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Abstract
Emerging data illustrate a pivotal role for activation of β-cell endoplasmic reticulum stress
pathways in diabetes pathophysiology. The purpose of this review is to appraise the evidence for
β-cell endoplasmic reticulum stress in human type 1 and 2 diabetes, review the molecular
signaling pathways involved in the unfolded protein response and endoplasmic reticulum stress
signaling, and to provide data from polyribosome profiling to illustrate the impact of ER stress on
the mRNA translation response. Finally, we will discuss existing and novel therapeutic strategies
that target β-cell ER stress and discuss their use in rodent and human type 1 and 2 diabetes.
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Introduction
Diabetes mellitus is a disease of disordered glucose homeostasis that affects nearly 347
million individuals worldwide. Approximately 90% of diabetes cases can be categorized as
Type 2 diabetes (T2D), which results from a combination of insulin resistance, dysregulated
hepatic gluconeogenesis, and impaired β-cell function. Type 1 diabetes (T1D) comprises the
remaining 10% of diabetes cases and results from autoimmune destruction of the pancreatic
β-cell. Despite somewhat disparate etiologies and inciting factors, altered β-cell secretory
function and survival play a central role in the pathophysiology of both major forms of
diabetes.
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T2D develops within the context of a modern “Westernized” lifestyle, the hallmarks of
which are overnutrition, obesity, and inadequate physical activity. Genetic studies suggest
that T2D is largely a polygenic disorder. However, a number of genome-wide association
studies point to the presence of gene polymorphisms that impart β-cell susceptibility and
predispose certain individuals towards β-cell failure and the development of diabetes in
settings where insulin sensitivity is compromised [1–4]. Clinical studies suggest this broad
category of β-cell failure is comprised of alterations in β-cell mass as well as insulin
secretory function [5–10], while provocative new preclinical data suggest that alterations in
β-cell identity may also play a role in the T2D phenotype. In parallel with rising rates of
obesity in developing countries, epidemiological data demonstrate a significant increase in
the prevalence of T2D globally [11,12].

T1D results from a cascade of events that culminates in autoimmune destruction of the
insulin-producing β-cells of the islets of Langerhans. These events are initiated after
nonspecific injury to the β-cell, such as occurs in response to viral infection. Injury to the β-
cell results in exposure of autoantigens and subsequent activation of CD4+ and CD8+ T cells
by macrophages and other antigen presenting cells. A complex and destructive interplay
ensues that is amplified by the secretion of pro-inflammatory cytokines such as interleukin
1β (IL-1β), tumor necrosis factor α (TNFα), and interferon γ (IFNγ) from macrophages, T
cells, and perhaps the β-cell itself, enabling a vicious cycle of necrotic and apoptotic β-cell
death [13,14]. Type 1 diabetes is usually associated with the presence of circulating auto-
antibodies directed against β-cell antigens, including anti-glutamic acid decarboxylase
(GAD65), anti-islet, anti-insulin, and anti-Zinc transporter 8 (ZnT-8) antibodies [15–18].
T1D risk is associated with the presence of certain high-risk class I and II major
histocompatibility complex alleles, while T1D genome-wide association studies have
identified polymorphisms in a number of genes that regulate autoimmunity. Interestingly,
emerging data show that many of the genes implicated and previously thought to regulate
immune function are also expressed in the islet and impact β-cell function as well as the
intrinsic risk of β-cell susceptibility in T1D [19–22].

The metabolic milieu of T1D and T2D is characterized by high levels of glucose as well as
pro-inflammatory cytokines and chemokines, while concomitant obesity in either disease is
associated with elevated serum levels of free fatty acids and other deleterious lipid
intermediates. In the case of T1D, viral infection of the β-cell may initiate disease in
genetically at risk individuals. These toxic factors can harm the β-cell through several
intersecting pathways including autophagy, increased oxidative stress, mitochondrial
dysfunction, epigenetic dysregulation, and amyloid formation. Emerging data also illustrate
a pivotal role for the activation of endoplasmic reticulum stress in diabetes. In recent years,
ER stress signaling and its contribution towards the progression of pancreatic β-cell
dysfunction in T1D and T2D have been the focus of intense investigation (reviewed in [22–
26]). The purpose of this report is to provide updated evidence for the presence of β-cell ER
stress in human T1D and T2D, briefly review the molecular signaling pathways involved in
the unfolded protein response and ER stress, and provide data illustrating the central role of
translation in the adaptive ER stress response. Finally, we will discuss existing and novel
therapeutic strategies that target β-cell ER stress and discuss their use in rodent and human
T2D and T1D.

The unfolded protein response and endoplasmic reticulum stress
The mammalian β-cell functions as a highly specialized metabolic factory that is unique in
its ability to continually sense nutrient and metabolic homeostasis and respond with
appropriate levels of insulin secretion. Because of the need to synthesize and secrete large
quantities of insulin, the β-cell possesses a number of specialized characteristics. Among
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these is a highly developed endoplasmic reticulum (ER), which plays a central role in
protein biosynthesis and maturation and Ca2+ storage [23,27,28]. Translation of new
proteins occurs on ribosomes associated with the ER, and nascent proteins undergo final
folding and maturation within the lumen of the ER. The ER is extremely sensitive to
disruptions in cellular homeostasis. Under conditions of stress, proteins may fail to fold
correctly, resulting in an accumulation of excess unfolded proteins. When this occurs, a
multi-faceted and protective cascade termed the unfolded protein response (UPR) is
activated. In brief, the goal of the UPR is to decrease delivery of new proteins to the ER,
restore cellular homeostasis, and ultimately increase the protein-folding capacity of the ER.
However, if the inciting stress is unresolved, continual stimulation of the UPR can lead to
activation of apoptotic pathways and β-cell death. This transition is referred to as
endoplasmic reticulum (ER) stress.

Within the β-cell, the UPR can be initiated following exposure to glucotoxic, lipotoxic, or
inflammatory conditions, in the setting of hyperinsulinemia, or in response to the
accumulation of proinsulin and/or islet amyloid. These components of the diabetic milieu
can lead to activation of deleterious signaling pathways, disruption of the cellular redox and/
or energy state, or depletion of ER Ca2+ and/or cellular chaperones [23–26,29–33]. At the
initiation of the UPR, the ER chaperone immunoglobulin heavy chain binding protein (BiP)
dissociates from the luminal side of the ER activating three parallel yet interacting arms of
the UPR response. These pathways are regulated by IRE1α, ATF6, and PERK. IRE1α
activation leads to alternative splicing of XBP1 to generate spliced XBP1, which serves as a
transcriptional activator of genes whose products regulate protein maturation, folding, and
ER export [34,35]. IRE1α also functions to degrade mRNAs, thereby limiting the
production of new proteins. Emerging data suggest that activation status of IRE1α is key
node that dictates whether ER stress can be remediated or has transitioned to an irremedial
state [36,37].

ATF6 is a basic leucine zipper transcription factor, which translocates to the Golgi following
activation by BiP dissociation, where it is cleaved and activated by site 1 protease and site 2
protease (S1P and S2P). ATF6 subsequently translocates to the nucleus, where it binds to
the ER stress response elements in genes whose products function as ER chaperones[1–4].
The final arm of this UPR transduction pathway involves PERK, which phosphorylates
eIF2α. In contrast to the global translation inhibition, the PERK/eIF2α pathway also
promotes translation of several specific mRNAs such as activating transcription factor 4
(ATF4) and CHOP, which contain 5’-upstream open reading frames [5–10].

Continued activation of the UPR without resolution of the inciting event ultimately results in
apoptosis through eventual activation of CHOP. CHOP is a pro-apoptotic transcription
factor that serves as the common effector arm for the apoptotic response [11,12]. Stress
induced activation of other factors like c-Jun N-terminal kinase and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) may synergize to contribute to this
apoptotic death response [13,14].

Translation of mRNAs in eukaryotes
The presence of misfolded proteins in the ER is a primary trigger for the mobilization of
folding chaperones and attempts by the β-cell to limit new protein production through
inhibition of mRNA translation. These “remedial” mechanisms are necessary to provide the
cell the necessary time to recover from the prevailing stress, while still ensuring that the
proteins produced are sufficiently active for the interim function and survival of the β-cell.
The inhibition of protein production during ER stress is paramount in mitigating the protein
load upon the ER. In addition, the translation of mRNAs at ribosomes is considered to be
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among the most energy consuming processes in the cell and, as such, suppression of
translation provides a rapid means to conserve energy in the setting of cellular stress.

Four major phases are recognized in the translation of mRNAs at ribosomes: initiation,
elongation, termination, and ribosome recycling (see Fig. 1). The factors responsible for
each of these phases are distinct and minimally overlapping, suggesting that each phase has
the potential for independent regulation. Most mRNAs produced in eukaryotes contain a 5’-
methylguanylate (m7G) “cap,” which is a feature important for translation initiation.
Initiation begins with the binding of initiation factors (eIFs 1, 1A, 2, 3, 4A, 4E, and 4G) to
the 5’-m7G cap and the subsequent “scanning” of the 5’-untranslated region of the message
for an AUG codon by the initiator Met-tRNA-loaded 40S ribosomal subunit. This complex
of initiation factors and the loaded 40S ribosomal subunit, known as the pre-initiation
complex (PIC), forms the full 80S initiation complex when hydrolysis of GTP bound by
eIF2 signals the entry of the 60S ribosomal subunit. The full 80S initiation complex
subsequently enters the elongation phase, where GTP-hydrolyzing reactions mediated by the
elongation factors eEF2 and eEF1 ensure the growth of the polypeptide chain. During the
elongation phase a third factor, eIF5A, is thought to interact with eEF2 to enhance the rate
of translation elongation of at least a subset of mRNAs [15–18]. Translation termination
takes place when the elongating 80S ribosome encounters a stop codon (UAA, UAG, UGA).
The eukaryotic release factors eRF1 and eRF3 participate in the termination process, which
also requires GTP hydrolysis (by eRF3) [19–22]. Finally, recycling is a process that occurs
after termination, wherein ribosomal subunits dissociate and are available for initiation of a
new mRNA strand. The specific factors and their regulation during translation recycling in
mammalian cells remain less well understood compared to bacteria and yeast [22–26].

Regulation of mRNA translation initiation during ER stress in islet β-cells
Under conditions of various stressors, including ER stress and nutrient depletion, inhibition
of mRNA translation in islet β-cells occurs primarily at the initiation phase. Regulation of
initiation is typically achieved by processes (usually phosphorylation events) that affect PIC
formation or the formation of the active 80S ribosomal complex (for a review, see ref.
[23,27,28]). PIC formation is classically regulated by the eIF4E-binding proteins (4E-BPs).
Hypophosphorylated 4E-BPs bind to eIF4E, thereby preventing association of eIF4E with
the 5’-m7G cap. Upon increased phosphorylation, the 4E-BPs dissociate from eIF4E and
subsequently promote PIC formation. In the absence of 4E-BP1 and 4E-BP2, mutant mice
develop hypersensitivity to diet-induced obesity, presumably a result of losing the normal
“brake” for translation initiation provided by the 4E-BPs [23–26,29–33]. A major 4E-BP
kinase is the mammalian target of rapamycin (mTOR), which lies downstream of the
phosphatidylinositol-3 kinase (PI3K)/Akt pathway and is a sensor of energy homeostasis in
the cell [34,35]. Thus, when energy is abundant and mTOR is active, 4E-BPs are
hyperphosphorylated and remain dissociated from eIF4E, and translation initiation of capped
mRNAs proceeds. Under conditions of ER stress, it has been suggested that the levels of
hypophosphorylated 4E-BP1 are increased, leading to suppression of eIF4E function and
subsequent suppression of translation initiation [36,37].

A second major point of regulation during translation initiation is in the formation of the
active 80S complex. Formation of the active 80S complex requires hydrolysis of eIF2-bound
GTP to GDP. eIF2 is a heterotrimeric protein consisting of α, β, and γ subunits.
Phosphorylation of the α-subunit at Ser51 stabilizes the eIF2-GDP complex, preventing a
subsequent exchange reaction that would otherwise regenerate eIF2-GTP [38,39] (see Fig.
2), a result of which is impaired formation of the active 80S complex necessary for
initiation. Phosphorylation of Ser51 of eIF2α can be accomplished by multiple different
kinases, each of which is sensitive to different prevailing stressors. In the case of ER stress,
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the kinase PERK phosphorylates eIF2α (eIF2α-P). Other known eIF2α kinases include
GCN2 (general control nonrepressable 2, activated by amino acid starvation), PKR (protein
kinase R, activated by double-stranded RNA), and HRI kinase(heme-regulated eukaryotic
initiation factor 2α kinase, activated by heme deficiency) [40]. The importance of eIF2α
Ser51 phosphorylation in the setting of ER stress was highlighted in studies of mice
harboring a S51A mutation of eIF2α. Whereas homozygous S51A mutant mice die in the
neonatal period with severe hypoglycemia [41], global heterozygous S51A mutants exhibit
glucose intolerance and a β-cell secretory defect upon high fat diet feeding [42]. This β-cell
secretory defect was attributed to excessive β-cell mRNA translation, ER distension, and
reduced insulin secretory granule content [42]. Similar findings were observed in mice with
β-cell-specific expression of the S51A mutation of eIF2α [43].

Analogously, deletion of the eIF2α kinase PERK in mice results in animals with
unmitigated proinsulin biosynthesis, β-cell ER distension, and progressive diabetes [44,45].
Collectively, these studies emphasize the importance of attenuation of translation initiation
by eIF2α-P as a means to remediate ER stress. Whereas the majority of cellular mRNAs are
inhibited from translation initiation during ER stress, a subset of mRNAs whose encoded
proteins are necessary for stress remediation must not only escape this translational
inhibitory process, but in fact have their translation enhanced. Important examples of such
mRNAs include those encoding activating transcription factors 4 and 5 (ATF4, ATF5),
growth arrest and DNA damage-inducible protein 34 (GADD34), and CHOP [5,7,46].
Paradoxically, eIF2α-P promotes the translation initiation of these mRNAs through a
mechanism involving the bypass of an upstream open reading frame (uORF). The uORFs in
these mRNAs are translation initiation sites for the PIC under unstressed conditions, such
that their translation prevents translation initiation at the actual ORFs for these proteins.
Thus, the proteins are either not produced or produced at low levels. However, when
phosphorylation of eIF2α occurs, initiation at the uORFs is inhibited, and subsequent
ribosome scanning results in the re-initiation of translation from the true ORF [27]. In this
way, eIF2α-P functions in a binary manner during ER stress, causing inhibition of general
mRNA translation initiation while promoting the translation initiation of specific stress-
responsive mRNAs.

Analyzing translational control in the β-cell: polyribosomal profiling
Several methods exist for analysis of specific or global mRNA translation, including
luciferase assay readouts from transfected cells [47], analysis of RNA bound to ribosomal
proteins [48,49], measurement of radioactive and nonradioactive amino acid incorporation
into total protein [47,50], and measurement of changes to the levels and phosphorylation
states of individual translational factors [47]. An attractive approach to assess directly the
association of specific transcripts with ribosomal machinery is analysis of mono- and
polyribosome-associated RNA from whole cell lysates. The technique, variably referred to
as polysome or polyribosome profiling (PRP) [47], involves the preparation of whole cell
RNA lysate from primary cells or cell lines followed by passage of the lysate through a 10–
50% sucrose gradient at ultracentrifugation speeds (~40,000 rpm). The gradient is then
fractionated and monitored for total RNA (by UV absorbance at 254 nm). Fig. 3A (solid
line) shows results of a typical PRP experiment using unstressed MIN6 insulinoma cells
incubated at 20 mM glucose. The profile shows the RNA peaks associated with the 40S and
60S ribosomal subunits and the 80S monoribosome (the species that would enter the
translation elongation phase). The peaks appearing after the 80S monoribosome are
identified as “polyribosomes” containing 2, 3, 4, 5, and higher numbers of 80S species
associated with individual RNA strands. The mRNAs appearing in the polyribosome peaks
are thought to represent transcripts that are in the active phase of translation elongation
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(barring any process or drug—e.g. cycloheximide—that would cause “stalling” of ribosomes
at this phase).

A significant advantage of the PRP technique is that it allows the identification of ribosome
redistribution following cellular stress. Tunicamycin inhibits glycosylation of newly
synthesized proteins, leading to protein misfolding, eIF2α phosphorylation, and ER stress.
As shown in Fig. 3A (dashed line), when MIN6 β-cells were treated with 5 µM tunicamycin
for 24 h, we observed an increase in the RNA associated with the 80S monoribosome and a
reduction in the total RNA associated with the polyribosome fraction. These results are
consistent with the known consequences of ER stress on translation initiation, wherein
phosphorylation of eIF2α leads to a general blockade in translation initiation, but no
changes to translation elongation. As such, the increase in the 80S monoribosome peak is
indicative of a block at the initiation phase, leaving 80S monoribosomes unable to enter the
elongation phase. The ribosomes that have already entered the elongation phase (the
polyribosomes) continue their traverse along the mRNAs, causing their “run-off” and
eventual polyribosome depletion [7].

As discussed previously, whereas general translation initiation is blocked in the setting of
ER stress, a subset of mRNAs—particularly those with uORFs, such as Chop and Atf4—
have their translation enhanced by eIF2α. To assess the polyribosome occupancy of specific
mRNAs, we subjected individual fractions from the sucrose gradient fractionation to
quantitative RT-PCR for Atf4 and the gene encoding preproinsulin (Ins1/2). As shown in
Fig. 3B, the Atf4 mRNA shows evidence of a rightward shift toward polyribosomes during
tunicamycin-induced ER stress, whereas the Ins1/2 mRNA shows no changes (Fig. 3C).
Taken together, the data in Fig. 3 is consistent with the expected observation that ER stress
induces a block in general mRNA translation initiation, while simultaneously promoting the
translation initiation of ER chaperone-encoding mRNAs.

Translational effects of physiologic stressors on primary pancreatic islets can also be
assessed by PRP. As shown in Fig. 4A (solid line), mouse islets exhibit a PRP similar to
MIN6 β-cells, with the notable difference that the 80S peak appears larger and the
polyribosome region appears smaller. This general profile is reflective of the general post-
mitotic state of primary pancreatic islets compared to the tumorigenic cell lines, where
protein synthesis is generally limited to specific proteins (such as insulin, amylin) that are
necessary for the normal function of β-cells. Palmitate is a free fatty acid that is elevated in
the setting of diet-induced obesity, and has been shown (in the presence of elevated glucose)
to result in β-cell ER stress [51,52]. When islets are treated with the free fatty acid palmitate
(0.5 mM for 4 hours), there is no striking change in the PRP (Fig. 4A), but a shift in Atf4
mRNA toward higher polyribosomes was observed (Fig. 4B). As with tunicamycin
incubation, no changes in polyribosome occupancy by Ins1/2 mRNA was observed with
palmitate incubation (Fig. 4C). Collectively, the data in Fig. 4 are suggestive that palmitate
induces polyribosome occupancy changes in specific mRNAs that are similar to those
observed with ER stress inducers.

Evidence for ER stress in human diabetes
Evidence of endoplasmic reticulum stress in human diabetes is primarily based on protein
and mRNA expression of ER stress markers as well as electron micrographic evidence of
changes in ER appearance. The presence of ER stress markers in human T2D has been
demonstrated using fixed pancreatic sections and isolated islets from cadaveric donors.
When islets from donors with T2D were cultured in high glucose, expression of the ER
stress markers BiP and XBP-1 were significantly upregulated compared to islets from
nondiabetic donors. Interestingly, there was also an increase in overall ER size in islets from
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donors with diabetes, which was felt to be consistent with an early adaptive response to ER
stress. Perinuclear CHOP staining was significantly increased in pancreatic sections from
obese donors with diabetes compared to obese non-diabetic donors. However, this report
failed to detect CHOP in sections from subjects with T1D [53]. Islets from cadaveric donors
with T1D and T2D have also exhibited isolated positive staining for activating transcription
factor 3 (ATF3) [54]. A recent study demonstrated increased staining for BiP, XBP-1, and
CHOP was in pancreatic sections from 13 human donors with T1D, providing the first
comprehensive evaluation of a combination of ER stress markers in human T1D [55].

A prominent challenge is to identify ER stress in living individuals as a means to identify
changes to ER stress in response to therapy. Recently, PCR-based assays have been
developed that measure hypomethylated β-cell derived insulin DNA in serum as an indicator
of β-cell death [56–58]. Whereas these assays have been studied in T1D, they have not yet
been correlated with the presence of ER stress in model systems. Nevertheless, these assays
could provide means to identify β-cell response to therapies that target ER stress. Another
approach is to measure the relative amounts of secreted proinsulin as a percentage of total
insulin or C-peptide secretion. Under unstressed conditions, proinsulin processing (into
insulin and C-peptide) occurs prior to secretion, such that relatively little intact proinsulin is
secreted. Elevations in the secretion of proinsulin relative to fully processed insulin may be
indicative of β-cell ER dysfunction manifesting as alterations in protein folding and
processing [59]. Elevations in proinsulin/insulin or proinsulin/C-peptide can readily be
identified in large cohorts of subjects with T2D, and the ratio is improved in response to
pioglitazone and IL-1β receptor antagonist therapy [60,61].

Analysis of serum from pre-diabetic non-obese diabetic (NOD) mice revealed elevations in
the proinsulin/insulin ratio that occur in parallel with activation of islet ER stress [62].
Elevations in serum proinsulin and the ratio of serum proinsulin/C-peptide have also been
reported in individuals with new onset T1D, while improvement in this ratio is seen during
periods of disease remission and following treatment with certain immunomodulatory
therapies [63–67].

Therapeutic approaches to target β-cell ER stress
Given the central role of ER stress in diabetes pathophysiology, the ability of existing T2D
therapies to mitigate ER stress have been tested in a number of models. Thiazolidinediones
(TZDs), agonists of the nuclear receptor PPAR-γ, prevent the onset of diabetes in humans
with pre-diabetes and a history of gestational diabetes [68,69]. While these agents have been
classically viewed as peripheral insulin sensitizers, an abundance of clinical and pre-clinical
data demonstrate an ability of PPAR-γ agonists to improve β-cell function in humans and
rodents [70]. There is also evidence that TZDs positively impact β-cell ER stress signaling
in rodent models. Mice with deficiency of Wolfram syndrome protein 1 (WFS1) in
combination with the agouti mutation are prone to the development of β-cell ER stress.
Administration of PPAR-γ agonists in this model both improved glucose homeostasis and
reduced islet ER stress signaling [71]. In the T2D db/db mouse model, pioglitazone restored
islet euchromatin architecture and reduced activation of ER stress signaling pathways. These
effects were secondary, in part, to restoration of islet pancreatic and duodenal homeobox
factor 1 (Pdx1) expression [72]. In fact, the homeodomain transcription factor Pdx1 appears
to play a pivotal role in the maintenance of β-cell ER health. When challenged with high fat
diet, Pdx1 haploinsufficient mice experience a failed compensatory gain in β-cell mass and
exhibit increased ER stress and apoptosis. Interestingly, Pdx1 is a direct transcriptional
regulator of the WFS1 gene as well as other ER-associated genes [73].
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PPAR-γ also acts as a direct transcriptional regulator of the sarco endoplasmic reticulum
Ca2+ ATPase 2b (SERCA2b) gene, and TZDs restored SERCA2b expression in db/db
mouse islets and INS-1 cells treated with high glucose and the pro-inflammatory cytokine
IL-1β. Decreased activation of ER stress and death pathways occurred concomitant with this
effect to improve β-cell calcium homeostasis [72,74]. Additional effects of TZDs include the
prevention of amyloid-induced apoptosis, decreased oxidative stress, and decreased NF-κB
activity in response to glucolipotoxity and cytokine signaling, as well as decreased
activation of JNK [70].

Given the anti-inflammatory effects of TZDs and their ability to modulate NF-κB
transcriptional responses, there has been interest in applying these drugs to T1D with the
anticipated outcome being that TZDs might have dual effects to modulate immune function
and inflammation and preserve β-cell health. In this regard, TZDs have shown beneficial
effects to preserve β-cell function in humans with latent autoimmune diabetes of adulthood
(LADA) [75]. Furthermore, a number of preclinical studies in NOD mice have demonstrated
a decrease in the conversion to diabetes and suppression of Th1-mediated immune responses
[76,77], Whereas these studies suggest an effect of TZDs to prevent diabetes onset in “at-
risk” humans and rodents, the impact of these drugs to specifically target β-cell ER stress in
T1D has not been described.

The incretin hormones glucagon-like peptide 1 (GLP-1) and glucose-dependent
insulinotropic peptide (GIP) act through G-protein coupled receptors on the β-cell plasma
membrane to activate adenylyl cyclase, increase intracellular cyclic AMP (cAMP), and
stimulate insulin secretion. GLP-1 receptor agonists and dipeptidyl peptidase-IV (DPP-IV)
inhibitors (which secondarily raise circulating levels of incretins by preventing their
degradation) were developed to enhance insulin secretion in T2D. A number of studies
suggest these agents also possess pro-survival and anti-apoptotic activities [78].
Consequently, the ability of these agents to protect against ER stress has been studied in
models of chemically-induced ER stress and T2D. Db/db mice treated with the GLP-1
agonist exendin-4 demonstrated decreased islet expression of Chop and the spliced form of
Xbp1 [79]; the GLP-1 receptor agonist liraglutide has shown similar effects in this same
model [80]. In studies in vitro, exendin-4 protected against lipotoxicity-induced ER stress
through induction of BiP and the anti-apoptotic protein JUNB in rat β-cells [81]. Exendin-4
has also been shown to protect against thapsigargin- and tunicamycin-induced ER stress
through upregulation of Atf4 and the spliced form of Xbp1 [79], and to protect against
cyclopiazonic acid-induced ER stress through effects to block mitochondrial apoptosis [81].
Similarly, chronic administration of vildagliptin, a DPP-IV inhibitor, was shown recently to
restore β-cell mass, Pdx1 expression, and alleviate ER stress in C/EBPB (Chop) transgenic
mice [82].

Given potent effects to improve β-cell health, there is growing interest in applying incretin
therapies to the treatment and/or prevention of T1D. In addition to their potential effects on
enhancing GLP-1 levels, DPP-IV inhibitors have addition effects that may be especially
relevant to T1D. CD26 is a DPP-IV-like membrane-associated peptidase that is expressed in
lymphocytes. CD26 regulates development and maturation of T cells as well as cytokine
production and T-cell dependent antibody production. Therefore, in addition to inhibiting
protease degradation of incretins, the inhibition of CD26 by DPP-IV inhibitors has been
shown to have additional effects to diminish Th1 cytokine production and enhance levels of
immune-tolerogenic regulatory T cells [83,84], effects that are particularly advantageous in
developing and established T1D. DPP-IV inhibitors have been tested in both prevention and
reversal strategies in animal models of T1D. The DPP-IV inhibitor linagliptin reduced
insulitis and diabetes incidence by approximately 50% in NOD mice [85], and the related
inhibitor MK-626 was shown to enhance levels of regulatory T cells in NOD mice [86].

Evans-Molina et al. Page 8

Diabetes Obes Metab. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Established T1D was successfully reversed in 57% of NVP-DPP728-treated NOD mice after
2 weeks of treatment and in 73% of mice after 6 weeks of treatment [87]. Despite these
positive metabolic effects, the ability of these drugs to specifically address ER stress in
preclinical models of T1D has not been tested.

Emerging evidence from human clinical trials suggest that GLP-1 receptor agonists may
modestly improve a number of metabolic parameters including fasting glycemia,
hemoglobin A1c, and glucose excursions in individuals with established T1D [88,89]. By
contrast, despite encouraging pilot data [90], a recent double-blind, randomized-parallel 20-
week study of 141 subjects with established T1D showed no significant effect of the DPP-
IV inhibitor sitagliptin on hemoglobin A1c or insulin dose [91]. A definitive strategy is still
needed to test whether DPP-IV inhibition in humans is capable of modulating intrinsic β-cell
stress pathways and/or immune activation in a manner that promotes β-cell survival in
developing T1D. The administration of these drugs in a prevention trial that enrolled
individuals with high genetic risk of T1D and measurable circulating autoantibodies would
address lingering questions about the usefulness of these drugs in T1D.

In addition to existing diabetes therapies, the ability of novel therapeutic approaches to
reduce β-cell ER stress is actively being tested. Given extensive evidence suggesting a
central role for cytokine signaling in T1D and T2D ER stress, there has been considerable
interest in employing IL-1β receptor antagonist (IL-1Ra). In T2D, IL-1Ra showed positive
effects on glycemia and had sustained effects to lower markers of systemic inflammation
and the proinsulin/insulin ratio [60,61]. Interestingly, animal data from NOD mice suggests
this agent may be best used in a combinatorial approach in T1D. In fact, IL-1Ra combined
with anti-CD3 monoclonal antibodies reversed diabetes and markers of pancreatic
inflammation NOD mice, whereas IL-1Ra alone was unable to reverse diabetes in the same
model [92]. Treatment with IL-1Ra in recent onset T1D is currently being tested, but early
reports from TrialNet and AIDA studies suggest no beneficial effects of IL-1Ra in recent
onset T1D [93]. Although these data suggest that IL-1Ra therapy may be more beneficial in
T2D, further research is needed to see if this approach specifically targets β-cell ER stress
and to determine the ideal timing of IL-1Ra in both forms of diabetes. In the case of T1D,
additional studies may be needed to determine if/how to use IL-1Ra therapies in
combination with other immunomodulatory drugs.

Chemical chaperones are small osmotically active molecules that support protein refolding
and stabilization. The two most widely studied chemical chaperones are 4-phenylbutyric
acid (PBA) and tauroursodeoxycholic acid (TUDCA), which are both currently FDA
approved. PBA is used for urea-cycle disorders, while TUDCA is approved in liver
cholestasis [26]. These drugs have been extensively studied in models of insulin resistance
and diet induced obesity, where they enhance insulin action, diminish liver ER stress, and
decrease hypothalamic ER stress [94,95]. In studies in vitro, PBA protected against
palmitate-induced ER stress and death in INS-1 cells [96]. In rats infused with high glucose,
PBA and TUDCA protected against hyperglycemia-induced β-cell dysfunction and reduced
expression of ER stress markers [97]. Interestingly, PBA was shown recently to prevent
lipid-induced alterations in insulin secretion in a small human study [98]. The efficacy of
these agents in models of T1D has not been specifically tested.

Strategies to specifically target components of the UPR or ER stress pathways are also being
pursued. Elegant chemical biological work has identified IRE1α as a pivotal switch that
regulates the balance between survival and apoptosis following ER stress initiation. One of
the initial steps of the UPR involves IRE1α kinase autophosphorylation and activation of
RNase activity of IRE1α to produce the spliced form of Xbp1 mRNA. Under more severe
ER stress conditions, the RNase activity of IRE1α causes decay of ER-localized mRNAs,
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including RNAs that encode protein chaperones. Methods to thereby restrain IRE1α
autophosphorylation may prevent this important and deleterious transition [37].

Imatinib and sunitinib are small molecule tyrosine kinase inhibitors used in a number of
cancers including chronic myelogenous leukemia, gastrointestinal stromal tumors, and renal
cell carcinoma. These agents are also reported to have immunomodulatory effects [99].
Several case series and reports have demonstrated improvement in glycemia in patients with
T1D and T2D who are treated with these drugs [100,101]. In mouse models and studies in
vitro, these drugs also appear to reduce ER stress. Imatinib induced diabetes remission in db/
db mice primarily through improvements in insulin resistance and reduction of ER stress in
liver and adipose tissue. Whereas insulin secretion per se was unaffected by imatinib, there
was a concomitant improvement in β-cell mass in treated db/db mice [102]. Imatinib and
sunitinib have both been shown to prevent the onset and induce remission of diabetes in
NOD mice. Interestingly, an initial compound screen demonstrated that imatinib and
sunitinib inhibited IRE1α trans-autophosphorylation and acted as IRE1α kinase-inhibiting
RNase attenuators [37]. Collectively, these results raise the possibility that some of the anti-
diabetic effects of these drugs in T1D and T2D may occur through modulation of β-cell ER
stress. Screening studies identified two distinct classes of kinase inhibitors that are able to
modulate the divergent outputs of IRE1α [103]. Future experiments to test these inhibitors
in models of T1D and T2D should provide important insight into their potential to affect ER
stress and improve β-cell survival and function.

Conclusions
Pancreatic β-cell dysfunction plays a prominent role in human T1D and T2D, and emerging
data highlight a central role for activation of ER stress pathways in this process. There is
growing evidence that a handful of existing diabetes therapies may target components of β-
cell ER stress, while novel therapeutic approaches to target precisely the components of ER
stress signaling are actively being developed and tested (Table 1). Clinical testing of novel
compounds will be greatly enhanced by developing and validating new ways to
noninvasively identify ER stress and/or β-cell ER stress, while preclinical testing of new
therapies will be enhanced by the addition of assays like polyribosomal profiling that
specifically define changes in protein translation initiation and elongation.
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T2D Type 2 diabetes mellitus

T1D Type 1 diabetes mellitus

IL-1β interleukin-1β

TNFα tumor necrosis factor α

IFNγ interferon γ

Evans-Molina et al. Page 10

Diabetes Obes Metab. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



UPR unfolded protein response (UPR)

ER endoplasmic reticulum

BiP immunoglobulin heavy chain binding protein

eIF2α eukaryotic initiation factor 2α

IRE1α inositol-requiring enzyme 1α

ATF6 activating transcription factor 6

PERK PKR-like ER kinase

XBP1 X-box binding protein 1

eIF2B eukaryotic initiation factor 2B

CHOP C/EBP homologous protein

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells

m7G methylguanylate

PBA 4-Phenylbutyric Acid

TUDCA tauroursodeoxycholic acid

PIC pre-initiation complex

4E-BPs eIF4E-binding proteins

eIF4E eukaryotic initiation factor 4E

ATF4 activating transcription factor 4

uORF upstream open reading frame (uORF)

PRP polyribosome profiling

Pdx1 pancreatic and duodenal homeobox 1

PPAR-γ peroxisome proliferator-activated receptor γ

SERCA2b sarco endoplasmic reticulum Ca2+ ATPase 2b

TZDs thiazolidinediones

NOD non-obese diabetic

GLP-1 glucagon-like peptide 1

DPP-IV dipeptidyl peptidase-4

IL-1Ra IL-1β receptor antagonist
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Figure 1. mRNA translation in mammalian cells
The figure shows the general scheme of mRNA translation for capped (m7G) mRNAs with
poly-A tails (AAAA) and a start codon (AUG). Four general phases of translation are
shown: Initiation, Elongation, Termination, and Recycling. The figure shows individual
ribosomal components (40S and 60S) and specific initiation factors (eIFs), elongation
factors (eEFs), and release factors (eRFs) that participate in the mRNA translation process.
PIC, pre-initiation complex.
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Figure 2. Mechanism of eIF2α-mediated translation initiation
The GDP bound to eIF2α is exchanged for GTP by eIF2B, allowing for eIF2α to recycle
and permit translation initiation. When eIF2α is phosphorylated by the enzyme PERK,
which itself is activated by ER stress, the bound GDP can no longer exchange with GTP and
translation initiation is blocked.
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Figure 3. Tunicamycin induces translation initiation blockade
Mouse-derived MIN6 β-cellswere either incubated with 5 µM Tunicamycin or carrier
(Control, dimethylsulfoxide) for 24 hours, then extracts were subjected to polyribosome
profiling (PRP) analysis through sucrose gradients as described in ref. 35. Fractions from the
PRP analysis were collected and subjected to RNA isolation and reverse transcription real-
time PCR analysis. A, PRP profiles of Control (solid line) and Tunicamycin-treated (dashed
line) MIN6 β-cell s. B, fractions from the PRP analysis of Control (solid line) and
Tunicamycin (dashed line)-treated MIN6 cells were quantitatively analyzed for Atf4 mRNA.
Dashed arrow indicates the rightward shift of Atf4 message to higher polyribosomes
following Tunicamycin treatment. C, fractions from the PRP analysis of Control (solid line)
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and Tunicamycin (dashed line)-treated MIN6 cells were quantitatively analyzed for Ins1/2
mRNA.
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Figure 4. Palmitate induces a polyribosomal shift of Atf4 mRNA in mouse islets
CD1 mouse islets were isolated by methods approved by the Indiana University Institutional
Animal Care and Use Committee, and were either incubated with 0.5 mM Palmitate or
carrier (Control) for 24 hours, then extracts were subjected to polyribosome profiling (PRP)
analysis through sucrose gradients as described in ref. 35. Fractions from the PRP analysis
were collected and subjected to RNA isolation and reverse transcription real-time PCR
analysis. A, PRP profiles of Control (solid line) and Palmitate-treated (dashed line) mouse
islets. B, fractions from the PRP analysis of Control (solid line) and Palmitate (dashed line)-
treated mouse islets were quantitatively analyzed for Atf4 mRNA. Dashed arrow indicates
the rightward shift of Atf4 message to higher polyribosomes following Tunicamycin
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treatment. C, fractions from the PRP analysis of Control (solid line) and Palmitate (dashed
line)-treated mouse islets were quantitatively analyzed for Ins1/2 mRNA.
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Table 1

Therapeutic Approaches to Targeting β-cell ER Stress in Diabetes.

Existing diabetes
drugs

Anti-
inflammatory

therapies
Chemical

chaperones

Drugs that target
components of the
ER stress cascade

PPAR-γ agonists IL-1β receptor antagonists PBA IRE1α kinase-inhibiting RNase attenuators (KIRAs)

GLP-1 agonists TUDCA

DPP-IV inhibitors
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