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The endoplasmic reticulum (ER) is the major site in the cell for protein folding and trafficking and is
central to many cellular functions. Failure of the ER’s adaptive capacity results in activation of the
unfolded protein response (UPR), which intersects with many different inflammatory and stress
signaling pathways. These pathways are also critical in chronic metabolic diseases such as obesity,
insulin resistance, and type 2 diabetes. The ER and related signaling networks are emerging as
a potential site for the intersection of inflammation and metabolic disease.

Introduction

Energy and nutrient management in all organisms requires the
highly regulated and coordinated operation of many homeostatic
systems. Much of the development and evolution of these
systems has taken place in the absence of pressures that we
now experience as modern humans, including excess nutrients,
new dietary components, lack of physical activity, and an
increased life span. In fact, the requirements for the duration
as well as the magnitude of adaptive responses have dramati-
cally increased due to both increases in life expectancy and
a chronic lifetime exposure to the stress signals associated
with caloric excess. Consequently, biological responses are
unable to cope with these challenges and homeostatic systems
gradually deteriorate giving rise to an array of pathologies.

In the past century, the incidence of chronic metabolic
diseases, particularly obesity and type 2 diabetes, has increased
dramatically in the developed and developing worlds (Hossain
et al.,, 2007) and in children (Ogden et al., 2010). Increased
adiposity and abnormal insulin action are associated with an
array of health problems including a markedly increased risk
for type 2 diabetes, fatty liver, hepato-biliary and gallbladder
diseases, cardiovascular pathologies, neurodegenerative disor-
ders, asthma, and a variety of cancers (Hotamisligil, 2006). This
disease cluster resembles longevity-related systemic deteriora-
tion. Addressing the central mechanisms underlying these
pathologies will have implications for aging and should lead to
new therapeutic approaches for treating these conditions.

One potential emerging mechanism involves the endoplasmic
reticulum (ER), the organelle responsible for protein folding,
maturation, quality control, and trafficking. When the ER
becomes stressed due to the accumulation of newly synthesized
unfolded proteins, the unfolded protein response (UPR) is acti-
vated. The three branches of the canonical UPR intersect with
a variety of inflammatory and stress signaling systems includ-
ing the NF-kB-IkB kinase (IKK) and JNK-AP1 pathways, as
well as networks activated by oxidative stress, all of which can
influence metabolism (Figure 1). Inflammation and ER stress
are linked at many levels: both are short-term adaptive systems
necessary for the function and survival of the organism, and both
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are detrimental when chronically engaged. In this Review,
| discuss ER stress responses and their intersection with inflam-
matory pathways in the context of metabolic homeostasis and
disease (Figure 2).

ER and the Canonical Unfolded Protein Response

The ER is a vast membranous network responsible for the
synthesis, maturation, and trafficking of a wide range of proteins.
It is also a critical site for Ca®* homeostasis. As a central regu-
lator of protein folding, quality control, trafficking, and targeting,
the ability of the ER to adapt its capacity to manage synthetic,
metabolic, and other adverse conditions is of paramount impor-
tance for the cell. Under conditions that challenge ER function,
particularly an increase in newly synthesized, unfolded proteins
in the ER lumen, this organelle elicits an elaborate adaptive
response known as the UPR (Ron and Walter, 2007).

In eukaryotic cells, monitoring of the ER lumen and signaling
through the canonical branches of the UPR are mediated by
three ER membrane-associated proteins, PERK (PKR-like eu-
karyotic initiation factor 2o kinase), IRE1 (inositol requiring
enzyme 1), and ATF6 (activating transcription factor-6). In
a well-functioning and “stress-free” ER, these three transmem-
brane proteins are bound by a chaperone, BiP/GRP78, in their
intralumenal domains (amino-terminal of IRE1 and PERK and
carboxy-terminal of ATF6) and rendered inactive (Bertolotti
et al., 2000; Shen et al., 2002). There may also be additional
mechanisms controlling the activity of each UPR sensor and
simple disruption of the interaction with BIP may not always
result in constitutive activation (Oikawa et al., 2007; Zhou et al.,
2006). Accumulation of improperly folded proteins and increased
protein cargo in the ER results in the recruitment of BiP away
from these UPR sensors. This and potentially other yet to be
discovered lumenal events result in oligomerization and activa-
tion of the two kinases, PERK and IRE1, and engage a complex
downstream signaling pathway (Ron and Walter, 2007). Activa-
tion of the third branch of the UPR requires translocation of
ATF6 to the Golgi apparatus where it is processed by the serine
protease site-1 protease (S1P) and the metalloprotease site-2
protease (S2P) to produce an active transcription factor (Chen
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Figure 1. ER Stress and Inflammation

There are several potential avenues through which ER function is linked to inflammatory signaling. In response to ER stress, the three branches of the unfolded
protein response (UPR) are activated. In the first branch, PERK-mediated attenuation of translation results in release of NF-kB from its inhibitor I[kB. NF-kB moves
to the nucleus and switches on expression of a variety of different genes involved in inflammatory pathways, such as those encoding the cytokines IL-1 and
TNF-a.. In the second branch of the UPR, activated IRE1 recruits tumor necrosis factor-o (TNF-a)-receptor-associated factor 2 (TRAF2), and this complex inter-
acts with JNK and IkB kinase (IKK) and activates them. These inflammatory kinases then phosphorylate and activate downstream mediators of inflammation. The
third branch of the UPR, the ATF6 pathway, also activates NF-kB. There is also crosstalk between the three branches. For example, spliced X-box binding protein
1 (XBP1s), as well as ATF4, induce production of the inflammatory cytokines IL-8, IL-6, and monocyte chemoattractant protein 1 (MCP1) by human endothelial
cells. XBP1s has also been implicated in production of IFN-B when ER stress is combined with activation of Toll-like receptor (TLR) signaling and in IFN-o. produc-

tion by dendritic cells. The ability of XBP1s to expand the capacity of the ER for

protein folding (and ER calcium stores) enables it to mediate calcium-dependent

inflammatory responses in human bronchial epithelial cells, which produce IL-8. (Inset) Assembly of a putative metabolic inflammasome or metaflammasome.
This protein complex integrates pathogen and nutrient sensing with ER stress, inflammatory kinases, insulin action, and metabolic homeostasis. The elF2a kinase
PKR (double-stranded RNA-activated protein kinase) is a core component of the metaflammasome and interacts directly with several inflammatory kinases such
as IKK and JNK, insulin receptor signaling components such as IRS1, and the translational machinery via elF2a. Nutrients, inflammatory mediators, and ER stress

regulate PKR activity.

et al., 2002). ATF6 is reduced in response to ER stress, and only
the reduced monomeric ATF6 can reach the Golgi apparatus,
indicating that redox status is also a potential determinant of
ATF6 activation (Nadanaka et al., 2007). Together these three
arms mitigate ER stress by reducing protein synthesis, facili-
tating protein degradation, and increasing production of chaper-
ones that help proteins in the ER lumen to fold (Figure 1). The
result is that the ER stress resolves, and if it does not then the
cell is functionally compromised and may undergo apoptosis.
The oldest branch of the UPR, in an evolutionary sense, is
mediated through the stress-regulated kinase and ribonuclease
IRE1, which is conserved from yeast to humans (Calfon et al.,
2002; Patil and Walter, 2001). The endoribonuclease activity of
IRE1a cleaves a 26 base-pair segment from the mRNA of the
X-box binding protein-1 (XBP1), creating an alternative message
that is translated into the active (or spliced) form of the transcrip-
tion factor (XBP1s) (Sidrauski and Walter, 1997). XBP1s, alone or
in conjunction with ATF6q, launches a transcriptional program to
produce chaperones (such as Grp78) and proteins involved in ER
biogenesis, phospholipid synthesis, ER-associated protein
degradation (ERAD), and secretion (for example, EDEM, ERdj4,
PDI). Thus, XBP1s activates one of the major pathways for

enhancing the folding capacity of the ER and for dealing with
ER stress (Lee et al., 2003). XBP1 was the only known substrate
of IRE1, but recently this endoribonuclease was reported to
target other mRNAs during ER stress, although through
a different mechanism. These mRNAs are degraded by IRE1,
thereby preventing their translation, an additional measure to
relieve ER stress (Hollien et al., 2009; Hollien and Weissman,
2006). This is an intriguing new aspect of signaling through the
regulated IRE1-dependent decay (RIDD) pathway that is likely
to produce additional insights into the biological outcomes of
ER stress beyond the simple degradation of unwanted mRNAs.

When activated, ATF6 moves to the nucleus to stimulate the
expression of genes containing ER stress elements (ERSE-I, -Il),
UPR elements (UPRE), and cAMP response elements (CRE)
in their promoters. ERAD as well as production of the ER
degradation-enhancing a-mannosidase-like protein (EDEM) are
boosted by these events, facilitating clearance and degradation
of misfolded proteins from the ER lumen (Kokame et al., 2001;
Yoshida et al., 1998). Currently, ATF6 and XBP1—a target of
ATF6, which is further processed and activated by the ribonu-
clease activity of the IRE1 branch—are viewed as the predomi-
nant regulators of the transcriptional response programs
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Figure 2. Insulin Signaling, Inflammation, and Stress Signals

In obesity, inflammatory mediators and lipids activate a signaling cascade that
triggers inflammatory kinases such as JNK and IKK as well as protein kinase C,
S6K, mTOR, and ERK. The activation of JNK and IKK results in the inhibition of
insulin action in part through serine phosphorylation of insulin receptor
substrates (IRS) 1 and 2. Energy or nutrient excess can trigger ER stress, which
is directly linked to activation of inflammatory signaling pathways that then
block insulin action and transcriptionally regulate production of inflammatory
cytokines. Reactive oxygen species (ROS) that are produced during organelle
stress and mitochondrial dysfunction also contribute to this cycle. The
consequences are increased ER stress, increased inflammation, inhibition of
insulin action, and possibly leptin action, culminating in systemic metabolic
dysfunction.

triggered during the UPR (Yoshida et al., 2000). In addition to
regulating XBP1 mRNA expression, ATF6 can also interact
directly with the XBP1 protein to target UPR quality-control
genes. Interestingly, however, mice lacking ATF60. or ATF6p do
not have a major phenotype, whereas the dual deficiency is lethal
(Wu et al., 2007; Yamamoto et al., 2007). This suggests either
highly specialized adaptive functions carried out through this
branch or the existence of further redundancies in the transcrip-
tional responses of the UPR.

The recent identification of a number of ATF6a-related
proteins suggests that the traditional model of a three-armed
UPR may not be complete. To date, five proteins—Luman
(CREBS3), Oasis (CREB3L1), BBF2H7 (CREB3L2), CREBH
(CREB3L3), and Tisp40 (CREB4, CREB3L4)—share a region of
high sequence similarity with ATF6a: a transmembrane domain
adjacent to a conserved bZIP region (Bailey and O’Hare,
2007). Like ATF6q, these proteins are anchored to the ER and
in response to activation by specific stimuli undergo regulated
intramembrane proteolysis in the Golgi and subsequent translo-
cation to the nucleus. These factors have all been implicated in
the ER stress response due to their ability to respond to tradi-
tional ER stressors, activate known UPR targets, or show activity
at UPR response elements (Bailey and O’Hare, 2007). Despite
the similarities among these transmembrane bZIPs and ATF6a,
differences in activating stimuli, tissue distribution, and response
element binding indicate unique roles for each of these factors in
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regulating the UPR. For example, CREBH may respond to
inflammatory stimuli induced by lipopolysaccharide and cyto-
kines in the liver and may help to integrate the UPR with the acute
phase response by stimulating the production of serum amyloid,
serum amyloid P component, and C-reactive protein (Zhang
et al., 2006a), whereas Oasis is highly expressed in the skeletal
system with a potential role in bone formation and osteoblast
activity (Murakami et al., 2009). The existence of a family of
ATF6-like proteins with distinct tissue distributions and activa-
tion profiles suggests the evolution of a more fine-tuned ER
stress response in mammals that allows for a distinct response
depending on the cell or tissue involved, the specific stressor
encountered, and the duration of the stress. Of course, the tran-
scriptional program of the UPR may have even greater
complexity beyond this transcription factor family and may
involve other as yet unknown molecules that carry out special-
ized functions, including those related to metabolism.

Activation of the third arm of the UPR through PERK results in
phosphorylation of elF2q (eukaryotic translational initiation
factor 2a) at serine 51, which converts elF2a to a competitor of
elF2B and reduces the rate of formation of the ternary complex,
resulting in reduced global protein synthesis and a subsequent
reduction in the workload of the ER (Harding et al., 1999; Shi
etal., 1998). PERK is one of four protein kinases that can mediate
elF2q phosphorylation; the other three kinases are PKR (double-
stranded RNA-activated protein kinase), GCN2 (general control
non-derepressible kinase 2), and HRI (heme-regulated inhibitor
kinase). The role of elF2« kinases other than PERK in ER stress
remains unclear, although recent studies show that PKR is acti-
vated during ER stress and influences the UPR and related
inflammatory signaling events (Nakamura et al., 2010) (Figure 1).
In addition to an overall reduction in protein synthesis, this
branch of the UPR is also linked to broad transcriptional regula-
tion through several distinct mechanisms, including the tran-
scriptional regulation of ribosomal RNA (DuRose et al., 2009).
This results in activation of ATF4 (activating transcription
factor-4), Nrf2 (nuclear erythroid 2 p45-related factor 2), and
NF-kB (nuclear factor kappa B), a master transcription factor
with numerous functions including regulation of the inflammatory
response. ATF4 is produced through alternative translation and
induces expression of genes involved in apoptosis (CHOP,
C/EBP homologous protein), ER redox control (ERO1, endo-
plasmic reticulum oxidoreductin), the negative feedback release
of elF2« inhibition (Gadd34, growth arrest, and DNA damage-
inducible protein), and glucose metabolism (fructose 1,6-bi-
sphosphate; glucokinase, and phosphoenolpyruvate carboxyki-
nase) (Harding et al., 2000b; Ma et al., 2002). PERK-dependent
phosphorylation triggers dissociation of Nrf2/Keap1 complexes
and allows subsequent Nrf2 nuclear import (Cullinan et al.,
2003). Recent studies have shown that NF-kB can be activated
through this pathway via translational suppression of inhibitory
kappa B (IkB), resulting in the regulation of mediators of
inflammation (Deng et al., 2004; Jiang et al., 2003) such as IL-6
and TNF-a.

The selective increase in production or activity of a subset of
proteins by PERK also aids in recovery from stress. For example,
one consequence of ER stress is the accumulation of reactive
oxygen species (ROS) that promotes a state of oxidative stress



(Cullinan and Diehl, 2006). In anticipation of generating these
potentially hazardous by-products, the UPR has incorporated
an antioxidant defense system as well. PERK signaling, via acti-
vation of the Nrf2 and ATF4 transcription factors, engages
survival responses, coordinates the convergence of ER stress
with oxidative stress signaling, and orchestrates the execution
of the antioxidant response element-dependent gene transcrip-
tion program. This includes expression of genes encoding heme
oxygenase-1 (HO-1), thioredoxin reductase 1 (TXNRD1), and the
glutathione S-transferases GSTP1, GSTM1, and GSTm2 (Cull-
inan and Diehl, 2006).

It is clear that the UPR does not always result in successful
alleviation of ER stress and establishment of a functional equilib-
rium in the ER. Often driven by severe or prolonged stress
signals, the UPR can induce cell death via apoptosis (Rao
et al., 2004). Like most other ER stress responses, the signaling
pathways involved in this response are tightly regulated. CHOP
is induced through the PERK pathway, caspase-12 and JNK
signaling are activated, and proapoptotic Bcl-2 proteins BAX
and BAK are switched on by the IRE1a pathway (Hetz et al.,
2006; Rao et al., 2004). In addition, ER stress-induced IRE1a.
phosphorylation leads to the recruitment of TRAF2 (tumor
necrosis factor receptor-associated factor 2) and ASK1
(apoptosis signal-regulating kinase 1) to the cytosolic leaflet of
the ER membrane (Kaneko et al., 2003). Activation of both the
PERK and IRE1 pathways also leads to regulation of the
NF-«kB-IKK signaling pathway during ER stress through activa-
tion of IKK or degradation of the p65 subunit (Deng et al.,
2004; Hu et al., 2006). The ATF6 branch can also regulate
NF-kB activity (Yamazaki et al., 2009). All of these signals
contribute to the triggering of apoptotic responses when ER
stress is excessive, prolonged, or insufficiently neutralized.

The mechanisms resulting in a commitment to cell death in
response to ER stress remain a challenging aspect of ER biology
that has yet to be decoded. Differential activation of the three
UPR pathways may be a critical determinant of apoptosis (Ron
and Walter, 2007). For example, attenuation of IRE1 and ATF6
activities by persistent ER stress and prolonged signaling
through PERK can create an appropriate condition for apoptosis
(Lin et al., 2007). Similarly, disproportionate engagement of the
ribonuclease activity of IRE1 (which produces XBP1s as
a protective measure) versus its ability to trigger JNK activity
(or release proapoptotic mediators) (Hetz et al., 2006) and diver-
gent effects of IRE1-mediated XBP1 splicing and IRE1a-trig-
gered degradation of mMRNAs localized in the ER may be critical
determinants of the life and death outcomes resulting from ER
stress (Han et al., 2009). Hence, it is likely that IRE1 is a critical
lever in the UPR that controls commitment to cell death or
promotes survival (Ron and Walter, 2007). But there remain
important gaps in our understanding of the ability of individual
UPR initiators to recognize or respond to various forms of ER
stress. Moreover, additional work is required to determine how
and whether different branches of the UPR are specialized to
respond to particular conditions and different cellular environ-
ments by engaging distinct survival responses. Although disrup-
tion of distal death mediators has yielded important insights, the
proximal engagement of these pathways is also vital in linking ER
stress to physiological functions and disease pathogenesis.

Although the function of the ER is predominantly viewed from
a protein processing perspective, many conditions other than (or
in addition to) increased protein synthesis and the presence of
mutant or misfolded proteins can also trigger UPR activation.
These conditions include an imbalance in ER calcium levels,
glucose and energy deprivation, hypoxia, pathogens or path-
ogen-associated components, certain lipids, and toxins. In
particular, studies to explore ER function under metabolic and
inflammatory challenge may prove fruitful and are discussed in
the following sections.

ER and Metabolism
The ERis a principal site of protein synthesis and maturation and,
together with the Golgi apparatus, the transportation and release
of correctly folded proteins. As a result, much of the systemic
physiology related to its dysfunction has been viewed in the
context of its lumenal adaptation to protein processing and
folding. | would like to emphasize three critical emerging aspects
of ER biology relevant to energy and substrate metabolism. First,
the physiological consequences of ER dysfunction cannot
simply be explained by cell-autonomous responses to ensure
proper protein folding or the differential survival of cells suffering
from ER stress. Second, the ER can be viewed as a “nutrient-
sensing” apparatus, establishing specific functional links with
metabolic responses including links with endocrine networks
that have systemic actions (Figure 3). Third, cells burdened
with a high secretory or metabolic capacity do not all face similar
challenges and hence may not resort to the same strategies to
maintain their ER, regulate the UPR, or commit to apoptosis.
Forexample, in an antibody-secreting plasma cell or an insulin-
producing pancreatic f cell, the main task may be to adapt their
ER capacity (that is, protein-folding capacity) to meet the fluctu-
ations in demand for protein synthesis and secretion (Ron and
Walter, 2007). Accordingly, survival signals and apoptotic trig-
gers engaged by the UPR may fit better with the involvement of
UPR in pathologies associated with these cell types. However,
other metabolically active cells such as hepatocytes and adipo-
cytes face additional challenges with respect to ER homeostasis.
For example, liver cells secrete not only large quantities of
proteins (millions of molecules per minute) but also complex lipo-
proteins with unique processing demands coupled to lipid status.
Liver cells are also the major providers of glucose and lipid to the
entire body. Similarly, adipocytes store enormous quantities of
lipids yet produce and secrete abundant proteins, lipids, and lipid
mediators under unique structural and architectural constraints
(Rosen and Spiegelman, 2006; Scherer, 2006; reviewed in
Gregor and Hotamisligil, 2007). In addition to these structural
and metabolic aspects, the UPR also may play a role in the differ-
entiation of adipocytes. However, our current understanding of
how UPR signaling affects adipocytes is limited to in vitro studies.
A key unanswered question is how adipogenesis and adipocyte
function are regulated in whole animals by ER stress and related
signaling networks, especially through the principal transcrip-
tional branches of the UPR pathway.

UPR in Glucose and Lipid Metabolism

Metabolic programs linked to the ER should not be considered
simply as pathways that are activated during ER stress. Instead,
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| suggest that the ER should be viewed as an essential apparatus
in the coordination of metabolic responses through its ability to
control the synthetic and catabolic pathways of various nutrients
(Figure 3). In the case of glucose, all three canonical UPR
branches are engaged with glucose metabolism. One of the first
phenotypes detected in genetic models of UPR deficiency was
defective gluconeogenesis in the livers of PERK-deficient mice
or in animals harboring a homozygous mutation that eliminates
elF2a. phosphorylation on serine 51 (Harding et al., 2000g;
Scheuner et al., 2001). As PERK was subsequently implicated
in the survival and function of pancreatic islet cells, the disturbed
glucose metabolism seen in PERK-deficient mice and in elF2a.
mutant mice has been linked with islet cell dysfunction or death
triggered by ER failure (Back et al., 2009). A recent study further
addressed the regulation of elF2a phosphorylation in liver and
uncovered complex mechanisms that might be related to liver
glucose metabolism during chronic ER stress (Oyadomari
et al., 2008). Mice expressing a Gadd34 C-terminal fragment in
the liver exhibited marked problems in defending blood glucose
during fasting due to diminished hepatic glycogen reserves as
well as defective gluconeogenesis (Oyadomari et al., 2008). In
the context of excess energy, however, these animals retain
a healthy profile, potentially due to diminished hepatic lipogen-
esis. Future work should determine whether ER stress also
affects glucose metabolism in other tissues through this or
related mechanisms and the potential role of other elF2« kinases
in these phenotypes (Figure 4).

Interestingly, transcriptional networks activated during ER
stress directly target the expression of genes important in
glucose metabolism (Wang et al., 2009). Signaling networks
that control the metabolic destiny of nutrients, such as amino
acids and glucose, are also integrated with ER function. The
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ER is exquisitely sensitive to glucose availability and energy fluc-
tuations, and glucose synthesis or breakdown pathways are
transcriptionally regulated during the UPR. For example, genes
involved in glucose output and glycogen synthesis such as
glycogen synthase 1 are targets of XBP1 (Acosta-Alvear et al.,
2007; Lee et al., 2008). Recently, ATF6 has also been linked to
regulation of liver glucose production through regulated interac-
tion with CRTC2 (CREB-regulated transcription coactivator 2,
also called TORC2) (Wang et al., 2009). In this model, acute ER
stress triggers the dephosphorylation and nuclear entry of
CRTC2 in cultured cells, which in turn promotes the expression
of ER quality-control genes through an association with ATF6.
In response to ER stress, CRTC2 binds to ATF6 and shuttles to
the nucleus where it occupies the XBP1 promoter. Interestingly,
ATF6 activation may reduce hepatic glucose output by disrupt-
ing the CREB-CRTC2 interaction, thereby inhibiting CRTC2
occupancy at the promoters of genes involved in gluconeogen-
esis. This interaction between ATF6 and CRTC2 may be an
important component of the disruption of hepatic gluconeogen-
esis in obesity and type 2 diabetes as overexpression of ATF6 in
the livers of obese animals appears to be beneficial in reversing
the effects of CRTC2 on the gluconeogenic program (Figure 4).

The three major UPR pathways have also been implicated in
the regulation of cellular lipogenesis, and the ER plays an impor-
tant role in both fatty acid synthesis and cholesterol metabolism.
The SREBP family of transcription factors are resident in the ER.
In response to low sterol levels or insulin, SREBP proteins trans-
locate to the Golgi and are processed into active transcription
factors (Brown et al., 2000). Activation of SREBP proteins also
occurs during ER stress and is critical for the regulation of target
genes involved in cholesterol metabolism (SREBP1a, SREBP2)
or lipid (SREBP1c) synthesis (Gregor and Hotamisligil, 2007). In
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Figure 4. ER Stress, the UPR, and Metabolic Homeostasis

ER stress interferes with lipid metabolism, glucose homeostasis, and iron homeostasis in the liver (left panel). In response to ER stress, the cleaved form of ATF6
(ATF6-N) translocates to the nucleus and binds to SRE-bound SREBP2, which recruits the histone deacetylase HDAC1 that blocks SRE-mediated transcriptional
activation. In obesity, ATF6-N can also bind to TORC2, decreasing the interaction of TORC2 with CREB and downregulating hepatic gluconeogenesis. Activated
PERK phosphorylates elF2q, which in turn increases production of C/EBPa and C/EBPS proteins in the liver. These transcription factors induce expression of
genes involved in lipid synthesis and gluconeogenesis. The spliced form of X-box binding protein 1 (XBP1s) can activate a subset of genes involved in lipogenesis.
Overexpression of the chaperone Grp78 inhibits the ER stress-induced activation of SREBP1 and 2 and reduces hepatic steatosis in obese mice. ORP150 over-
expression in the liver also reduces gluconeogenesis. The liver is also important for regulating iron homeostasis. ER stress may induce production of the iron-
regulating peptide hormone hepcidin in hepatocytes, leading to abnormal iron homeostasis. The pancreatic B cell must maintain the proper balance between
insulin synthesis, folding, and secretion, and the ER is intricately involved in this process (right panel). In early development, PERK is required for f cell formation
and survival. IRE1 is required for maintenance of insulin production; elF2a phosphorylation is necessary to halt insulin synthesis until folding demands have been
met. The UPR-induced chaperone p58IPK is also necessary for B cell survival. Loss of the WFST gene, which encodes the ER transmembrane protein wolframin,
results in increased ER stress and cell death. Unresolved ER stress in B cells may lead to apoptosis through IRE1-activated JNK phosphorylation and also through
the downstream UPR mediator CHOP. CHOP downregulation during high insulin demand results in the survival and expansion of f cells and improved glucose

homeostasis.

fact, SREBP transcription factors may be critical mediators in the
integration of lipid metabolism with the UPR. In addition, the ER
is the site of triglyceride formation, particularly in adipocytes and
possibly in liver cells as well (Wolins et al., 2006). The potential
role of the ER in the regulation of lipid droplet number, composi-
tion, and size and in lipogenesis and lipolysis remains an impor-
tant but unexplored area (Gregor and Hotamisligil, 2007).

In liver cells, XBP1s, downstream of the UPR sensor IRE1a,
regulates the transcription of many genes involved in fatty acid
synthesis, including Scd-1 (stearoyl-CoA desaturase-1), Acc2
(acetyl-CoA carboxylases 2), and Dgat2 (diacyl glycerol acyl
transferase 2). Consequently, mice with a liver-specific XBP1
deficiency exhibited reductions in serum triglycerides and
cholesterol and did not develop hepatic steatosis (fatty liver)
when placed on a high carbohydrate diet to stimulate hepatic
lipogenesis (Lee et al., 2008). It will be interesting to explore

the role of XBP1 in hepatic lipid production as well as secretion
in other contexts and also the physiological window in which
XBP1 activity regulates lipid metabolism. In a related vein, dele-
tion of another UPR sensor, PERK, from mammary epithelial
cells in mice compromises the free fatty acid content of milk
due to the lack of expression of genes involved in fatty acid
synthesis, such as Fas (fatty acid synthase), Acl (ATP citrate
lyase), and Scd-1 (Bobrovnikova-Marjon et al., 2008). In this
case, a defect in SREBP1 activation, a major transcriptional
regulator of lipogenic gene expression, appears to result in this
pattern. Finally, investigation of liver lipogenesis under chemical
ER stress using loss-of-function mouse models for multiple UPR
proteins indicated an impact of the UPR on lipid metabolism
(Rutkowski et al., 2008). When exposed to tunicamycin (which
disrupts glycosylation of newly synthesized proteins resulting
in ER stress), liver tissue exhibited downregulation in lipid
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metabolic pathways of many genes, such as Fas, Srebp1,
PGC-1« (peroxisome proliferator-activated receptor-coactiva-
tor), CEBP« (CCAAT enhancer binding protein o), PPAR« (perox-
isome proliferator-activated receptor «). Livers from mice lacking
ATF6, IRE1, or p58IK or from an elF2a mutant strain all showed
even greater loss of metabolic gene expression during tunicamy-
cin treatment compared to livers from wild-type mice. Notably,
the extreme level of ER stress induced by tunicamycin is not
physiological and is beyond what the liver experiences during
metabolic fluctuations or even in most disease states. Neverthe-
less, these data are consistent with links between ER stress and
liver lipogenesis. In contrast, livers from mice lacking Chop can
sustain metabolic gene expression under tunicamycin chal-
lenge, pointing to CHOP as a possible mediator of decreased
gene expression under severe ER stress and a cause of hepato-
cyte death. The principal function of CHOP may be related to cell
death induced by severe ER stress. In a more physiological
setting, overexpression of Gadd34, the phosphatase of UPR-
activated, phosphorylated elF2a (which would be expected to
decrease CHOP expression) resulted in decreased hepatic stea-
tosis in mice on a high-fat diet (Oyadomari et al., 2008). Interest-
ingly, loss of ATF6a. or p58IPK also resulted in hepatic steatosis
(Rutkowski et al., 2008). This seemingly paradoxical result
(hepatic steatosis during defective liver lipogenesis) is likely to
be due to a loss of liver lipoprotein production (Rutkowski
et al., 2008) (Figure 4).

This somewhat puzzling picture of the regulation of lipogen-
esis by the UPR demands further experimentation in physiolog-
ically relevant settings and with new animal models. We may be
able to better understand the metabolic impact of ER stress by
distinguishing between a physiological setting for the UPR
(high glucose, dietary exposure, or lactation) and an extreme,
death-inducing UPR (for example, liver cells treated with tunica-
mycin). It may be that under severe and perhaps nonphysiolog-
ical stress, UPR-mediated CHOP activity regulates a decrease in
metabolic gene expression as the cells spiral toward death.
However, in a physiological setting, the UPR may lead to
enhanced lipogenesis, as seen with XBP1s and PERK in liver
tissue and mammary epithelial cells, respectively. Indeed, the
working UPR could be seen as an important adaptive response
in cells poised to handle high metabolic loads (lipid synthesis in
the liver; milk production in mammary epithelia). Some of the
alterations in lipid metabolism may also be defensive (or adap-
tive), for example, synthesizing lipids to protect the composition
of lipid membranes, to prevent toxicity, and to regulate deposi-
tion into droplets. Such preventive alterations may be active
during the early adaptive stages of the UPR but then may be
shut down upon commitment to death. This latter response is
central to the function and survival of macrophages under condi-
tions of lipotoxic stress (Maxfield and Tabas, 2005). We recently
demonstrated that lipid chaperones such as aP2 (Furuhashi and
Hotamisligil, 2008) are crucial for linking toxic lipids such as satu-
rated fatty acids or oxidized lipoproteins to ER stress and
survival pathways (Erbay et al., 2009). In such a setting, the ability
to engage de novo lipogenesis pathways appears to be disrup-
ted by the lipid chaperones. When these chaperones are
blocked or lacking, macrophages can mount “defensive lipo-
genesis,” which involves transcribing lipogenic genes as well
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as alterations in cellular lipid composition. The ability of lipids
to “defend” cells under stress conditions is vital for survival
responses, as well as for eliciting inflammatory signals such as
MCP-1 and TNF-o emanating from metabolically challenged
immune cells. Accordingly, aP2-deficient macrophages exhibit
marked resistance to ER stress (Erbay et al., 2009). As the lipo-
toxicity of immune cells such as macrophages is a common
feature of obesity and atherosclerosis, the action of lipid chaper-
ones in controlling lipid-induced ER stress has critical implica-
tions for these diseases and their complications (Erbay et al.,
2009; Makowski et al., 2001). How ER stress in immune cells
relates to chronic metabolic disease remains to be studied.

If the ER functions as a nutrient-sensing organelle as sug-
gested by the findings described above, other nutrient-sensing
pathways would be predicted to be closely linked to ER
responses. Activation of the nutrient-responsive mTOR signaling
pathway stimulates protein synthesis and folding in the ER (Polak
and Hall, 2009). Hence, it is possible that in the presence of
excess nutrients, this pathway is stimulated adding to the trans-
lational demand and contributing to ER stress and metabolic
dysfunction. Here, we are unable to cover this important
pathway in detail and so only mention a few intriguing findings
directly related to ER function. Tuberous sclerosis is a condition
characterized by constitutive activation of the mTOR pathway
due to mutations in the TSC-7 and TSC-2 genes (Harrington
et al., 2004; Kwiatkowski and Manning, 2005; Zhang et al.,
2009b). Interestingly, tuberous sclerosis is associated with
severe cellular insulin resistance. In recent studies, we have
demonstrated that this hyperactivity of the mTOR pathway
promotes ER stress and contributes to inhibition of insulin
receptor signaling, at least in part, through JNK-mediated serine
phosphorylation of IRS1 (insulin receptor substrate 1) (Ozcan
et al., 2008) (Figure 2). Interestingly, mTOR activity is increased
in obesity (Khamzina et al., 2005), and this augmented signaling
may play a role in abnormal insulin action associated with the
obese state. Previously, mTOR itself and mTOR-mediated acti-
vation of S6K-1 have been reported as potential mechanisms
for inhibiting insulin action through direct phosphorylation of
IRS1 (Tzatsos and Kandror, 2006; Um et al., 2004). Our recent
work also places ER stress and JNK activation in the feedback
regulation of insulin action through the mTOR pathway. It is
possible that the obesity-related increase in mTOR activity itself
may contribute to the ER stress response seen in this condition,
although it is unlikely that this activity alone is a causal event.
Moreover, mTOR signaling has a role in the induction of SREBP1
activity, potentially through direct or indirect regulation of
SREBP1 trafficking and/or processing within the ER/Golgi. This
also demonstrates that the ER has an important role in inte-
grating protein synthesis and glucose-induced lipogenesis
(Porstmann et al., 2008; Powers, 2008).

A study of tumor angiogenesis revealed that the TSC-1 protein
is a direct target of IKK-B kinase, leading to its degradation and
consequent activation of the mTOR pathway (Lee et al., 2007a).
This finding raises the possibility that activation of inflammatory
kinases may be linked to the mTOR and ER stress pathways
through this route. In fact, disruption of the mTOR pathway in
various tissues results in an array of metabolic abnormalities,
although how these disorders are linked to ER homeostasis or



alterations in inflammatory responses still requires further inves-
tigation (Polak and Hall, 2009). Overall, there are important gaps
in our understanding of the interactions and balance between
nutrient-sensing mechanisms and the different arms of the
UPR as they relate to metabolism (whether it is fostered or
shut down) (Figure 4). Thus, nutrient (and energy) deprivation,
as well as nutrient surplus, may be perceived by the ER in
many different ways leading to the mounting of different adaptive
responses. Such adaptive responses also engage additional
stress signals and inflammatory pathways, to which we now turn.

The UPR and Inflammation

A close examination of ER stress and UPR pathways has
demonstrated many links to major inflammatory and stress
signaling networks, including the activation of the JNK-AP1
and NF-kB-IKK pathways (Deng et al., 2004; Hu et al., 2006),
as well as production of ROS and nitric oxide (Cullinan and Diehl,
2006; Gotoh and Mori, 2006). Notably, these are also the path-
ways and mechanisms that play a central role in obesity-induced
inflammation and metabolic abnormalities, particularly abnormal
insulin action (Hotamisligil, 2006) (Figure 1). For example, during
ER stress, IRE1a triggers a key inflammatory signaling pathway
through activation of JNK, which can transcriptionally regulate
many inflammatory genes (Urano et al., 2000). The obesity-
induced expression of proinflammatory cytokines (including
TNF-a, IL-6, and MCP-1) is also suppressed in mice lacking
JNK and contributes to protection from insulin resistance and
type 2 diabetes (Hotamisligil et al., 1993; Tuncman et al., 2006;
Vallerie et al., 2008). However, it remains to be determined to
what extent obesity-induced JNK activation and the subsequent
alterations in inflammatory responses can be explained by ER
stress, or to what extent JNK activation or inflammation could
account for the metabolic effects of ER stress. Interestingly,
through multiple and distinct mechanisms, both the IRE1a. and
PERK branches of the UPR can lead to activation of the
NF-kB-IKK pathway. This pathway also plays a critical role in
the induction of multiple inflammatory mediators and has been
implicated in insulin resistance (Deng et al., 2004; Hu et al.,
2006; Shoelson et al., 2006). Recently, the ATF6 branch of the
UPR has also been linked to NF-kB-IKK signaling, suggesting
that specific inflammatory triggers may signal through different
branches of the UPR (Yamazaki et al., 2009). In cellular systems,
experimental induction of the UPR has been reported to cause
increased expression of proinflammatory molecules such as
IL-8, IL-6, MCP-1, and TNF-« (Li et al., 2005). The ER-resident
transcription factor, CREBH, also may be a regulator of acute
phase response genes in the liver (Zhang et al., 2006a). Both
CREBH and CHOP may play a role in the regulation of the
peptide hormone hepcidin, which may link iron metabolism to
inflammatory output via the ER (Vecchi et al., 2009).

The relationship between ER stress and inflammation is not
likely to be one-sided. Inflammatory mediators and activation
of cellular stress pathways, such as the JNK and IKK pathways,
may have a negative impact on ER function. However, the inter-
play between inflammation and ER stress may depend on the
cell type, and a great deal of work is still needed to understand
the major parameters that determine a cell’s susceptibility to
inflammatory signals and subsequent effects on ER homeo-

stasis. Indeed, much of the work done to date is based on
in vitro experiments. However, recent studies in the brain provide
in vivo evidence supporting the model that both ER stress and
inflammation are able to activate each other and to inhibit normal
cellular metabolism (Zhang et al., 2008). In this setting, activation
of IKK-B can lead to ER stress, and activation of ER stress can
stimulate IKK-B. One can speculate that the cell may have
a central node through which different stress responses send
their signals. This central node may then, in turn, “decide” which
responses to elicit and may activate specific pathways related to
the intrinsic status of the organelle. For example, the inflamma-
tory response may be activated and may signal to this node,
which then activates the UPR. Depending upon the cell type,
these responses and the components of such a node may differ.
In the adipocyte, for instance, inflammatory signals may not
cause UPR activation (or may do so only when the cell is under
metabolic stress), but activation of the UPR may elicit an inflam-
matory response.

It will be fascinating to unravel this integrated network of
responses to cellular stress and how it relates to the folding envi-
ronment of the ER. A simple place to start could be to investigate
the differences between cells where the UPR is activated by
inflammation and cells where it is not. Studies such as this would
begin to shed light on the complex regulation of stress responses
atthe cost or conservation of metabolic function (Figures 1 and 2).
Recently, we have discovered a unique role for the elF2a
kinase PKR in linking nutrients and ER stress to inflammation
and metabolic regulation (Nakamura et al., 2010). PKR is
markedly activated by lipids and during obesity plays a critical
role in the activation of JNK and the inflammatory response.
Interestingly, PKR also directly interferes with insulin action by
interacting with IRS1. Thus, PKR could assemble a putative
metabolically activated inflammatory complex—called the meta-
bolic inflammasome or metaflammasome—that then integrates
insulin action, pathogen responses, and translational control
with nutrient sensing and ER stress. Formation of a metaflamma-
some and its activation by nutrients and ER stress may explain
the functional overlap between multiple signaling pathways, such
as JNK, IKK, and others, in modulating metabolism (Figure 1).

Chronic ER stress and activation of the UPR may also result in
oxidative stress, causing a toxic accumulation of ROS within the
cell (Cullinan and Diehl, 2006). This occurs due to the UPR-stim-
ulated upregulation of protein chaperones involved in disulfide
bond formation in the ER lumen. The enzymes responsible
for forming disulfide bonds (Ero1p and Erv2p) use oxidation/
reduction reactions, with molecular oxygen as the final electron
recipient. This reduced molecular oxygen accumulates during
increased protein folding due to UPR activation and is toxic to
cells (Haynes et al., 2004). The UPR has evolved to anticipate
this increase in ROS especially during ER stress via PERK-medi-
ated activation of an antioxidant program through the transcrip-
tion factor Nrf2 to neutralize toxic species. Despite these protec-
tive measures, prolonged UPR activation still results in increased
ROS levels that may elicit inflammatory responses, thereby
providing yet another potential link between ER stress and
inflammation. Finally, recent studies suggest that nitric oxide
(NO) generation could also be related to ER stress (Uehara
et al.,, 2006). NO-induced S-nitrosylation of protein disulfide
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Figure 5. ER Stress, Autophagy, Inflamma-
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isomerase inhibits its enzymatic activity, leading to the accumu-
lation of polyubiquitinated proteins, activation of the UPR, and
death of neurons. Also, the relationship between ER stress and
oxidative stress is not one-sided as ROS generated through
inflammation or damage to organelles (such as mitochondria)
could accelerate ER dysfunction.

The close link between ER stress and inflammation is a likely
contributor to the integration of ER function and metabolic
homeostasis, given the critical role of inflammation in obesity,
insulin resistance, type 2 diabetes, and many other clustering
metabolic disorders (Hotamisligil, 2006). In particular, chronic
inflammation of adipose tissue (and recruitment of professional
immune cells to this site) (Alexaki et al., 2009; Feuerer et al.,
2009; Liu et al., 2009; Nishimura et al., 2009; Winer et al.,
2009), whether triggered metabolically or through injury or death
of adipocytes, can be linked to a diverse set of stress responses
emerging from the ER. In addition to macrophages, the potential
importance of immune cells in adipose tissue was shown in
studies on T cell subpopulations and mast cells, which are
present in adipose tissue and are regulated by obesity (Feuerer
et al., 2009; Nishimura et al., 2009). Similar events may occur
in the liver and pancreas as well, suggesting that integration of
inflammatory and metabolic pathways could influence all major
metabolic tissues. How the ER and its integrated stress signaling
systems relate to the function of these immune cells in metabolic
tissues remains unclear. In the context of chronic inflammation,
current evidence is pointing to metabolic cells (such as adipo-
cytes and hepatocytes) as the drivers of metabolic homeostasis,
which provide signals that disrupt immune effectors and propa-
gate inflammatory alterations. However, additional studies are
needed to elucidate the metabolic importance of the link
between ER stress and inflammatory pathways, as well as the
full metabolic impact of alterations in the number or function of
immune cell populations in metabolic tissues in vivo.
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ER function. For example, ER stress can
induce autophagy in mammalian cells
(Ogata et al., 2006), with several canonical UPR pathways impli-
cated in this interaction (Kouroku et al., 2007; Ogata et al., 2006).
Why does ER stress induce autophagy? One possible answer is
“because it needs it,” especially during recovery from stress.
The ubiquitin-proteasome and autophagy-lysosome systems
are the two major degradation routes in eukaryotic cells, and
the ER is connected to the proteosome and to autophagy during
the degradation of misfolded proteins. Hence, ER stress-
induced autophagy may have evolved as an alternate mecha-
nism to dispose of misfolded proteins in the ER lumen that
cannot be removed through ERAD. A second use for autophagy
during ER stress may be the degradation of the damaged ER
itself. Given the dynamic nature of the ER, UPR-induced auto-
phagic degradation of the ER could be an integral player in ER
plasticity, replenishment, and homeostasis (Figure 5). Although
mTOR is a potential upstream signal that may regulate autoph-
agy in obesity (Xie and Klionsky, 2007), neither the regulation
of autophagy nor its impact on insulin action under conditions
of nutrient excess is well understood. Furthermore, recent
studies have identified an unconventional, mTOR-independent
form of autophagy that further complicates the link between
these pathways (Nishida et al., 2009).

Growing evidence indicates that aberrant regulation of au-
tophagy may be detrimental to metabolism. Loss in mice of
p62, a protein important for the efficiency of autophagy, results
in mature-onset obesity and leptin resistance, as well as meta-
bolic abnormalities (Rodriguez et al., 2006). Two studies demon-
strated that autophagy is essential for pancreatic islet function
and survival and that a lack of autophagy leads to islet degener-
ation and reduced insulin secretion (Ebato et al., 2008; Jung
et al., 2008). There is also evidence that autophagy is selectively
involved in the delivery of lipid droplets for lysosomal degrada-
tion (Singh et al., 2009a). Loss of the autophagy protein Atg7 in
mouse adipose tissue results in developmental and metabolic



abnormalities (Singh et al., 2009b), and Atg7 deficiency in
muscle results in muscle atrophy (Masiero et al., 2009).

Autophagy also functions in diverse aspects of immunity. It is
now clear that the autophagy pathway plays an important role in
eliminating intracellular pathogens (Levine and Deretic, 2007).
Autophagy also contributes to MHC class ll-restricted endoge-
nous antigen presentation and to production of type | interferons
in response to Toll-like receptor (TLR) signaling (Lee et al.,
2007b; Levine and Deretic, 2007). Lastly, autophagy directly
affects B and T cell homeostasis (Levine and Deretic, 2007)
and is an effector of Th1/Th2 T cell responses (Harris et al.,
2007). Genome-wide association studies (GWAS) have identified
two genes encoding proteins within the autophagy pathway,
Atg16L and IRGM, that are associated with inflammatory bowel
disease (Hampe et al., 2007; Parkes et al., 2007). Interestingly, in
response to lipopolysaccharide, macrophages lacking Atg16L or
Atg7 show enhanced production of inflammatory cytokines such
as IL-1 and IL-6 (Saitoh et al., 2008). There is also evidence for
the regulation of autophagy by inflammatory factors such as
TNF-o that are linked to obesity and type 2 diabetes. Some
studies suggest that JNK activation is required for the induction
of ER stress-induced autophagy (Ogata et al., 2006). Also, there
may be crosstalk between the NF-«B signaling pathway and
autophagy during tumor progression (Djavaheri-Mergny et al.,
2006). Thus, inflammatory pathways that are linked to the UPR
and metabolic disease are also linked to autophagy. However,
the physiological and pathophysiological consequences of the
connection between autophagy and ER stress in metabolic
homeostasis and its implications for insulin action are still unan-
swered questions and require studies with new animal models,
especially those with enhanced autophagic responses in target
tissues (Figure 5).

ER Stress in Obesity and Diabetes

Given that the UPR is closely integrated with stress signaling,
inflammation, and JNK activation and the fact that obesity
stresses the ER (due to an increase in synthetic demand, alter-
ations in energy availability, and activation of inflammatory path-
ways), we have postulated that obesity may lead to ER stress in
metabolically active tissues. Indeed, in both the adipose and liver
of mice chronically fed a high-fat diet, PERK and IRE1a phos-
phorylation and JNK activity are significantly increased
compared to lean animals (Ozcan et al., 2004). Similarly, in the
severe ob/ob mouse model of genetic obesity resulting from lep-
tin deficiency, both adipose and liver exhibit characteristics of
ER stress, including increased levels of phosphorylated PERK
and IRE1a as well as increased JNK activity.

The causality between susceptibility to ER stress and insulin
resistance was supported by genetic manipulation of XBP1 in
cultured cells and whole animals (Ozcan et al., 2004). XBP1-defi-
cient cells exhibit markedly increased sensitivity to ER stress and
succumb to insulin resistance, at least in part, through IRE1a-
dependent activation of JNK and serine phosphorylation or
degradation of IRS1. In contrast, cells experimentally equipped
with higher levels of activated XBP1s become refractory to ER
stress and exhibit protection against insulin resistance. XBP1
haploinsufficiency in mice replicates the findings in cultured cells,
as these animals succumb to ER stress and develop hyperinsuli-

nemia, hyperglycemia, and impaired glucose and insulin toler-
ance compared to wild-type animals. XBP1 haploinsufficiency
results in a small but significant increase in body weight, and in
the liver and adipose tissues of these mice there is increased
phosphorylation of PERK and IRE1a and also increased JNK
activity coupled with a loss of insulin sensitivity (Figure 4).

Several recent studies provide additional support for the
involvement of ER stress in obesity, insulin sensitivity, and type
2 diabetes, verifying a role for the UPR in this process. For
example, the ER chaperone protein ORP150 (oxygen-regulated
protein 150), which is activated during the UPR as a protective
response, plays a role in mouse metabolic homeostasis (Naka-
tani et al., 2005; Ozawa et al., 2005). ORP150 deficiency, either
in the whole organism or specifically in the liver, results in
impaired glucose tolerance and decreased insulin receptor
signaling through phosphorylation of IRS1 (Nakatani et al.,
2005). Conversely, overexpression of ORP150 in a mouse model
of obesity and diabetes leads to significantly improved glucose
tolerance and enhanced insulin receptor signaling. In a similar
vein, overexpression of the ER chaperone Grp78 in the liver of
obese mice has beneficial metabolic effects (Kammoun et al.,
2009). Lipogenic gene expression and hepatic steatosis
decreased and insulin sensitivity increased in obese mice over-
expressing Grp78. Interestingly, a phenotype reminiscent of
this was also reported for animals missing one allele of Grp78.
In this model, Grp78 heterozygosity during development re-
sulted in a compensatory increase in a large array of other ER
chaperones, which enhanced overall ER folding capacity and
consequently metabolic homeostasis. In another genetic model,
the UPR was compromised by a mutation in elF2« such that
inhibitory phosphorylation of the protein could not occur (Scheu-
ner et al., 2001). In heterozygous mice carrying this mutant form
of elF2a, the ER is dysfunctional, and when these animals are
placed on a high-fat diet they develop obesity and a phenotype
reminiscent of type 2 diabetes. Although ER dysfunction in the
pancreas may play a primary role in this phenotype, it is inter-
esting to note that elF2o mutants also exhibit an expanded
adipose tissue phenotype, although this might be secondary to
systemic alterations. Taken together, these animal models
provide ample evidence to link ER function with various meta-
bolic pathways related to obesity and diabetes.

ER stress and the UPR also play an important role in the
pancreas by acting on islet survival and function (Figure 4).
Indeed, this mechanism may be a potential cause of rare forms
of juvenile diabetes (Zhang et al., 2002). For example, PERK-
deficient pancreatic B cells are more susceptible to ER stress-
induced apoptosis. PERK-deficient mice develop severe hyper-
glycemia soon after birth due to defects in islet proliferation and
increased apoptosis (Harding et al., 2001). Interestingly, different
models of conditional PERK deletion in islets suggest that this
role of PERK may be more important during f cell development
than in the adult (Zhang et al., 2006b). Preventing elF2a phos-
phorylation in pancreatic  cells also results in development of
diabetes, potentially due to oxidative damage (Back et al.,
2009). The absence of p58 (IPK), an ER chaperone, also
promotes B cell failure (Ladiges et al., 2005). The PERK-elF2a
pathway is also critical for islet survival and function in humans.
A loss-of-function mutation in PERK causes a heritable form of
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juvenile diabetes called Wallcot-Rallison syndrome, character-
ized by severe defects in pancreatic B cells (Zhang et al.,
2002). Additionally, mutations in the WFS7 gene in humans,
which encodes the ER transmembrane protein wolframin, have
been linked to an increased incidence of diabetes in patients
with Wolfram syndrome (Fonseca et al., 2005).

It is generally accepted that ER stress plays a critical role in
islet biology and type 2 diabetes. Chronic insulin resistance
dramatically increases the demand on the islets for insulin
production. As pro-insulin is processed in the ER into mature
insulin, the increase in insulin production places a strain on ER
function in the pancreatic islets resulting in activation of the
UPR. In addition, many factors associated with obesity and
type 2 diabetes, including free fatty acids and inflammatory cyto-
kines, can also trigger or exacerbate ER stress (Borradaile et al.,
2006; Kharroubi et al., 2004); and islets from mice and humans
with type 2 diabetes exhibit signs of ER stress (Huang et al.,
2007). In fact, CHOP is important for islet cell death and loss of
Chop protects islets from apoptosis in the Akita mouse model,
which produces a mutant form of insulin (Oyadomari et al.,
2002). When Chop-deficient animals are crossed with db/db
mice (an extreme obesity and diabetes model characterized by
the rapid demise of B cells), the death of B cells is prevented
(Song et al., 2008). Global profiling of genes in islet cells in
response to ER stress revealed the early degradation of Ins1
and Ins2 mRNAs (Pirot et al., 2007). Hence, the two major path-
ological arms of type 2 diabetes—peripheral insulin resistance
and defective insulin secretion—are both related to defects in
ER function. Finally, it is likely that ER stress and related inflam-
matory and stress signaling pathways are involved in the survival
and function of islets in type 1 diabetes (Figure 4). Additional and
ongoing studies should address this important question, which
may carry significant clinical ramifications.

The identification of the critical role of inflammatory signals
and ER stress in obesity and diabetes has stimulated studies
of these inflammatory pathways in the central nervous system
(see Review by C.K. Glass et al. on page 918 of this issue). Early
suggestions for a potential link between inflammation and meta-
bolic regulation in the brain came from studies showing obesity-
induced inflammatory alterations in the hypothalamus (De Souza
et al., 2005) and reduced weight gain in JNK-deficient mice fed
a high-fat diet (Hirosumi et al., 2002). Activation of IKK- in the
brain causes ER stress and interferes with leptin signaling (Zhang
et al., 2008). Alternatively, IKK-B deletion in the brain reduces ER
stress in mice fed a high-fat diet, suggesting that overactivation
of this inflammatory pathway causes ER stress, leptin resis-
tance, and increased food intake and body weight gain.
However, a simple linear line between these factors cannot be
drawn at this point. Although IKK-f activity does cause ER
stress, ER stress can also activate NF-kB. NF-«B activation
can be reversed by reducing ER stress using tauro-ursodeoxy-
cholic acid, a conjugated bile acid with chemical chaperone
activity (Zhang et al., 2008). Accordingly, in this model of brain
inflammation mediated by the NF-kB pathway, ER stress and
the inflammatory response seem to be in a reciprocal relation-
ship, with both influencing leptin sensitivity. However, further
studies will be necessary to support the potential role of ER
stress in leptin sensitivity.
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Other observations support a role for ER stress in defects in
metabolic regulation by the central nervous system. Animals
with XBP1 haploinsufficiency, which experience higher levels
of ER stress, also show increased body weight (Ozcan et al.,
2004). In contrast, treatment with tauro-ursodeoxycholic acid
or another chemical chaperone, phenyl butyric acid, can reduce
weight gain (Basseri et al., 2009; Ozcan et al., 2006), although the
underlying mechanisms are not understood. In cellular systems,
it has been suggested that ER stress may be associated with lep-
tin action and that a chemical chaperone can protect leptin
action by alleviating ER stress (Hosoi et al., 2008). Leptin resis-
tance can be induced by administration of ER stress-inducing
chemicals into the brain (Zhang et al., 2008), although the phys-
iological implications of such a treatment remain unclear.
However, a similar pattern is also reported in a brain-specific
XBP1 deficiency mouse model, which revealed increased levels
of phosphorylated PERK and decreased leptin sensitivity associ-
ated with a higher food intake and increased body weight
compared to control animals (Ozcan et al., 2009). In addition,
other nutrient-sensing networks such as mTOR or the elF2a
kinase GCN2 likely are involved in metabolic signaling in the
central nervous system through ER stress and inflammation or
alternative mechanisms (Hao et al., 2005; Maurin et al., 2005).
All of these pathways also carry the potential to regulate insulin
sensitivity in the brain. Much more work is needed to establish
a causal link between leptin signaling and ER stress or related
inflammatory networks in the central nervous system, and to
dissect these from the regulation of insulin sensitivity. In partic-
ular, as these pathways are intimately linked to survival, it is
essential to separate the impact on the survival of specific brain
cell populations and functional alterations, especially in loss-of-
function models.

Emergence of ER Stress in Metabolic Disease

Obesity is a condition where the organism needs to adapt to and
function under chronic exposure to high energy and nutrient
intake. This adaptation alone increases the demand on the
synthetic and storage machinery at several sites, including liver,
adipose tissue, and pancreas, all of which are central players in
metabolic homeostasis. In equilibrium, hepatocytes maintain
one of the highest protein synthesis rates in the body and can
produce millions of proteins per minute. The overwhelming
majority of these peptides are processed in the ER (Ricca
et al., 1978). Similarly, pancreatic exocrine cells and adipocytes
also are burdened with very high rates of protein synthesis,
which further increases in the presence of obesity and insulin
resistance. Adipocytes are perhaps one of the most unusual
cell types as they store molar quantities of lipids but also actively
secrete peptides and lipids. Given this configuration, adipocytes
operate under challenging conditions even under normal physi-
ological circumstances, with only a small percentage of the total
volume of the cell allocated to accommodate organelles and
cytoplasm (Gregor and Hotamisligil, 2007). During the nutrient
and energy surplus associated with obesity, adipocytes enlarge
further, alter their endocrine capacity, store (or try to store) more
lipids, undergo severe architectural changes, and may suffer
from hypoxia. It is possible then that these cells may have devel-
oped additional strategies to maintain ER integrity. Similarly, liver



cells start to accumulate lipids during obesity, which rarely
occurs under normal physiological conditions, and this could
compromise the functional integrity of the ER in hepatocytes.
Hence, the major cell types controlling systemic metabolic
homeostasis may become highly sensitive to ER stress under
conditions of obesity. This is due to increased demands on the
synthetic machinery as a result of nutrient excess, saturation of
storage capacity, and many other factors, which together create
a challenging milieu in which the ER must carry out its regular
functions and sustain its protein-folding capacity. But there is
as yet no formal evidence supporting the contribution of
increased protein synthesis to the emergence of ER stress in
obesity and type 2 diabetes. So, this “synthesis-driven” view
may not be accurate or may not apply equally to all sites of
obesity-induced ER stress. For example, it is possible that
obesity features a defect in ERAD that limits the disposal
capacity of the ER. Alternatively, the main problem compro-
mising ER function could be insufficient chaperone capacity.
Finally, misfolding or trafficking of a limited number of specific
proteins with critical functions could disrupt metabolism even
at milder levels of ER stress. In other words, one could speculate
that obesity may represent an isolated protein-folding disease.
For example, the folding status of apolipoprotein B100, which
is a challenging protein for the ER to process and secrete,
could influence the performance of the ER (Ota et al., 2008).
These questions are of critical importance and warrant additional
studies to dissect the etiology of ER dysfunction in obesity
and diabetes.

One can envision that excess nutrients themselves may serve
as signals that induce or worsen ER stress. For example, the
metabolism and trafficking of free fatty acids are abnormal in
obesity, and excess free fatty acids induce ER stress in hepato-
cytes, cardiomyoblasts, pancreatic B cells, and macrophages
(Borradaile et al., 2006; Kharroubi et al., 2004; Wei et al.,
2006). Certain free fatty acids can induce JNK activation directly
or indirectly resulting in insulin resistance in adipocytes, hepato-
cytes, and pancreatic islets, whereas others mediate beneficial
hormonal and metabolic effects (Cao et al., 2008). The mecha-
nisms underlying the effects of certain lipids on ER function
remain unclear. In macrophages, lipid chaperone proteins
have a remarkable role in mediating lipid-induced ER stress
responses (Erbay et al., 2009). Whether or not similar mecha-
nisms have implications for insulin resistance or diabetes
remains to be determined. Nevertheless, insulin resistance,
whether triggered by lipids or inflammatory pathways, results
in alterations in glucose availability and flux, a well-established
condition that contributes to ER stress in many cell types.
Furthermore, in the microenvironment of adipose tissue, the indi-
vidual cells that constitute the tissue may still be glucose,
nutrient, or energy deprived relative to their needs or availability
in their subcellular compartments. For example, studies in rats
have shown potentially defective vascularization of adipose
tissue in obesity (West et al., 1987). Interestingly, the adipose
tissue of obese mice may also be hypoxic, another condition
that can induce ER stress (Hosogai et al., 2007). A more
intriguing possibility is that nutrients directly engage inflamma-
tory signaling nodes, which are linked to ER function. A compel-
ling example for such a mechanism is the pathogen sensor PKR,

which can respond to nutrients and ER stress and is linked to
multiple inflammatory pathways and insulin action (Nakamura
et al., 2010).

ER stress and the UPR are connected to inflammatory path-
ways and may contribute to the production of inflammatory
mediators. Conversely, inflammation can also induce or propa-
gate the UPR. For example, exposure to TNF-o can activate
the UPR in mouse fibrosarcoma cells, potentially through gener-
ation of ROS, which themselves can cause ER stress (Xue et al.,
2005). Whether such a mechanism is broadly applicable to other
cell types remains to be determined. However, adipose tissue
from obese or insulin-resistant mice and humans do exhibit signs
of oxidative stress, which can lead to further insulin resistance
(Houstis et al., 2006). As stated earlier, inflammatory signals
can trigger mTOR activity through TSC proteins, contributing
to the emergence or maintenance of ER stress and associated
responses. In summary, there are several vicious cycles that
integrate ER dysfunction with stress and inflammatory signaling
pathways. Perhaps a working model could be that ER stress in
obesity is triggered by energy and nutrient metabolism and prop-
agated by the engagement of a multitude of stress signals —such
as inflammatory mediators, reactive oxygen species, and nitric
oxide—which themselves could emerge due to ER stress.
Specific evidence pinpointing these pathways as contributory
mechanisms in metabolic dysfunction due to ER stress remains
to be established. Nevertheless, these stress signals and
byproducts will certainly worsen the cellular milieu in which the
ER has to operate. Similar to many other biological phenomena
related to metabolic homeostasis, the “chicken or egg” question
is a challenge here as well, especially considering the unique
needs and demands of different metabolic cells such as pancre-
atic B cells and adipocytes.

Therapeutic Targeting of ER Dysfunction

An important question when considering therapeutic opportuni-
ties is the relevance of observations made in cells or animals to
human disease. One critical proof of principle implicating ER
function in human metabolic disease comes from genetic
studies of human diseases such as Wallcot-Rallison syndrome
(Zhang et al., 2002) or Wolfram syndrome (Fonseca et al.,
2005). Recent studies provide strong evidence in support of
arole for ER stress in human metabolic disease. Three indepen-
dent groups studied human subjects in the context of metabolic
disease and found a strong relationship between obesity and ER
stress. Sharma et al. (2008) demonstrated a significant positive
correlation between increasing body mass index and expression
of various ER stress markers in human subcutaneous adipose
tissue. Boden et al. (2008) performed proteomic analyses
comparing adipose tissue from lean and obese individuals and
found significant upregulation of several proteins involved in
the ER stress response. Finally, we showed that when obese
patients undergo marked weight loss due to gastric by-pass
surgery, there is a decrease in ER stress markers in liver and
adipose tissue (Gregor et al., 2009). ER stress indicators have
been observed in human atherosclerotic lesions, in a manner
similar to the vascular lesions of mouse (Tabas et al., 2009).
These studies are important as they reveal that the causal
disease mechanisms discovered in mice are also present in
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human disease and exhibit similar regulation. Although correla-
tive, this is nonetheless important confirmation and motivation
for continuing work on the role of ER stress in obesity and type
2 diabetes. Currently, much of the data on the regulation of ER
stress in human metabolic disease has focused on the involve-
ment of the IRE1 and PERK branches of the UPR, whereas the
ATF6 branch has not been as well studied due to lack of effective
reagents for studying this pathway in human cells. In light of this,
it is important to note that genetic variation at the ATF6 and
ORP150 loci has been linked to insulin resistance, further sup-
porting a role for ER stress in human metabolic disease (Kovacs
et al., 2002; Thameem et al., 2006).

The ER is an attractive potential therapeutic target in part
because ER adaptive responses have not had time to evolve to
deal with the chronic stresses encountered due to recent
changes in lifestyle, such as excess nutrient availability and
obesity. Thus, maintenance or enhancement of proper ER func-
tion may be able to prevent chronic metabolic disease. Such
“organelle therapy” may also be needed to disengage stress
pathways from insulin signaling or other metabolic responses.
Our lab demonstrated that two chemical chaperones, phenyl
butyric acid and tauro-ursodeoxycholic acid, that relieve ER
stress could protect liver cells from chemically induced ER stress
and whole animals from obesity-induced ER stress. These chap-
erones increased systemic insulin sensitivity, established
normoglycemia, and reduced fatty liver disease in obese mice
(Ozcan et al., 2006). These treatments suppressed ER stress
and inflammatory kinase signaling and enhanced insulin
receptor signaling in adipose and liver tissues. At least in exper-
imental models of obesity and diabetes, these agents exhibit
therapeutic efficacy; however, additional work is needed to
definitively link their activity to the ER. Additionally, studies in
lipid-induced models of ER stress have shown that apoB100
secretion is inhibited in the liver by ER stress, an important
contributor to hepatic steatosis (Ota et al., 2008). Interestingly,
this inhibition of apoB100 secretion in liver insulin resistance
can also be prevented by chemical chaperones in vitro and
in vivo (Ota et al., 2008). Whether these approaches can be
translated into treatments for human disease remains unknown,
but there are certainly limitations with these chemicals due to the
high doses required to produce the desired effect and relatively
undesirable pharmacokinetics. More studies are needed to
elucidate how enhancing the activity of endogenous chaperones
and boosting protein folding in metabolically active tissues
affects the adaptive capacity of the UPR under metabolic stress
and to develop specific strategies to do so. This concept is even
applicable to plants, which benefit from increased chaperone
expression or capacity under stress (Alvim et al.,, 2001).
However, the nature and magnitude of the response to elevated
chaperone levels under metabolic stresses such as obesity
remain to be determined. It will be exciting to investigate indi-
vidual molecular chaperones and the transcription factors that
control them, such as ATF6 and XBP1, in the liver, adipose
tissue, muscle, and pancreas. Concerted upregulation of
protein-folding chaperones or the programs leading to their
coordinated regulation may prove beneficial to a metabolically
overloaded cell and may be a powerful approach for treating
chronic metabolic diseases.
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We have shown that ER modification by chemical chaperones
or targeting lipid chaperones in macrophages and adipocytes
have therapeutic efficacy against atherosclerosis in mouse
models (Erbay et al., 2009). Both murine and human atheroscle-
rotic vascular lesions exhibit signs of ER stress, and the choles-
terol-induced apoptosis of macrophages involves ER stress
(Devries-Seimon et al., 2005; Tabas et al., 2009). Although the
mechanisms and targets of ER stress and the atheroprotective
effect of chemical chaperones are still unclear, these findings
suggest that multiple metabolic diseases could be tackled
through functional management of the ER. Taken together, these
experiments provide proof of principle in a preclinical setting that
the ER can be chemically targeted to enhance its functional
capacity and that such strategies may provide potential new
therapeutic avenues. It will be fascinating to test the efficacy of
some of these chemical modalities in humans with metabolic
disease as some of the chemical chaperones are already
approved for testing in humans.

Alternative therapies to reduce ER stress or to modify organ-
elle function may also involve directly targeting molecules that
regulate the UPR. Salubrinal is a small molecule that prevents
dephosphorylation of elF2a (Boyce et al., 2005). Treatment of
cells with salubrinal leads to protection against ER stress-
induced cell death in vitro and in vivo (Sokka et al., 2007).
However, it is unclear whether this chemical strategy could be
beneficial for treating metabolic disease as different cell types
respond differently to salubrinal (Cnop et al., 2007). It is also
possible that activation of the IRE1 pathway in a manner that
does not lead to JNK activation could be beneficial, as recently
suggested in islet cells (Lipson et al., 2006). Intriguingly, some
chemicals, such as PPAR agonists or salicylates, that are in clin-
ical trials or currently used for treating type 2 diabetes affect the
activity of critical ER molecules (Palakurthi et al., 2001; Silva
et al., 2007). Similar arguments, although speculative, could be
made for metformin, rapamycin, or AMP-K activators, which
modulate nutrient-sensing and related pathways (Tsang et al.,
2007; Zhang et al., 2009a). One wonders whether at least
some of the metabolically beneficial effects of these agents are
due to their ability to modulate ER function or the UPR.

Finally, another way of relieving ER stress may be through the
action of metabolic hormones. Recent data have shown that
activation of the receptor for glucagon-like peptide-1 (GLP-1)
reduces ER stress in pancreatic § cells (Yusta et al., 2006). A
reciprocal relationship may exist wherein some hormones, which
depend upon the ER for their translation and secretion, may act
on target cells in ways that protect the biological function of that
cell thus ensuring continued hormone action, a self-preserving
activity. Given the example of GLP-1 receptor activation in
relieving ER stress-induced apoptosis, it will be interesting to
investigate other hormones for such potential protective effects.
Regardless, many questions need to be addressed and many
new strategies developed before the true potential of “ER
therapy” can be realized.

| would like to end by stating an apparent paradox in thinking
about therapeutic strategies for modulating insulin sensitivity
and the pathways that block it through targeting ER stress and
JNK activation. If ER stress is causal to metabolic deterioration
and is induced by energy or nutrient surplus, then it follows



that the UPR is linked to insulin resistance. Insulin is a major
anabolic hormone and so insulin resistance may help the ER to
cope by transiently shutting off synthetic pathways. In fact,
perhaps one can even consider that insulin resistance is
a bona fide component of the UPR. If true, then a critical consid-
eration is that therapeutic strategies that achieve insulin sensi-
tivity without addressing an underlying ER dysfunction, or JNK
activation, or other inflammatory stresses may not be sustain-
able or even beneficial in the long term because they would
increase the burden on the ER. Perhaps there should be a revi-
sion of the classic models on which therapeutic strategies
for treating obesity, type 2 diabetes, and atherosclerosis are
predicated.

| propose that the ER is the cell’s ultimate exposure-moni-
toring device, which is sensitive to a variety of environmental
signals, from nutrients and toxins to pathogens. Hence, the ER
represents a rich platform for understanding interactions
between environmental signals and the biological infrastructure.
Its inherent variations and adaptability provide new therapeutic
possibilities for treating a number of serious metabolic diseases.
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