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extremely high Ca2+ concentration (1), which is maintained 
by the active transport function of the sarco/ER calcium 
ATPase (SERCA) (2). Many ER chaperone proteins and en-
zymes depend on higher Ca2+ levels to facilitate protein 
folding and maturation (3). Therefore, maintaining ER ho-
meostasis is essential for proper protein production and cell 
function. Homeostasis in the ER is disrupted by a number 
of insults, including pharmacological perturbation, genetic 
mutation of ER chaperones or their client proteins, elevated 
expression of proteins that transit the endomembrane sys-
tem, viral infection, alterations in Ca2+ or redox status, and 
limited or excessive available nutrients such as lipids. The 
accumulation of unfolded or misfolded proteins in the ER 
lumen activates a set of intracellular signaling pathways 
known as the unfolded protein response (UPR) (4, 5). The 
UPR regulates the quantity of ER driven by synthesis of lip-
ids (6) and protein components of the ER to accommodate 
fluctuating demands on protein folding and other ER func-
tions in response to different physiological and pathologi-
cal conditions.

The ER is also the major site for the synthesis of sterols 
and phospholipids that constitute the bulk of the lipid 
components of all biological membranes. In addition, 
many enzymes and regulatory proteins involved in lipid 
metabolism reside in the ER. The ER, therefore, plays an 
essential role in controlling membrane lipid composition 
(7) and membrane lipid homeostasis in all cell types. Fat 

Abstract  The endoplasmic reticulum (ER) is a cellular or-
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The endoplasmic reticulum (ER) is a central organelle 
where proteins destined for the cell surface and the endo-
membrane system enter the secretory pathway. Once inside 
the ER lumen, newly synthesized polypeptides fold into 
their three-dimensional structures, assemble into higher or-
der multimeric complexes, and are subject to posttransla-
tional modifications such as glycosylation, hydroxylation, 
lipidation, and disulfide formation. The ER contains an 
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Activated PERK phosphorylates the  subunit of the eukary-
otic translation initiation factor 2 (eIF2) at Ser51, lead-
ing to rapid and transient inhibition of protein synthesis 
(14, 15). While attenuating global mRNA translation, eIF2 
phosphorylation paradoxically enhances the translation of 
several mRNAs, including the transcription factor, activat-
ing transcription factor 4 (ATF4) (16). ATF4 promotes ex-
pression of its target genes, including the growth arrest and 
DNA damage-inducible protein 34 (GADD34; also known 
as PPP1R5A) to dephosphorylate eIF2 and restore global 
mRNA translation (17). ATF4 also activates transcription of 
the C/EBP homologous protein (CHOP; also known as 
DDIT3 and GADD153), which is essential for the apoptotic 
response to ER stress (18–20).

IRE1, the most conserved branch of the UPR, is a 
type I transmembrane protein where the ER luminal di-
merization domain is structurally related to PERK and 
the cytosolic domain contains dual catalytic functions of 
a serine/threonine kinase and an endoRNase (RNase). 
Once released from BiP, IRE1 oligomerizes, autophos-
phorylates, and activates its kinase and RNase activities. 
Activated IRE1 cleaves X-box binding protein 1 (XBP1) 
mRNA to initiate removal of a 26-base intron in the cyto-
plasm to produce a translational frame-shift, producing a 
transcriptionally active form (Xbp1s) (21). Xbp1s, as a 
transcription factor, enters the nucleus to regulate ex-
pression of its target genes that encode functions in co-
translational translocation into the ER, ER protein folding 
and trafficking, ER membrane biogenesis, ER-associated 
degradation (ERAD), and protein secretion from the cell 
(22–25).

ATF6 is a type II transmembrane protein that contains 
a cytosolic cAMP-responsive element-binding protein/
ATF basic leucine zipper domain. Once released from BiP 
upon accumulation of misfolded proteins, ATF6 traffics 
to the Golgi complex where it is cleaved by the serine prote-
ase site-1 (S1P) and metalloprotease site-2 (S2P) to produce 
a cytosolic fragment (p50ATF6), an active transcription 
factor (26). p50ATF6 can act independently or synergis-
tically with XBP1s to mediate the adaptive response to  
ER protein misfolding by increasing the transcription of 
genes that increase ER capacity and the expression of 
Xbp1. Although deletion of Atf6 in the mouse does not 
cause a significant phenotype, when these mice are chal-
lenged by ER protein misfolding, they exhibit many defi-
ciencies (27).

ER STRESS AND LIPID METABOLISM

The ER is the major site of lipid metabolism, as many 
enzymes involved in lipid metabolism are located in the 
ER. Although the UPR was originally identified to main-
tain the protein homeostasis in the ER, a number of stud-
ies suggest that the UPR plays essential roles in maintaining 
the metabolic and lipid homeostasis (Fig. 2). For example, 
forced expression of BiP in the liver attenuates hepatic ste-
atosis and improves glucose homeostasis by inhibiting acti-
vation of the central lipogenic regulator, sterol regulatory 

accumulates in the presence of excessive caloric uptake to 
serve as an energy store. Adipocytes are specialized cells 
that store excess lipids. However, lipid overloading of adi-
pocytes causes lipids to accumulate in nonadipose tissues, 
including the pancreas, liver, muscle, and heart, causing 
cell dysfunction and associated pathologies. This lipotox-
icity is a fundamental contributor to metabolic disease and 
insulin resistance (8, 9). Given the pivotal role of the ER in 
lipid metabolism, it is important to understand the linkage 
between ER homeostasis and lipotoxicity.

ER STRESS AND THE UPR

In mammals, the UPR is signaled through activation of 
three ER transmembrane ER stress sensors (Fig. 1): 1) ino-
sitol-requiring enzyme 1 (IRE1); 2) the double-stranded 
RNA-activated protein kinase-like eukaryotic initiation fac-
tor 2 kinase (PERK); and 3) activating transcription factor 
6 (ATF6) (10). The UPR sensors are all maintained in an 
inactive state through interaction between their ER luminal 
domains with the protein chaperone, immunoglobulin 
heavy-chain binding protein (BiP; also known as GRP78 
and HSP5A). When unfolded/misfolded proteins accumu-
late in the ER lumen upon ER stress, they bind to and se-
quester BiP, thereby promoting BiP dissociation and 
initiating downstream signaling (11–13).

Once released from BiP, PERK is activated through  
homodimerization and trans-autophosphorylation (14). 

Fig.  1.  ER stress and the UPR. Numerous environmental, physi-
ological, and pathological insults cause ER stress and activate the 
UPR. The UPR is signaled by three ER membrane-bound proteins, 
PERK, IRE1, and ATF6, to resolve ER homeostasis through 
translational and transcriptional changes in response to ER stress. 
PERK phosphorylates eIF2 to attenuate protein synthesis, which 
preferentially activates ATF4 mRNA translation to induce its target 
genes, CHOP and GADD34. Activated IRE1 cleaves XBP1 mRNA 
to produce a spliced form that translates a novel polypeptide, 
XBP1s, to upregulate genes involved in ER membrane biogenesis, 
ER folding and trafficking, and ERAD. ATF6 traffics to Golgi ap-
paratus for cleavage by S1P and S2P, which release p50ATF6 that 
transcriptionally induces its target genes encoding ER chaperone 
and ERAD functions.
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by a high-fructose diet (HFrD) was also attenuated in 
Atf4/ mice due to decreased levels of SREBP-1c, acetyl-CoA 
carboxylase (ACC), and FAS, suggesting a role of ATF4 in 
regulating hepatic lipid metabolism in response to nutri-
tional stimuli (36). CHOP also seems to be involved in the 
lipid metabolism through suppression of genes encoding 
C/EBP and other proteins related with lipid metabolism 
(37). Therefore, liver from Chop/ mice, upon ER stress 
challenges, showed less suppressed expression of transcrip-
tional regulators, including C/EBP, Ppar, Pgc1, and 
Srebp1, compared with wild-type mice. However, Chop/ 
mice displayed reduced expression of lipogenic genes with 
less lipid accumulation than wild-type mice upon human 
immunodeficiency virus protease inhibitor (38). Therefore, 
the exact molecular and cellular mechanisms underlying 
CHOP-mediated dysregulation of hepatic lipid metabolism 
remain to be elucidated. CHOP is also involved in adipocyte 
differentiation. As a dominant-negative inhibitor of C/
EBP and C/EBP (39), CHOP expression inhibited adi-
pocyte differentiation under ER stress conditions (40, 41).

The IRE1/XBP1 pathway was identified as a critical regu-
lator of hepatic lipid metabolism. Hepatocyte-specific Ire1 
deletion increased hepatic lipid levels and reduced plasma 
lipids by modulating several genes involved in lipid metabo-
lism, including C/ebp, C/ebp, Ppar, and enzymes involved 
in TG biosynthesis (42). In addition, XBP1s was shown to di-
rectly regulate lipogenic genes in the liver, including Dgat2, 
Scd1, and Acc2 (43). Specific deletion of Xbp1 in the liver 
compromised de novo hepatic lipogenesis, leading to re-
duced serum TG, cholesterol, and FFAs (43). Interestingly, 
hepatocyte-specific Ire1 deletion did not alter lipogenesis, 
but rather, specifically impaired VLDL assembly and secre-
tion, leading to hepatosteatosis and hypolipidemia (42, 44). 
In the absence of IRE1, there was reduced protein disulfide 
isomerase, which acts with microsomal triglyceride transfer 
protein to promote the delivery of neutral lipids to the 
smooth ER lumen for VLDL assembly (45). Therefore, there 
is some controversy as to how ER stress affects lipid accumula-
tion and/or secretion through the IRE1/XBP1 pathway. 
This discrepancy can be explained by the finding that IRE1 
is hyperactivated in liver-specific Xbp1/ mice (46). IRE1 
induces degradation of certain mRNAs, a process known as 
regulated IRE1-dependent decay (47, 48). Hyperactivated 
IRE1 in liver-specific Xbp1/ mice promoted degradation 
of mRNAs encoding lipid metabolism functions, thereby 
reducing plasma TG and cholesterol in these mice (46). In 
addition to lipid metabolism, IRE1/XBP1 also induces 
expression of many inflammatory cytokines, and Xbp1 de-
letion or small molecule inhibition of IRE1 has demon-
strated anti-inflammatory effects (49–51).

The ATF6 pathway also plays a role in stress-induced 
lipid accumulation. p50ATF6 interacts with the nuclear 
form of SREBP-2, thereby antagonizing SREBP-2-regulated 
transcription of lipogenic genes and lipid accumulation in 
cultured hepatocytes and kidney cells (52). Moreover, 
Atf6-deleted mice displayed hepatic dysfunction and steato-
sis much longer than wild-type mice in response to phar-
macological induction of ER stress (37, 53). This could be 
explained by chronic expression of CHOP and sustained 

element-binding protein (SREBP)-1c, suggesting that ER 
stress has a pivotal role in hepatic lipid metabolism (28).

Cross-talk between ER stress and lipid metabolism is evi-
dent from the finding that S1P and S2P processing en-
zymes also cleave and activate the SREBPs, SREBP-1c and 
SREBP-2, that regulate biosynthesis of cholesterol and 
other lipids. It should also be noted that protein misfold-
ing in the ER causes oxidative stress that can lead to apop-
tosis (29). In addition, antioxidant treatment can prevent 
oxidative stress, reduce apoptosis, and even improve pro-
tein folding (30, 31). Although the mechanism that con-
nects protein misfolding with oxidative stress is unknown, 
it might involve Ca2+ flux to regulate mitochondrial oxida-
tive phosphorylation, increased fatty acid oxidation, oxida-
tion of free sulfhydryls during disulfide bond formation in 
the ER, the induction of oxidases, such as NO synthase, or 
inhibition of antioxidant responses (32).

Several reports indicate that the PERK-eIF2 pathway 
regulates lipogenesis and hepatic steatosis. For example, 
PERK and eIF2 phosphorylation are induced by antipsy-
chotic drugs, resulting in increased lipid accumulation in 
hepatocytes through activation of SREBP-1c and SREBP-2 
(33). Mice with compromised eIF2 phosphorylation by 
overexpression of GADD34 in the liver, displayed reduced 
high-fat diet (HFD)-induced hepatosteatosis (34). ATF4, 
the downstream gene of the PERK/eIF2 pathway, was 
also reported to be involved in lipid metabolism. Livers 
from Atf4/ mice fed a high-carbohydrate diet displayed 
markedly lower levels of stearoyl-CoA desaturase 1 (SCD1) 
expression with less accumulation of TG compared with 
livers from wild-type mice (35). Lipid accumulation caused 

Fig.  2.  ER stress and lipid metabolism. ER stress and UPR induc-
tion alters expression of genes in lipid metabolism. PERK/eIF2 
phosphorylation activates SREBP-1c and SREBP-2. ATF4 upregu-
lates expression of SCD1, FAS, ACC, and SREBP-1c. CHOP also 
negatively regulates the activity of C/EBP and C/EBP. IRE1 is 
involved in lipid metabolism by suppressing the expression of C/
EBP, C/EBP, and PPAR. XBP1s regulated expression of SCD1, 
DGAT2, and ACC. ATF6 interacts with the nuclear form of 
SREBP-2 to antagonize SREBP-2-mediated transcription of lipo-
genic genes. ATF6 also upregulates SREBP-1c expression.
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induce inducible NO synthase or NF-B activation, which 
is usually caused by TNF or treatment with other cyto-
kines (62), suggesting that another mechanism governs 
the death of  cells upon FFA exposure. SFAs induced ER 
stress and the UPR, with increased expression of mRNAs 
for CHOP, ATF4, and ATF6, and splicing of XBP1 in 
pancreatic  cells (62–65). When ER stress was reduced by 
a small molecule (66) or chemical chaperones that buffer 
proteins to prevent misfolding, such as 4-phenylbutyric 
acid (4-PBA) (67) or tauroursodeoxycholic acid (TUDCA) 
(68),  cells were protected from palmitate-induced lipo-
toxicity. These results suggest that ER stress and the UPR 
mediate SFA-induced lipotoxicity in  cells.

The mechanisms by which SFAs directly or indirectly im-
pair  cell function through ER stress have been the subject 
of several recent studies (Fig. 3). Protein palmitoylation is a 
major posttranslational modification that was induced by 
palmitate treatment of insulinoma cells with associated cell 
death (69). When palmitoylation was inhibited by 2-bromo-
palmitate, a nonmetabolizable form of palmitic acid, the 
induction of ER stress and the activation of caspase activity 
were attenuated in insulinoma cells and isolated islets (69), 
suggesting a role of protein palmitoylation, ceramide pro-
duction, or fatty acid oxidation in SFA-induced ER stress. 
On the other hand, a lipidomic screen of palmitate-treated 
insulinoma cells found that altered sphingolipid metabo-
lism may be implicated in the defective protein trafficking 
from ER to Golgi and disruption of ER lipid rafts, causing 
ER stress and subsequent  cell death (70–72). In addition, 
palmitate treatment of insulinoma cells impaired traffick-
ing of ceramide from the ER to the Golgi apparatus, thus 

suppression of C/EBP (37) and/or a failure of ATF6-
mediated induction of genes encoding protein chaper-
one, trafficking, and ERAD functions (53). When fed a 
HFD, Atf6

/ mice developed hepatic steatosis and glu-
cose intolerance in association with increased expression 
of SREBP-1c (54). On the other hand, overexpression of a 
functionally active nuclear fragment of ATF6 in zebrafish 
caused fatty liver (55), suggesting that fine-tuning of 
ATF6 may be important to prevent liver steatosis. Alter-
natively, different species may have evolved to utilize these 
pathways for different functions to cope with their specific 
environmental challenges.

ER STRESS AND LIPOTOXICITY IN PERIPHERAL 
ORGANS

Pancreatic  cells
Chronically elevated levels of FFA in vitro or in vivo are 

detrimental to pancreatic  cell function. Saturated fatty 
acids (SFAs), such as palmitate, activate the UPR with sub-
sequent induction of apoptosis compared with unsatu-
rated fatty acids, such as oleate, suggesting a harmful effect 
of SFAs (56). Damage driven by prolonged exposure  
to SFAs in pancreatic  cells was believed to be a main 
cause of type 2 diabetes (57–59). Their cytotoxic effect was 
attributed to an increased lipogenesis in  cells (60) or 
upregulation of inducible NO synthase followed by  
NO-mediated cell death (61). However, exposure of FFAs 
to INS-1E insulinoma cells or primary rat islets did not 

Fig.  3.  ER stress and lipotoxicity. SFAs cause ER stress in numerous peripheral tissues, including pancre-
atic  cells, hepatocytes, skeletal myocytes, and cardiomyocytes, leading to cell dysfunction or death through 
lipotoxicity. In pancreatic  cells, SFA-mediated ER stress induces protein palmitoylation, alteration in sphin-
golipid metabolism, and depletion of ER Ca2+. In the liver, ER stress induces ROS production, saturation of 
membrane phospholipid, induction of VLDLR expression, and reduction of PPAR and FXR expression. In 
skeletal muscle, it is not clear whether ER stress is directly involved in SFA-mediated lipotoxicity. In the heart, 
ER stress induces expression of VLDLR to cause lipotoxicity. In each organ, inhibition of ER stress can pre-
vent SFA-mediated lipotoxicity.
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in the liver (Fig. 3). Exposure of L02 immortal liver cells 
and HepG2 hepatoma cells to SFAs reduced viability 
through increased levels of ER stress accompanied with 
upregulation of PERK phosphorylation and downstream 
genes, including ATF4 and CHOP (91). Consistently, 
knock-down of PERK significantly reduced palmitate- 
induced cell death (91). Attenuation of ER stress by BiP 
overexpression (92), by resveratrol treatment (93), glucagon-
like peptide-1 (GLP-1) treatment (94), or TLR4 knockout 
(95) suppressed palmitate-induced cell death. In addition, 
palmitate-induced hepatocyte death was attenuated by miR-
615-3p, which suppressed the expression of the apoptotic 
gene, CHOP (96). These results suggest the pivotal role of 
ER stress in hepatic lipotoxicity.

Palmitate-induced lipotoxicity may occur through gen-
eration of reactive oxygen species (ROS) (97, 98). Ele-
vated levels of palmitate compromised the ER’s capability 
to maintain Ca2+ stores, resulting in the stimulation of mi-
tochondrial oxidative metabolism, ROS production, and 
ER stress-mediated cellular dysfunction (98). It is well-
known that protein misfolding in the ER and subsequent 
induction of ER stress contribute to ROS production and 
cellular dysfunction, which can be prevented by antioxi-
dant treatment (29, 31, 32).

On the other hand, SFAs may decrease membrane 
phospholipid saturation, which in turn activates the UPR 
transducers, including IRE1 and PERK, via their trans-
membrane domains (75, 76). Enhancing incorporation of 
PUFAs into membrane phospholipid by liver X receptors-
Lpcat3, prevented ER stress and cell death induced by pal-
mitate treatment in vitro or by hepatic lipid accumulation 
in vivo (99). Palmitate also increased de novo biosynthesis 
of saturated phospholipids, resulting in ER stress, suggest-
ing that aberrant phospholipid metabolism may largely 
contribute to palmitate-induced ER stress and its down-
stream lipotoxic effect (100). Consistently, mice compro-
mised in their ability to synthesize monounsaturated fatty 
acids due to a deletion of Scd1 displayed activation of the 
UPR in their livers due to insufficiency of unsaturated fatty 
acids (101). In addition, an increased level of phosphati-
dylcholine in obese hepatic ER inhibited SERCA activity, 
resulting in depletion of ER Ca2+ (102). These results sug-
gest that preservation of membrane homeostasis during 
SFA stress is important to prevent ER stress-mediated 
lipotoxicity.

Pharmacologically induced ER stress in HepG2 cells in-
creased the expression of SREBP-1c via cap-independent 
internal translation of SREBP-1c mRNA by hnRNP-A1 
(103, 104), which in turn activated fatty acid synthesis in 
L02 cells (105). ER stress also induced hepatic steatosis via 
increased expression of hepatic VLDL receptor (VLDLR) 
through direct binding of the ATF4 transcription factor to 
the VLDLR promoter region leading to accumulation of 
TG (106). In addition, HFrD-induced upregulation or ex-
cessive expression of hepatic apoB100 in transgenic mice 
increased ER stress and insulin resistance by decreasing 
expression of SERCA (107). The increase of apoB100 ex-
pression by HFrD was mediated by reduced mRNA expres-
sion of hepatic PPAR (108). Increasing PPAR activity by 

promoting the accumulation of ceramide in the ER and  
lipotoxicity through ER stress (73). Palmitate-induced li-
potoxicity can also be caused by altered phospholipid com-
position and consequent changes in membrane rigidity and 
fluidity (74), which are known to induce UPR signaling (75, 
76). Palmitate might also deplete ER Ca2+ stores in insulin-
oma cells (56), which, in turn, cause protein misfolding and 
ER stress (77–79).

On the other hand, palmitate treatment activated au-
tophagy in insulinoma cells to prevent lipotoxicity (80). 
An islet transcriptome study using RNA sequencing in 
palmitate-treated human islets identified that palmitate 
modulates expression of genes involved in autophagic flux 
and lysosome function (81). When autophagy was inhib-
ited by chloroquine, ER stress was induced in isolated is-
lets (82). In addition, autophagy induced by interleukin-22 
alleviated palmitate-induced ER stress in insulinoma cells 
(83). These results suggest that activation of autophagy by 
palmitate or HFD feeding prevents ER stress-mediated 
pancreatic  cell death. Interestingly, JNK activity, which is 
associated with ER stress, also appears to be involved in  
cell death upon palmitate-induced ER stress. When JNK1 
activity was attenuated using JNK1 shRNA in insulinoma 
cells, apoptosis was decreased with reduced levels of CHOP 
protein upon palmitate treatment (84). In addition, pal-
mitate-induced  cell death was attenuated by metformin, 
an insulin sensitizer, by suppressing ER stress (85).

HDL is a potential inhibitor of ER stress-mediated cell 
death, especially in pancreatic  cells. Thapsigargin, a 
SERCA inhibitor, caused disruption of the Ca2+ gradient 
between the ER and the cytosol and thus induced ER 
stress-mediated apoptosis, which was attenuated by HDL 
treatment (86). HDLs also prevented palmitate-induced 
UPR induction and ER stress and  cell death through res-
toration of ER functionality in terms of protein folding 
and trafficking (86). Interestingly, HDLs can inhibit cell 
death by tunicamycin, an N-glycosylation inhibitor, with-
out modulating the UPR response (87). HDLs may be able 
to restore ER function upon Ca2+ depletion by thapsigar-
gin or palmitate, whereas HDLs may not prevent ER stress 
induced by accumulation of misfolded proteins, such as 
nonglycosylated proteins, upon tunicamycin treatment. It 
also is possible that HDL-mediated protection of  cells 
from lipotoxicity and subsequent ER stress might be medi-
ated through modulation of lipid metabolism that was ob-
served in other tissues, including the liver (88).

Of note, TUDCA was reported to reduce symptoms of 
type 1 and type 2 diabetes in murine models (89, 90). 
However, intriguingly, this protection in type 1 diabetes 
required ATF6 function and was lost in mice with  cell-
specific deletion of Atf6 (89). This is curious because in-
asmuch as TUDCA should prevent UPR activation, why 
would this response require activation of ATF6. Never-
theless, this data provides an in vivo correlate for effects in 
cultured  cell studies.

Liver
Several lines of evidence suggest that ER stress is one 

important contributing factor for SFA-mediated lipotoxicity 
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treatment was observed despite improved liver and skele-
tal muscle function compared with placebo-treated pa-
tients (115). In addition, muscle tissues from HFD-fed 
patients did not show significant induction of ER stress 
(119). In other reports, it was found that ER stress was 
moderately induced in response to palmitate compared 
with treatment with pharmacological ER stress inducers 
(120). Treatment with chemical chaperones did not im-
prove palmitate-induced insulin sensitivity in myotubes 
(121). Therefore, the role of ER stress in palmitate-induced 
lipotoxicity in skeletal muscle remains unclear and further 
studies are required.

Heart
Unlike other tissues, cardiomyocytes in the adult heart 

preferentially use fatty acids to meet their high energy re-
quirement, suggesting an importance of lipid metabolism 
in the heart. On the other hand, myocardial TG accumula-
tion is often associated with impaired cardiac function. 
Intracellular TG accumulation was observed in stressed 
hearts and this was regarded as a hallmark of cardiac lipo-
toxicity that eventually led to heart failure (122, 123). It is 
of note that specific cardiac conditions, such as pressure 
overload (124) or ischemia (125), cause ER stress that 
likely contributes to cardiomyocyte dysfunction upon 
stress-mediated lipid accumulation (Fig. 3). Recent stud-
ies support this hypothesis, in which hypoxia/ischemia- 
induced lipid accumulation in HL-1 cardiomyocytes and 
mouse hearts was dependent on expression of the VLDLR 
(126). It was found that ischemia-induced ER stress and 
subsequent apoptosis in mouse heart were reduced in 
Vldlr/ mice and in mice treated with antibodies against 
VLDLR (126). These results suggest that VLDLR-induced 
lipid accumulation in the ischemic heart causes cell death 
through activation of ER stress. In another report, myocar-
dial ischemia in a pig model increased intracellular choles-
teryl ester levels, which in turn activated the UPR and ER 
stress accompanied by myocardial dysfunction (127).

In addition to ischemic injury, SFAs also induce ER 
stress and apoptosis in cardiomyocytes in vitro and in vivo. 
Palmitate induced ER stress in AC16 cells, a cardiomyocyte 
cell line of human origin (128). Activation of PPAR/ by 
the agonist, GW501516, in AC16 cells, prevented palmi-
tate-induced ER stress. In addition, HFD-fed Ppar/ 
knockout mice displayed ER stress, suggesting a protective 
role of PPAR/ in ER stress-mediated lipotoxicity (128). 
Interestingly, autophagy was reduced by HFD or PPAR/ 
suppression, but increased by the PPAR/ agonist in mu-
rine hearts, suggesting that PPAR/-induced autophagy 
is beneficial toward SFA-mediated ER stress and lipotoxic-
ity. Palmitate also induced ER stress-mediated lipotoxicity 
in cardiomyocytes by inhibiting sequestration of fatty acids 
as a less harmful form of TG in lipid droplets (129). When 
neutral lipid storage was induced by PPAR or acyl-CoA 
synthetase in human cardiomyocytes, expression levels  
of ER stress marker genes were significantly reduced upon 
palmitate treatment. All of these results suggest that ER 
stress is one of the potential reasons for lipotoxicity in 
heart failure.

agonist WY-14643 reduced apoB100 accumulation and ER 
stress in the liver from HFrD-fed mice (108). Interestingly, 
another PPAR agonist, fenofibrate, also improved he-
patic insulin resistance and steatosis in HFrD-fed mice; but 
in this case, ER stress was still upregulated (109). There-
fore, the role of PPAR in ER stress-mediated lipotoxicity 
remains to be elucidated. In old mice, TG was markedly 
accumulated and lipogenic genes were deregulated by ER 
stress-mediated downregulation of farnesoid X receptor 
(FXR) (110) that plays a pivotal role in the regulation of 
hepatic TG metabolism (111). TUDCA and 4-PBA treat-
ment in old mice reduced ER stress marker expression, 
but increased FXR expression with reduced hepatic TG 
content, suggesting a protective role for FXR in ER stress-
mediated lipotoxicity. Further studies are needed to un-
derstand the relationship between ER stress and orphan 
nuclear receptors.

Alteration in autophagic flux may also contribute to 
palmitate-induced ER stress. In livers from patients with 
nonalcoholic fatty liver disease or nonalcoholic steatohep-
atitis, there was increased ER stress gene expression with 
decreased autophagic flux (112). Consistently, palmitate 
treatment in Huh7 cells increased ER stress associated 
with decreased autophagy, which was restored with an au-
tophagy inducer, rapamycin (112).

Skeletal muscle
Lipotoxicity in muscle may also be mediated by ER stress 

(Fig. 3), evidenced by a range of studies from in vitro to 
human studies. For in vitro studies, palmitate treatment in 
cultured human myotubes induced ER stress markers and 
decreased cell viability, which was attenuated by overex-
pression of SCD1 (113). Interestingly, SCD1 inducibility 
upon palmitate treatment was different in individual hu-
man myotubes. Higher SCD1 induction was associated 
with a reduced ER stress response and better insulin sensi-
tivity, whereas myotubes with lower SCD1 induction 
showed more ER stress marker gene expression (113), 
suggesting SFA-mediated ER stress causes muscle cell dys-
function. The relationship between ER stress and lipo-
toxicity was also demonstrated in skeletal muscle. When 
mice were fed HFD, the expression levels of ER stress 
marker genes, including BiP, the spliced form of XBP1, 
and ATF4/CHOP, were markedly increased in skeletal 
muscle (114). In human studies, TUDCA (115) and 4-PBA 
(116), chemical chaperones that relieve ER stress, im-
proved muscle insulin sensitivity in obese patients, strongly 
suggesting that lipotoxicity in skeletal muscle is mediated 
by ER stress. In addition to chemical chaperones, palmi-
tate-induced lipotoxicity was also prevented by attenuation 
of ER stress using oleate treatment (116, 117) or PPAR/ 
activation through AMPK activation (118). These results 
suggest a pivotal role for ER stress in palmitate-induced li-
potoxicity in skeletal muscle and that attenuating ER stress 
might ameliorate lipotoxicity in skeletal muscle.

However, there are several contradictory reports indi-
cating that ER stress has little association with lipid- 
induced skeletal myocyte dysfunction. No significant change 
in ER stress marker gene expression resulting from TUDCA 
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mic reticulum stress and improve protein secretion. Proc. Natl. 
Acad. Sci. USA. 105: 18525–18530.

	31.	 Han, J., B. Song, J. Kim, V. K. Kodali, A. Pottekat, M. Wang, 
J. Hassler, S. Wang, S. Pennathur, S. H. Back, et al. 2015. 
Antioxidants complement the requirement for protein chaper-
one function to maintain -cell function and glucose homeosta-
sis. Diabetes. 64: 2892–2904.

	32.	 Malhotra, J. D., and R. J. Kaufman. 2007. Endoplasmic reticu-
lum stress and oxidative stress: a vicious cycle or a double-edged 
sword? Antioxid. Redox Signal. 9: 2277–2293.

	33.	 Lauressergues, E., E. Bert, P. Duriez, D. Hum, Z. Majd, B. 
Staels, and D. Cussac. 2012. Does endoplasmic reticulum stress 
participate in APD-induced hepatic metabolic dysregulation? 
Neuropharmacology. 62: 784–796.

CONCLUSION

As discussed above, ER stress and the UPR pathways are 
involved in lipid metabolism and lipotoxicity in peripheral 
tissues. ER stress, caused by various stimuli, affects lipid 
metabolism through modulating the expression levels of 
key enzymes involved in lipid synthesis or modification. 
On the other hand, ER stress mediates lipotoxicity in sev-
eral peripheral organs through ER stress-induced apoptosis 
or modulation of membrane composition of phospholip-
ids. Although extensively studied, it is still not completely 
understood how ER stress mediates lipotoxicity in each 
peripheral organ. For example, ceramide accumulation by 
ER stress seems to contribute to pancreatic  cell death, 
but its role in hepatocytes is not clear. In addition, the role 
of ER stress is yet controversial in SFA-mediated lipotoxic-
ity in the skeletal muscle. However, it is likely that relieving 
ER stress can prevent lipotoxicity in several organs, sug-
gesting that ER stress might potentially be an untapped 
therapeutic target for diseases associated with lipid accu-
mulation. Therefore, further studies on identifying these 
mechanisms should yield approaches to modulate UPR 
activity to reach a desired therapeutic benefit and mini-
mize tissue damage.

The authors apologize to those who were not referenced due to 
space limitations.
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