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Abstract

The Endoplasmic Reticulum (ER) is most notable for its central roles in calcium ion storage, lipid
biosynthesis, and protein sorting and processing. By virtue of its extensive membrane contact sites
that connect the ER to most other organelles and to the plasma membrane, the ER can also
regulate diverse cellular processes including inflammatory and insulin signaling, nutrient
metabolism, and cell proliferation and death via a signaling pathway called the unfolded protein
response (UPR). Chronic UPR activation has been observed in liver and/or adipose tissue of
dietary and genetic murine models of obesity, and in human obesity and non-alcoholic fatty liver
disease (NAFLD). Activation of the UPR in obesity and obesity-related disorders likely has two
origins. One linked to classic ER stress involving the ER lumen and one linked to alterations to the
ER membrane environment. This review discusses both of these origins and also considers the role
of post-translational protein modifications, such as acetylation and palmitoylation, and ER-
mitochondrial interactions to obesity-mediated impairments in the ER and activation of the UPR.
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Introduction

The Endoplasmic Reticulum (ER) is most notable for its central roles in calcium ion storage,
lipid biosynthesis, and protein sorting and processing. By virtue of its extensive membrane
contact sites that connect the ER to most other organelles and to the plasma membrane, the
ER can also regulate diverse cellular processes including inflammatory and insulin
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signaling, nutrient metabolism, and cell proliferation and death via a signaling pathway
called the unfolded protein response (UPR). The UPR has traditionally been regarded as a
homeostatic mechanism that preserves ER function in response to imbalances between the
protein load delivered to the ER and the ability of the ER to process this load. This adaptive
response is especially vital to secretory cells that maintain high levels of protein synthesis,
such as hepatocytes and insulin-producing B-cells. Persistent activation of the UPR, on the
other hand, is associated with the pathogenesis of a number of metabolic diseases [1, 2].
Chronic UPR activation has been observed in liver and/or adipose tissue of dietary and
genetic murine models of obesity, and in human obesity and non-alcoholic fatty liver disease
(NAFLD) [3-9]. Activation of the UPR typically occurs in response to the accumulation of
unfolded proteins in the ER lumen, termed ER stress, however recent studies have
demonstrated that ER membrane events independent of the ER lumen can trigger the UPR.
In this review we will present an expanded view of the ER, one that considers the role of the
ER membrane and ER-mitochondrial interactions in UPR activation and their relevance to
the relationship between the ER and chronic, metabolic diseases.

Endoplasmic Reticulum and the Unfolded Protein Response

The smooth ER produces the majority of membrane lipids and their intermediates including
glycerophospholipids, ceramides, and cholesterol [10, 11]. Ceramide traffics to the Golgi for
conversion to complex sphingolipids and much of the cholesterol is transported to other
cellular compartments, leaving relatively little in the ER membrane [10, 12]. Therefore, the
ER membrane is comprised of very low concentrations of cholesterol and complex
sphingolipids [10]. The presence of such a specialized membrane lipid environment may be
particularly relevant to chronic, metabolic diseases such as obesity and NAFLD, that are
characterized by ectopic lipid accumulation and elevated circulating lipids.

The rough ER acts as the entry point to the protein secretory pathway. Proteins destined for
secretion from the cell or for insertion into the plasma membrane first translocate to the
rough ER en routeto their final destinations. The ER lumen provides a specialized
environment for protein folding and maturation, that includes high concentrations of calcium
and a unique complement of molecular chaperones and folding enzymes [13]. A quality
control system known as ER-associated degradation (ERAD) recognizes and removes
nonnative proteins for degradation via the cytosolic ubiquitin-proteasome system [14, 15]. In
this context, a central function of the UPR is to monitor and respond to the accumulation of
improperly folded proteins in the ER lumen [16].

The UPR is now a well-characterized signaling pathway. In mammalian cells, UPR signaling
is initiated by three ER-localized proteins (Fig. 1): double-stranded RNA-dependent protein
kinase-like ER kinase (PERK), inositol-requiring 1a (IREla), and activating transcription
factor-6a (ATF6a) [17]. It is currently thought that in the un-stressed state IRE1a, PERK,
and ATF6a are maintained in an inactive conformation via their association with glucose-
regulated protein 78/immunoglobulin-heavy chain-binding protein (GRP78). Accumulation
of unfolded proteins titrates GRP78 from the proximal UPR sensors permitting dimerization/
activation of these proteins and GRP78 migration into the ER lumen where it facilitates
chaperone-mediated protein folding [18]. PERK activation leads to phosphorylation of the
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a-subunit of the translation initiation factor elF2 (p-elF2a) and subsequent attenuation of
translation initiation, as well as selective translation of activating transcription factor-4
(ATF4) [19, 20]. Activation of IRE1a leads to the splicing of X-box-binding protein-1
(XBP1s) mRNA and subsequent transcription of molecular chaperones (e.g. GRP78) and
genes involved in ERAD (e.g. ER degradation-enhancing a-like protein (EDEM)) [20].
IRE1a also appears to mediate rapid degradation of specific MRNAs, presumably in an
effort to reduce production of proteins that require folding in the ER lumen [21, 22]. In
addition, it appears that mMRNAs encoding membrane and secreted proteins can be rapidly
released from the ER upon induction of the UPR [23]. Activation of ATF6a leads to its
release from the ER membrane, processing in the Golgi, and entry into the nucleus.
Transcriptional targets of ATF6a. include protein chaperones and XBP1 [24]. If these
adaptive responses fail to resolve ER stress, UPR signaling can initiate regulated cell death.

Several studies and reviews have documented the interaction of the UPR with inflammatory
signaling pathways, insulin signaling, glucose and lipid metabolism, cell proliferation,
autophagy, and apoptosis [2, 3, 25-31]. The ability of the UPR to interact with such a
diverse set of signaling and metabolic pathways suggests that ER protein quality control and
UPR activation may play an important role in chronic, metabolic diseases characterized by
inflammation, insulin resistance, and impairments in nutrient metabolism [2, 30, 32]. Often
overlooked in discussions involving the UPR is the fact that PERK is only one of four
protein kinases that can phosphorylate elF2a.; the other three being double-stranded RNA-
activated protein kinase (PKR) which is activated in response to viral infection, general
control non-derepressible 2 kinase (GCN2) which is activated in response to amino acid
deprivation, and heme-regulated inhibitor kinase (HRI) which is primarily expressed in
reticulocytes and appears to coordinate globin polypeptide synthesis with heme availability
(Fig. 1) [25].

Activation of PKR has been observed in the liver and adipose tissue taken from dietary and
genetic murine models of obesity, and the absence of PKR results in amelioration of many of
the metabolic impairments observed in these models [33]. More recent studies have
identified TAR RNA-binding protein (TRBP) and endogenous RNAs, small nucleolar RNAs
(snoRNAs) that interact with and activate PKR in response to metabolic stress [34, 35].
Other research that has linked snoRNAs to lipotoxicity support the notion that both
snoRNA- and TRBP-mediated regulation of PKR likely play important roles in metabolic
diseases characterized by UPR activation [36, 37].

GCN2, as a sensor of amino acid deficiency, plays a key role in adapting amino acid
metabolism to nutrient deprivation [38]. Amino acid deprivation also has profound effects on
lipid metabolism, including reduced expression of lipogenic genes in the liver and
mobilization of adipose tissue lipid stores [38]. However, GCN2 deficient mice developed
hepatic steatosis and were characterized by reduced adipose tissue lipid mobilization in
response to amino acid deprivation [38]. These data suggest that GCN2 can also regulate
lipid metabolism during amino acid deficiency. Whether GCN2 plays a role in metabolic
diseases defined by nutrient excess is presently unknown, however given its ability to
regulate lipid metabolism in liver and adipose tissue, it is also a protein that must be
considered when evaluating the role of the UPR in obesity and obesity-related disorders.
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ER stress and activation of the UPR in obesity and obesity-related

disorders

UPR activation is typically discussed in the context of ER stress or the accumulation of mis-
or un-folded proteins in the ER lumen [39]. The primary evidence that obesity-mediated
UPR activation involves ER stress has come from studies employing chemical chaperones
[40]. Chemical chaperones, such as glycerol, trimethylamine-N-oxide, methyl-f-
cyclodextrin, and 4-phenyl butyric acid (PBA), represent a group of low molecular weight
compounds that can stabilize protein conformation, improve ER folding capacity, and
facilitate the appropriate trafficking of mutant proteins [41-44]. Endogenous bile acid
derivatives, such as ursodeoxycholic acid and taurine-conjugated ursodeoxycholic acid
(TUDCA), can also modify ER function [45]. A number of misfolded proteins have been
rescued by chemical or pharmacological chaperone intervention [46]. In addition, studies
have demonstrated that chemical chaperones can reduce UPR activation in model systems of
lysosomal storage disease, hereditary hemochromatosis, and cholangiocarcinoma [47-49].

Oral administration of PBA or TUDCA to ob/ob mice reduced UPR activation in liver and
adipose tissue and improved insulin action [50]. Elevated free fatty acids and increased free
fatty acid delivery to tissues is a common feature of obesity. Increased free fatty acid
delivery in vivo results in the activation of the UPR in both adipose tissue and liver [51, 52].
Pretreatment of McA (Morris hepatoma 7777) liver cells with PBA or co-treatment of
primary hepatocytes with PBA or TUDCA reduced UPR activation in response to increased
free fatty acid delivery [53, 54]. These data are consistent with the notion that activation of
the UPR in obesity involves ER stress; that is, the accumulation of unfolded proteins.
However, it is important to note that TUDCA has been reported to also influence the release
of calcium from the ER and the regulation of both protein kinase C and mitogen-activated
kinase p42/44 [45, 48]. Thus, while chemical chaperones appear to alleviate obesity-
mediated activation of the UPR, the mechanism of action through which this is
accomplished remains unclear.

Endogenous chaperones, such as GRP78, when overexpressed in the liver of ob/0b mice
reduced hepatic steatosis and markers of UPR activation, and improved insulin action [55].
GRP78 heterozygosity resulted in a compensatory UPR response that included upregulation
of proteins involved in ERAD and other ER chaperone proteins, such as GRP94, calnexin
and calreticulin in white adipose tissue [56]. In total, these data suggest that ER protein
folding is impaired in the liver and white adipose tissue of obese mice.

An increase in protein synthesis represents one mechanism that could result in obesity-
mediated ER stress. However, basal rates of protein synthesis were not increased in skeletal
muscle of high-fat diet-fed rats [57]. In addition, ER-associated polysome profiling from
liver tissue of lean, wildtype, and ob/0b mice at 2, 3, and 6 months of age suggested that the
ER from livers of obese mice exhibited reduced protein synthesis [58]. In contrast, islet cells
isolated from mice fed a high-fat diet for 7 days were characterized by increased
polyribosome-associated RNA and activation of mammalian Target of Rapamycin (MTOR)
[59]. Increased activation of the mTOR pathway was also observed in liver and skeletal
muscle of obese rats, although it is not clear whether this increase was linked to protein
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synthesis or as a feature of the ensuing insulin resistance [60]. In total, these data suggest
that an increase in the protein load to the ER does not contribute to the activation of the UPR
in the liver of obese rodents, although more data are needed on the early stages of obesity
development and UPR activation.

A reduction in folding capacity is a second mechanism that can lead to ER stress. The
concentration of calcium within the ER lumen is an order of magnitude higher than the
cytosol and several ER luminal chaperones require calcium to assist in protein folding [61,
62]. The sarco-/endoplasmic reticulum calcium ATPase (SERCA) is an ER membrane-
bound protein that serves to pump calcium back in to the ER lumen, thus it plays an
important role in both overall cellular calcium homeostasis and maintenance of ER lumen
calcium stores [63]. Two studies have observed a reduction of SERCA2b (activity or protein
level) in the liver of obese mice [64, 65]. Overexpression of SERCA2b in obese mice
reduced activation of the UPR and improved glucose homeostasis in both studies. These data
suggest that obesity-mediated changes in SERCA2b, and potentially ER calcium stores, may
lead to a reduced capacity for chaperone-mediated protein folding, ER stress, and activation
of the UPR.

A reduction in the degradation of mis- or un-folded proteins in the ER lumen is a third
mechanism that can lead to ER stress. The ubiquitin-proteasome system (UPS) is required
for the degradation of terminally misfolded ER proteins [14, 66]. Proteasome activity was
reduced and polyubiquinated proteins increased in the liver of C57BL/6 mice fed a high-fat
diet for 28 wks, 20 wk old db/db mice and 20 wk old ob/0b mice [67]. In this study, mice
with impaired proteasome function (proteasome activator-28 null mice) were characterized
by hepatic steatosis, hepatic insulin resistance and activation of the UPR, all of which were
partially rescued by treatment with the chemical chaperone, PBA. These data suggest that
obesity-induced activation of the UPR and insulin resistance in the liver may be mediated by
proteasome dysfunction and further support the notion that ER stress triggers UPR activation
in obesity.

Fatty acids and UPR activation

Increased free fatty acids, and in particular saturated fatty acids, have been linked to UPR
activation in a number of tissues/organs and cell types [51, 52, 68, 69]. Palmitate is the most
prevalent circulating saturated fatty acid and, along with the total free fatty acid pool, is
elevated in human with obesity and NAFLD. The covalent attachment of palmitate to
substrate proteins, palmitoylation, is recognized as an important post-translational
modification that occurs in the ER. Palmitoylation is reversible, thereby allowing it to
dynamically regulate a range of protein functions including trafficking, localization,
stability, aggregation, and interaction with effectors [70-75]. Obesity appears to influence
the palmitoylated proteome in adipose tissue. For example, palmitoylation of both GLUT4
and insulin responsive amino peptidase was increased in mice fed a high-fat diet for 8 wks
[76]. Calnexin and calreticulin comprise an ER chaperone system that functions in the
folding and quality control of newly synthesized glycoproteins [77]. A recent study
demonstrated that palmitoylation of calnexin redirected this protein away from its quality
control function to an interaction with SERCAZ2b on the mitochondria-associated ER
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membrane, where the ER and mitochondria juxtapose [78]. These data suggest that
palmitoylation can modulate ER proteostasis and ER-mitochondrial calcium crosstalk.
Although it is not clear whether obesity increases palmitoylation of calnexin, this
modification may have implications for obesity-associated changes in SERCA2b (described
above) and hence obesity-associated ER stress and UPR activation.

The ER membrane and activation of the UPR

A growing body of evidence indicates that changes in the composition of the ER membrane
may mediate UPR activation. The plasma membrane composition is estimated to contain
60-80% of total cellular cholesterol, whereas less than 1% resides in the ER membrane [79,
80]. Therefore, even small changes in the amount of cholesterol in the ER membrane
translates to large alterations in overall composition. The cholesterol-loaded macrophage is a
characteristic feature of advanced atherosclerotic lesions [81]. Experimental enrichment of
the macrophage ER membrane with free cholesterol or 14:0-18:0 phosphatidylcholine (PC)
inhibited both the ATPase activity and calcium sequestration function of SERCAZ2b in
macrophages [82]. These data suggest that changes in the cholesterol content of the ER
membrane can influence the function of SERCAZ2b, and ER membrane-bound protein, in
macrophages. In a similar vein, changes in the phospholipid profile of the ER membrane
have recently been linked to changes in SERCAZ2b in the liver. Obesity-associated reductions
in hepatic SERCA2b activity were linked to an increase in the PC to
phosphatidylethanolamine (PE) ratio in the ER [65]. Experimental knockdown of the protein
involved in the conversion of PC to PE, phosphatidylethanolamine A~methyltransferase,
reduced the PC to PE ratio, significantly improved the calcium transport activity of the ER,
and reduced UPR activation and insulin resistance in ob/0b mice [65]. The ratio of
monounsaturated to saturated fatty acids has been shown to play a role in both the activation
of the UPR in the liver and liver damage in rodent models of NAFLD [4, 83]. These data
suggest that changes to ER membrane lipid composition may mediate obesity-associated
UPR activation in the liver via mechanisms that involve changes in the regulation of ER
calcium (Fig. 2).

Several recent studies have demonstrated that changes in membrane lipids can also activate
the UPR in the absence of ER stress [84—-88]. In one of these studies, an ER-targeted IREla
or PERK mutant lacking the luminal stress-sensing domain was expressed in mutant cells
that lacked either endogenous IRE1a or PERK protein or activity [85]. IRE1la-mediated
XBP1 splicing or PERK phosphorylation was not observed when cells were treated with
chemical agents such as tunicamycin, which inhibits protein glycosylation, thapsigargin,
which inhibits SERCA or the reducing agent dithiothreital. In contrast, changes in
membrane lipid saturation, induced by inhibition of steroyl-CoA desaturase 1 or the
provision of palmitate, resulted in IRE1a-mediated XBP1 splicing or PERK
phosphorylation. These results suggest that changes in membrane lipid composition can
activate IRE1a and PERK directly and independently of ER stress. The authors postulated
that “direct modulation of IRE1a and PERK activity by the lipid environment and luminal
stress-induced activation are two parallel pathways that likely intertwine”. It has also been
suggested that remodeling of the protein homeostasis network is a “signature response
against lipid disequilibrium, particularly during loss of PC/PE homeostasis” [89]. In this
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context, the UPR appears to help support protein biogenesis, ER-associated degradation and
membrane integrity [89]. In total, these studies suggest that the ER membrane may mediate
UPR activation via effects on protein folding (mediated through SERCA2b) and direct
effects on the membrane-bound ER sensors, IRE1la and PERK (Fig. 2). Such a model
provides a plausible explanation for the presence of chronic activation of the UPR in chronic
metabolic diseases.

ER-mitochondrial interactions and the UPR

The ER interacts and communicates with a number of cellular structures including the
nucleus, plasma membrane, endosomes, and mitochondria [90, 91]. The physical coupling
of the ER and mitochondria, often referred to as the mitochondria-associated ER membrane
(MAM), facilitates the exchange of metabolites that have direct bearing on stress-responsive
pathways, including the UPR [92]. The ER depends on mitochondrial-derived ATP to
support protein folding so any deterioration of mitochondrial ATP supply, such as impaired
ATP production or transport to the ER, could promote ER stress and UPR activation. In turn,
mitochondria depend on ER-derived calcium to support enzymes within the Krebs cycle.
Indeed, recent studies have demonstrated close links between the ER and mitochondrial
bioenergetics [93-95]. Lipid exchange between these two organelles also occurs through the
MAM. Phosphatidylserine (PS), synthesized in the ER, is transported to and decarboxylated
in mitochondria to PE [96]. PE then returns to the ER for further conversion to PC. This
means that ER-mitochondrial coupling may, at least in part, influence the PC/PE ratio of the
ER membrane, and thereby SERCA2B activity [97].

ER-mitochondrial coupling can be maintained despite the fact that these two organelles are
constantly moving in the cell [91, 98]. Thus, the regulation of ER-mitochondrial coupling in
the context of the dynamic nature of these two organelles may be relevant to obesity-
mediated changes in ER and mitochondrial function. ER movement occurs along
microtubules via ER sliding (where the tip of the ER tubule binds to the shaft of a
microtubule and slides along it) and tip attachment complex dynamics (ER grows or retracts
in concert with a partner microtubule, (Fig. 3)) [98]. ER sliding, as well as ER-mitochondria
coupling appear to preferentially occur on acetylated microtubules [98]. Nutrient starvation
generally results in a reduction in acetylated proteins, however this is not the case with
tubulin [99]. Acetylation of a-tubulin via the tubulin acetyltransferase, MEC-17, marks very
stable microtubule structures [100]. This protein appears to be characterized by an
enzymatic rate that is an order of magnitude slower than the lifetime of dynamic
microtubules [101]. The role of tubulin acetyltransferase in the regulation of ER-
mitochondrial interactions is presently unknown. Sirtuin 2 (SIRT2) and histone deacetylase
Il enzyme (HDACS6) have been identified as tubulin deacetylases [102-105]. Recent
evidence has suggested that the NAD-dependent SIRT2 plays an important role in the
regulation of programmed necrosis [106]. HDACS6 has been linked to the maintenance of
mitochondrial fusion under hypoxic stress conditions and overexpression of HDAC6 can
enhance resistance to virus infection in mice [107, 108]. It is presently unclear whether
phenotypes resulting from changes to HDACG6 or SIRT2 involve ER-mitochondrial
interactions or whether the regulation of microtubule acetylation is an important component
of ER and mitochondrial dysfunction in obesity and obesity-related disorders.
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Recent studies have demonstrated that the physical interaction between the ER and
mitochondria plays a role in obesity-related hepatic insulin resistance, and impairments in
ER and mitochondrial function [109, 110]. In one of these studies, interactions between the
voltage-dependent anion channel and inositol 1,4,5-triphosphate receptor (IP3R1), and
glucose-regulated protein 75 and IP3R1 were monitored, by in situ proximity ligation assay,
as surrogate markers for ER-mitochondrial interactions [110]. Livers from both ob/0b mice
and mice fed a high-fat diet for 16 wks were characterized by a reduction of ER-
mitochondrial interactions. Overexpression of cyclophilin D in hepatocytes from ob/0b and
high-fat diet fed mice increased ER-mitochondrial interactions and improved hepatic insulin
action. In the second study, livers from 8-12 wk old ob/ob mice and mice fed a high-fat diet
for 16 wks were characterized by an increase in ER-mitochondrial interactions as measured
by transmission electron microscopy [109]. Adenovirus-mediated gene transfer of a
synthetic linker in the liver of mice fed a high-fat diet for 4 wks resulted in increased ER-
mitochondrial interactions and increased hepatic lipid accumulation, lower mitochondrial
oxidative function and impaired insulin-mediated phosphorylation of insulin signaling
proteins. In total, these studies suggest that ER-mitochondrial interactions play an important
role in obesity-mediated impairments in insulin action, steatosis, and mitochondrial function
in the liver. More research is required to determine whether the differences between the
studies are due to experimental methodologies or to the dynamic nature of ER-mitochondrial
interactions.

Activation of the UPR in obesity and obesity-related disorders likely has two origins. One
linked to classic ER stress involving the ER lumen and one linked to alterations to the ER
membrane environment (Fig. 2). These two origins are not mutually exclusive. For example,
changes to the ER membrane environment can impact ER membrane proteins such as
SERCA which in turn can influence protein folding within the ER lumen. However, changes
to the ER membrane environment can also influence the activation state of IRE1 and PERK
directly and independently of the accumulation of unfolded proteins in the ER lumen. Post-
translational protein modifications, such as acetylation and palmitoylation, may also play a
role in obesity-mediated disturbances in ER function and UPR activation. Organelle
interactions, particularly those involving the ER and mitochondria, may be important to our
understanding of obesity-mediated impairments in both the ER and mitochondria.
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GRP78
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mTOR
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p-elF2a
PERK
PKR
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SNORNAS
STIM1
TRBP
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UPR
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XBP1s

end binding protein-1

ER degradation-enhancing a-like protein
endoplasmic reticulum

ER-associated degradation

general control non-derepressible 2 kinase

glucose-regulated protein 78/immunoglobulin-heavy-chain-binding protein

heme-regulated inhibitor kinase

inositol 1,4,5-triphosphate receptor
inositol-requiring 1a

mitochondria-associated ER membrane
Morris hepatoma 7777

microtubule

mammalian Target of Rapamycin

4-phenyl butyric acid

phosphatidylcholine
phosphatidylethanolamine

phosphorylation of the a-subunit of eukaryotic initiation factor-2
double-stranded RNA-dependent protein kinase-like ER kinase
double-stranded RNA-activated protein kinase
phosphatidylserine

sarco-endoplasmic reticulum calcium ATPase
small nucleolar RNAs

stromal interaction molecule-1

TAR RNA-binding protein

taurine-conjugated ursodeoxycholic acid
unfolded protein response
ubiquitin-proteasome system

spliced X-box binding protein-1
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Figure 1.
Overview of the mammalian unfolded protein response. Accumulation of unfolded proteins

in the ER lumen results in activation of PERK, IRE1a, and ATF6a, and subsequent
translational attenuation and activation of gene transcription.
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Figure 2.
Links between membrane composition and UPR activation. Changes in the lipid

composition of the ER membrane can a) lead to impairments in SERCA, reduced luminal
calcium stores and a reduction in the folding capacity of the ER lumen, and, b) direct
activation of PERK, IREla, and possibly ATF6a.
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Figure 3.

Tip attachment complex and sliding dynamics. Tip attachment complex dynamics involve
simultaneous movement of ER tubules and microtubules from the plus-end of the
microtubule. EB1 is end binding protein-1; STIM1 is stromal interaction molecule-1; ER is
endoplasmic reticulum; MT is microtubule. Figure adapted from Friedman and Voeltz with
permission [111].
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