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Disruption of endoplasmic reticulum structure and
integrity in lipotoxic cell death

Nica M. Borradaile,” Xianlin Han,* Jeffrey D. Harp,* Sarah E. Gale,” Daniel S. Ory,’x<

and Jean E. Schaffer!"™*

Center for Cardiovascular Research, Division of Cardiology,* and Division of Bioorganic Chemistry,
Department of Internal Medicine, Washington University School of Medicine, St. Louis, MO 63110

Abstract Cell dysfunction and death induced by lipid
accumulation in nonadipose tissues, or lipotoxicity, may
contribute to the pathogenesis of obesity and type 2 dia-
betes. However, the mechanisms leading to lipotoxic cell
death are poorly understood. We recently reported that, in
Chinese hamster ovary (CHO) cells and in H9c2 cardiomyo-
blasts, lipid overload induced by incubation with 500 pM
palmitate leads to intracellular accumulation of reactive oxy-
gen species, which subsequently induce endoplasmic re-
ticulum (ER) stress and cell death. Here, we show that
palmitate also impairs ER function through a more direct
mechanism. Palmitate was rapidly incorporated into satu-
rated phospholipid and triglyceride species in microsomal
membranes of CHO cells. The resulting membrane re-
modeling was associated with dramatic dilatation of the ER
and redistribution of protein-folding chaperones to the cy-
tosol within 5 h, indicating compromised ER membrane
integrity. Increasing (-oxidation, through the activation of
AMP-activated protein kinase, decreased palmitate incor-
poration into microsomes, decreased the escape of chap-
erones to the cytosol, and decreased subsequent caspase
activation and cell death.lilf Thus, palmitate rapidly increases
the saturated lipid content of the ER, leading to compro-
mised ER morphology and integrity, suggesting that
impairment of the structure and function of this organelle
is involved in the cellular response to fatty acid overload.—
Borradaile, N. M., X. Han, J. D. Harp, S. E. Gale, D. S. Ory,
and J. E. Schaffer. Disruption of endoplasmic reticulum
structure and integrity in lipotoxic cell death. J. Lipid Res.
2006. 47: 2726-2737.
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Increased serum triacylglycerol (TAG) and NEFA levels,
associated with obesity and type 2 diabetes, contribute to
lipid accumulation in many nonadipose tissues. Through
the process of lipotoxicity, this inappropriate accumula-
tion of excess lipid can lead to cellular dysfunction and cell
death (1). For example, evidence from rodent models
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strongly implicates cardiac accumulation of lipid in the
genesis of heart failure in diabetes. TAG accumulation in
cardiomyocytes of leptin- or leptin receptor-deficient obese
diabetic animal models is associated with cardiomyocyte
apoptosis (2) and contractile dysfunction (2—4). Consistent
with this apparent cardiac lipotoxicity, cardiomyocyte-
specific increases in FA uptake in mice with cardiac-
restricted overexpression of long-chain acyl-CoA synthetase
1, lipoprotein lipase, or fatty acid transport protein 1 are
sufficient to cause cardiomyocyte dysfunction and/or death
that lead to left ventricular dysfunction (5-7).

Studies using cultured cells to model the lipotoxic
response have helped elucidate the mechanisms involved
in the response to FA overload. Long-chain saturated fatty
acids, such as palmitate, induce cell death in a variety
of cell types, including cardiomyocytes (8). In general,
palmitate-induced cell death is characterized by markers
of apoptosis, including cytochrome c release, caspase
activation, and DNA fragmentation. Although relatively
few studies have focused on mechanisms of palmitate-
induced cell death in cardiomyocytes, recent evidence
obtained using primary cardiomyocyte cultures from
embryonic chicks and neonatal rats suggests that incuba-
tion with palmitate is associated with the loss of mito-
chondrial membrane potential, mitochondrial swelling,
and cytochrome c release (9-11). These events may be
initiated via several mechanisms, including decreased
synthesis of the signature mitochondrial membrane phos-
pholipid, cardiolipin (11), increased ceramide synthesis (9,
12), and increased generation of reactive oxygen species
(ROS) (13, 14). However, the induction of apoptosis by both
ceramide and oxidative stress requires a flux of calcium ions
from the endoplasmic reticulum (ER) to the mitochondria
(15, 16), and depletion of these calcium stores can impair
normal protein-folding functions, leading to ER stress (17,
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18). Consistent with this concept, we and others recently
showed that palmitate overload rapidly induces ER stress in
pancreatic B-cells (19), hepatocytes (20), and cardiomyo-
blasts (14). Furthermore, our studies revealed that palmi-
tate-induced ER stress was mediated, in part, through the
generation of ROS (14).

Several observations indicate that palmitate may also act
more directly at the level of the ER to initiate a lipotoxic
response. In vitro evidence suggests that palmitoyl-CoA
facilitates ER fission (21) and that the acyl chains of lipids
directly affect the fusion/fission events of membranes (22,
23). Furthermore, incorporation of saturated fatty acyl
chains into membrane phospholipids can induce detrimen-
tal stiffening of cellular membranes (24-26). Here, we dem-
onstrate that, in CHO cells and H9c2 cardiomyoblasts, the
rapid induction of ER stress in the presence of palmitate is
associated with the rapid incorporation of this fatty acid into
lipid components of the rough ER and subsequent
compromise of rough ER structure and integrity. Although
previous studies indicate that palmitate-induced intracellu-
lar responses converge on the mitochondria, eventually
resulting in the release of cytochrome c into the cytosol and
apoptotic cell death, our studies suggest that the ER may
play an important proximal role in FA-induced cytotoxicity.

MATERIALS AND METHODS

Cell culture and chemicals

CHO-K1 (CHO) cells (American Type Culture Collection)
and stearoyl-coenzyme A desaturase 1 (SCD1)-overexpressing
CHO cells (27) were maintained in high-glucose (4.5 mg/ml)
DMEM and Ham'’s F-12 nutrient mixture (1:1), with 5% FBS, as
described (27). H9c2 rat cardiomyoblasts (American Type
Culture Collection) were maintained in high-glucose DMEM
with 10% FBS, as described (14). For experiments, all CHO and
H9c2 cell lines (90% confluent) were incubated in CHO cell
growth medium supplemented with palmitate (500 wM) or
oleate (500 uM) (Nu-Chek Prep) complexed to BSA at a 2:1
molar ratio, prepared as described previously (13). 5-Aminoim-
idazole-4-carboxamide-1-B-4-ribofuranoside (AICAr) was from
Calbiochem; etomoxir, HyOg, a-tocopherol (vitamin E), thapsi-
gargin, and DMSO were from Sigma.

Subcellular distribution of radiolabeled palmitate

CHO cells were incubated for 1 h with [9,10—3H]palmitate
(Perkin-Elmer), [9,10-°H]oleate (Perkin-Elmer), or [9,10-°H]2-
bromopalmitate (American Radiochemicals) at a specific activity
of 10 wCi/mmol. Crude mitochondria, cytosol, smooth micro-
somes, and rough microsomes were isolated by homogenization
and sequential centrifugation, as described previously (28). Ra-
dioactivity in each fraction was measured using a Beckman LS
6000IC scintillation counter and normalized to the total protein
in each fraction (BCA Protein Assay; Pierce). The relative purity
of the isolated fractions was assessed by immunoblotting using
rabbit polyclonal antibodies against histone H1 (Stressgen),
long-chain acyl-CoA dehydrogenase [a gift from A. Strauss (29)],
and p63 [a gift from J. Rohrer (30)].

Lipid composition of rough microsomes

CHO cells were incubated for 1 h in the absence or presence
of 500 pM [7,7,8,8—2H]palmitate (Cambridge Isotope). Rough

microsomes were isolated as described above. Lipids were extracted
and lipid species were identified and quantitated by electrospray
ionization mass spectrometry (31, 32). The mass levels of phos-
phatidylethanolamine were not determined in this study.

Electron microscopy

CHO cells were harvested, fixed with 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer, postfixed in 1.25% osmium
tetroxide, and stained with 4% aqueous uranyl acetate. Embed-
ded tissue was then thin-sectioned and viewed on a Zeiss 902 elec-
tron microscope. Glutaraldehyde, osmium tetroxide, and uranyl
acetate were from Electron Microscopy Sciences.

Subcellular fractionation and immunoblotting

Crude cytosolic and membrane/organelle fractions were
isolated from CHO cells by sequential detergent extraction
using ProteoExtract reagents from Calbiochem (33). Based on our
preliminary assessment of the distribution of marker proteins, an
alternative method of homogenization and sequential centrifuga-
tion (34) was required to isolate cytosolic and crude microsomal
fractions from H9¢2 cells. Glucose-regulated protein 78 (GRP78)
and protein disulfide isomerase (PDI) in 7.5-20 pg of protein
from each subcellular fraction were detected using rabbit
polyclonal antibodies (Stressgen). Cytochrome c in 40-80 ug of
protein from crude mitochondrial and cytosolic fractions, isolated
by sequential centrifugation, was detected using a monoclonal
antibody (BD Biosciences).

ER calcium depletion

Palmitate-induced depletion of thapsigargin-sensitive calcium
stores was assessed using the Fluo-4 NW calcium assay kit (Molec-
ular Probes, Invitrogen) in a 96-well plate format, according to
the manufacturer’s protocol. After incubation with palmitate,
cells were loaded with Fluo-4 AM in the presence of 2.5 mM
probenicid. Thapsigargin (1 wM) or vehicle (DMSO) was added
immediately, and fluorescence at 2 min was measured using a
Hidex plate reader (excitation at 485 nm and emission at 535 nm).
Data were expressed as fluorescent increments (change in fluo-
rescence) upon addition of thapsigargin.

Mitochondrial staining

Depolarization of mitochondria was assessed using the
potential-dependent dye, JC-1 (Molecular Probes, Invitrogen).
CHO cells incubated for up to 5 h with 500 wM palmitate or
2.5 mM HyOy were stained with 7.5 wM JC-1 at 37°C, according to
the manufacturer’s protocol. Mean red and green fluorescence
were determined by flow cytometry (10* cells/sample) for sub-
sequent calculation of mean FL2/FL1 ratios.

The presence of intact mitochondria was assessed using
MitoTracker Green FM (Molecular Probes, Invitrogen). CHO
cells incubated for up to 18 h with 500 wM palmitate or 2.5 mM
Hs05 were stained for 30 min with 20 nM MitoTracker Green FM
at 37°C, according to the manufacturer’s protocol. Mean fluo-
rescence was determined by flow cytometry (10* cells/sample).

Caspase activation and cell death

Activation of caspases-3 and -7 was determined by immuno-
blotting of cytosolic (40 pg of protein) and microsomal (70 pg of
protein) fractions from H9c2 cells incubated for up to 24 h with
various treatments. Rabbit polyclonal antibodies were used to
simultaneously detect both pro- (inactive) and cleaved (active)
forms of each caspase (Cell Signaling Technologies). Cell death
was assessed by membrane permeability to propidium iodide, as
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described previously (13). Briefly, CHO and H9c2 cells incubated
for 24-48 h with various treatments were harvested by trypsiniza-
tion and stained with 1 uM propidium iodide. The percentage of
propidium iodide-positive cells was determined by flow cytometry
(10* cells/sample).

RESULTS

Palmitate is rapidly incorporated into saturated
phospholipid and triglyceride species in the rough ER
Previous studies have identified the ER as a target of
palmitate-induced lipotoxicity downstream of the genera-
tion of ROS (14). To test the hypothesis that palmitate may
also impair ER function more directly through its rapid
incorporation into the ER membrane, we determined the
subcellular distribution of palmitate within 1 h of expo-
sure to a lipotoxic dose. CHO cells were incubated with
500 wM palmitate containing a trace amount of [3H]pal-
mitate. Subsequent subcellular fractionation revealed that
the bulk of the label was distributed between the crude
mitochondrial fraction (58.00 = 0.03%) and the rough
microsomal fraction (22.90 * 0.03%) (Fig. 1A). Although
a significant proportion of [3H]palmitate was associated
with the relatively pure rough microsomal fraction, com-
posed predominantly of rough ER, the crude mitochon-
dria were contaminated with rough microsomes (Fig. 1C),
indicating that the calculated percentage distribution actu-
ally underestimates the incorporation of palmitate into
the rough ER. Similar distributions were observed upon
labeling of CHO cells with oleate and upon labeling
of CHO cells overexpressing SCD1 with palmitate. These
SCD1-overexpressing cells have an increased capacity to
introduce double bonds into palmitate by virtue of in-

creased SCD1 activity (27). Thus, exogenous saturated and
unsaturated FAs are channeled quickly to the ER as well as
to the mitochondria. This distribution is independent of
lipotoxicity, which occurs in CHO cells treated with pal-
mitate but not in CHO cells treated with oleate or SCD1-
overexpressing cells treated with palmitate (27).

To determine whether modulating -oxidation could
alter the distribution observed with 500 uM palmitate, the
same experiment was conducted in the presence of either
etomoxir (an inhibitor of carnitine palmitoyl transferase 1)
or AICAr [an activator of AMP-activated protein kinase
(AMPK) ] (Fig. 1A). These compounds were used at doses
established previously to effectively inhibit or increase {3-
oxidation (35, 36). Etomoxir did not alter the subcellular
distribution of [3H]palmitate within 1 h, whereas AICAr
reduced the incorporation of palmitate into rough micro-
somes by ~50%. Palmitate incorporation into mitochon-
dria was also reduced in the presence of AICAr by ~30%.
The latter likely reflects a combination of decreased pal-
mitate incorporation into rough microsomal membranes
(which contaminate the crude mitochondrial fraction)
and increased mitochondrial oxidation of palmitate.

The distribution of palmitate observed with a nontoxic
concentration of palmitate (5 uM) was nearly identical to
that observed with 500 uM (Fig. 1B), suggesting that the
initial trafficking of this fatty acid to various subcellular
locations is not concentration-dependent. In contrast, the
relative distribution of 2-bromopalmitate, used as a nonli-
potoxic control, was markedly different, with the bulk of
the label remaining in the cytosol (Fig. 1B). This modified
fatty acid is not as good a substrate for acyl-CoA synthetases
(37), resulting in limited uptake and toxicity compared
with palmitate (4.4 * 0.8% and 5.2 = 0.4% cell death at 24 h
for control and 500 M 2-bromopalmitate, respectively).

A
1 == 500uM PA
= 40 7 /1 500uM PA + Eto Fig. 1. Subcellular distribution of tritiated palmitate,
3 £ B 500uM PA + AICAr oleate, and 2-bromopalmitate in wild-type and stearoyl-
g 301 . 1 500uM OA coenzyme A desaturase 1 (SCD1)-overexpressing CHO
= 7 2272 SCD/500uM PA cells. A, B: Wild-type CHO (solid bars) or SCDI-
E * overexpressing CHO (cross-hatched bars) cells were
z 2 incubated for 1 h with 10 uCi/mmol [9,10-’H]palmi-
£ tate, [9,10-3H]oleate, or [9,10—3H]Q-bromopalmitate, at
< 104 * the indicated concentrations of palmitate (PA), oleate
ﬁ-‘% ﬁ? (OA), or 2-bromopalmitate (BrPA). Graphs show
0 n 4 radiolabel distribution in fractions isolated by sequen-
nato cyt s m tial centrifugation. For experiments including etomoxir
(Eto; 200 uM) or 5-aminoimidazole-4-carboxamide-1-§3-
B Cc 4-ribofuranoside (AICAr; 500 wM), cells were incubated
= 5,M PA for 30 min with either compound before the addition of
5.01 3 500pM BrPA radiolabel and both etomoxir and AICAr were included
£ 40. his H1 = for the subsequent incubation. Values are means = SEM
2™ (n =4). * P<0.05. C: Immunoblotting of subcellular
g_ 3.0 LcAD I fractions for marker proteins. Histone H1 (his H1) was
o used as a marker for crude nuclei (nuc), long-chain acyl-
E 201 CoA dehydrogenase (LCAD) was used for crude
5 P63 —— c— _— mitochondria (mito), and p63 was used for rough en-
g_ 1.0 nuc mito cyt sm rm doplasmic reticulum (ER) membranes (rm). cyt, cytosol;
sm, smooth microsomes.
0.0

mito cyt sm rm
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TABLE 1. Distribution of deuterated palmitate in rough microsomes from CHO cells

Lipid Species Total Lipid Deuterated Lipid Distribution of Label Deuterated Lipid/Total Lipid
nmol/mg protein %
PC 58.01 = 6.49 4.15 £ 0.65 42.09 * 5.47 7.12 *+ 0.48
PA 2.02 + 0.21 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00
PG 2.83 £ 0.33 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
PI 6.97 = 0.24 0.22 = 0.03 2.26 = 0.27 3.19 = 0.38
LPC 1.39 = 0.25 0.21 £ 0.02 2.13 = 0.09 15.71 = 1.61
SM 7.09 = 1.37 0.12 £ 0.06 1.16 = 0.58 1.46 = 0.50
Cer 0.34 = 0.06 0.06 = 0.01 0.65 = 0.08 19.06 £ 1.04
FFA 31.06 = 0.24 2.93 += 0.52 30.42 *= 6.62 9.42 * 1.61
TAG 5.60 = 1.05 2.12 = 0.60 21.29 *+ 5.67 36.37 = 4.13
Total 115.29 = 8.29 9.82 £ 0.42 100 8.59 = 0.61

CHO cells were incubated for 1 h with 500 puM [7,7,8,8-°H] palmitate complexed to BSA at a molar ratio of 2:1.
Rough microsomes were isolated by sequential centrifugation. Lipids were extracted and quantitated by
electrospray ionization mass spectrometry. PC, phosphatidylcholine; PA, phosphatidic acid; PG, phosphatidylglyc-
erol; PI, phosphatidylinositol; LPC, lysophosphatidylcholine; SM, sphingomyelin; Cer, ceramide; TAG,

triacylglycerol. Values are means = SEM.

To assess the consequences of palmitate incorporation
into rough microsomes on the composition of these mem-
branes, we analyzed both newly synthesized and total lipids
in this fraction after a 1 h incubation with 500 uM
[*H]palmitate. The largest percentage of exogenous pal-
mitate was incorporated into phosphatidylcholine (PC)
species. However, significant proportions also remained as
FFA or were incorporated into TAG species (Table 1,
column 4). Overall, rough microsomes were composed
primarily of PC and FFA, with very limited TAG content,
corresponding to 50, 27, and 5% of the examined lipid
mass content, respectively (Table 1, column 2). Thus, the
labeled proportions of the rough microsomal pools of PC
and FFA were relatively small, whereas the labeled pro-
portion of the rough microsomal pool of TAG was sig-
nificantly larger (Table 1, column 5). Unsaturated FAs
make up the vast majority (81%) of acyl chain substituents
in CHO cells under basal conditions (Table 2). Strikingly,
the proportions of saturated PC and TAG in these mem-
branes were increased by 1.5-fold (from 1.56% to 2.40%)
and 3.0-fold (from 6.39% to 19.59%), respectively, with no
significant change in total content of lipid species (Table 2).
Thus, the remodeling of PC and TAG species accounted

for a significant 1.3-fold increase (from 18.55% to 24.91%)
in the saturated lipid content of rough microsomes from
CHO cells incubated for 1 h with 500 uM palmitate.

Palmitate induces dramatic changes
in ER structure and integrity

Increased saturation of lipid species is associated with a
stiffening of cellular membranes (24-26). Based on our
observations of increased saturation of PC and TAG species
in rough microsomes from palmitate-treated CHO cells, we
studied the effect of this treatment on the morphology of
the ER. In electron micrographs of untreated cells, the ER
appeared as normal, tubular cisternae delimited by
electron-dense dots corresponding to ribosomes (Fig. 2A).
In contrast, cells treated for 5 h with 500 WM palmitate
contained numerous distended structures delimited by
electron-dense ribosomes (Fig. 2B-D), a morphology con-
sistent with the presence of markedly dilated rough ER
(38). To determine whether this dramatic change in ER
structure could be the result of palmitate-induced ROS
generation, we compared the morphology of palmitate-
treated cells with that of cells treated for 5 h with 2.5 mM
HyOy. These conditions induced approximately the same

TABLE 2. Lipid composition of rough microsomes from CHO cells

Control Palmitate-Treated
Lipid Species Total Lipid (TL) Saturated Lipid (SL) SL/TL Total Lipid (TL) Saturated Lipid (SL) SL/TL
nmol/mg protein nmol/mg protein %

PC 80.69 = 11.73 1.22 = 0.10 1.56 £ 0.15 58.01 = 6.49 1.43 £ 0.31 2.40 = 0.27¢
PA 2.27 = 0.12 0.00 = 0.00 0.00 = 0.00 2.02 = 0.21 0.00 £ 0.00 0.00 £ 0.00
PG 3.63 = 0.26 0.29 = 0.02 7.90 = 0.19 2.83 = 0.33 0.23 = 0.05 8.06 = 0.87
PI 10.79 = 1.55 0.00 = 0.00 0.00 = 0.00 6.97 = 0.24 0.00 = 0.00 0.00 = 0.00
LPC 2.48 = 0.53 1.46 = 0.35 58.07 = 1.90 1.39 £ 0.25 0.83 £ 0.13 60.70 + 2.41
SM 8.28 = 1.28 5.84 = 1.09 69.63 = 3.24 7.09 = 1.37 498 = 0.88 70.72 = 1.52
Cer 0.66 = 0.12 0.49 = 0.10 73.56 = 3.70 0.34 = 0.06 0.24 = 0.05 68.68 = 2.86
FFA 29.29 *= 1.02 16.91 = 0.94 57.65 + 1.51 31.06 = 0.24 19.69 + 0.29¢ 63.40 = 0.81
TAG 5.96 * 0.13 0.38 = 0.00 6.39 = 0.14 5.60 = 1.05 1.16 = 0.37 19.59 + 3.09
Total 144.04 = 16.41 26.58 = 2.51 18.55 * 0.46 115.29 *= 8.29 28.56 = 1.08 24.91 = 1.10“

CHO cells were incubated for 1 h with 500 pM [7,7,8,8-2H]palmitate complexed to BSA at a molar ratio of 2:1. Rough microsomes were isolated
by sequential centrifugation. Lipids were extracted and quantitated by electrospray ionization mass spectrometry. Values are means = SEM.

“P < 0.05 for control versus palmitate-treated.
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Fig. 2. Incubation of CHO cells with palmitate, but not HyOo, results in dilatation of the ER. CHO cells were incubated for 5 h in the
absence (A) or presence of either 500 wM palmitate (B-D) or 2.5 mM HsO, (E, F). Morphological changes were observed by transmission
electron microscopy. C and F show enlarged views of boxed areas in B and E, respectively. Arrowheads indicate rough ER cisternae
delimited by electron-dense ribosomes. m, mitochondria; N, nuclei. Bars = 275 nm.

amount of cell death within 24 h (16.8 = 2.9% and 21.1 =
1.5% cell death for 500 uM palmitate and 2.5 mM HyOp,
respectively). In contrast to cells treated with palmitate,
those treated with HoOy contained normal ER cisternae
(Fig. 2E). However, the mitochondria in HoOo-treated cells
appeared compromised compared with both control and
palmitate-treated cells (Fig. 2F vs. 2A, D).

We next assessed whether the changes in ER structure
observed in response to palmitate were associated with
evidence of compromised ER integrity, and further, whether
any changes in ER integrity were dependent on the
induction of oxidative stress. Isolation and immunoblotting
of cytosol and crude membrane/organelle fractions from
CHO cells incubated for 5 h with 500 wM palmitate resulted
in the escape of protein-folding chaperones, GRP78
(78 kDa) (Fig. 3A) and PDI (58 kDa) (Fig. 3B), from the
ER to the cytosol. These observations are broadly
consistent with those recently observed in palmitate-
treated pancreatic B-cells (39). Levels of the integral ER
membrane protein, p63, were unaltered and indicate the
relative purity of our cytosolic and membrane fractions.
Although a-tocopherol (vitamin E) prevents palmitate-
induced ROS accumulation within 5 h (14), incubation
with palmitate in the presence of 200 wM vitamin E did not
prevent the redistribution of normally ER lumenal pro-
teins. Furthermore, these effects were not observed in cells
incubated for 5 h with 2.5 mM HsOs. Conditions that result

2730  Journal of Lipid Research Volume 47, 2006

in the incorporation of unsaturated FA into ER mem-
branes, including incubation of wild-type CHO cells with
500 uM oleate and SCD1-overexpressing cells with 500 uM
palmitate, did not alter the distribution of ER chaperone
proteins (Fig. 3). Together with our observations of
dramatically altered ER morphology (Fig. 2), these data
suggest that the detrimental effects of palmitate on ER
structure and integrity are distinct from changes induced by
severe oxidative stress.

Palmitate induces changes in mitochondrial function

Both palmitate-induced alterations of ER structure and
integrity and palmitate-induced oxidative stress could
initiate the flux of calcium from the ER to the mitochon-
dria and lead to the loss of mitochondrial membrane
potential. Thus, we determined whether incubation with
palmitate resulted in the rapid depletion of ER calcium.
Assays of thapsigargin-sensitive calcium revealed that
ER stores were significantly reduced after 15 min and by
up to 25% after 30 min with 500 uM palmitate, but not
with the nontoxic, unsaturated fatty acid, oleate (Fig. 4A).
This depletion of ER calcium was followed by the gradual
escape of protein-folding chaperones, GRP78 (Fig. 4B)
and PDI (Fig. 4C), from the ER to the cytosol over the
course of 5 h.

Previous studies have demonstrated an impairment of
mitochondrial function late in the response to lipotoxic
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Fig. 3. Incubation of CHO cells with palmitate results in the escape
of protein-folding chaperones from the ER to the cytosol.
Membrane/organelle (mem) and cytosolic (cyt) fractions were
isolated by sequential detergent extraction from wild-type CHO and
SCD1-overexpressing CHO (SCD) cells incubated for 5 h in the
absence (Cont) or presence of 500 uM palmitate (PA), 500 uM
oleate (OA), or 2.5 mM HyOs. For conditions including o-
tocopherol (VitE; 200 wM), cells were incubated for 30 min with
the antioxidant before the addition of palmitate, and a-tocopherol
was included for the subsequent incubation. Relative glucose-
regulated protein 78 (GRP78; A), protein disulfide isomerase
(PDL B), and p63 (C) protein levels in each fraction were detected
by immunoblotting. Blots representative of four independent
experiments are shown, with densitometric analyses displayed
immediately below in relative units (R.U.). Values are means =
SEM (n = 4). * P < 0.05 compared with control fractions.

stress (9). Thus, we determined whether the rapid de-
pletion of ER calcium in response to palmitate is accom-
panied by changes in mitochondrial function. Isolation and
immunoblotting of crude mitochondrial and cytosolic
fractions revealed that 30 min of incubation with 500 pM
palmitate reduced mitochondrial cytochrome c (15 kDa)
content by 40% (Fig. 4D). However, no change in cyto-
chrome c content was detected after 15 min with palmitate,
and the protein was not detected in the cytosol over the
entire course of palmitate treatment (Fig. 4D). Mitochon-
drial long-chain acyl-CoA dehydrogenase content was not
affected by palmitate (data not shown). Assessment of
mitochondrial membrane potential, by JC-1 staining and
flow cytometry, revealed significant reductions in the ratios
of red (FL2) to green (FL1) fluorescence, indicative of
mitochondrial depolarization, only after extended (5 h)
incubations with either 500 uM palmitate or 2.5 mM HyO9
(Fig. 4E). The relative abundance of intact mitochondria,
assessed by staining with MitoTracker Green FM and flow
cytometry, was not significantly reduced after 5 h with
500 wM palmitate, as shown by the lack of change in mean
fluorescence (Fig. 4F). However, consistent with our
morphological analyses (Fig. 2), incubation for 5 h with
2.5 mM Hy0y reduced mean fluorescence by 37%. Incu-
bation for 18 h with 500 wM palmitate reduced mean
fluorescence by 46%. Together, these data suggest that
palmitate-induced changes in ER calcium content may
precede the gross impairment of mitochondrial function.

Palmitate-induced changes in ER integrity are reduced
by increasing (3-oxidation

Based on our observations of the subcellular distribu-
tion of [3H]palmitate in the presence of AICAr (Fig. 1A),
we hypothesized that channeling palmitate toward (-
oxidation would prevent the detrimental changes in ER
integrity associated with its incorporation into ER mem-
brane PC and TAG (Tables 1, 2). Consistent with this
hypothesis, AICAr decreased the palmitate-induced es-
cape of GRP78 (Fig. 5A) and PDI (Fig. 5B) from the ER
to the cytosol by 42% and 50%, respectively (Fig. 5C),
and reduced eventual cell death by 30% (Fig. 5C). Con-
versely, incubation with etomoxir, at a concentration
that inhibits B-oxidation, decreased neither chaperone
escape nor cell death. In fact, etomoxir treatment
tended to increase cell death at 48 h. Thus, increasing
B-oxidation diminishes palmitate-induced changes in ER
integrity and cell death.

Palmitate-induced changes in ER integrity, followed by
caspase activation and cell death, occur in cardiomyoblasts
To extend these findings to a cell type more relevant to
lipotoxic disease, we determined the distribution of ER
protein-folding chaperones in response to palmitate in
H9c¢2 rat cardiomyoblasts. In experiments similar to those
performed in CHO cells, H9c2 cells were incubated for up
to 5 h with 500 uM palmitate. Subsequent isolation and
immunoblotting of cytosol and crude membrane/organ-
elle fractions revealed that, as was observed in CHO cells,
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Fig. 4. Palmitate-induced changes in ER calcium and chaperone content occur early and may precede gross
impairment of mitochondrial function. Wild-type CHO cells were incubated for the indicated times with
500 wM palmitate (PA), 500 uM oleate (OA), or 2.5 mM HyOs. A: Palmitate-induced depletion of
thapsigargin-sensitive ER calcium stores was assessed using Fluo-4 AM. Values represent relative increment
in fluorescence (A fluorescence) upon addition of thapsigargin (1 pM; n = 4). B, C: Membrane/organelle
(mem) and cytosolic (cyt) fractions were isolated by sequential detergent extraction from CHO cells
incubated for up to 5 h with 500 pM palmitate. Relative GRP78 (B) and PDI (C) protein levels in each
fraction were detected by immunoblotting. Blots representative of four independent experiments are
shown, with densitometric analyses displayed immediately below in relative units (R.U.). D: Crude mito-
chondrial (mito) and cytosolic (cyt) fractions were isolated by sequential centrifugation from CHO cells
incubated for up to 60 min with 500 wM palmitate. Relative cytochrome c protein levels in each fraction were
detected by immunoblotting and analyzed as described for B and C. E: Mitochondrial depolarization was
assessed in CHO cells incubated for up to 5 h with BSA (control), 500 uM palmitate, 500 wM oleate, or
2.5 mM HsOy by staining with JC-1. Mean red and green fluorescence were determined by flow cytometry for
subsequent calculation of FL2/FL1 ratios (n = 5). F: The presence of intact mitochondria was assessed in
CHO cells incubated for up to 18 h with either 500 pM palmitate or 2.5 mM HyOs by staining with
MitoTracker Green FM. Mean fluorescence was determined by flow cytometry (n = 3). All values are means
+ SEM. * P < 0.05 compared with 0 h.

incubation with palmitate resulted in the appearance of
GRP78 (Fig. 6A) and PDI (Fig. 6B) in the cytosol.
Although palmitate-induced cell death is characterized
by markers of apoptosis, including cytochrome c release,
caspase-3 activation, and DNA fragmentation, we previ-
ously observed that caspase-3 activation in response to pal-
mitate is relatively modest compared with other inducers
of apoptosis (14), raising the possibility that other cas-
pases may play an important role. Based on the dramatic
effects observed on ER structure and integrity, we de-
termined whether caspase-7, which is activated in response
to ER stress and is the only effector caspase known to
localize to the ER upon activation (40, 41), could also
be activated in response to palmitate. H9¢2 cells were
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incubated for up to 18 h with 500 puM palmitate. Sub-
sequent subcellular fractionation and immunoblotting
revealed that, in accordance with previous studies (13),
cleaved (active) caspase-3 began to accumulate in the
cytosol within 9 h of palmitate treatment (Fig. 7A). Within
the same time frame, cleaved caspase-7 accumulated
in the microsomal fraction of palmitate-treated cells,
with a corresponding loss of pro-caspase-7 from the cytosol
(Fig. 7B). Furthermore, increasing B-oxidation with the
AMPK activator, AICAr, decreased palmitate-induced
activation of caspase-3 and -7 by 46% and 49%, respectively
(Fig. 7C), and reduced eventual cell death by 23% (Fig. 7D).
In contrast, inhibition of B-oxidation with etomoxir in-
creased caspase activation and, as was observed in CHO
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cells, trended toward increased cell death. Together, these
data indicate that palmitate-induced changes in ER in-
tegrity precede caspase-3 and -7 activation and cell death
in cardiomyoblasts. Furthermore, increasing B-oxidation
diminishes palmitate-induced caspase activation and
cell death.

Time (h) 0 1 3 5

DISCUSSION

ER stress was recently linked to the pathogenesis of
several diseases, including insulin resistance and type 2
diabetes (reviewed in Refs. 42, 43). Although glucose tox-
icity has been implicated in the induction of ER stress in
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Fig. 7. Palmitate-induced activation of caspase-3 and -7, and subsequent cell death, are reduced by in-
creasing B-oxidation in H9c2 cardiomyoblasts. A, B: Cytosolic and microsomal fractions were isolated by
sequential centrifugation from undifferentiated H9c2 cells incubated for up to 18 h with 500 wM palmitate.
Pro-caspase-3 (pro-C-3) and active caspase-3 (C-3) (A) were detected by immunoblotting cytosolic fractions.
Pro-caspase-7 (pro-C-7) and active caspase-7 (C-7) (B) were detected by immunoblotting cytosolic and
microsomal fractions, respectively. C: Active caspase-3 and -7 were detected in whole cell lysates from cells
incubated for 14 h with 500 uM palmitate (PA). For conditions including etomoxir (Eto; 200 uM) or AICAr
(500 wM), cells were incubated for 30 min with either compound before the addition of palmitate, and both
etomoxir and AICAr were included for the subsequent incubation. Mean relative densitometric values, in
relative units (R.U.), for four independent experiments are given below each band. D: Cells were incubated
with 500 uM palmitate plus etomoxir or AICAr as described for C. Cell death was determined after 24 h by
propidium iodide staining and flow cytometry (n = 4). All values are means = SEM. * P < 0.05 compared

with palmitate-treated cells. Cont, control.

type 2 diabetes (reviewed in Ref. 44), this disease is char-
acterized by pleiotropic metabolic abnormalities, includ-
ing increased serum TAG and FA levels, that may also be
detrimental. In fact, recent studies in cultured pancreatic
B-cells (19), hepatocytes (20), and cardiomyoblasts (14)
indicate that FA overload also induces ER stress, leading
to apoptotic cell death. Furthermore, our studies in car-
diomyoblasts suggested that the mechanism whereby pal-
mitate overload rapidly induced ER stress involved the
generation of ROS (14). In addition, our observations in
MHC-ACS mice, a model of cardiac-specific lipotoxicity,
revealed that increased FA uptake in vivo is associated with
oxidative and ER stress and cardiomyocyte death (5, 14).

In this study, we show that palmitate overload rapidly
increases the saturation of PC and TAG in ER membranes,
which is associated with the subsequent compromise of ER
structure and integrity. The effect on ER integrity
observed in wild-type CHO cells treated with palmitate is
not observed in CHO cells treated with oleate or in SCD1-
overexpressing CHO cells treated with palmitate. In all
three conditions, the relative distributions of exogenous
FA between the ER and mitochondria are comparable, but
in the latter two conditions, exogenous FAs are either
unsaturated or can be efficiently desaturated at the ER. We
have shown previously that the remodeling of TAG species
observed in SCD1-overexpressing CHO cells treated with
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palmitate is not as extensive as that observed in wild-type
CHO cells treated with palmitate (27). The effects of
palmitate on ER structure and integrity were distinct from
the changes induced by severe oxidative stress, and the
effects of palmitate on ER integrity were not prevented by
vitamin E. In light of our previous (14) and current ob-
servations, we suggest that the deleterious effect of pal-
mitate on the ER is twofold: i) palmitate induces the
generation of ROS, leading to ER stress, activation of the
unfolded protein response, and subsequent induction
of apoptosis (14); and #) palmitate alters ER membrane
composition, leading to dramatic changes in ER structure
and integrity. The latter may also contribute to the initiation
of ER stress. Consistent with this concept, recent studies in
rodent models of hepatic steatosis, characterized by an
increase in saturated microsomal membrane phospholipid
content, demonstrated hepatocyte ER stress preceding
apoptosis (45). Thus, impairment of the structure and func-
tion of this organelle appears to play an early and important
role in the cellular response to fatty acid overload.
Palmitate-induced cell death is characterized by markers
of mitochondria-mediated apoptosis, including the loss of
mitochondrial membrane potential, mitochondrial swell-
ing, and cytochrome c release into the cytosol (reviewed in
Ref. 8). Previous studies suggest that these events occur
relatively late in the process of lipotoxic cell death (9) and
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may be initiated by decreased cardiolipin synthesis (11),
increased ceramide synthesis (9, 46), JNK activation (47),
and increased ROS generation (13), which have been
documented at >5 h after incubation with palmitate. The
depletion of thapsigargin-sensitive ER calcium stores we
observed after 15 min of palmitate overload is consistent
with both the onset of oxidative stress (14) and the re-
modeling of ER membrane lipids leading to impaired
organelle structure and integrity. Similar depletion of
calcium stores, attributed to the disrupted function of
sarcoplasmic ER calcium ATPase, has been observed dur-
ing macrophage foam cell formation, a condition that
results in reduced fluidity of ER membranes as a result of
enrichment with free cholesterol (48, 49). It is established
that calcium flux from the ER to the mitochondria can
trigger mitochondrial permeability transition and initiate
mitochondrial pathways of apoptosis (15, 16, 50). Because
the palmitate-induced changes we observed in ER calcium
content preceded the impairment of mitochondrial func-
tion, as assessed by measurements of cytochrome c de-
pletion and membrane depolarization, our studies suggest
that the ER may play a proximal role in lipotoxic cell
death. However, it is not possible to exclude concomitant
direct effects of palmitate on the mitochondria.

Our study also suggests that the channeling of excess
FA toward B-oxidation and oxidative phosphorylation is
not detrimental. First, similar relative distributions of FA
to the mitochondria are observed in oleate-supplemented
wild-type CHO cells, palmitate-supplemented SCD1-over-
expressing CHO cells, and palmitate-supplemented wild-
type CHO cells. Yet, only the latter condition is associated
with lipotoxic cell death. Second, consistent with previous
studies (35, 36, 47), we show that increasing B-oxidation,
through stimulation of AMPK with AICAr, diminishes
lipotoxic cell death. We extend these observations by
showing that AICAr reduces the incorporation of palmi-
tate into ER membranes, thereby preserving ER integrity.
And third, decreasing B-oxidation, through inhibition of
carnitine palmitoyl transferase 1 with etomoxir, leads to
further increases in caspase activation and trends toward
increased cell death, rather than decreased lipotoxicity.

Although palmitate-induced cell death is characterized
by markers of apoptosis, including cytochrome c release,
caspase-3 activation, and DNA fragmentation, we previously
observed that caspase-3 activation in response to palmitate is
relatively modest compared with other inducers of apoptosis
(14). Here, we demonstrate that the effector caspase-7 is
activated in response to palmitate overload within the same
time frame as caspase-3. This caspase has been implicated
previously in palmitate-induced apoptosis in a caspase-3-
deficient breast cancer cell line (51). Because caspase-7 is
activated in response to ER stress and is the only effector
caspase known to localize to the ER upon activation (40, 41),
its activation upon incubation with palmitate further sup-
ports an important role for the ER in the lipotoxic response.

The composition of lipid membranes has dramatic
effects on membrane properties (52). Although the sta-
bility of all membrane proteins is sensitive to membrane
composition, the activity of transport proteins is particu-

palmitate
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ROS lipid
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¢ \) Ca2 e 72
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Fig. 8. Model for the role of the ER in palmitate-induced cell
death. Under conditions of saturated FA overload in nonadipose
tissues, the cellular capacity to store these FAs as triglycerides or to
oxidize them for energy (Box) is overwhelmed. This FA overload
can lead to the production of reactive oxygen species (ROS), from
several potential sources, which can in turn induce ER stress.
Palmitate can also be rapidly incorporated into complex lipids in
the ER membrane. Increased saturation of ER membrane lipids is
associated with dramatic impairment of the structure and integrity
of the organelle. Both oxidative stress and altered ER composition
and integrity could result in the release of ER calcium (Ca*")
stores, triggering apoptotic cell death via the mitochondria.

larly sensitive (49, 53, 54). In addition, the acyl chains of
lipids directly affect the fusion/fission events of mem-
branes (22, 23). Therefore, it is likely that the changes in
ER lipid composition we have observed in response to
palmitate overload broadly influence ER membrane
functions, including transport and membrane dynamics.
Based on our current and previous (14) studies, we suggest
the following model for the role of the ER in palmitate-
induced cell death. Saturated FA overload in nonadipose
tissues overwhelms the cellular capacity to store FAs as
triglycerides or to use them for energy. This FA overload can
lead to the production of ROS from several potential
sources, which in turn can induce ER stress (14). As dem-
onstrated here, palmitate can also be incorporated rapidly
into complex lipids in the ER membrane. Increased
saturation of ER membrane PC and TAG may result in
dramatic impairment of the structure and integrity of the
organelle and may contribute to ER stress. Both oxidative
stress and altered ER composition and integrity could result
in the release of ER calcium stores, triggering apoptotic cell
death via the mitochondria (Fig. 8). Together with the
observation that ER stress is central to cholesterol-induced
apoptosis in macrophages (48, 49, 55), our results may be
consistent with a more general paradigm in which perturba-
tions of cellular lipid metabolism can result in a death
response initiated by events occurring at the ER. These
studies suggest that ER may be a proximal target for thera-
pies aimed at improving cellular function in the setting of
lipid metabolic disorders Jili
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