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Nonalcoholic steatohepatitis is characterized by hepatic stea-
tosis, elevated levels of circulating free fatty acids (FFA), endo-
plasmic reticulum (ER) stress, and hepatocyte lipoapoptosis.
Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) death receptor 5 (DR5) is significantly elevated in
patients with nonalcoholic steatohepatitis, and steatotic hepa-
tocytes demonstrate increased sensitivity to TRAIL-mediated
cell death. Nonetheless, a role for TRAIL and/or DR5 in medi-
ating lipoapoptotic pathways is unexplored. Here, we examined
the contribution of DR5 death signaling to lipoapoptosis by free
fatty acids. The toxic saturated free fatty acid palmitate induces
an increase in DR5 mRNA and protein expression in Huh-7
human hepatoma cells leading to DR5 localization into lipid
rafts, cell surface receptor clustering with subsequent recruit-
ment of the initiator caspase-8, and ultimately cellular demise.
Lipoapoptosis by palmitate was not inhibited by a soluble
human recombinant DR5-Fc chimera protein suggesting that
DR5 cytotoxic signaling is ligand-independent. Hepatocytes
from murine TRAIL receptor knock-out mice (DR™/") dis-
played reduced palmitate-mediated lipotoxicity. Likewise,
knockdown of DRS5 or caspase-8 expression by shRNA technol-
ogy attenuated palmitate-induced Bax activation and apoptosis
in Huh-7 cells, without altering induction of ER stress markers.
Similar observations were verified in other cell models. Finally,
knockdown of CHOP, an ER stress-mediated transcription fac-
tor, reduced DR5 up-regulation and DR5-mediated caspase-8
activation upon palmitate treatment. Collectively, these results
suggest that ER stress-induced CHOP activation by palmitate
transcriptionally up-regulates DR5, likely resulting in ligand-
independent cytotoxic signaling by this death receptor.

Obesity and insulin resistance, cardinal features of the met-
abolic syndrome, are associated with enhanced lipolysis in adi-
pose tissue (1, 2). This excessive lipolysis results in increased
serum concentrations of free fatty acids (FFA),” augmenting
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their delivery to non-adipose tissues such as liver, heart, and
pancreatic B-cells (2). Inundation of these tissues with FFA
overwhelms fatty acid oxidative pathways with toxic cellular
consequences. An advanced response to toxic FFA is cellular
demise by apoptosis, termed lipoapoptosis (3). Hepatocyte
lipotoxicity is particularly germane to injury in the liver, where
it contributes to the syndrome of nonalcoholic fatty liver dis-
ease (NAFLD) (4). For example, the magnitude of hepatocyte
lipoapoptosis correlates with hepatic disease severity (4). Thus,
the mechanisms initiating lipoapoptosis are of biomedical
interest and human health relevance.

Lipotoxicity is likely multifactorial. Sustained endoplasmic
reticulum (ER) stress (5—7), c-Jun N-terminal kinase (JNK) acti-
vation (8, 9), and oxidative stress (10) have all been implicated
in lipotoxicity. Despite the fact that death receptors are potent
mediators of cytotoxicity (11), especially in hepatic diseases,
their contribution to lipotoxicity is incompletely defined. Fas,
the prototype death receptor, has been implicated in adipocyte
toxicity and inflammation (12), and its hepatic expression is
increased in NAFLD (4). Tumor necrosis factor-a (TNF-a) and
TNF receptor-1 (TNFR-1) have also been implicated in hepatic
steatosis (13—15). In contrast, the role of TNF-related apopto-
sis-inducing ligand (TRAIL) and its cognate death receptors
(DR)-4 and -5 in lipotoxicity is understudied. Yet, increasing
data implicate a critical role for DR5 in lipotoxicity. For exam-
ple, DR5 expression is increased in steatotic hepatocytes and
sensitizes hepatocytes to exogenous TRAIL cytotoxicity (16).
Thus, the role of DR5 in lipoapoptosis merits further
investigation.

In this study, we explored the potential contribution of DR5
death signaling during lipoapoptosis by saturated FFA. The
results implicate TRAIL death signaling by DR5 as a mediator
of palmitate-induced hepatocyte lipoapoptosis downstream of
ER stress-mediated CHOP induction of DR5 expression. These
data further integrate and reconcile knowledge regarding the
role of the DR5-mediated extrinsic pathway of apoptosis during
hepatocyte lipotoxic processes.

EXPERIMENTAL PROCEDURES

Cells—Huh-7 and KMCH cells, human hepatoma and
cholangiocarcinoma cell lines, respectively, were cultured in

Fas-associated death domain protein; NAFLD, nonalcoholic fatty liver dis-
ease; PA, palmitic acid; scr, scrambled; sh, short hairpin; TIRF, total internal
reflection microscopy; TRAIL, tumor necrosis factor-related apoptosis-in-
ducing ligand; V, vehicle; EGFP, enhanced GFP; Z, benzyloxycarbonyl; fmk,
fluoromethyl ketone.
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TABLE 1
Primers used for quantitative real time PCR

Fatty Acids Activate DR5

Gene name Accession no.

Primer sequence Product size

Human and mouse 18 S X03205 Forward, 5'-CGTTCTTAGTTGGTGGAGCG-3’ 212 bp
Reverse, 5'-CGCTGAGCCAGTCAGTGTAG-3'

Human DR5 NM_003842 Forward, 5'-GGGAAGAAGATTCTCCTGAGATGTG-3’ 292 bp
Reverse, 5'-ACATTGTCCTCAGCCCCAGGTCG-3’

Human DR4 NM_003844 Forward, 5'-CAGAACGTCCTGGAGCCTGTAAC-3’ 299 bp
Reverse, 5'- ATGTCCATTGCCTGATTCTTTGTG-3'

Human TRAIL NM_003810 Forward, 5'-GTCCTCAGAGAGTAGCAGC-3' 157 bp
Reverse, 5'-CTCAAGTGCAAGTTGCTCAG-3'

Human CHOP NM_004083 Forward, 5'-ATGGCAGCTGAGTCATTGCCTTTC-3' 177 bp
Reverse, 5'-AGAAGCAGGGTCAAGAGTGGTGAA-3’

Mouse DR NM_020275 Forward, 5'-TGACGGGGAAGAGGAACTGA-3’ 466 bp

Reverse, 5'-GGCTTTGACCATTTGGATTTGA-3’

Dulbecco’s modified Eagle’s medium containing glucose (25
mwm), 100,000 units/liter penicillin, 100 mg/liter streptomycin,
and 10% fetal bovine serum. Jurkat cells, a human T lympho-
blastoid cell line, wild-type (WT), and Jurkat variants 2.1 (lack-
ing Fas-associated death domain protein or FADD) and 19.2
(lacking pro-caspase-8) were cultured at concentrations <1 X
10° cells/ml in RPMI 1640 medium supplemented with 15%
FBS, 100,000 units/liter penicillin, 100 mg/liter streptomycin,
and 2 mm glutamine. Huh-7 cells are a well validated model for
the study of hepatocyte lipoapoptosis (8), whereas KMCH and
Jurkat cells were used as model systems to investigate death
receptor signaling in the context of lipoapoptosis.

C57BL/6 mice genetically deficient in the murine TRAIL
receptor (DR™/7), the only pro-apoptotic death receptor for
TRAIL in the mouse, have been described previously (17).
Mouse hepatocytes were isolated from either C57BL/6 wild-
type (The Jackson Laboratory, Bar Harbor, ME), DR™'~, or
MRL/Mp]J-Tnfrsf6lpr mice (Fas””"#' mice; The Jackson Labo-
ratory) by collagenase perfusion, purified by Percoll (Sigma)
gradient centrifugation, and plated as primary cultures. Human
hepatocytes were prepared as described previously by us in
detail (9).

Plasmid and Transfection—Short hairpin RNA (shRNA)
silencing DR5, DR4, caspase-8, and CHOP were from Sigma
and targeted nucleotides 1531-1551 of DR5 mRNA
(NM_003842), 1499-1519 of DR4 mRNA (NM_003844),
1006 —1026 of caspase-8 mRNA (NM_001228), and 550 —570 of
CHOP mRNA (NM_004083). shRNA silencing caspase-10 was
from Open Biosystems (Thermo Fisher Scientific, Huntsville,
AL) and targeted nucleotides 1834 —1852 of caspase-10 mRNA
(NM_032974). Huh-7 or KMCH cells were transfected with 1
pg/ml DNA plasmid using Lipofectamine (Invitrogen). Stably
transfected clones were selected in medium containing 1200
mg/liter G418 and screened by immunoblot analysis.

Fatty Acid Treatment—Palmitic acid (PA) was prepared as
described previously by us (9). The concentration of PA used in
the main experiments varied between 400 and 800 um and is
similar to the fasting total FFA plasma concentrations observed
in humans with nonalcoholic steatohepatitis (18, 19). The con-
centration of the vehicle, isopropyl alcohol, in the medium was
0.5%; this concentration was used as vehicle control.

Immunocytochemistry and TRAIL Receptor Cluster Analysis—
Cells were cultured on glass coverslips. After palmitate treat-
ment, cells were fixed with freshly prepared 4% paraformalde-
hyde in phosphate-buffered saline (PBS) for 15 min at 37 °C.
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Permeabilization was performed with 0.0125% (w/v) CHAPS in
PBS at 37 °C, 10 min, for active Bax immunostaining, whereas
cells were not permeabilized for DR5 or DR4 cell surface immu-
nostaining. After incubation overnight at 4 °C with primary
antibodies, cells were washed three times with PBS and incu-
bated with secondary antibodies for 1 h at 37 °C. Primary anti-
bodies were mouse anti-Bax antisera (1:500, clone 6A7; Santa
Cruz Biotechnology, Santa Cruz, CA), goat anti-DR5 antisera
(1:500, ALX-210-743-C200, Enzo Life Sciences, Plymouth
Meeting, PA), or mouse anti-DR4 antisera (1:500, clone BY;
Santa Cruz Biotechnology). Secondary antibodies were Alexa
Fluor 488-conjugated anti-mouse IgG or Alexa Fluor 488-con-
jugated anti-goat IgG (Molecular Probes, Eugene, OR). To
ensure that cell fixation with 4% paraformaldehyde does not
permeabilize the plasma membrane, cellular immunofluores-
cence for a-tubulin, an abundant cytoplasmic protein, was per-
formed on fixed and CHAPS-permeabilized or on fixed and
nonpermeabilized Huh-7 cells. Rhodamine Red-X-conjugated
anti-mouse IgG was used as a secondary antibody. ProLong
antifade kit (Molecular Probes) was used as mounting medium,
and images were acquired by confocal microscopy employing
excitation and emission wavelengths of 488 and 507 nm for
Alexa Fluor 488 and 570 and 590 nm for rhodamine Red-X,
respectively. Fluorescence was quantified using the LSM210
imaging software (Carl Zeiss Microimaging Inc., Thornwood,
NJ). 6A7-immunoreactive cells were quantified and expressed
as a percentage of total cells counted as described previously by
us (9). DR5 and DR4 fluorescent staining was assessed as rela-
tive fluorescent units per cell and expressed as fold change over
the vehicle-treated cells.

TRAIL receptor clustering was examined by total internal
reflection microscopy (TIRF) (20). Huh-7 cells cultured on cov-
erslips were transfected with respective DR4-EGFP or DR5-
EGFP plasmid (21) using FUGENE HD transfection reagent
(Roche Applied Science) 36 h prior to treatment. Cells were
treated with palmitate or M2 antibody-aggregated FLAG-
tagged TRAIL (21) at the indicated time and fixed with double
distilled H20 containing 2.5% formaldehyde, 0.1 m PIPES, 1.0
mMm EGTA, and 3.0 mm MgSO,, for 20 min at 37 °C. Cells were
then washed three times in PBS, one time in water and mounted
using Prolong Antifade (Invitrogen). The slides were analyzed
with a TIRF microscope (Zeiss AxioObserver.Z1, Munich, Ger-
many). Cells with EGFP clusters were quantified in 100 cells
randomly selected for each condition. EGFP fluorescence at the
plasma membrane was also quantified using image analysis
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software (Carl Zeiss Vision GmbH, Munich, Germany), and
data were expressed as the average fluorescence intensity in the
cell multiplied by the number of pixels above the background.

To assess individual cell transfection efficiency for DR4-
EGFP and DR5-EGEFP plasmids, we employed digitized fluores-
cent microscopy (22). Briefly, cells were cultured on glass cov-
erslips in 35-mm dishes (Mattek, Ashland, MA). Thirty six
hours following transfection, individual cellular fluorescence
was visualized using excitation and emission filters of 490 and
520 nm, respectively. EGFP fluorescence per cell was quantified
as the average fluorescence intensity in the cell multiplied by
the number of pixels above background using MetaFluor soft-
ware (Molecular Devices, Sunnyvale, CA).

Quantitation of Apoptosis—Huh-7 and KMCH cells were
stained with 5 ug/ml 4',6-diamidine-2’-phenylindole dihydro-
chloride (DAPI) for 30 min at room temperature and visualized
under fluorescence microscopy (Nikon Eclipse TE200, Nikon
Corporation, Japan). Apoptotic cells were quantified by count-
ing 300 random cells per study and expressed as a percent of
total cells counted. Cells with the characteristic nuclear
changes of chromatin condensation and nuclear fragmentation
were considered apoptotic. For caspase-3/-7 activity, cells were
plated in 96-well plates. Caspase-3/-7 activation in cell lines was
measured using Apo-ONE homogeneous caspase-3/-7 kit (Pro-
mega, Madison, WI) according to the manufacturer’s instruc-
tions (9).

Jurkat cells were harvested and stained with propidium
iodide to determine DNA content by flow cytometry (23). Cells
were collected, washed with PBS, fixed, and permeabilized with
ice-cold 70% ethanol overnight, followed by incubation with
0.1% Triton X-100, 0.1 mg/ml RNase A (Sigma) and 5 pg/ml
propidium iodide for 30 min at 37 °C in the dark. Data acquisi-
tion and cell cycle analysis were performed on a FACScan flow
cytometer with the accompanying CellQuest software (BD
Biosciences).

Quantitative Real Time-PCR—Five micrograms of TRIzol-
extracted total RNA was reverse-transcribed with Moloney leu-
kemia virus reverse transcriptase and random primers (both
from Invitrogen). Real time PCR was performed as described
previously by us (9) using SYBR Green fluorescence technology.
Primers are listed in Table 1.

Immunoblot Analysis—Whole cell lysates were prepared and
subjected to immunoblot analysis as described previously (9).
Samples containing 80 ug of protein were resolved by 12.5%
SDS-PAGE, transferred to nitrocellulose membranes, and
incubated with primary antibodies overnight at 4 °C. Mem-
branes were incubated with appropriate horseradish peroxi-
dase-conjugated secondary antibodies (BIOSOURCE) for 1 h at
room temperature. Bound antibody was visualized using
chemiluminescent substrate (ECL, Amersham Biosciences)
and exposed to Kodak X-OMAT film (Eastman Kodak Co.).

Immunoprecipitation—20 X 10° cells treated with either
vehicle or palmitate were solubilized in death-inducing signal-
ing complex (DISC) buffer containing 1% Triton X-100, 150
mM NaCl, 10% glycerol, 20 mm Tris-HCI, pH 7.5, 2 mm EDTA,
1 mm PMSF, 50 mm NaF, 1 mMm Na;VO, and a commercial
protease inhibitor mixture (Roche Applied Science). After sam-
ples were incubated on ice for 30 min, insoluble debris was
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FIGURE 1. Palmitate increases DR5 cell surface expression. A, total RNA was
isolated from Huh-7 cells treated for 8 h with PA at 400 and 800 uMm. Vehicle (V)
was used as control. DR5 and DR4 mRNA were quantified by real time PCR.
Fold induction is expressed in relation to the housekeeping rRNA, 18 S. Data
represent the mean = S.E. of three independent experiments, *, p < 0.05. B,
whole cell lysate was prepared 8 h after treatment with PA or vehicle. The
concentration of PA was 400 and 800 um for Huh-7 cells and 100, 200, and 400
uMm for human primary hepatocytes. Immunoblot analyses were performed
for DR5 and DR4, and B-actin was used as a control for protein loading. Cand
D, Huh-7 cells were treated for 6 h with PA at 800 um or vehicle (V). Next cells
were fixed with 4% paraformaldehyde, and DR5 and DR4 cell surface expres-
sions (green) were assessed by confocal microscopy using specific antibodies
recognizing the N-terminal region of the receptors. Nuclei were stained with
DAPI (blue). a-Tubulinimmunofluorescence (red) was observed only in Huh-7
cells fixed and permeabilized with 0.0125% CHAPS, ensuring that fluorescent
staining for DR5 and DR4 observed in nonpermeabilized cells was at the cell
surface. Representative images of three independent experiments are
depicted. E, fluorescence intensity for the green channel was quantified in 10
random nonpermeabilized cells for each condition with automated software.
Data represent mean = S.E. of three experiments, *, p < 0.05; RFU: relative
fluorescent units.

RFU/cell
(fold change)
RFU/cell
(fold change)

removed by centrifugation for 15 min at 14,000 X gat4 °C. The
protein concentration of the supernatant was determined by
the Bradford assay and adjusted to 7 mg of protein in 1 ml of
lysis buffer. Supernatants were pre-cleared using a mixture of
protein A-agarose (30 ul) and protein G-Sepharose beads (50
wl) for 1 h at 4 °C and then incubated for 1 h at 4 °C with either
2 g of goat anti-caspase-8 antibody (SC-6136, Santa Cruz Bio-
technology) or 2 ug of goat anti-DR5 antibody (ALX-210-743-
C200, Enzo Life Sciences). Eighty microliters of the mixture of
protein A and G beads were next added to each sample and
incubated under agitation overnight at 4 °C. Immune com-
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FIGURE 2. DR5 knockdown attenuates palmitate-induced apoptosis in hepatocytes. A, WT Huh-7 cells or Huh-7 cells stably expressing short hairpin RNA
targeting DR4 (shDR4) or DR5 (shDR5-1) were treated for 16 h with PA at 800 um or vehicle (V). Scrambled shRNA-transfected Huh-7 cells (shScr) were also used
in these experiments to discount any changes to the gene expression profile that may result from the shRNA delivery method or from clonal selection. Effective
and selective down-regulation of DR4 or DR5 protein levels in shDR4 or shDR5 Huh-7 cells was verified by immunoblot analysis on whole cell lysates.
DR5/B-actin and DR4/B-actin ratios were calculated from three immunoblots by densitometry. DR5/B-actin ratio values in WT Huh-7 cells were 1.03 = 0.03 as
compared with 0.12 = 0.01 in shDR5 Huh-7 cells. DR4/B-actin ratio values in WT Huh-7 cells were 0.85 + 0.01 as compared with 0.23 = 0.04 in shDR4 Huh-7 cells.
Apoptosis was assessed by morphological criteria after DAPI staining. B, cells treated as in A were assayed for caspase-3/7 activity. C, DR5 contribution to
palmitate-induced apoptosis was further confirmed using WT Huh-7 cells and a second clone of HuH-7 cells stably transfected with shRNA against DR5
(shDR5-2) treated for 16 h with PA at 400 um or vehicle. Apoptosis was assessed by morphological criteria after DAPI staining and biochemically by measuring
caspase-3/7 activity. D, total RNA was isolated from WT or DR knock-out (DR™/~) primary mouse hepatocytes. DR mRNA expression was assessed by real time
PCR. In WT primary mouse hepatocytes, the cycle threshold (ct) values for murine DR ranged from 30 to 31 cycles, whereas no detectable signal was recorded
in DR/~ primary mouse hepatocytes over the course of 40 cycles. PCR products were then run on a 1.5% agarose gel and visualized by ethidium bromide
staining. 18 S was used as an internal control. E, isolated WT, DR/~ or |pr primary mouse hepatocytes were treated for 16 h with PA at 400 um or vehicle, and
apoptotic nuclei were counted after DAPI staining. All data are expressed as mean = S.E. for three experiments; *, p < 0.05.

plexes were then pelleted by centrifugation for 5 min at
14,000 X g, washed seven times with lysis buffer, released from
the beads by boiling for 5 min in SDS sample buffer, and exam-
ined by immunoblotting as described above.

Membrane Lipid Raft and Non-raft Fractionation—Lipid raft
and non-raft soluble fractions were separated by discontinuous
sucrose density gradients as described previously (24). Briefly,
20 X 108 cells treated with vehicle or palmitate were lysed on ice
for 30 min in 2 ml of a Triton buffer containing 1% Triton
X-100, 25 mm MES, 150 mm NaCl, pH 6.5, supplemented with
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50 mm NaF, 1 mm Na;VO, and a commercial protease inhibitor
mixture (Roche Applied Science), and then homogenized. The
homogenates were mixed with 2 ml of 90% sucrose solution
prepared with Triton buffer and placed at the bottom of a cen-
trifuge tube. The samples were then overlaid with an equal vol-
ume (4 ml) of 35% sucrose and 5% sucrose solutions (both pre-
pared with Triton-buffer) and centrifuged at 39,000 rpm in
SW41Ti rotor (Beckman Instruments) for 18 h at 4 °C. Twelve
fractions of 1 ml were collected from the top to the bottom of
the gradient and examined by Western blotting. Caveolin-1
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FIGURE 3. Palmitate-induced apoptosis by DR5 is TRAIL-independent. A, (1:1000, Beverly, MA). Mouse anti-caspase-10 (clone 4C1) was

total RNA was isolated from Huh-7 cells treated for 8 h with PA at 400 and 800 .
umor vehicle (V). TRAIL mRNA was quantified by real time PCR. Fold induction purchased from MBL (1:1000, MBL International, Woburn,

is expressed in relation to internal control 18 S. B, Huh-7 were treated with PA M A), Goat anti-DR5 (sc-7192, 1:100), mouse anti-Bax antisera
at 800 um for 16 h or with TRAIL at 10 ng/ml for 6 h in the presence or absence . . . .

of DR5-Fc protein chimera (250 ng/ml). Vehicle was used as a control, and (1:500, clone 6A7), mouse anti-DR4 antisera (1:500, clone B9),
caspase-3/7 catalytic activity was measured by the fluorogenic assay. Alldata ~ goat anti-caspase-8 antibody (SC-6136), and goat anti-B-actin

are expressed as mean - S.E. for three experiments; %, p < 0.05. (1:100) were from Santa Cruz Biotechnology (Santa Cruz, CA).
A =
= o 8
S 50 6>
2 wi
B &=
g 28
d
o g3
w DR4- DR5- =S DR4- DRS5-
EGFP EGFP EGFP EGFP
DR5 -EGFP C DR4 -EGFP
o g .--. o :\O\
2= o~
n 9 o
5360 EE
C 40 °© o
[ a e
o3 ol wa
a0 30 60 120min a 0 30 60 120min
+ PA + PA
* —~
r 560 & 60
2540 2 240
w220 w29
Oy O
w< ol . w~ ol .
0 30 60 120min 0 30 60 120min
+ PA + PA
D
LR
3 ~—
232 60 * *
O o
d 240
0= 20
fie -
a o
FLAG-TRAIL - + +
DR4-EGFP DR5-EGFP

FIGURE 4. Palmitate induces DR5 receptor clustering within the plasma membrane. Huh-7 cells were transfected with DR5-EGFP (A, B, and D) or DR4-EGFP
plasmid (A, C, and D) for 36 h. A, total cellular EGFP fluorescence was visualized by digitized fluorescent microscopy. Both individual cellular EGFP fluorescence
and EGFP-positive cells were quantified using imaging software to demonstrate that DR5-EGFP or DR4-EGFP plasmids transfected into the cell with the same
efficiency. Data are expressed as means = S.E. for three experiments. Band G, cells transfected with DR5-EGFP or DR4-EGFP for 36 h were treated with PA at 800
um for 0, 30, 60, and 120 min. D, cells transfected with DR5-EGFP or DR4-EGFP for 36 h were treated with FLAG-tagged TRAIL (400 ng/ml) for 0 and 30 min.
FLAG-tagged TRAIL was pre-oligomerized using the M2 monoclonal anti-FLAG antibody (2 g/ml) as described previously (21). Cells were then fixed and EGFP
fluorescence localized at the plasma membrane was analyzed by TIRF microscopy. Representative images are depicted for each condition. The percentage of
cells with EGFP clusters was quantified and is expressed as means = S.E. for three experiments. EGFP fluorescent intensity per cell was also quantified using
image analysis software and is expressed as mean = S.E. for three experiments; *, p < 0.05, RFU, relative fluorescent units.
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Goat anti-DR5 antisera (1:500, ALX-210-743-C200) and mouse
anti-FLIP (1:200, ALX-804-428) were from Alexis (Enzo Life
Sciences, Plymouth Meeting, PA). Rabbit anti-caveolin-1
(1:1000) and mouse anti-tubulin (1:500) were a gift from Dr.
Mark McNiven (Mayo Clinic, Rochester, MN). The pan-
caspase inhibitor Z-VAD-fmk and the caspase-8 inhibitor
Z-IETD-fmk were from MP Biomedicals (Aurora, OH).
Recombinant human TRAIL (375-TEC) was from R&D Sys-
tems (Minneapolis, MN), and human DR5-Fc chimera (ALX-
522-005-C050) and FLAG-TRAIL (ALX-522-003) were from
Enzo Life Sciences. Thapsigargin and tunicamycin were from
EMD Biosciences (Calbiochem). Human recombinant TNFq,
actinomycin D, and M2 monoclonal anti-FLAG antibody were
from Sigma.

Xbp-1 Splicing—Total RNA was isolated, and spliced Xbp-1
(Xbp-1s) and unspliced Xbp-1 (Xbp-1u) were detected by RT-
PCR followed by digestion by the restriction enzyme Pst-1, as
described previously by us (25).

Statistical Analysis—All data represent at least three inde-
pendent experiments and are expressed as means = S.E. Differ-
ences between groups were compared using Student’s ¢ tests
and one-way analysis of variance with post hoc Dunnett test,
and p values <0.05 were considered statistically significant.

RESULTS

DRS Expression Is Increased by Palmitate Treatment and
Contributes to Hepatocyte Lipoapoptosis—Consistent with
prior observations (16), treatment of Huh-7 cells for 8 h with
the saturated FFA palmitate resulted in a 2—3-fold increase in
DR5 mRNA expression as compared with vehicle-treated cells
(Fig. 1A). Similarly, an increase in DR5 cellular protein expres-
sion was observed in palmitate-treated Huh-7 cells (Fig. 1B),
which was also associated with an increase in DR5 on the cell
surface (Fig. 1, C and E). Palmitate-induced DR5 up-regulation
was also confirmed in primary human hepatocytes (Fig. 1B). In
contrast, DR4 expression was essentially unchanged by palmi-
tate treatment (Fig. 1, A, B, D, and E). To ascertain whether
DRS5, or perhaps DR4, directly contributes to saturated FFA-
induced apoptosis, Huh-7 cells were stably transfected with a
DRS5 targeting shRNA (shDR5) or a DR4 targeting shRNA
(shDR4). Knockdown of DRS5 expression attenuated palmitate-
induced apoptosis in Huh-7 cells in multiple clones and con-
centrations of palmitate (400 and 800 um) as assessed by both
morphological and biochemical criteria (Fig. 2, A—C). In con-
trast, shRNA-targeted knockdown of DR4 did not protect
against palmitate-induced apoptosis (Fig. 2, A and B). Further
evidence for TRAIL DR contribution to saturated FFA-medi-
ated toxicity was obtained by demonstrating that hepatocytes
from DR™/~ mice (Fig. 2D) were more resistant to lipoapopto-
sis by palmitate than wild-type (WT) hepatocytes (Fig. 2E);
these hepatocytes genetically deficient in murine DR remained
sensitive to apoptosis induced by TNF« (28 ng/ml) plus actino-
mycin D (0.2 ug/ml) for 24-h (37 %+ 2 apoptotic nuclei) as com-
pared with WT hepatocytes (43 £ 3 apoptotic nuclei). Death
receptor specificity for these observations was confirmed as
hepatocytes from [pr mice, which contain a Fas receptor that is
unable to signal for death, and readily underwent lipoapoptosis
by palmitate (Fig. 2E). Thus, TRAIL death receptor DR5 is up-
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FIGURE 5. Palmitate induces DR5 receptor recruitment to lipid rafts and
caspase-8 activation. A, Huh-7 cells were treated with PA at 800 um for 0, 4,
or 8 h and subjected to discontinuous sucrose density gradients for separa-
tion of lipid rafts/caveolae and non-rafts fractions as described under “Exper-
imental Procedures.” Immunoblot analysis was performed for DR5, DR4. and
caveolin-1 (a lipid rafts marker). B and C, cell lysates were prepared from
Huh-7 cells treated with vehicle or PA at 800 um for 8 h.Immunoprecipitations
(IP) were performed using a goat anti-DR5 antibody (B) or a goat anti-
caspase-8 (C8) antibody that recognizes the p55/53 full-length and the p43/
41-cleaved intermediate forms of caspase-8 (C). Whole cell lysates and immu-
noprecipitates were analyzed by immunoblotting for caspase-8, DR5, DR4,
and the long and short isoforms of c-FLIP (c-FLIP_ and c-FLIP,). To avoid inter-
ference with the heavy chain of goat immunoglobulins, rabbit anti-DR5 was
used to detect DR5 in immunoprecipitates, whereas goat anti-DR5 was used
in whole cell lysates. B-actin was assessed in whole cell lysates and was used
as a control for protein loading.

regulated by saturated FFA and contributes to hepatocyte lipo-
toxicity in vitro.

Palmitate-mediated Apoptosis by DRS Is Independent of
TRAIL—Because palmitate-treated Huh-7 cells display
increased sensitivity to exogenous TRAIL (data not shown), we
examined TRAIL mRNA expression in Huh-7 cells. Interest-
ingly, TRAIL mRNA was not increased but rather decreased by
palmitate treatment (Fig. 34), suggesting that palmitate-in-
duced lipotoxicity is unlikely due to increased TRAIL
expression. Consistent with these observations, incubation
of Huh-7 cells with a soluble human recombinant DR5-Fc
chimera protein, which inhibits TRAIL-mediated death by
competing with cell surface DR4 and DR5 for TRAIL, did not
inhibit palmitate-induced apoptosis (Fig. 3B). As a control,
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DR5-Fc completely blocked Huh-7 cell apoptosis by exoge-
nous TRAIL (Fig. 3B). These results suggest that palmitate-
induced apoptosis by DR5 in liver cells does not involve
TRAIL binding to its receptor.

Palmitate Promotes DRS Receptor Clustering and Redistribu-
tion to Lipid Rafts Resulting in Pro-apoptotic Receptor Signaling—
TRAIL death receptor clustering is required for the initiation of
death signaling and ultimately the induction of apoptosis (26,
27). Therefore, we used Huh-7 cells expressing EGFP-tagged
DR5 or DR4 (Fig. 4A). We examined TRAIL receptor clustering
upon treatment with palmitate for up to 120 min, and TIRF
microscopy was used to image fluorescent clusters. TIRF
microscopy visualizes fluorescence within 100 nm of the cell
surface, and therefore changes in fluorescence largely reflect
events at the plasma membrane. Under basal conditions (time
0), DR5-EGFP fluorescence was dim and was largely randomly
distributed on the cell surface (Fig. 4B). Within 60 min of palmi-
tate addition, the amount of DR5-EGFP at the cell surface
markedly increased leading to the formation of bright macro-
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aggregates, consistent with receptor trafficking to and cluster-
ing within the plasma membrane; indeed, these macroaggre-
gates are highly analogous to the signaling protein oligomer
transduction structures previously reported for Fas on the
plasma membrane (28). By 120 min of palmitate stimulation,
DR5-EGFP fluorescence decreased to basal values (Fig. 4B),
consistent with an internalization of the receptor complex (21).
This pattern of DR5-EGFP cell surface dynamics was observed
whether total cellular fluorescence or the percentage of cells
with fluorescent punctae were quantified. Conversely, palmi-
tate failed to induce the formation of DR4-EGFP macro-aggre-
gates on the cell surface (Fig. 4C). As a control, clustering of
DR4, as well as DR5, was readily observed when incubating cells
with exogenous M2 antibody-aggregated FLAG-tagged TRAIL
(Fig. 4D) for 30 min. Differences in DR4- or DR5-EGFP cluster-
ing during palmitate stimulation could not be attributed to dif-
ferent levels of EGFP-tagged receptor expression as Huh-7 cells
are efficiently transfected by both DR5- and DR4-EGFP (Fig.
4A).
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Because lipid rafts serve as a platform to aggregate DR5 recep-
tors (26, 27), we next examined whether TRAIL receptors co-lo-
calize with lipid rafts of the plasma membrane; detergent-insolu-
ble membrane fractions contains caveolin-1 (Fig. 54) (29). In
vehicle-treated Huh-7 cells, DR5 predominantly localized in the
detergent-soluble fractions, and little to no DR5 protein was
observed by immunoblot analysis in the fraction that contains the
lipid rafts/caveolae. By 8 h of treatment with palmitate, substantial
accumulation of DR5 protein was found in the lipid raft fraction
(Fig. 5A). In contrast, a minimal amount of DR4 was already pres-
ent in the lipid rafts of vehicle-treated cells with no further accu-
mulation in this fraction following palmitate stimulation (Fig. 5A).
Taken together, these data are consistent with palmitate-induced
accumulation and aggregation of DR5 within the plasma mem-
brane, a required step for receptor signaling.

Caspase-8 is recruited to and activated at the TRAIL receptor
DISC and plays a crucial role in mediating TRAIL-induced apo-
ptosis (30, 31). Therefore, to determine whether the observed
plasma membrane receptor clustering was capable of pro-apo-
ptotic signaling, we sought to ascertain if caspase-8 was
recruited to and active within a DR5 receptor complex. Cleav-
age and activation of pro-caspase-8 into p43/p41 intermediate
products were readily identified in palmitate-treated Huh-7
cells (Figs. 5, B and C, and 6A). Caspase-8 activation by palmi-
tate was independent of a decrease in cellular FLICE-like inhib-
itory protein (c-FLIP) expression (Figs. 5B and 6A), a protein
that may be recruited to the DISC and acts to inhibit TRAIL
pro-apoptotic signaling (32, 33). To examine the ability of
palmitate to induce a DR5-mediated processing of caspase-8,
immunoprecipitation of DR5 was performed followed by
immunoblot analysis (Fig. 5B). Indeed, palmitate treatment
resulted in the appearance of the p43 and p41 cleaved forms of
caspase-8 in DR5 immune complexes. In contrast, no recruit-
ment of cFLIP; or the short isoform of c-FLIP (c-FLIPg) within
a DR5 receptor complex was observed (Fig. 5B). Because DR5
expression is up-regulated by palmitate, larger amounts of DR5
were immunoprecipitated from palmitate-treated cells as com-
pared with control (Fig. 5B). The reciprocal immunoprecipita-
tion paradigm was performed using an anti-caspase-8 antibody
that recognizes both the full-length and p43 and p41 forms of
caspase-8; DR5 was more efficiently immunoprecipitated as
pro-caspase-8 was processed into cleaved products upon
palmitate treatment (Fig. 5C). In contrast, no binding of
caspase-8 products to DR4 was observed (Fig. 5C). To further
confirm a role for DR5-activated caspase-8 during lipoapopto-
sis processes, we generated Huh-7 cells with a stable knock-
down of caspase-8 (shC8) (Fig. 6A). Consistent with prior stud-
ies (30, 31), these shC8 cells are resistant to TRAIL-induced
apoptosis (data not shown). More importantly, shC8 cells were
resistant to palmitate-induced lipoapoptosis as compared with
wild-type (WT) Huh-7 cells (Fig. 6, B and C). Besides caspase-8,
caspase-10 may also be recruited to the TRAIL DISC and contrib-
ute to TRAIL killing (34); however, silencing of caspase-10 by tar-
geted shRNA (Fig. 6D) did not alter palmitate-induced toxicity
(Fig. 6, E and F), indicating caspase-8 specificity in this process.

Activation of the pro-apoptotic protein Bax, a known medi-
ator of mitochondrial dysfunction, represents a critical molec-
ular event during lipoapoptosis (8, 9). Because active caspase-8
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FIGURE 7. DR5 or caspase-8 knockdown does not modify palmitate-in-
duced ER stress. WT, shDR5, and shC8 Huh-7 cells were treated with PA at
400 or 800 uM or vehicle (V) for 8 h. A and B, total RNA was isolated, and CHOP
mRNA was quantified by real time PCR. Fold induction is relative to internal
control 18 S. Data represent mean * S.E. of three experiments. Cand D, XBP-1
cDNA was amplified by PCR, followed by incubation with Pstl. In vehicle-
treated cells, most Xbp-1 PCR products were cut by Pstl, producing 290- and
180-bp amplification products, indicative of the native and unspliced form of
Xbp-1 mRNA (Xbp-1u). A 471-bp amplification product, indicative of spliced
Xbp-1 mRNA (Xbp-1s), was observed in PA-treated cells. E and F, whole cell
lysates were prepared, and immunoblot analysis was performed for phos-
phorylated JNK (p-JNK) protein expression and total JNK (t-JNK), a control for
protein loading. Images were cut and combined from the same radiograph.

promotes Bax activation (35), we examined the potential rela-
tionship between DR5 downstream death signaling and Bax
activation upon palmitate treatment. Bax activation in response
to palmitate was readily detected in WT Huh-7 cells using the
active conformation-specific 6A7 monoclonal antibody (Fig.
6G). In contrast, both knockdown of DR5 or caspase-8 expres-
sion efficiently reduced palmitate-activated Bax (Fig. 6G).
Taken together, these results implicate DR5-activated
caspase-8 as a key step in mediating hepatocyte lipotoxicity by
palmitate.

DRS5-mediated Toxicity Is Downstream of ER Stress-mediated
CHOP Induction—Saturated FFA activate ER stress-signaling
pathways (7, 25), and a recent study suggests that DR5-acti-
vated caspase-8 may directly induce ER stress (36). Therefore,
in an attempt to relate DR5 activation to ER stress in the context
of saturated FFA cytotoxicity, we examined several ER stress
markers, including CHOP, XBP-1, and JNK, in shDR5 and shC8
Huh-7 cells during treatment with palmitate. However, selec-
tive shRNA-targeted knockdown of DRS5 or caspase-8 did not
prevent CHOP induction (Fig. 7, A and B), XPB-1 splicing (Fig.
7, Cand D), or JNK-activating phosphorylation (Fig. 7, E and F).
These data suggest that palmitate-activated DR5 death signal-
ing is not upstream of ER stress. To reconcile our data with
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those implicating DR5 signaling as a cause of ER stress, we used
the pharmacological approach employed in the prior study to
inhibit caspase-8 (36). Caspase-8 inhibition using the pharma-
cological inhibitor Z-IETD-fmk completely prevented CHOP
induction, XBP-1 splicing, and JNK activation (Fig. 8, A, C, and
D), an observation consistent with the prior studies by Tiwary et
al. (36). However, this protective effect was only partial when
using the pan-caspase inhibitor Z-VAD-fmk, which also effi-
ciently prevents caspase-8 activation by palmitate (Fig. 8, B-D).
Because neither shRNA knockdown of caspase-8 nor its inhibi-
tion with Z-VAD-fmk completely blocks ER stress by palmitate,
the ability of Z-IETD-fmk to fully inhibit ER stress is potentially
an off-target effect of this drug. Interestingly, Z-IETD-fmk did
not inhibit CHOP up-regulation by thapsigargin or tunicamy-
cin (data not shown), two potent pharmacological ER stress
inducers, indicating that Z-IETD-fmk is not a general inhibitor
of ER stress responses but rather antagonizes ER stress induc-
tion by palmitate; the mechanisms by which Z-IETD-fmk
blocks palmitate-induced ER stress upstream of the ER require
further delineation.
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Further evidence that ER stress pathways precede DR5 acti-
vation during hepatocyte lipoapoptosis was obtained by dem-
onstrating that inhibition of CHOP induction, either by tar-
geted shRNA (shCHOP) (Fig. 94) (7) or by the drug Z-IETD-
fmk, prevented DR5 mRNA up-regulation by palmitate (Figs.
9B and. 8E). Consistent with transcriptional regulation of DR5
expression by CHOP (37), CHOP knockdown also reduced
caspase-8 activation upon palmitate treatment (Fig. 9C). Thus,
the results indicate that DR5 up-regulation and activation fol-
lows ER stress-induced CHOP induction during hepatocyte
lipoapoptosis.

Palmitate-activated DRS Death Signaling also Mediates the
Lipotoxic Insult in Other Cell Models—To further implicate
DR5 death signaling in mediating the lipotoxic insult, we used
the human T lymphoblastoid cell line, Jurkat cells. These cells
express DR5 but little to no DR4 (38) and therefore represent a
useful tool to study specifically DR5-mediated death signaling.
Similarly to Huh-7 cells, treatment with palmitate up-regulates
DR5 protein expression and activates caspase-8 in WT Jurkat
cells (Fig. 10A), which results in cellular demise (Fig. 10, B and
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FIGURE 9. CHOP knockdown reduces DR5 up-regulation and caspase-8
activation by palmitate. WT Huh-7 cells or Huh-7 cells stably expressing
short hairpin RNA targeting CHOP (shCHOP) were treated for 8 h with PA at
800 um or vehicle (V). A and B, total RNA was isolated, and CHOP and DR5
mRNA were quantified by real time PCR. Fold induction is relative to internal
control 18 S. Data represent mean = S.E. of three experiments; *, p < 0.05. C,
immunoblot analysis for caspase-8 (C8) was performed on whole cell lysate.
B-Actin was used as a control for protein loading. Images were cut and com-
bined from the same radiograph.

C). FADD is also essential for death receptor pro-apoptotic sig-
naling (39). Consistent with the above studies, Jurkat variants
deficient in FADD (AFADD, 12.1) or caspase-8 (AC8, 19.2) were
also resistant to palmitate-induced lipotoxicity and displayed
reduced caspase-8 activation following palmitate treatment
(Fig. 10, B and C). Like Huh-7 cells, these caspase-8- and
FADD-deficient Jurkat cells also underwent ER stress upon
exposure to palmitate (Fig. 10, D and E).

We also employed the cholangiocarcinoma cell line KMCH
as another cell model. Again, suppression of DR5 expression by
targeted shRNA (Fig. 11A) protected the cells from palmitate-
induced toxicity in several clones (Fig. 11, B and C). Despite
increased level in DR4 protein expression, shDR5 KMCH cells
demonstrated a reduction in caspase-8 activation upon palmi-
tate treatment (Fig. 11D). Also, like hepatocytes, the knock-
down of DRS5 did not confer resistance to palmitate-mediated
ER stress (Fig. 11E). Thus, these results in additional cell lines
further establish DR5 death signaling as a potent contributor to
lipoapoptosis.
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FIGURE 10. FADD and caspase-8 deficiency protects Jurkat cells against
palmitate-induced toxicity without altering ER stress responses. A, whole
cell lysate was prepared from WT Jurkat cells treated for 8 h with vehicle (V) or
PA at the dose of 800 um. Immunoblot analyses were performed for DR5 and
caspase-8. B-Actin was used as a control for protein loading. B and C, WT,
AFADD, and AC8 Jurkat cells were treated with vehicle or PA at 800 um for
16 h. Apoptosis was assessed by sub-G, analysis by flow cytometry after pro-
pidium iodide staining (B) and biochemically by measuring caspase-3/7 activ-
ity (C). D and E, Jurkat cells were treated as in Band C. Total RNA was isolated,
and CHOP mRNA was quantified by real time PCR. Fold induction is relative to
internal control 18 S (D). Whole cell lysates were prepared, and immunoblot
analysis was performed for phosphorylated JNK (p-JNK) and total JNK (t-JNK),
a control for protein loading (E). All data represent mean = S.E. of three exper-
iments; *, p < 0.05.

DISCUSSION

FFA-induced hepatic injury plays a major role in NAFLD.
The principal findings of this study provide mechanistic
insights regarding the contribution of DR5 death signaling to
hepatocyte lipoapoptosis. Our results indicate the following: (i)
the toxic saturated FFA palmitate directly up-regulates DR5 by
a CHOP-dependent mechanism downstream of ER stress; (ii)
genetic deletion or shRNA targeted knockdown of DR5 expres-
sion attenuates lipoapoptosis by palmitate; and (iii) palmitate
directly induces plasma membrane DR5 association with lipid
rafts and receptor clustering independent of its cognate ligand
TRAIL resulting in caspase-8 activation and cellular demise.
These observations are more thoroughly discussed below.

DRS5 mRNA expression is significantly elevated in patient
with nonalcoholic steatohepatitis (16, 40) and in experimental

JOURNAL OF BIOLOGICAL CHEMISTRY 39345



Fatty Acids Activate DR5

A 3
o
[ [m)]
2 G
DR5 s ¢
DR4 [t
B-actin '~-‘
B 50 D WT shDR54
) 40 V PA V PA
© P | |
: y
55/53-> umanentbiiid
Z 30 P "
= X p43/p41->
QV * .
o 20 * B-actin  —————
a
< 10 I [ E WT shDR5-1
V. PA V PA
V PA V PA V PA V PA Xbp-15— o & -
) WT shScr shDR54 shDR5-2 Xbp1u—[: - - -

N
1

Caspase 3/7 activity ©
(fold change)
N

H| HI ol | ﬂ[

V PA V PA V_PA

V_PA

WT shScr

shDR51 shDR5-2
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Xbp-1 (Xbp-1s) was detected by RT-PCR followed by digestion by Pstl (E).

murine models of steatohepatitis (41). Although we had previ-
ously demonstrated that DR5 cellular expression is increased in
steatotic hepatocytes (16), here we describe for the first time the
direct contribution of DR5 death signaling to hepatocyte lipo-
apoptosis. For example, short hairpin RNA-targeted knock-
down of DR5 renders Huh-7 cells partially resistant to palmitate
cytotoxicity. Similarly, genetic deficiency of mouse DR, homol-
ogous to human DR5, protected mouse primary hepatocytes
from lipoapoptosis. Consistent with DR5-mediated cytotoxic-
ity, palmitate-induced cytotoxicity was caspase-8-dependent.
Activated caspase-8 further activates the pro-apoptotic mem-
bers of the Bcl-2 family, Bax (35), resulting in Bax translocation
in the outer mitochondrial membrane with subsequent mito-
chondrial dysfunction, downstream activation of the effector
caspase-3 and -7, and ultimately cellular demise. Prior studies
have reported that the broad inhibition of caspases can reduce
hepatocyte apoptosis in animal models of nonalcoholic steato-
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hepatitis (42, 43), and caspase-8 inhibition in this model could
account, in part, for the protection of hepatocyte against steatosis-
induced apoptosis. Thus, this implicates a functional role for DR5
death signaling in lipotoxicity suggesting that its enhanced expres-
sion is not an epi-phenomenon in this cellular process.

Death receptor activation is a complex multifactorial process
requiring translocation of receptors to the plasma membrane,
receptor association often within lipid rafts, and subsequent
recruitment of platforms and effector molecules to the receptor
complex (11). Although cognate ligands are usually required for
these activation processes, ligand-independent receptor activa-
tion has been well documented. Indeed, bile acids stimulate
ligand-independent activation of Fas (44, 45) and DR5 (46).
Palmitate also appears to initiate ligand-independent activation
of DR5. Several observations support this interpretation of our
data. Death receptor-mediated apoptosis is regulated at the cell
surface by the density of death receptors (45), and palmitate

VOLUME 286-NUMBER 45-NOVEMBER 11, 2011



Saturated FFAs
(e.g., palmitate)

Endoplasmic

E Reticulum é;

Fatty Acids Activate DR5

DR5

H FADD

Caspase-8

ER stress
l l BH3-only Protein
CHOP Baxe— Stress
) ) PUMA
Mitochondria Bim
o Mitochondrial
Dysfunction
DR5 l
Nucleus Caspase 3
9\’\@% Apoptosis

FIGURE 12. DR5 death signaling contributes to palmitate-induced apoptosis. ER stress-induced CHOP expression by saturated FFA increases cellular DR5
expression thereby augmenting its cell surface density. FFA also promote DR5 clustering that serves to recruit and activate caspase-8, which ultimately
promotes Bax activation. Cytotoxic FFA also induce Bim and PUMA expression causing cellular BH3-only stress. This BH3-only stress sensitizes the cell to DR5
cytotoxic signaling by enhancing Bax-mediated mitochondrial dysfunction with subsequent caspase activation and apoptosis.

promotes increased cell surface expression of DR5 with down-
stream initiation of a death-signaling pathway. Exogenous
addition of soluble human recombinant DR5-Fc chimera pro-
tein, which binds soluble TRAIL and prevents its access to the
receptor, also failed to prevent palmitate cytotoxicity. In addi-
tion, palmitate actually reduced, rather than increased, TRAIL
mRNA expression by hepatocytes. Like Fas receptor (28), the
formation of cell surface receptor oligomeric structures,
referred to as signaling protein oligomer transduction struc-
tures, were also observed for DR5-EGFP by TIRF microscopy
following palmitate stimulation. An additional report suggests
that formation of ceramide-enriched membrane platforms
serves to trap and cluster DR5, a prerequisite for the induction
of apoptosis by DR5 (26, 27); and plasma membrane DR5 asso-
ciates with lipid raft upon palmitate treatment. Interestingly,
palmitate is a precursor of de novo ceramide synthesis, which may
contribute to the observed DR5 recruitment in the lipid rafts and
receptor clustering. Although it was also reported that post-trans-
lational lipid modification of death receptors by palmitoylation
leads to their redistribution into lipid rafts and oligomerization
(47), palmitoylation of TRAIL receptors was observed only for
DR4 but not DR5 (47). Thus, the precise mechanisms by which
palmitate induces DR5 clustering and pro-apoptotic signaling
independent of TRAIL remains to be delineated.

Accumulating studies have demonstrated the triggering of
ER stress responses during saturated FFA-induced apoptosis (7,
25,48); and ER-stress pathways are observed in both rodent and
human steatohepatitis (5, 6). ER stress responses are sensed and
transduced by ER-resident proteins and can result in the acti-
vation/induction of pro-apoptotic proteins, such as CHOP (7,
25, 48). The mechanisms by which saturated FFA trigger ER
stress responses are unclear but appear to be due to the release
of calcium from the ER stores (49, 50). More recently, a study
has reported that ER stress can be triggered by the extrinsic
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pathway of apoptosis induced by DR5 (36). However, in our
studies, we observed that palmitate-induced ER stress was
upstream and not downstream of DR5-activated caspase-8.
DR5 cellular levels are transcriptionally up-regulated by p53-
dependent and -independent mechanisms, including CHOP-
dependent mechanisms (37). p53 is mutated and functionally
inactive in Huh-7 cells making it unlikely that p53 mediates
DRS expression by palmitate (51). Consistent with a transcrip-
tional regulation of DRS by CHOP (37), shRNA-targeted
knockdown of CHOP reduced DR5 up-regulation by palmitate,
a mechanism that could account into the resistance of these
cells to palmitate-induced apoptosis (7). We have previously
implicated the BH3-only proteins Bim and PUMA in mediating
mitochondrial dysfunctions and hepatocyte apoptosis during
saturated FFA insult (9, 52). Both Bim and PUMA are regulated
downstream of ER stress responses (9, 53) and are required for
TRAIL cytotoxicity (54, 55). Likely, the BH3-only protein stress
exerted by Bim and PUMA up-regulation serves to sensitize the
cell to TRAIL cytotoxicity by the mitochondrial pathway.
Likely, caspase-8 generation of truncated Bid by DR5 activation
(11), also a pro-apoptotic BH3-only protein, in the context of
PUMA and Bim up-regulation, overwhelms the anti-apoptotic
defenses of the cell, culminating in cell death. Thus, our studies
help assimilate multiple injurious effects of FFA on the cell by
linking ER stress and alterations in Bcl-2 protein family mem-
bers to a death receptor pathway of apoptosis (Fig. 12).
Lipotoxicity is almost certainly a pleiotropic process with
multiple causes of cellular dysfunction and death. This study
notably provides further insights regarding the specific role of
the death receptor-mediated extrinsic pathway in FFA-induced
hepatocyte lipotoxicity but also integrates these observations
with prior studies highlighting a pathogenetic role for ER stress
and alterations in Bcl-2 protein family members in this process.
The results implicate DR5 up-regulation with subsequent
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receptor clustering and activation of caspase-8 as critical steps
in mediating saturated FFA-mediated apoptosis downstream of
ER stress. Thus, clinical trials of caspase inhibitors in human
steatohepatitis or other approaches to reduce DR5 activation
(56) hold promise to ameliorate hepatocyte lipoapoptosis in
human fatty liver disease.
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