, we can only speculate on the profibrogenic 
factors released by steatotic hepatocytes. However, these 
factors appear to be larger than 5 kDa, since application 
of 5-kDa cut-off spin columns abrogated the profibro-
genic effect of CM. Further, this experiment was crucial 
to confirm that the residual palmitate in the supernatant 
does not account for the profibrogenic effects observed 
in HSC upon stimulation with CM from palmitate-treat-
ed hepatocytes. This is further confirmed by a previous 
study by Abergel et al. [37]. These authors found that 
palmitic acid significantly decreased HSC proliferation 
as well as α-sma and collagen expression. These findings 
indicate that potentially remaining palmitate in the CM 
of steatotic hepatocytes can be excluded as the cause of 
profibrogenic effects on HSC, since, if at all, it would ex-
hibit anti-fibrogenic effects. 

Interestingly, in preliminary analysis we found in-
creased TGF-β and Interleukin-8 (IL-8) mRNA expres-
sion in hepatocytes upon stimulation with palmitate (data 
not shown). IL-8 is known to be elevated in patients with 
NAFLD/NASH, and IL-8 levels correlate with disease 
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severity [38]. Further and interestingly, Schulze-Krebs 
et al. [39] have previously shown that TGF-β expres-
sion was significantly upregulated in Hepatitis C virus 
(HCV)-replicating human hepatoma cells, and that CM 
from those HCV-replicating hepatoma cells promoted 
profibrogenic gene expression in HSC. However and 
notably, these authors found that TGF-β was responsible 
for only approximately 50% of the profibrogenic effect 
observed in their model. We hypothesize that in this pre-
vious study and in our model several different factors 
contribute to the fibrogenic effects on HSC. 

In summary, we established an attractive new in vitro 
model to study molecular mechanisms of steatosis-in-
duced hepatic fibrogenesis. The present data demonstrate 
that steatotic hepatocytes release soluble factors that 
promote activation, proliferation and apoptosis resistance 
of human HSC. Furthermore, these soluble mediators 
enhanced pro-inflammatory and pro-fibrogenic gene 
expression in activated HSC. The precise mechanism 
connecting hepatic steatosis to the hepatic release of yet-
unknown profibrotic mediators has to be addressed in 
further studies. The in vitro model presented here may 
help to elucidate the pathophysiological mechanisms 
driving simple hepatic steatosis to NASH and to estab-
lish novel anti-inflammatory and anti-fibrotic therapeutic 
strategies in steatosis-related liver disease.

Materials and Methods

Cell isolation and cell culture
Human liver tissue for cell isolation was obtained from the 

charitable state controlled foundation HTCR, with the informed 
patient’s consent.

Isolation and culture of PHHs and HSC were performed as 
described previously [40-42]. The isolation procedure and cell cul-
ture on uncoated tissue culture dishes led to the activation of HSC 
as described [40, 43].

HepG2 (ATCC HB-8065) and HuH-7 (JCR B0403) cells were 
cultured as described [41, 42]. Furthermore, we used an immortal-
ized activated human HSC line generated by ectopic expression of 
hTERT that has been characterized before [18, 19].

Fatty acid treatment and preparation of conditioned me-
dium

Palmitic acid (Cat # P 0500) was obtained from Sigma pharma-
ceuticals (Hamburg, Germany). Preparation of the palmitate stock 
solution was carried out as described previously [44]. Briefly, a 
100 mM palmitate stock solution was prepared in 0.1 mM NaOH 
by heating at 70 °C. A 10% (w/v) FFA-free BSA (Sigma) solution 
was prepared in ddH2O and maintained at 55 °C in a water bath. 
10 mM FFA/1% BSA solution was obtained by complexing the 
appropriate amount of palmitate stock solution to 10% BSA at 55 °C 
for another 30 min. The above solution was then cooled to 25 °C, 
filter sterilized and stored at −20 °C until use. 

PHH and hepatoma cells were grown in DMEM supplemented 

with penicillin (400 U/ml), streptomycin (50 µg/ml), L-glutamine 
(300 µg/ml), 0.2% FCS and palmitate in different concentrations 
as indicated. In total, 0.4% (w/v) FFA-free-BSA-treated cells 
served as controls. After 24 h, CM was clarified by centrifugation 
at 6 000 g to remove cell debris, sterile filtered (0.45µm pore size 
membrane filter), and stored in aliquots at −20 °C until use.

HSCs were incubated with CM from palmitate-treated PHH 
and hepatoma cells, or CM from control cells for the indicated 
times. In initial experiments, the expression of profibrogenic genes 
and proliferation, respectively, in control HSC and HSC treated 
with CM from control hepatocytes did not reveal significant dif-
ferences (data not shown). This finding was in accordance with 
previous reports [39]. Therefore, in the present study we focused 
on the comparison between HSC treated with CM from control 
hepatocytes and steatotic hepatocytes. 

For defined experiments, CM was run on 5-kDa cut-off spin 
columns according to the manufacturer’s instructions (Sartorius, 
Göttingen, Germany) before being used in stimulation experi-
ments.

Oil Red and Hoechst staining
Palmitate-treated and control cells were washed with cold PBS 

and fixed in 3.7% paraformaldehyde at 37 °C for 15 min at room 
temperature, then permeabilized by treatment with a 19:1 mixture 
of ethanol/acetic acid at −20 °C for 15 min. Subsequently, cells 
were incubated with Oil Red O (Sigma) in PBS for 5min at room 
temperature. Intracellular lipid accumulation was examined by 
fluorescence microscopy. To observe nuclear changes indicative of 
apoptosis, the chromatin-specific dye Hoechst 33258 (Sigma) was 
used. Here, cells were stained with 1 µg/ml Hoechst 33258 in PBS 
at room temperature for 20 min. 

Intracellular triglyceride assay
Total TGs were extracted using the method of Bligh and Dyer 

with slight modifications [45]. In brief, hepatocytes were plated 
into T25 flasks. At 24 h after treatment cells were washed with 
PBS, trypsinized, centrifuged and washed twice in 10% FFA-free 
BSA. Cell pellets were weighed into 1 ml of a chloroform-metha-
nol mix (2:1 v/v) and incubated for 1 h at room temperature with 
occasional shaking to extract the lipid. After addition of 200 µl 
H2O, vortexing and centrifugation for 5 min at 3 000 g, the lower 
lipid phase was collected and dried at room temperature. The lipid 
pellet was re-dissolved in 60 µl tert-butanol and 40 µl of a Triton 
X-114-methanol (2:1 v/v) mix, and TGs were measured by means 
of the GPO-triglyceride kit (Sigma) using appropriate triglyceride 
standards (Sigma).

Expression analysis
Isolation of total cellular RNA from cultured cells and tissues 

and reverse transcription were performed as described previously 
[40]. Quantitative real-time PCR was performed with specific sets 
of primers (Table 1) applying LightCycler technology (Roche, 
Mannheim, Germany) as described [40].

MCP-1 concentration in the supernatant was analyzed by an 
enzyme-linked immunosorbent assay (ELISA) following the in-
structor’s manual (Biosource, Camarillo, CA, USA). 

Analysis of apoptosis by Annexin/PI-based flow cytometry
For detection of apoptosis, cells were stained simultaneously 
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with FITC-conjugated Annexin V and propidium iodide (both 
from Pharmingen, Germany) as described [13]. Analysis of data 
was performed using the software WinMDI (Version 2.8, http://
facs.scripps.edu).

Analysis of caspase-3 activity
The Apo-One Homogeneous Caspase-3/7 Assay (Promega, 

Madison, WI, USA) was used to analyze caspase-3 activity in 
HSC according to the manufacturer’s instructions.

Quantification of activated nuclear NF-κB concentration
NF-κB was quantified in nuclear extracts with the ELISA-based 

kit TransAm from Active Motif (Rixensart, Belgium) according to 
the manufacturer’s instructions as described [46].

Proliferation assay
Cell proliferation was measured using the XTT assay (Roche) 

as described [41, 42]. 

Statistical analysis
Values are presented as means ± SEM. Comparison between 

groups was made using the Student’s unpaired t-test. Welch’s cor-
rection was performed when required. P < 0.05 was considered 
statistically significant. All calculations were performed using the 
statistical computer package GraphPad Prism version 4.00 for 
Windows (GraphPad Software, San Diego, CA, USA).
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