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Abstract
Chronic exposure to elevated free fatty acids, in particular long chain saturated fatty acids, provokes
endoplasmic reticulum (ER) stress and cell death in a number of cell types. The perturbations to the
ER that instigate ER stress and activation of the unfolded protein in response to fatty acids in
hepatocytes have not been identified. The present study employed H4IIE liver cells and primary rat
hepatocytes to examine the hypothesis that saturated fatty acids induce ER stress via effects on ER
luminal calcium stores. Exposure of H4IIE liver cells and primary hepatocytes to palmitate and
stearate reduced thapsigargin-sensitive calcium stores and biochemical markers of ER stress over
similar time courses (6h). These changes preceded cell death, which was only observed at later time
points (16h). Co-incubation with oleate prevented the reduction in calcium stores, induction of ER
stress markers and cell death observed in response to palmitate. Inclusion of calcium chelators,
BAPTA-AM or EGTA, reduced palmitate- and stearate-mediated enrichment of cytochrome c in
post-mitochondrial supernatant fractions and cell death. These data suggest that redistribution of ER
luminal calcium contributes to long chain saturated fatty acid-mediated ER stress and cell death.
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Introduction
The endoplasmic reticulum (ER) is one of the largest cellular organelles, its membranes
representing as much as half of the total membranes of the cell. An essential function of the
ER is the proper assembly of proteins that are ultimately destined for intracellular organelles
and the cell surface [1]. Cellular perturbations such as loss of the luminal oxidizing
environment, imbalance in calcium homeostasis and aberrant N-linked glycosylation can
disrupt ER homeostasis and lead to the accumulation of unfolded proteins and protein
aggregates in the ER lumen. Disruption of ER homeostasis, termed ER stress, activates the
UPR [2,3]. In mammals, ER stress is sensed and the UPR activated by three ER transmembrane
proteins, RNA-dependent protein kinase-like ER eukaryotic initiation factor-2α kinase
(PERK), activating transcription factor 6 (ATF6), and inositol-requiring ER-to-nucleus
signaling protein 1 (IRE1). Failure of the UPR to mitigate ER stress leads to cell death.
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Several studies have linked ER dysfunction and activation of the UPR to impairments in
glucose homeostasis and diabetes [4,5]. ER stress and activation of the UPR in the liver have
also been observed in genetic and dietary murine models of obesity, dietary models of non-
alcoholic fatty liver disease (NAFLD), and in humans with NAFLD [5–7]. A large portion of
the elevated hepatic triglyceride stores in NAFLD appear to arise from re-esterification of
circulating free fatty acids [8]. Elevated circulating free fatty acids are not only a characteristic
feature of obesity and NAFLD, but are also positively correlated with liver disease severity in
individuals with NAFLD [9]. Increased non-esterified fatty acids, in particular long chain
saturated fatty acids, induce ER stress and activate the UPR in a number of cell types, including
hepatocytes [6,10–14]. Chemical chaperones, such as 4-phenyl butyric acid and taurine-
conjugated ursodeoxycholic acid, reduce ER stress and activation of the UPR in the liver of
obese mice and in hepatocytes exposed to elevated free fatty acids [14,15]. Such data support
the notion that excess lipids induce ER stress via mechanisms that involve impairments in
protein folding and/or degradative capacity. It is presently unclear how lipids interfere with
the functional capacity of the ER to process proteins in hepatocytes. The present study
employed H4IIE liver cells and primary rat hepatocytes to examine the hypothesis that
saturated fatty acids induce ER stress and cell death via perturbations to ER luminal calcium
stores.

Methods
Materials and Reagents

Fatty acids (Sigma Chemical Company, St. Louis, MO) were complexed to bovine serum
albumin at a 2:1 molar ratio [16,17]. Thapsigargin (Sigma; 450 nM), a tumor-promoting
sesquiterpene lactone that induces ER stress via inhibition of the ER-associated calcium
ATPase [18], was used as a positive control. BAPTA-AM (1,2-bis-(o-aminopenoxy)-ethane-
N,N,N’,N’-tetraacetic acid tetraacetoxymethyl ester, a calcium chelator) was purchased from
Biomol (Plymouth Meeting, PA).

Cell Culture
H4IIE liver cells (American Type Culture Collection, Manassas, VI), a rat hepatoma cell line,
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with 10%
fetal bovine serum, penicillin, and streptomycin sulfate [13,17]. Control medium, referred to
as LG, contained 8 mM glucose. Each independent experiment was performed in triplicate.

In preparation for primary cell culture, hepatocytes were isolated from male, Wistar rats
(Charles River Laboratories, Wilmington, MA) by collagenase perfusion [19,20]. All
procedures involving rats were reviewed and approved by the Colorado State University
Institutional Animal Care Committee. Cells were first incubated in RPMI (HyClone, Logan,
UT) containing 11 mM glucose, 10−7 M dexamethasone, and 10−7 M insulin on Matrigel-
coated plates (for RNA) or on collagen-coated plates containing 5% fetal bovine serum (for
protein) for 4h (attachment period). The medium was then changed to one containing RPMI,
8 mM glucose, 10−7 M dexamethasone, and 10−8 M insulin. The following morning
experimental treatments were performed using RPMI that contained 8 mM glucose and 10−7

M dexamethasone. Each independent experiment was performed in triplicate.

RNA Isolation and Analysis
Total RNA was extracted with TRIzol reagent using the manufacturer’s protocol (Invitrogen,
Carlsbad, CA). Real Time PCR was performed following reverse transcription using 0.5 µg of
DNAase-treated RNA, Superscript II RnaseH-, and random hexamers. PCR reactions were
performed using transcribed cDNA and IQ-SYBR green master mix (Bio Rad, Hecula, CA).
Primer sets can be found in a previous publication [13]. PCR efficiency was between 90% and
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105% for all primer and probe sets and linear over 5 orders of magnitude. The specificity of
products generated for each set of primers was examined for each fragment using a melting
curve and gel electrophoresis. Reactions were run in triplicate and data calculated as the change
in cycle threshold (ΔCT) for the target gene relative to the ΔCT for β2-microglobulin and
cyclophilin (control genes) according to the procedures of Muller et al [21]. Results were
similar regardless of the control gene used and data in the results section are reported using
β2-microglobulin.

Western Blot Analysis
Western blot analysis was performed as described in detail previously [13,22]. Membranes
were incubated with antibodies against glucose regulated protein 78 (GRP78; Stressgen,
Victoria BC, Canada), CCAAT/enhancer binding protein homologous protein (CHOP; Santa
Cruz Biotechnology, Santa Cruz, CA), and actin (Sigma). Proteins were detected with
horseradish peroxidase-conjugated secondary antibodies (Amersham Pharmacia Biotech,
Piscataway, NJ) and an enhanced chemiluminescence reagent (Pierce, Rockford, IL). Density
was quantified using a UVP Bioimaging system (Upland, CA).

Cytochrome c assay
Cells were harvested in PBS and collected by centrifugation at 600 × g for5 min. Cells were
resuspended in a hypotonic buffer (10 mM Hepes, pH=7.8, 1 mM EGTA, 25 mM KCL) and
incubated for 20 min on ice. Cell suspensions were centrifuged at 600 × g for 5min, the pellets
resuspended in an isotonic buffer (hypotonic buffer containing 250 mM sucrose) and
homogenized. Homogenates were centrifuged at 1000 × g for 10 min at 4C to remove cell
debris, and the supernatants centrifuged at 16,000 × g for 20 min at 4C to pellet mitochondria
and to obtain a post-mitochondrial supernatant fraction. Western blot analysis of cytochrome
C oxidase IV and copper zinc superoxide dismutase (Abcam, Cambridge, MA) was used to
confirm the purity of the post-mitochondrial supernatant fraction.

A cytochrome c ELISA kit (Invitrogen, Carlsbad, CA) was used to estimate cytochrome c
protein content in the post-mitochondrial supernatant fraction. Measurements were performed
in duplicate and cytochrome c content was analyzed at 450 nm and the optical density
normalized to total protein content.

Cell Viability Analysis
Cell death was evaluated using the Cell Death Detection ELISA kit (Roche Diagnostics,
Penzberg, Germany). This assay is based on the quantitative sandwich-enzyme immunoassay-
principle using mouse monoclonal antibodies directed against DNA and histones. Cell survival
was evaluated using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assays (Promega Inc., Madison, WI) based on the supplier’s protocol. Caspase-3 activity was
determined with the Colorimetric Caspase-3 Activation Assay, which uses a caspase-specific
peptide conjugated to the color reporter p-nitroanaline (R&D Systems, Minneapolis, MN).

Calcium Measurements
Lipid-induced depletion of thapsigargin-sensitive calcium stores was assessed using the Fluo-4
AM NW calcium assay kit (Molecular Probes, Eugene, OR). In brief, following incubation of
cells with various fatty acids, cells were loaded with Fluo-4 AM in the presence of probenicid
(4-dipropylamino-sulfonyl benzoic acid). Thapsigargin (450 nM) or vehicle (DMSO) was
added and fluorescence (494 nm excitation; 516 nm emission) was measured over a 5 minute
period. Data are expressed as fluorescence units in vehicle-treated cells – fluorescence units
in thapsigargin-treated cells.
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Data Analysis and Statistics
Statistical comparisons were calculated using analysis of variance and post-hoc comparisons
among means using the Scheffe’s or Tukey’s test. Statistical significance was set at p<0.05.
All data are reported as the means ± SDEV.

Results
Palmitate activates the UPR and induces cell death in liver cells

As previously demonstrated [13,23], incubation of H4IIE liver cells with palmitate or
thapsigargin for 6 or 16h increased biochemical markers of ER stress (Fig. 1A-B). In contrast,
increased cell death (Fig. 1C) and reduced cell viability (Fig. 1C) were observed at 16h only.
Oleate had no effect on any of these parameters (Fig. 1A–C). Palmitate or thapsigargin also
increased biochemical markers of ER stress after 6 and 16h incubations in primary hepatocytes,
however, cell death, reduced cell viability and increased caspase-3 activity were only observed
after 16h incubations (Fig. 2A–C, Supplemental Fig. 1A).

Long chain saturated fatty acids reduce thapsigargin-sensitive calcium stores
To examine whether fatty acids influence ER calcium stores, H4IIE liver cells and primary
hepatocytes were incubated in the presence of various individual fatty acids for varying
durations (2, 4, 6, or 16 h). In contrast to oleate and linoleate, which had no effect on
thapsigargin-sensitive calcium stores, palmitate and stearate reduced thapsigargin-sensitive
calcium stores in both H4IIE and primary liver cells (Fig. 3). A significant reduction in
thapsigargin-sensitive calcium stores was observed following incubations lasting 4 h in H4IIE
liver cells and 6 h in primary hepatocytes (Fig. 3).

Co-incubation of palmitate with oleate prevents ER stress, cell death, and the reduction in
thapsigargin-sensitive calcium stores

Co-incubation of palmitate (250 uM) and oleate (125 uM) prevented ER stress and activation
of the UPR (Fig. 4A, including XBP1 splicing data not shown), prevented the increased cell
death and reduced cell viability (Fig. 4B), and normalized thapsigargin-sensitive calcium stores
(Fig. 4C) in both H4IIE and primary liver cells. In addition, co-incubation of palmitate and
oleate reduced caspase-3 activity (Supplemental Fig. 1B).

Redistribution of cellular calcium partially mediates palmitate-induced cell death via effects
on mitochondria

BAPTA-AM or EGTA had no effect on biochemical markers of ER stress (Fig. 5A,
supplemental Fig. 2A, including XBP1 splicing data not shown) but reduced cell death (Fig.
5B), increased cell viability (supplemental Fig. 2B), and prevented the appearance of
cytochrome c in post-mitochondrial supernatant fractions (Fig. 5C). In addition, BAPTA-AM
and EGTA reduced caspase-3 activity (Supplemental Fig. 1C).

Discussion
The delivery and accumulation of lipids in non-adipose tissues leads to cellular dysfunction
and death. This phenomenon, termed lipotoxicity, has been implicated in the pathogenesis of
diabetes, cardiac failure and NAFLD [5,12,24,25]. Disruption of ER homeostasis and
activation of the UPR has been observed in murine models of obesity, cardiac dysfunction and
NAFLD [5,6,24]. Increased free fatty acids, in particular long chain saturated fatty acids, induce
ER stress, activate the UPR and promote cell death in a number of cell types, including
hepatocytes [11–13,26,27]. Thus, impairments in ER function appear to contribute to the
pathogenesis of several diseases and to cellular impairments associated with lipotoxicity. The
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present study was undertaken to begin to examine the mechanisms that link saturated fatty
acids to ER stress, UPR activation, and cell death in hepatocytes. Results demonstrate that 1)
palmitate and stearate decrease thapsigargin-sensitive calcium stores with a time course
coincident with UPR activation but that precedes cell death and 2) the presence of calcium
chelators reduces, but does not prevent, palmitate- and stearate-mediated cell death.

Previous studies suggest that relatively high concentrations of palmitate perturb ER structure
and function. Karaskov et al demonstrated, in INS-1 pancreatic β-cells, that palmitate (0.5 – 1
mM) altered the distribution of GRP78 from a reticular ER localization to a punctate/
aggregated distribution, similar to that caused by thapsigargin [28]. Borradaile et al
demonstrated, in CHO cells and H9c2 cardiomyocytes, that palmitate (0.5 mM) increased the
saturation of ER membranes, induced ER dilatation, and reduced luminal calcium [12]. Recent
work has suggested that palmitate, and to a lesser extent oleate, induce calcium release from
the ER lumen with a time course that mirrors the appearance of ER stress and cell death in
human β-cells and MIN6 cells [29]. The present study extends these observations by
demonstrating that palmitate or stearate, at concentrations relevant to in vivo conditions [30],
reduced thapsigargin-sensitive calcium stores in both immortalized and primary liver cells.
Importantly, saturated fatty acid-mediated reductions in calcium stores occurred over a time
course consistent with the upregulation of the UPR and prior to the induction of cell death
[17]. Since both the oxidation state and concentration of calcium in the ER lumen are critical
determinants of polypeptide folding and chaperone function [31,32], these data are consistent
with the notion that the ER is an early and proximal target of fatty acid overload in hepatocytes.
It is hypothesized that the reduction ER luminal calcium stores provokes ER stress and activates
the UPR via mechanisms that include a reduction in endogenous protein chaperone function.
This hypothesis is consistent with previous studies in which supplementation with chemical
chaperones reduced ER stress in both murine models of obesity and in liver cells exposed to
increased lipid concentrations [14,15].

The induction of ER stress and cell death by long-chain saturated fatty acids, such as stearate
and palmitate, can be reduced or prevented by co-incubation with long chain mono- or poly-
unsaturated fatty acids in several cell types [13,33]. This may be due, in part, to alterations in
the trafficking of saturated fatty acids away from the ER membrane in the presence of
unsaturated fatty acids [33]. To further ascertain the functional role of redistribution of ER
luminal calcium in hepatocytes we examined the effects of palmitate and oleate co-incubations
of thapsigargin-sensitive calcium stores. The data demonstrate that co-incubation of palmitate
and oleate not only reduces palmitate-mediated ER stress and cell death, but also prevents
reductions in thapsigargin-sensitive calcium stores.

Elegant studies have demonstrated that saturated fatty acid-mediated cell death in hepatocytes
involves activation of FoxO3a, c-Jun terminal kinase (JNK), and lysosome destabilization with
subsequent activation of the intrinsic apoptotic pathway [34–36]. The intrinsic apoptotic
pathway, involves mitochondrial permeabilization and release of cytochrome c from
mitochondria, events that can be triggered by mitochondrial calcium influx [37,38]. In the
present study we sought to determine whether the reduction in thapsigargin-sensitive calcium
stores contributed to saturated fatty acid-mediated cell death, and if so, whether this involved
release of cytochrome c. We employed two calcium chelators, BAPTA-AM and EGTA, based
on the assumption that these agents would effectively reduce cytosolic calcium levels elevated
by saturated fatty acids. The presence of either BAPTA-AM or EGTA reduced, but did not
prevent, palmitate- and stearate-mediated cell death. Moreover, the presence of either calcium
chelator blocked the appearance of cytochrome c in post-mitochondrial supernatant factions
observed following incubations with palmitate or stearate. Thus, these data suggest that long
chain saturated fatty acids provoke cell death and reduce cell viability, in part, via calcium-
mediated mitochondrial cytochrome c release and, presumably, activation of the intrinsic
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apoptotic pathway. The present data are consistent with a previous study, performed in rat
neonatal cardiomyocytes, in which palmitate-induced apoptosis involved release of
cytochrome c from the inner mitochondrial membrane [39]. It must, however, be emphasized
that a) saturated fatty acid-mediated changes in cellular calcium stores is only one, among
many factors (e.g. JNK, lysosomal destabilization), that contribute to cell death, and b) further
work is necessary to define the precise role of ER calcium in lipid-mediated ER stress and cell
death.

Lipotoxicity occurs in a number of cell types and tissues and appears to be an important
mechanism for progression of a number of disease states [24,34,40]. The mechanisms that
determine and regulate this process are complex and redundant. The present study has
demonstrated that in liver cells, lipid-mediated disturbance of cellular calcium stores are linked
to ER stress, UPR activation and cell death.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Induction of ER stress and cell death by thapsigargin and palmitate in H4IIE liver cells. H4IIE
liver cells were incubated for 6 or 16 hours in control media (LG), or control media
supplemented with thapsigargin (Thap, 450 nM), oleate (O, 250 µM), or palmitate (P, 250
µM).(A) Real Time PCR analysis of glucose regulated protein 78 (GRP78), growth arrest and
DNA damage-inducible gene 34 (GADD34), activating transcription factor 4 (ATF4) and
CCAAT/enhancer binding protein homologous protein (CHOP). Data from LG were set to 1.
(B) Western blot analysis of GRP78, CHOP and actin (loading control) proteins. The gels
shown are representative of five independent experiments and data in graphs are expressed as
the ratio of the target protein to actin. (C) ELISA-based cell death and MTT viability assay.
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Data in graphs are reported as the mean ± SD of triplicate samples from 5 independent
experiments. *, significantly (p<0.05) different from LG and O250.
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Figure 2.
Induction of ER stress and cell death by thapsigargin and palmitate in primary hepatocytes.
Rat primary hepatocytes were incubated for 6 or 16 hours in control media (LG), or control
media supplemented with thapsigargin (Thap, 450 nM), oleate (O, 250 µM), or palmitate (P,
250 µM). (A) Real Time PCR analysis of glucose regulated protein 78 (GRP78), growth arrest
and DNA damage-inducible gene 34 (GADD34), activating transcription factor 4 (ATF4) and
CCAAT/enhancer binding protein homologous protein (CHOP). Data from LG were set to 1.
(B) Western blot analysis of GRP78, CHOP and actin (loading control) proteins. The gels
shown are representative of five independent experiments and data in graphs are expressed as
the ratio of the target protein to actin. (C) ELISA-based cell death and MTT viability assay.
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Data in graphs are reported as the mean ± SD of triplicate samples from 5 independent
experiments. *, significantly (p<0.05) different from LG and O250.
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Figure 3.
Fatty acid-mediated effects on thapsigargin-sensitive calcium stores. H4IIE liver cells (left
side) or primary rat hepatocytes (right side) were incubated for 2, 4, 6 or 16 hours in control
media (LG), or control media supplemented with oleate (O, 250 µM), linoleate (L, 250 µM),
palmitate (P, 250 µM) or stearate (S, 250 µM). Following incorporation of Fluo-4 AM, cells
were provided vehicle or thapsigargin (450 nM) and fluorescence was measured over a 5 minute
period. Data are expressed as the difference in fluorescence units (fluorescence units in vehicle-
treated cells – fluorescence units in thapsigargin-treated cells) and are reported as the mean ±
SD of triplicate samples from 5–7 independent experiments. *, significantly (p<0.05) different
from LG.

Wei et al. Page 13

Mol Cell Biochem. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
The effects of palmitate and oleate co-incubation on markers of ER stress, cell death and
thapsigargin-sensitive calcium stores in H4IIE liver cells and primary hepatocytes. H4IIE liver
cells or primary rat hepatocytes were incubated for 16 hours in control media (LG), or control
media supplemented with palmitate (P, 250 µM) or palmitate (P, 250 µM) + oleate (O, 125
µM). (A) Real Time PCR analysis of GRP78, GADD34, ATF4 and CHOP mRNA. Data from
LG were set to 1. Western blot analysis of GRP78, CHOP and actin (loading control) proteins.
The gels shown are representative of five independent experiments and data in graphs are
expressed as the ratio of the target protein to actin. (B) ELISA-based cell death and MTT
viability assay. (C) Following incorporation of Fluo-4 AM, cells were provided vehicle or
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thapsigargin (450 nM) and fluorescence was measured over a 5 minute period. Data are
expressed as the difference in fluorescence units (fluorescence units in vehicle-treated cells –
fluorescence units in thapsigargin-treated cells). Data in graphs are reported as the mean ± SD
of triplicate samples from 5–6 independent experiments. *, significantly (p<0.05) different
from LG-.
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Figure 5.
The effects of calcium chelators on fatty acid-mediated induction of ER stress, cell death and
cytochrome release in H4IIE liver cells and primary hepatocytes. H4IIE liver cells or primary
rat hepatocytes were incubated for 16 hours in control media (LG), or control media
supplemented with oleate (O, 250 µM), linoleate (L, 250 µM), palmitate (P, 250 µM) or stearate
(S, 250 µM) in the absence (no additions) or presence of BAPTA-AM (20 µM) or EGTA (1
mM). (A) Real time PCR analysis of GRP78 mRNA where LG (no additions) was set to 1. (B)
ELISA-based cell death. (C) ELISA-based assay for cytochrome c protein in post-
mitochondrial supernatant fractions. Data are reported as the mean ± SD for triplicate samples
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from 4–6 independent experiments. *, significantly (p<0.05) different from LG-. +,
significantly (p<0.05) different from No Additions of the same treatment group.
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