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Free Fatty Acids Shift Insulin-induced Hepatocyte
Proliferation towards CD95-dependent Apoptosis™
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(NASH).
triggers CD95-activation JNK-dependently.

signal is provided by FFA.

\_

(Background: Hyperinsulinemia and increased blood levels of free fatty acids (FFA) trigger non-alcoholic steatohepatitis
Results: Insulin induces EGFR-activation and proliferation. In presence of FFA, however, insulin triggers apoptosis as EGFR
Conclusion: Insulin-induced EGFR-activation triggers proliferation, but shifts to CD95-dependent apoptosis when a JNK-

Significance: The study provides new insights into the pathogenesis of NASH.

J

Insulin is known to induce hepatocyte swelling, which triggers
via integrins and c-Src kinase an activation of the epidermal
growth factor receptor (EGFR) and subsequent cell proliferation
(1). Free fatty acids (FFAs) are known to induce lipoapoptosis in
liver cells in a c-Jun-NH,-terminal kinase (JNK)-dependent, but
death receptor-independent way (2). As non-alcoholic steato-
hepatitis (NASH) is associated with hyperinsulinemia and in-
creased FFA-blood levels, the interplay between insulin and FFA
was studied with regard to hepatocyte proliferation and apopto-
sis in isolated rat and mouse hepatocytes. Saturated long chain
FFAs induced apoptosis and JNK activation in primary rat hepa-
tocytes, but did not activate the CD95 (Fas, APO-1) system,
whereas insulin triggered EGFR activation and hepatocyte pro-
liferation. Coadministration of insulin and FFAs, however, abol-
ished hepatocyte proliferation and triggered CD95-dependent
apoptosis due to a JNK-dependent association of the activated
EGER with CD95, subsequent CD95 tyrosine phosphorylation
and formation of the death-inducing signaling complex (DISC).
JNK inhibition restored the proliferative insulin effect in pres-
ence of FFAs and prevented EGFR/CD95 association, CD95
tyrosine phosphorylation and DISC formation. Likewise, in
presence of FFAs insulin increased apoptosis in hepatocytes
from wild type but not from Alb-Cre-FAS"® mice, which lack
functional CD95. It is concluded that FFAs can shift insulin-
induced hepatocyte proliferation toward hepatocyte apoptosis
by triggering a JNK signal, which allows activated EGFR to asso-
ciate with CD95 and to trigger CD95-dependent apoptosis. Such
phenomena may contribute to the pathogenesis of NASH.

Apart from its metabolic effects, insulin stimulates cell pro-
liferation in the liver and in other organs (for a review, see Refs.
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3-7). As shown recently in rat hepatocytes, insulin leads to an
activating epidermal growth factor receptor (EGFR)? tyrosine
phosphorylation at positions Tyr®*® and Tyr''”3, which is trig-
gered by insulin-induced hepatocyte swelling and activation of
a recently described swelling-induced osmosignaling pathway,
which involves osmosensing by $3; integrins and c-Src activa-
tion (1, 8 -10).

Free fatty acids (FFAs) are known to induce lipoapoptosis in
hepatocytes (2). The molecular mechanisms leading to hepato-
cyte lipoapoptosis are not fully defined; however, recent studies
suggest that FFAs induce lipoapoptosis in hepatocytes in a
c-Jun NH,-terminal kinase (JNK)-dependent, but death recep-
tor-independent way (2). INKs have also been implicated in the
pathogenesis of non-alcoholic steatohepatitis (NASH) in both,
murine models (11, 12) and humans (13, 14). In NASH patients
however, up-regulation of death receptors, such as TNF-related
apoptosis-inducing ligand (TRAIL) receptors 1 and 2 (15, 16)
and CD95 (Fas, APO-1), was also discussed to sensitize hepa-
tocytes toward the extrinsic pathway of apoptosis (17).

JNKs also play a crucial role in CD95-dependent hepatocyte
apoptosis triggered by CD95 ligand (CD95L), hydrophobic bile
acids or hyperosmolarity (for a review, see Ref. 18). Here, pro-
apoptotic stimuli induce the generation of reactive oxygen spe-
cies (ROS) leading to both, a Yes kinase-mediated EGFR trans-
activation and JNK activation. The JNK signal then allows the
activated EGFR to associate with CD95 and to tyrosine-phos-
phorylate CD95, which triggers CD95 oligomerization, trans-
location of the EGFR/CD95 complex to plasma membrane and
formation of the death-inducing signaling complex (DISC) (for
a review, see Ref. 18).

The aim of the present study was to elucidate, whether FFAs
can shift insulin-induced hepatocyte proliferation to hepato-

2 The abbreviations used are: EGFR, epidermal growth factor receptor; CD95,
CD95 receptor (Fas, APO-1); CD95L, CD95 ligand, CM-H,DCFDA, 5-(and
6)-chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate; DISC, death
inducing signaling complex; ER, endoplasmic reticulum; FADD, Fas-associ-
ated death domain protein; FFA, free fatty acid; HSC, hepatic stellate cell; IP,
immunoprecipitation; IRS, insulin receptor substrate; NAFLD, non-alco-
holic fatty liver disease; NASH, non-alcoholic steatohepatitis; ROS, reactive
oxygen species; TRAIL, TNF-related apoptosis-inducing ligand.
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FIGURE 1. Effects of insulin and FFAs on proliferation and apoptosis. A and C, after a culture period of 24 h, culture medium was removed from rat liver
hepatocytes and replaced by medium containing BrdU. Then, hepatocytes were treated with insulin (100 nmol/liter), caprylate, palmitate, stearate, oleate, or
linoleate (50 wmol/liter, each) or the combination of insulin and FFA for 48 h and analyzed for BrdU incorporation. BrdU uptake by hepatocytes kept in control
medium was set to 1. Statistical analyses of at least three independent experiments for each condition are shown. *, p < 0.05 denotes statistical significance
compared with the unstimulated control. Band D, in another set of experiments, hepatocytes were cultured for 24 h and thereafter stimulated with insulin (100
nmol/liter), caprylate, palmitate, stearate, oleate, or linoleate (each 50 umol/liter) ora combination of insulin and FFA for 18 h and the number of apoptotic cells
was determined using TUNEL technique. Statistical analyses of at least three independent experiments for each condition are shown. ¥, p < 0.05 versus insulin

plus FFA treatment.

cyte apoptosis in a CD95-dependent manner. This may be rel-
evant in the pathogenesis of non-alcoholic fatty liver disease
(NAFLD), such as NASH, which is frequently accompanied by
peripheral insulin resistance and elevated serum concentra-
tions of FFA (19 -23), and hyperinsulinemia (24 —26). The pres-
ent study shows that the FFA-induced JNK-activation directs
insulin-induced EGFR activation from proliferation to EGFR/
CD95-association, EGFR-mediated CD95-tyrosine phosphor-
ylation and subsequent activation of the CD95-mediated apo-
ptotic machinery. Thus, FFA-induced JNK-activation provides
a switch from insulin-induced hepatocyte proliferation toward
CD95-mediated apoptosis.

EXPERIMENTAL PROCEDURES

Materials—The materials used were purchased as follows:
William’s Medium E from Biochrom (Berlin, Germany), peni-
cillin/streptomycin, and FBS (fetal bovine serum) from Invitro-
gen GmbH (Darmstadt, Germany); soluble CD95L was ob-
tained from Enzo Life Sciences (Lorrach, Germany) and was
always employed with a 10-fold amount of enhancer protein as
provided by the supplier. SP600125 was purchased from Toc-
ris/Biozol (Eching, Germany). Collagenase, insulin, FFA-free
low endotoxin BSA (bovine serum albumin), caprylate, palmi-
tate, stearate, oleate, and linoleate were from Sigma Aldrich
(Munich, Germany). 5-(and 6)-Chloromethyl-2’,7’-dichlorodi-
hydrofluorescein diacetate (CM-H,DCFDA), ProLong® Gold
Antifade reagent with DAPI (4, 6-diamidino-2-phenylindole,
dihydrochloride) was from Invitrogen GmbH (Darmstadt, Ger-
many), horseradish peroxidase-conjugated anti-mouse IgG and
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anti-rabbit IgG from Bio-Rad Laboratories (Munich, Germany)
and Dako (Hamburg, Germany). The antibodies used were pur-
chased as follows: antibodies recognizing p38 mitogen-acti-
vated protein kinase (p38™4FX), caspase 8, Fas-associated death
domain (FADD), CD95, and EGFR (immunoprecipitation)
were from Santa Cruz Biotechnology (Heidelberg, Germany),
extracellular-regulated kinase (Erk)-1/-2, EGFR, and phospho-
tyrosine from Merck-Millipore (Darmstadt, Germany), phos-
pho-JNK-1/-2 from Invitrogen GmbH (Darmstadt, Germany),
JNK-1/-2 from BD Bioscience (Heidelberg, Germany), phos-
pho-Erk-1/-2, phospho-p38™4PX, phospho-c-Jun (Ser-63), and
c-Jun from Cell Signaling Technology, Inc. (Danvers). All other
chemicals were from Merck-Millipore (Darmstadt, Germany),
at the highest quality available.

Preparation and Culture of Primary Rat and Murine
Hepatocytes—Hepatocytes were isolated from livers of male
Wistar rats (160 -180 g), Alb-Cre control mice (wild type (wt),
8-10 weeks; on C57BL/6 background), or Alb-Cre-FAS™"
mice ((8 —10 weeks, mice with death domain-encoding exon 9
of Fas, flanked by loxP sites, were generated to allow conditional
inactivation of Fas through cell type-specific expression of Cre
recombinase) C57BL/6-Fas"™!“€"/], The Jackson Laboratory)
by a collagenase perfusion technique in an adapted version as
described previously (27). Animals were fed ad libitum with a
standard diet. Aliquots of murine hepatocytes were plated on
collagen-coated culture plates (BD Falcon, Heidelberg, Ger-
many) and maintained in William‘s Medium E (Biochrom, Ber-
lin, Germany), supplemented with 5 mmol/liter glutamine, 100
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units/ml penicillin, 0.1 mg/ml streptomycin, 100 nmol/liter
dexamethasone, and 10% FBS. Cells were incubated in a humid-
ified atmosphere of 5% CO, and 95% air at 37 °C. Aliquots of rat
hepatocytes were plated on collagen-coated culture plates and
maintained in bicarbonate-buffered Krebs-Henseleit medium
(115 mmol/liter NaCl, 25 mmol/liter NaHCOj,, 5.9 mmol/liter
KCl, 1.18 mmol/liter MgCl,, 1.23 mmol/liter NaH,PO,, 1.2
mmol/liter Na,SO,, 1.25 mmol/liter CaCl,), supplemented
with 6 mmol/liter glucose in a humidified atmosphere of 5%
CO, and 95% air at 37 °C. After 2 h, the medium was removed,
and the cells were washed twice. Subsequently the culture was
continued for 24 h in William‘s Medium E, supplemented with
2 mmol/liter glutamine, 100 nmol/liter insulin, 100 units/ml
penicillin, 0.1 mg/ml streptomycin, 100 nmol/liter dexametha-
sone, and 5% FBS. After 24 h experimental treatments were
performed using William‘s Medium E that contained 2 mmol/
liter glutamine, 100 nmol/liter dexamethasone, and 1% FFA-
free BSA. The viability of hepatocytes was more than 95% as
assessed by trypan blue exclusion. The experiments were
approved by the responsible local authorities.

Treatment of Hepatocytes with FFAs—Caprylate (C8), palmi-
tate (C16), stearate (C18:0), oleate (C18:1), and linoleate
(C18:2) were dissolved each in EtOH at 50 mmol/liter and 200
mmol/liter. The final working solutions were prepared by dilut-
ing stock solutions (1:1000) in culture medium supplemented
with FFA-free BSA. Each experimental condition and each con-
trol contained 1% FFA-free BSA and 0.1% EtOH. Experimental
treatment of the cells did not change pH of cell culture medium.

Immunoblot Analysis—At the end of the incubation period,
the medium was removed and the cells were immediately lysed
at4 °Cby using a lysis buffer containing 20 mmol/liter Tris-HCI
(pH 7.4), 140 mmol/liter NaCl, 10 mmol/liter NaF, 10 mmol/
liter sodium pyrophosphate, 1% (v/v) Triton X-100, 1 mmol/
liter EDTA, 1 mmol/liter EGTA, 1 mmol/liter sodium vana-
date, 20 mmol/liter B-glycerophosphate, and protease inhibitor
mixture. The lysates were kept on ice for 10 min and then cen-
trifuged at 8000 rpm for 8 min at 4 °C, and aliquots of the super-
natant were taken for protein determination using the Bio-Rad
protein assay (Bio-Rad Laboratories, Munich, Germany). Equal
amounts of protein were subjected to sodium dodecyl sulfate
(SDS)/polyacrylamide gel electrophoresis, and transferred onto
nitrocellulose membranes using a semidry transfer apparatus
(GE Healthcare, Freiburg, Germany). Membranes were blocked
for 30 min in 5% (w/v) BSA containing 20 mmol/liter Tris (pH
7.5), 150 mmol/liter NaCl, and 0.1% Tween 20 (TBS-T) and
exposed to primary antibodies overnight at 4 °C. After washing
with TBS-T and incubation at room temperature for 2 h with
horseradish peroxidase-coupled anti-mouse or anti-rabbit IgG
antibody, respectively (all diluted 1:10 000), the immunoblots
were washed extensively, and bands were visualized using the
FluorChem E detection instrument from ProteinSimple (Santa
Clara, CA). Semi-quantitative evaluation was carried out by
densitometry using the Alpha View image acquisition and anal-
ysis software from ProteinSimple. Protein phosphorylation is
given as the ratio of detected phospho-protein/total protein.

Immunoprecipitation—Liver samples were harvested in lysis
buffer containing 136 mmol/liter NaCl, 20 mmol/liter Tris-
HCI, 10% (v/v) glycerol, 2 mmol/liter EDTA, 50 mmol/liter
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FIGURE 2. Inhibition of insulin-induced EGFR activation by FFAs. Rat hepa-
tocytes were cultured for 24 h and thereafter stimulated with caprylate or
palmitate (50 wmol/liter each), insulin (100 nmol/liter) or a combination of
insulin and FFA for up to 60 min. Samples were taken at the indicated time
points. Activating EGFR-tyrosine phosphorylation was analyzed by Western
blotting using phospho-specific antibodies. Total EGFR served as respective
loading control. A, representative immunoblots of three independent exper-
iments. B, values from densitometric analyses of three independent experi-
ments were normalized to the level of total EGFR and expressed as the mean-
fold increase over control = S.E. For the individual time points control was set
to 1. Open squares, insulin; closed gray squares, insulin plus C8; closed black
squares, insulin plus C16; closed gray triangle, C8; closed black triangle, C16.*,
p < 0.05 statistical significance between insulin and insulin plus C8. #, p <
0.05 between insulin and insulin plus C16. EGFR activation at positions Tyr®*®
and Tyr'"73 was significantly increased by insulin at each analyzed time point.
Insulin plus FFAs significantly increased EGFR phosphorylation within the first
20 min at Tyr®*° and after 5 min at Tyr''73,

B-glycerophosphate, 20 mmol/liter sodium pyrophosphate, 0.2
mmol/liter Pefablock, 5 mg/liter aprotinin, 5 mg/liter leupep-
tin, 4 mmol/liter benzamidine, 1 mmol/liter sodium vanadate,
supplemented with 1% (v/v) Triton X-100. The protein amount
was determined as described above. Samples containing equal
protein amounts were incubated for 2 h at 4 °C with a poly-
clonal rabbit anti-CD95 or rabbit anti-EGFR antibody to
immunoprecipitate CD95 or EGFR, respectively. Then protein
A-/G-agarose (Santa Cruz Biotechnology, Heidelberg, Ger-
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FIGURE 3. Concentration-dependent JNK-1/-2 activation by FFAs. Rat hepatocytes were cultured for 24 h and thereafter treated with the indicated
concentration of caprylate or palmitate for up to 60 min. Samples were taken at the indicated time points. Phosphorylation of JNK-1/-2 was analyzed by
Western blot using specific antibodies and subsequent densitometric analysis. Total JNK-1/-2 served as respective loading control. Representative blots are
shown. Closed black squares, 50 umol/liter; closed gray squares, 200 wmol/liter. Phosphorylation at t = 0 was set to 1. Data represent the mean * S.E. of >three
independent experiments, *, p < 0.05 statistical significance compared with the unstimulated control.
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FIGURE 4. A and B, effects of insulin and FFA on JNK-1/-2 activation. Rat hepatocytes were cultured for 24 h and thereafter stimulated with insulin (100
nmol/liter), caprylate, palmitate, stearate, oleate, or linoleate (50 wmol/liter each) or a combination of insulin and FFA for up to 360 min. Samples were taken
attheindicated time points. Phosphorylation of JNK-1/-2 was analyzed by Western blot using specific antibodies and subsequent densitometric analysis. Total
JNK-1/-2 served as respective loading control. Closed black squares, FFA; closed gray squares, insulin plus FFA; open squares, insulin. Phosphorylation at t = 0 was
set to 1. Data represent the mean = S.E. of =three independent experiments, *, p < 0.05 statistical significance compared with the unstimulated control. No
statistical significance between FFA alone and insulin plus FFA with regard to JNK activation.
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many) was added and incubated at 4 °C overnight. Immunopre-
cipitates were washed three times with lysis buffer supple-
mented with 0.1% (v/v) Triton X-100 and then transferred to
Western blot analysis as described above. The anti-phospho-
tyrosine antibody was used to detect activating phosphoryla-
tion of CD95 or EGEFR in the respective immunoprecipitates.
Caspase 8 and FADD antibodies were used to detect association
to CD95.

Immunofluorescence Staining—To detect EGFR and CD95
translocation, isolated hepatocytes were cultured for 24 h on
collagen-coated glass coverslips (@ 12 mm) in 24-well culture
plates. After treatment, cells were fixed using paraformalde-
hyde (4% (w/v), 20 min, 4 °C), permeabilized using Triton
X-100 (0.1% (v/v), 2 min, 4 °C) and blocked with FBS (5% (w/v),
30 min, room temperature). Then cells were exposed to a
mouse anti-EGFR antibody and a rabbit anti-CD95 antibody
(1:100 in PBS, overnight, 4 °C), washed off, and stained with an
anti-mouse-FITC and an anti-rabbit Cy3-conjugated antibody
(1:500 in PBS, 2 h, room temperature). Following immunoflu-
orescence staining, samples were covered with ProLong® Gold
Antifade reagent with DAPI and EGEFR, respectively CD95
localization was visualized by confocal laser scanning micros-
copy using LSM510 META (Zeiss, Oberkochen, Germany).

Detection of ROS—Hepatocytes were seeded on collagen-
coated 6-well culture plates (BD Falcon, Heidelberg, Germany)
and cultured for 24 h. Cells were incubated with PBS containing
5 umol/liter CM-H,DCFDA for 30 min at 37 °C in a humidified
atmosphere of 5% CO, and 95% air. To detect ROS generation,
CM-H,DCFDA-loaded cells were supplemented again with
culture medium and then exposed to FFAs for the indicated
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8MAPK activation.

time period. Thereafter cells were washed briefly using ice-cold
PBS, and cells were lysed in 0.1% Triton X-100 (v/v) dissolved in
aqua bidest. Lysates were centrifuged immediately (10 000 X g,
4 °C, 1 min), and fluorescence of the supernatant was measured
at 515-565 nm using a luminescence spectrometer LS-5B
(PerkinElmer Life Sciences, Rodgau, Germany) at a 488 nm
excitation wavelength. Fluorescence intensity of controls was
set to 1 and fluorescence found under the respective treatment
is given relative to it.

Assessment of Hepatocyte Proliferation—Hepatocyte prolif-
eration was measured using a colorimetric BrdU cell prolifera-
tion assay (5-bromo-2’'-deoxyuridine-ELISA; Roche Applied
Science, Mannheim, Germany). Therefore, primary rat hepato-
cytes were cultured on collagen-coated flat-bottomed 96-well
microtiter plates for up to 24 h. The culture medium was
removed and replaced by culture medium containing 1 wmol/
liter BrdU for additional 48 h. For the respective samples, BrdU
incorporation was determined according to the manufacturer’s
recommendations.

Assessment of Apoptosis—Apoptosis was detected using a ter-
minal deoxynucleotidyl-transferase-mediated X-dUTP nick-
end labeling (TUNEL) assay (In Situ Cell Death Detection Kit;
Roche Applied Science, Mannheim, Germany). Therefore, pri-
mary rat hepatocytes were cultured on collagen-coated glass
coverslips (© 12 mm) in 24-well culture plates for up to 18 h.
The number of apoptotic cells was determined by counting the
percentage of fluorescein-positive cells. At least 300 cells from
three different cell preparations each were counted for each
condition. Cells were visualized on an LSM510 META laser
scanning microscope (Zeiss, Oberkochen, Germany).

SASBMB

VOLUME 290-NUMBER 7+-FEBRUARY 13,2015



CD95-dependent Apoptosis in Response to FFA and Insulin
A 4- proliferation
= 3,54
'O
g 5 . . .
ey
58 25+ - 2
S =
g2 9
SE
eE .
s,‘g 1.5 4
2&
-
E O’D- ’—Y_‘
0 T T T T T 1
& > % o Yol N o o ) N
& & T Y o o ¢ &
& S & 9 RO
& X EN $ X o
& W NN O
SR & s
& S &
AN & N
B apoptosis
60 -
T 45 * *
E
o
-
£ 30 -
z
o
2 15 - H
-
by o TT AT AL LTI
N > % > a7 N o ) Y] N
00“\@ \“"o\\ © ‘oxc & al o O @Q\q’ %e{}
\&0\\ xc_3 %XV Q§Q Xél bX\)
XC Qxc N -\b XC\
S S & &
\¢$ \‘\Q \¢§ \«_'0

FIGURE 6. Effects of JNK-inhibition on proliferation and apoptosis in isolated rat hepatocytes. A, after a culture period of 24 h, culture medium was
replaced by medium containing BrdU. Then, hepatocytes were treated with insulin (100 nmol/liter), FFAs (each 50 wmol/liter) or a combination of both for
another 48 h and analyzed for BrdU incorporation. When indicated, cells were pretreated (30 min) with SP600125 (100 wmol/liter) or L-JNKI-1 (5 wmol/liter).
BrdU uptake by hepatocytes kept in control medium was set to 1. Statistical analyses of at least three independent experiments for each condition are shown.
*, p < 0.05 denotes statistical significance between insulin plus FFA and after administration of JNK inhibitors. B, in another set of experiments, hepatocytes
were stimulated with insulin (100 nmol/liter), FFAs (50 wmol/liter), or a combination of both for 18 h and the number of apoptotic cells was determined using
TUNEL technique. Where indicated, cells were pretreated (30 min) with SP600125 (100 wmol/liter) or L-JNKI-1 (5 wmol/liter). Statistical analyses of at least three
independent experiments for each condition are shown. *, p < 0.05 versus insulin plus FFA treatment.

Caspase 8 activity in primary hepatocytes was determined by
an in vitro caspase assay (Invitrogen GmbH, Darmstadt, Ger-
many) according to the manufacturer’s recommendations.

Statistical Analysis—Results from at least three independent
experiments are expressed as mean values * S.E. n refers to the
number of independent experiments. For each experimental treat-
ment and time point analyzed, a separate control experiment was
carried out. Differences between experimental groups were ana-
lyzed by Student’s ¢ test or one-way analysis of variance following
Dunnett’s multiple comparison post hoc test where appropriate
(GraphPad Prism; La Jolla, CA; Microsoft Excel for Windows,
Redmond, WA). p < 0.05 was considered statistically significant.

RESULTS

Effect of Insulin and FFAs on Proliferation and Apoptosis—To
analyze the proliferative and apoptotic effects of insulin and
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FFAs on primary hepatocytes, BrdU-uptake measurements and
TUNEL staining were performed. In line with previous data (1),
insulin (100 nmol/liter) led within 48 h to a 2.4 = 0.2-fold (n =
6) increase of BrdU-uptake suggestive for hepatocyte prolifer-
ation (Fig. 1A), but had no effect on hepatocyte apoptosis as
determined by TUNEL assays (numbers of TUNEL-positive
cells after 18 h were 2.3% * 0.6% (n = 6) versus 2.5% * 0.4%
(n = 6) in insulin-treated and control cells, respectively) (Fig.
1B). In contrast to insulin, the saturated FFAs caprylate, palmi-
tate, and stearate (50 wmol/liter each) had no effect on hepato-
cyte proliferation (caprylate 0.9 = 0.1-fold of control (n = 6);
palmitate 0.8 = 0.1-fold of control (n = 6); stearate 0.7 = 0.1-
fold of control (n = 3)) (Fig. 1, A and C), but the number of
apoptotic cells measured by TUNEL staining increased within
18 h (caprylate 7.7% = 1.5% (n = 6); palmitate 23.3% * 4.1%
(n = 6); stearate 32.0% = 10.5% (n = 3)) (Fig. 1, Band D). The
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FIGURE 7. FFA-induced apoptosis in wild type and Alb-Cre-FAS"/#-mice. Primary hepatocytes from wild type (Alb-Cre control mice on C57BL/6 background)
and Alb-Cre-FAS™"-mice were cultured for 24 h and thereafter treated with insulin (100 nmol/liter), FFAs (each 50 mol/liter) or a combination of both for 18 h
and the number of apoptotic cells was determined using TUNEL technique. Insulin stimulates apoptosis in presence of FFA in wild type, but not in hepatocytes
devoid of CD95. Statistical analyses of at least three independent experiments for each condition are shown. ¥, p < 0.05 versus FFA treatment alone. Not

significant (n.s.), p > 0.05 versus FFA treatment alone.

unsaturated FFAs oleate and linoleate however had no signifi-
cant effect on apoptosis induction (oleate 4.6% = 3.8%; linole-
ate 2.0% * 1.8% (n = 3)) (Fig. 1D). When hepatocytes were
treated with a combination of insulin and saturated FFAs, the
insulin-induced proliferation was completely abolished (Fig.
1A), whereas the number of apoptotic cells increased to 21.2%
*+ 3.1% by caprylate plus insulin (n = 6),41.9% * 5.1% by palmi-
tate plus insulin (n = 6) and 47.1% = 10.3% by stearate plus
insulin (n = 3) (Fig. 1, Band D). In contrast, the combination of
insulin and unsaturated FFA induced no enhancement of apo-
ptosis (Fig. 1D); however proliferation increased compared
with treatment with the unsaturated FFAs alone (oleate 1.0 *
0.1-fold of control; oleate plus insulin 1.4 + 0.1-fold of control;
linoleate 1.1 = 0.1-fold of control; linoleate plus insulin 1.5 =
0.3-fold of control (each n = 3)) (Fig. 1C). Thus, the prolifera-
tive effect of insulin was preserved, but blunted in presence of
unsaturated FFAs.

In rat hepatocytes, insulin triggered phosphorylation of the
EGFR at positions Tyr®**® and Tyr''”? (Fig. 2, A and B), which is
known to induce an activation of the EGFR-tyrosine kinase
activity (28, 29). No phosphorylation at Tyr'°*®> was observed
(Fig. 2A), indicating ligand-independent activation of the EGFR
by insulin (30). Insulin-induced EGFER tyrosine phosphoryla-
tion was blunted by about 50% when FFAs were coadministered
with insulin, however, EGFR activation was still significantly
increased compared with the control. (Fig. 2, A and B). No acti-
vating EGFR phosphorylation was observed in response to cap-
rylate or palmitate in the absence of insulin (Fig. 2, A and B).

Activation of Mitogen-activated Protein Kinases (MAPK) by
FFAs—At concentrations of 200 wmol/liter or above, FFAs can
induce so-called lipoapoptosis and JNKs were identified as
important mediators of FFA-induced lipoapoptosis (2). While
FFA concentrations of 200 wmol/liter significantly increased
JNK-1/-2 phosphorylation after 60 min, FFAs at a concentra-
tion of 50 wmol/liter induced JNK-1/-2 activation already
within the first 20 min of caprylate or palmitate addition (Fig.
3). Caprylate and palmitate (50 pumol/liter each) increased
within 15 min carboxy-H,-DCFDA fluorescence by 1.6 = 0.2-
fold and 1.6 = 0.1-fold (n = 3), respectively (data not shown),
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raising the possibility that FFA-induced oxidative stress may
trigger activation of JNKs.

Coadministration of insulin had no significant effect on FFA-
induced JNK-1/-2 phosphorylation (Fig. 4, A and B) and no
activation of JNK-1/-2 were observed in response to insulin
alone (Fig. 44). Compared with saturated FFAs, if at all only a
weak JNK-1/-2 activation was induced by unsaturated (oleate
and linoleate) FFAs (Fig. 4B).

Both, insulin and FFAs induced a transient activation of Erk-
1/-2, which was not significantly affected when insulin and
FFAs were added together (Fig. 5). There was also no statisti-
cally significant difference between insulin and insulin plus FFA
with regard to p38™4PX phosphorylation.

A role of JNKs in mediating proapoptotic and antiprolifera-
tive signaling following coadministration of insulin and FFAs is
also suggested by the finding that two different JNK inhibitors,
i.e. SP600125 and L-JNKI-1 could largely restore the prolifera-
tive effect of insulin in presence of caprylate (insulin plus cap-
rylate 0.9 * 0.05-fold of control, in presence of SP600125 2.0 *
0.4-fold of control; in presence of L-JNKI-1 1.8 = 0.3-fold of
control (n = 3 for each condition)) and palmitate (insulin plus
palmitate 1.0 = 0.1-fold of control, in presence of SP600125
1.7 £ 0.1-fold of control; in presence of L-JNKI-1 1.6 = 0.1-fold
of control (n = 3 for each condition)) (Fig. 6A4). Both, SP600125
and L-JNKI-1 also counteracted the insulin-induced apoptosis
in presence of FFAs (insulin plus caprylate 16.2% = 1.9%, in
presence of SP600125 10.8% * 1.0%, or L-JNKI-1 9.3% *+ 2.0%
and insulin plus palmitate 35.4% = 2.5%, in presence of
SP600125 24.8% * 1.7%, or L-JNKI-1 25.3% * 2.3% (n = 3 for
each condition)) (Fig. 6B).

Apoptosis Induction Involves Activation of the CD95 Sys-
tem—To determine whether the proapoptotic effect of com-
bined treatment with FFAs and insulin involves an activation of
the CD95 system, experiments were performed in primary
hepatocytes isolated from wild type and Alb-Cre-FAS™® mice,
which lack functional CD95 (31). Similar to rat hepatocytes,
insulin had no effect on hepatocyte apoptosis in wild type as
well as Alb-Cre-FAS""-mice and the number of TUNEL-pos-
itive cells in presence of insulin (wt 4.6% * 0.6% (n = 3), Alb-
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FIGURE 8. FFA-induced JNK activation and insulin-induced EGFR activation can trigger CD95 activation and formation of the death-inducing signal-
ing complex in rat hepatocytes. Rat hepatocytes were cultured for 24 h and subsequently stimulated with caprylate or palmitate (50 wmol/liter each), insulin
(100 nmol/liter), or CD95L (100 ng/ml) for up to 60 min. Where indicated, cells were pretreated for 30 min with SP600125 (100 wmol/liter) or L-JNKI-1 (5
umol/liter). Samples were taken at the time points indicated. EGFR and CD95 were immunoprecipitated and analyzed by Western blotting. Activating
EGFR-tyrosine phosphorylation (P-EGFR-Y) and JNK-1/-2 activation were detected 15 min after stimulation, CD95-tyrosine phosphorylation (P-CD95-Y) and
c-Jun phosphorylation after 30 min, caspase 8/CD95 and FADD/CD95 association (i.e. DISC formation) 60 min after addition of FFAs, insulin, or CD95L. Total
EGFR, JNK-1/-2, c-Jun, and CD95 served as respective loading controls. Representative immunoblots of three independent experiments are depicted.

Cre-FAS" 3.6% = 1.1% (n = 3)) did not significantly differ
from those found in controls (wt 6.8% * 1.5% versus Alb-Cre-
FAS"13.1% *+ 1.5% (each n = 3)) (Fig. 7). Likewise, caprylate
(Wt 20.1% =* 2.9% versus Alb-Cre-FAS™? 18.6% *+ 2.1% (each
n = 3)) and palmitate (wt 34.6% = 2.9% versus Alb-Cre-FAS™!
31.1% = 1.5% (each n = 3)) induced apoptotic cell death within
18 h to a similar extent in both mice strains. However, whereas
coadministration of insulin and FFA roughly doubled the
amount of apoptotic cells in wild type mice (caprylate plus insu-
1lin 43.3% * 2.1%, palmitate plus insulin 62.3% * 3.3% (each n =
3)), the proapoptotic effect of insulin in presence of FFA was no
longer observed in mice lacking functional CD95 (Fig. 7), indi-
cating an involvement of CD95 during apoptosis induction by
coadministered insulin/FFAs. Therefore, the signaling events
leading to CD95 activation and DISC formation were studied.
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CD9S Activation and Formation of DISC in Presence of FFAs
and Insulin—Immunoprecipitation studies revealed that in
response to insulin or FFA treatment alone, no activation of the
CD95 system was detectable with respect to CD95/EGER asso-
ciation, CD95 tyrosine phosphorylation and DISC formation,
i.e. association of FADD and caspase 8 to the death receptor
(Fig. 8). Only upon coadministration of FFAs with insulin
CD95/EGER association, CD95 tyrosine phosphorylation and
DISC formation occurred as it was also observed in response to
CD95L (Fig. 8). In line with this, caspase 8 activity increased in
presence of insulin and FFA (Fig. 9) indicating an activation of
the CD95 signaling pathway.

To assess the role of JNK-1/-2 in triggering CD95/EGFR
association, inhibitor studies were performed. Both, SP600125
and L-JNKI-1, inhibited not only c-Jun phosphorylation, but
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FIGURE 9. Effect of FFA on caspase 8 activation. Rat hepatocytes were cul-
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FIGURE 10. EGFR expression in primary parenchymal cells. Primary hepa-
tocytes were cultured on glass coverslips for 24 h, stimulated for 90 min with
the indicated agents and immunostained for EGFR expression. EGFR localiza-
tion was visualized by confocal laser scanning microscopy. Insulin (100 nmol/
liter) and EGF (10 ng/ml) induced internalization of the EGFR, whereas capry-
late or palmitate (50 wmol/liter each) induced no internalization. The scale
bar corresponds to 20 uwm. Representative pictures of three independent
experiments are depicted.

Insulin +C8 Insulin + C16

90 min

also largely blocked the association of EGER with CD95, CD95-
tyrosine phosphorylation as well as DISC formation in response
to combined treatment with insulin and FFAs (Fig. 8).

The subcellular localization of EGFR and CD95 was studied
by immunofluorescence analysis in primary rat hepatocytes.
EGEFR and CD95 colocalizing pixels were quantified by calcula-
tion of the weighted colocalization coefficient according to a
preset threshold. As shown in Fig. 10, insulin and EGF, but not
FFAs induced within 90 min an internalization of the EGFR.
Coadministration of insulin and FFAs for 90 min prevented the
insulin-induced EGFR internalization and even triggered an
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enhancement of EGFR and CD95 immunoreactivity at the
plasma membrane (Figs. 10 and 11). Under these conditions
the number of colocalizing EGFR- and CD95-positive pixels in
the plasma membrane was significantly increased (insulin plus
C859.2% =+ 7.7%; insulin plus C16 63.2% *+ 9.6% (each n = 3))
(Fig. 11) in line with the reported translocation of the EGFR/
CD95 complex to the plasma membrane following CD95 acti-
vation (32). SP600125 and L-JNKI-1 largely inhibited the colo-
calization of EGFR and CD95 in presence of insulin and FFA
(SP600125 23.0% * 3.6% and L-JNKI-1 31.3% = 2.0% in the
presence of insulin plus C8; SP600125 27.7% * 5.7% and
L-JNKI-126.4% * 4.9% in the presence of insulin plus C16 (1 =
3 for each condition)). No significant CD95 translocation to the
plasma membrane was observed after treatment with insulin or
FFA alone (insulin 8.3% * 0.9%; C8 13.3% = 5.2%; C16 9.7% =+
3.0% compared with control 7.7% = 1.8% (each n = 3)) (Fig. 11).

DISCUSSION

The major finding of the current study is that JNK activation
by saturated FFAs not only ameliorates insulin-induced EGFR
activation, but also shifts insulin-induced EGFR activation and
proliferation toward CD95 activation and apoptosis, as sche-
matically depicted in Fig. 12. Unsaturated fatty acids, however,
do not activate JNKs and do not induce apoptosis (Figs. 1D and
4B) (33). Saturated FFAs rapidly trigger generation of ROS,
which may explain JNK activation. Mitochondria (34, 35) and
NADPH oxidase were discussed as predominant sources of
palmitate-induced ROS generation in the liver (36, 37). The
FFA-induced JNK signal directs activated EGER from prolifer-
ative signaling toward association with CD95 and proapoptotic
signaling.

Insulin induces proliferation of hepatocytes by NKCC1- and
Na™/H" antiporter-driven cell swelling (38), which induces
EGEFR activation through an integrin- and c-Src kinase-depen-
dent osmosensing/signaling pathway (1). In line with the liter-
ature, insulin caused an activating phosphorylation of the
EGER at positions Tyr®*® and Tyr''”? (Fig. 2), thereby inducing
hepatocyte proliferation (Fig. 14). Activation of the insulin
receptor leads to tyrosine phosphorylation of the insulin recep-
tor substrate (IRS)-1, thereby triggering downstream signaling
pathways such as the phosphatidylinositide 3-kinase/Akt path-
way, which mediate metabolic actions of insulin (39) and insu-
lin-induced hepatocyte swelling (40). JNK can induce insulin
resistance through serine/threonine phosphorylation of the
IRS-1 and —2 and thereby attenuate downstream insulin sig-
naling (41-44). This is also reflected by the attenuation of insu-
lin-induced EGFR activation in presence of FFA.

Saturated FFAs such as palmitate can induce lipoapoptosis in
hepatocytes (2) and other cell types, such as pancreatic 3 cells
(45) or cardiac myocytes (46). Induction of lipoapoptosis
involves an endoplasmic reticulum (ER) stress response with
activation of inositol-requiring protein-1 and protein kinase-
like ER kinase. The resulting activation of JNK and induction of
the transcription factor C/EBP-homologous protein, leads to
the up-regulation of pro-apoptotic proteins such as Bim and
PUMA. The following activation of Bax results in activation of
effector caspases and death receptor-independent apoptosis
(14, 47—-49). Whereas recent studies suggest that FFAs induce
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FIGURE 11. Immunofluorescence staining of CD95 and EGFR in insulin- and FFA-treated primary hepatocytes. A, primary hepatocytes were cultured on
glass coverslips for 24 h, stimulated with insulin (100 nmol/liter), caprylate, or palmitate (each 50 wmol/liter) or the combination of insulin and FFA for 90 min
and immunostained for CD95 and EGFR expression. Localization of both receptors was visualized by confocal laser scanning microscopy. Greyscale images
show colocalizing pixels of the red and green channel. The scale bar corresponds to 20 um. Representative pictures of three independent experiments are
depicted. B, colocalizing pixels were quantified by calculation of the weighted colocalization coefficient using LSM510 Meta 4.2 Software (Zeiss, Jena, Ger-
many). *, p < 0.05 denotes statistical significance compared with the unstimulated control; ¥, p < 0.05 versus insulin plus FFA treatment.
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FIGURE 12. Schematic presentation of insulin and FFA effects on hepato-
cyte proliferation and apoptosis in hepatocytes. Insulin induces activation
of the EGFR and proliferation, while FFAs induce ROS generation, which trig-
gers death receptor-independent lipoapoptosis and JNK activation. When
EGFR is simultaneously activated by insulin, this JNK signal allows for EGFR
coupling to CD95 and initiation of CD95-dependent apoptotic cell death.

lipoapoptosis in hepatocytes in a JNK-dependent but death
receptor-independent way (2), up-regulation of TRAIL recep-
tors 1and 2 (15, 16) and CD95 were discussed to sensitize hepa-
tocytes to the extrinsic pathway of apoptosis (17).

JNKs also play a crucial role in CD95-mediated hepatocyte
apoptosis. Here, pro-apoptotic stimuli, trigger ROS generation
via NADPH oxidase(s), which leads to a Yes kinase-mediated
EGER transactivation and JNK activation, mediating the asso-
ciation of the EGFR with CD95, which initiates CD95-depen-
dent apoptotic cell death (for a review, see Ref. 50). A special
situation is found in hepatic stellate cells (HSC), which repre-
sent a hepatic stem/progenitor cell compartment (51, 52). Here,
CD95L triggers in quiescent HSC the activation of the EGER,
stimulates proliferation and induces CD95 tyrosine nitration
(53), which leads to apoptosis resistance (54). However, in acti-
vated HSC no inhibitory CD95 tyrosine nitration occurs,
whereas EGFR activation is preserved. If JNK activation is
induced in these cells, EGFR couples to CD95 and the mito-
genic signal is shifted to an apoptotic one. Thus JNK activation
provides a switch between EGFR-mediated proliferation and
CD95-mediated apoptosis (53, 55). A similar phenomenon is
shown in the present study in rat hepatocytes: insulin-induced
proliferation is shifted toward apoptosis when a JNK signal is
provided by FFAs. The mechanism how JNKs promote the
association between CD95 and EGER is still unclear. JNK itself
is not found in the protein complex (data not shown) therefore
it is likely that JNK phosphorylates a yet unknown protein, such
as the receptor interacting protein (RIP), a serine/threonine
kinase, that may function as an adaptor protein to CD95, which
is required for CD95/EGER protein assembly (56). The identity
of such a hypothetical adapter protein is not yet known and
requires further investigation.

This insulin-dependent proapoptotic action of FFAs is
almost completely mediated by CD95, as evidenced by our
studies with Alb-Cre-FAS™" mice (Fig. 7), which lack func-
tional CD95 (31). Due to this result it is unlikely that other
FFA-triggered apoptosis pathways are influenced by insulin. In
line with this, the palmitate-induced up-regulation and cell sur-
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face expression of TRAIL-death receptor R2 (DR5) was not
affected by insulin (data not shown).

Taken together, the present study provides new insights into
the pathogenesis of hepatocyte apoptosis in response to FFAs
and insulin, which may be relevant for the pathogenesis of
NASH. Here, insulin resistance, hyperinsulinemia and in-
creased levels of circulating FFAs play an important role in the
development and progression of this disease (for a review, see
Ref. 57).
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